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MATEMATICKO-FYZIKALNY CASOPIS RAV, 160 4, 1066

DIFFUSION OF ZINC IN DOPED Na(l CRYNTALS

VIKRA PAULINY-TOTHOVA, Bratstava

INTRODUCTION

The bivalent catwonic (hereaiter ho ) admistures move thiouch the dattice
of alkali halides by changing piaces with the neighbouring vacancy, ~o their
diffusion is possibic only when they form neutval complexes: admixture
cation vacaney. The compleses ave formed as a vesult of electrostatic interac-
tion hetween excess positive charge of admixtire and virtaal negative chavee
of the cation vacaney. Lidiard | 1] examined theoretically the dependence
of the diffusion coefficiens of b, ¢. admixtures in alkali halides on their degred
of association, i. . on the ratio of the complex number to the total number
of ions of the given admixture. When the admixture forms a very diluted <olid
solution then in a simple model the association - - dissociation reaction deter-
mininge the number of complexes obevs the law of mass action

(complex concentration)

(n N

(free admixture concentration) . (free cation vacaney conventration)
where K(7') is the reaction constant depending on absolute temiporature, on the
number of possible complex orientations and on the association enerey of
these complexes. It follows from Kq. (1) that the association degree of the
admixture in pure” civstals depends o its concentration, hence its diffusion
coctticient will also depend on the coneentration,

The booeoadmixtares are built substitationally into the lattice ol most of
the alkali halides. ITn order to prescrve the chorge neutrality the same number
of cation vacancies is formed simultancously. H the b.eoadmixtore Zn diffuses
imto the erystal containing another b.oeoadmixture M in acsubstantially hicher
concentration. the nwnber of free vacancies will practically he determined by
the concentration and association eneroy ol adimisture ML This number will
bhe high in comparison with a L pure”™ crvstal and o witl not depend on the
concentration of admixture Zn. The a~sociation dissociation reaction will
he displaced toward the higher complex concentration and the association
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degree of the admixture Zn will practically not be dependent on its proper
concentration. The diffusion coefficient of the admixture Zn will not depend
on Zn-concentration and it will grow with increasing M-concentration.

The aim of this paper was:

1) to prove the concentration independence of the diffusion coefficient of
zine (hereafter D) in doped Na(C'l crvstals,

2) to compare the effects of different b. ¢. admixtures on D,

3) to analyze diffusion without vacancy gradient,

4) to obtain information aLout /) at higher association degrees of Zn. An
estimation of the association enereyv of added admixtures and of zine should
he possible by comparison of the shape of diffusion isotherms (12 versus admix-
ture concentration at the constant temperatuve 77),

The formation of bigger agelomerates of admixtures with vacancies 2]
and the formation of vacancy pairs the eoncentration of which s neeligible

31 was not taken into acconnt here,

Theoretical

a) Diffusion 1, pure™ cryvstals

According to Lidiard [1] at high concentrations ¢,, of the diffusing ions.
when A7 ez - 1Y) and, theratore, the deoree of association is high, 1) reaches
its saturated value Dy. At lower concentrations 1) decreases with the decercasing
concentration of the diffusing ions. When gy <l e, where ey is the total
coneentration of h. . impurities in the crystal, it may be expected, that /)
will be independent on the concentration ez, (see b) below). In this case
[Sq. (1) may be written

P .
(<) Kz,

(1 Pzl pa)ew

where pzy and pyare the association degrees of the diffusing ions (zinc)
and of h. e, impurities (predominantly Ca), vespactively. When py <€ 1 and

Nywewr 1 which may he expected at small ey and at higher temperatures,
then

3 Prn [\'Zn €y

aned

i 1) Dy Koy ot

SN s the reaction concctant of the Fago ob) for complexes of the diffusing ions.
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since, according to Lidiard [1],
(l(])Zn Czn)
D = Dy — T
dezy

If the diffusion is traced by means of an isotope with high specific activity which
cnables to lower ¢z, it may be expected from Eq. (4) that the D obtained will
be independent on ¢z, and approximatcly proportional to the concentration
of the b. c. impurities present. The values of D should be substantially lower
than those previously published [4, 5].

b) Diffusion in NaCl + MCl; crystals

In a doped crystal the formation of free vacancies and complexes may be
described by the following equations: a) for the dissociation of the lattice on
free cation and anion vacancies with molar concentrations s, dnes. respec-
tively,

(5) Zpos « Xneg = Kyl
b) for complex formation of the diffusing b. c. ions

PznCrn .
(6) = Ny
(1- pZn)Canl)os

¢) for complex formation of the uniformly built-in admixture M. .

Py v ;

. } — = Ky

(1 — pa)em Lpos
K1, Kzn, Ky are the respective reaction constants depending only on tem-
perature;
d) the charge neutrality condition must be fulfilled

(8) Lpos == ¥neg - (1— pZn)CZn -+ (I — pa)CM

According to literature [6, 7] pure NaCl at 590 °C contains (5—7). 10=6 mol fr.
free vacancies. From Eq. (5) and from published data [7] it can be shown that
in doped crystals apeg <€ 5. 1076 mol. fr.; xpeg may be neglected in Lq. (8)
which can then be written more simply

(9) Zpos = (1 — pzn)ezn + (1 — par)en

Kqgs. (6), (7), (8) lead to one cubic equation for pzu(czn, ey, Nzn, K).

The measured diffusion profiles (Ifig. 2) show that in doped crystals, when
e S> Czn, D does not depend on c¢zy. According to [1] and Iiq. (6) in this case
pzn and Xpos should be independent of ¢z, . The Eq. (6) will be more simple

(lO) Apos == (1 — ]).\1)"_\1 .
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Ln this case it is suficient to solve two equations

Pz, .
(rn —= = Ny ea(L — par),
1 — ’j')Zn
Py .
(12) e = Ny ear.
1 — Py
Solving ligs. (11), (12) we get
. Kz I't - 4Ky -1
: oy = —— . b T
Pzn 2Hy Kyn J 2o
1 ’*“ - “I_I," 1 ‘}— 4[\)1(}3] R l]
2R ’
and for 1)
1
(14) Do Dyl 1— -
I\Zn 1/ — e .
o Ill -‘:— -l—[\M(TM —— 1]
2[\ M

I'rom 19q. (14) it may be seen that /2 will be little dependent on Ay i. c. on
the association energy of the admixture added and lim D = D,. With in-

(A0
creasing association energy of different admixtures their concentration being
cqual, 1 will slightly decrease.

Iixperimental

The NaCl eryvstals used were grown in nitrogen surroundings by Kyropoulos’
method. The b. ¢, admixtures were added to the melt as chlorides. The Cd
and Zn contents in crystals were determined by colorimetry, the content of Ca
and of naturally present impurities by spectral analysis. The ratio of admix-
ture concentration in the melt and in the crystal differs from the ratio given
by Drevfus [8]. The total concentration of b. ¢. impurities is in the range
(I 3). 1076 mol. fr., the alcalinity of samples is lower than 10-4 mol. fr.
Crystals with CdClz content higher than 0,03 mol—9, were .,milky"*. Samples
cleft off the latter were heated before diffusion for six hours at the temperature
of diffusion annecaling and then rapidly cooled. After this treatment the samples
were practically clear.

The 7ZnClg layer (labelled by Zn$5) approximately 2u thick was ¢vaporated on
to one surface of samples measuring 14 14 5 mm. Two samples were coupled
so that their active surfaces were adjacent and heated at 590 °C in an N,
atmosphere. After diffusion aunealing 3 mm from the sides of the samples
were cleft off.
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The annecaling temperature was  chosen sufticiently high in order not 1o
be limited by low Cd solubility. At low Cd concentrations the effect of catcinm
naturally present is considerable. The diffusion profile was determined Ly the
method  previously deseribed |41 For the activity  mcasurement of <lices
a single channel amplitude analyvzer Tesia was nxed,

Results

By our experiments we nearly approached dittusion from an intinitely thin
layer into a semi-infinite body. In this case, if 17 is constant. the following
cquation holds good:

. () ( 2
: e, 1) - expl o
Y e ) | (= 0n Y)Y

c(r, t) being the Zn concentration in the depth @ helow the original surtace
after t-hours” anncaling. ¢ is the surface density of Zn in the original active
layer. As the evaporated laver does not dissolve in the crystal with infinite
rapidity, a deviation of the protile measured from Iq. (A) in the layver adjacent
to the surface may bhe expected. In greater depth. if 1 remains constant. the
linear relationship between In ¢ and #2 must be satisfied.
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[n the case of diffusion into ..pure’™ crystals we observed an evident | kuee™
to the lower D (Fig. 1) in all profiles. when Zn concentration dropped to the
fevel of naturally present o e impurities, which is practically determined
by the (as concentration [5

. No temperature dependence of the zine con
centration in the knee was found,

L
I
!
0%k
A |
|
/ "'Wf%’,’m «7757/ '

1o

Nell + 0.02m % Calls

7= 505 °C
. ¢ =133 min
~ i
/AN '
RN
Ny
N |
‘« |
K: §
\\ [
o N |
. H
N |
, N, i
" |
\Q\ i
’v\v\ . !
M
; . i N
a ; 2 7 X[mm®]

.

1%

y

w20 Diffusion prrofile in doped NaCHif ey 5 e (M (‘a or Cd).

I doped ervstals where admixtare concentration was by several orders
ligher than the Zn concentration, the dependence of In e on a2 was linear in
the whole measwred Zn concentration range (Kig. 2). The linearity was pre-
~erved when the following admixtuwres were chosen 1) caleinm, 2) cadmium
in concentration not hicher than 5. 102 mol -9, 3) cadmium in higher con-
centration it the samples were pre-heated (sce Jxperimental).

We did not succeeed in obtaining a lincar dependance of In ¢ vs a2 by means
of Zn as admixture and thus in achieving a diffusion without a concentration
cradient. The Zn solubility in NaCl at 590 "C is only 2.5 . 1074 mol. fr. |9]
and when grown from the melt the Zn content in crystals was even much lower.

The (d doped erystals with ccq 2 5. 1072 mol—9% nonpre-heated had
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compound diffusion profiles (Fig. 3). In the resulting dependence of D on Cd
concentration (Kig. 4), therefore, only results obtained on pre-heated samples
were taken into account.
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IFig. 3. Diffusion profile in doped nonpre-heated NaCl with hich Cd content

Discussion

a) Diffusion in the ,,pure” orystal

The concentration independence of D observed in the range (5 -20) 10 9
mol. fr. Znt+ (Fig. 1) follows from the linearity of In ¢ vs o2 Lt may be tenta-
tively explained by D having reached the saturated value Dy A roueh estima
tion shows that the necessary association energy of 7Zn = complexes shouid
he at least 0,55 eV, The following facts, however, are against this explanation
of the shape of the diffusion profile:

1) according to Bassani and Fumi [10] an association cnergy lower than
0.38 ¢V is expected.
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Fig. 4. Dependence of D in doped NaCl crystals on the admixture content

2) our further research (see Discussion b)) shows that Dy is substantially
higher,

3) the concentration of the ,,knee* is independent of temperature.

We are proceeding, therefore, in the investigation of diffusion in crystals
by a modified experimental method.

b) Diffusion of Zn in NaCl 4 CaCl; crystals

I'ig. 5 shows the dependence of D on ¢, computed according to Eq. (14)
for experimental points in the range (2—20).10~4 mol. fr. Ca, for various
K, given in literature (Table 2). Within the limits of errors the most suitable
curve expressing Bq. (14) is d. But the points measured are better expressed
by curve e, which demands a lowering of Zn association energy and an increasc
of Dy at higher concentrations of admixtures. It is probable that the difference
between the measured and computed shape is caused by a lowering of the
effective association energy of Zn with growing admixture concentration when
the interaction between free defects cannot be neglected any more. The rough
estimation of the correction caused by this interaction given by lkeda [13]
for NaCl - CdCly would support this explanation. An increase of Dy with the
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Table i
n v

Admixture

content in

Sanple Adnxture

melt
imol |

12 ‘prre”
39 /m 0.4
43 ("a 0.02
(S ('a 0.1
[ (‘a 0,2
USE ' 0.06
[T ' 0.3
(G| () 0.8
[T R 'd 0.8
6D e 0.8

i) The total concentration ol b .

Tabile 2

ol ey

.

. Referanees

TeV '

(NI i
03N [1o]
2 cl2
0

0N Ling

ons doped NaCl erystals

mpriritios

[FICIR PRI

Admixture |
content in
crvstal
Yol

{mol
0,003(3)
5. lo

0.02

0,01
0,03
0,088

0.12

0.1

e o b mot

G mol-

D. 1067
[em=/s

7

N N
w
-

—_— 1y Lt 3

2.60
95
287
.81
2.86

Ditfusion cocefficients 7 and average concentrations of diffusing

Chrirve

ZiNC ez

103

Vo)

C/in -
| mol

20 Compuied association energics of zine complexes (G, (for different values

sssociation enerey L e obtamed from literature) for curves in Fig, 5
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a poorly soluble substance is investigated, where a diffusion without conventra-
tion gradient caunot be performed, it is more conyenient to nse doped ervstals
and =0 to achieve a diffusion without vacancy gradient. In .pure” crvstals
the D depends both on the concentration of the diffusing substance and on
the purity of the erystal. Tn doped erystals the 1) depends only on the coneen-
tration of the admixture which is known.

The comparvison of the diffusion isotherms for NaCl = (faCly was possible
only for small concentrations of Ca and Cd (Fig. 4). It suggested that the
association energy of Ca complexes is the same or a little higher than that of
('d complexes.

The analysis of the shape of the diffusion isotherm in Ca doped crvstals
shows that the effective association energy of Zn complexes will decrease with
increasing admixture concentration.

The author is indebted to DrSe. Arnost Kessler for bis helpful discussions
of the experimental work and to Ing. Estera Rubinova for the preparation
of the crystals.
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