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IONIC TRANSPORT PARAMETERS OF ALKALI HALIDES
L NaCl

MARIA HARTMANOVA,* Bratislava

The present study discusses the known facts about jonic transport para-
meters for NaCl, as they are described in literature. Data on enthalpy and
entropy of the individual processes, obtained both experimentally and
theoretically are listed at the end of the study in tables.
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LIST OF PRINCIPAL SYMBOLS

M, X ..... Cations and anions of the host lattice
) . Vacancy
i U ST Single positive and negative excess charge (subscripts)
G, H,S ... Increment of the Gibbs free energy, enthalpy and entropy
f ommscmas.. Subscript relating to the formation of the Schottky defects
Mo Subscript relating to the migration of single defects
a ..., Subscript relating to the association Impurity-vacancy
ma ....... Subscript relating to the migration of associates
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d......... Subseript relating to the reorientation of the defect, dipoles
- - Subscript relating to the segregation of the unassociated defects
Wioows gy, Concentration of the charge carriers

€ ... .. Electronie charge

N owisimn Numbers of cation (or anion) sites in em?

koo .. The Boltzmann constant

Wi+ e v 5 e ¥ Jump probability

X, Molar fraction of incorporated defects

ITe .... .. Tonie thermo-current, depolarization current upon linear heating
Docispn., Diffusion coefficient

D........ Pre-exponential factor for diffusion

E......... Experimental activation enthalpy for diffusion

7795 2 S Transport numbers for cations and anions

L Conductivity

y N + .. Mobility

LA Relaxation time

Aoy A . ... Electrical and mechanical relaxation

nn. ..., Next—nearest neighbour

g Loss angle

L Lattice parameter

€., Dielectric constant

Fovina. .. Frequency factor

1. Introduction

ﬂE.y@. dominating defects in erystals of alkali halides are the Schottky defects
(positive and negative ion vacancies). Their movement controls the transport

. Data on these parameters as obtained by various authors differ, the interval
o.m the dispersion of data being sometimes quite wide. The reasons for these
discrepancies can vary and their discussion for NaCl is included in the pre-
sented study. The other alkal; halides, together with Ag and Cs halides and
alkali earth halides will be dealt with in the following paper.

2. Ionie conductivity
. Measurement of ionic conduetivity ¢ as a function of temperature is an
Important method for the study of ionic process in alkali halide crystals.

The general course of log o vs 1T of graphs is presented in Fig. 1 from ex-
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perimental data for various crystals of alkali halides, including NaCl. Diffe-
rent slopes observed in conductivity graphs log o7 vs YT, 1, 11, III, ete.
are connected with physical processes, determining » and 4. They latter
are mutually dependent according to the equation

G="n.e.yu, (1)
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Fig. 1. Schematic conduetivity — temperature plot for ionic crystals.

where 7 is the concentration of charge carriers, y is their mobility and e is
the electronic charge.

2.1. Intrinsic conductivity

Intrinsic conductivity I is determined by the concentration of thermally
produced Schottky defects. The slope of this region is the sum of one half
of the enthalpy of the formation of the Schottky defect and the migration
enthalpy of Na ion vacancy (H, 4 Hs[2) (Fig. 1, 2). For NaCl it is e€qual
to 1.86 4.0.03 eV (Tab. 2).

At high temperatures (~ 750 °C), near the melting point, a break in the
conduetivity graph in the upward direction can be observed -— region I




Table 1
Tonic radii [A]

2 0.65

1.81 K+ 1.33 Ca2+ 0.99 !ﬁ
Br- 1.95 | Rp+ 1.48 Sre+ 1.13 |
J- 2.16 Ce+ 1.69 Basg+ 1.35 J\

o | Tome Zno+ 7.74

02- 1.40 Agt 1.26 cd+ | ooz

S2- 1.84 Au+ 1.37 Hge+ 1.10
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(Fig. 1, 2). This Increase ig usually ascribed to the additional movement of

the anion. Conductivities produced by cation and anion vacancies are additive.
Therefore the tota] conductivity ¢, wil] be

0T = meu; + ngeu,, , (1a)
where the indices 1 and 2 belong to the cation or

. the anion. Since in the intrinsic
region n; = n,, by usmg the equation

_ _ Ne2 Ne2azy,
0 = ney = !m D = pre exp (—E/kT) (2)
we obtain
Ne2
Op = /@S (D1 + D), (3)

w.% means of the data for Dxa [1] and Dcy [2], the curve of intrinsic conducti-
vity can wm. reconstructed (Fig. 3). By separating the anion contrubution
from the cation motion, we obtain the activation enthalpy of the anjon o 70

P
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Table 2

Intrinsic defects

Chh — positive vacancy; [J: — negative vacancy
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%o.mo eV, which is in good agreement with the enthalpies for the anion
diffusion 2.12—9.7¢ [2, 4, 5] obtained from diffusion studies.

It appears that the anion contribution js structurally sensitive annealing
at a high temperature for a longer time (700 °C, 24 hours) reduces the mention-
ed increase, so that at higher temperatures the cation motion is dominant.

Tests were made in order to ascertain whether the inerease was not caused
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Fig. 2, High-temperature conductivity of Fig. 3. Tonic conductivity results compared
& ,,pure” crystal of NaCl [3]. with diffusion data, [3). ® — anion contri.
bution; o — cation contribution; x _.

value calculated from diffusion; () —
measured points.

of the anion conductivity in unannealed and deformed samples and probablv
helps to explain the great dissipation of values of the transport numbers Tw.
where the defect state of the crystal is not specified. Results obtained 3“
Graham et al. [8] have shown that the contribution of the chlorine ion can
d.m substantial and should not be ignored, especially for samples with small-

Qﬁ.:mmig of Cl-and explained the obtained results as follows : a) the Prevailing
anion defect in a pure crystal is the free vacancy, b) in a doped crystal pair
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of vacancies predominate and ¢) at small concentrations of doping, a combina-
tion of both types can be seen. Enthalpies computed for the motion of the
anion vacancy and the pair of vacancies are 1.11 6V or 1.07eV. The study
of Barr et al. [4] confirms the substantial contribution of the pair of vacancies
to the anion diffusion in NaCl. This study provides the following data for
migration enthalpy: 0.9 +0.1eV, or 1.0 eV, Autoradiographic studies showed
that the movement of Cl- in NaCl takes place predominantly in the region
of grain boundaries {1, 9.

The breakup of conductivity at high temperatures into an anionic one and
a cationic one with activation enthalpies of 2.55 or 1.58 eV was observed also
when measuring pure RbCl (650—700 °C) [10]. The comparison with relevant
data for NaCl [2, 11] and KCI [11] shows that the difference between the
activation enthalpies of anions and cations in alkali halides is the greatest
for anions and cations of nearly the same radius. In KCl and RbCl anions
contribute to the conductivity at 707 °C, even in a much greater measure
than in NaCl, but their contribution decreases considerably with decreasing
temperature. In alkali halides the difference between the activation enthalpies
of anions and cations increases from 0.2 to 1.0 eV when the difference between
the radii of anions and cations decreases from 0.42 A in NaCl to 0.01 A in
RbCI [12]. This trend is the reverse of the one resulting from computations
of Guccione et al. [13].

The motion of the anion, however, is not the only explanation of the region I’,
known in literature. Allnatt and Pantelis [14] explain the anomalous
increase of conductivity beyond 750 °C in case of pure NaCl by a possibility
of additional cation Frenkel defects to remove this anomaly. According to
their analysis, interstitial Na ions carry 61 %, of the electric current in N. aCl
at 794 °C. In agreement with equation (3), the mobile Na interstitial ions
could also contribute essentially to the cation diffusion in NaCl. Nevertheless,
nothing like it was ever observed in an experiment.

According to Fuller and Reilly [16] the anomalous distortion of 1’ for
NaCl as well as KCI and RbCl can be a result of a trivacancy contribution,
especially in case of heavily doped crystals. Here, apart from the dominating
contribution of cation vacancies with increasing impurity eoncentration also
the contribution of cation trivacancies to electrical conductivity ought to
inerease. The contribution of anion vacancies gradually decreases down to
Zero.

2.2. Impurity — unassociated conductivity

A significant dissipation of values of the activation enthalpy measured for
this region of 0.72 eV [17] and 0.88 eV [18], (Tab. 3) is in a great measure
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MMMMMVQQ by m.mroiﬂ 35@9@@:&@ range, above which the region is situated,
- ng @Omm:&m o<¢1w%m.5m of regions on the conductivity graph. m_.zom
b moobmwsﬁ.@Son of cation defects is in this region fixed, its activation enthalpy
arﬂ.a applies to the qu.wﬁmbn of Na ion vacancy. Thus the difference between
MM mﬂermmw%.mbm the intrinsic enthalpy (H,/2 + Hu) is 1/2 of the Schottky
enthalpy. This computation yields the value of e, g 2.12 £0.06 eV, which
[2(1.86 + 0.03 — 0.80 .t 0.03) = 2.12 4 0.06].
" mﬁ% mWwZ range of region II is not the only reason for the dissipation of
m data. As results from the experiment, H,, depends to a certain degree
=]

il

.
womm +_vb_ H/MMQ [18, 20, 21] can be interpreted in terms of precipitation. It is
P vm_ e @n.gm w&.om.mbow of precipitates in heavily doped crystals can cause
& barrier, which then Increases the activation enthalpy. The presence of preci-
Pitates is supported also by the shape of the conductivity isotherms ovsn

higher than those for a pure material. For example high values of H,, for

MMMWEOMMMMMMMSW N Wm_ orystals with a high concentration of Sr2+ (5 < 2 10-2)
. e, or. . ma @.qm .ro..S eV (n = 46x 10-1). For higher concentra-
mbosum_ozm. . %M,MM_E ation begins, the behaviour of the region II becomes
g o a e opes .are no more reproducible. Their mean values determi-
concontmmtin: _MMEH_B :wowwmmm of .85@@3?3 decrease with increasing
T mai _..S.mo;& Muﬂw“m Wm HW u@OM@FEM@%% the authors as a high-tempera.-
, : 2, wWhich oceurs in case of g licati
a mnm%gaa (-, Dag*) oo%.u of paint of the electrode. It seems that m% MMW.WMMM_UMW
ratures a .wm.i.\ of Sr2+ jg captured by the graphite-painted surfaces formi
SrCl, precipitates, which are hon-active in crystal conductivity, In _..\r@ mh ne
measurements (range of concentrations and temperatures) %.Eo witl MM@
painted .oﬂ«\mo&m the anomalous behaviour H,, : Hp =075 L 0.01 m<~ m.a-
appears in all considered concentrations. Tt ig Probable that >m. o_ooﬁom“
capture a @m.a& of Sr2+, but to 5 much lesser degree than graphite electrodes
The Ewmro deformation of NaCl erystals causes g temporary increase i ,
conductivity (the Q&E_mmfmmgq effect). The migrating defect has an wMoe__s
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vation enthalpy of 0.74-—0.01 eV [(24], which is a value characteristic for
cation vacancy. The formation of cation vacancies by plastic deformation
is not quite clear. Seitz [25] suggests that the mentioned effect is caused
by cation vacancies produced by the motion of the dislocation. According
to Fischbach and Nowick [26] the movement is caused by. a cation va-
cancy, but its origin is connected with the breaking up of the complex of
divalent impurity-vacancy. The correctness of the mechanism, for the Gyulai—
Hartly effect as suggested by Seitz, can be verified by determining some
suitable parameter of the migrating charge carrier, e. g. the activation enthalpy
of migration and by comparing the obtained value with data from conventio-
nal conductivity measurements. Theoretical computations by Kear et al.
[27] have shown the possibility of formations of interstitials in NaCl during
the plastic deformation. Tharmalingam [28] made more exact computa-
tions for NaCl, KCl and KBr and arrived at the conclusion that anions can
easily move in the (111) direction due to interstitial mechanisms and that
this process is the most suitable compared to all the others. However, the
origin of anion interstitials in NaCl during the plastic deformation has not
been confirmed yet by any experiment.

In additively coloured NaCl single-crystals, heating in an atmosphere of
sodium vapours at 550 °C for 16—72 hours causes the absence of the impurity-
unassociated region II. Instead of it, the high temperature curve extends
into the low temperature region. [8].

2.3. Impurity — associated conductivity

The parameter, characterizing the association, the association enthalpy H,
(or the energy @,) varies with different authors (Tab. 3). For example, the system
NaCl + MnCl, is interesting by the fact that the introduction of paramagnetic
impurity allows to study the associated complexes by means of the electron-
spin resonance. These measurements give [29] values of 0.41 eV for the nearest
neighbouring complexes. However, the agreement between data determined
for this system by various techniques is rather poor: the impurity diffusion
[30] gives the value 0.70 eV, while the conductivity measurement [3, 313
gives 0.29 or 0.28 eV. This difference can be also the result of a different impu-
rity background of the ecrystal. Too high association enthalpies obtained
from the impurity diffusion compared with the results obtained from conduc-
tivity measurements could be partially ascribed to the next-nearest inter-
actions, since these are usually neglected in the current analysis of conducti-
vity data. In the NaCl + MnOl, system the next-nearest neighbour complex
is almost equally stable as the nearest neighbouring complex. The use of the
simple association theory as it applies to interactions of the nearest neighbours
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Table 3
Impurity defects
System H, or @, [eV] H; [oV] Hyq [6V] H, [eV] Hy, [eV]

NaCl: Mg2+ [ 0,341 0.662) 0.941) 0.751), 1s)
0.0432) 0.73433)
E e B S —

L.21-088428) | g79_¢ 7728)

Zn®t | 0.4810)11) | ggem 3%%

0.6531) ) 0.91631)

Caz+ | o.401), 4) 0.692) 0.931) 0.85%2)

0.2829) X X T — 0.8450)

0.61) T T La4m) KX

0.3450) T IR VT — 0518, 6 |

0.3913) 2 B KX

0.3834), 35 T f———— 0.68%7)

0.2477) 0.90%)

Cazt | 0.301) 0.685) T0.9%9) 0.6433) 0.797)
0.319) 0708 09649 T — 0.6737)
0.674) 0.677) /% 078y
T Y R R 7T —
0.712) D e 0.859), 42)

0.28429) 0.63536)

0.3834),35) 45) D X7 —

0.4936) I e 068y

0.5738) R Y e 07413

0.0839) N e X

0.1992) 0.7745)

0.36% T .
e | 8 | oms—o7r
_ +OH- 0.6440) .

mH.N.T S T e |

0.5-0.534%) | 0.712) 0.781) 0.75%7)

0.4334), 35 1.8045) 0.7246)

0.442) 1.446) 0.821)

| 0.453 - 0.8547) 0.743)
0.2932) 073
0.2528 T 1.1528) 0.74—0.8628)
Pbe+ 0.41—0.4713) 0.9813) 0.7851)
0.2851) R

Table 3 (continued)

System Hg or G, [eV] H, [eV] Hpmg [6V] H; [eV] Hy [6V] ‘
Ba?t | 0.761), 45) 0.991) 0.7¢4—0.7948) |
1.0616) 2.004€) 0.751)

0.7940) E 0.7832) ‘
0.452) | oss®y
0.4028) 2.0328) 0.941.04%)
Mn2* | 0.311) 0.682) 0.7114) 0.781Y) Toe6snsy |
0.714), 21) 0.6315) 0.7815) Jﬂé_v!,
0.2052) 0.78) 0.8317) Toe9z
0.2719) 0.8016) 0.5822)
0.2819) To0.6422 |
0.3119) ,
0.4115) v
0.3220)
NaCl: Niz+ | 0.3218), 23) 0.7518) v
Coz+ | 0.3018), 23 T o
0722
Bo2+ oy
Sme+ 0.6719)
Cut 0.3526)
K+ 0.9—1.129
KO- [ Toam -
02- 0.6927)

1) calculated from {70), assuming Hpy =

15) [29] ESR, 4,
16) [94] EPR, 4,

= 0.80 eV [70]
2) [8214,, o 17) [52] 4,
8) [33] o, 250— 400 2°C with 104— 105 cp with  18) [41] ¢
ac bridge 19) [31}, H, from D: 0.27—440 °C, 0.28—421;
%) (35) D, Sofk = 5.7 (Ca2+) °C, 0.31—401 °C
5) [46] 4, 20) [95] EPR
6)[11] 4, 21) [96] EPR
)y {811 4., ITC 22) [97] o, ESR (erystals were grown from
8) [92] 4, aqueous solution: 0— 140 °C, 140— 230 °C),
%) [93] 4, 23) (98} o
105 738] D, & (assuming association of nnn 24) [84] 4,
terms, H, decreases) 25)[99]1 D
11y 700 °C 26) [91] o
12) from diffusion in heavily doped samples 27) [100] o
13) [54] D (321—528) °C — P2+ 28) [79] o

14) [30]1 D, Su/k = 2.2

29) (101} 0, S; — 2.4 x 10-5




301102 o, S, = 0.88

) 3) [10] ¢
3)[103] 0, D, 8, = 45 10-4. ¢ _ 1
el 2 2 S = 0.132 14) [104) 4,

n.uv _”Aw o, high centrations a
> lligher con trat £ 2
v 22 auh_n.%man.\AQ&, vu%mlhcaAOQ v v_m“_ ’ »w.a A S, :
g 15 Sr v‘ a

34) 134) theoretical value Sr2+ . T s
3%) [40) theoretical value MWMMNV. S od (P %o = 018 e
39) [36] 4, 400— 1700 20
e NSN_Q 00 2°C 47) {23] o, high concentrations
. ®)[21] o
MMW mo_m.%imao& from [60], D using data [35] 49 [18] ¢

6] o
) [0 o, %0) [32] o, for Cq2+ in NaCl — recalculated
) (511 4 ) wmmwM?w from [37]
) [37]) ¢ %2) M& '

g

Yok &
: %MMH.MM”SM@ aﬂ&m_ actually shown that 5 refined analysis of conductivity data
: ¢ long-range interactions | i , u
i sthalge 9. iy mmm..m to an increase of the computed
The si A : T
e .M mMMNMMM Wow OMSW. !mpurity ions, e. g. for calcium is not better. Theore-
‘ an umi [34] obtained 38eV for 7' — g °g i
‘6Xperimental datsa comprise 0.67 eV Turi T P
. g rom Murin et gl [35 \
: . ] and 0.31 eV
.H.ME Hmms.w m.f et al. [33]. The value determined from measurements of the
internal friction of NaCl + Ca(l, is 0.49 eV [36].

MMMMMMSW zoM exact enough. However, the data can be analysed by the
Ot conductivity isotherms [32, 377 or b imi

- - - ’ m w ~ . i
by using diffusion Isotherms [38]. : ¥ SR sontation, e
g“‘MM”MS@M oomw.sgﬁo:m of some binding energies [34, 39 40] show that

Y should increase with an increasing jonic radj his i
by enporth oo e -asIng lonic radius. This is confirmed
A with the exception of those limi i ity i

| por. : mited to impurity jons
of .@ similar or a sma]ler S1ze compared to that of the host emaow mw% 38]

baxn-bmmw.@mn bwm.mEooEEm position takes place. An increase of the bindin,
energy with an moreasing ionic radius of impurity (Tab. 1) can be explai M
by some local Pressure distortion. . s
O&.wpmﬁ AMman gﬁ the observed value of H, is of the same order for Ni2+ gp
1 and is smaller for Ca2+ [42] points to the fact that the electron
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The absence of the association region in graphs of log o7' vs 1T e. g. for
NaCl + ZnCl; [38] is explained by the assumption that the Pprecipitation
process often interferes and covers the region of association.

2.4. Impurity conductivity connected with Precipitation and
low-temperature association .

After a further decrease of the crystal temperature (~ 150 °C) impurity
in solutions segregates or is precipitated from the solid solution. This results
in a steeper slope of the conduectivity graph, thus forming the region IV —
the region of precipitation. When the Precipitation ends (~100°C), the
association between divalent impurity and vacancies — region II1' [3, 43]
could go on. The isothermal analysis of this association reaction is difficult
due to the indeterminable concentration of impurity in the solution, which
determines the conductivity properties.

The interpretation of conductivity measurements at temperatures below
region IIT (~150°C) becomes complicated. The hysteresic effects at these
temperatures indicate that the conductivity in this region is controlled by
some time-dependent mechanism and that the equilibrium conductivity
value is measured. The conductivity measured during the cooling period
of the crystal evidently cannot be compared with the conductivity measured
during its heating up. During the cooling of the crystal, e. g. by NaQl 4 Ca2+
region IV does not appear {43]. This difference indicates the complexity of
the process by which aggregates consisting of Ca2*+ and cation vacancy disso-
ciate. In the system NaCl - Cdz+ region IV appears at lower temperatures
and the final value of conductivity is higher (at 40 °C) than when measured
at an increasing temperature. The formation of aggregation is simpler in
NaCl + Cd?+ (cation vacancies remain in the aggregate [44] than in NaCl -
+ Ca?*) (assumption of two different types of aggregates [45, 46]) and effects
of the conductivity hysteresis can be explained purely on the basis of the
dissolution of the CdCly x 6 NaCl aggregate. .

Region IV is well-spaced, e. g., in crystals doped with Mn2+ (Fig. 4), but in
bure crystals it is absent [3] as can be expected from a consideration of the
kinetics of precipitation. To reach equilibria positions in low-doped crystals
is time-consuming, while the decay of impurities is more rapid in ecrystals
with a high concentration of impurity. An increase of the level of doping
results in a longer period of precipitation and a steeper slope of region IV
(1.21—1.48 V), while at the same time the slope of the linear region of the
low-temperature association — IIT" — decreases [3] (Fig. 5).

Aggregation or precipitation is in most systems observed (during heating)
within the range of 100—200 °C for samples cooled relatively slowly (1 °C/min)
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to room temperature. Exceptions are, e. g. NaCl -} Zn2+ [38], NaCl + Ba2+
[17, 21), where Precipitation occurs only at high temperatures (~ 400 °C)
m:.ov.m_uq due to a greater disturbance of the environment of the impurity ion,
Rapid cooling (~ 30 °C/min) of doped samples to room temperature @ZE_..zm.mom
the occurence of the region on the conductivity graph.
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Fig. 4. Association, region [3]. a — 686 m. Fig. 5. Low-temparature association region
P-P-m. Mn?; b — 395y, P-p.m. Mn2+; [3]. 4 _ 760 m. p. p. m. Mn2+ + OH-;
c — 186 ~w. P-P-m. Mn2t; d _ 130 . P O — 700m. D- p. m. Mn2t; x — 944 1y,
P-m. Mn?>; ¢ — 90y, P- p- m. Mn2+; o P.m Mn%+; o — jgg m. p. p. m. Mn2+;
f — pure. ® (solid line) — bure; @ (dashed line) —

71m. p. p. m. Mn2-,

The difference between, the conductivity data of rapid-cooled (quenched)
and slow-cooled crystals is cauged by the faet that formation of aggregates

a.:m. erystal which at high temperatures does not contain aggregates or pre-
.o%_ﬁaww Is cooled down, it contains only isolated Impurity ions and pairs
 solid solution, while the slowly cooled erystals contain also higher mmmﬁmmmgw
Or precipitates. )
The Presence of big aggregates of impurity ions or other point defects.
breventing the motion of cation vacancies may also explain the observed
&moummmw of conductivity wigh increasing concentration of impurity (from
@. 2.:&@5 limit), e, g. In systems of NaCl 4 Niz+ [41], NaCl 1- Baz+ [21].
m:.b:@l% as these experiments the decrease of conductivity with time also
pomnts to the formation of higher aggregates by a relatively slow Process [21].

divalent lon-vacancy forms an electric dipole, it will produce the Debye
loss peak, having the characteristic maximum when the frequency of the appli-
ed electric field is approximatively equal to the rate at which the dipole can
be reoriented.

The theory of dielectric losses caused by complexes of divalent ion-vacancy
has been worked out by Lidiard [47].

The most important data, resulting from the dielectric relaxation are:
the activation enthalpy for the dipole reorientation of Hj, determined by
jumps (w1) of the associated single defect (o. g. [J1) and thus comparable
with the enthalpy of its free motion Hp. On the other hand the study of the
dipole decrease (due to the diffusion limited formation of higher aggregates)
provides the activation enthalpy H,,, for the migration of the dipole, dependent
on the jumps of the mutual exchange (ws) and should be identical with the
value Hy, obtained from the impurity diffusion (Tab. 3, 4).

Table 4

Comparison of activation enthalpies of free-cation vacancies and reorientation of impurity-
‘vacancy pairs

/
\ Activation enthalpy [eV]

System ’fai!!

free vacancy* bound vacancy

!
’ff_

NaCl : Ca2t+ 0.67—0.701), 2), 3
cdz+ 0.66—0.76 0.68—0.693), 4)
Mn2+ 0.65—0.693), 4), 5)

|
m
!
|

Co2t 0.67—0.728)

* The figures in the second column are the same as in Tab. 3,

Hp1 4 4) [52] 4,
2) (811 I1TC 5) (83] o
%) [82] 4, %) [84] 4.

The values of the activation enthalpies for the motion of lattice defects
are obtained from the observed temperature and the frequency of the loss
maximum

Smax = A exp (— Hu[kT) (4)

(the frequency factors 4 in alkali halides are 4fy/x) and the number of lattice
defects (im purity-vacancy complexes) is determined from the magnitude
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of the loss maximum

2r QNN<0
(tand)e max = Seald " (3)
.Hro vacancy pair in alkali halides present a special problem. Their study
using the method of dielectric losses is far from being simple. These pairs

are necessarily very high. Thus high frequencies are required (1—10 MHz)
[48] and background losses caused by a high conductivity of the crystal at
these temperatures are considerable. Some apparently successful measurements
have been made, but the observed dipolar losses are considerably larger than
expected and therefore it is not certain, whether we have here really the
Debye losses from vacancy pairs. The pair contribution appears as a small
elevation in curves (Fig. 6) (Tab. 5). The magnitude of these losses could

,.

\
N\

LCTEAN

a/m.mr "

Fig. 6. Imaginary part g of the dielectric

i
Y 4 constant of NaCl (707 °C) and KBr (600 °C)
o A . -
o &l [48]. a — experimental data; b — contri-
LS ‘N\Q\g.mz bution o/eqw of the de conductivity o;

¢ — dipolar contribution.

be explained better as the meéo:.lsmymbmn losses associated with interfacial
polarization at the electrodes [49]. However, the temperature changes of ¢
and the magnitudes of the losses are not as expected. When the losses really

Table 5

Vacancy pairs [7; [,

T e

Crystal H—H, [oV] H, [eV] Hng [oV] Activation energy for anion diffusion
by means of vacancy pairs

i

S
. - T
NaCl 1.301) 1.251) 1.312) 2.493)

1.0733) 2.37%)

1.09)
/ff!
1) [48] 4, 3)[2]1D
?) [4] D, calculated with & — 2.12eV 4) [85]
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represent the vacancy pair relaxation, the faster jump of the anion should
be measured into a pair. The contribution to self-diff usion of either the cations
or the anions are limited by the slower of the to jumps [50].

The measurements of dielectric losses are also used for the study of the
aggregation of impurity-vacancy dipoles into high complexes, or eventually
complete precipitation of the impurity from the solution. The kinetics of this
aggregation provides information on the motion of the impurity-vacancy
pairs. Dielectric losses for the study of aggregation were used for the first
time by Dryden et al. [51, 52, 45] at about 20 °C. From among the NaCl
system they examined the quenched erystals NaCl 4 Ca<+, NaCl +- Mn2t,
then KCl + Sr2+, KCl 4- Ba2t and LiF + Mg?+. By annealing at tempera-
tures of about 100 °C the main peak caused by dipoles decreases (Fig: 7),

10 ]w
98 ') IP/

- g
L P /n
\

]

o 5L

g% + e e G,
v 726 N

A wgeC

Fig. 7. Decay of dipole concentration in

the sample of K(l containing 1.4 x 10-4

mol fraction of Sr2+ [52].

Dipole conc. of time ¢
Dipole conc. of time £ <0

time (hours)

while at the beginning it follows the third order kinetics. The activation enthal-
PY Hma of this process is slightly higher than H,. This is reasonable, since
the real diffusion of dipoles also contains jumps of the mutual exchange (ws),
i e. exp (HukT) ~ 1wy, oXp (Hma[kT) ~ 1wy + L:wy for closely bound
associates. The comparison with H,, data from the diffusion results is par-
tially screened by dispersion [15].

The decay of the dipoles is interpreted as an aggregation into clusters in
threes (trimers) (M ? -+ u)s. The most probable model of these trimers is
the smallest hexagon in a {111} plane consisting of cation positions. This
model makes possible a rough theoretical estimate of the aggregation energy
[562], which is in good agreement with experimental data of 0.7 eV for KCI +
+ Sr?* and KCl 4 Ba2+ and of 0.9 eV for LiF + Mg+ (Tab. 6). They are
slopes of graphs in In (x32=3) vs 1/kT, where x5 and Zg correspond to the con-
centration of trimers, or dipoles in equilibrium.

In the second stage there occurs the aggregation into higher clusters. In
NaCl + Ca?*+ another type of aggregate was found than in the first stage,
causing the secondary absorption on the side of the high frequencies and
changing the kinetics of aggregation. The enthalpy of its reorientation is
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Table 6
Activation energy and frequency factor for trimer formation in different systems
(according to the equation dn/dt = — yyn3 exp (— E/kT))
Pe————— ——
System E [eV] vo [sek~1]
NaCl : Mn2+ 0.831) | 8 x1017
Cdz+ 0.52) % 2.8x 1016
0.373)
1) [52] 4,
2) [83] 170

3) [110] data, re-calculated from [53]

o.aw eV with at least one reorientation by 0.05eV lower than the other.
HFm can be computed from the model of a chain-like arrangement of some
Q%o.rwm [46]. KCI + Sr2+ and KCl 4 Baz+ similarly as NaCl 4+ Mn2+ do not

0

40

Fig. 8. I1TC method used for NaCl +
+ CdCly (impurity concentration: 1.2x
X 108 ¢m=3 from chemical analysis). Curve
a: sample not Previously treated, curve
b: sample heated at 230 °C for 45 min
and quenched at room temperature; curve
c: after an anncaling of 85 min at room
P gL GWHMWME*N:SW curve d: after an annealing
e o min at room tem erature; curve e:

no w0 w20 220 20 780 after an annealing of Wowo min at room

ABSOLYTE TETIPERATURE 1y °k tempsrature [53].

a0

20

0
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one type of aggregate — g trimer, similar to trimers occurring in KCI systems
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the time being no sufficient data are available suitable for a succesful discussion
as regards the character of the second type of aggregate.

A prove of the existences of higher aggregates was found also by the I7C
method (ionic thermocurrents), which is very suitable for the study of preei-
pitation at relatively low temperatures, o. g [53]. Graphs of ioniec thermo-
currents (Fig. 8) provide the data of 7, Hg and the area delineated by the ITC
band gives the initial concentration of the dipoles.

4. Diffusion

Diffusion is a process of the transport of atoms or ions of the host substance
or the impurity conditioned by thermal motion. In NaCl the mechanism of
self-diffusion and as a rule also of the diffusion of divalent cation impurities
is vacant, i. e. the ion migrates by jumps into the neighbouring vacaney.
The diffusion is therefore accompanied by a migration of vacancies.

Diffusion studies provide direct information about the transport of the
substance in both sub-lattices. Over large ranges of temperature the diffusion
coefficient often behaves according to the equation

D = Dyexp (— E(kT) (6)

(£ is the activation enthalpy of the diffusion). For self-diffusion, when only
one of the defects is capable of diffusion (a cation or an anion), £ = g2 + g,,.
The influence of a few defects causes generally a bending of the graph log D
vs 1/T' (Fig. 9) (Tab. 7).

Measurements of the anion diffusion in pure crystals of NaCl, KCI and
KBr show a considerable contribution of the cation vacancy — anion vacancy
pairs [2, 4, 16], which by doping with divalent ecation impurities is made
even more conspicuous.

From the diffusion coefficients for the diffusion of single anion and cation
vacancies (Dy or D,) the transport numbers ¢y and ¢, can be defined as

.Nv.g
Dy + D,

iy =

and ¢y + ¢, = 1. In this way more exact transport numbers can be obtained

than by using the Tubandt method [15].

* Experimental investigations showed the dependency of the diffusion coeffi-

cient on concentration to be in general agreement with the theory — Ca [35]

and Mn [30] in NaCl, Pb in NaCl [64], Cd in NaCl [55], Zn in NaCl [38] and

Pb in KCI [55—59], Cd in KCI [60] and Cd in AgCl [61] and in AgBr [62].
The impurity diffusion is often considered in relation to the transport me-
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e_.g:m.mE [10, 63} or to the magnitude of the diffusing ions [64, 65]. When
diffusing impurities affect the concentration of the defect of the host erystal,

7 ————

=094 D

10 44 12 13 44 s.o- *._a. 17

—= f000/7 Fig. 9. The self-diffusion coefficient of Na+
in NaCl as a function of temperature [66].

ooom.m.mobm:% the opportunity of meeting vacancies and D increases with in-
creasing concentration. This is confirmed by various systems: the study of
Impurity diffusions with Zn2+ [38] and Ph2+ [54] in NaCl and also Ph2+ [56, 57]

the model of association. The agreement of the experimental data H, with
the theoretical data is better, when nnn association is included [38].
>wcow&bm to the trace diffusion, [66, 67, 9] of the anion and cation movement,
the importance of the anion movement is greater at temperatures of ahout
650 °C. The magnitude of the activation energy of this movement is struc.
turally sensitive [16]. The coefficients of the anion diffusion measured at
650 °C are.changing from 9.0 % 1¢-11 to 1.53x 10730 em? sec1 in ooﬂ%mimom
with the cation diffusion 8 X 10710 em2 sec1 at the same temperature [1, 4, 2].
The influence of the size of ions the diffusion of monovalent ions in &Wm:
halides was observed by measurements of the diffusivity of NaCl, also of
KCl and RbCI [68]. In agreement with the theory [64] the activation energy
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Table 7
Impurity diffusion
Parameters Dy and E according to equation (6)

System T [°Cy _ Dy [em?[s] m E [eV] Ref.
NaCl : Zn2+ . 590 — 800 2 x10-2 1.02 (38)
550— 1780 L5 x10-4 0.51 [38]

cqz+ 350— 500 1.2 0.64 [55]
Ca2+ 430—1750 6 x10- 0.90 [86]
0.96 [60]

Sr2+ ) 0.91 (871
Pbz+ 321528 1.5 x10-2 0.98 [54]
Mn2+ 350700 3.48x 10-3 0.95 [88]
450~ 750 T 2 xlo 0.66 [30]

Nij2+ 200650 0.26 [89]
620—750 2 x10-2 1.3 [90]

Co2+ 610— 760 8 x10-3 11 [90]
K+ 400—600 0.5 [89)
Cut 33.8 1.43 [91)
Rb+ 600— 787 205 2.11 [68]

J- 530—1700 500 2.24 [69)

increases when the host cation becomes smaller. Values of the pre-expo-
nential factor (D) cannot be explained by the quantitative method. Experi-
ments with monovalent foreign anions (NaCl 4+ J, KC1+J, KJ + Cl)
showed [69] that the Dy for impurities is higher than that for the host ions,
while the activation energy is nearly the same.

5. Conclusion

In order to find one or more ion transport parameters a great number of
experiments with NaCl crystals was performed. As can be seen. from the
obtained results and from their relatively good reproducibility in the region
of high temperatures, the processes in this region have been thoroughly in-
vestigated. The problem which remains to be solved (at these temperatures)
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is 2.5 behaviour of the region below the melting point. In this respect the contri-
wESo:. of various defects to conductivity — as e. g of vacancies of both ty-
pes, S.?momb&m?Egumaﬂm_mlrmm not been determined satisfactorily. Y

The problem in the mechanism of the charge transport at low temperatures
...Amvoso 0°C) also remains to be solved. The occwrrence of different regions
in _.Ur@ plot of In 67 vg 1/T at these temperatures suggests the existence of

A less satisfactory agreement between theoretical and experimental data is
Probably caused by the vagueness of theoretical models.
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