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The {presumably ionic) electrical conductivity o. of K04Bi06F22 single crystals has been

measured as a function of temperature, yielding Arrhenius-type behavior over a temperature
range of -300'C with an activation energy of 0.389 eV. Doping the crystals with Th + and

Pb + is found to increase cr, whereas 0' is found to decrease 0.. Nuclear-spin-echo decay
times T2 give evidence that the conductivity is strongly inhomogeneous, in accordance with

the disordered nature of this compound.

INTRODUCTION

Fluorite-structured binary compounds, in particu-
lar P-PbFz, have recently been the subject of a rela-
tively large number of investigations. ' Ternary
compounds with the fluorite structure present at
room temperature (RT) a much higher ionic conduc-
tivity than the binary compounds due to their built-
in defect structure. However, these materials have
scarcely been studied up to now. In the present
work, pure and doped potassium bismuth fluoride
were grown as single crystals and their electrical
conductivity was measured for temperatures ranging
from RT to -410'C. Measurements of ' F
nuclear-spin relaxation times T~ and T2, taken over
a wide range of temperatures, are also reported.
These data are found to yield an interesting insight
into the inhomogeneous nature of the conduction
process. A phase transition observed in the conduc-
tivity results was also detected by differential
thermal analysis (DTA).

SYNTHESIS AND CRYSTAL GROWTH

Potassium bismuth fluoride was precipitated from
aqueous solution as follows: Bi metal (&99.999%
purity) was dissolved in HC1:HNO3 5:1 solution and
evaporated (by heating) to a viscous liquid which be-
came a solid when cooled to room temperature. The
BiC13 solid was then dissolved in dilute HC1. The

concentration of HCl was just high enough to
prevent the precipitation of BiOC1. In a large
Teflon beaker a quantity of KF was dissolved in wa-
ter and heated. The amount of KF was based on the
weight of Bi metal as follows:

Bi+HC1 —+BiC13,

BiC13+4KF—+KBiFg+ 3KC1 .

Reaction (2) was completed by slowly adding the
BiC13 solution from a separatory funnel into the KF
solution while agitating with a magnetic stirrer.
The insoluble potassium bismuth fluoride precipitate
was then separated from the soluble KC1 (and any
slight excess of BiC13) by vacuum filtration through
a Buchner funnel using a fast filter paper (Whatman
no. 4). The filtered white cake was then washed
with acidified water and vacuum filtered. This was
repeated three times using ethyl alcohol for the last
wash. The dried material was stored over calcium
sulfate dessicant and dried to constant weight.

Single crystals were grown from the melt by the
horizontal zone technique and the 8ridg man
method. Most of the samples used for conductivity
measurements were cut from zone-grown material.
%e found this method more suitable because the
zone refining produced crystals of higher purity as
evidenced by the gradual removal of light scattering
after several passes. In addition, this method is also
better for doping. Growth rates ranged from 0.3 to
1.0 cm/h.
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COMPOUND CHARACTERIZATION

The adopted synthesis method actually yielded a
compound poor in KF. The lattice constant of the
compound as obtained by Guinier-Hagg diffrac-
tometry was a =5.907+0.003 A. It was observed by
Matar et al. that the fluorite-structured solid solu-
tion KI „Bi~Fz +& (0.50&x &0.70) obeys Vegard's
law; according to their data our compound should
be Ko 39Bi0.6&F2 2q. Chemical analysis of a succes-
sion of samples yielded results which were con-
sistent;ly within experimental error of K.04Bip 6F2 2&

in agreement with the proportions deduced from x-
ray data. Since the ions K+ and Bi + occupy ran-
domly the cation sites in the fluorite structure, one
expects that the crystals will be strongly disordered
on a microscopic scale because of local charge com-
pensation.

ELECTRICAL CONDUCTIVITY

The resistance of pure and doped samples was
measured by a pulsed technique using a 50-0
standard resistor. The samples were spring loaded

between two platinum electrodes in a platinum con-
ductivity cell. The electrical contacts were provided
by colloidal graphite (Aquadag) and grafoil. A can-
stant fiow of purified nitrogen was maintained in
the cell during the measurements.

The results for the pure crystal and three doped
samples are shown in the form of plots logIo(trT ) vs
1000/T in Fig. 1. Table I gives the values of the
prefactor oo and the apparent activation energy Q,
assuming that 0. can be represented by the equation:

Op
o =nZeu = exp( QIk—&T) .

T

Here n denotes the number of mobile defects per
cm, u is the mobility of the mobile defect, and Ze is
the mobile-defect effective charge. The other sym-
bols have their usual meanings. Comparing our re-
sults with the results for K~ „Bi„F2„+&from the
work by Matar et al. , where it was assumed that
the conductivity thermal dependency is in the ex-
ponential term only, we see that our compound in
particular has a higher conductivity with a corre-
spondingly lower activation energy.
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FIG. 1. Logarithm of the conductivity-temperature product uT for pure and doped crystals of K04IIio 6F2 z vs 1000/T,
where T is absolute temperature. Undoped curves are shown for both increasing and decreasing T. For comparison, re-
sults for PbF2 from Ref. 6 are shown as a dashed line. Solid lines drawn are a guide to the eye.
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TABLE I. Prefactors 00(10 0 'cm 'K) and apparent activation energies Q (eV) for a pure sample and samples

doped with PbF&, ThF4, and Bi203.

Pb Pb Pb Th Th Th 0

Sample Pure 0.4 mol% 0.7 mol% 1.5 mo1% 0.3 mol% 0.65 mol% 1.3 mol% 1 mol%

0'p 93+6 57.4+1 123+8 203+25 66+7 20+4
0.38920.002 0.355%0.007 0.369%0.002 0.371+0.004 0.373+0.003 0.36+0.01

20+4 140+5

0.336+0.006 0.46+0.01

Both Pb and Th impurities were found to increase
the total conductivity (see Fig. 1 and Table I),
whereas the apparent activation energies were slight-

ly decreased. As for the oxygen doping, the total
conductivity decreased with a moderate increase in
the apparent activation energy.

The defects specific to the defective structure of
this compound affect the anion sublattice and are of
the Frenkel type. Examining the ionic radius' of
the dopant and of the host ions we see that Pb + can
replace K+ as well as Bi +, Th + can replace Bi +

only, and 0 will replace F . We can expect, for a
low defect concentration, that a substitution of ei-
ther Pb + for K+ or Th + for Bi2+ will increase the
interstitial fluoride-ion concentration and the substi-
tution of either Pb + for Bi + or 0 for F will
increase the fluoride-ion vacancy concentration. De-
pending on which type of defect is more mobile, the
conductivity increases or decreases upon doping, and
for a low dopant concentration it is expected that an
increase in the dopant concentration (responsible for
the increase of the conductivity) results in an in-

crease in the mobile-ion content whereas the ap-
parent activation energy is constant and coincides
with the migration enthalpy. However, as in the
case of the fluoride-structured solid solutions

Cat, Y„F2,+z (Ref. 11) and Pb, „Bi„F2„+2(Ref.
12), one can expect that a large concentration of
point defects will be present in Ko 4Bio &Fz 2 for local
charge compensation, the majority of these defects
in the form of aggregates, so that the introduction of
additional defects through doping may not increase
the mobile-ion content. Considering that the con-
centration of thermally generated defects is not sig-
nificant compared to the concentration of the de-

fects already present for temperatures ranging from
RT to -250'C, the apparent activation energy will

coincide with the migration enthalpy of free defects.
Both impurities Pb and Th decrease the activation
energy (see Table I) but, whereas an increase in the
Pb concentration results in an increase in Q, an in-

crease in the Th concentration results in a decrease
in

The results show that the higher conductivities
displayed by the samples doped with Pb are related
to a higher prefactor, oo, which is proportional to
the number of mobile defects. (Actually, the
mobile-ion content decreased for the Pb concentra-
tion of 0.4 mo1%, but this decrease was overcom-
pensated by a decrease in the activation energy. )

The behavior of the Ko 4Bio &F2 2 conductivity
upon doping with the impurities Pb, Th, and 0 can
be explained by the hypothesis' ' that the aggre-
gates of point defects decrease the migration energy
barriers of free interstitials. In the case of Th dop-

ing, for example, interstitials created by the substitu-
tion of Th for Bi would form aggregates with inter-
stitials that were formerly free resulting in a de-

crease in the mobile-ion content and in a lowering of
the energy barriers. Inversely, for 0 doping, inter-
stitials formerly taking part in aggregates are now
free but the energy barriers are higher. The distinct
behavior of the samples doped with Pb from the
samples doped either with Th or 0 is not at all
unexpected, since the nature (polarizability, valence)
of the dopant ion can affect the defect-defect in-

teraction and consequently the conductivity.
A phase transition around 300'C has been ob-

served in our conductivity results. There is a nega-
tive deviation in the conductivity curve, the activa-
tion energy changing from 0.389 in the low-

temperature range to 0.32 eV at temperatures higher
than 300'C. Thermal hysteresis is also observed.
The existence of this phase transition was confirmed

by differential thermal analysis (DTA). Data for a
K04Bio 6F2 2 sample were taken with a DuPont 990
Thermal Analysis System, 1600 DTA Cell and are
shown in Fig. 2. The sample was sealed in a plati-
num tube and the heating rate was 20'C/min. In
addition to the phase transition with a peak at
-300'C, weaker events at higher temperatures were
also observed.

Superionic conductors have been divided into two
classes, ' depending on whether they exhibit a first-
order transition (e.g. , Agl, YFs) where the conduc-
tivity increases by several orders of magnitude, or a
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DTA STUDIES
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FIG. 2. DTA data are plotted for both p-PbF2 (curves
1 and 2) and Kp4Bip 6F22 (curve 3), showing peaks below
the melting point which are attributed to disordering of
the F sublattice in both cases.
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diffuse transition as with the binary compounds
having the fluorite structure (p-PbF2, BaF2). In the
latter case the conductivity is continuous at the tran-
sition temperature, but the activation energy falls to
a value close to the values observed for superionic
conductors, i.e., 0.2—0.3 eV.

It is interesting to compare the results for
Ko 4Bio 6F2 2 with the results for compounds belong-
ing to the second class, particularly p-PbFq, since
this compound has the highest ionic conductivity at
RT and the lowest transition temperature of the
fiourite-structured binary compounds. DTA data
for a p-PbF2 sample (same conditions as for
Kp 4Bip 6F2 2) show a broad but well-defined phase
transition with a peak at 462'C (see Fig. 2) on
warming and at 428'C upon cooling. Since the
melting point of K04Bio 6F2 2 is considerably below
that of p-PbF2 one might expect the phase transition
to occur at a temperature low than 462'C. This was
found to be the case. In addition, the electrical con-
ductivity of K04Bio 6F2 2 is several orders of magni-
tude higher than the electrical conductivity of P-
PfB2 at lower temperatures (see Fig. I); this effect
can be attributed to the disordered structure of
Ko 4Bio 6F2 2 present even at low temperatures.
Also, the transition to the superionic state might be
expected to be rather muted as compared with p-
PbF2 because of the disordered nature of the low-

temperature state of the crystals.

NMR STUDIES

The ' F nuclear relaxation times T, and T2 (spin
echo) have been studied as a function of temperature
at an NMR frequency of 17.4 MHz. The results,
shown in Fig. 3, are seen to be qualitatively similar
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FIG. 3. Nuclear relaxation rates T~
' and T2

'
(spin

echo) for '9F in Kp4Bip6Fq2 are plotted on a semiloga-
rithmic scale vs T. The dashed curves are calculated as
described in the text.

to those reported for nominally pure PbF2 by Boyce
et al. and for Mn-doped PbF~ by Vernon et al.
As in these cases, most of the ' F relaxation
behavior in KBiF4 is attributable to slow-relaxing
magnetic impurities such as Mn + and Fe +. These
ions are stray impurities in our KBiF4 crystals,
where, for example, semiquantitative analysis shows
Fe to be present in the 1—10 ppm concentration
range, As detailed below, however, there are a num-
ber of contrasts between our results and those for
PbF2 which reveal surprising and important features
of the ionic conduction process in KBiF4.

We begin by discussing the (upper) curve of T2
'

vs T in Fig. 3. At the lowest temperatures
(T &300K) the T2 decay process is caused by

' F-
' F and to a lesser extent by ' F- Bi nuclear dipo-
lar interactions. The overall decay process is not ex-
ponential; the values plotted in Fig. 3 are from a
roughly exponential tail (t +ac) on th—e decay func-
tion. When the fluorine hopping frequency ~F

' be-
gins to exceed T2 (static), the ' F NMR line be-
comes motionally narrowed, with an exponential de-
cay constant
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T2
' ——((b,co) )rF, (3)

where ((b,co) ) is the dipolar second moment of the
line. To estimate T2 with Eq. (3) we may calculate
((bra) ) to good accuracy and estimate the hopping
frequency from the conductivity using the Nernst-
Einstein relation. Denoting the latter estimate ~p,
one has

wp~ ——Nd e /6okgT, (4)

where N is the volume density of F ions and d is
the jump distance, taken to be the F -F nearest-
neighbor distance.

For PbF2 the foregoing scheme leads to an excel-
lent estimate of the narrowed Tz behavior. For
KBiF4, however, the estimate of T2

' taking 'Tp=~p
[Eqs. (3) and (4)], shown as dashed line A in Fig. 3,
is grossly in error. Since we believe Eq. (1) to be
fundamentally correct, the error apparently lies in
assuming ~p ——~p . The sense of this error is such
that the conductivity greatly overestimates the hop-

ping frequency of the majority of F ions. It fol-
lows that the ionic conduction in KBiF4 is dominat-
ed by "easy" conduction paths which constitute only
a small fraction of the crystal volume. We also con-
clude that there is a wide distribution of jump fre-
quencies at any temperature.

Above T-500 K, values of T2
' in Fig. 3 are seen

to increase again, marking the onset of the magnetic
impurity-generated "encounter" relaxation process.
This process has been analyzed in detail by Vernon
et al. to be a function of the concentration c, spin-
lattice relaxation time ~,~

of the magnetic impurites,
the hyperfine coupling parameter' A, and the
fluorine hopping rate ~p '. At low temperatures the
encounter process is one in which the phase of
fluorine nuclear motion becomes totally "scram-
bled" each time it comes into a "cell" of sites sur-

rounding a magnetic impurity, so that (T2 ),„,be-

comes simply the average rate at which F ions en-

counter such a cell. Thus

(T2 '),„,=zclrF W,

where z(=4) is the cation coordination number of an
F site and 8' describes a geometrical effect
representing paths of motion which begin and end
on sites neighboring the same impurity. Vernon
et al. calculate z/W-1 for the fluorite lattice. As
temperature is increased, however, the hyperfine

coupling effect during the encounter eventually be-
comes "narrowed" by the shortness of ~p or w, ~

or
both and T2 again declines, as seen in Fig. 3.

We may apply Eq. (5) to the rising portion of the
T2 curve in Fig. 3 by again taking rF=rF [Eq.
(2)] and adjusting c to make a reasonable fit. The
result is dashed curve 8 in Fig. 3, which is seen to
have a roughly correct temperature dependence over
the range from 500 to 600 K. However, for this
curve c is only -0.3 ppm, which is roughly an or-
der of magnitude less than the known impurity lev-

el. This discrepancy supports our earlier finding
that rF~ overestimates the F hopping frequency by
an order of magnitude or more. By contrast, Eq. (5)
is found to give reasonable agreement with Mn-
doped PbF2. It is interesting to compare our T2

'

curve in Fig. 3 with that for Mn-doped PbF2 with
c=150 ppm (Ref. 7, Fig. 3). Both curves have
maxima at T-600 K, but differ in their peak values

by a factor of -30. The similarity of these curves
and the established linearity of (T2 ),„, with con-
centration again suggests a magnetic impurity level

c -5 ppm in our KBiF4 crystals, consistent with the
foregoing discussion.

The T, results were of excellent quality with pre-
cisely exponential decays extending over nearly two
decades. The variation of T& with temperature in

Fig. 3 appears to behave in a qualitatively similar
fashion to Mn-doped PbF2, but is actually quite
different in detail. The peak in T~ is rather muted
and does not reach the minimum value of T2 '.
This may be a consequence of the wide distribution
of ~p values inferred from the T2 results, which may
smear out the relatively sharp peak in T

&

' observed
for PbF2. It is also quite remarkable that the T~

'

curve becomes flat at low temperatures in contrast
with the sharp decline observed for Mn-doped PbF2.
A simple interpretation of this effect consistent with
the previous discussion would be that a minority of
rapidly moving F ions continue to have their nu-
clei relaxed by the encounter mechanism, communi-
cating this relaxation to the bulk by migrating
beyond the spin-diffusion barrier radius. ' It seems
unlikely that the conventional relaxation mechanism

by paramagnetic impurities' is important here in
view of its weakness in undoped PbF2, where the en-
counter mechanism effects are less than an order of
magnitude smaller than in the present work, but
low-temperature T&'s are more than 3 orders of
magnitude longer.
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