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The small signal ac response of PbCl,.Bry(, _x solid solution crystals has been studied as a function of temperature, crystallo-
graphic axes, and composition (0<x<1 ) over a wide range of frequencies. The frequency dispersion has been analysed using a
computer program for ncs. -inear least-squares fitting to complex data. The data can be fitted to one type of equivaient circuit for
all crystallographic axes and studied temperatures. The composition and structural dependence of bulk ionic conductivity param-
eters have been analysed in detail. The intrinsic conductivity reveals the formation enthalpy of the Schottky defects to be orien-
tation invariant. Transference number measurements indicate Br- ions to be immobile in PbCl, 45Brg0; and C1- ions to be mobile

in PbClg.0;Br, o5

1. Introduction

In a study of the ion dynamics of ternary lead ha-
lides PbCl,Br,(,_,, we have focussed attention on
Raman spectroscopy and impedance spectroscopy.
While the Raman study will be reported elsewhere
[1], previous papers dealt with crystal growth, struc-
tural properties and ionic conductivity along the
crystallographic b-axis [2]. A preliminary account
of an impedance study on solid solution crystals along
the b-axis has been presented only recently [3].

It is well established that PbCl, and PbBr; exhibit
complete mutual solid solubility. The solid solution
PbCl,,Br;(, _,, show preferential site occupancy for
Cl- and Br-, while the anion array of :he equimo-
ecular composition PbCIBr is completely ordered
[2]. As a result preferential conduction pathways
develop in the solid solutions which lead to conduc-
tion anisotropy [2]. Schottky defects are assumed to
predominate with anion vacancies constituting the
more mobile species.

The present paper deals with small signal ac re-
Sponse measarements on single crystals of Pb-
Cly,Br;(; - ) in order to determine the anisotropy in
the ionic conductivity parameters. Recorded im-
mittance spectra were fitted to electrical equivalent
circuits, comprising bulk and electrode interface
phenomena.

In order to shed light on the conduction mecha-
nism attempts have been made to measure transfer-
ence numbers using PbX, (X=Cl, Br) as protective
electrolytes.

2. Experimental aspects
2.1. Single crystals
The Bridgman technique has been utilized to grow

a variety of PbCl,,Br,(,_,, crystals. A full account
of the employed starting materials and crystal growth
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conditions has been reported before [1,2]. Micro-
probe analyses revealed the actual compositions to
be close to the compositions of the starting mixtures.
Here actual compositions are used. After cleaving the
crystals perpendicular to the crystallographic b-axis,
they were oriented by Laue diffraction, and subse-
quently cut along the g- and the c-axis. Surfaces were
polished to optical finish. Sample surfaces were typ-
ically 0.1 to 0.3 cm?, and sample thicknesses about
0.1 cm. For the electrical measurements graphite dag
was applied to sample surfaces as electrode contact
material. The samples were placed between the plat-
inum disk electrodes of a metal conductivity cell
provided with resistive heating. As working atmo-
sphere circulating purified nitrogen or argon was used

[1].
2.2. Electrical measurements

Impedance or admittance spectra of the cells
C|PbCl,,Bry(, ) |C were investigated in the fre-
quency region of 0.1 Hz to 13 MHz using a Hewlett
Packard impedance analyser (model 4192A: 5 Hz-
13 MHz), and a Solartron frequency response ana-
lyser (model 1172: 0.1 Hz-10 kHz, and model 1250:
10-2 Hz-65 kHz).

Representative examples of the measurements have
been analysed using a computer program for non-lin-
ear least-squares fitting to complex data. In the min-
imization procedure the method reported by
Marquardt [4] was employed to fit simultaneously
the real and imaginary parts of the recorded im-
mittance data to appropriate equivalent circuits.
Transference numbers were measured using the solid
state electrolysis cell Pt|Y, tY21Y31Z,(2Z,|Z,)Y,|
I'YslYs| Pt where Y, denotes a PbX, (X=Cl, Br,
tx=1) protective electrolyte crystal, and Z; a solid
solution crystal (¢, + 15, =1 ) [5,6]. Usually currents
of 0.4 to 0.5 mA were passed through the cell until
about 10C of charge had been passed.

3. Results

The ac response data for the cells
CIPbCl,,Br,,, -x; | C are presented in complex plane
representations in which the imaginary part of the
impedance or admittance is plotted against the real

part. In the high-frequency domain, and for reia-
tively low temperatures such impedance spectra
comprite a semicircle which in several instances is
slightly depressed. Fig. 1 presents impedance spectra
at different temperatures for PbCl, 36Bro ¢4 (a-axis),
and PbCl, 3,Br, 63 (c-axis). These responses can be
modelled with an equivalent circuit comprising a
parallel (p) combination of a resistance and a ca-
pacitance, i.e. RCp. Under the assumption that R
represents the bulk ionic resistance (R,) and C the
high frequency geometric capacitance (C;) the anal-
ysis of the temperature dependence of the resonance
frequency wy[ (RyC,) ' =0/€q¢,, where o represents
the specific ionic conductivity, ¢, the permittivity of
free space and ¢, the dielectric constant of the solid
solution ] leads to a value of the activation enthalpy
similar to the conductivity activation enthalpy, thus
confirming the high frequency response to be a bulk
phenomenon [1].

Accurate R, data have been obtained for all
PbCl,,Br;(, _ ) solid solutions in all three crystallo-
graphic directions. The data, when presented in Ar-
rhenius plots [2] of the temperature dependence of
the ionic conductivity, yield thermodynamic param-
eters of the mobile species. Fig. 2 presents the com-
position dependence of the migration enthalpy along
the a, b and c-axis as well as the composition de-
pendence of the Schottky defect formation enthalpy.
The composition dependence of the enthalpy of an-
ion migration along the a-axis equals that aiong the
c-axis. For migration along the A-axis the enthalpy
increases starting from the binary compositions at
x=0and 1 to the equimolecular composition. As ex-
pected the formation enthalpy is invariant to the
crystallographic direction. The scatter in the AH
values is due partly to the scatter in the AH,, values
because the intrinsic conductivity activation enthal-
pies represent 1AH+ AH.... In addition, for x values
in the range 0.3 to 0.7 intrinsic conductivity data
could be obtained in only a limited temperature
region.

At low and mederate frequencies (0.01 Hz-50
kHz) the immittance spectra reveal two depressed
semicircles with overlapping relaxation times. All the
spectra could be fitted to the equivalent circuit given
in fig. 3. The impedance of the constant phase ele-
mert @ is Z,=k(iw) =% For Q,, a values are about
0.5 indicating Q, tobe a Warburg impedance. For [
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Fig. 1. High frequency impedance spectra of the cell C|PbCl,Bry,_,,|C (5 Hz-13 MHz) at different temperatures: (a) x=0.68, a-
axis; (b) x=1.85, c-axis.
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Fig. 2. Orientation dependence of the anion vacancy migration enthalp /, and Schottky defect formation enthalpy: 1--3, AH,, along a, b,
respectively c-axis, 4, AH,along a, b and c-axis.
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Fig. 3. Electrical equivalent circuit Qi RpCO,psR,SC,p, used to
model the impedance spectra. Q,RpCQ,ps represents the inter-
facial response (s=series, p=parallel).

« values are always much smaller than 0.5. A rep-
resentative example of an experimental and calcu-
lated admittance and concomittant impedance
spectrum is given in fig. 4.

Transference numbers have been measured for
PbCly o;Br, o3 with PbCl, as protective electrolyte,
and PbBro,Cl, o3 With PbBr, as protective electro-
lyte. Crystals Z, and Y, as well as Z, and Y, could
not always be separated. In these instances, weight
changes of the two crystals were interpreted. For Z,
and Y; and the PbBr,-based solid solution we obtain
AW(Z,, Y3) =tp(As,—Ac)Q/F where A denotes
atomic weight. Q the charge and F Faraday’s con-
stant. At 550 K and Q=12C we obtain
AW(Z,,Y,;)=0.0046 +0.0004 g, and hence
t5.=0.8320.07. For the PbCl,-based solid solution
the analysis of Z, is in most cases feasible. Its weight
change is AW(Z,) =icdQ/ F. AW(Z,) is equal to
0.0033 g at 552 K and Q=9.2 C, and hence toy~ 1.

Admittance Spectrum: x=0.68, 636 K, a-axis.
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4. Discussion

The high-frequency small-signal ac response of the
cells C|PbCl,,Br,,,_,,|C provides bulk ionic con-
ductivities, and hence can be used to evaluate ac-
curately the orientation dependence of the defect
migration enthalpies. Before discussing a conduction
mechanism it is recalled that the crystallographic
studies [2] have revealed that for x> 0.5 sites 1 in
the PbCl,-structure of the PbCl,,Br;(; -, solid so-
lutions, i.e. fig. 5, remain completely occupied by Cl1-
ions, while anion sites 2 are occupied by Cl- and Br-
ions. The reversed situation is observed for x<0.5.
Here sites 1 are occupied by C1- and Br-, while sites
2 remain occupied with Br~ ions. In addition, the
present transference number measurements lend
support to the assumption that in solid solutions with
x>0.5 bromide ions on sites 2 are virtually immo-
bile, while for x<0.5 chloride ions on sites 1 may
exchange with bromide ion vacancies, and thus con-
tribute to dc transport. The orientation dependence
of AH,, reveals AH,, (|| a-axis) =AH, (|| c-axis). The
composition independent behaviour for x<0.3 can
then be understood if conduction occurs via pref-
erential pathways involving only siies 2 (see fig. 5).
In the region x from 0 to 0.5 the shortest C1,-Cl, dis-
tances remain constant, while the shortest Cl,~-Cl,
distances decrease [2], which is concordam with a
composition invariant AH,,. However, for the more
concentrated solid solutions in shis region (x>0.3)
the over-all lattice contraction becomes substantial.

- Impedance Spectrum: x=0.68, a-axis, 636 K
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Fig. 4. Low frequency admittance (a) and impedance spectrur1 (b) of the ceil CIPbCl, 3,Bro o0 (il @-axis)|C(1.6X 10 “*~10°Hz); (A)

experimental data, ([J) fit results,
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Fig, 5. The c-axis projection of the PbCl, structure: (O) Cly;
(0) Cl; © Po.

As has been argued before [2], this leads, along with
the preferential site occupancy, to distorted path-
ways which are reflected in increased Jjump barriers.
Because the Cl1,-Cl, as well as the Pb-Cl, [2] dis-
tances decrease Cl- diffusion over Br sites i requires
an activation enthalpy which is assumed to be larger
than that in undisturbed PtCl,. Using the same ra-
tionale the migration enthalpy for chloride ion dif-
fusion decreases from PbCIBr (x=0.5) to PbCl,
(x=1). For x> 0.5 the lattice contraction is becom-
ing less pronounced, while the shortest Cl1,-Cl, and
Pb-Cl, distances are composition invariant, and Cly,~
Cl, distances decrease {2].

For conduction along the b-axis anion vacancy
jumps involving sites 1 and 2 have to be considered.
Because Br- ions are virtually immobile in dilute
solid solutions (x>0.5) sites 2 become effectively
blocked. For x<0.5 CI- ions on sites | may con-
tribute to the conduction, but, using above men-
tioned arguments, with large activation enthalpieg,
Hence activation enthalpies increase from x=0, or
x=1 to the equimolecular composition at x=0.5. It
should be borne in mind that in the interpretation of
the transference number measurements it has been

assumed that neither protective electrolyte reacts to
form a solid solution at the interfaces Z, / Y;and 7,/
Y., and that Br~ or C1- ions from Z, do not diffuse
iato PbCl,, respectively, PbBr, protective electrolyte
crystals Y.

Analysis of the low frequency immiitance spectra
reveals R, and R to be of the same order of mag-
nitude, Q,, to répresent practically a Warburg
impedance, and Q: to be a distribued R, which may
arise as a result of current in-homogeneities. Limited
information on the temperature dependence of the
interfacial circuit elements precludes a detailed anal-
ysis. However, we attribute the interfacial response
as due to reaction products like Pb(OH), and PbO
which are present as dispersed phases in the surface
layers of the crystals. These products can be formed,
because the used graphite dag revealed the presence
of a slight amount of ammonia. While more research
is required to interpret this response quantitively, it
is noted that this type of interfaciai response did not
occur when silver paints, not containing ammonia,
were applied [3].
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