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ABSTRACT

It is well known that the diffusion coefficients of the Cu+ cation in the NaCl and

KCl lattices exceed by three or four orders of magnitude the corresponding self-diffusion

coefficients in the intrinsic temperature regions. This fast diffusion of the Cu+ has been

explained in many papers as an interstitial diffusion although the optical spectra do not

confirm the existence of interstitial Cu+. In this paper we propose a new mechanism for

fast diffusion. The model assumes that the equilibrium positions of the cationic impurities

are noncentral and that the diifusion proceeds by hopping across the potential barrier

along the nonlinear paths with the highest probability. The main result shows that the

off-center position enhances considerably the diffusion. Theoretical diffusion coefficients

have been obtained by modelling the potential barrier. Changes of the configuration

entropy and the vibration spectra due to the presence of the noncentral impurity have

been included in the model. We proceeded in the £i+ cation case as in the case of Cu+

cation. We emphasize the good agreement of the model with the experimental data and

we show that if the impurity is placed close to the central site the due diffusion coefficient

is close to that for the cationic self-diffusion.
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1.Introduction

Extensive studies of ionic conductivity and self-diffusion generally accept that the Frenkel disorder is

the type of point-like defect found in silver halides while Schottky disorder prevails in alkali halides

with a NaCl-type structure [1]. Thus , in crystals with a tfoCV-type structure , there are only

substitutional impurities The existence of interstitial ionic impurities is unlikely in these crystals.

It is well-known that the diffusion coefficients of the Cu+ cation in the NaCl and KCl lattices

[2,3] exceed by three or four orders of magnitude the corresponding self-diffusion coefficients in the

intrinsic temperature regions [4] (see Fig. 1) . In these papers [2,3] no explanation is given for the

great difference between the impurity diffusion coefficient and the self- diffusion coefficient. For the

Nal lattice case , Chan and van Sciver report fast diffusion for Cu+ (10^ more than Na+) and they

explain this by assuming that Cu+ ion has a simple interstitial diflusion mechanism [5] . In Lil ,

Budde considers that Cu^ occupies the Li' - lattice sites as well as interstitial positions and it

performs a fast interstitial diffusion process with an enthalpy of migration of 0.5 eV [6].

Nevertheless , we can say that for some cationic impurities in alkali halide crystals the nature

of ionic defect migration is not yet understood . For example , the large diffusion coefficient for Cu+

suggests interstitial diffusion so Cu+ may be interstitial instead of substitutional . In this case ,

optical transitions would be allowed without coupling of the lattice vibrations since we would have

no inversion symmetry . But this interpretation seems unlikely . Comparison of the Cu+ band in

NaCl and in the three potassium halides shows that we deal with analogous centers , and the

temperature dependence of the Cu"*" band in NaCl supports Seitz's model [7] . Furthermore , the

conversion of Cwf ions in Cu++ ions and Cu° atoms , which are certainly substitutional, indicates

that the Cu+ ions occupy lattice sites On the other hand , it is known that some small-size ions

(Cu+, Ag+, Li+, Na+, F") are placed off-center in some host lattices , a fact that might throw some

light on their diffusion mechanism [8]

An off-center substitutional impurity ion is one whose equilibrium position is shifted away

from the central lattice she . The noncentral position of the substitutional impurity must not be

considered accidental . If we observe that the impurity differs from the host ion in : weight ,

geometrical dimensions , number of electrons , structure of electronic shell , we are led to deduce

that they lead to : the appearence of one local phonon mode , a local change of the repulsive

parameters , modification of the electronic polarizabilities , change of the partial charge value and ,

naturauy , modification of the cohesive energy . Also , the presence of these noncentral ions in

crystals significantly alters their physical properties . Singularities appear in the tunnel conductivity ,

specific heat , and dielectric properties of the crystal, in the scattering of sound , in the magnetic

properties„ etc. These singularities are analogous to those observed in crystals with dipole molecules

of the OH- type . It was this which led Pohl and his co-workers [9] in 1965 to the hypothesis that the

impurity ions in the lattice may be noncentral.

A small point ion , substituted into a relatively large cavity , can move out of the cavity

center, because it gains energy mainly by polarization interaction until it is balanced by short range

repulsion interaction . This delicate energy balance creates an off-center potential, which in a cubic

crystal will have equivalent energy minima in any of the six (100) , the eight (III) ,or the twelve

equivalent (110) directions . Important questions in the study of these off-center potentials concern

the off-center to on-center transition and the determination of how , or under what conditions ,

external fields move the ion back on-center . The theoretical investigations of Sangster [10] and

Catlow et al. [11] consider the off-center behaviour of small ions such as Li+ in a number of alkali

halide host crystals. Their work clearly shows that a small decrease of the host lattice parameter can

move an off-center ion towards the central position . Another way to achieve small changes in lattice

parameter is to apply hydrostatic pressure to the host system . Such experiments have been carried

out by Holland and Luty [12], Kahan et al. [13] for some off-center systems and also by Bridges

et al. [14] for the well-known (110) off-center system RbCl: Ag+ . Their papers modelled the off-

center potential to on-center impurity transition . KCl: Cu+ is known to be a deep off-center system

with a high and rather temperature-independent oscillator strength produced by a large off-center

displacement and potential barrier . For such a system Holland and Luty [12] did not find any

sizeable effect on the absorption strength from the pressures usually applied . However , it seems

that the potential difference between the off-center position and the central position is considerable in

ail cases and for the KCl: Cu+ case this potential difference is even greater .

It is clear , from the above discussion that the shape of the off-center potential influences ,

among others things, the migration possibilities for these impurities .

In this work, we carry out a study of the off-center effect on the diffusion coefficient and we

propose a new mechanism for fast diffusion . The model assumes that the equilibrium positions of the

cationic impurities are noncentral and that diffusion proceeds by hopping across the potential barrier



along the nonlinear paths with the highest probability [15] . The nonlinear paths between two

consecutive positions characterize even the self-diffusion and furthermore, in the off-center diffusion

this path is appropriate The main result is that the off-center position considerably enhances the

diffusion The theoretical diffusion coefficients have been obtained by modelling the potential

barrier. The change of the configuration entropy and the vibration spectra caused by the presence

of the noncentral impurity are included in the model . We emphasize the good agreement of the

model with the experimental data for AT/ : Cu+ and show that if the impurity is placed close to the

central site , the appropriate diffusion coefficient is close to that for the cationic self-diffusion . We

proceeded in the Li+ cation case as in the case of Cu+ cation .

2.The diffusion coefficient of noncentral cationic monovalent impurities

The general expression for the diffusion coefficient is [1]:

where f is the correlation factor, T is the jump probability during the unit time and rfis the length of

the jump,

The ions move through the crystal owing to the presence of vacancies . A given particle may

jump into a vacancy when two conditions are fulfilled simultaneously, namely :

- the particle has a defect available on a nearest neighbour site;

- the particle has sufficient energy to cross the potential barrier that opposes its

migration

The first condition involves the probability of the presence of a defect , or in other words the molar

fraction of defects , while the second involves the probability of a jump , which , for unit time , is

related to the jump frequency . Thus F is the product of two microscopic quantities of fundamental

interest in the understanding of ionic crystals, namely:

- the probability that a. given ion has a defect on a nearest neighbour site , which is the molar

fraction of defects multiplied by the number of nearest neighbour sites (if);

- the probability that the ion will jump into the defect in a given direction in the unit time ,

which is the jump frequency v .

The first term, in the AfaCV-type structure case, is :

y =\2x+=\2exp(-6GJ2kT)

where AG^/2 is the Gibbs free energy of Schottky defect formation .

The second term is calculated assuming that the classical Einstein model is valid for ionic

crystals and that a saddle-point position can be defined for the jumping ion where the potential

energy is at maximum . We assume that under the influence of thermal agitation the ions vibrate

harmonically around their equilibrium position with a vibrations! frequency v + , in the direction of

the lattice defects . Let AGm be the Gibbs difference of free energy between the saddle-point

position and the lattice site position . Now , assuming that the energy is distributed among the ions

according to a Maxwell - Boltzmann distribution , the probability that a given ion possesses equal or

higher energy than that necessary to cross the barrier is proportional to exp (- A.Gm / kT) The jump

frequency in a given direction , v , is thus equal to the product of this probability and the vibrational

frequency:

Thus , the diffusion coefficient of cationic monovalent impurities at high temperatures is

given by the vacancy-diffusion mechanism as:

(1)
kT

Obviously , all these parameters will differ in the noncentral case , when an off-center

position is considered .

Thus, for a displacement / along the (III) direction the length of the jump becomes (see Fig.

2 a ) :

d =4lc -21 cos a (2)

(c is the nearest-neighbour distance ; a is the angle between (111) direction and (110) direction) .

This large displacement from the central site favours the movement of the ion by a distorted path

shown in Fig. 2 b , as suggested by Dryden and Meakins [16]. This distorted path is preferred to a

direct path between adjacent lattice sites even in the host cation case [15].

In addition , it is well-known that the vibration frequencies of impurities differ from those of

the lattice vibrations [17,18,19] leading to local phonon modes . Thus , the vibrational frequency of

the impurity in the vacancy direction which affects the probability of a jump is different from the

vibration frequency of the host ion .
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The most spectacular influence is that which the noncentral position exerts upon the Gibbs

free energy of the jump . In the following lines , these effects will be considered in detail starting

from the definition:

AGm =£M -TAS =AH(O) +AHplKm -TAS , (3)

where AH and AS are respectively changes of the enthalpy and the entropy of the jump ,. AH(O) is

the variation of the enthalpy of the environment under the assumption that the ions are fixed at their

sites - This change of the enthalpy (AH(0)) is due to all the interactions of impurity with the

environment at the jump from one off-center position to another, less the contribution of the phonon

field . AHpffQf,, the change of the jump enthalpy due to the thermal vibration (the phonon field), can

be written as :

In the harmonic approximation (AV) - 0 , such that eq.(3) gives :

=AH{0) (4)

where Af p n o n is the increase of the Helmholtz phononic free energy of the impurity environment as

a consequence of the vacancy occupation [20] :

(T»eD) (5)

where 6[) is the Debye temperature .

One knows that in the off-center impurity case there is an off-center potential which , in a

KCl: CV crystal will have equivalent energy minima in any of the eight (HI) directions . This

brings an additional contribution to the change of the environment entropy,

8!
=*ln

(
=*ln 8 -2 .0794* . (6)

(8-1)!l!

Thus , in the above equation , the eight specific equiprobable positions of the off-center along the

(III) direction have been taken into account in the thermodynamic weight (Q ).

We now return to eq.(4) and define AH(0) . This change of the enthalpy represents the

contribution of all the interactions of impurity with the ions of the host lattice at the impurity jump

between two consecutive positions ( Madelung energy , repulsive energy , energy of the full

relaxation of the lattice ) . Of course , at equilibrium , these interactions lead to the cohesion of the

impurity in the crystal and when this cohesion is strong the height of the potential barrier which

opposes the impurity migration grows . A weak impurity cohesion in the crystal leads to the

decrease of this potential barrier. Aff(0) is :

Aff(0) =#„ -eA$, (7)

where Ho is the potential barrier which opposes the impurity migration and

-Icosaf +( /cosa) !

represents the decrease of the potential barrier H o , due to the electrostatic interaction with the

vacancy in the proximity of the impurity just before the moment of the jump .

It is obvious that the impurity ion will jump from one off-center position to another . These

two positons are separated by the potential barrier (Ho) . The idea of modelling the potential barrier

for the specific situation in a crystal is based on the possibility of operating upon/f0 . This possibility

must take into account the particularities of both such off-center impurities . In the following , these

particularities are introduced by a potential shape of the off-center impurity . So , we propose an off-

center potential shape described by :

H(x) (8)

where the first form describes potentials close to the equilibrium position namely the off-center

position and the second potential form is for greater distances from the off-center position .

Consequently , the shape of the potential well in the (110) direction of the off-center impurity at

equilibrium position, namely, the off-center position is described by the function:

*(*>• x € [0,xi) , (9)

where a and d are determined by two parameters specific to each off-center impurity :

/-the off-center displacement of the impurity ,

Hj-the potential difference between the central and off-center positions .



Wilson et al. [21] took the off-center potential in the (III) direction to be a simple well potential

(see Fig.3 a) . Thus , considering that / is along the (HI) direction and the Hj is the potential

difference between the central and off-center positions in the (111) off-center case while the jump of

the impurity takes place along the (110) direction where this potential shape is described by h(x) one

obtains:

(/cos(- -a) +# , cosa) +H, cos(- - a ) )

(/cosa - / / , cos(- -a)f

d =4lc -21 cos a.

The first equation is obtained , of course , requiring the graphic of the function h(x) to cross the

point (/ cos a-Hj cos (v/2-a), I cos (r/2 - a) + Hj cos a) (see Fig.3 b).

Generally , the potential barrier which opposes the impurity migration has a height given by

the cosine-type curve (Ho):

h°(x)=HQcos(ax-HJ)+y.

If we scale the parameters a , 0 and y such as to get the minimum and maximum values of h°(x) at

x = 0 and x = d/2 , respectively , we find :

2
xG[0 ,d] (10)

a function which is shown in Fig.3c . In this way we define the potential shape far from the off-center

position by the second equation in (3).

Smoothly joining the functions h(x) and ffi(x) , given respectively by (9) and , (10) , one

obtains:

Hor . 2xct

d d

ladx, -lax}

(11)

where XJ is the abscissa of the tangent point . This system makes it possible to obtain the potential

barrier Ho. One knows that the potential barrier which opposes the jump of the impurity from one

equilibrium position to another is connected to the interactions of this impurity with the ions of the

s

lattice . We consider that, in the above determination of the potential barrier value , one should take

into account this condition through the / and Hj parameters which enter in (8) and which are the

result of the delicate balance of the interaction energy created by the substitution of the host ion with

the impurity . In Fig.4 the potential curve is that given in [12] together with the [0,d/2] part

given by (8 ) .

Writing the Gibbs free energy of the Schottky defect formation as:

AG, Aff, 7,AS,
(12)

2 2 2

and taking into account ali the obtained equations , we can write the final form of the diffusion

coefficient (eq.l):

- ^ ( ^ + |A» + +HO (13)

This form of the diffusion coefficient is obtained by the computation of the d and AGm

parameters for an impurity which occupies an off-center position . Obviously , all these parameters

differ from those appropriate to the central case , where an on-center position is

considered . An on-center position of impurity is characterized by the smallest value of / , a fact that

is satisfied when the impurity occupies a position close to the central site in the lattice of the crystal.

3.Results and discussions

Knowing the experimental value of the vibration frequency of the Cu+ in the KCl lattice [17] and

that of the Gibbs free energy of the Schottky defect formation [22], the diffusion coefficient versus

temperature was computed using eq.(13) . In order to determine the parameters d, Ho and A4> we

used data from the literature [23,24,25,26] . In Table 1 we note the wide range of the off-center

displacement / and the corresponding parameters Hj, &H(0) , A* and Ho. To obtain a good

correlation between theoretical (eq.l 3) and experimental [2,3] estimates of the diffusion coefficient,

we made the assumption that Hj increases in value when / increases . This assumption is equivalent

to the "deep off-center" hypothesis [12]. The values of Ho obtained in this way are close to those

obtained by Meng and his co-workers [27] using the Buckingham potential and the experimental



results in [2,3,28]. The diflfilsion coefficients versus temperature obtained by the present model are

given in Table 2

For a better understanding of the effect of the noncentral configuration on the diffiision

coefficient suppose that the Cu+ ion occupies a normal substitutional site . With this in mind ,

eq (13) remains valid , but the parameters Ho , d and A* should be estimated using a smaller value

for / . In this case, we neglect the configurational term of the entropy (eq.6). It is not surprising

that the diflfilsion coefficient computed in this way is closer to the cationic self-dififiision . This can be

seen from Table 2 and Fig. 5 , respectively . Now , we can conclude that the diffusion coefficient of

impurities depends strongly on the displacement of impurities from the centra! position . The major

difference between the impurity diffusion coefficient and self-diffusion arises from the privileged off-

center position

The same method was used to find the diffusion coefficient of Li+ in the KCI lattice . Table 1

shows the height of the potential barrier Ho for different off-center position displacements [21,29,30].

In Table 1 one can notice a large difference between the values of Ho for KCI: Cu+ and those for

KCI: Li* . This may be the cause of the greater mobility of the Cu+ impurity in the crystal relative to

Lir . It is difficult to explain this behaviour by considering the ion sizes only . The problem is very

complicated and probably can be solved only by taking into account recent studies on impurity sizes

in crystal [31,32] and the special properties of rforbitals for Cu+[33].

Diffusion coefficients of Li+ in KCI computed on the basis of our model at different

temperatures are given in Table 3 . As for the Cu+ case , good agreement with the experimental data

is obtained (see Fig. 6 ) .

A general conclusion can be drawn here , namely , that the impurity diffusion coefficient

depends strongly on the parameters / and Hj. A large displacement of the impurity from the central

site favours fast diffusion for this impurity , as in the KCI : Cu+ and KCI : Li+ cases . These

parameters (/ and Hj) are the subject of many experimental and theoretical papers

[9,10,11,12,21,23,24,25,26,29,30,34] . Moreover, our results for the potential barrier Ho in the

KCl:Cu+ case are comparable with those obtained by Meng and his co-workers [27] using the

Buckingham potential . This semiempirical potential is the result of studies by Catlow and his co-

workers [11,15] and make it possible to derive information that cannot be obtained from bulk

crystal properties.
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Table 1-The parameters of the off-centers systems KCl: Cu+ and ACT: Li+

I - off-center displacement of the impurity,

Ho - the potential barrier at jump ,

AHfO) - the change of the enthalpy at jump

eA* - the decrease of the potential barrier HQ , due to the electrostatic

interaction with the neighbour vacancy

H i - the potential difference between the on- and off-center position,

where (a) is ref.[23], (b) is ref. [24], (c) is refs. [25,26], (e) is ref [29], (f) is ref.[21]

(g) is ref. [30]

and

KCl: Cu+

1(A)

Theory

1.36(a)

rrc

l.49(b)

El-op.

!.73_£c}

Hn

(eV)

1.201

1.202

1.200

AHfO)

(eV)

0.356

0.341

0.312

C A *

(eV)

0.845

0.861

0.888

H,

(eV)

0.445

0.610

0,970

KCl: LJ+

1(A)

Electi.

1.14(e)

Theory

1 I6(f)

El-cal.

l-40(g)

H«

(eV)

1 578

i.586

1.579

AH(0)

(eV)

0.818

0.808

0.754

eA*

(eV)

0.796

0,798

0.825

H,

(eV)

0.195

0.215

0.47
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Table 2-The theoretical diffusion coefficients versus temperature computed with Aff/.2=/.27 eV ,

A5/2=4.5 k [22],/=0.7846 [35] in off-center model; the experimental results for both the C« + and

the cationic self-diffusion; (d) is refs. [2,3] and (i) is ref. [4].

KCl: Cu+

T(K)

623

653

683

713

743

773

803

833

863

893

923

1 0 %

1.61

1,53

1.46

1.40

1.35

1.29

1.25

1,20

1.16

1.12

1.08

Theoretical results of

the Cu+off-center

ix™2^

1,097 (0-9

5.173 10"9

2.141 10"8

7.906 10"8

2.641 10"7

8.069 10"7

2.278 10"6

5.993 10"6

1.480 10"5

3.450 10"5

7.637 10"5

lgD

-8.960

-8.286

-7,669

-7.102

-6.57B

-6.093

-5.642

-5.222

^.830

^1.462

* m

Experimtal results

oftheCu+(d)

DtcnAs)

1.41 10'9

3.26 W9

8.53 1O"9

2 06 10"8

4,63 10"8

9.77 lO"7

3.01 10"7

1 OOIO"7

6.00 10"7

1.10 10"6

1.90 lO"6

IftD

- 8 %

-8 49

•8.07

-7.69

-7.34

-7.01

-6.71

-6.43

-6.17

-5.93

-5.70

Theoretical results of

the Cu+ on-center

D(an2/s)

8.075 10"16

7,731 10-15

6.606 10"!4

4.076 10"13

2.346 10"12

1.184 W 1 1

5.319 10"u

2.153 10"'°

7.937 10"10

2.690 I0"9

8.449 10"9

IRD

•15.093

-14,112

-13.214

-12.390

-11.630

-10,927

-10.274

-9.667

-9.100

-8,570

-8.073

Experimental results

of the cationic self -

diffusion (i)

D(cm2/s)

5,61 lO"16

3.56 10"15

1.92 10"14

9.00 10"14

3,72 10'1 3

1.37 10"12

4.60 10"12

! 41 10-11

3.86 10"''

1.02 10"10

2.55 1O'!O

1SD

-15.25

-14.45

-13.72

-13.05

-12,43

-11.86

-11.34

-10.85

-10.41

-9.99

-9.59
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Table 3 - The diffusion coefficient versus temperature for KCI: Li+ computed with

Mlg'2 = 1.27eV, AS/2 - 4.5 k [22], v+ =5 10>2 W [18] and/= 0.78146 [35]

(h)isref. [36]

KC1:U+

T(K)

623

653

683

713

743

773

803

83.1

863

893

923

10%

1.61

1.53

1.46

I 40

1 35

1.29

1.25

1.20

1.16

1.12

1.08

Theoretical results of the

Li+ off- center

9740 I 0 ' 1 2

6.620 1 0 ' n

3.825 10"10

I 918 10"9

8.482 I0"9

3.359 10"S

1.205 I0"7

3.961 10"7

1.203 JO"6

3.403 10"6

9.024 10"6

iKD

-11.011

-10,179

-9.417

-8.717

•8.071

-7.474

-*.919

-*402

-5.920

-5468

-5.04S

Experimental results

(h)

D (cm2/s)

8 460 10"12

3.150 10""

1,050 1O"10

3,140 iO"10

8.610 10"10

2.180 10"9

5.160 !0"9

1.150 10"8

2,340 10"*

4.690 10"8

8.980 10"8

luD

-11,07

-10.50

-9.98

-9.50

-9.07

-8,66

-8.29

-7.94

-7.63

-7.33

-7,05

Fig, 1 - the logarithm of the difiusion coefficient for some monovalent impurities and the

logarithm of the cationic self-diffiision versus 1000/TmKCl lattice .

a-Cu+[2) ; b-Li+[36]; c-Ag+[3]; d-K+[4]

Fig. 2

(a) - the off - center displacement along (111) direction of the impurity in NaCl - type

structure [37];

(b) - cation - vacancy migration along a direct path (A) or along a path displaced out of the

plane of the adjacent lattice sites (B) [15]

Fig. 3

(a) - the potential wells of the off-center impurity on (111) direction like Wilson and his co-

workers [21];

(b) - the shape of a (a) potential well on (110) direction ;x = lcosct-lcos (T/2 -a) , y =

/ cos (r/2-a) + / cos a

(c) - sketch of the function tP(x) along the jump direction . The difference in the energies of

the maximum point configuration and the ground configuration is taken to be equal to the potential

barrier Ho;

Fig. 4 - the potential curve as that given in [12] is shown together with the [0,d/2j part

given by eq(8) .The extension to the domain [0,d] is done by symmetry .

Fig. 5 - the logarithm of the difiusion coefficient for Cu+ in KCI lattice . a - the

experimental curve [2] ; b - the theoretical curve with Cu+ placed in off-center position ; c - the

theoretical curve with Cu+ placed in on-center position ; d - the experimental curve for K^ [4]

Fig. 6 - the logarithm of the difiusion coefficient for Li+ in KCI lattice . a - the theoretical

curve with Li+ placed in off-center position ; b - the experimental curve [36] ; c - the theoretical

curve with Li+ placed in on-center position ; d - the experimental curve for K+ [4]
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