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ABSTRACT

KEYWORDS

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 180°C to 525°C to understand the nature of impurity va-
cancy (I1-V) complexes, their formation and how these |-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
Dreyfusand Nowick notation. It isfound 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 1V

lonic conductivity;
NaCl crystals;
Quenching;
Activation energy;
I-V dipole.

complexes, vacancies, etc.

INTRODUCTION

Oneof themost convenient methodsof studyingthe
natureof defectsandtheir mobility inioniccrysdsisthe
ionic conductivity and measurementsof itstemperature
dependence. Thestudiesof ionic conductivity indoped
adkdi hdidecrysdshaveprovided agreet ded of infor-
mation about thestate of | atti ce defectsand thalr interac-
tionsinioniccrystals. Theionic conductivity in doped
akali hdidecrystasdependson thethermal history of
thesampleand on the nature of the concentration of im-
purity ionsand their aggregation process*?. If thecrys-
tal (doped or undoped) isquenched from high tempera-
tures, the cation vacanciesintroduced by impuritieswill
be predominant. Excessfree cation vacanciesand i so-
lated impurity ionsareretainedinthe quenched crystal
andthey areresponsiblefor theincreasein the conduc-
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tivity intheimpurity region during the subsequent hest-
Ing. In some casesadecreasein conductivity intheim-
purity regionwasa so reported ™. Thishasbeen trib-
uted tothe preci pitation of inherent diva ent cationimpu-
ritiesof thecystal. Although alarge amount of work on
ionic conductivity sudiesin variousimpurity doped a-
kai halide crystal shasbeen reported, dataonionic con-
ductivity sudiesof yttrium-doped dkdi hdidecrystasis
scarce. Theway theyttriumimpurity inan akali hdide
metrix influencesthedefect controlled propertiesdepends
on many factorssuch astheamount of impurity added,
itssolubility andthe history of crystdl growth and subse-
guent heat treatments. The choice of yttrium (Y) asa
dopant in sodium chloride (NaCl) matrix was made be-
causetheé ectronic structure of theyttriumisthesame
asthat of S, and theroleof strontiumasadopantinan
dkdi hdidematrix iswell understood®.
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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-
tailsof which werereported earlier®®. Theactual con-
centration of yttrium doped NaCl crystalswas esti-
mated by using inductively coupled plasma (ICP)
emiss on spectroscopy method. All crystalinesamples
used in the present investigation were grown under
identical conditions. Thed.c. ionic conductivity of
freshly cleaved sampleswas measured by increasing
thetemperature at arate of 60°C/h. The currentswere
measured by using ahigh sensitive electrometer. The
sampl e temperature was determined to aprecision
better than + 0.5°C by means of calibrated chromel-
alumel thermocouplethat was placed very closeto
the samplein the conductivity mount. For good el ec-
trical contacts, the sampleswere coated with aquadag
paint. The polarization currentsin the measurements
wereavoidedinthe usual way by applyingan electric
field for ashort duration of time (less than 30 sec)
acrossthe crystal and noting the temporary pause of
the meter display. For quenching studies, the samples
wereanneal ed at 550°C for 4h and rapidly placed on
ametallic sheet at room temperature.

RESULTS

The conductivity of NaCl crystalscontaining 0.1,
0.3 and 0.5 mole % of yttrium hasbeen measuredin
different samplesat cons derable number of tempera-
tures. Thegraph of log o T plotted against /T for al
the three samplesisshown in Figure 1. Such acon-
ductivity plot can be divided into regions|, I1, 111,
11", and IV according to Dreyfus and Nowick™.
Region | (above 550°C) isthe high temperature re-
gionwhichiscalledintrinsicregion. SlopeE, of the
conductivity curveinthisregionisgivenby, E =E _+E/
2. HereE_istheactivation energy for the motion of
free charge carrier. E_ is the formation energy of
schottky defect. Region I1 (550 to 300° C) isthe ex-
trins c unassociated region, wheretheimpuritieshave
adominant role. Theactivationenergy inthisregionis
sameasE_,i.e.E =E_.Regionlll (300t0200°C)is
extrinsic associated region, where the complexes

formed dueto theimpurity and cation vacancies af -
fect the conductivity. The effective activation energy
inregion-lll isgivenask, =E _+E /2, whereE, isthe
association energy. With further decrease of tempera-
ture (region I11" and IV), the impurity either segre-
gates or precipitatesfrom the solid solution. Interpre-
tation of resultsbelow region I11 isdifficult.
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Figurel: Plot of ionic conductivity versus (10¥%T)(K™1) for
NaCl and Y doped NaCl crystals.

Theplot presented in Figure 1 representsthe data
obtained in measurementswith increasing temperature.
TheslopesE,, E, of the corresponding parts of the
ionic conductivity curvesareshowninTABLE 1. The
third columnin TABLE 1 containsthe concentration of
impurity goneinto the crystal matrix estimated by in-
ductively coupled plasma(ICP) emission spectroscopy.
Figure 2 showsthe conductivity isothermsof yttrium
doped NaCl crystalsasafunction of yttrium concen-
tration. Fgure 3 showstheconductivity plot of asgrown,
annealed and quenched NaCl : Y (0.5 mole %).

TABLE 1: Activation energiesinregions!| and I 1.

Concentration of impurity E. =
=

Crystal  mole% ~ ppm (eVI)Em (E{'/')
(inthemelt) (inthecrystal)

NaCl : Y 0.1 610 08 114

NaCl : Y 0.3 800 087 1.03

NaCl : Y 05 1050 0.90 1.00
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Figure2: Conductivity isothermsof Y doped NaCl crystalsas
afunctionof Y concentration.
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(e) as grown, (0) quenched from 550°C and (®) annealed.

Figure3: Plotsof log (o T) vs. (10%T) (K*) for NaCl:Y (0.5
mole%o) crystals

DISCUSSION

Itiswell established thet rare-earthimpuritiesdoped
indkali halidecrystdsexissinthedivaent staterather
than trivalent state***4, FromtheFigure litisclear
that conductivity of yttrium doped crystalsisgreater
than pureNaCl crystals. But withincreasing yttrium
concentration thereisadecreasein conductivity. Itis
difficult to understand why thereisdecreasein conduc-
tivity and activation energy inregion-I11 (withincress-
ing yttrium concentration), whiletheactivation energy
for region-11 isnot much atered. Thedecreasein acti-
vation energy of region-111 cannot be assigned to the
modification of cation vacancy mobility with the con-
centration of impurity preci pitetes, astheactivation en-
ergy for region-11 isfound to bea most independent of
yttrium concentration. At the sametimethe changein
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the activation energy cannot be explained by different
ratesof cation vacancy delivery subsequent to dissolu-
tion of precipitatesby heatingintheregion-IIl. There-
fore, more possible explanation isthefraction of pre-
cipitated impuritiesriseswith increas ng yttrium con-
centration. Around those precipitatestherearisesare-
gionof sranwithinthelatice, regionsinwhichthecon-
centration of cation vacanciesoccurs. Theoccurrence
of thispossibility of binding cation vacancies could be
detrimenta todipoleformationintheheavily doped (0.5
mole%Y) crystals. Thisleadsto lower effective asso-
ciation energy of the dipol e partnersand consequently
decreaseinactivation energy of region-11 withincreasng
yttrium concentration.

Theplot of Figure 3indicatesthat the conductivity
of quenched crystal was dightly moreas comparedto
asgrown and annealed crystals. It isnormally to be
expected that quenching of crystalsfrom elevated tem-
peraturesresultsin the dissol ution of the precipitated
impurity, dissociation of higher order impurity vacancy
complexesand creation of large number of cation va
canciesinthecrystal*®. Owingto higher mobility of
thesethermal ly produced vacancies, the probability of
Y 2*ionsin the neighborhood of positiveionvacancies
will beenhanced at such temperatures. Thiswill give
riseto |-V dipoles. Thesel-V dipolesmight have been
responsible for slightly increased conductivity in
quenched samples. On the other hand, during anneal -
ing, precipitation may take place. Theimpurity ions
whether freeor intheform of dipolescoagulatetoform
clustersduring anneding. Thedecreasein conductivity
may be dueto the decreasein effective concentration
of free cation vacanciesasaresult of formation of pairs,
clusters, impurity precipitation, etc.

CONCLUSIONS

Sodium Chloride crystal sdoped with different con-
centrations of yttrium are grown using slow cooling
method. The conductivity plotsindicate two distinct
regions. It isfound that the conductivity in doped crys-
talsisdecreasing with increasing concentration of yt-
trium dopant. Quenching and annealing studies show
that theconductivity increasesin former caseand de-
creasesinlater case. Possiblemechanismsfor theabove
resultsare explained.
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