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Abstract. The Dick and Das theory is revised in detail. \Ve found that
the crrors in the repulsivc energ,y expression and also for the Van der
\\'aals energ,y are ver)' important when the lattice deformation around
él Br impurity is calculated. The right expressions obtained were used
in order to obtain the displacements of the first and second neighbors
around the impurity. The changes in density of the NaCI:KCI crystal
obtained from these displacemellts are very large. The conclusion of this
work is that the expressions givcll by Dick and Das are wrong (their
formulas have nol simple print errors).

PACS: 61.70.Rj; 71.55.-;

1. Introduction

Hccclltly 11.21 [he Dick and Das [31 method was used hy one oC the authors, in
order to ohtain the displacernents around an impurity in alkali halide crystals. Thc
calculated displacernents 'Vere used to obtain the optical absorption of the F and FA
centers in mixed ionic crystals. The COrreet expressions for the repulsive and the Van
der \Vaals energies 'Vere reported in those [1,2) papers. lo the preseot work we give
the dctails of tiJe Diek and Das [3] rcvised methoo and we cmploy the displacements
arouno a Br impllTity to obtain the ehange of density due to the irnpuritics in a
l\aCl:I\Cl crystal.

A panoramie view of the defects energy formation in ¡onie crystals was givcn
by Catlo'V aIHI !\lackrodt [4}. In rnany lTIodern calculations, computer programs
a.s the Hades aIHI Pluto programs c1aborated by the lIarwell [4] group are used.
:\Icthods as the Diek and Das [3] are stiB useo [5,6,7] beeause the physics oC the
problern is casily tractable in these cases, and the Dick and Das [3] theory can he
improved usillg the 5hell methoo [8,9). The interaction potentials which appear in
the exprcssions for the rcpulsive energy haYe bcen rceently studied by EggcnholTner
et al. (10,11] .•.•.ho have dcrnonstrated that the ne'V potentials (12] are eapable of
yiclding bctter agreement with experimental results than those obtained with the
Fumi and Tosi [13] parameters. Thesc pararneters are used in the prescnt papero
Boswarva [H,15] and Cupta el al. have revalued the Tosi and Fumi[13J potential
paramctcrs and they found good agrccrncnt with experimental results.
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FIGURE1. The shaded circle represents the position oC the impurity. The circles are negative ions

and the black-filled circles are positive ions. {, '1 and 6 are the displacements.

2. Theory

By taking into account X-ray experimental results in mixed crystals, Rodríguez
and Ruiz-Mejía [171have conducled a lheorelical sludy 01 lhe oplical absorplion in
colored KCI:KBr and KCl:RbCI cryslals. There was assumed a lallice conslanl aM
different írom the lattice constants oí the two crystals íorming the mixed crystal,
which was derived írom Vergard's rule [18], that is

am =a1(I-x)+a,x (1)

where al and a2 are the lattice constants oí the NaCI and KCI crystals respec-
tively and x depends on the concentration. In that way the NaCI:KCI crystal was
considered as a new simple crystal with a lattice constant given by Eq. (1).

The ion displacements are shown in Fig. 1. Displacements {, 7}, and ~ are in
units oí the interatomic distance a, and are assumed to be radial. The shaded drcle
represents the impurity, the open and fil1ed drcles are crystal anions and cations
respectively. The displacements are ealculated by minimizing the interaction energy
oí the six A, the twelve B, and the six C type ions with ane another, and with the
rest oí the crystal. The D ions are third nearest-neighbors to the impurity. The A, B
and C ions are allowed to polarize, their dipole vectors are assumed to be dirccted
radially just as the displaeements are; IlA, /lB, IlC represents these momcnts and
are in units ea. For the rest oí thc ions in the crystal the moments oí the ious are
considered to be undisplaced and unpolarized.

The change in the crystal energy t3.E due to the substitutiona! impurity of
Br may be separated into four parts: electrostatic, repulsive, electronic dipole self-
energy, and Van der Waals. The zero of energy is taken to be thc energy of thc A,
D, e ions in the host crystal.
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The repulsivc part ~E~is ealculated considering only nearcst-neighbor rcpulsive
interactions. Dick and Das [3] found that the eontribution to the energy due to
sccond-neighbor is ncgligible and it is not eonsidered in this paper.

Assuming that the repulsivc cnergy oC an anion-cation of the host crystal al a
separation r is given by Aexp(-r/p) and that the intcraction between Ofie ion A
and the impurity B is exp( -r/a), then to second order in e, TI and ~ we have

Ir we compare the express ion givcn by Eq. (2) with the original express ion oC
Dick and Das 131 we can observe that the term [3) a/2u' was replaced by a' /2u'
CorOfieof tiJe Cactors of e. That mistake was corrected by Fancher and Barsh [19].
Now we put the correct exprcssion for the repulsive energy t1ER obtained by uso

t>ER = 6 [Bexp (-~) - Aexp (-~)]

+ 6 [~Aexp (-~) - ~Bexp (-~)] (

+ 6 [(~ - 2a) Aexp (_<:) + ~Bexp (_.':)] ('
2p' p p 2u' u

+ 12 [;: -~] Aexp (-~)~' + 6 C:,) Aexp (-;) ('

+ 12V2 (~) Aexp (-~) (~- 6e:) Aexp (-~) (6

- 12V2 (;) Aexp (-~) ~ - 6~Aexp (-~) 6. (3)

From a dircct computation oC~ERD and tlER we saw that the constants terms
are equal in both expressions and there is a similar behavior for the factors of e, e,
(6 and (~.



(4 )
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The factors of '12 and fJ2 are different, and in IlER terms in '1 and fJ appear. For
the eledrostatic energy the expression of Dick and Das [3] and our expression are
equal. In our expression appears a factor oí 2 in A1B/l-fC. We pul only our expression
for t:>.E,

3<2[( 3 1) 2 (3 7 5 1) 2 ( 1 3) 2t:>.E, = -;- ,/2 + ¡ MA+ ¡+ 3\1'6+ ,/2 + 4,/2 Mo + 32 + 8,/2 M,

( 2 13) (1 12)+ 2 1+ 10 + r. Mo Me + 4 1- - - r. MeMA3v3 25v5 27 25v5

(
52 4,/2 )]- 2 2,/2 + "" + 10MAMo ,25vl0 3v3

where

for our case.
The express ion for the eledronic dipole self-energy of Dick and Das [3] is correct

and ours coincide with it. That is

(5)

For lhe Van der \Vaal, energy lhe expression, of Dick and Das [31 t:>.E{lf t:>.E{lf
and ours LlEYl and IlEY2 are shown here

EDD 6 [(. ') k - 9 (' .)t:>. -VI = -, 1- e + -- + 6 < - I (a 4

+ 3(9- k)~ + (9<' + 21i+ 27C) e2,/2 4

+ (60<'+ 6:9 + 2~k) ~2+ (30<'+ 1~9) {¡2

+ [2~] ~(¡- 42e'{¡( + 12,/2<'(~],

6 [<. ') (k - 9) (, . 6)LlEvJ=-G l-e +--+ 6e -6,--C ~
a 4 4

(
10 , 3k 39 ) ,(, . 21) 2+ -12v2e ---- ~-6<{¡+ 21e +21<+-c (2,/2 2,/2 4

(6)
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(
21k 28) 2 ( , 3) 2 3g+ 36<' +8 + gg ~ + 21< - ¡g 6 + 2"f'i~6

+ 12V2<'{~ - 42<'6{] ,

.nd

(7)

LlE{lf=-:, [U-Jl+(I-h)+8U-ne
+ (h ~)~ + (20f + 36j + 6d){2

2 2

+ (112f + 2:h +~) ~2+ (56f + 7n 62

+ ~~6 - 72f6{ + 16V2f{~] , (8)

LlEv2 = -~ [U - Jl + (1- h) + 8 (f - j - ~){a' 8 8

- 8f6+ (-16V2f - ~ - V2h) ~ + (20f +36j + ~d) e
+ (64f + ~I + ~7h) ~2 + (36f - D 62 + 16V2Je~

-72f{6 + ~6~], (9)

whcre c, e', 9, i and k are thc constants ).,dd for the dipole-dipole Van der Waals
interaction ).,dd/r6. Sign - and +, in Table J, refer to host cation and anion; _. and
+. refer to the impurity cation or anion, and d, J, h, j and 1 are the corresponding
constants Corthe dipole-quadrupole intcraction ).,dq/r.

The values of ~, r¡, é, PA, PB and pe are computer evaluated minimizing the
quadratic (orm

LlE = LlER + LlE, + LlEs + Lls + LlEvI + LlV2 (lO)

FroIDthese values the changes in density oC the crystal due to Br impurities are
ealculated.

Following Dick and Das [3] the change in volume associated with a mole fraction
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.\"-f
d

f
h
j
I

~"-,, Calion impurity Anion impurity
e (+ +) ( - - )

" ( + - ) ( + - )
9 ( - - ) ( + + )

( + -" ) ( - +" )
k ( - -" ) ( + +" )

TABLE 1. The (oDelantA )"ll4 £01 the dipole-dipole Van der Wula interadions. Signa - and + reCer
lo h06t caliOR and anion; _. Ilnd +. refer lo impurity tation al anion . .\"-f are the
coftesponding (onltanLa fOl the dipole-quadrupole interaction.

y of impurities is given by

6V 4~1'k'yv =-0-'-
where

3( 1 - r)
l' = (1 + r) •

a3 is the atomic volume, r is the Poisson '5 ratio and

where

and

c, = C" - C,'
8~C"C"

with

F, = oAexp (_~) i
p p'

and

F, = oAexp (-~) ;,.

(11)

( 12)

( 13)

(14)

(15 )

(16)

(17)

As can we see, from these equations the change in density depends only on Ó and
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TI. \Vhat is measured is ~a/Yl whieh is given by

y

3. Results and eonclusions

----
3yV. (18)

Table 11 shows the ehange in tiJe repulsive encrgy as a function of ~ with TI == é == O.
In arder to compare with the Dick and Das [3] rcsults, the ealculations were made
for a NaCI:Br crystal for the case 1 [3]. 6.BR in Table II is tbe complete repulsive
cnergy. From tbese values it can be secn that 6.ER and 6.E~D are identic. \Ve can
also scc that 6.ER (or 6.EflD) are c10se to ~E~ cven Cor values oC ( of the order
oC 0.1. In Table III, oE~, OER and oE~D as a Cunction oC 71 are shown, with
{== ó == O. \Ve can see that OER and tiE~D differ up to one order oC magnitude Cor
valucs of 71 greater than 0.07. Also we can scc tbat tiE~ and tiER differ noticeably
for ry > 0.06.

Tablc IV shows the bchavior of tiE~, tiER and tiERD as a function of EJ, with
{ == TI == O. In Table 111 wc can observe that Cor EJ > O.OG, tiER is not a good
approximation of oE~ and tiERD diffcr of tiE~ even for small values oC TI.

In Table V, tiEVI represents the complete dipole-dipole Van der \Vaals energy
as a functioll oC {, TI, EJ, ItA, 11U and 11C. The energy values were obtained for
< = 0.02+,,(0.01), TI = 0.03+,,(0.01), 6 = 0.002+,,(0.001), I'A = 1.7/10' +,,/10',
¡lB = -0.002 + '1(0.001) ano I'e = 0.007 + '1(0.001) where '1 is varieo from 1 lo 10.
Again, ti.E~'1 and ti.Ev1 are c10se for small n, but tiE8P diffcrs from tiE~ol for
all n.

Using the same crystal cOlIstants [3] (NaCI:Br, case 1), \Ve made another calcu-
lation. In this ca-"e we used aH tIJe expressions given by Dick and Das [3] in order to
minimizc the total energy (Eq. 10), cxcept for tIJe cocfficient oCe, a/2a2

1
in .6.E(?P

for which we put a2 /2a2, and for one coefficicnt oC Tl2 in .6.E8P wliich in the Dick
and Das 13] papcr \Vas wriUen as al, 'Vere "a" should be a number. Arbitrarily, we
llave put 9 in place of ua". lu this case the ohtained valucs minimizing tiE wcre
< = 0.027, '1 = 0.0054, 6 = 0.0058, I'A = 0.00026, I'B = 0.00.16, ¡'e = -0.007 ano
the valucs reported by Dick and Das [3] for the sarne case are { = 0.027, TI = 0.0078,
6 = -O.OO:l, I'A = 0.0008, 1'1J = -0.0016, I'e = 0.0078.

Both sets are similar. From this result \Ve can condude that, except for sorne
minor print ('rrors, the cxprcssions for the cncrgy reported by Diek and Das [3] wcrc
uscd in thcir calculations.

In Tablcs 11, III. IV and V \Vecompare our cnergy express ion with those obtained
by Dick and Das [3]. Tahle VI shows thc values oC ~, TI, EJ whieh minimize ~E for
our NaCI:J\CI crystal witb !JI' su!Jstitutional irnpurities. In this case we use ~ER,
tiEs, ~E\-'I anu t::.EV2 for tile calculations. Fo!' I = 1 the mixcd crystal is rcduccd
lo lhe case of :"aCl:Br. The oblained oisplacemenls « = 0.0611, ry = 0.0626 ano
lJ == 0.797) are one order of magnitude grcater than those rcported by Dick and
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~ aE.1 AER .ó.EgD
0.01 0.1820 0.1837 0.1837
0.02 0.1621 0.1113 0.1113
0.03 0.1570 0.3989 0.3989
0.01 0.6669 0.3566 0.3566
0.05 0.1919 0.3112 0.3142
0.06 0.5324 0.2716 0.2716
0.07 0.5890 0.2294 0.2294
0.08 0.6622 0.1871 0.1871
0.09 0.7529 0.1117 0.1447
0.10 0.8622 0.1023 0.1023

TA8LE 110 The change in the repulsive energy as a function of e with '1 :::;:6 :::;:O.

" AE'i, AER aEgD

0.01 0.2732 0.2891 0.5285
0.02 0.0422 0.0790 0.5635
0.03 -0.1762 -0.1041 0.6218
0.01 -0.3829 -0.2605 0.7033
0.05 -0.5787 -0.3901 0.8082
0.06 -0.7632 -0.1928 0.9155
007 -0.9377 -0.5686 1.0970
0.08 -1.1021 -0.6176 1.2718
0.09 -1.2578 -0.6399 1.1699
0.10 -1.4041 -0.6351 1.6913

TABLE 111. The energies a~, LlER and LlEKD as a function of '1, with e :::;:6 :::;:O.

; tiEJ" AER aEgD

0.01 0.1321 0.1313 0.5227
0.02 0.35<12 0.3642 0.5402
0.03 0.2828 0.2947 0.5693
0.04 0.2172 0.2328 0.6101
0.05 0.1570 0.1784 0.6625
0.06 0.1018 0.1317 0.7358
0.07 0.0511 0.0922 0.8115
0.08 0.0046 0.0610 0.8989
0.09 -0.038 0.0371 0.9980
0.10 -0.0772 0.0207 1.1087

TAHLE IV. The repulsive energies D.é~,ti.ER and D.E~D as a function of 6, with e:::;: '1:::;:O.

Das (3). Table VII sbows the valucs oC 'ó'vv and ,Ó,aCor thc valucs oC r¡ and h obtained, ,
Crom Table VI. which are Car Crom the experimental values. The values oC ~a/y oC
Dick and Das [3] are in good accordance with the experimental rcsults but thcir {.
r¡ and Ó are noto
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n

1
2
3
4
5
6
7
8
9
10

dE~
-0.0031
0.0271
0.0555
0.0821
0.1070
0.1310

0.1515
0.1713
0.1895
0.2058

!lEv
-0.0016
0.0273
0.0535

0.0768
0.9706
0.1146

0.1291
0.1408
0.1496
0.1555

dE9D

-0.1069
-0.1154
-0.1280
-0.1446
-0.1651
-0.1897

-0.2182

-0.2508
-0.2874
-0.3280

TABLE V. The dipole-dipole Van der Waals energy as a function of~, '1, 6, P.A, IJB and p.c. The
energy values are obtained far { = 0.02 + n(O.Ol), '1 = 0.03 + n(O.Ol), lJ = 0.002 +
n(O.OOI), ~A = 1.7/IO' + n/lO" ~B = -0.002 + n(O.OOI) and ~c= 0.007 + n(O.OOl),
where n is varied from 1 to la.

0.0
0.25

0.50
0.75
LOO

{
0.0590
0.0594
0.0597
0.0600
0.0611

~
0.0567

0.0580
0.0594
0.0609
0.0626

,
0.0900
0.0904

0.0894
0.0864
0.0797

TABLE VI. The values of~, '1 and lJ which minimize dE for NaCI:KCl with Br impurities.

ex
0.00
0.25
0.50
0.75

LOO

~
VI

3.1416
3.2689
3.2162
3.0382

2.7609

A<
I

1.0472
1.0896
1.0720
1.0127

0.9203

TABLE VII. The values of ~ and ~ far the values of '1, lJ abtained from Table VI.

It is known that in order to solve problems in which the energy is a funetion
of several variables, it is frequently necessary to make expansions in series of the
energy in terms of the variables. The main conclusion oí this work is that the
research working should be revised carefully. The ract that !!'a/y difrer rrom the
experimental value can be explained. as due to

a) The energy should be expressed to a higher order in {, TI, 6.

b) Thc elastic theory applied to this problem is inadequate.

Finally, we want to point out that the Dick and Das {3J theory has been used
during several ycars [18,19,20]. The potentials used in this calculation have proved
to giye right results in another type of calculations, and perhaps taking into account
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NaCI KCI NaBr KBr
e 1.68 24.3 lO-~oerg cm~
e' 11.2 48
9 116 124

14 48

• 151 151
d 0.8 24 1O-7~erg crnll

f 13.9 73
h 233 250
j 19 99
1 324 324
B 1.315 2.835 1.559 3.251 10-9 erg
p 0.328 0.337 0.333 0.346 Á
a 2.815 3.139 Á

TA8LE VIII. Constants used in the calculations.

more terms in the approximate potentials and more neighbors to the impurity we
can find better solutions. Table VIII gives the constants uscd in these calculations.
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Resumen. Se revisa en detalle la teoría de Dick y Das. Encontramos
que los errores en la expresión para la energía repulsiva que aparecen
en ese trabajo, así como los errores correspondientes en la energía de
Van der Waals, son muy importantes en el cálculo de la deformación
alrededor de la impureza de Br. Se obtienen las expresiones correctas
para las energías repulsiva y de Van der \Vaals como función de los
desplazamientos de los primeros y segundos vecinos a la. impureza. El
cambio en densidad del cristal de NaCI:KCI obtenido de esos desplaza-
mientos es muy grande en relación con el observado. La conclusión de
este trabajo es que deben revisarse todos los artículos en los cuales se
haya usado la teoría de Dick y Das.


