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LOW-TEMPERATURE ASSOCIATION OF NaCl + BiCls
CRYSTALS

MARIA HARTMANOVA*, EMIL MARIANI*, Bratislava

The temperature treatment of NaCl 4 z. BiCls crystals by annealing
before the measurement of electrical conductivity causes an increase in the
number of substitutionally incorporated Bi3+ ions as shown in the present
paper. The treatment enables to observe the low-temperature association,
i.e. the formation of Bi3+ [} ; [[] ; complexes, the existence of which followed
from theoretical considerations.

It is shown that the regions of low- noam.mwgcno associations of the mea-
sured crystals have some properties which are in agreement with the asso-
ciation regions for the divalent impurities — vacancies, e.g. a similarity of
expressions for the concentration of vacancies. The presence of oxygen
in the form of BiO+centres in the samples with a higher amount of bismuth.
causes an anomaly in the course of the low-temperature association and the
extrinsic conductivity region on the whole.

I. INTRODUCTION

The presence of trivalent impurities in alkali halide crystals itself suggests
the possibility of at least two association processes — i. e. the existence of
at least two kinds of complexes in the ground state.

Theoretical considerations carried out for the case of NaCl + z . W_Qu (1]
have shown that the existence of Bi3+ [, (I) and Bi3+ [1; [1; (I1) complexesis well
founded. This theoretical assumption was partly confirmed also by experimental
results [1]. However, the used temperature range over which the association.
was investigated, but above all the small solubility of bismuth in NaCl were
the reasons why only the region of the formation of ooEE@Nam I was observed
experimentally.

Therefore, the aim of the present paper is to confirm the possibility of the
existence of complexes 11 and thus to complement the results published in [1].
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II. EXPERIMENTAL

The size of samples used for measuring the electrical conductivity (0.005,
0.01, 0.1, 0.5 and 1 mol % BiCl; in the .5&3 was approximately 0.6 x 0.6 x 0.1
om3: The graphite electrodes were coated on the face surfaces. The measure-
ments were carried out in the temperature region of 25—150:°C in vacuum.
The measuring electrodes were made of nickel with Pt foils on the surface.
The measured sample was put between them. The electrodes were held by
quartz and teflon insulators. Heating was provided by a resistance furnace.
The temperature was measured by a copper-constantan thermocouple which
was placed in the lower electrode. The electrically isolated ,,could* junction
of the thermocouple was kept at 0 °C by putting it in a 'vessel with mercury.
This vessel was placed in a Dewar flask with a mixture of ice and water.
A Tesla MR 30 digital voltmeter as indicator. of temperature was used.

All samples used for measuring the conductivity were submitted to the
same temperature treatment — they were annealed at 650 °C for 1 hour
in an inert atmosphere and quenched.” . T

The description of the preparation of NaCl 4 x . BiClg crystals can be
found in [2]. , : _

IOI. RESULTS

Fig. 1 shows the results of the measurements of the electrical conductivity
¢ in dependence on the temperature’ in' the range of 25—150 °C. The curves
1—5 were measured on crystals without any temperature pre-treatment (as
cleaved) and with a different concentration of Bi3* jons added .into the melt.
The course of ¢ in the region of the low-temperature extrinsic conductivity
can be attributed to an association process. between the impurity cations
and cation. vacancies in agreement with cases of the divalent impurity doping.

The results of measurements of the same dependence as in Fig. 1 can be
seen in Fig. 2. The only difference consists in the annealing of the used samples
immediately before the measurement of conductivity. It is evident from Fig. 2
that the region of low-temperature extrinsic conductivity for crystals treated
in such a way consists of two parts. This fact supports the possibility of the
existence of two association processes — i.e. the formation of complexes
I and IT as it resulted from the theoretical considerations in [1].

" The influence of the consideration gradient on the region of low-temperature
extrinsic conductivity, especially for crystals with 2, higher concentration of
Bi3* ions, can be seen in Fig. 3.

All used samples were cleaved from the middle parts (m) of grown crystals.
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Fig., 1, The temperature and concentration dependences of.the electical conductivity
R o for NaCl + z . BiCls crystals (as cleaved).
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Fig. 2..The temperature and concentration dependences of the electrical conductivity
o for NaCl 4- x . BiCls crystals (after annealing).
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Fig. 3. The influence of the owbomzeum.ao: gradient in the crystal on the low-temperature
region of the extrinsic conductivity o.

IV. DISCUSSION

The aim of the Present paper is to confirm the possibility of the existence
of complexes II and in this Wway to complement the results published in 1]
as mentioned already in the introduction. Therefore we shall concentrate WH
the following on the region of the low-temperature extrinsic conductivity
and the low-temperature association of NaCl + z . BiCl, crystals, respectively.

The substitutionally incorporated Bi%+ ion has a double excess charge with
a@mwm.ne .ao the lattice. In such a .case we can suppose the existence of two
association processes, i.e. the formation of two kinds of complexes Bi3+ []:
denoted as I, and Bis+ [ % [ denoted as II, at corresponding lower »a:%%
ratures, as it resulted from theoretical considerations in 1].

The measurements carried out in crystals without any temperature pre-
awomsoa (as cleaved) have confirmed, however, the existence of the associa-
tion process I only (Fig. 1). On the basis of theoretical considerations and
measurement results from the point of riew of the small solubility of Bi3+
in NaCl we could assume the formation of complexes 1, i.e. B3+ [z only.
. From the theoretical point of view the sufficient amount of substitutionally
mcorporated impurity ions should help to discover the other association
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process, i.e. the formation of Bi3* []; []; complexes. This assumption was

supported also by the observed accidental occurence of the association region

IT for crystals without any temperature pre-treatment (as cleaved) at the

highest concentrations in dependence on the concentration gradient in the

crystal.
We supposed therefore that it would be possible to obtain (first of all at

higher concentrations) an increase in the number of substitutionally incorpo-
rated ions in crystals doped with trivalent impurities, similarly as in the case

-of divalent ions, by means of annealing at higher temperatures.

It is seen from Fig. 2 that the association region on plots of log ¢ vs 1/T'

for the annealed samples actually consists of two parts — I and II. In the

following we shall deal in greater detail with the low-temperature associa-
tion II.

In the low-temperature region, where free trivalent cations do not exist
-any more (they are partically all bound with vacancies in the form of com-
Plexes as long as the solid solution is sufficiently dilute) we can write

xpi = 0, &1 = X1 . (1
(rBi — the concentration of free trivalent cations, ; — the concentration
of free vacancies and 2y — the concentration of Bi3* []; complexes). The

Bi3* [J; (I) complex has still an excess charge against the lattice. Therefore
the next vacancy can preferentially stay close to the Bid* [J; and form

-2 Bid+{]; Dm complex (II). This process can be described by the equilibrium
Bist[; + Uiy = Bid+ 1, ;. (2)
Applying the Em_w.m action law to the process (2) we obtain the following
-equation .
Zyry Wu

= Kyrexp | — . 3
X . & kT A v

where i1 is the concentration of Bi3* [J; [J; complexes, Ky is the constant
for the association process (2) and Wiy is the association energy of the com-
plex 11, kT has its usual meaning.
Besides, also the following balance equations are valid
c=xpi + 21+ xm (4)
1 = 2xp; + %1 f

{¢ — the total concentration of bismuth ions in the lattice).

we@?mbm from egs. (3),(4) and at the same time considering (1), we obtain
“the following system of equations



¢ =2 + i " (5)

s

.
xijxn = D

?.PH - ﬁ_.rm right-hand side of eq. (3)). The concentration of free cation vacan!
cles, which is decisive for the behaviour of the association region and the

mw\s.m:mmo ooumzna&a% wmmmosossﬁéramvo@:co mweansmzmmw%arm solutigy,
of ‘the equation I

i 4 2Py — Bpe = 0 . _Aav.
resulting from (5). Hence .
Do [f  doim y

n=—= (14 o) 1 ,_.Nuv

The similarity of the expressions for the concentration of vacancies |3V

and the association of vacancies with divalent cations [3] is not m:ww_mmm:m‘

because Bis+ [J; [7; complexes are neutral with respect to the lattice.

The influence of the concentration gradient on the low-temperature region
of extrinsic conductivity, as represented in Fig. 3, is perceptible in high doping
concentrations only. Tt is evident that the sample cleaved from the region

of the highest impurity concentration (bottom of the crystal — b) has a sj..

milar behaviour as was observed for 1 mol 9, BiCls (Fig. 3).
The anomaly in the behaviour of samples with a high concentration of Bjs+

as compared with a lower Bi*+ amount (Figs. 2 and 3) can be attributed tq.

the presence of oxygen in these crystals. The bismuth is considerably hygro-
scopic and from the chemical point of view produces relatively stable BiQ+
centres, as confirmed by the results of the optical absorption and the dielectri,
losses as well [1, 2]. The presence of oxygen in crystals with a high Bi3+ con.-

centration (first of all 1 mo] % BiCl3 in the melt) and thus the presence of

a higher number of BiO+ centres, causes on the one hand a decrease in the.
concentration of Bi3+ ions, which can be free or bound with vacancies, on
the other hand a decrease in the number of impurity vacancies needed to
maintain the electrical neutrality of the crystal. This is shown as an anomaly-
on the plots of log ¢ vs I/T — a decrease of the absolute value of conduetivity
and in the gradually disappearing formation region of complexes 11T,

V. CONCLUSION

In the conclusion we can summarize the obtained results as follows.
.Hio association processes which can be attributed to the formation of
Bi*+ [0; and Bid+ [J; [; complexes on the ground of theoretical considera-
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tions are observed in the region of the extrinsic conductivity in samples
with a temperature treatment before the measuring of the conductivity.

The appearing of the low-temperature association (the formation of
Bid+ [J; [l; complexes) on the plots of log o vs 1/T requires a higher concen-
tration of substitutionally incorporated Bi3+ ions, The region of low-tempera.-
ture association shows in consequence of the bmﬁnmmg of Bit+ [ (J; com-
plexes against the lattice, some properties in agreement with the association
region for divalent impurity — vacancy, for example a similar structure of
expressions for the concentration of free vacancies. The anomaly in the course
of log ¢ vs 1/T observed for samples with a higher bismuth amount (i.e. 1 mol 9,
BiCly and 0.5 mol %, BiCl; (b), respectively)is due to the presence of oxygen
in the form of BiO* centres in these samples. The presence of a higher number
of stable BiO+ centres causes both the decrease in the absolute value of con-
ductivity in consequence of the decrease in -the impurity vacancies and the
decrease in the concentration of Bi3+ jons and thus the gradual disappearance
of the region of low-temperature association, i.e. the formation of Bis+ O Ok
complexes, observable by means of conductivity measumenents.

'
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