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The effects of temperature and hydrostatic pressure on the real (¢') and imaginary (€'’) parts of the static
dielectric constant of single crystals of PbF,, BaF,, SrF,, and CaF, were investigated. In all cases € decreases
with increasing pressure. However, unlike the alkaline-earth fluorides and other normal ionic dielectrics where
€' increases slowly with increasing temperature, €’ of cubic PbF, exhibits a relatively large decrease with
increasing temperature and obeys a Curie-Weiss law over a substantial temperature range. It is suggested that
this anomalous temperature dependence and the large value of € (=~ 30) are associated with a soft long-
wavelength transverse optic phonon, i.e., a ferroelectric (FE) mode, although the crystal remains stable with
respect to this mode down to the lowest temperatures. This is the first example of a soft FE mode in a crystal
having the relatively simple cubic fluorite structure. The measured isobaric temperature dependence of €’ is
separated into its pure-volume and pure-temperature contributions. For the alkaline-earth fluorides both
contributions are positive and additive, whereas for cubic PbF, the pure-temperature contribution is negative
and dominates the measured €'( T) response. This is attributed to the dominance of quartic anharmonicities
in this crystal—a circumstance similar to that in other soft-FE-mode crystals. The Szigeti effective charges
were calculated and the validity of the Lyddane-Sachs-Teller relationship was tested for all crystals. The
effects of the pressure-induced cubic (Fm3m-03) to orthorhombic (Pmnb- V }$) phase transition on the di-
electric properties of PbF, and BaF, were also investigated, and the possible lattice-dynamical origin of the
transition is briefly discussed. In PbF, the orthorhombic phase is recovered at ambient conditions after
releasing the pressure, and the effects of temperature and pressure on the dielectric properties of this phase
were investigated. Unlike cubic PbF,, the orthorhombic phase behaves as a normal ionic dielectric. At
T > 300°K the dielectric loss in both phases of PbF, becomes very large due to the high ionic conductivity of
the material. The activation energies deduced from the loss data are in excellent agreement with those

obtained from ionic conductivity measurements.

I. INTRODUCTION

This paper deals with the effects of temperature
and hydrostatic pressure on the dielectric prop-
erties of PbF, and the alkaline-earth fluorides
CaF,, SrF,, and BaF,. These crystals, which
crystallize in the cubic fluorite structure, con-
stitute an important class of relatively simple
ionic crystals whose optical and lattice-dynamical
properties are of much theoretical and experi-
mental interest. The dielectric constants play
an important role in these as well as most other
properties of these crystals. It is therefore nec-
essary to understand the dielectric constants and
their temperature and volume dependences interms
of the various mechanisms of dielectric polariza-
tion. Toward this end the combination of temper-
ature and pressure measurements makes it pos-
sible to separate the isobaric temperature depen-
dences of the dielectric constants into their ex-
plicit volume and temperature contributions. The
explicit temperature contributions arise from an-
harmonic effects, and, as we shall see, they play
an especially significant role in determining the in-
teresting properties of PbF,.

Apparently there are no previous measurements
of the static dielectric constant of PbF,. The pres-
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ent results show that, unlike normal ionic dielec-
trics, including the alkaline-earth fluorides, the
dielectric constant of PbF, increases with de-
creasing temperature and obeys a Curie-Weiss
law. It is suggested that this behavior and the
large value of the dielectric constant are associa-
ted with the existence in PbF, of a soft long-wave-
length transverse optic phonon, i.e., a ferroelec-
tric mode.

We measured the temperature and pressure de-
pendences of the static dielectric constants of the
alkaline-earth fluorides several years ago. The
results were not published since several papers
have since appeared on the subject.'”® However,
since there are substantial quantitative differen-
ces among the results of the various authors, we
shall give a brief account of our results here. An
additional and more important reason for present-
ing our results is that it is instructive to compare,
for possible systematic trends, the results on
PbF, and those on the alkaline-earth fluorides.
Such comparisons are made more meaningful by
minimizing systematic experimental uncertain-
ties—hence the desirability to compare results
obtained using the same experimental techniques.

It is known that the present crystals undergo
pressure-induced phase transitions from the fluo-
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rite to an orthorhombic phase. We have studied
the effects of this transition on the dielectric
properties of PbF, and BaF,. There appears to
be no such previous studies except for a brief ac-
count on BaF, by the present author.* In the case
of PbF,, the orthorhombic phase is recovered at
ambient conditions after releasing the pressure,
which allows one to investigate the temperature
dependence of the dielectric constant of this phase
over a wide range. Such results will be reported
here.

The paper is organized as follows: Sec. II de-
scribes the experimental details and Sec. III pre-
sents the results. These results and their inter-
pretation in terms of macroscopic and microscop-
ic models are discussed in Sec. IV, and followed
by a brief overall summary and conclusions in
Sec. V.

II. EXPERIMENTAL DETAILS

Single crystals of cubic PbF,, BaF,, SrF,, and
CaF, were purchased from Harshaw. Samples
were cut in the form of thin plates 0.5-1.0-mm
thick and 0.6-1.0 cm? in area and were generally
oriented with the thickness dimension along one of
the cubic axes. Chrome-gold or aluminum elec-
trodes were vapor deposited on the large sample
faces. Capacitance and dielectric loss measure-
ments were made in the frequency range 1 kHz-

1 MHz employing transformer ratio arm bridges
(General Radio Model 1615A or Hewlett-Packard
Model 4270A) equipped with three terminal con-
nections. Shielded leads and sample holders were
used.

Pressure measurements at and above room tem-
perature were performed in a 30-kbar (=3.0 GPa)
apparatus using a 50:50 mixture of normal- and
iso-pentane as pressure fluid. The general experi-
mental procedures have been given elsewhere.®

Measurements below room temperature were
performed in beryllium copper or maraging steel
cells mounted inside conventional low-temperature
Dewars. Helium gas was the pressure fluid, and
the pressure was measured to better than 1% by
either a Heise Bourdon tube gauge or a calibrated
manganin gauge. Temperature changes were mea-
sured to +0.10°K using Cu-constantan and Cu-AuFe
thermocouples.

The real (€’) and imaginary (¢”) parts of the di-
electric constant and their changes with tempera-
ture and pressure were calculated from the mea-
sured sample capacitance and loss by correcting
for changes in sample dimensions due to thermal
expansion and compression.® Values of the volume
compressibilities «k, evaluated from available elas-
tic constants ¢,;, and thermal expansivities g are

given in Table I. For BaF,, SrF,, and CaF, the
cy,’s at different temperatures have been reported
by Gerlich’ and Wong and Schuele.® These c;,;’s
yield the initial, or low pressure, k. At the rela-
tively high pressures reached in the present work,
it is necessary to account for the pressure depen-
dence of k. To do so Bridgman’s9 P-V data were
also used. It should also be pointed out that the
c”’s yield the adiabatic compressibility, whereas
the isothermal compressibility is needed. How-
ever, the small difference between the two values
is of no consequence for the present purposes.

For cubic PbF, the c;,’s at room temperature
were measured by Hart.!° The values of k at other
temperatures (in Table I) for this crystal are es-
timates based on the assumption that the tempera-
ture dependence of k is similar to that of BaF,,
SrF,, and CaF,. The volume change at the transi-
tion in PbF, can be deduced from the lattice pa-
rameters given by Schmidt and Vedam.!!

Values of g for BaF,, SrF,, and CaF, for tem-
peratures between 4 and 300 °K have been reported
by Bailey and Yates.'? For cubic PbF,, g was
determined between 75 and 300°K from x-ray lat-
tice parameter data obtained by Morosin.'

Apparently neither x nor g have been measured
for orthorhombic PbF,. Therefore we used the
values of the cubic phase in the present analysis.
One can readily show that uncertainties introduced
by the above approximations do not affect the main
conclusions of the paper.

III. RESULTS
A. Alkaline-earth fluorides

As mentioned earlier, the effects of pressure
and temperature on the static dielectric constants
of BaF,, SrF,, and CaF, have been reported by
others. Since our results on these crystals are
generally in agreement with some of the published
results, a brief account of the present results suf-
fices.

Figure 1 shows the temperature dependence of ¢’
of BaF, at 1 bar. The results are independent of
frequency in the 1-1000 kHz range and the dielec-
tric loss for the crystal used is very low, with
tan5<0.007 at room temperature. It is seen that
¢’ decreases smoothly with decreasing T and ap-
proaches 0°K with zero slope (9¢’/8T),, as it
must. This is the usual behavior for normal ionic
crystals. The data for SrF, and CaF, are quali-
tatively similar and in close agreement with those
of Lowndes,? and hence are not shown. The log-
arithmic temperature derivatives for all three
crystals are given in Table I and compared with
results from other authors.

Figure 2 shows the pressure dependence of €’ at
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TABLE L. Values of the volume thermal expansion (8) and compressibility (k) and the logarithmic pressure and
temperature derivatives of the capacitance (C) and dielectric constant (€).

T B K (d1nC/0P)p (8 1n€’ /8P)p (81nC/8T), (@1ne’ /3T p
Crystal (°K) (1073/°K) (10~%/kbar) (10™3/kbar) (1073 /kbar) (107%/°K) (1075/°K)
PbF, 16.3 ~0 1.53 ~10.75%0.35 -10.24 — 8.7£0.8 - 8.7
(cubic) 75.6 7.52 1.54 -10.22%0.30 - 9.71 —-36.0£0.6 —-38.5
180.0 7.51 1.59 ~ 9.60£0.30 — 9.07 —27.0£0.6 -29.5
295.0 7.50 1.65 — 8.60£0.30 - 8.05 -21.5%0.8 -24.0
PbF, 75.6 7.52 1.54 - 4.34%0.25° - 3.83 43.0£1.5 40.5
(ortho.) 290.0 7.50 1.65 — 6.30£0.30 - 5.75 51.5+2.0 49.0
BaF, 20.0 0.03 1.60 — 3.60£0.10 — 3.07 0.7%0.2 0.6
75.6 2.10 1.61 - 4.20%0.10 ~ 3.67 15.9£0.4 15.2
295.0 5.60 1.77 — 4.78%0.15 - 4.18 23.5£0.5 21.6
308.0 — 4.99° 23.1°
300.0 - 5.89¢ 24.4¢
298.0 - 4.854
STrF, 295.0 5.45 1.43 — 4.00%0.15 - 3.52 22.7£0.5 20.9
308.0 - 4.04" 22.8°
300.0 - 5.28¢ 24.7°
CaF, 295.0 5.70 1.22 — 3.65%0.15 - 3.24 26.6+0.5 24.7
308.0 - 3.78% 26.3°
300.0 - 4.37°¢ 24.8°¢
296.0 — 4.594
291.0 - 3.814

2 Slope at P>1.0 kbar. See Fig. 9.
b Data from Ref. 3.

295 °K for the three crystals expressed as frac-
tional changes in simple capacitance. The data
extend to much higher pressure than has been
reported, and it is seen that €’(P) for each crystal
is nonlinear over the pressure range covered. For
BaF, measurements were also made at 75.6 and
20.0°K but over a lower pressure range. The
initial (i.e., P—0) logarithmic pressure derivatives
are given in Table I and compared with those of
others. The present values are in close agreement
with those of Jones' and Andeen et al.’

The 295-K results on BaF, were extended
through the cubic - orthorhombic transition pres-
sure* and are shown in Fig. 3. This transition
is strongly first order (AV =~11%) with a large
hysteresis and has been discussed earlier.* As
shown below, PbF, exhibits a similar pressure-
induced transition.

B. Lead fluoride
1. Cubic phase

The temperature dependence of €’ at 1 bar is
shown in Fig. 1. Below ~230 K there is no fre-
quency dependence of €’ between 1 and 1000 kHz,
but strong frequency dependence is observed at

¢ Data from Ref. 2.
d Data from Ref. 1.

higher temperatures. In this high-temperature
regime the dielectric loss tané is also frequency
dependent and increases very rapidly with 7. This
is shown in Fig. 4, expressed as €” (=€’tans). It
is seen that €” increases exponentially with 7.

As will be discussed later, this increase in €’

and €” is attributed to dipolar contributions as-
sociated with the activation and formation of lat-
tice defects.

In Fig. 1 the 1-MHz curve represents the true
€’(T) response of cubic PbF, up to ~320 K. Un-
like the behavior of normal ionic crystals such
as BaF,, €’ of cubic PbF, increases with de-
creasing T and the magnitude of €’ is much larger
than for the other fluorides studied. The explana-
tion of these features is given in Sec. IV.

Figure 5 shows the pressure dependence of €’
at different temperatures measured either at 100
or 1000 kHz where €’ is independent of frequency.
The €’(P) responses are essentially linear over the
limited pressure range covered. The dielectric
loss also decreases with pressure.

Table I gives a summary of the logarithmic tem-
perature and pressure derivatives. Apparently
there are no previous measurements to compare
with.
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FIG. 1. Temperature dependence of the real part of
the static dielectric constant for cubic PbF, and BaF,.
Symbols represent the measured responses whereas the
solid lines represent the results corrected for the ther-
mal expansion of the samples. Also shown is the tem-
perature dependence of the inverse dielectric constant
for PbF,. Note that this response is linear between
~50 and ~ 270 °K.
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FIG. 2. Pressure dependence of the real part of the
static dielectric constant for cubic BaF,, SrF,, andCaF,.
Symbols represent the measured response whereas the
dashed lines represent the results corrected for the com-
pression of the samples.
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FIG. 3. Pressure dependence of the real part of the
static dielectric constant of BaF, showing the behavior
across the cubic-orthorhombic phase transition. Sym-
bols represent the measured response whereas the
dashed lines represent the results corrected for the
compression of the sample.

2. Cubic — orthorhombic transition

Figures 6 and 7 show the variations of €’ and
€” with pressure across the cubic -~ orthorhombic
phase transition at various frequencies. The
transition is first order. At 1 kHz the crystal
is very lossy in both phases, and the €’(P) re-
sponse in Fig. 6 is strongly influenced by the high
loss of the crystal. Also, since the transition
is reconstructive and accompanied by a large
decrease in volume (AV/V,~-10%), a very large
number of crystalline defects result. In fact,
the clear, transparent crystals become milky
white after going through the transition. Some
of the defects are apparently polar and mobile at
low frequencies in the orthorhombic phase re-
sulting in high values of €’. The large decrease
in €’ with pressure at 1 kHz in the orthorhombic
phase is most likely associated with some anneal-
ing of defects. In this region, and especially just
above the transition, €’ decreases with time at
constant P. At 1 MHz many of the polar defects
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FIG. 4. Temperature dependence of the imaginary
part of the dielectric constant measured at different
frequencies for both cubic and orthorhombic PbF,.

apparently become immobile, the dielectric loss
becomes much smaller, and the €’(P) response
approaches the true response of the material.
The transition exhibits strong kinetics effects.
At room temperature it initiated at pressures
between 3.93 and 4.75 kbar, depending on how
long the pressure is held constant in the vicinity
of the transition. The 3.93-kbar point was deter-
mined by increasing the pressure to this value
and holding it constant. The transition started
after about 20 min. The higher transition pressure
values were determined in the usual manner of
making the present measurements, namely, rais-
ing the pressure in steps (usually 0.1-0.3 kbar),
waiting 5-10 min at each step for the temperature
of the pressure fluid (pentane) to return to equili-
brium, and then taking the readings. These ob-
servations emphasize that the cubic phase exists
metastably over a wide pressure range.

3. Orthorhombic phase
As indicated in Figs. 6 and 7, the cubic -~ orthor-
hombic transition is not reversible, and the or-
thorhombic phase is recovered upon release of
the pressure. Recovered samples are stable and
their dielectric properties exhibit reversible and

318 |— PbF =
F T=163K CUBIC PHASE -

T=75.6K

30.2

DIELECTRIC CONSTANT - €'

T=29%.0K
2.0

PN I
0 0.4 0.8 L2 L6 2.0 2.4

PRESSURE (kbar)

FIG. 5. Pressure dependence of the real part of the
static dielectric constant at different temperature for
cubic PbF,. Symbols represent the measured response
whereas the dashed lines represent the results corrected
for the compression of the sample.

reproducible temperature and pressure changes.

The temperature dependences of €” and €’ of
orthorhombic PbF, at 1 bar are shown in Figs. 4
and 8, respectively. Below 300°K, €” is con-
siderably larger than in the cubic phase (un-
doubtedly owing to the large number of defects in
the recovered orthorhombic samples), and this
contributes to the much larger frequency depen-
dence of ¢’ in Fig. 8. In Fig. 8 the €’(T) response
becomes frequency independent above ~500 kHz,
and the 1-MHz curve should represent the true
response of the material.

In Fig. 8 a shoulder centered about 250 °K ap-
pears in the €’(T) response at 1 and 10 kHz. The
origin of this feature is not known, but it may be
associated with a dipolar impurity or defect. The
€”(T) data in Fig. 4 show that the shoulder is more
pronounced here and persists to over 100 kHz.

Comparing Figs. 8 and 1 shows that, unlike
cubic PbF,, the orthorhombic phase exhibits a
normal €’(T) response, i.e., € decreases with
decreasing temperature. The magnitude of €’ is,
however, still high.

Figure 9 shows the pressure dependence of €’.
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FIG. 6. Pressure dependence of the real part of the
static dielectric constant of PbF, showing the behavior
across the cubic-to-orthorhombic phase transition. At
1 kHz the crystal is very lossy and the 1-MHz data are
more representative of the real response of the crystal.
Symbols represent the measured responses whereas the
dashed lines (shown for the 1-MHz data only) represent
the results corrected for the compression of the sample.
Note that the transition is not reversible as evidenced by
the response on lowering the pressure (shown by the dot-
dash curve at 1 kHz).

At 290 K, €’ decreases with pressure as is the
case for normal ionic crystals. However, at
75.6°K, €’ first increases, goes through a broad
maximum at ~0.5 kbar, and then decreases. The
effects are reversible. The cause of the initial
increase and maximum is not understood.

The logarithmic temperature and pressure deri-
vatives of €’ for orthorhombic PbF, are summar-
ized and compared with those of the other crystals
in Table I.

IV. DISCUSSION

We now wish to examine the implications of the
results presented in Sec. III with special empha-
sis given to PbF,. We first examine the results
from a macroscopic point of view and then pro-
ceed to the microscopic aspects.

A. Macroscopic treatment

The isobaric temperature dependence of ¢’ for
cubic or isotropic substances derives from two

L

T T TTTT
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T
|
|
|
I

€

PRESSURE (kbar)

FIG. 7. Pressure dependence of the imaginary part
of the dielectric constant of PbF, at different frequencies
showing the behavior across the cubic-to-orthorhombic
transition. Note that the transition is irreversible.

contributions: (i) the contribution associated with
the change in volume V, i.e., the explicit-(pure-)
volume effect, and (ii) the explicit- (pure-) tem-
perature dependence which would occur even if the
volume of the sample were held constant. Writing
€’'=¢'(V,T) we can evaluate the two contributions
to the measured €’(T) over the whole range of the
measurements. To do so we write

(Aet) p == (Aeh) r +(Aeh)y, (1)

where in this notation (Ae¢?) is the measured
change in €’ on raising the temperature from 0

to T°K at 1 bar; (A€%), is the change in ¢’ caused
by raising the temperature from 0 to T °K at con-
stant volume, that being the volume of the sample
at 0K and 1 bar; —(Ae’), is the change in €’
caused by raising the pressure at constant tem-
perature T from 1 bar to a value P sufficient to
produce a volume change equal in magnitude to
that caused by raising the temperature from 0

to T°K at 1 bar. This last term is readily evalua-
ted from €’(P) data and the known g and «, and it
obviously enters with a negative sign since the
signs of B and k are normal for the crystals of
interest here, i.e., AV is positive on heating and
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FIG. 8. Temperature dependence of the real part of
the static dielectric constant for orthorhomic PbF, at
different frequencies. Dielectric loss is large at low
frequencies, and the 1-MHz curve is more representative
of the response of the orthorhombic phase. Data have
not been corrected for the thermal expansion of the
sample. Corrections would be quite small on the scale
of this figure (cf. Fig. 1).
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FIG. 9. Pressure dependence of the real part of the
static dielectric constant of orthorhombic PbF, at dif-
ferent temperatures measured at 1 MHz. Data have not
been corrected for the compression of the sample. Cor-
rections are small (cf. Fig. 5).

negative on compression. Figure 10 shows the
results of the analysis for cubic PbF, and BaF,.
The results clearly show the marked contrast be-
tween PbF, and BaF, which qualitatively typifies
the other alkaline-earth fluorides and other nor-
mal dielectrics. For BaF, both the pure-volume
effect —(A€’), and the pure-temperature effect
(A€%), are positive and add to yield the measured
isobaric change in €’. For cubic PbF,, on the
other hand, the two effects are of opposite sign
and act to cancel each other, but the pure-tem-
perature effect dominates the observed isobaric
decrease of €’ with increasing 7.

The results can be examined from a more fun-
damental viewpoint. The dielectric constant is
determined by the electrical polarizability of the
medium, and for a cubic or isotropic crystal the
macroscopic Clausius-Mossotti relationship

(€' =1)/(e'+2)=(§m)(a/V) (2)

holds.!*!® Here « is the total polarizability of a
macroscopic small sphere of volume V. The log-
arithmic temperature and pressure derivatives
of Eq. (2) at constant pressure are:

-0.2 1 | 1 | 1

P — T T T T | —
PYF,
(CUBIC)

Ae’

|
0 100 200 300

TEMPERATURE (K)

FIG. 10. Separation of the measured change in the
real part of the static dielectric constant with tempera-
ture (Aeg)p into its pure-volume — (A¢) 7 and pure-tem-
perature (A€7)y contributions for cubic PbF, and BaF,.
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3¢’ (am<'>
(e¢/'=1)(e’+2) \ aT /p
_ aln o dlna
‘-B*‘ﬁ(amv),*(a—T)w ®

(s’—i;(ls'+2) (alan;,>r=x— K(::Eﬁ) . (4)

The left-hand sides simply represent the fraction-
al changes in the quantity (¢’ - 1)/(e’ +2) and the
interpretations of the various contributions to
Eqgs. (3) and (4) have been presented earlier.®'!*

All quantities in Eqgs. (3) and (4) are known or
can be evaluated except (31na/d T),, which is
then determined by substitution.

volume effect in causing € to increase with 7. For
cubic PbF,, on the other hand, (8lna/87T), is neg-
ative and is responsible for the observed anom-
alous decrease of €’ with increasing T.

The total macroscopic polarizability o arises
from two different contributions—an electronic
contribution o, and an ionic (infrared) contribu-
tion o, —and we can write®

a=a, + . (5)

a,, is related to the high-frequency dielectric con-
stant €. (=n®, where » is the refractive index in
the limit of long wavelengths) by the Lorentz-Lor-
enz equation

. . . €.—1 _n’-1_ 4n(a)
Values for each quantity are given in Table II cv2 iz 03 ( V) , (6)

for the crystals of interest. The fact that ¢’ de-
creases with pressure clearly shows that the
change in polarizability with volume, i.e., the
contribution -x(81na/8IlnV),, dominates the pres-
sure dependence of €/, since the change in density,
i.e., the contribution k, would make ¢ increase
with pressure. The results in Table II make this
conclusion quantitative. We also note that (olna/
8lnV), is ~1-2 for all of these crystals as has
been found to be the case for many other ionic
crystals.5-14.16

For the temperature dependence of ¢/, the two
volume-dependent contributions, —g and g(dlna/
dlnV), have opposite signs, but their sum, i.e.,
the total volume-dependent effect, is positive for
all the crystals; again emphasizing the dominance
of the change of o with volume. The pure-tem-
perature contribution (8lna/ 8T), is also positive
(except for cubic PbF,), and it enhances the total

which is applicable to cubic crystals. This is of
the same form as Eq. (2). From Eq. (5) it follows
that

alna> - c_x_‘,_l_<31nal> +gu_<3lna|> M
dlmV/, a \dnV/, o \adlmv/,’

(81na> =_oz_ﬁL<alnozl +_gm<8lna| (8)
8T /y a \ 8T /, a \ 08T /,°

To evaluate the various contributions in Egs. (7)
and (8), the temperature and pressure dependences
of n are needed. The pressure dependence of »
has been reported for CaF,, BaF,, and cubic PbF,
by Schmidt and Vedam,'* and the temperature de-
pendence of n is known for CaF,,'” and cubic
PbF,.'® The results, summarized in Table III,
allow us to assess the relative importance of the
electronic and ir terms in Eqgs. (7) and (8) for this

TABLE II. Various contributions to the pressure and temperature dependences of the static dielectric constant

according to Egs. (3) and (4).

9lne’) ® <alna 31n€'> a 3lna\ (dlna
K* =_ K = _ 9lne)  (dlno
T (ap >T o1V /g <alna> T /p B ewv )t \Car ),
Crystal  (°K) 134 (10™4/kbar) (107%/kbar) (10~%/kbar) \81nV /p  (107%°K)  (107%/°K) (10~5/°K) (10~%/°K)
PbF, 4.0 31.73 - 94 = -247 + 15.3 1.62 ~0 = 0 0 0
(cubic)  16.3 31.72 - 94 = -247 + 153 1.62 -0.83 = ~0 + ~0 - 0.83
75.6 31.36 - 9.0 = -244 + 154 1.58 -3.58 = -7.52 + 11.90 — 7.96
180.0 30.24 - 87 = -24.6 + 159 1.55 -2.84 = -7.51 + 11.62 — 6.95
295.0 29.30 - 80 = -245 + 165 1.48 -2.38 = =7.50 + 11.12 - 6.00
PbF,® 75.6 33.6 - 33 = -18.7 + 154 1.22 3.50 = -7.52 + 9.17 + 1.85
(ortho.) 290.0 37.3 - 45 = -21.0 + 16.5 1.28 3.85 = -7.50 + 9.60 + 1.75
BaF, 20.0 7.00 -12.0 = -28.0 + 16.0 1.75 0.23 = -0.03 + 0.05 + 0.21
75.6  7.03 -14.2 = -30.3 + 16.1 1.89 590 = -2,10 + 3.96 + 4.04
295.0 17.34 -15.,5 = =33.2 + 17.7 1.88 8.03 = -5.60 + 10.50 + 3.13
SrF,  295.0 6.48 -14.7 = -29.0 + 14.3 2.03 8.76 = -5.45 + 11.05 + 3.16
CaF, 295.0 6.81 -12.9 = =251 + 12.2 2.06 9.86 = -5.70 + 11.73 + 3.83

3 K*=3¢€'/(e' - 1)(€’ +2).
b Values of B and k assumed to be the same as for the cubic phase.
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TABLE III. Values at 295 °K of the refractive index
(n) and high-frequency dielectric constant (€. and its
logarithmic pressure and temperature derivatives.

(1n€/0P); (91ln€/3T)p
Crystal 7 €o  (107%/kbar)  (107°/°K)
PbF, 1.754 3.076 8.782 -2.83°
CaF, 1.434 2.056 3.40% -0.84°¢
BaF, 1.472 2.167 8.70 2 es

2 Values calculated from data in Ref. 11.
b Values calculated from data in Ref. 18.
¢ Values calculated from data in Ref. 17.

class of materials.

The quantities (3lna,,/8InV), and (3lna,,/87),
are determined from Eqs. (3) and (4) with €’ and
a replaced by €, and a,,, respectively. The var-
ious contributions in Egs. (7) and (8) are then
readily determined and are given in Table IV. It
is clear from the results that the quantities (8lna/
8lnV), and (8lna/87), are predominantly deter-
mined by changes in «,,. By comparison, effects
due to changes in o,, are negligible to a first ap-
proximation. This conclusion seems to be char-
acteristic of most ionic crystals.5:*4-16

The volume contribution to €’(T) [8(3lna/
8lnV) ], which as seen above is largely due to the
infrared term, is positive and dominates the pure-
volume effect in all cases. It is in absolute mag-
nitude generally the largest contribution to the T
dependence of €’ (Table II). The positive sign of
(8lna,,/81nV), can be understood on simple argu-
ments. For a classical ionic model, «,, is in-
versely proportional to the restoring force be-
tween ions.®!* Asg the lattice expands, the restor-
ing force decreases and, therefore, a,. increases
so that (8lna,,/8InV), is positive. This is the rea-
son why €’ decreases with increasing pressure for
all the crystals of the present interest (see Tables
II and IV).

As can be seen from Table II, the pure-tem-
perature effect (8lna/8T), is positive for all the
crystals except cubic PbF,. This effect, which
according to Table IV is strongly dominated by
(8ln a“/ 9T),, arises from anharmonic lattice ef-

fects. For a harmonic lattice, the restoring force
constant is independent of amplitude and o, is
thus independent of temperature, so that (3lnc,,
97T), =0. Anharmonicities on the other hand, cause
the restoring force and hence o, to be amplitude
or temperature dependent. For the treatment of
such anharmonicities we must resort to the theo-
ry of anharmonic lattice dynamics.

B. Lattice-dynamical treatment
1. Harmonic model result
Results of harmonic lattice-dynamical treat-
ments, such as the modified rigid-ion and shell

models, allow us to express the static dielectric

constant of a cubic ionic crystal of the MF, type
aslen20

,_ 4n(Z,Z,e*?) (_1_ 1 (e_,+2 2
et vuh m, | 2m? 3 ) ’
(9a)
= €Lt o, (9b)

where € is the high-frequency dielectric constant,
v is the volume per molecule, w, is the strictly
harmonic long-wavelength (q=0) transverse-optic
(TO) mode frequency, i.e., the ir resonance fre-
quency,? Z, , and m, , are the ionic valences and
masses of the metal and fluorine ions, respec-
tively, and e * is an effective ionic charge. In Eq.
(9) €. is determined solely by the electronic po-
larizabilities of the ions, whereas the second con-
tribution designated by 7, represents the lattice
contribution which is associated with the polar
(transverse) displacements of the positive and
negative ions.

Since real crystals are never strictly harmonic,
Eq. (9) has to be applied with caution. At very
low temperatures the only anharmonicities con-
tributing to the measured vales of €’ and wy are
those associated with zero-point motion, and for
most ionic crystals these are quite small.?* Thus,
to a good approximation, the measured values of
€’ and wy, can be taken to represent the strictly
harmonic values, and Eq. (9) can be used directly
(e.g., to calculate e*, as discussed later).

At high temperatures lattice anharmonicities

TABLE IV. Separation of the total polarizability « and its logarithmic volume and temperature derivatives into their

electronic and lattice (ir) contributions at 295 °K.

(a lno\ _aefdlnaq) @ir(dlnoy
8T Jy a\ oT Jy « oT /vy

9y Oir (8 lna) _ Qe d1lnayg + <81nai,
Crystal a a 3nV/y a\dlnV /p dlnV /g (107%/°K) (1075/°K) (1073/°K)
PbF, 0.46 0.54 148 = 025 1.23 -6.00 = —0.67 - -5.33
CaF, 0.39 0.61 206 =  0.23 1.83 3.83 = -0.05 + 3.88
BaF, 0.41 0.59 1.88 =  0.14 1.74
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contribute significantly to the measured tempera-
ture dependence of €’ for the crystals of present
interest. This is especially so for cubic PbF,.

2. Anharmonic model results

A detailed theoretical treatment of the anharmon-
ic contributions to the dielectric constant of ionic
crystals has been given by Szigeti!® and more re-
cently by Cowley.?® By expanding the potential
energy and dipole moment as power series in the
ionic displacements Szigeti showed that €’ can be
written

€ =€, +n+G, (10)

where 7 is the quasiharmonic contribution and G
represents the anharmonic contribution. G is a
function of the phonon frequencies, phonon occupa-
tion numbers, and normal-mode coordinates. By
considering n and G to be unique functions of vol-
ume and temperature, respectively, Szigeti showed
that for temperatures above the Debye tempera-
ture, ©,, G is given by

G=T<8_(€’a;_€~))v, (11a)
o3,
- - 2)(559) (t1c)

where Eq. (11b) follows from the results in Tables
I-1V, and Eq. (11c) follows readily from Eq. (2).
G is then readily evaluated from the results in
Table II.

By treating 7 as a unique function of volume, 7
acquires a temperature dependence since the vol-
ume is a function of temperature via the thermal
expansion. This leads to a change in n, An,,
over and above its strictly harmonic value. This
is a quasiharmonic contribution, and for 7>©,
it is given by*®

AﬂTEn(VT)— n(Vo); (12a)
_ B’ —¢€)
—-—TK<——————~6P )T, (12b)
~_pB (3
__TK<8P)T’ (12¢)

where the last approximation follows from the data
in Tables I and III.

Table V shows the various contributions to €’
according to Eq. (10) for the various crystals at
295 °K expressed as fractions of the lattice con-

0

(i) the electronic

to the lattice contribution to €’; (ii) the strictly harmonic (7)), the quasiharmonic (1) and anharmonic (G) contributions to the

q

Also given are:

roand w; ) for a number of crystals having the cubic fluorite structure.

TABLE V. Values at 295 °K of the Debye temperatures (®p), dielectric constants (€’ and €.), lattice parameters (a), inverse reduced mass (#), and the

transverse and longitudinal optic mode frequencies (w

enhancement factor [4(€.q+2)]?

lattice contribution to €’; (iii) the Szigeti effective charge ratios e*/e; and (iv) a test of the Lyddane-Sachs-Teller (LST) relation (last two columns).

o)

Wi
@TO
10.17

exfe €'[€, (

wWio
(em™)

Wro
(em™)

#—1
(1022 g-l)

)

S

—eoo>
—0.197 5.940

) G

Ang r
— €. e "€, (34
0.120

(€o+2)]? (?

(5

(54 € €}

(°K)

Crystal

10.90
3.05
3.35
3.04
3.16
3.18
3.36

9.51
3.38
3.13
3.31

0.86

0.94
0.91

0.92
0.88

338%
337"
3302
344 ¢
3822
395°¢
474

482 ¢

1062
102°
1892
188 ¢
2192
222 €
2662
263 €

1.88
2.02
2.27
3.08

0.032 5.860

0.036 6.184
0.040 5.450

1.197
0.964
0.968
0.960

0.054
0.058
0.064

1.077
0.910
0.910
0.896

2.87
1.93
1.84

.83

26.22
5.17
4.41
4.75

3.08
2.17
2.07
2.06

29.30
7.34
6.48
6.81

217
280
380
500

PbF,
Ban
SI‘FZ

2 Data from Ref. 28.
b Data from Ref. 29.
¢ Data from Ref. 2.

CaF,
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tribution to €’, i.e., (¢’ - €,). It is seen that
295°K is greater than ©, for PbF, and BaF,, and
for these crystals the approximations leading to
Egs. (11) and (12) for G and A7, should be reason-
ably valid. For SrF, and CaF,, on the other hand,
295°K < ©, and the results in Table V should be
considered as approximate only.

As can be seen from the results in Table V,
for the alkaline-earth fluorides at room tempera-
ture the quasiharmonic effects represented by
Ang and the higher-order anharmonicities repre-
sented by G contribute about (5-6)% and (3-4)%,
respectively, to the lattice contribution to €’.
Both of these contributions are positive and en-
hance the strictly harmonic contribution 7,. Fur-
thermore, the quasiharmonic approximation is
quite good for these crystals. This is also found
to be the case for other normal ionic crystals such
as the alkali halides.’® On the other hand, for cu-
bic PbF, both An, and G are much larger; specif-
ically, G contributes about 20% to the measured
€’ - €,, and it is negative, thus acting to reduce
the harmonic contribution. The magnitude of G
here is such that it more than negates the positive
quasiharmonic shift, and it is responsible for the
decrease of €’ with increasing 7. In this regard
the behavior of cubic PbF, is qualitatively similar
to that of the cubic thallous halides® and other weak
soft TO mode crystals.?

The sign of G, or alternatively (8lna/a7T),, can
be understood in terms of the different contribu-
tions to G.'®'2*2* To first order, it is found that
G consists of two terms. The first is a negative
contribution arising from quartic anharmonicities,
and the second is positive (at low frequencies) and
arises from cubic anharmonicities. The fact that
G is strongly negative for cubic PbF, indicates
the dominance of the quartic anharmonicities in
this crystal. This is the case for crystals with
soft TO modes.

It is of interest to recall that for the high-pres-
sure orthorhombic phase of PbF, (8lna/87T),, and
hence G, is positive. Earlier work on the alkali'*
and thallous® halides showed that the sign of G is
crystal structure sensitive, being positive for
those crystals having the NaCl structure and
negative for crystals with the CsCl structure. A
possible explanation was based on the finding that
the cubic anharmonicity (which as seen above leads
to a positive G) is structure sensitive and decrea-
ses as the number of nearest neighbors decrea-
ses.'® Clearly this explanation is not valid for
PbF,, and, furthermore, it is orthorhombic and
not cubic PbF, which has the same sign of G as
the cubic alkaline-earth fluorides. Thus, crystal
structure is not the dominant factor in determining
the sign of G for these materials.

3. Magnitude of the dielectric constant

As seen earlier (cf Table II) €’ of the alkaline-
earth fluorides falls in the range 6-8 whereas €’
for PbF, is 4-5 times larger. What is the origin
of this large €’ for PbF,?

Without being concerned about anharmonic effects
for this purpose, it is seen from Eq. (9) that €’ is
given by the sum of an electronic contribution €,
and a lattice contribution 1, (which may also be
designated by €}). We also note, as was first em-
phasized by Szigeti,'® that the electronic polariza-
bilities of the ions influence 7, in two different
ways: first, via the effective ionic charge e*—a
short -range effect, and secondly, via the factor
[$(€.+2)]? which arises from long-range interac-
tions between electronic and ionic displacements.

Table V compares the two contributions to €’ for
cubic PbF, and the alkaline-earth fluorides. For
the latter crystals values of €; are about 2-3 times
€., a circumstance similar to that for many nor-
mal ionic crystals such as the alkali halides. For
PbF,, on the other hand, €} dominates €’ by far.
Unusually large values of €; can arise in two dif-
ferent ways (e* is always <e, the electronic
charge): (i) a large value of the electronic enhance-
ment factor [3(e.+2)]?, or (ii) an abnormally small
value of the resonance frequency wr as in the
case of soft-mode materials. Values of [3(e. +2)]?
and wy, are listed in Table V. Although [3(e.+2)F
is somewhat larger for PbF, than for the other
crystals, it is clearly the much smaller wq, that
is responsible for the large €;, and hence €', of
PbF,.

4. Curie-Weiss €'(T) dependence for cubic PbF,

The €’(T) response of cubic PbF, in Fig. 1 can
be well represented between ~50 and 275 K by a
Curie-Weiss law of the form

€=C/(T -T,) (13)

with C=9.29 x 10* °K and T,= -2890 °K. This be-
havior is generally associated with the tempera-
ture dependence of €’ of ferroelectrics or incipient
ferroelectrics above their Curie points, i.e., in
the paraelectric phase, and usually foreshadows

a transition to a ferroelectric phase. Of course,
in the present case T, is large and negative and
there is no transition. Nevertheless, we believe
that the relatively high €’ and its Curie-Weiss be-
havior in cubic PbF, are associated with the exis-
tence of a soft long-wavelength TO mode (i.e., a
ferroelectric mode) in this crystal. Cubic PbF,
can then be classified as an incipient displacive
ferroelectric as are the cubic thallous halides'®:?s
and TiO,.*? In fact there is a striking resemblance
between the €’(T) response of these latter crystals
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and PbF,.

Thus, on the basis of the present work, it is
predicted that the ir resonance frequency wyo of
cubic PbF, should increase with increasing tem-
perature, unlike the behavior of normal dielec-
trics. This is because in the soft-mode theory
€’(T) is related to wpo(7) by

wioexcl/e’« T - T,. (14)

Unfortunately, the T dependence of wy for cubic
PbF, apparently has not been measured so that we
cannot test this prediction. However, we can es-
timate the magnitude of the effect from the €’ (T)
data since from Eq. (14) it follows that

dlnwro\ . (dlne’)

At 295 °K (3lne’/87T)p = -2.4 X 10™ per °K, so that
(8lnwyo/8T)p=~ +1.2X 10" per °K. This is a small
change, but it is within the resolution of careful
ir and neutron spectroscopy measurements, and
it is of the same magnitude as the (3lnwg,/37),
~1.4x 10™ per °K observed for T1Br at 295 °K.25
For comparison purposes, wqo decreases with in-
creasing T for the alkaline-earth fluorides, e.g.,
(8lnwyo/8T)p~ -1.3 X 10™ per K for BaF, at

295 °K.2

* The pressure results also support the conclusion
that there is a soft (=0) TO mode in cubic PbF,.
As can be seen from Table I, the magnitude of the
pressure derivative dlne’/dP increases with de-
creasing T for PbF,, unlike the behavior of BaF,
which is typical of normal ionic crystals. The be-
havior of PbF, is typical of crystals with soft TO
modes and can be readily understood in terms of
soft-mode theory, as has been discussed else-
where.?

5. Effective ionic charge e *

In an ideal crystal consisting of deformable ions
which do not overlap, the individual ions can be
expected to carry their formal charges Z,e. In
real crystals, however, ions overlap, and the con-
cept of an effective charge e* was first introduced
by Szigeti'® to account for the polarization effects
associated with this overlap. The concept arises
in a natural way in lattice-dynamical models such
as the shell model.?® It should be noted that vari-
ous forms of the expression for e* are in use.?’
For the present purposes we shall as is most gen-
erally the case calculate the so-called Szigeti ef-
fective charge defined by Eq. (9). We emphasize
that this is a “transverse” effective charge in that
it relates to a transverse TO mode.

In the absence of anharmonicities e* can be cal -
culated directly from Eq. (9) since all other quan-
tities in this equation are either known or mea-
surable. For the alkaline-earth fluorides €’, e,
v, and wgo are known at 4 °K, and values of e*/e
have been reported (see, e.g., Ref. 2). For these
crystals, Eq. (9) is also a good approximation at
room temperature, since, as we have seen earli-
er, the anharmonic effects are relatively small.
In practice there is another justification for using
Eq. (9) at high temperature provided that the mea-
sured values of the various quantities at the ap-
propriate temperature are used. This is because
the quasiharmonic and anharmonic contributions
to €’ are reflected to a large degree in changes in
v and wpo. This is especially the case in soft-
mode crystals such as cubic PbF,.*? Here, as
we have seen, €’~1/w2, and anharmonic contri-
butions to €’ should be reflected faithfully in wq,
and e* can then be calculated reasonably accurate-
ly from Eq. (9).

Table V summarizes the various appropriate
quantities and the calculated values of e*/e at
295 K for the crystals of interest. These values
were calculated from Eq. (9) using the measured
values of all the parameters at 295 °K. For the
alkaline-earth fluorides the values of e*/e at 4 °K
reported by Lowndes® are systematically slightly
lower than our 295 K values. However, the un-
certainties in the measured values of €/, €,, and
wpo make the differences in the e*/e values at the
two temperatures well within experimental uncer-
tainty. For PbF, our value of e*/e at 295 K is
0.94. This is based on the Denham et al.2® value
of 106 cm™ for wy,. If instead we use the earlier
value of Axe et al.?® 102 cm™, we obtain e*/e
=0.91. Earlier, Axe et al.,” using calculated val-
ues of €’ and €, and the measured wyo, =102 cm™,
reported e*/e=0.81.

It is interesting to note that the above values of
e*/e are of the same magnitude as those for the
alkali halides.'®’3° The theoretical interpretation
of the deviation of e*/e from unity in terms of the
various contributions to this deviation has been at-
tempted for the alkali halides by several au-
thors.?6:3%:3! The results show that less than one-
half of the deviation results from electronic dis -
tortions associated with the overlap of adjacent
ions and that the remainder is associated with
Coulomb (long-range) interactions which can in-
duce multipole distortion of the ions. The situa-
tion is most likely qualitatively similar for the
present fluorite crystals, but apparently no speci-
fic theoretical treatments have been attempted.
Such treatments have to be based on a detailed
knowledge of the electronic structure of the vari-
ous ions.
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6. Lyddane-Sachs-Teller relation

An important and useful relationship for ionic
crystals is the Lyddane-Sachs-Teller (LST) re-
lation. It relates the dielectric constants €’ and
€, to the zone-center longitudinal (LO) and trans-
verse (TO) optic phonons. In the absence of damp-
ing, the LST relation for a cubic crystal with one
TO and one LO mode (which is the case for the
present crystals) is

€ /€, = (w0/Wpo)*- (16)

This equation is derived in the harmonic approxi-
mation, but in practice it is found to hold well for
crystals with considerable anharmonicities, e.g.,
soft-mode ferroelectrics. This is because the
measured €’s and the frequencies are effectively
renormalized by the anharmonicities and repre-
sent the true response of the crystal.

Table V compares measured values of €’/e
at 295 K with values calculated from the measured
frequencies via Eq. (16). It is seen that for the
four crystals Eq. (16) is generally valid to about
10%. Unfortunately there are substantial differen-
ces in the frequencies reported by the different
authors, and these also lead to variations up to
~10% in the calculated €’/e,, for each crystal.
Nevertheless, some qualitative remarks can be
made about the results in Table V. The calculated
ratio (w;,o/wr)? appears to be less than or equal
to the measured ratio €’/¢, for the alkaline-earth
fluorides, but the opposite is true for PbF,. This
observation stands out if we emphasize the Den-
ham et al.?® values of the frequencies. These au-
thors reported w; o and w;, for all four crystals,
and this should minimize systematic differences
in these quantities.

A likely explanation for the large calculated ra-
tio (wyo/wpo)? for PbF, is the presence of rela-
tively large damping in this crystal.?®?® In the
presence of damping the LST relation involves the
magnitudes of the complex frequencies rather than
the real parts,®32 and this tends to reduce the cal-
culated ratio and bring it closer to the measured
ratio €’/e...

C. Phase transition

It has long been recognized that, in addition to
the eight-coordinated cubic fluorite phase (Fm3m -
03), PbF, can also exist at normal conditions
in the orthorhombic a-PbCl,-type structure
(Pmnb-V33) which is a quasi-nine-coordinated
structure —each Pb ion has nine near, but not equi-
distant, F neighbors. In both phases there are
four molecules per unit cell, but there is an ~10%
increase in density’! on going to the orthorhombic

phase. The orthorhombic phase should then be
the favored form at high pressure, and a pressure-
induced transition from cubic to orthorhombic can
be expected. Such a transition does indeed occur,
as we have seen earlier. The transition was first
observed by Schmidt and Vedam!! who reported
a transition pressure of 4.8 kbar at 295 °K. Kes-
sler et al.®® reported the Raman spectrum of the
high-pressure phase and confirmed that the struc-
ture is indeed orthorhombic a-PbCl, -type.

Similar pressure-induced transitions occur in
the alkaline-earth fluorides.** Of these, the best
characterized transition is that in BaF, which oc-
curs at ~27 kbar at 295°K.* It has been suggested*
that this transition may in part be associated with
the softening of the [110] transverse acoustic (TA)
phonon branch. More recently, shell-model cal -
culations®® of the dispersion relations of cubic
PbF, showed that the TA mode frequencies along
the major directions were imaginary at large wave
vectors. These results of course simply indicate
that the model and parameters used did not lead to
a stable lattice. However, we know that cubic PbF,
is metastable or just barely stable at normal con-
ditions. This suggests that the calculations may
not be far wrong, and, in any case, the calcula-
tions along with the experimental results suggest
the desirability of examining the pressure depen-
dence of the phonon dispersion curves of PbF,.

As expected, the properties of the transition
in PbF, and BaF, are very similar. In BaF, the
cubic and orthorhombic phases coexist over a
wide pressure range (see Fig. 3), and PbF, has
the additional feature that the orthorhombic phase
is recovered after releasing the pressure. Fig-
ure 11 shows that the cubic - orthorhombic transi-
tion pressure, P,, for PbF, decreases with in-
creasing T, but the transition cannot be induced
by increasing T alone at 1 bar. Because of the
irreversibility of the transition each datum point
in Fig. 11 is from a separate sample. The results
in Fig. 11 are qualitatively similar to those re-
ported earlier® for BaF,, and it can be anticipated
that the more complete P-T phase diagram for
PbF, is also qualitatively similar to that proposed
for BaF,.*

Assuming the measured dP,/dT for the transition
is close to the equilibrium value, it follows that the
Clapeyron equation dP,/dT = AS/AV holds. Here
AS and AVarethe discontinuous changes in entropy
and volume at P,. For PbF,at 295 °Kwe estimate AV
=~ _0.0126 cm®/g from Schmidt and Vedam’s'! lattice
parameter data (assuming that the compressibilities
of the two phases are the same) and from Fig. 11
dP,/dT =~ -36 bar/°K. Using these values in the
above equation yields AS= 2.6 cal/gmole °K. The
corresponding quantities for BaF, are quite com-
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FIG. 11. Temperature dependence of the cubic-to-or-
thorhombic transition pressure for PbF,. Shaded region
denotes the range of transition pressures observed.

parable and are*: AV = —0.022 cm?®/g, dP,/dT
~ _26 bar/°K, and AS= 2.4 cal/g mole K.

Although the dielectric constant €’ increases by
40% in PbF, and by 34% in BaF, at the cubic~ or-
thorhombic transition, examination of these chan-
ges in conjunction with Eq. (2) and the known vol-
ume changes at the transition reveals that the to-
tal polarizability o decreases by 5.5% in PbF,
and 1.5% in BaF, on going to the orthorhombic
phase. These findings can be qualitatively under-
stood on the basis that the polarizability of a group
of ions can be expected to decrease as the volume
available for ionic displacements decreases, and,
furthermore, for a given decrease in volume, the
decrease in o can be expected to be larger the
larger the initial a.

D. Frequency-dependent effects in PbF,

In addition to electronic and ir polarization,
another important possible contribution to the stat-
ic dielectric properties of a substance is dipolar
polarization associated with either permanent di-
poles (not present in the crystals of interest here)
or dipoles produced by impurities and lattice de-
fects. These contributions are not completely in-
dependent; however, they exhibit different fre-
quency responses. At very low frequencies all
three processes contribute, whereas at optical
frequencies only the electronic polarization con-
tributes. Since in the present work we are dealing
with measuring frequencies orders of magnitude
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below the ir resonance frequency, the strong fre-
quency and temperature dependences of €’ and €”
of PbF, observed at the higher temperatures in
Figs. 1, 4, 7, and 8 can be attributed to dipolar
effects. These effects are not seen in the alkaline-
earth fluorides over the range of temperatures (up
to 350 °K) covered in the present work, but can

be expected at higher temperatures. The reason
why these dipolar effects are quite large for PbF,
(both phases) at 300 °K can be attributed to the
fact that this crystal is already a good ionic con-
ductor at this temperature, with conductivity
(~10"% Q' cm™) orders of magnitude larger than
for the other crystals.

The dipolar effects of interest here are con-
trolled by the formation and motion of defects, and
these are activated processes. At sufficiently
high temperature the dielectric loss becomes dom-
inated by the conductivity o of the sample and is
given by®

tand = €"/€’ =4no /€' w, (17)

where w is the measuring frequency, and o can
be written

o=0,e /AT, (18)

where E is the activation energy.
Figure 12 shows €” vs 1/T for cubic PbF,. It
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FIG. 12. Imaginary part of the dielectric constant of
cubic PbF, as a function of inverse temperature. €” is
directly related to the conductivity of the sample, and
the slopes yield the activation energies.
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is seen that the data exhibit the frequency and
temperature dependence expected from Eqgs. (17)
and (18). Above ~310°K the response is linear
with E =0.72 eV at 1 bar. This is in excellent
agreement with the activation energy determined
from ionic conductivity measurements in the same
temperature regime.**” A more detailed in-
vestigation of the effects of pressure on the ionic
conductivity of both phases of PbF,, including the
behavior at the transition, will be presented else-
where.?"

V. SUMMARY AND CONCLUSIONS

The main results and conclusions of the present
work can be summarized as follows.

(a) Analysis of the temperature and pressure
dependences of the static dielectric constants,
€’, of the alkaline-earth fluorides and PbF, shows
that the quasiharmonic approximation is quite
good for the alkaline-earth fluorides but that an-
harmonicities (quartic) dominate €' (T) of cubic
PbF,.

(b) These anharmonicities cause € of cubic
PbF, to increase with decreasing T and obey a
Curie-Weiss law over a substantial temperature
range. We attribute this behavior and the rela-
tively large €’ of this crystal to the existence of
a soft ferroelectric mode.

(c) For the orthorhombic phase of PbF,, €
decreases with decreasing T as is true of normal
ionic crystals.

(d) Although €’ increases by 40% in PbF, and

by 34% in BaF, at the pressure-induced cubic
~orthorhombic transition, it is found that the
total polarizability o decreases by 5.5% in
PbF, and 1.5% in BaF, on going to the orthorhom-
bic phase. These findings can be understood on
the basis of simple qualitative arguments.

(e) The effect of temperature on the transition
pressure of PbF, was investigated and the ther-
modynamic properties of the transition deter-
mined.

(f) Values of the Szigeti effective charge ratio
e*/e for the crystals of present interest are found
to be the range 0.86-0.94. Causes for this de-
viation from unity are briefly discussed.

(g) The LST relationship holds to within 10%
for the crystals of interest. The main uncertainty
is in the values of the TO and LO phonon frequen-
cies.

(h) The dielectric properties of PbF, exhibit
strong frequency and T dependences at 72300 °K.
These effects are attributed to lattice defects
and the relatively high ionic conductivity of this
crystal in both phases.
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denotes the range of transition pressures observed.



