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The complex dielectric constant of Sr;_,Ce,F,, , single crystals has been measured at frequencies
between 90 Hz and 30 kHz with the temperature ranging from 100 to 550 K and 0.0001 < x <0.40.
We have paid special attention to the frequency and temperature dependence of the ionic conductivi-
ty. For Ce concentrations lower than 0.5 mol % frequency-independent Arrhenius-type ionic con-
ductivity has been observed, which is attributed to the mobility of interstitial F~ ions dissociated
from Ce’*-F~ dipolar complexes present in the crystals. At higher Ce concentration an increase of
the ionic conductivity by several orders of magnitude has been observed; in addition the ionic con-
ductivity depends upon the frequency. Employing a model in which the mobility of the interstitial
F~ ions is relatively large in the vicinity of the Ce impurities and the Ce** ions are randomly distri-
buted over the SrF, lattice the results have been interpreted. Essential in the interpretation is the
random potential energy barrier structure in the crystals experienced by a hopping interstitial F~

ion.

I. INTRODUCTION

In Ref. 1 we have presented ionic thermocurrent (ITC)
results obtained for single crystals of Sr;_,Ce,F,_,.
From these results conclusions have been drawn regarding
the defect structure and the ionic conductivity. Addition-
al information can be obtained by measuring the complex
dielectric constant of the crystals (e*=¢ —i€”). The
imaginary part of €* is proportional to the ionic conduc-
tivity (0); €'=0/wey, where w is the angular frequency
and ¢ is the dielectric permittivity of vacuum.

Most of the dielectric experiments performed on rare-
earth-metal-doped fluorites, reported during the past ten
years, have been carried out in order to reveal the defect
structure of these fluorites. The attention has been
focused mainly on the relaxation peaks observed in the
dielectric spectra.>~7 Much less attention has been paid
to the complex dielectric constant of the crystals at tem-
peratures where the bulk ionic conductivity is the dom-
inant property. Andeen et al* have observed this ionic
conductivity contribution in the high-temperature part of
the €” versus T plot of rare-earth-doped calcium fluoride,
but this part of the spectrum has not been analyzed in de-
tail. In more recent papers Fontanella et al® and
Figueroa et al.’ have presented results obtained with im-
pedance measurements performed on cubic lead fluoride
doped with monovalent cations. These results pertain to
relaxation peaks as well as to the bulk ionic conductivity.
The bulk ionic conductivity in these materials behaves in
accordance with the frequency-independent Arrhenius
equation

0o

o= exp

kT

» (1

where E is the activation energy and kg is Boltzmann’s
constant. In Ref. 1 we have also found that an
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Arrhenius-type ionic conductivity is present in SrF, doped
with Ce concentrations smaller than 0.5 mol %. At
higher concentrations, however, the ionic conductivity is
expected to be frequency dependent. This frequency
dependence has been studied recently by Welsh!® for CaF,
crystals doped with 0.05 and 0.5-mol % YbF;. These ex-
periments were performed at a fixed temperature between
350 and 400 K and variable frequency ranging from 0.01
Hz to 100 kHz. We will present, in this paper, the com-
plex dielectric constant of Sr;_,Ce,F,,, as obtained
from impedance measurements, which have been per-
formed as a function of temperature at fixed frequencies
(90 Hz, 300 Hz, 1 kHz, 3 kHz, 10 kHz, 30 kHz). The
same crystals have been used as in the ionic thermo-
current experiments presented in Ref. 1.

We will conclude from our results that the bulk ionic
conductivity and the dielectric constant of Ce-doped SrF,
are strongly related to the inhomogeneity of the defect
structure. This inhomogeneity appears to be very large
for Ce concentrations of about 3—4 mol %. The bulk ion-
ic conductivity at these concentrations can be described by
a hopping mechanism, in which interstitial F~ ions mi-
grate through the lattice by jumping over the random po-
tential energy barriers present in the crystals.

II. EXPERIMENTAL PROCEDURES
AND METHOD OF EVALUATION

With a General Radio 1615A capacitance bridge three
terminal impedance measurements at six audio frequen-
cies (90 Hz, 300 Hz, 1 kHz, 3 kHz, 10 kHz, 30 kHz) have
been performed. In the sample holder, the crystal is
placed between electrodes insulated by 0.7-mm-thick sap-
phire discs [see Fig. 1(a)]. The temperature of the sample
holder can be varied between 80 and 550 K; the error in
the temperature measurements is typically 3 K.

Because the dielectric properties of the sapphire discs
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FIG. 1. (a) Drawing of the sample cell used for the im-
pedance measurements, and (b) equivalent circuit used for the
calculation of the crystal admittance.

are well known, the crystal admittance ( Y*) can be calcu-
lated from the measured total sample-cell impedance. To
do so the sample cell is represented by a combination of
resistances and capacitors; see Fig. 1(b). The sapphire
discs have here been represented by C;. C, is a small
capacitor parallel to the sample cell and is due to the
capacitance between the wires leading to the electrodes
(C, is typically 0.1 pF). The crystal admittance is in
series with C;. Dielectric measurements with a configu-
ration as shown in Fig. 1(b) have been discussed in detail
by Miiller.!! The complex dielectric constant can be ob-
tained straightforwardly from the crystal admittance
(Y*=iwe*eyd /d). In the determination of €* we have
not taken account the fringing field effects; this may in-
troduce a systematic error in the real part of the dielectric
constant. In the special case where dipole relaxations,
obeying the Debye equations, and bulk ionic conductivity
are present, the dielectric constant can be written as

€(0)—e(o0)

*= el
€ [eooH- 14+ (w7)?

[e(0)—€(w0)]wr | o
14+(w7)? w€g

) (2)

where 7 is the dipole relaxation time, €(0) is the static
dielectric constant, and €( oo ) is the high-frequency dielec-
tric constant. €(0)—e( o) is the increase in the dielectric
constant due to polarization of the nearest-neighbor (NN)
dipoles and is equal to Nyu?/3kpTe,. The admittance of
the crystal can be represented by a capacitance C, parallel
to a resistance R; and parallel to a series combination of
C,; and R, [Fig. 1(b)]. C; is due to the instantaneous po-
larization and is proportional to €(w). R is inversely
proportional to the ionic conductivity and C; is propor-
tional to €(0)—e( o0 ), representing the dipole contribution
to the crystal admittance. R;Cj is equal to the dipole re-
laxation time 7.

If an experiment is performed with sapphire discs be-
tween the electrodes and the crystal, the imaginary part of
the complex capacitance of the sample cell shows the
same features as an ITC recording. We have plotted in
Fig. 2(a) this imaginary part for a sample cell containing a
SrF, crystal doped with 0.76-mol % CeF;. The peak lo-
cated at a temperature of 235 K corresponds with the NN
dipole relaxation peak, which is observed at 152 K in ITC
recordings.! The peak located around 500 K corresponds
with the high-temperature (HT) peak observed in ITC
recordings. The conductivity calculated from the results
in Fig. 2(a) has been plotted in Fig. 2(b). At sufficiently
high temperatures (T > 400 K) the bulk ionic conductivi-
ty dominates over the contribution originating from NN
dipole relaxations. At lower temperatures (1/7T =4.2
%1073 K1) the NN dipole relaxation peak can be seen.
Because we have treated the dipole peak extensively in
Ref. 1 we will not discuss the NN dipole relaxation peak
here in detail. In this paper we will concentrate our atten-
tion on the ionic conductivity.

In addition to the impedance measurements with sap-
phire discs we have also performed measurements in
which the crystal surfaces had been painted with conduct-
ing silver paint. The interfacial capacitance (Cy), caused
by the blocking electrodes, is in this case much larger
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FIG. 2. (a) Imaginary part of the complex capacitance of the
sample cell with a SrF, crystal doped with 0.76-mol % CeF;. (b)
The calculated conductivity from the results in (a).



5776

(~10 nF) than when sapphire discs are used (~3 pF). In
this way it is possible to measure conductivities approxi-
mately two powers of ten larger than measurements with
the use of sapphire discs. Because the exact value of the
interfacial capacitance is not known, we cannot correct
the measured sample-cell impedance for the presence of
C; in order to calculate the crystal admittance, only a
correction for the small capacitance C, can be made. It
should, therefore, be kept in mind that the presented
dielectric properties of the studied crystals may deviate
from the true dielectric properties, especially if high con-
ductivities are involved. This has been expressed by Eq.
(3), which relates the true dielectric properties of the crys-
tal (e, and o) to the presented dielectric properties (¢*):

e —e,+ 2 G . (3)

AGO . d
1 —C
+la)0_SA I

In the derivation of (3) we have used that C; >>C,. If the
conductivity o, is small we obtain €*=¢; —io,/we, and
the presented results agree with the true crystal dielectric
constant.

For large conductivities, €* deviates from the true com-
plex dielectric constant caused by the interfacial polariza-
tion. From the measured sample-cell impedance we have
estimated that the value of C; is 10 nF. Inserting this
value for C; along with reasonable values for the thick-
ness (d) and the surface area (4) of the crystal in Eq. (3)
we find that as long as 0 <107 %0 Q@ 'm~!, € does not
deviate more than 1% from €; and as long as 0 < 1077w
Q" 'm~! the presented conductivities do not deviate more
than 1% from the true conductivity of the crystal.

II1. EXPERIMENTAL RESULTS

The ionic conductivity measured for SrF, single crys-
tals doped with 0.014-, 0.76-, 2.0-, 3.8-, 6.3-, 14-, and 37-
mol % CeF;3, have been plotted in Fig. 3. The results have
been obtained from the impedance of the sample-cell with
sapphire discs between the crystal surfaces and the elec-
trodes. We have also included in Fig. 3 the conductivity
calculated [employing Eq. (6) in Ref. 1] from the HT peak
observed in the ITC recording of the 0.014-mol %-doped
crystal. The essential difference between an ITC experi-
ment and the impedance measurements is the low effec-
tive measuring frequency in ITC experiments (typically
0.01 Hz). In fact, the ITC results in Fig. 3 can be con-
sidered as the bulk dc ionic conductivity. It has been dis-
cussed in Ref. 1 that for Ce concentrations lower than 0.5
mol % the ionic conductivity is caused by the migration
of interstitial F~ ions dissociated from Ce**-F~ dipolar
complexes. In this dilute concentration region the bulk
ionic conductivity can be described by the Arrhenius
equation [Eq. (1)]. We have constructed in Fig. 3 a
straight line through the high-temperature data points of
the results obtained from the impedance measurements
and the ITC results; this line represents the bulk dc ionic
conductivity. The conductivity observed at the right-hand
side of this line is attributed to other processes. The ma-
jor contribution comes from the dipole relaxation peak.
In order to illustrate this contribution we have sketched in
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FIG. 3. Survey of the conductivity of Sr,_,Ce,F,, , for vari-
ous Ce concentrations at a frequency of 300 Hz. (1)
x =0.00014; (2) x =0.0076; (3) x =0.02; (4) x =0.038; (5)
x =0.063; (6) x =0.14; (7) x =0.37; (8) ITC results obtained for
x =0.000 14. The dash-dotted line represents the dc ionic con-
ductivity contribution and the dashed curve represents the con-
tribution from NN dipole relaxations to the conductivity of the
crystal with x =0.000 14.

Fig. 3 (dashed curve) the Debye curve, which gives an ap-
proximate description of the dipole relaxation peak. The
conductance observed at the right-hand side of the Debye
peak is caused mainly by a low-temperature relaxation;
this relaxation can be observed at temperatures around
125 K in Fig. 2(b) for the 0.76-mol %-doped crystal. We
will not discuss the origin of this relaxation peak in this
paper; we remark only that at Ce concentrations higher
than 5 mol % the peak disappears. The conductance ob-
served at temperatures between the Debye peak and the dc
ionic conductivity line can partially be attributed to the
relaxation which causes the 193-K peak in the ITC
recordings (see Ref. 1). The remaining part of the con-
ductivity is attributed to ac ionic conductivity and will be
discussed in the following sections of this paper.

The conductivity measured for the 0.76-mol %-doped
crystal can be interpreted in the same way as has been
done for the 0.014-mol %-doped crystal. Again a Debye
contribution from NN dipolar Ce**-F~ complexes and an
Arrhenius-type ionic conductivity can be observed. The
remaining ac ionic conductivity part, between the Debye
contribution and the Arrhenius contribution to the total
conductivity, is much larger than in the 0.014-mol %-
doped crystal. At still higher concentrations no clear dis-
tinction between Arrhenius-type ionic conductivity and
other contributions to the observed conductivity can be
made. Instead a gradual change from a strongly
temperature-dependent conductivity observed at high tem-
peratures to very weak temperature-dependent conductivi-
ty at low temperatures has been observed for the 14- and
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the 37-mol %-doped crystals. Apart from the relaxation
peaks, the conductivity of the crystals increases with the
Ce concentration. This increase is rather drastic at high
temperatures, but is observed at low temperatures too, al-
though much less pronounced (e.g., the dc conductivity
increases from 3.4 10~ Q~'m~'at 1/T=3x10"3 for
the 0.014-mol %-doped crystal to 1.5 107> @~ !m~! for
the 37-mol %-doped crystal; an increase of almost 10 or-
ders of magnitude).

In order to make a clear distinction between a dc and
an ac contribution to the total conductivity, impedance
measurements as a function of the frequency have been
performed. For these measurements painted silver elec-
trodes have been used. In Figs. 4(a) and 4(b) the conduc-
tivity and the real part of the dielectric constant of SrF,
doped with 0.4-mol % CeF; at six distinct frequencies
have been presented. The frequency-independent charac-
ter of the Arrhenius-type ionic conductivity, observed at
high temperatures, can be observed clearly. We have also
included in Fig. 4(a) the conductivity, calculated from the
HT peak of the ITC recording obtained for the same crys-
tal.
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FIG. 4. (a) Conductivity plots and (b) €'(T) plots obtained for
a 0.4-mol % CeF;-doped SrF, crystal at six distinct frequencies.
Curve 1, v=90 Hz; 2, v=300 Hz; 3, v=1 kHz; 4, v=3 kHz; 5,
v=10 kHz; 6, v=30 kHz.
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The value of €', measured with a frequency of 90 Hz, is
approximately 6.4 at temperatures around 150 K [see Fig.
4(b)] and increases slowly with increasing temperature un-
til the NN dipole relaxation peak starts to contribute. A
jump in €, equal to Nyu?/3kpTey, can now be seen. At
temperatures above 400 K, €’ increases to a value of ~8.7
at 500 K. This increase cannot be caused by the interfa-
cial polarization because the condition o <10~ %0
Q~'m~! holds, which implies that the interfacial polari-
zation contributes less than 1% to the value of €'. Instead
it is associated with the dielectric properties of the bulk
crystal.

In Figs. 5(a) and 5(b) the results obtained for SrF,
doped with 4.8-mol % CeF; have been plotted. The small
bumps in the In(oT) versus 1/T curves are caused by the
Ce**t-F~ dipolar complexes. At high temperatures
frequency-independent conductivity can be observed,
whereas at low temperatures the conductivity depends
very strongly upon the frequency. The small vertical bars
in the €'(T) curves [see Fig. 5(b)] indicate the points where
the interfacial polarization starts to contribute more than

T T T T T T T T T

i (a) SrF2 1 4.8 mol % C(-:-F3 ]

in [eT(K/Qm)]

1 1 1

260 300 AOIO
T(K)

FIG. 5. (a) Conductivity plots and (b) €'(T) plots obtained for
a 4.8-mol % CeF;-doped SrF, crystal at five distinct frequen-
cies. Curve 1, v=300 Hz; 2, v=1 kHz; 3, v=3 kHz; 4, v=10
kHz; 5, v=30 kHz. The dashed curves represent possible
€'(w, T) curves without the contribution from the interfacial po-
larization.
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1% to €. At temperatures higher than those associated
with these bars the contribution of the interfacial polari-
zation to €' increases approximately quadratically with the
conductivity. At lower temperatures the dielectric con-
stant is determined by the properties of the studied crystal
only. The €'(T) curve measured at a frequency of 300 Hz
increases from a value of 7.3 at a temperature of 200 K to
a value of 35.5 at 400 K. It appears that € becomes con-
stant at temperatures higher than 400 K; however, this is
obscured by the presence of the interfacial contribution.
The features observed for €'(T) at a frequency of 300 Hz
have also been observed for the other frequencies.

In Fig. 6 the results obtained for SrF, doped with 23
mol % CeF; have been plotted. Again a frequency-
independent conductivity can be observed at high tem-
peratures and a strongly frequency-dependent conductivi-
ty can be observed at low temperatures. The vertical bars
in Fig. 6(b) serve the same purpose as those in Fig. 5(b).

IV. THEORY

The physical and theoretical background of the ionic
conductivity observed in dilutely CeFs;-doped SrF, crys-
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FIG. 6. (a) Conductivity plots and (b) €'(T) plots obtained for
a 23-mol % CeF;-doped SrF, crystal at five distinct frequencies.
Curve 1, v=300 Hz; 2, v=1 kHz; 3, v=3 kHz; 4, v=10 kHz;
5, v=30 kHz.
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tals is well understood by now. Interstitial F~ ions, disso-
ciated from Ce3*-F~ dipolar complexes, hopping through
the host material (SrF,) will lead to an ionic conductivity
obeying the Arrhenius equation. At higher Ce concentra-
tions, however, the potential energy barriers experienced
by a hopping interstitial F~ ion may vary from site to site
and the ionic conductivity can no longer be described with
the Arrhenius equation. Jonscher!’? has give a formal
theoretical description of the conductivity caused by hop-
ping of charge carriers in a random medium. We will ap-
ply this description to the crystals studied in this paper.

When Sr,_,Ce,F,, is subject to a unit step function
in the electric field, the interstitial F~ ions will respond
by hopping from one interstitial site towards another one,
also polarization of electrons, ions, as well as dipoles will
be induced. From the Laplace transformation of the
current response to the frequency domain, the complex
dielectric constant can be obtained. The real and imagi-
nary parts are related to each other through the Kramers-
Kronig relations. The current density J(¢) can be written
formally as

T =€oele0)8(0)+ 3 T8 —1,,) @

where €pe( 00 )8(¢) is the instantaneous polarization;
(gr,,/dA)8(t —t,,) represents the contribution of a F~
hop at time ¢,, to the total current density; g is the F~
charge; r, is the component of the displacement of the
hopping ion along the direction of the electric field. The
summation of all the individual F~ jumps, indexed by m,
gives the total hopping current. For simplicity we have
assumed that the flight time of a jump from one site to-
wards another site is zero as compared to the time of one
period of the measuring frequency; furthermore, we have
assumed that there are no relaxation effects accompany-
ing a single transition.'?

Transformation of Eq. (4) to the frequency domain, and
dividing by €, gives the dielectric constant

q'm ..
deod [cos(wt,, ) +i sin(wt,, )] . (5)

" (w)=€l0)+ 3,

m

Equation (5) gives an explicit relation between the indivi-
dual F~ hops and the capacitance and ionic conductivity
of the doped SrF, crystals. If ¢, is considered to be a
continuous function of m then the relation between the
current response J (¢) and the function #(m) can be writ-
ten as

dt(m)

_qr
J (1) am

=1 (6)

Because only the effective jumps along the direction of the
electric field contribute to the hopping current, we have
replaced r,, by r in Eq. (6).

If the hopping times have a uniform distribution in
time, ¢ (m) increases linearly with the index m and J(z) is
then constant. A frequency-independent ionic conductivi-
ty and capacitance is now obtained. The Arrhenius con-
ductivity observed in the dilute concentration region is an
example of this type of ionic conductivity.

In a random medium the current density resulting from
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a step function electric field excitation will not be con-
stant. First the most mobile ions will respond, leading to
a high current, just after the excitation. After some time
these mobile ions encounter high potential energy barriers
and the initial high ionic conductivity decreases until the
dc conductivity remains. Translated to the frequency
domain this means that at low frequencies the conductivi-
ty becomes frequency independent. An essential parame-
ter is the time 1/w in relation to the time it takes to reach
a steady-state current, which depends upon temperature
because F~ jumps in SrF, are thermally activated. At
high temperatures and/or low frequencies frequency-
independent ionic conductivity and capacitance is expect-
ed to be observed. At higher frequencies and/or lower
temperatures the conductivity and capacitance is expected
to become frequency dependent. This frequency disper-
sion of the conductivity has been observed in many disor-
dered materials in which the conductivity is caused by a
hopping process of charge carriers, as has been demon-
strated by Jonscher.'?~!* The frequency-dependent bulk
conductivity of these materials can be described by the
empirical relation

olw)=a(T)o™ T, @)

where the exponent » is in the range 0 < n(7) < 1 and de-
pends upon the temperature. This power law can be ob-
served over a large frequency interval, however, at very
low frequencies dc ionic conductivity will be observed and
n =0. If Eq. (7) is transformed back to the time domain
the current density, resulting from a unit step electric
field excitation, is proportional to ¢#~". This power-law
dependence of the current density is known as the
Curie—von Schweidler law.

V. DISCUSSION

In this paper we have presented the dielectric properties
of Sr;_,Ce,F,,x as a function of the Ce concentration
(x), the temperature ( T), and the frequency. In order to
interpret these results in a comprehensive way we will
first give some general remarks regarding the dielectric
properties and then discuss the results more in detail.

Because the defect structure of the crystals is essential
for the interpretation of the observed dielectric properties,
we will treat the results obtained for the dilutely
(x <0.005), the intermediately (0.005 < x <0.1), and the
heavily (x >0.1) doped crystals separately. Once the de-
fect structure has been discussed the temperature and the
frequency dependence is interpreted.

The dependence of the dielectric properties upon the
temperature can be caused by the following: (1) The de-
fect structure of the crystals may change with the tem-
perature, e.g., the dissociation of interstitial F~ ions from
Ce’*-F~ dipolar complexes. (ii) The hopping rate of an
interstitial F~ ion from one site towards an adjacent site
is thermally activated and depends exponentially upon
—1/T. The contribution from these hopping ions to €*
is, therefore, strongly temperature dependent, contrary to
nonthermally activated contributions like the instantane-
ous polarization of the crystals.

The measuring frequency determines the time scale at
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which the dielectric properties are studied. Only those
charge carriers which respond within a time of approxi-
mately 1/w to the applied alternating electric field will
contribute to €*. At very high frequencies only the in-
stantaneous polarization contributes significantly, whereas
at very low frequencies dc ionic conductivity can be ob-
served.

A contribution to €*, which is always present, is the in-
stantaneous polarization, caused by the polarizability of
the ions and the electrons present in the crystals. This
contribution, denoted by €( o ), can be observed at suffi-
ciently high frequencies or sufficiently low temperatures
if the NN dipoles do not contribute to €*. The value of
€(oo) is determined by the concentration of charge car-
riers and their individual polarizabilities. Although we
are, in this paper, interested mainly in the contribution
from the hopping ions to the complex dielectric constant
two remarks regarding the observed values of €( ) are
made: (i) It has been observed [e.g., Figs. 4(b), 5(b), and
6(b)], that at temperatures around 200 K € increases ap-
proximately linearly with the Ce concentration x
(e'~6.4+413x). This is caused by the substitution of Sr’+
ions for Ce** ions, which possess a polarizability different
from that of Sr**, and the higher density of the electrons
and the ions in the doped crystals. (ii) In addition it has
been observed in Fig. 4(b) that at temperatures around 150
K € increases (1.36+0.02)X 107 per degree Kelvin.
This increase agrees with results obtained by Andeen
et al.,'® and is caused mainly by the thermal expansion of
the crystal; we refer to these authors for a more detailed
description of this effect upon €.

A. The dilute concentration region

In Ref. 1 we have shown that the ITC results obtained
for SrF, doped with CeF; concentrations smaller than 0.5
mol % can be explained by an Arrhenius-type ionic con-
ductivity. With the results presented in this paper, ob-
tained for SrF, doped with 0.014- and 0.4-mol %-CeF;
(see Figs. 3 and 4) we can give more quantitative support
for this explanation. From the slopes of the conductivity
curves, plotted as In(oT) versus 1/7, the activation ener-
gy E and the value of oy, which have been compiled in
Table I, can be obtained. We have also compiled the re-
sults obtained for a 0.1-mol %-doped crystal in Table I.

The activation energies for the 0.014-, 0.1-, and 0.4-
mol %-doped crystals are within the measuring accuracy
equal to each other. The mean value is (1.34+0.02) eV.
The value of oy is determined by the concentration of dis-
sociated F~ ions and should be proportional to the square

TABLE 1. Ionic conductivity parameters of Sr;_,Ce,F,_ .

x E (eV) o, (102 K/Qm)
0.000 14 1.33+0.03 8 43
0.001 1.36+0.03 58 20
0.004 1.33+£0.03 33 %10
0.048 0.76+0.04 0.03+0.01
0.14 0.72+0.04 0.5 +£0.2
0.23 0.61+0.04 0.12+0.05
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root of the Ce concentration x. However, because of the
inaccuracy of the values for o this V'x dependence can-
not be observed clearly in Table I.

The correspondence between the results obtained with
the impedance measurements and the results obtained
from the HT peak observed in ITC recordings! has been
demonstrated in Fig. 3. The ionic conductivity measured
above 400 K at 300 Hz for the 0.014-mol %-doped crystal
extrapolated towards lower temperatures, agrees with the
conductivity calculated from the HT peak. This confirms
the conclusion in Ref. 1 that the HT peak is caused by the
ionic conductivity and not by bound charges as has been
suggested by Laredo et al.!” The correspondence can also
be observed in Fig. 4(a). The absolute value of the ionic
conductivity obtained from the ITC recording, plotted in
this figure agrees with the extrapolated conductivity cal-
culated from the impedance measurements. The slopes of
the In(oT) versus 1/T curves, however, do not agree with
each other. In the calculation of the ionic conductivity
from the HT peak we have assumed that the real part of
the dielectric constant of the crystal remains constant
with the temperature. This is, however, not the case, as
can be observed in Fig. 4(b). The dielectric constant in-
creases with the temperature and becomes frequency
dependent. If only dc ionic conductivity is present in the
crystal, € should be frequency independent, as can be de-
rived from the Kramers-Kronig relations. We conclude,
therefore, that there are more contributions to the com-
plex dielectric constant than only the dc ionic conductivi-
ty. The increase of €' with the temperature will result in a
broadening of the HT peak. This broadening, which
amounts to ~4K for the 0.4-mol %-doped crystal [see
Fig. 2(b) in Ref. 1], is responsible for the deviations in the
calculated conductivity. The origin of the increase of €
will be discussed in the section where the interpretation of
the results obtained for the intermediately doped crystals
will be presented.

The low-temperature part of the ionic conductivity plot
in Fig. 4(a) is dominated by the contribution from the NN
dipole relaxations. The shift, the position, and the slope
of the relaxation peak as a function of the temperature
and the frequency can be explained quantitatively with the
Debye equations [Eq. (2)], although deviations from the
“true” Debye behavior may occur due to the dipole-dipole
(or dipole-defect) interactions.'® Note that the appearance
of an Arrhenius-type dc ionic conductivity along with a
Debye-type relaxation peak, as in Fig. 4(a), can also be ob-
served in other crystalline materials like Na-doped PbF,
(Refs. 8 and 9) or Ca-doped LaF; (Ref. 19).

B. The intermediate concentration region

The defect structure in the intermediately doped SrF,
crystals is quite different from the dilutely doped crystals.
At intermediate Ce concentrations the possibility of inter-
stitial F~ ions percolating from one Ce ion towards
another Ce ion should be considered also. We will base
the discussion on two assumptions: (i) The Ce ions are
distributed randomly over the SrF, lattice. (ii) Interstitial
F~ jumps within a sphere, surrounding a Ce ion, with a
radius equal to the distance of a next-nearest-neighbor
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(NNN) site to the Ce ion (5.02 A) is ‘“‘easy” as compared
to jumps at larger distances. Although this last assump-
tion gives a rather simplified view of F~ motion in the
lattice our results can, nevertheless, be interpreted with
these assumptions. If two or more Ce ions share, in this
view, equal NNN sites an interstitial F~ ion can jump rel-
atively easily in the statistical cluster formed by the Ce
ions. The name “statistical cluster” has been chosen in
order to distinguish these clusters from a preferential clus-
ter, which is due mainly to some sort of attractive interac-
tion between the rare-earth impurities.

The empirical power law Eq. (7) between the ionic con-
ductivity and the frequency is expected to hold for crys-
tals with an intermediate CeF; concentration. We have,
therefore, plotted in Fig. 7 the log(o) versus log(w)
curves, which have been derived from Fig. 5(a) obtained
for SrF, crystals doped with 4.8-mol % CeF;. The slopes
of the curves have been indicated in the figure and are
equal to the parameter n in Eq. (7). We will first discuss
the situation in which n =0, which corresponds to dc ion-
ic conductivity. This conductivity can be observed at
high temperatures and/or low frequencies and is caused
by the most difficult F~ jumps in the bulk crystal. From
the tangential line which can be constructed through the
high-temperature conductivity data in Fig. 5(a) the activa-
tion energy E and the value of oy can be obtained; they
have been compiled in Table I. It is, however, not possible
to interpret these values as has been done in the dilutely
doped crystals. The only conclusion we draw is that the
value of E (0.76 eV) is some measure for the highest po-
tential energy barriers present in the crystals; this value is
lower than the potential energy barriers in pure SrF, (0.94
eV). It is further noted that o has decreased significantly
as compared to values obtained for the dilutely doped
crystals.

At temperatures lower than 500 K the ionic conductivi-
ty becomes frequency dependent and the value of » in-
creases to 0.76 at a temperature of 300 K. Within the
model of hopping ionic conductivity in a random medium
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FIG. 7. log(o) vs logio(w) plots of SrF, doped with 4.8-
mol % CeF}; at several temperatures.
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this ac ionic conductivity is caused by the hopping of F~
ions in areas of the crystal where the potential energy bar-
riers are relatively low. If within a time of approximately
1/w the migration of these freely moving ions is not
stopped by a high potential energy barrier, the F~ jumps
will contribute mainly to o and otherwise to €. The con-
tribution to €' will, therefore, increase as the frequency is
decreased; this can be observed in Fig. 5(b). Because the
jump rate of the interstitial F~ ions is thermally activat-
ed, the same holds if the temperature is increased. At
very low frequencies and/or at high temperatures each F~
ion will encounter within a time of 1/ a high potential
energy barrier, which must result in a leveling off of €’; at
the same time the contribution to o vanishes. What
remains is the dc ionic conductivity caused by the
“slower” jumps over the high potential energy barriers. In
fact, the initial fast migration of the freely moving F~
ions in the statistical clusters becomes part of the instan-
taneous polarization of the crystal.

The leveling off of € was predicted eight years ago by
Jonscher;!® however, very little experimental evidence re-
garding this leveling off was present at that time. We
think that the onset of the predicted leveling off can be
observed in our results. If the €'(T) curve obtained with a
frequency of 300 Hz is considered, it can be seen that at
temperatures around 360 K €’ increases relatively sharply
with the temperature; the slope of the curve is 0.34 K~
At a temperature of 410 K, around the position of the
vertical bar, the slope of the €(T) curve is much less
(de’'/dT =0.18 K™!), and this is probably the onset to
the leveling off of €’ at higher temperatures. Unfortunate-
ly, a constant value of € can not be observed due to the
interfacial polarization, which at temperatures higher
than 410 K start to contribute significantly to €'. It seems
that at higher frequencies than 300 Hz, and consequently
higher temperatures, the leveling off occurs at lower
values of €’; this can be understood with the Curie 1/T
law, which decreases the polarization of the statistical
clusters as the temperature increases.

At temperatures where the dc ionic conductivity can be
observed, € must be frequency independent. With this in
mind, and the Curie 1/T law, we have sketched in Fig.
5(b) the possible €'(w,T) curves without the contribution
from the interfacial polarization. We do not claim that
these curves represent the true values; the only purpose is
to illustrate the contribution to € from the easily polariz-
able F~ ions within the framework of the above discussed
ionic conductivity model.

The low temperature (~200 K) results, where the value
of n is almost equal to 1, will be discussed now. At these
temperatures, well below the position of the NN relaxa-
tion peak, the hopping rate of interstitial F~ ions will be
very low. Hopping ionic conductivity is, therefore, not
the most probable explanation for the observed conduc-
tivity at these temperatures. Instead a nonthermally ac-
tivated polarization process, leading to almost
temperature-independent dielectric properties, is more
likely. Results with a value of n close to 1 have been ob-
served for a wide range of materials. The observations
pertain to the conductivity at low temperatures as well as
to the high-frequency part of dielectric loss peaks.!* The

results have been explained in the last couple of years by a
nonthermally activated collective rearrangement of the
charge carriers, caused by many-body interactions. We
will not discuss this further in this paper, but we refer to
Jonscher et al.'»?°~2* who have considered the possibility
of the many-body interactions and to the quantum
mechanical theory developed by Dissado and Hill.?*2¢

C. The concentrated concentration region

Many of the features observed for the intermediately
doped crystals (see Fig. 5) are also observed for the heavi-
ly doped crystals (see Fig. 6). From the dc ionic conduc-
tivity measured at high temperatures for SrF, crystals
doped with 23 mol % the parameters E and o, have been
obtained. These results, together with results obtained for
SrF, doped with 14 mol % (not presented in this paper),
have been compiled in Table I. E decreases with the Ce
concentration, whereas o is small as compared to the re-
sults obtained for the dilutely doped crystal. The decrease
of E should, within the model presented in this paper, be
interpreted as a lowering of the highest potential energy
barriers, caused by the decrease of the mean distance be-
tween the Ce ions.

At Ce concentrations above 10 mol % we can no longer
describe the defect structure of the crystals in terms of
isolated Ce ions and Ce ions involved in a statistical clus-
ter. Instead almost all Ce ions are part of the “infinite”
cluster. However, within this cluster randomness will still
be present and interstitial F~ ions in easily conducting
areas of the crystal will contribute to the ac ionic conduc-
tivity observed in Fig. 6. On purely statistical arguments
we expect that the randomness in the heavily doped crys-
tals is less than in the vicinity of the percolation thresh-
old. As a result we also expect that the contribution from
easily jumping F~ ions to €' in the 23-mol %-doped crys-
tal is less than in the 4.8-mol %-doped crystal. Unfor-
tunately, this can not be concluded from the results in
Fig. 6(b) due to the contribution from the interfacial po-
larization.

VI. SUMMARY

In this paper we have presented data concerning the de-
fect structure and the hopping ionic conductivity in
CeF;-doped SrF,. Due to the fact that preferential clus-
tering of the Ce ions in SrF, seems to be rather unimpor-
tant, certainly as compared to rare-earth-doped CaF, and
SrF, doped with the smaller rare-earth ions, the defect
structure can be described by a random distribution of the
Ce ions over the lattice.

In the dilutely Ce-doped crystals Arrhenius-type ionic
conductivity, caused by interstitial F~ ions dissociated
from the NN dipolar complexes, has been observed.
From the activation energy obtained from the In(cT)
versus 1/T curve, the dissociation energy of the dipolar
complexes has been obtained. The results obtained with
the ITC experiments are in accordance with the results
obtained with the impedance measurements. Particularly,
the HT peak observed in ITC recordings is caused by the
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ionic conductivity of the bulk crystal and not by bound
charges.

In the intermediately doped crystals the inhomogeneity
of the defect structure plays an important role in the ob-
served dielectric properties. The highest potential energy
barriers determine the dc ionic conductivity. The height
of these barriers decreases from 0.94 eV in pure SrF, to a
value of =0.61 eV in 23-mol % CeF;-doped SrF,. ac ion-
ic conductivity has been observed at temperatures below
the onset to the dc ionic conductivity, along with a
frequency-dependent contribution to the real part of the
complex dielectric constant. We have attributed this to
easily conducting areas present in the random defect
structure of the crystals. The increase of €', caused by the
polarization of these easily conducting areas, is rather

large at concentrations around 4 mol %; here we expect a
maximum randomness in the crystals. The broadening of
the HT peak and the results obtained from the polariza-
tion experiments! can also be explained qualitatively with
the increase of €'.

We conclude this paper by emphasizing that we think
that SrF, doped with the larger rare-earth ions (La, Ce,
Pr, and Nd) are very suitable model materials to test
theories about hopping ionic conductivity in random
media, because (i) the interstitial positions, via which F~
ions can jump through the crystals, are well defined in the
fluorite lattice, (i) the Ce**t ions seem to substitute ran-
domly for the Sr** ions, and (iii) the inhomogeneity of the
defect structure can be varied at will by varying the Ce
concentration.
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