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A further analysis of previous reported measurements of dielectric relaxation losses in lead chloride 
and lead bromide crystals shows that the dipoles may occupy several energetically different posi- 
tions, giving rise to localization of the dipoles and anomalous behaviour of the susceptibility. This 
energy difference is determined. Inspection of the crystal structure shows that the anion vacancy, 
being the mobile part of the dipole (which is an associate like (Mq,,.V# or (Ox.Vx)x where 
X = Cl, Br), may jump indeed between halide ion sites with different coordination number. 

A comparison between the dipole concentration as calculated from the observed losses and the 
associate concentration as estimated from ionic conductivity experiments leads to the conclusion 
that local field corrections in the calculations are important. 

1. Introduction The intrinsic point defects are of the 

The properties of lead halides PbCl, and Schottky type, i.e., cation and anion vacancies 

PbBr, and the effects related to the presence would be present in a stoichiometric amount, 

of defects in the crystals have been investigated according to : 

extensively. In particular much work has been PbXz z V;, + 2V, (1) 
devoted to the optical properties like lumi- 
nescence (I, .?), absorption (3) and photo- 

if thermal generation would be the only source. 

chemical decomposition (4), whereas electron 
However, substitutional replacement of lead 

spin resonance experiments (I, 5) gave insight 
ions by aliovalent metal ions changes the 

into the structure of electronic centers and 
situation according to the following electro- 

ionic conductivity studies into the mass 
neutrality conditions : 

transport (6, 7). All these experiments were W&J + WAJ = l&l (2) 

performed on both pure and doped single Or 
crystals, grown in this laboratory from zone [Meib] + [Vi] = Z[V;,,]. (3) 
refined materials by the Bridgman technique We use here the defect notation of Krbger (Z2) 
(0 (V, denotes a vacancy at the site of ion A, 

The crystal structure of lead chloride (9) and Me, a metal ion on the site of ion B; square 
lead bromide (10) is orthorhombic with space brackets denote concentrations and the super- 
group 0:: (Prima) (II). The unit cell contains scripts ‘, * and x are effective negative, positive, 
four formula units. The point group sym- or zero charges, respectively). Both lead 
metry at a lead ion site is C,. Every lead ion is chloride and lead bromide exhibit anionic 
surrounded by nine halide ions. Two types of conduction via halide ion vacancies up to high 
halide ions can be discerned in the lattice : one temperatures. In the intrinsic conductivity 
type is surrounded by four and the other type region the concentration of the halide ion 
by five lead ions (denoted by X(1) and X(2), vacancies is governed by Eq. (l), whereas 
respectively, with X = Cl or Br). Eq. (2) and (3) determine the concentration of 
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the vacancies in the extrinsic region of the 
conductivity. 

Previous work on the dielectric properties 
has been restricted mainly to measurements of 
the dielectric constant (13). No information 
was available about dielectric relaxation 
phenomena in lead halides. On account of the 
experience with the alkali halides and similar 
materials one would expect to be present, at 
least in principle, one or more of the following 
three types of dipole centres (14). 

(i) Dipole centres as a result of the presence 
of diatomic or triatomic molecules or of off- 
centre ions. 

(ii) Breckenridge type of centres, as a result 
of the formation of associates, e.g., between 
vacancies and impurities. 

(iii) Electronic centres which have trapped 
electrons (or holes) in such a manner that the 
latter can still move between several equivalent 
positions. Their presence has been observed in 
some transition metal oxides and in smoky 
quartz. However, the existence of such a centre 
in halide compounds, to our knowledge, has 
been reported only once, It concerns the work 
of Grissom and Hartwig (15), who attributed 
the losses observed below 4.2% in a NaCl 
crystal to a hopping motion of an electron 
between two neighbouring iron ions. 

In general the reorientation of a dipole will 
be influenced strongly by the symmetry 
properties of its environment. The alkali, 
silver, and alkaline earth halides have as a 
common feature a highly symmetric crystal 
structure. This is in striking contrast to the 
structure of the lead halides. For that reason 
we are interested in the occurrence and 
behaviour of dipole centres in lead chloride 
and lead bromide. 

2. Dipole Centres, Observed in PbCI, and 
PbBrz 

In order to investigate the presence of dipole 
centres of type (i) (see above) PbClz and 
PbBr, crystals doped with OH- and PbBr, 
crystals doped with Be2+ were grown (Z6). 
Within the frequency and temperature range 
at our disposal we did not detect losses which 
could be attributed to the presence of these 
dopants. 

Nevertheless, these crystals did exhibit 
relaxation losses which appear to be of the 
same kind as we found in lead halide crystals 
both nominally pure and doped with several 
monovalent metals. We believe associates (as 
mentioned above under (ii)) to be responsible 
for the occurrence of these losses. The experi- 
mental procedure, the identification of the 
dipoles and the determination of the activation 
enthalpy have been described in a previous 
paper, to which we will refer as Paper A (27). 
These experiments are closely related to ionic 
conductivity experiments, Moreover, results 
from conductivity measurements are often 
very helpful for the interpretation of the losses. 
The results of both investigations have there- 
fore been presented in Paper A together. 

The results of the dielectric investigations 
may be summarized as follows. 

(a) Associates like (Mepb*V,JX are formed 
which can be oriented with a relaxation time 
z = r,expHJkT. We found TV = 1.5 x lo-l3 s 
and 7.0 x 10-l 1 s and H, = 0.37 eV and 0.20 
eV for PbCl, and PbBr, crystals, respectively. 
The halide vacancy is supposed to be the 
mobile part of the dipole. 

(b) In PbBr2 crystals doped with CuBr we 
found a relaxation process which we attributed 
to the motion of an electron between two 
neighbouring multivalent copper ions. The 
values of z, and H, are 3 x 10s6 s and 28 meV, 
respectively. We may remark that this z. value 
is more like the values usually found in the 
transition metal oxides and in quartz than the 
value reported by Grissom and Hartwig 
(namely 4 x 10-l’ s). 

The remaining part of this paper will be 
devoted to a further analysis of the loss experi- 
ments presented in Paper A. 

3. Analysis of the Dielectric Susceptibility 

In general the concentration or the moment 
of the dipoles involved in a relaxation process 
can be derived from the susceptibility x as 
given by the maximum value of the loss 
according to : 

tan Lax = 2X~IES 

The value of E, at temperature T can be taken 
from Smakula’s data (I;?) which have been 
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confirmed by our experiments. Usually in such 
calculations one employs the relation : 

x = bNp’/kT (4) 

where N denotes the number of dipoles per unit 
volume and p the component of the dipole 
moment in the direction of the applied field. 
Let us for the time being omit the correction 
factor /3 which accounts for local field 
corrections. We assume that owing to the 
rather rapid cooling of the sample during the 
experiment we are dealing with a frozen-in 
state. This may be argued from the fact that 
even close to the melting temperature (which 
implies large mobility) the vacancies can be 
frozen-in quite easily (18) and also from 
photodecompositon experiments (4) which 
indicate that below 200°K no mass transport 
takes place because of the very low mobility 
of the halide ion vacancies (29). Consequently 
we suppose N to be constant. 

Equation (4) implies that the product XT 
should be independent of the temperature 
when N does not vary with T. In Fig. 1 we 
plotted this product versus T-l for a lead 
chloride and a lead bromide crystal. We will 
confine ourselves to the case of dipoles 
related with associates. Contrary to the 
expectation XT decreases very strongly with 
decreasing T. Considering N a constant we 
must conclude that relation (4) does not 
pertain to our case. 

It appears that this decreasing can be 
clarified by using the concept of localized 

FIG. 1. The product XT versus T-l, plotted for a 
PbC12:BeClz crystal (0) and a PbBr,:TlBr crystal(h). 

w tJ _ -- 
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FIG. 2. One-dimensional asymmetric double well 
potential. 

dipoles. We first want to discuss some of their 
properties. 

3.1. Some Properties of Localized Dipoles 

The use of expression (4) can be justified 
when the Friihlich model for dipole relaxation, 
consisting of a symmetric double well poten- 
tial in which a charge carrier moves (20), can 
be applied. This model can be generalized 
quite easily to the case of an asymmetric 
double well potential (Fig. 2). In such a model 
lowering of the temperature will be accom- 
panied by an increasing localization of the 
charge carrier, i.e., considering the dynamical 
properties of the system-of the dipole, in the 
lowest well. 

Calculation of the susceptibility (21) and the 
relaxation time in the case of localized dipoles 
yields : 

and 
x = Np2/kTsech2 h/kT (5) 

z = z,, eHJLT sech h/kT (6) 

where h denotes the deviation from the average 
barrier height H. 

In general one expects the existence of a 
distribution y(h) of h values, symmetric 
around the average value (h) = o, with 
J y(h(dh = 1. In that case Eq. (5) should be 
replaced by 

(x) = G f y(h) sech2 h/kTdh 
--m 

(7) 

and Eq. (6) in a similar way. 
If the asymmetry is related to the structure of 

the ideal crystal one could expect only a few 
discrete h values to be important. The most 
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simple assumption for a distribution is then: 3.2. Experimental Results 

y(h’) = -$[S(h’ - h) + d(h’ + h)]. (8) 

The corresponding expressions for (x) and 
(T) are again the equations (5) and (6), 
respectively. The activation enthalpy is deter- 
mined from the slope of the log(z) versus T-’ 
plot: 

It appears to be impossible to describe the 
experimental results as shown in Fig. 1 by a 
susceptibility which behaves according to 
Eq. (12). A satisfactory agreement, however, 
can be obtained between the experiments and 
a x as given by Eq. (5). The drawn curves in 
Fig. 1 represent the functions f(T-l) = 
A sech2h/kT. The values of h, required for a 
good fit, are 33 meV and 50 meV for the doped 
PbCl, and PbBr, crystal, respectively. The 
value of 50 meV has also been found in a 
second PbBr, sample. 

dlog<+ H h tanh h -=--- 
dT-’ k k kT’ (9) 

In two limiting cases the plot will be a straight 
line: either if the asymmetry can be neglected 
or if it is large (i.e., h 4 kT or A > kT). Jn the 
latter case the experimentally determined 
slope H, is given by: 

H,= H- Ihl. (10) 

If the asymmetry arises, for instance, from 
internal strains one would expect y(h) to be 
(at least roughly) of a Gaussian shape. The 
integrals, however, cannot be calculated by 
analytical methods for that case. The influence 
of such a distribution can nevertheless be 
described in an approximate way by introduc- 
ing the following distribution : 

y(h’) = & if jh’l 6 h (11) 

and zero elsewhere. (In fact, this is strictly 
analogous to the well known Frohlich 
distribution for relaxation times (20).) The 
corresponding expression for (x) becomes : 

l?p2 tanh h/kT 
lx’ =kT h/kT * (12) 

Only in the limiting case h 4 kT the log(z) 
versus T-l plot will be a straight line; in the 
opposite case (h B kT) the slope is given by 

dlog(z) H 
dT-‘=k-T. (13) 

From these facts we may conclude that the 
mobile part of the dipole, i.e., the halide 
vacancy, moves in an asymmetric double 
well potential, the magnitude of the asym- 
metry being characteristic for the material. 
As a consequence the relaxation time ought to 
behave according to Eq. (6). On account of the 
fact that obviously h > kT, the plot of log(z) 
versus T-l should be a straight line. This was 
indeed found as can be seen from Fig. 4 in 
Paper A. 

From Eq. (10) the average barrier height H 
can now be calculated. The results have been 
collected in Table I; in addition we have 
included the experimentally found values of 
the migration enthalpy H,,,. 

In order to calculate the number of dipoles 
N with the help of Eq. (5) we have to know the 
magnitude of the dipole moment p which can 
be estimated in some cases from crystal 
structure parameters. However, this turns out 
to be a rather complicated problem. As an 
example we have shown in Fig. 3 a (010) plane 
of PbCl,. One lead ion has been replaced by a 
monovalent metal ion, e.g., a K+ ion; the 
projections of the nine surrounding chlorine 
positions on the plane have been denoted. The 
dipole, being a (Kib .V&)” associate, may be 
aligned in nine different directions. In principle 

TABLE I 

SOME DIELECTTUC RELAXATION PARAMETERS OF PbC12 AND PbBrz 

H, (eV> h (m-v) H W> Hm WI 

PbBrz 0.20 f 0.02 50+5 0.25 f 0.02 0.25 f 0.02 
PbClz 0.37 5 0.02 33 & 5 0.40 * 0.02 0.35 + 0.02 



DIELECTRIC RELAXATION IN LEAD CHLORIDE AND LEAD BROMIDE 299 

0 

a 0 
t 4v2 O 
L c. 

FIG. 3. The (010) plane through the lead ions in 
PbC& doped with KCI. The electric field is applied 
along the c-axis. The positions labelled by 1, 2, 3 or 
4, 5, 6 or 7, 8, 9 denote the projections of chlorine 
positions approximately in, or slightly below or slightly 
above the plane, respectively. o = Pb’+; 0 = K+ at a 
Pb2+ site; A and 0 indicate the projections of a Cl(l) 
and Cl(2) site, respectively. 

there are 36 jumps of the vacancy between two 
chlorine positions leading to a reorientation. 
The situation outlined in Fig. 3 is characteristic 
for half of the lead ion sites. The remainder 
gives rise to the opposite case, i.e., the state 
which one gets by reflecting Fig. 3 with respect 
to the u-axis. In the case of (A&, *V&)x dipoles 
where A denotes a divalent anion, e.g., an 
oxygen ion, if any are present, the situation is 
analogous. 

Inspection of the crystal structure quite 
generally yields : 

1. Some jumps are not possible because of 
steric hindrance. 

2. The reorientation can always occur by 
means of jumps between a Cl(l) and a Cl(2) 
site, i.e., between nonequivalent sites (leading 
possibly to localized dipoles). 

3. The reorientation may also occur by 
jumping between two Cl(l) or two Cl(2) sites, 
i.e., between equivalent sites (leading to 
“delocalized” dipoles). 

Assuming that the jumps between all 
equivalent Cl(l) or Cl(2) sites or between 
nonequivalent sites occur with the character- 
istic frequencies v,(l), v,(2) or v,, respectively, 
we may expect three relaxation processes to be 
present, observable in general by the appear- 
ance of three loss peaks and distinguishable 
(at least partly) by an essentially different 
behaviour of the susceptibility x(T). 

3.3. Discussion 
The above inspection of the crystal structure 

justifies our analysis of the susceptibility in 
terms of localized dipoles. First: the vacancy 
may indeed move between two nonequivalent 
sites; secondly: the presence of two kinds of 
PbZ+ sites agrees with the use of a distribution 
y(h’) as defined in Eq. (8). As pointed out 
above, losses due to delocalized dipoles 
(jumping between equivalent sites) should be 
present too. If jumping between equivalent 
sites would be easier than between non- 
equivalent sites (v, > v,), such a loss should in 
principle become detectable by lowering the 
temperature. However, we did not observe it. 
In the opposite case v, < v, the loss should 
become detectable by raising the temperature. 
The observation, however, is interfered by 
both an increasing contribution of the con- 
ductivity to the loss and a decrease of the 
susceptibility (because for delocalized dipoles 
x varies as T-l). 

An analysis of the jump possibilities between 
equivalent sites indicates that the loss arising 
from jumping between Cl(2) sites will be much 
larger than the loss from jumping between 
Cl(l) sites. We may assume therefore in first 
instance that, when losses due to delocalized 
dipoles would be observed, they should be 
attributed to jumping between Cl(2) sites. This 
fact combined with the absence of such losses 
indicates that v,(2) < v, and suggests that the 
deepest potential well in Fig. 2 is related to a 
Cl(2) (or Br(2)) position. 

For the magnitude of the dipole moment p 
involved in the observed relaxation process we 
will take as a value 6 Debije (estimated from a 
crystal structure analysis) for both PbClz and 
PbBr,. Although this is a rather crude ap- 
proximation, the use of a more accurate value 
is scarcely justified at the moment: the exact 
positions of the ions in the environment of the 
defect are unknown. We expect them to deviate 
from the ideal positions, because of the 
presence of an aliovalent ion at a PbZ+ (or X-) 
site. Furthermore, the lattice around the 
vacancy will relax (cf. Section 5 of Paper A). 
In general these effects may also account for 
possible small differences between migration 
and reorientation enthalpies. 

If we now calculate the dipole concentration 
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N from Eq. (5) for the PbCl, : BeCI, crystal we 
find as a result N = 3 x lOlg cmm3. 

From ionic conductivity experiments it is 
known (27) that the remainder impurity 
content is in the order of 10” cm-3, as in 
undoped PbCI,. The explanation for the strong 
discrepancy between both values is in our 
opinion the omission of the local field cor- 
rection factor p in Eq. (5). Putting /I = 1 in the 
case of the alkali halides, is justified (22) by 
the fact that the vacancy associated with the 
impurity jumps from one lattice position to 
another which is crystallographically equiv- 
alent. However, this argument does not hold 
for the lead halides where the vacancy jumps 
between nonequivalent sites. The application 
of a local field correction therefore seems to be 
reasonable. However, a theoretical value of 8 
in our case is hard to obtain. If a Lorentz field 
correction would be applicable B becomes 
about 220, taking the average dielectric 
constant. Reducing the calculated value of N 
by such a factor results in a value much more 
compatible with the impurity content. A 
similar situation arises in the case of the PbBr, : 
TlBr crystal. The calculated value of N is 
4 x 10zo cme3 whereas [TIP,,] = 3 to 5 x 10” 
cmS3. This implies that also in this case a 
local field correction seems to be necessary. 
Moreover this correction seems to be of the 
same order of magnitude as in the case of 
PbC12. 

We may remark that our analysis of the 
susceptibility confirms the assumption of a 
temperature independent dipole concentra- 
tion. The same applies to the electronic dipole 
process in PbBr : CuBr where the product XT 
does not vary significantly with temperature. 
Assuming for the last mentioned process 
p = 6 Debije and a local field correction B = 
200 the dipole concentration may be estimated 
to be about 1016 cmm3. This is consistent with 
the fact that the influence of divalent copper 
could be ignored in the ionic conductivity 
experiments. 

Summarizing, we may conclude that the 
occurrence of localized dipoles, as observed in 
the behaviour of the susceptibility, and 
probably also the existence of a local field 
correction, can be understood from an 
inspection of the crystal structure, which 

clearly indicates the presence of nonequivalent 
sites. As a matter of fact it reflects the low site 
symmetry of the lead in the lead halides as 
compared to the site symmetries in many other 
halide compounds. 
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