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In this paper we present ionic thermocurrent (ITC) results obtained for Sr,_,Ce,F,, , single crys-
tals (0.0001 <x <0.4). From the dipolar relaxation peak in the ITC recordings the concentration of
Ce**-F~ dipolar complexes has been determined. We conclude that only isolated dipoles contribute
significantly to the dipolar relaxation peak and that the dipoles are randomly distributed over the
SrF, lattice. We find that in the dilutely doped crystals (x <0.005) interstitial F~ ions dissociated
from Ce’*-F~ dipolar complexes are responsible for an Arrhenius-type ionic conductivity. The po-
sition of the so-called high-temperature peak, observed in the ITC recordings, is directly proportion-
al to the activation energy, from which the association energy of R3*-F~ dipolar complexes has
been obtained (R =La, Ce, Pr, Nd, Eu, Sm, Gd, Er, Dy, Yb, Lu, or Y in SrF, or La, Eu, Gd, or Yb
in BaF,). At higher doping concentrations non-Arrhenius-type ionic conductivity, caused by hop-
ping of interstitial F~ ions in the random potential energy barrier structure of the heavily doped
fluorite lattice, is observed. In addition, results obtained from quenching experiments performed on

Sry_xLa,F,,, are presented.

I. INTRODUCTION

Single crystals with the fluorite structure (e.g., CaF,,
SrF,, and BaF,) doped with trivalent cation impurities
(R3*%) have been the subject of a lot of experimental and
theoretical work. Concentrations of up to 50 mol % of
the trivalent cations, which enter the crystal substitution-
ally, can be accommodated in the crystals without a
change of the overall fluorite structure. An extra F~ ion,
necessary for charge compensation, occupies an interstitial
position preferably in the neighborhood of an R3* ion,
forming a dipolar complex. This interstitial ion can jump
relatively easily from one interstitial site to an adjacent in-
terstitial site, which may lead to polarization effects or
ionic conductivity if an electric field is applied across the
crystal.

In a recent paper! we have presented results obtained
for SrF, doped with different rare-earth ions (La, Ce, Nd,
Sm, Eu, Gd, Dy, Er, Yb, Lu). We have paid special atten-
tion to the concentration of NN and NNN dipolar com-
plexes. These complexes consist of an R>% jon and an in-
terstitial F~ ion at a nearest-neighbor (NN) or a next-
nearest-neighbor (NNN) site of the R3*. The number of
dipolar defects has been determined by means of ionic
thermocurrent (ITC) experiments. We concluded that as
the radius of the R3* ions decreases the probability of
R** clustering increases, leading to extensive clustering
in SrF, doped with the smaller ions (Dy, Er, Yb, Lu).
Clustering is rather unimportant for the larger rare-earth
ions (La, Ce, Pr, Nd), which is in line with experimental
results obtained by Andeen et al.? and theoretical calcula-
tions performed by Corish et al.® and Bendall et al.*

In the present paper we investigate the system
Sr;_,Ce,F, . more extensively because of the absence of
preferential clustering. In this system it is assumed that
the defect structure can be described by a random distri-
bution of Ce ions (and associated interstitial F~ ions) over
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the available positions. We will first discuss the peaks ob-
served in ITC recordings, which are associated with relax-
ations of bound charges. From the intensities of the peaks
conclusions regarding the defect structure can be drawn.
One of the relaxation peaks in the ITS recordings, the
high-temperature (HT) peak, has been attributed' to the
relaxation of F~ ions accumulated at the crystal surfaces
during the polarization phase of the ITC experiment. Al-
though we think that we have given convincing argu-
ments! in support of the identification of this peak, re-
cently our view has been questioned by Laredo et al.’ In
the present paper we will give further evidence in support
of our interpretation.

In the accompanying paper,® which contains the second
part of the investigation of Sr;_,Ce,F,,, results ob-
tained with impedance measurements (at frequencies be-
tween 100—30000 Hz and temperatures between 77 and
550 K) will be presented. Reference 6 will be devoted
mainly to the ionic conductivity (o) and the dielectric
constant (€) of intermediately doped materials
(0.005 < x <0.10), whereas in the current paper the defect
structure and the ionic conductivity of dilutely doped
crystals (x <0.005) forms the main part.

II. THEORY AND EXPERIMENTAL PROCEDURES

The procedures for the growth of the crystals have been
described elsewhere.” After growing at =1750 K the
crystals were cooled at a rate of =1 K/min to room tem-
perature. We are dealing, therefore, with more or less an-
nealed crystals. In the ITC and the dielectric experiments
cylindrically shaped crystals, 7—8 mm in diameter and
1—2 mm thick, have been used. The Ce concentrations
reported in this paper are the nominal concentrations. A
detailed description of the ITC experiments and the inter-
pretation of the ITC recordings has been given in Ref. 1.

In Fig. 1 a typical ITC recording obtained for SrF,
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FIG. 1. Ionic thermocurrent recording of 0.76-mol % CeFs-
doped SrF,.

doped with 0.76mol % Ce can be seen. The peak located
around 152 K is due to polarization of Ce’*-F~ NN di-
polar complexes. From the integrated intensity of this
peak the capacitance increase of the crystals, caused by
the NN dipole orientations, can be calculated. This capa-
citance (Cy) is related with the concentration of NN di-
poles (Ny)
2
= M , (1)
3kpTy

where p is the dipole moment of a Ce’*-F~ NN dipolar
complex, A is the area of the crystal, d is the crystal
thickness, kp is Boltzmann’s constant, and T is the tem-
perature (in K). Given u, Ny can now be calculated. The
position of the NN relaxation peak can be expressed by®

bE
kTr,

T= 1 N (2)

where b is the linear heating rate used during the ITC
recording (0.05 K/sec), T, is the position of the NN re-
laxation peak (152 K), and 7 is the relaxation time of a
Ce**-F~ dipolar complex. This relaxation time is
thermally activated and can be written as

T=TeeXp , (3)

kT

where E is the activation energy for the dipole relaxation.
Values for 7, between 10~ !2 and 10~ '* s and E =0.46 eV
have been reported.”®

The peak located at high temperatures (HT peak) has
been attributed by us to a relaxation of F~ ions, accumu-
lated at the crystal surfaces during polarization of the
crystal, caused by the bulk ionic conductivity. The ionic
thermocurrent as a function of the temperature [I1(T)]
can then be written as®

P
/Po o(T)exp
€0€s

I(T)=(1-/)4

~ [T |, @
0 bege, ’

where f is defined as C;/(C;+C;) and depends upon the
geometry of the ITC-sample cell. C; is the total capaci-
tance of the crystal and C; is the interfacial capacitance
between the crystal surfaces and the electrodes. In the
ITC experiments 0.1-mm Teflon® layers have been in-
serted between the crystal surfaces and the electrodes.
The interfacial capacitance C; is then equal to the capaci-
tance of these Teflon® layers. P is the total charge ac-
cumulated at the crystal surface; in case of total polariza-
tion of the crystal, Pj is equal to U,C;/A, where U, is
the polarizing voltage (4 kV). ¢ is the static dielectric
constant of the crystal and must be constant with the tem-
perature in order for equation (4) to hold. ¢, is the per-
mittivity of vacuum and o(T) is the ionic conductivity at
temperature 7. From this equation it follows that the in-
tegrated intensity of the HT peak is completely deter-
mined by the initial polarization P, and by the ITC
sample-cell configuration; it does not depend upon the
ionic conductivity. The position, however, strongly de-
pends upon the ionic conductivity. This has been ex-
pressed by the following condition, relating the position of
the maximum current of the HT peak with the ionic con-
ductivity,

dIn[a(T)] _ o(T)f

= (5)
dT bege,

When we define
QD= [ It

where the integration of the ionic thermocurrent is per-
formed over the time; together with (4) we get®
I(T) €o&s
o TN=——. (6)
o f
Equation (6) can be used for the calculation of the ionic
conductivity from the HT peak.

III. EXPERIMENTAL RESULTS AND DISCUSSION

ITC experiments have been performed on
Sr;_,Ce,F, ., where x ranges between 0.0001 and 0.35.
In Fig. 2 the position of the HT peak ( 7,, ) along with the
width at half height (AT) have been plotted. Between
x =0.0001 and 0.005 the peak shifts slowly towards lower
temperatures as the concentration of Ce impurities in-
creases. The width of the peak remains almost constant
(22 K). At higher concentrations the HT peak shifts rap-
idly towards lower temperatures and the width of the
peak increases to approximately 40 K. At concentrations
well above 10 mol % (x =0.1) the peak stops shifting and
the width decreases to 17 K. These features are very simi-
lar to the behavior of the HT peak of SrF, doped with La,
Pr, and Nd.'°~!3 Many of the conclusions obtained in
this paper pertain, therefore, also to SrF, doped with these
impurities and vice versa.

A. The dipole relaxation peak

From the intensity of the NN dipole relaxation peak,
located at 152 K (see Fig. 1), the concentration of Ce**-
F~ dipoles has been calculated with Eq. (1). We have
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FIG. 2. (a) the position and (b) the width of the HT peak of
Sr;_xCe,F,,, as a function of the Ce concentration. The
dashed line in (a) has a slope of — 10 K/decades.

used for u a value of 3.4 1072° Cm.!* The results have
been plotted in Fig. 3 along with the results obtained from
impedance measurements performed at a frequency of 300
Hz.® The ITC and impedance data agree within the
measuring accuracy. The experimental data points have
been fitted with the following equation:

1

N g 3
2 5 ax(1—x)" dipoles/m” , (7)
which is based on the assumption that only isolated di-
poles contribute to the NN relaxation peak.! N represents
the number of Sr?™ sites surrounding a dipole which may
not be occupied by another defect (Ce’*+, Ce3*+-F~ dipole,
or another complex) for the dipole to be isolated. If the
dipoles are distributed randomly, x (1—x)" represents the
probability for this to occur. « is the fraction of Ce ions
involved in a dipolar complex éF— is the distance between
lattice F~ ions in SrF, (2.90 A). We have given in Ref.
15 a physical explanation for the assumption that only
isolated dipoles contribute to the NN relaxation peak. It
has been shown in Ref. 15 that changes in the association
energy of F~ ions to a Ce ion of only 0.02—0.05 eV pro-
duce a drastic decrease of the orientational polarization.
If an F~ ion located at one particular NN site surround-
ing a Ce ion has a somewhat larger association energy
(=0.05 eV) to the Ce ion than if the F~ ion is located at
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FIG. 3. Concentration of Ce**-F~ NN-dipolar complexes in
CeF;-doped SrF,. M, data points obtained from ITC experi-
ments. [, data points obtained from impedance measurements
performed at a frequency of 300 Hz. The dashed curve
represents the fitted dipole concentration with Eq. (7). The solid
curve is obtained if only the data points up to 3 mol % are fit-
ted.

one of the five other NN sites, the F~ ion will be pinned
more or less at the former NN site. This pinning at the
deepest site is responsible for a decrease in orientational
polarization.

If the data points in Fig. 3 are fitted with Eq. (7) we ob-
tain a=0.83+0.05 and N =79+5; these results agree
with previously published results.! The fit is, however,
not very good. A possible explanation may be that the as-
sumptions leading to Eq. (7) do not hold at high Ce con-
centrations because then the average distance between di-
poles is rather small, and this may result in a deviation
from a purely random distribution of the dipoles. Anoth-
er explanation is that also nonisolated dipoles give a small
contribution to the dipole relaxation peak. If only the
data points up to a Ce concentration of 3 mol % are fitted
we obtain a=0.98+0.03 and N =95+3. a is now very
close to unity implying that almost every Ce ion is in-
volved in a Ce*+-F~ dipole complex and preferential clus-
tering of the Ce ions does not take place at an extensive
scale. From the value of N we conclude that =95 Sr sites
surrounding a dipolar complex should not be occupied by
another defect in order for the dipole to be isolated. This
corresponds with a sphere, centered around the Ce ion,
with a radius of 10 A.

In order to explain the decrease of the dipole concentra-
tion for Ce concentrations higher than 1 mol % the influ-
ence of a defect located at a distance of 10 A from a cen-
tral dipole on the reorientational kinetics should be con-
sidered. Due to Coulombic and elastic interactions be-
tween the defects the potential energies and barriers
change from NN site to NN site. If we neglect the elastic
interactions and assume that the electrostatic interactions
can be described by a screened Coulomb potential Eq. (8),
the potential energies and barrier heights for the NN sites
and the saddle points between the NN sites can be calcu-
lated:

-1 g (8)
4mey €,R
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where ¢ is the elementary charge, R is the distance and ¢;
is the static dielectric constant of SrF, [6.47 (Ref. 16)].
Depending upon the orientation of the disturbing dipole
with respect to the central dipole we calculate with (8)
changes in the binding energies of Ce**-F~ dipoles up to
0.06 eV. The same changes have also been calculated for
the potential energy barriers between NN sites. With
these energy changes a reduction of the orientational po-
larization of the central dipole with a factor 10—20 is ex-
pected,!® which gives a plausible explanation for the as-
sumption that only isolated dipoles contribute significant-
ly to the dipole relaxation peak.

B. The 193 K relaxation peak

Andeen et al.” have presented dielectric loss results ob-
tained for SrF, doped with rare-earth ions. Next to NN
dipole and NNN dipole relaxation peaks a third peak
shifting towards lower temperatures as the ionic radius of
the rare-earth ion decreases was observed. This peak, lo-
cated at a temperature around 193 K in Fig. 1, has been
attributed to relaxations of F~ ions bound to a cluster of
rare-earth ions. Quenching experiments performed by
Figueroa et al.!” on SrF, doped with La showed that the
intensity of this peak decreases, accompanied by an in-
creased NN peak intensity. Due to the high quenching
temperatures the clusters dissociate and NN complexes
are formed. den Hartog et al.'> have held NNN relaxa-
tions responsible for the 193 K peak. This was based on
combined ITC and loss experiments. The answer to the
question of the true origin of the 193 K peak will be left
open in this paper. It will, however, not be essential for
the discussion of the observed ionic conductivity, in which
we are mainly interested.

C. Quenching experiments performed on Sry_,La,F,,

In order to study the change of the defect structure
upon quenching of the crystals we have performed ITC
measurements on quenched crystals of Sr,_,La,F,,,
(x =0.001, 0.005, 0.015, and 0.033). First the crystals
were annealed at 1300 K for 16 h and quenched subse-
quently at a rate of =30 K/s to room temperature. The
HT-peak position and the dipole concentration of as
grown and quenched crystals have been compiled in Table
I

At low La concentrations (x =0.001 and 0.005) the
shift of the HT peak and the variation of the dipole con-
centration is not significant, whereas in the 1.5- and 3.3-
mol %-doped crystals a shift up to 40 K can be observed
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along with an increase of the dipole concentration.
Quenching experiments performed on La-doped BaF, by
Laredo et al.'® and Figueroa et al.,!” and La-doped SrF,
by Suarez et al.' and Figueroa et al.,'” also shows a shift
of the HT-peak position towards lower temperatures.
These authors have attributed this shift to an increase of
the dislocation density in the crystals upon quenching.
Because we are not convinced that dislocations in the
crystals must be held responsible for the presence of the
HT peak, as will be discussed later, we propose another
explanation for the observed shift and the increase of the
dipole concentration. It is noted that because of the simi-
larities between La-doped SrF, and Ce-doped SrF, this ex-
planation also applies to Ce-doped SrF,.

Although we assume in this paper that the Ce (or La)
ions are distributed randomly over the SrF, lattice, in-
teractions between the defects, especially if the distances
between the ions are rather small, cannot be ignored;4 a
deviation from the purely random distribution will then
occur. The appearance of the 193 K peak and the
discrepancy between the measured dipole concentration
and the expected concentration on basis of Eq. (7) may be
a consequence of this deviation. The defect structure is
determined by the temperature at which the mobility of
the rare-earth ions becomes so small that the rare-earth
position can be considered as “frozen” in the fluorite lat-
tice. Quenching the crystals from a temperature at which
the rare-earth ions are mobile will then result in a defect
structure different from the defect structure in the as
grown crystals. As a consequence the ionic conductivity
and the concentration of isolated dipolar complexes
changes, which may account for the observed shift of the
HT peak and the increased dipole concentration in the
1.5- and 3.3-mol % La-doped crystals. In the 0.1- and
0.5-mol %-doped crystals each La ion is isolated from
other La ions so quenching does not change the defect
structure and the HT peak remains at a fixed position.

D. The HT peak

From the results discussed until now we have arrived at
conclusions concerning the defect structure which will be
essential in the discussion of the HT peak. The defect
structure depends upon the Ce concentration, and based
on our observations we can distinguish between three
characteristic concentration regions.

(i) In the dilute region, x <0.005, the Ce ions are in-
volved in an NN dipole complex, distributed randomly
over the SrF, lattice. The average spacing between the de-
fects is relatively large and the dipoles can be considered

TABLE 1. HT-peak position ( T,,,) and dipole concentration (N;) of as-grown and quenched crystals

of Sr;_,La,F, .

As grown Quenched
x T (K) Ny (102 m™?) T, (K) Ny (102 m™3)
0.001 375 2.5+0.3 374 2.4+0.3
0.005 365 5.9+0.3 363 6.3+0.3
0.015 337 7.0+0.3 325 12.0+0.3
0.033 301 2.840.3 257 4.6+0.3
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to be isolated from other defects.

(ii) For concentrations between 0.5 and 10 mol %, the
intermediate concentration region, the defect structure is
much more complicated. At 1 mol % the NN dipoles be-
gin to interact significantly, leading to a decrease of the
orientational polarization of Ce**-F~ dipoles, and conse-
quently the intensity of the dipolar relaxation peak de-
creases. The HT peak shifts towards lower temperatures
due to an increased ionic conductivity.

(iii) For concentrations higher than x =0.1, the concen-
trated region, the HT peak stops shifting and the width is
rather small (Fig. 2). Dipoles are not observed anymore.

Crucial in the discussion of the results to be presented
further in this paper is the interpretation of the HT peak.
In Ref. 1 we showed that the HT peak must be associated
with ionic conductivity leading to charge accumulation at
the crystal surfaces. Recently, however, Laredo et al.
have questioned our conclusions. They state that the HT
peak, observed in ITC recordings of rare-earth doped SrF,
and BaF,, is caused by the relaxation of charged ions as-
sociated with dislocations present in the crystals.>!7—2!
Instead a peak located at higher temperatures than the
HT peak, the so-called E peak, has been attributed to ac-
cumulation of charges at the crystal surfaces by Laredo
et al. We stress that we have never observed an E peak in
our ITC recordings. We think, therefore, that the origin
of this peak must not be sought in the studied crystals.
Instead electron injection across the electrode-crystal in-
terface might be responsible for the E peak. In our ITC
experiments this injection is not possible due to the
Teflon® insulation layers between the electrodes and the
crystal.

Our experimental ITC setup and the interpretation of
the HT peak are in many respects equivalent to the setup
and the interpretation employed by Kessler et al.?? to in-
vestigate CdF, doped with NaF. These authors also ob-
serve a dipole relaxation peak along with a high-
temperature peak. The HT peak is dealt with in the same
way as expressed by Eq. (6).

1. The HT peak in the dilute concentration region

In this concentration region we will employ a model in
which interstitial F~ ions, dissociated from Ce3*-F~ di-
polar complexes, migrate through the lattice by jumping
from one interstitial site towards another interstitial site.
This jump process of F~ ions leads to ionic conductivity
if a polarizing electric field is present. As a result accu-
mulation of F~ ions at the positive electrode occurs. The
relaxation of these accumulated F~ ions in an ITC experi-
ment leads to a depolarization current which is observed
as the HT peak in the ITC recordings.

The ionic conductivity due to the hopping of F~ ions in
a cubic lattice can be described by

(T =nL3_r 9)

(Ref. 23), where n is the concentration of dissociated F—
ions, g is the F~ charge, s is the jump distance, and T is
the number of F~ jumps per second which is activated
thermally,

—Ea
kT

'=Tgexp . (10)

I'y is a proportionality constant and E, is the activation
energy, which is determined by the potential barrier
height experienced by a jumping F~ ion. Equation (9) is
valid only if the fluorite lattice is not disturbed by defects,
therefore, the Ce concentration must be low.

From statistical mechanics one can derive that the con-
centration n of dissociated F~ ions as a function of the
Ce concentration is equal to
172

exp

_Ed
2k T

x(1—gx)
g

n=N

) (11

where N =2.05x% 10?® m—3, which is the concentration of
interstitial sites in SrF,, E,; is the dissociation energy of a
Ce**-F~ dipolar complex, g is the number of bound in-
terstitial F~ sites surrounding a Ce** ion. Equation (11)
is valid only if the bound positions surrounding one par-
ticular Ce ion do not overlap with bound positions sur-
rounding another Ce ion, therefore, the condition gx << 1
should be fulfilled.

Combining (9) and (11) gives the well-known Arrhenius
equation for ionic conductivity

—(E,+~E,)
kpT

o
o(T)= —oexp

T , (12)

where oq is proportional to Vx. From (4) and (12) we
derive for the shift of the HT peak with the Ce concentra-
tion
-1
E,+7E,
kpT}h

dT  —Inl0 | 1
d (logox) 2 T,

) (13)

in which T,, is the position of the maximum of the HT
peak [Fig. 2(a)]. Equation (13) does not depend upon the
ITC sample-cell configuration. Inserting a value of 1.34
eV for E, ++E, in Eq. (13), as has been obtained in Ref.
6. and with T,, approximately 370 K, we calculate a HT-
peak shift of —10 K/decade. This is indeed what can be
observed in the concentration region up to x =0.005 [Fig.
2(a)]. Also SrF, doped with rare-earth ions other than Ce
shows this shift in the dilute concentration region (Ref. 1
and references therein).

From Eq. (4) and Eq. (12) an expression relating the
HT-peak position and the activation energy E, + %Ed can
be derived,

—(E,++Ey)
kBTm

—1 4 E, +’;’Ed (o4
;=&
T | kpT2:  Tm o ?

f

bege,

(14)

If the term 1/T,, is neglected and the doping concentra-
tion is kept constant, the HT-peak position is proportional
to E, +%Ed. The proportionality constant is determined
by 0 and the sample-cell configuration.

In the last few years we have performed ITC experi-
ments on SrF, doped with La, Ce, Pr, Nd, Eu, Sm, Gd,
Dy, Er, Yb, Lu, and Y (Ref. 1 and references therein) and
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BaF, doped with La,** Gd,"” Eu, and Yb. All experi-
ments were performed with the same experimental param-
eters such as crystal dimensions, ITC sample-cell configu-
ration, etc. In Fig. 4 the position of the HT peak for one
particular doping concentration (x =0.001) in the dilute
concentration region has been plotted. The position de-
pends on both the dopant and the host crystal. The varia-
tion of the HT-peak position as a function of rare-earth
dopant must be attributed to changes in the dissociation
energies of R3*-F~ dipolar complexes (NN as well as
NNN), whereas the shift of the HT peak towards lower
temperatures in going from SrF, to BaF, is attributed to a
change in both E, and E,.

In the accompanying paper® a value of 1.34+0.02 eV
for the activation energy of the ionic conductivity in di-
lutely Ce-doped SrF; crystals has been obtained. Employ-
ing this value and the observed HT-peak position of 0.1-
mol % Ce-doped SrF, (370 K), the proportionality con-
stant between (E, + %Ed) and T,, has been obtained. It
is not expected that this constant varies significantly in
going from SrF, to BaF, or if other dopant ions than Ce
are used. The activation energies E,+~+E; can now be
calculated straightforwardly from the HT-peak positions.
If we use for E, of SrF, a value of 0.945 eV, as has been
reported by Bollmann et al.*> and by Schoonman et al.,?®
and a value of 0.79 eV for BaF, obtained by Bollmann?’
the dissociation energy of the dipolar complexes can be
obtained; the results have been compiled in Table II. The
stochastic error in E,; is approximately 0.03 eV; however,
there may also be some systematic error due to uncertain-
ties in the proportionality constant between (Ea+%Ed)
and T,,. This error is estimated to be 0.05 eV.

If rare-earth-doped SrF, is considered, the association
energy of R3*-F~ dipolar complexes decreases in going
from La to Er and slightly increases for the ions with still
smaller radii (Yb and Lu). The dipolar complexes in BaF,
show an increase in association energy as the ionic radius
of the rare-earth ion decreases. If the results are com-
pared with theoretically calculated association energies
(Corish et al.’), which have been complied in the fifth
column of Table II, the same trends, although less pro-
nounced, can be observed as a function of the rare-earth
ionic radius. The absolute values, however, may deviate

T T T T T T T T T T T

Mo.999R0.00172.001

350} J :

T, (K)
e

3001 5 3 i
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La Ce Pr Nd Eu Sm Gd Dy Er Yb Lu Y
R

FIG. 4. The position of the HT peak of 0.1-mol % RF;-

doped MF, crystal. R3* is a member of the lanthanide series or
Y3+. O, MF, is SrF,; O, MF, is BaF,.

appreciably from the calculated values. Association ener-
gies calculated by Wapenaar et al.,?® with semiempirical
lattice potentials, have also been included in Table II.
These results show a better agreement with our experi-
mental results. Corish et al. have calculated for Y**+-F~
dipolar complexes in SrF, an anomalous stability; we, on
the contrary, find an anomalous instability as compared
to the rare-earth ions. Bollmann et al.*> have also report-
ed a rather small association energy of Y3+-F~ complexes
in SrF, (0.16 eV). The fact that Y% is not a member of
the series of lanthanide ions, and, therefore, has different
chemical characteristics is probably responsible for this
low association energy.

Summarizing, we arrive at the following conclusions
about ionic conductivity in the dilute region.

(i) The ionic conductivity for Ce concentrations below
x =0.005 can be described by the Arrhenius expression.

(ii) The shift of the HT peak with the concentration
agrees with this conductivity model.

(iii) The shift of the HT peak as a function of the
dopant ion and the host material can be explained by a
change in E, and E,.

(iv) The absolute values of theoretically determined dis-
sociation energies of R3*-F~ dipolar complexes may de-
viate considerably from experimentally obtained values,
although the trends with rare-earth ionic radius compare
quite well.

2. The HT peak in the intermediate
and concentrated region

At Ce concentrations higher than 0.5 mol % the shift
of the HT peak with the Ce concentration is much more
than — 10 K/decade; furthermore, the width of the HT
peak [Fig. 2(b)] increases. These features cannot be
described with an Arrhenius-type ionic conductivity. In-
stead, new conductivity models should be applied in this
concentration region. In order to demonstrate the devia-
tions from Arrhenius-type ionic conductivity, we have
performed ITC experiments on partially polarized (La-
doped SrF,) crystals.

Usually an ITC experiment is performed by polarizing
the crystal at a temperature higher than T,, of the HT
peak. The mobility of the interstitial F~ ions is then large
enough to fully polarize the crystal. If, however, the po-
larization temperature is chosen below T, and if the po-
larization time is not sufficiently long, the crystal is par-
tially polarized. In Fig. 5 the HT-peak position as a func-
tion of the polarization fraction (a), defined as the frac-
tion of maximal polarization, can be seen. In the dilute
concentration region (x =0.001) the peak remains almost
at a fixed position, for intermediate concentrations a shift
towards lower temperatures is observed as the polarization
fraction decreases. The heavily doped crystal (x =0.3)
also shows a shift towards lower temperatures. This shift
is, however, less pronounced than for intermediate con-
centrations.

If the ionic conductivity can be described by the Ar-
rhenius equation, we do not expect that the dielectric con-
stant of Ce-doped SrF, changes significantly with the
temperature. Equation (4) can now be used to describe the
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TABLE II. Compilation of the activation energies ( E; + %Ed) for Arrhenius-type ionic conductivity
and the dissociation energies ( E;) of R**-F~ dipolar complexes of MF, (M =Sr or Ba) single crystals
doped with 0.1 mol % trivalent cation impurities (R) as has been obtained from ITC recordings. In ad-
dition, theoretically calculated values for E; by Corish et al. (Ref. 3) and Wapenaar et al. (Ref. 28)

have been compiled.

System Dipole E,++E, Ey E; (V) E; (V)
MF,:R type eV) eV) Ref. 3 Ref. 28
SrFyLa NN 1.34 0.79 0.592 0.75
StF,:Ce NN 1.34 0.79

SrF,:Pr NN 1.27 0.65

SrF,:Nd NN 1.26 0.62

SrF,:Eu NN 1.23 0.57 0.563 0.58
SrF,:Sm NN 1.22 0.56

SrF,:Gd NN 1.20 0.51 0.529

SrF,:Gd NNN 0.535

StF,:Dy NNN 1.20 0.51

SrF,:Er NNN 1.18 0.47 0.534

SrF,:Yb NNN 1.19 0.49 0.543

SrF,:Lu NNN 1.22 0.55 0.537 0.55
SrF,:Y NNN 1.14 0.38 0.592

BaF,:La NNN 1.01 0.44 0.546 0.39
BaF,:Eu NNN 1.05 0.52 0.555 0.45
BaF,:Gd NNN 1.07 0.56 0.568

BaF,:Yb NNN 1.09 0.60 0.572

ionic thermocurrent. The only change upon partial polar-
ization of the crystal is the substitution of aP, for Py in
Eq. (4). The HT peak obtained after partial polarization
must, therefore, be identical in shape and position to the
fully polarized case; this agrees with the results obtained
for the dilutely doped crystal in Fig. 5.

In order to understand the behavior of the HT peak
with the Ce concentration (Fig. 2) and the polarization
fraction (Fig. 5), the defect structure should be considered.
At concentrations above x =0.005, NN and NNN sites of

300t

T, (K)

2501

2OOF

FIG. 5. The position of the HT peak of Sr,;_,La,F, ., plot-
ted vs the fraction of maximal polarization. (a) x =0.001; (b)
x =0.03; (c) x =0.057; (d) x =0.30.

a particular Ce3* ion start to overlap with NN or NNN
sites of other Ce’* ions; Eq. (9) as well Eq. (11), and con-
sequently the Arrhenius equation, Eq. (12), will no longer
be valid. In recent papers'®~!3 a model has been proposed
to explain the shift of the HT peak between x =0.005 and
0.1. The overlap of NN and NNN sites leads, in this
model, to easily conducting areas in the lattice. It is as-
sumed that F~ ions can hop relatively easily from one
Ce3t ion to another Ce** ion without the need to dissoci-
ate from a Ce3* ion and without the need to overcome the
high potential energy barriers present in pure SrF,. The
mobility of an interstitial F~ ion increases drastically,
leading to ionic conductivities higher than expected with
Eq. (12). Although it is not expected that the potential
energy barriers for F~ jumps in the vicinity of Ce, impur-
ities remain the same if additional impurities are nearby
(see also the discussion of the NN relaxation peak), the
main idea is that the potential energy barriers close to a
Ce ion are low (=0.6 eV) as compared to the barriers in
pure SrF, (=1.0 eV). We are now dealing with the
phenomenon of hopping ionic conductivity in a random
medium. We have given in Fig. 6 an one dimensional il-
lustration of F~ ions in a random potential energy barrier

1.0 [\ - //\
0.6 /
0.0

1 2 3 4

o Interstitial F ion

Energy (eV)

FIG. 6. An illustration of hopping ionic conductivity in an
one-dimensional random medium. ¢ represents the applied elec-
tric field.
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structure. A valley in this figure corresponds with a pos-
sible interstitial F~ site, and the saddle points represent
the barriers for F~ jumps. F~ ions are placed at the
numbered positions. If a polarizing electric field is ap-
plied, the F~ ions will respond to this field by hopping
from one interstitial site to an adjacent site. The ions lo-
cated at positions 1 and 3 will, on the average, jump soon-
er to the right than the ions at positions 2 and 4 because
the latter ones see a larger barrier on the right. The
mobile ions (1 and 3) jump until a high potential barrier is
encountered: Then it takes a while before a next jump is
made. After some time a steady-state current is built up
leading to dc ionic conductivity.

If a crystal with a random potential barrier structure
due to a high doping level, is partially polarized, only the
most mobile F~ ions contribute to this polarization. Dur-
ing depolarization in an ITC experiment these mobile ions
will relax at relatively low temperatures, which accounts

for the observed shift of the HT peak in Fig. 5. The
mobile F~ ions are also responsible for the broadening of
the HT peak observed in Fig. 2(b). Furthermore, as the
Ce concentration increases the relative abundance of low
potential energy barriers increases; the F~ ions percolat-
ing through the lattice by hopping over these low energy
barriers are responsible for an increased ionic conductivity
and accordingly the HT-peak shifts towards lower tem-
peratures.

With the model of hopping ionic conductivity in a ran-
dom potential energy barrier structure we have been able
to explain qualitatively the phenomena associated with the
HT peak; i.e., the shift of the HT peak with the Ce con-
centration, the increase of the width of the HT peak, and
the shift of the HT peak upon partial polarization of the
crystals. In the accompanying paper,® in which im-
pedance measurements are presented, we will provide
quantitative data in support of the above-described model.
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