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An investigation of the ionic conductivity in sodium chloride (NaCl) crys-
tals doped with different concentrations of yttrium (Y) is undertaken in the
temperature range 1800C to 5250C to understand the nature of impurity va-
cancy (I-V) complexes, their formation and how these I-V complexes affect
the conduction process. The conductivity temperature plots of NaCl: Y
showed two distinct regions. These regions are explained on the basis of
Dreyfus and Nowick notation. It is found that ionic conductivity in Y doped
NaCl crystals decreases with increasing Y concentration. Quenching and
annealing studies indicate that the ionic conductivity increases due to the
former and decreases due to the later. Possible mechanisms for the above
results are explained in terms of formation of various defects such as IV
complexes, vacancies, etc.  2011 Trade Science Inc. - INDIA

INTRODUCTION

One of the most convenient methods of studying the
nature of defects and their mobility in ionic crystals is the
ionic conductivity and measurements of its temperature
dependence. The studies of ionic conductivity in doped
alkali halide crystals have provided a great deal of infor-
mation about the state of lattice defects and their interac-
tions in ionic crystals. The ionic conductivity in doped
alkali halide crystals depends on the thermal history of
the sample and on the nature of the concentration of im-
purity ions and their aggregation process[1-3]. If the crys-
tal (doped or undoped) is quenched from high tempera-
tures, the cation vacancies introduced by impurities will
be predominant. Excess free cation vacancies and iso-
lated impurity ions are retained in the quenched crystal
and they are responsible for the increase in the conduc-

tivity in the impurity region during the subsequent heat-
ing. In some cases a decrease in conductivity in the im-
purity region was also reported[4-7]. This has been attrib-
uted to the precipitation of inherent divalent cation impu-
rities of the cystal. Although a large amount of work on
ionic conductivity studies in various impurity doped al-
kali halide crystals has been reported, data on ionic con-
ductivity studies of yttrium-doped alkali halide crystals is
scarce. The way the yttrium impurity in an alkali halide
matrix influences the defect controlled properties depends
on many factors such as the amount of impurity added,
its solubility and the history of crystal growth and subse-
quent heat treatments. The choice of yttrium (Y) as a
dopant in sodium chloride (NaCl) matrix was made be-
cause the electronic structure of the yttrium is the same
as that of Sr2+, and the role of strontium as a dopant in an
alkali halide matrix is well understood[8].
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EXPERIMENTAL

Single crystals of NaCl containing 0.1, 0.3 and
0.5 mole % of yttrium used in the present investiga-
tion were grown by slow cooling technique, the de-
tails of which were reported earlier[9]. The actual con-
centration of yttrium doped NaCl crystals was esti-
mated by using inductively coupled plasma (ICP)
emission spectroscopy method. All crystalline samples
used in the present investigation were grown under
identical conditions. The d.c. ionic conductivity of
freshly cleaved samples was measured by increasing
the temperature at a rate of 600C/h. The currents were
measured by using a high sensitive electrometer. The
sample temperature was determined to a precision
better than  0.50C by means of calibrated chromel-
alumel thermocouple that was placed very close to
the sample in the conductivity mount. For good elec-
trical contacts, the samples were coated with aquadag
paint. The polarization currents in the measurements
were avoided in the usual way by applying an electric
field for a short duration of time (less than 30 sec)
across the crystal and noting the temporary pause of
the meter display. For quenching studies, the samples
were annealed at 5500C for 4h and rapidly placed on
a metallic sheet at room temperature.

RESULTS

The conductivity of NaCl crystals containing 0.1,
0.3 and 0.5 mole % of yttrium has been measured in
different samples at considerable number of tempera-
tures. The graph of log T plotted against 1/T for all
the three samples is shown in Figure 1. Such a con-
ductivity plot can be divided into regions I, II, III,
III, and IV according to Dreyfus and Nowick[10].
Region I (above 5500C) is the high temperature re-
gion which is called intrinsic region. Slope E

I
 of the

conductivity curve in this region is given by, E
I
 = E

m
+E

s
/

2. Here E
m
 is the activation energy for the motion of

free charge carrier. E
s
 is the formation energy of

schottky defect. Region II (550 to 3000 C) is the ex-
trinsic unassociated region, where the impurities have
a dominant role. The activation energy in this region is
same as E

m
, i.e. E

II 
= E

m
. Region III (300 to 2000C) is

extrinsic associated region, where the complexes

The plot presented in Figure 1 represents the data
obtained in measurements with increasing temperature.
The slopes E

II
, E

III 
of the corresponding parts of the

ionic conductivity curves are shown in TABLE 1. The
third column in TABLE 1 contains the concentration of
impurity gone into the crystal matrix estimated by in-
ductively coupled plasma (ICP) emission spectroscopy.
Figure 2 shows the conductivity isotherms of yttrium
doped NaCl crystals as a function of yttrium concen-
tration. Figure 3 shows the conductivity plot of as grown,
annealed and quenched NaCl : Y (0.5 mole %).

formed due to the impurity and cation vacancies af-
fect the conductivity. The effective activation energy
in region-III is given as E

III
 = E

m
+E

a
/2, where E

a
 is the

association energy. With further decrease of tempera-
ture (region III and IV), the impurity either segre-
gates or precipitates from the solid solution. Interpre-
tation of results below region III is difficult.

() Undoped, () NaCl+0.1 mole% Y, (x) NaCl+0.3 mole% Y, (o)
NaCl+0.5 mole% Y.

Figure 1 : Plot of ionic conductivity versus (103/T)(K-1) for
NaCl and Y doped NaCl crystals.

TABLE 1 : Activation energies in regions II and III.

Concentration of impurity 
Crystal mole % 

(in the melt) 
ppm 

(in the crystal) 

EII = Em 
(eV) 

EIII 
(eV) 

NaCl : Y 0.1 610 0.86 1.14 

NaCl : Y 0.3 800 0.87 1.03 

NaCl : Y 0.5 1050 0.90 1.00 
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DISCUSSION

It is well established that rare-earth impurities doped
in alkali halide crystals exists in the divalent state rather
than trivalent state[11-14]. From the Figure 1 it is clear
that conductivity of yttrium doped crystals is greater
than pure NaCl crystals. But with increasing yttrium
concentration there is a decrease in conductivity. It is
difficult to understand why there is decrease in conduc-
tivity and activation energy in region-III (with increas-
ing yttrium concentration), while the activation energy
for region-II is not much altered. The decrease in acti-
vation energy of region-III cannot be assigned to the
modification of cation vacancy mobility with the con-
centration of impurity precipitates, as the activation en-
ergy for region-II is found to be almost independent of
yttrium concentration. At the same time the change in

the activation energy cannot be explained by different
rates of cation vacancy delivery subsequent to dissolu-
tion of precipitates by heating in the region-III. There-
fore, more possible explanation is the fraction of pre-
cipitated impurities rises with increasing yttrium con-
centration. Around those precipitates there arises a re-
gion of strain within the lattice, regions in which the con-
centration of cation vacancies occurs. The occurrence
of this possibility of binding cation vacancies could be
detrimental to dipole formation in the heavily doped (0.5
mole% Y) crystals. This leads to lower effective asso-
ciation energy of the dipole partners and consequently
decrease in activation energy of region-III with increasing
yttrium concentration.

The plot of Figure 3 indicates that the conductivity
of quenched crystal was slightly more as compared to
as grown and annealed crystals. It is normally to be
expected that quenching of crystals from elevated tem-
peratures results in the dissolution of the precipitated
impurity, dissociation of higher order impurity vacancy
complexes and creation of large number of cation va-
cancies in the crystal[15]. Owing to higher mobility of
these thermally produced vacancies, the probability of
Y2+ ions in the neighborhood of positive ion vacancies
will be enhanced at such temperatures. This will give
rise to I-V dipoles. These I-V dipoles might have been
responsible for slightly increased conductivity in
quenched samples. On the other hand, during anneal-
ing, precipitation may take place. The impurity ions
whether free or in the form of dipoles coagulate to form
clusters during annealing. The decrease in conductivity
may be due to the decrease in effective concentration
of free cation vacancies as a result of formation of pairs,
clusters, impurity precipitation, etc.

CONCLUSIONS

Sodium Chloride crystals doped with different con-
centrations of yttrium are grown using slow cooling
method. The conductivity plots indicate two distinct
regions. It is found that the conductivity in doped crys-
tals is decreasing with increasing concentration of yt-
trium dopant. Quenching and annealing studies show
that the conductivity increases in former case and de-
creases in later case. Possible mechanisms for the above
results are explained.

Figure 2 : Conductivity isotherms of Y doped NaCl crystals as
a function of Y concentration.

() as grown, (o) quenched from 5500C and () annealed.

Figure 3 : Plots of log ( T) vs. (103/T) (K-1) for NaCl:Y (0.5
mole%) crystals
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