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The lonic Conductivity of PbFCI
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Ionic conductivity results on PbFCl both parallel and perpendicular to the crystallographic ¢ axis are
reported. In conjunction with transference numbers, aliovalent dopant effects, IF NMR and structural
considerations mechanisms governing the ionic conductivity in PbFCI are proposed. Experimental 4H,,
values are related with the defect jumps involved. The formation enthalpy for a set of Schottky defects in

PbFCl is presented.

1. Introduction

In previous papers we have reported on
electrical (I-3) and photo-electrical (4)
properties of ternary lead fluorohalides. In
spite of the fact that the electrical conduc-
tivity of PbCl, (5) and of B-PbF, (6) is
presently well understood, little is known
about the transport mechanism governing
the ionic conductivity of PbFCI. It has been
proposed that intrinsic defects are thermally
generated according to a Schottky
mechanism (1), and that both anions are
mobile in PbFCl (2, 3).

Recently, we have reported on the
influence of deviations from the ideal
composition of PbFX (X =Cl, Br) on the
ionic conductivity (7). It has been shown that
the extrinsic conductivities of melt-grown
undoped crystals are governed by the extent
of formation of solid solutions of composi-
tion PbF;_,X;,, and PbF;,,X1-,, and by
oxygen impurities. It seems possible from the
conductivity data to distinguish between
crystals wherein oxygen impurities pre-
dominate over the deviation from molecu-
larity, and crystals wherein the reversed
situation holds.
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PbFCl has a tetragonal layer structure
(8, 9). The unit cell consists of plane sheets
perpendicular to the crystallographic ¢ axis,
with layer sequence F Pb Cl C1 Pb F. It has
been established that this structure favors
anisotropic conductivity (1, 7).

The anisotropy can be used to obtain
additional information about the conduction
mechanism (10). In order to characterize this
mechanism for PbFC], the ionic conductivity
of undoped crystals has been measured
parallel and perpendicular to the crystallo-
graphic ¢ axis, and of crystals doped with
aliovalent metal halides parallel to the ¢ axis.
In addition, transference numbers of ions,
and '°F dipolar motional narrowing have
been determined for polycrystalline PbFCI.

2. Experimental

In this study crystals were employed which
were grown from equimolar melts of PbF,
and PbCl,. The procedure has been pub-
lished elsewhere (1, 7). Doping with thallium
was done by adding thallium(I) chloride
(BDH) before zone melting. Bismuth
(Merck) was introduced by placing a small
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amount of the metal at the beginning of the
tube. Doped crystals were often more or less
opaque. Only Bi-doped crystals had suitable
dimensions to measure the conductivity
perpendicular to the ¢ axis also.

For transference number measurements
and in several cases for a.c. conductivity
studies pellets were used. The diameter of
the compacts was 1.29 cm while thicknesses
varied from 0.08 to 0.15 cm. Before elec-
trolysis the pellets were sintered for about
60 hr at about 625°K in a purified nitrogen
ambient to improve their density.

A preliminary nuclear magnetic resonance
study has been made of ionic motion in
polycrystalline PbFCl. The fluorine NMR
signal was observed using a crossed-coil
Varian 4200 spectrometer, details of which
have been published before (11).

The experimental set-up for the a.c.
conductivity measurements has been pub-
lished elsewhere (7). In addition admittance
parameters of PbFCl (1L and | ¢ axis)
between ionically blocking platinum elec-
trodes were recorded in the range 107° Hz-
10kHz wusing a Solartron Frequency
Response Analyzer (1170). Complex-plane
analysis of the frequency dispersion revealed
the low-frequency intercept to be at the
origin indicating negligible electronic
conductivity.

Transference numbers were measured by
the method of Tubandt and co-workers (12)
and of Béniére (I3, 14). The data were
obtained with the cells

@C|Y1| Y| V3| X1 X0| X5| Ya| Y5 Y6|CO (D)
and
DC|X1| X2 X5|AglAglCO (In

where X; denotes a PbFCl pellet and Y; a
PbCl, (tc=1) (5) pellet. In several cases
pellets Y; to Y; were replaced by S-PbF,
pellets (¢ =1) (6). Currents of about 0.3 mA
were provided by a constant-current source,
and were measured as a function of time with
an autoranging picoammeter (Keithley 445)
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coupled to a Solartron data transfer unit and
a tape punch. The weight decrease of the
silver electrode and the weight increase of
the Agl pellets in cell Il agreed very well with
the recorded charge flow, indicating that
silver was deposited from the cathode as
dendrites in Agl, and that lead was not
deposited on the silver electrode but as
dendrites in PbFCI (3). The right-hand part
of electrolysis cell II can, therefore, be used
as a coulometer. Reliable results could be
obtained when the charge passed through the
cell exceeded 10 C.

3. Results

3.1. Ionic Conductivity Measurements

The temperature dependence of the ionic
conductivity of undoped PbFCl crystals
along and perpendicular to the crystallo-
graphic c¢ axis is presented in Fig. 1. In most
cases melt-grown PbFCl crystals exhibit
conductivity anomalies at temperatures close
to the PbFCI-PbCl, eutectic, i.e. at about
730°K, indicating excess PbCl, (7). It has
been demonstrated (7) that the composition
of crystals grown from equimolar mixtures of
the binary constituents can be close to the
ideal one. The data gathered in Fig. 1 refer to
undoped crystals with almost ideal composi-
tion.

Results of undoped PbFCl, and crystals
doped with thallium and bismuth measured
parallel to the ¢ axis are gathered in Fig. 2.
The data for Bi-doped PbFCl measured
perpendicular to the ¢ axis have been
included as well. The steep increase of the
conductivity of all these samples for
temperatures greater than about 675°K
closely resembles the increase of the
conductivity of PbCl,-rich PbFCI crystals in
the temperature region close to the PbFCl-
PbCl, eutectic. At low and moderate
temperatures the conductivity increases with
respect to the conductivity of undoped
PbFCl by incorporation of monovalent
impurities, and decreases upon doping with
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Fi1G. 1. The ionic conductivity of undoped PbFCl
crystals measured parallel and perpendicular to the ¢
axis.

trivalent impurities. The experimental data
as gathered in Figs. 1 and 2 have been sub-
jected to graphical fitting to a sum of three
exponential functions of the type o=
ai/T exp(~AH;/kT). The values for 4H,,
ranging from low to high temperatures
(sequence 1-3), are gathered in Table 1. For
comparison 4H; values of polycrystalline
(p.c.) PbFCI have been included in Table L.
The PbFCI (p.c.) data refer to material that
has been obtained by grinding undoped
PbFCI crystals of which data are shown in
Fig. 2. Similar results were obtained for
PbFCIL:Bi (p.c.). For the magnitude of the
conductivity it was found that o(PbFCI,
p.c.)>a(PbFCL:Bi, p.c.), while o(p.c)>
o(ll). A comparison between the data
presented in Fig. 1 (A), Ref. 7 (B), and Fig. 2
(C) reveals for the undoped PbFCl crystals

ol A,B)«o(; O)<o(Ll; A, B).
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FiG. 2. The ionic conductivity (|| ¢ axis) of PbFCl
crystals doped with thallium or bismuth, and their
undoped starting material. (1) PbFCL:Bi (17 ppm); (2)
undoped; (3) PbFCLTICl (64 ppm); (4) PbFCLTICI
(244 ppm). The dotted line represents data for Bi-doped
PbFCI (L c axis).

From the conductivity data presented in
Fig. 2 conductivity isotherms, i.e. o versus
dopant concentration were constructed.
From the linearity of these isotherms (Fig. 3)
it may be concluded that the nominally pure
and doped crystals have the same mobile
defect in the temperature region involved.
From these isotherms, the temperature
dependence of its mobility can be calculated
to be

uT=11x10° ‘
xexp(—0.6eV/kT)ecm’KV~'s™. (1)

3.2. Transference Numbers

In cell 1 the guard electrodes PbCl, are
pure anionic conductors. For PbFCI the
absence of an electronic contribution to the .
conductivity implies tpy + tr +tcy= 1. In order
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TABLE I
CONDUCTIVITY ACTIVATION ENTHALPIES FOR PbFCl CRYSTALS

AH, (eV) AH, (eV) AH; (eV) Reference
PbFCI (|| ¢ axis) 0.29+0.03 0.84+0.06 1.7+0.1 This work, Fig. 1
PbFCI (|| ¢ axis) 0.28 0.70 32 This work, Fig. 2
PbFCI (| ¢ axis) 0.34 0.81¢ 1.8% 7
PbFCI:T1 {{| ¢ axis) )
244 ppm 0.40 0.63 — This work, Fig. 2

64 ppm 0.25 0.68 — This work, Fig. 2
PbFCIL:Bi (| ¢ axis)

17 ppm 0.27 0.69 32 This work, Fig. 2
PbFCl (L ¢ axis) 0.34+0.03 0.66 +0.06 1.55+0.16  This work, Fig. 1
PbFCI:Bi (L ¢ axis) — 0.53 — This work, Fig. 2
PbFCl (p.c.) 0.26 0.71 — This work

¢ Inferred from curve 3 in Fig. 1, Ref. 7.

to derive the transference number equation,
we consider pellets Y3 and X as a unit. A
Faraday equivalent of chloride leaves Y3 for
Y, for each coulomb of charge passed. The
charge will be transported at the other inter-
face between pellets X; and X, by Pb**, F~
and Cl ions, so that we expect less than a
Faraday equivalent of lead to enter X, from
X and a supplementary amount of chloride
and fluoride to leave X, for X;. For the
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FiG. 3. Conductivity isotherms as constructed from
the data presented in Fig, 2.

change of weight of pellets Y; and X,
together one obtains

Aw(Y3—-X1) = (trAr+taAc—Aa
_%thAPb)Q/ F (2)

where A; denotes atomic weight, the charge
Q is in coulombs, and the weight change is in
grams. F is Faraday’s constant. In cell I
arrangements pellets Y;—X; should
undergo a weight decrease while pellets X3 —
Y, should experience a corresponding
increase, and pellets Y,, X; and Y5 should
not change at all.

Since the sum of the transference numbers
is unity we can rewrite Eq. (2) as

Aw(Y3—X,) =[te(Ar— Ac)
— top(3App+ Ac)]Q/F. (3)

After passage of an amount of charge
larger than 10 C at 323°K the weight changes
Aw(Y3—X;) and Aw(X3—Y,) were not
beyond the experimental error (0.3 mg). In
the case that PbFCl was electrolyzed at
452°K between B-PbF, and PbCl, pellets
Aw(X;—Y,) was also practically zero, while
Aw(Y3—X,) showed an increase. All these
results indicate fpy, « tr<tq. For the deter-
mination of the individual transference
numbers cell II was employed. The weight
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decrease of pellet X; can be represented by
Aw(X;) = _%thAPbO/F 4)

under the condition that ¢ of an equivalent
of fluoride and t¢; of an equivalent of chloride
escape at the anode side as F, and Cl,,
respectively. The weight change of the silver
electrode indicated that lead is not deposited
on this electrode. Therefore, Aw(X3) can be
represented by

Aw(X3) = GtpoApy— trAE— taAc)Q/F. (5)

From the weight decrease of pellet X; we ob-
tained for undoped PbFCl in the region 497-
551°K for tp, 0.01-0.03, for PbFCL:TI at
526°K tpp, = 0.03 and for PbFCI:Bi at 548°K
tpy, = 0.03. It should be noted, however, that
for amounts of passed charge in the range
10-25 C the decrease of pellet X; did not
exceed 1x 107> g. In view of the experimen-
tal error it may therefore be assumed that
lead ions are immobile in PbFCI. Electrolysis
of one pellet in cell IT should then result in a
weight decrease of —(trAp+tcAc)Q/F.
Under the condition fg+ic=1 the data
obtained with cell I lead to 7c=1 in the
region 323 to 452°K. In Table II we have
gathered the experimentally determined
transference numbers. The data are consis-
tent with previously reported values for /¢
(3) in undoped and doped material, and
reveal that in polycrystalline PbFCI chloride
ion conduction predominates at low

TABLE II

TRANSFERENCE NUMBERS OF THE IONS IN
UNDOPED AND DOPED POLYCRYSTALLINE
PYFCI1 (CELL II)

Number of
Material T (K) ta(=1—tg) pellets
PbFCl 497 0.82 3
PbFCl 530 0.62 1
PbFCl 538 0.45 1
PbFCl 545 0.62 1
PbFCl 551 0.35 3
PbFCLT1 526 0.89 3
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temperatures, and that at high temperatures
fluoride ion conduction predominates.

3.3. '°F Nuclear Magnetic Resonance

The peak-to-peak separation of the
derivative absorption mode of the F
resonance varied with temperature as
presented in Fig. 4. Motional narrowing of
the resonant species in PbFCl (for o': see Fig.
2) occurred between 300 and about 380°K.
The signal became half-narrowed at 328°K;
above that temperature the spectra appeared
to be Lorentzian. The rigid lattice linewidth
was about 5 G. The dipolar motional nar-
rowing data were analyzed assuming a linear
relationship between the transverse relax-
ation time T, and the jump frequency for
thermally activated motion in a random walk
model. The wusual expression for the
temperature dependence of the jump
frequency is

v =y exp(AS,./k) exp(—~4AH,,./kT). (6)
With the dipolar linewidth dH; inversely
proportional to T>, this leads to (15)

dH;=dH —dH, = C exp(AH,,/kT). (7)

Here C is a constant, and AH,, the activation
enthalpy of migration. The dipolar contribu-
tion to the linewidth dH is found from the
experimental linewidth dH by subtracting

TEMPERATURE (°C)
50 100
T T

—0

LINEWIDTH (Gauss)

iig 4

3IOO 3%0
TEMPERATURE (K)

FiG. 4. The temperature dependence of the linewidth
of the fluorine magnetic resonance absorption in poly-
crystalline PbFCL.

o]
250 400
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the temperature-independent  residual
linewidth dH, (0.292 G). For AH,, a value of
0.76+0.05 eV resulted. This value is in
agreement with the conductivity activation
enthalpy 4H, (0.71 eV) for undoped poly-
crystalline PbFCI (see Table I).

4. Discussion

The transference numbers of the ions in
undoped and doped polycrystalline PbFCl
clearly substantiate that the material is an
anionic conductor. The change-over from
chloride ion to fluoride ion conduction in
polycrystalline PbFCI has been reported (3)
to occur between 520 and 560°K. The data in
Table I indicate that the region where mixed
anionic conduction prevails may be extended
to lower temperatures. In regard to the
layered tetragonal structure of PbFCI which
evidently leads to anisotropic conductivity,
the mechanism of conduction along and
perpendicular to the ¢ axis will be different,
and thus the temperature regions wherein
mixed anionic conduction will prevail. That
these regions are larger for single crystals can
readily be seen from the data presented in
Figs. 1 and 2. Moreover, d.c. conductivity in
polycrystalline anisotropically conducting
pellets may require appreciable migration
through the grain boundaries. Such effects
have even been observed in isotropically
conducting polycrystals (13). The trans-
ference number data can thus only be used
qualitatively in the interpretation of the
conductivity data of single crystals.

Monovalent cationic dopants increase,
and trivalent cationic impurities decrease the
ionic conductivity with respect to the
nominally pure material. In view of the
observation that fp, is virtually zero charge
compensation provided by mobile interstitial
lead ions in PbFCI substitutionally doped

with TI" ions can be ruled out. The
incorporation reaction is then
TICl = Tlpp+ Ve+ClE. (8)
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Bismuth has been introduced as metal before
zone-refining. A melt of PbFCI exhibits a
substantial dissociation into the binary
constituents (16). Molten bismuth reacts to
some extent with molten PbF, (17), and
molten PbCl, (18) under the formation of
bismuth fluoride, bismuth chloride, respec-
tively and lead. These bismuth halides can be
incorporated according to the reactions

B1C13 e d Blpb + 2V£b + 3VF+ 3C1é1 (9)
and

BiF; — Bip,+2Vp,+3Fr+3Va. (10)

Since the interstitial sites in PbFCl allow ions
with a radius of 0.45 A to occupy them, the
occurrence of interstitial fluoride (1.36 A)
and interstitial chloride ions (1.81A) is
improbable (3). Crystal growth has been
performed at 925°K (7). This temperature is
lower than the melting point of BiF;
(1000°K), but much higher than the melting
point of BiCl; (503°K) and even its boiling
point (720°K). Evaporation losses of BiCl,
during crystal growth may well have occur-
red leading to [BiF;]>[BiCl;]. The BiCl,
and an equal amount of BiF; can be
incorporated via

BiF;+BiCl;

— 2Bipy+ Vi +3Fr +3Cl&  (11)

which means the annihilation of three sets of
Schottky defects, while the remaining
amount of BiF; will be incorporated accord-
ing to reaction (10). It has been emphasized
that the high-temperature data in Fig. 2
indicate that PbCl,-rich material has been
employed. Solid solution formation accord-
ing to (7)

PbCl, = Pbp,+ Ve, +2Ve+2Cl&  (12)

then governs the concentration of the point
defects in the nominally pure starting PbFCI.
The net result of doping with Bi metal would
be an enhanced concentration of Vg, and
Va. Reaction (12) reveals, however, that
annihilation of point defects through the



IONIC CONDUCTIVITY OF PbFCl

Schottky-mechanism can result. If «
represents the concentration of dissolved
BiCl,, B8 that of BiF; and v that of PbCl, then
the doped crystals will contain, in addition to
Bip,, the defects V3, and Vg if
3(B—a)<2y. This assumption is quite
reasonable in view of the actual amount of Bi
present in the crystal, and the extent to which
solid solution formation can occur (7). With
respect to the undoped starting material the
Bi-doped PbFCl contains lower concen-
trations of Vg, and V. The concentration of
the fluoride ion vacancies in Tl-doped PbFCl
is larger than in the starting material.

Differences in the extrinsic conductivities
of nominally pure PbFCI crystals as gathered
in Fig. 1 are due to deviations from the ideal
composition. If the PbCl, content of the solid
solution increases, [V ] decreases and [Vg]
increases (Eq. 12) and compensation of
oxygen impurities by the deviation from
molecularity occurs as has been discussed
previously (7). If the concentration of PbCl,
increases further even associates the type
(Ves - VEY may occur with a dissociation
enthalpy of ~1.0 eV. If this concentration is
so large that a separate phase of PbCl, and
thus premelting effects close to the PbCl,—
PbFCl eutectic are encountered extrinsic
conductivities are much higher than for the
dilute solid solutions (compare the data of
nominally pure PbFCI of Fig. 2 with those of
Fig. 1).

In order to arrive at a conductivity
mechanism we have to consider the various
jumps of each of the possible mobile defects,
i.e. Vg and V¢, taking the anisotropy into
account. The possible defect jumps in the
PbFCl structure are shown in Fig. 5. We will
refer to defect jumps by using their
frequency as symbol, i.e. w,(Cl) denotes the
jump of V¢ having frequency w,.

4.1. Conductivity perpendicular to the
¢ axis: o,

The most probable defect jump in the
fluoride ion layer perpendicular to the ¢ axis
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F1G. 5. Crystal structure of PbFCl and possible defect
jumps. Open circles F, black circles Pb, hatched circles
Cl (see text).

is Vg jump w:(F), since this jump is in the
basal plane, and the F-F distance for this
jump is appreciably smaller than that for
jump w»(F), i.e. 2.89 A against 4.09 A.

In the chloride ion layers the jumps @, (Cl)
and w, (Cl) are the most likely to occur. Jump
w.(Cl) may be disregarded for structural
reasons. The CI-Cl distances involved in
w.(Cl) and w,(Cl) are 3.62 and 4.09 A,
respectively. Jump w, (Cl) seems more likely
to occur than jump w,(Cl). However, this
jump contributes about equally to both o,
while the experimental data reveal o, > oy.
In view of the transference numbers we
therefore assign the value 0.34eV for
AHy(1) to jump w,(Cl). It is quite obvious
that the jump :(F) only contributes to o, .
The changeover from Cl to F conduction at
elevated temperatures then indicates that the
value 0.66 eV for AH,(1) of undoped and
0.53 eV for AH,( 1) of Bi-doped PbFClI can
be related to jump w,(F). The motional nar-
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rowing data of polycrystalline PbFCl are
probably related to this jump as well.

4.2. Conductivity parallel to the ¢ axis: oy

The decrease of the low-temperature
conductivity of undoped dilute solid solu-
tions upon increasing PbCl, content (7)
indicates that values in the range 0.25 to
0.34 eV, ((7), see Table I) for AH1(||) should
be correlated with jump w,(Cl). That AH(||)
and AH,( 1) are of the same order of magni-
tude indicates that the conductivity anisot-
ropy originates primarily from a difference in
the pre-exponential factor. Although this has
been observed for other anisotropically
conducting solids (10), a firm explanation is
still lacking.

In addition, jump w,(Cl) can contribute to
the conductivity parallel to the ¢ axis of
dilute solid solutions. It involves antistruc-
ture formation, and contributes to ¢ in d.c.
conductivity

V&;]'FFE -~ Fé]'f‘Vi:, wd(Cl) (13)
We tentatively assign values in the range
0.81 to 0.84 eV for AH,(]|) to this jump.

The data presented in Fig. 2 refer to
concentrated solid solutions, wherein even
PbCl, as a separate phase is present. In
regard of reaction (12), and the incorpora-
tion reactions of TICl and bismuth, Vg
should be involved in jumps related with
these experimental data. So far it has been
argued that the concentrated solid solutions,
nominally pure as well as doped, contain
isolated and associated defects Vg, Vpy, and
(Veb * VE)'. The conductivity data in Fig. 2 do
not indicate the thermal dissociation of
associated defect pairs. We, therefore, must
assume that jump «3(F) is involved. Con-
sider the layer sequence F;Pb,Cl;Cl4PbsF,
with isolated and associated defects in the
Pb and F layers. Long-range migration
starting with jump w3(F) can then be

HALFF AND SCHOONMAN

represented by
Ve1+Clgs = Clpy + Vaz, w3(F) (14)
Va3 +Clas = Clés+ Vo, wa(Cl)  (15)
FEe+Veis = Foa+ Vi, wa(Cl).  (16)

If via the first mechanism Clg¢ were to be
present then

Clrs+ Ve = Vig+ Clcra

would complete a d.c. conduction path for Cl
(tc1= 1) parallel to the c axis.

A similar sequence of jumps may be visu-
alized starting from an associated defect pair,
i.e.

(Vebz* Vi1) +ClGs —

(Ve - Vaz) +Clgs. (17)

The next jump may cause the associate to
dissociate, or, if an adjacent lead ion vacancy
is present in layer (5)

(Vebz* Vai3)' +Clia+ Vins =

Vio2+Clés+ (Vebs - Vaa). (18)

A next jump, involving either Fr6 or Clgs,
would then complete a d.c. conductivity path
with te+1ta =1, or 1q; = 1, respectively.

The values for AH,(]|) of Fig. 2 are found
in the range 0.63-0.70 eV, and are related

with w3(F). The electrical mobility is
represented by Eq. (1).
w3(F)

=2.2x10" exp(—-0.6 eV/kT)s™*. (19)

In order to ascribe AH:(||) values to w,(Cl),
which seems the only possibility, we have to
accept the presence of antistructure defects
in these concentrated solid solutions. This
implies that to a small extent TICl, for
example, is incorporated according to

TICl = Tlpp+Clr+ V. (20)

As a consequence, a major fraction of the
lead ion vacancies should be present as asso-
ciates. The fact that AH,(]|) for ws(F) is
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smaller than AH,(||) for w4(Cl) is in line with
a more open conduction path.

4.3. The formation enthalpy of Schottky
defects: AH;

The data in Fig. 1 can be used to evaluate
the formation enthalpy. This parameter is
independent of anisotropy, and can be cal-
culated with AH;=3(AH;(1)-AH(1))=
3(AHs(||)—AH,(]))). From the oy data we
obtain AH;=2.58+0.48 eV, while the o,
data lead to AH;=2.67+0.48 eV. An esti-
mate from reported o data (7) yields for AHy
the value 2.97 eV (see Table I).

The sharp rise in the conductivity of the
PbCl,-rich concentrated solid solutions (Fig.
2) starts at temperatures lower than the
PbCl,-PbFCl eutectic. The large values for
AH; may be related to premelting effects, i.e.
the dissolution.of PbCl, according to reac-
tion (12). From the data gathered in Table I a
dissolution enthalpy of about 7.5eV can
then be inferred.
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