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Extended x-ray-absorption fine structure (EXAFS) measurements and computer modeling tech-
niques have been used to study defective clustering in 10 mol% CaF2:Er'+. The EXAFS spectra
were recorded in the temperature range 298—1070 K and show that there is no major change, as the
temperature is increased, in the structure of the hexameric 6~0~8~6, cluster [P. J. Bendall et al. , J.
Solid State Chem 51, 159 {1984)]which has been previously identified in CaF2.Er +. The computer
simulation calculations have been extended to evaluate the dipole moments of the clusters suggested
previously and to study a number of other clusters which have been suggested as being responsible
for the observed dielectric relaxation and electronic spectra. The new data presented here are dis-

cussed in conjunction with the other available experimental evidence and a mechanism is suggested
for the generation of the additional mobile species necessary to explain the high-temperature con-
ductance.

I. INTRODUCTION

Dopant-interstitial clustering in anion-excess alkaline-
earth Auorides has been studied by a wide range of tech-
niques in recent years. The complexity of the cluster
structures has been revealed by di6'raction, ' spin reso-
nance, ' spectroscopic, extended x-ray-absorption fine
structure EXAFS, ' and computer modeling tech-
niques. ' '" The simple tetragonal and trigonal dopant-
interstitial monomers which dominate at very low con-
centrations (0.1 mo1% dopant) are considered to be re-
placed at higher concentrations by dopant dimers and tri-
mers, Figs. 1 and 2, and by the hexameric species illus-
trated in Fig. 3. Ordering of the latter type of cluster
leads to superstructure which have been detected in the
di6'raction studies of Greis and co-workers. ' '

Despite the extensive range of studies there are still
several problems with our understanding of these sys-
tems. Firstly, although the formation of the clusters re-
lated to the hexameric structure in Fig. 3 is well estab-
lished, the precise structure of such clusters is still uncer-
tain. Secondly, the behavior of the materials at higher
temperatures is not understood. In their conductivity
studies Archer et al. ' find a rapid increase in the ionic
conductivity at 870 K (cf. Fig. 4), and evidence for
significant displacements of clustered interstitials at these
temperatures has been provided by neutron studies. '

Much of the information on impurity-defect aggregates

in the alkaline-earth Auorides has been obtained from
spectroscopic and dielectric relaxation techniques, '

the latter technique being sensitive to aggregates with a
dipole moment which can reorientate through migration
of the anions. The most thoroughly investigated system
is CaF2.Er + which exhibits five dielectric relaxations,
R-I to R-V (designated "RI" to "RV" by Fontanella and
Andeen' ), and at least 16 erbium sites have been
identified in the electronic spectra. ' The RI relaxation
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FIG. 1. Schematic representation of the 2~0~2~, dimer.
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FIG. 2. Schematic representation of the 3~0~1~3& trimer.
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has been identified as the simple tetragonal
dopant —near-neighbor monomer. In crystals containing
10%%uo erbium there is only one relaxation, R-III (Ref. 16)
and only one component in the electronic spectrum, the
D (2a, b) pair in the nomenclature of Moore and Wright.
Defects responsible for the D (2) spectra contain at least
three rare-earth ions and therefore the R-III relaxation
is due to a large cluster which possesses a dipole moment
and two types of erbium site. The structure of the cluster
responsible for the R-III relaxation and the origin of the
R-II relaxation have been discussed by Welsh. '

FIG. 4. Ionic conductivity of CaF2:Er + measured by Archer
et al. (Ref. 14).

The aim of the present study is to use EXAFS mea-
surements and computer modeling studies to further elu-
cidate the defect cluster structure of 10 mol %
CaF2.Er +. Firstly we will examine, using EXAFS, the
temperature dependence of the cluster structure. Second-
ly, the computer modeling techniques, including the cal-
culation of dipole moments, will be extended to model
clusters that can provide assignments for the observed re-
laxation modes. The results of these studies are also
used, in conjunction with our earlier neutron work, to
suggest mechanisms for the generation of the additional
mobile species necessary to account for the high-
temperature conductivity.

II. TECHNIQUES AND RESULTS

6/0/8/6,

0 substitutional impurity
host cation

Q &111& anion interstitial
0 off-centre anion interstitial

5/O/8/5,

FICx. 3. Schematic representations of the hexamer 6~0~8~6,
and pentamer 5~0~8~5, c1usters: only the cube-center anion in-
terstitials are shown.

A. Computer modeling

The Inethods used to calculate defect energies are ex-
actly as in our previous studies of these systems. ' '" We
employed the generalized Mott-Littleton procedure avail-
able in the HADES III code using the potentials derived by
Catlow et al. The number of ions in region I was ap-
proximately 180, which is suKciently large for the
present study. The HADES program has recently been ex-
tended to enable it to calculate the dipole moment of
the defect species under consideration. The method sums
all the dipoles which result both from the defect
configuration and the lattice relaxation and includes the
effects of ionic polarization.

To rationalize the high-temperature properties and the
assignments made by Welsh ' it is necessary to consider
dopant pentamers and tetramers (both with varying num-
bers of interstitials) in addition to the hexamer shown in
Fig. 3; we must also investigate the monomer with C3,
symmetry, Fig. 5, that was considered by Welsh to be re-
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B. KXAFS measurements

The EXAFS technique is now a well-established
method for obtaining information on the local environ-
ment of particular atomic species in disordered materials.
We have recently reported a detailed application of
EXAFS to the study of defect clustering in alkaline-earth
fluorides at low temperatures. ' In the EXAFS experi-
ment we measure the fine structure adjacent to x-ray-
absorption edges arising from excitations from core lev-
els. This fine structure is due to the interference of the
backscattered components of the photoelectron with the
propagating photoelectron wave. It has been shown
that the fine structure g can be expressed by the following
equation:

0 substitutional impurity
~ origin

FIG. 5. Schematic representation of the monomer 1IOI ll2,
showing the (111) relaxed anion. The coordinate of this anion
relative to the lattice site from which it has relaxed are —0.349,
—0.349, and 0.858.

sponsible for the observed R-II relaxation mode mea-
sured in dielectric relaxation studies. ' ' In the nomen-
clature described by Bendall et al. " (cf. Appendix) the
specific clusters for which results are presented here are
the following.

(i) The 5IOI8I5, and the 5IOI8I4, pentamers and the
4IOI8l5, tetramer.

(ii) The 1 IOI 1l2, monomer which is the trigonal cluster
shown in Fig. 5.

The calculated energies and, dipole moments of the
relevant clusters, are reported in Table I, which gives the
total energies for these clusters as well as their associa-
tion energies in eV per trivalent ion. In addition, we re-
port results for the 6IOISI6„6IOISI5„and 1lOIOI2, clus-
ters, which we have considered previously. Comparison
of these values shows that the trigonal 1

I
0

I
1

I
2

&
monomer

is lower in energy than the closely related llOIOI2„and
that the 5IOI8l 5, has a slightly larger binding energy than
t e 6lolgl6, .

TABLE I. Defect energies in eV, association energies in
0

eV/M +, and dipole moments in e A, for the speci6ed clusters in

CaF2..Er

exp( —2t7J'k ) l f, (~)
l exp( —2R /A, )

J J

Xsin(2kRJ+25+QJ) .

This standard equation is essentially the product of an
amplitude function and a frequency function. The arnpli-
tude of the oscillations depends directly on the number of
atoms in the jth shell and inversely on R, where R- is
the distance of those neighbors from the absorbing atom.
The term f (~) describ. es the backscattering power of the
neighboring atoms, is a k-dependent function (photoelec-
tron wave number), and varies with the number of elec-
trons in the backscattering atom. The term o. which is
contained in the first exponential factor takes account of
the loss in amplitude caused by thermally induced and
static displacements within the jth shell. In fact, o. is
the mean-square fluctuation in the interatomic distance
between the atom at the origin and the jth atom. The
Auctuations include a dynamical term due to thermal
motion of the atoms and a static term due to structural
disorder. The temperature dependence of o. is pertinent
to the present study and must be considered. When only
dynamical Auctuations due to thermal disorder are of im-
portance it is expected that o. should show a linear
dependence on temperature. However, if the static
term due to structural disorder is significant, then an
anomalous feature should be observed in the temperature
dependence of cr .

The second exponential term accounts for the decay of
the photoelectron as it propagates through the lattice.
A, (k) represents the mean free path of the electrons which
will increase with increasing photoelectron wave vector
k.

Cluster

110I 1 I2
2lololl,
310I4I5
4IOlgl5,

slolgls,
6lolglS,

Defect
energy

—25.556
—25.645
—43.262
—75.363
—97.325

—113.398
—118.295
—138.667
—141.441

Association
energy

—1 ~ 165
—1.253
—0.379
—1.427
—1.509
—0.799
—1.360
—1.112
—1.275

Calculated
dipole moment

0.38

1.48

0.00

The frequency function which varies with k contains
the anticipated sine term to generate the oscillatory na-
ture of g, and the frequency of the oscillations decreases
as the radial distance R, .between the emitter and back-
scatter, decreases. The phase alteration which the photo-
electron wave experiences when it interacts with the elec-
tronic potential of the excited and backscattering atoms
is included in the factors 25 and f, respectively. The
phase shifts are functions of k and hence of the kinetic
energy of the electron ejected in the absorption process.

In our previous EXAFS study of 10 rnol %
Er + —doped CaF2 we showed that the data were con-
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sistent with the 6~0~8~6& cluster, unlike the case for
La +-doped CaF2 where the spectra were interpreted
more satisfactorily as arising from 2 ~0 2

~
3

&
clusters. In

the present study we extend our previous work on
CaF2.Er + both by collecting new data at high tempera-
tures and by examining the consistency of these and the
previous room-temperature data with other clusters indi-
cated by different experimental techniques.

C. Experimental method and data analysis

The sample used was a portion of a single crystal of
CaF2.Er + which was grown by a modified Stockbarger
technique: the dopant concentration was 10 mol%%uo erbi-
um. The required sample thickness, which would allow a
photo transmission rate of at least 30%, was achieved by
diluting the sample with boron nitride. The sample and
dilutant were ground to a fine homogeneous powder and
then pressed under 8 tons to a disk of radius 0.5 cm. The
disk was then mounted in a sample holder which was sur-
rounded by a heating element, and this unit was placed in
an EXAFS furnace-cryostat with beryllium windows.
The furnace was then evacuated to 10 torr. The
EXAFS spectra were measured over a range of tempera-
tures from 298 to 1070 K, using the synchrotron radia-
tion source at Daresbury Laboratory. During these ex-
periments, the synchrotron operated at an energy of 2.0
GeV. Data were obtained at erbium L&&& edge and were
measured in the transmission mode at station 7.1.

The data were normalized and the background sub-
tracted and fitted using programs from the Synchrotron
Radiation Source (SRS) Library at Daresbury. Initially
the strategy adopted was based on a comparative qualita-
tive analysis of the data without recourse to theoretical
models. Data analysis proper was facilitated by an in-
teractive program package ExcURVE which uses the
curved-wave theory in the EXAFS phenomenon to gen-
erate theoretical spectra from model structures. This
program enabled us to effect the Fourier transformation
of spectra from frequency to distance space. The use of
Fourier filtering separated the complex EXAFS spectrum
into peaks representing each component frequency or
backscattering from an individual shell. The analysis also
made use of the facility which allows an iterative least-
squares fitting procedure to adjust parameters within cer-
tain defined limits. This ensured that the sum of the
squares of the difference between the experimental and
theoretical plots was minimized.
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the k weighting over the entire range in order to
enhance the high-energy region of the spectra. A com-
parative examination of these spectra reveals the presence
of four well-defined peaks at the low-energy side of the
spectra. Above this, the data become less structured
despite the k weighting. As expected, there is also a de-
crease in the signal-to-noise ratio as the temperature is in-
creased. Apart from a smearing out of structure at high
temperatures, the basic pattern remains the same in all
the spectra. On the high-energy side of the second peak,
however, there is a small sharp peak which progressively
diminishes over the temperature range, appearing only as
a slight shoulder at higher temperatures. Similarly, there
is another intervening feature between the third and
fourth peak which behaves in a similar fashion. While
the amplitude of the data is seen to decrease gradually
with temperature, the frequency of the oscillations
remains the same.

Examination of the corresponding Fourier-transformed
data for each spectrum (which were obtained without cal-
culation of phase shifts) is a useful but again qualitative
intermediate step. The omission of these appropriate

D. Experimental results 0.5-

A total of eight spectra were recorded over the temper-
ature range 298 —1070 K. The presentation of the results
will be confined, however, to the spectra recorded at 298,
738, and 1070 K, since they provide the necessary
features.

Initially, a qualitative assessment of the results can be
made by examination of the raw data. The raw EXAFS
in k space and corresponding Fourier-transformed data
in R space of the chosen spectra are shown in Figs. 6—8.
The damping of the EXAFS at high energy necessitated

0.4-

0.2-

0.0—
5

R (A)

FIG. 6. Raw EXAFS data for CaF2.Er + at 298 K: the
Fourier transform of these data into R space is also shown.
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phase shifts causes the peaks, representing the shell dis-
tances, to be displaced from their correct positions. A
more illuminating handling of the data requires the appli-
cation of the technique of Fourier filtering. This involves
the isolation of a single peak in the Fourier transforma-
tion, and in this analysis, only the first shell was con-
sidered. Although contributions from more distant shells
were found to be significant in our previous study, an
analysis in terms of the first shell alone is sufhcient to
determine whether there are major changes in cluster
structure. The single peak in the Fourier transform was
then backtransformed into k space so that the component
sinusoidal wave of the EXAFS, corresponding to back-
scattering from the first shell of atoms, could be
displayed. The Fourier-filtered data of the previously dis-
cussed EXAFS spectra are presented in Figs. 9—11.
Again the Fourier transformations were calculated in the
absence of the phase shifts, and so the absolute positions
of the maxima do not have any significance. The primary
aim of this step in the analysis is to reveal any change in

frequency which may occur in k space. The efFect of tem-
perature on CaFz causes an expansion of the lattice from
2.722 A at 0 K to 2.798 A at 1070 K. Thus in the ab-
sence of any other structural alteration, an increase in ra-
dial distance should be observed with a consequent in-
crease in the frequency of the spectra recorded at high
temperatures. %'hen the Fourier filtered data of the spec-
tra recorded at 298 and 1070 K are superimposed, any
change in frequency can clearly be observed. In fact, the
frequency of the high-temperature spectra decreases
slightly. Inclusion of the intervening spectra reveals that
this is a gradual process. In addition, it was noted that
the decrease in amplitude of the peaks at high k is faster
than at low k.

The next step in the analysis of the data produces a
quantitative assessment of the situation. This time the
Fourier transformation of the data was calculated using
the appropriate phase shifts obtained in our previous
study using a semiempirical procedure. In addition, us-
ing the 6~0~8~6, (111) cluster as a starting model, a

1.2-

Q I-

EXPERIMENTAL

0.8-

EXPERIMENTAL

p 4-

-p 4-

i4, /, j'l, l

p~
$

I
O~

p.p

X
4 to '~8 'I, io ll ' i~

Q 8»

p 8~

-$.2-
k (A~)

FOURtER TRANSFORM

k (A-')

FOURIER TRANSFORM

0.6-

0.6-

{}.4-

0.5-
Ch

~~
C

0 4

0.3-

0.2-

0.0— Q.Q

FIG. 7. Raw EXAFS data for CaF&.Er + at 738 K: the
Fourier transform of these data into R space is also shown.

R (A)

FIG. 8. Raw EXAFS data for CaF2.Er'+ at 1070 K: the
Fourier transform of these data into R space is also shown.
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least-squares-fitting procedure adjusted the input values
of X., R, and 2, which are the number of atoms in the
shell j, the radial distance of shell j and the Debye-Wailer
factor, respectively, in order to minimize the difference
between the experimental and theoretical spectra. The
resulting values of 3

&
and R

&
from all the recorded spec-

tra are shown in Table II. The plots of the theoretical
versus experimental spectra recorded at 298 and 1070 K
are given in Figs. 12 and 13, respectively. Examination
of the results given in Table II shows that the radial dis-
tance remains unchanged over the entire temperature

0
range, giving a constant value of 2.33 A. In contrast, the
Debye-Wailer factor increases with temperature linearly,
as shown in Fig. 14.

Closer examination of the coplot of the theoretical and
experimental spectra reveals that, while at low tempera-
ture the agreement between theory and experiment is ex-
cellent, the peaks at high k in the spectra recorded at
elevated temperatures are slightly offset from the corre-
sponding theoretical peaks. In addition, the peak in R

space at high temperature is shifted to slightly lower R.
Since this peak shifts inwards and a shoulder is also seen
to develop on its left side, the possibility of an asymmetri-
cal distribution function must be considered. At this
stage it is worth referring to a similar analysis by Boyce
and Hayes on the superionic phase of AgI at 471 K.
They found that in order to obtain adequate fitting of the
data at high temperatures it was necessary to allow for an
asymmetrical distribution about the central ion by going
from a single-Gaussian to a 3:1 two-Gaussian peak mod-
el. This means that while a Gaussian distribution func-
tion is adequate at low temperatures to describe the dis-
tribution of the atoms in the first shell, it breaks down at
higher temperatures due to thermal disorder.

With this in mind, the final refinement in the data
reduction was applied. This involved the examination of
the ability of a superposition of Gaussian distribution
functions to produce the observed behavior of the
EXAFS, especially at high temperatures. For the low-
temperature data a single-Gaussian function was com-
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FIG. 9. Fourier-filtered first shell of the backscatterers and
the backtransform of these data into k space to give the com-
ponent sinusoidal wave of the EXAFS data recorded at 298 K.

FICx. 10. Fourier-filled first shell of backscatterers and the
backtransform of these data into k space to give the component
sinusoidal wave of the EXAFS data recorded at 738 K.
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FIG. 11. Fourier-filtered first shell of backscatterers and the
backtransform of these data into k space to give the component
sinusoidal wave of the EXAFS data recorded at 1070 K.

TABLE II. Values for the radial distance R
&

(A ) and
0 2

Debye-Wailer factor A, (A ), for the first shell of backscatter-
ers in the 6~0~8~6~ (111)cluster, as a function of temperature.

Temperature (K)

298.0
493.0
723.0
897.0
973.0

1066.0

Ri

2.33
2.33
2.32
2.31
2.33
2.33

0.018
0.022
0.026
0.029
0.031
0.032

pared with a split-shell Gaussian function of equal ampli-
tude. Thus, in the first case, the coordination around the
central erbium was assumed to be nine fluoride ions with
a mean single distance, and in the second instance it was
assumed that the shell was split into two parts each, with
4.5 Auoride ions surrounding the central erbium. The
fitted values are given in Table III, while the plots of the
theory versus the experiment are given in Fig. 15. In

FIG. 12. Fourier transform, calculated using the appropriate
phase shifts, of the first shell of backscatterers and the corre-
sponding backtransform into k space to give the component
sinusoidal wave of the EXAFS data recorded at 298 K. The
6~0~8~6& (111) cluster was used as a starting model and least-
squares fitting was used to adjust the input values of N&, R ~, and

to minimize the difference between the experimental and
theoretical spectra.

fact, the split-shell model gives only a slight improvement
on the single-shell model, particularly at high k, for the
low-temperature data.

Similar consideration of the spectra recorded at 1070
K, however, gives a different result. Table III presents
the values for R

&
and A &, while Fig. 15 gives the coplot

of the theory versus experiment for the one- and two-
shell models, respectively. The frequency of the experi-
mental EXAFS at high k is matched more closely in the
split-shell model, as is the radial distribution function. In
addition, the amplitude difference between the theoretical
and experimental profiles has been reduced.

III. DISCUSSION

Let us first consider the implications of the EXAFS
data. These suggest that there is no major change in clus-
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TABLE III. A comparison of the values for the radial distances R
&

and R2 (A) and Debye-%aller
0

factors A
&

and A & {A ) obtained using a single or split-shell Gaussian function to describe the distribu-
tion of the first shell ofbackscatterers in the 6~0~8~6, (111)cluster at 298 and 1070 K. N, and N, refer
to the number of fluoride ions assigned to the first and second components of the split shell, respective-
ly.

Temperature (K)

298.0
298.0

1070.0
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FIG. 15. Comparison of the abilities of a single-shell and two split-shell Gaussian functions to reproduce the experimental EXAFS
spectra of the first shell of backscatterers in the 6~0~8~6, cluster in CaFz.Er +. The experimental lines are shown as
theoretical lines as ———.
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the 1~0~1~2, cluster shown in Fig. 5 is responsible for this
relaxation mode, and again we note from Table I that this
species has a dipole. From the structure shown in Fig. 5
it would be expected that reorientation can readily occur.

We now return to the problem of the high-temperature
conductivity exhibited by trivalently doped CaF2. The
EXAFS results indicate that the onset of the rapid in-
crease in conductivity cannot be accounted for by major
disruption of the clusters to yield mobile species. One
possible mechanism for the injection of mobile intersti-
tials without cluster dissociation would involve the loss of
interstitials from the central cube (see Fig. 3) of the hex-
arneric or pentameric clusters. The processes could be
represented by the following reactions:

6lol8[6, 6lol8/5, +ololof I,
5101815, slol8I4, +ololol I .

(2a)

(2b)

IV. CONCLUSIONS

The three most important features to emerge from this
study are the following: first, the results of the EXAFS

From the calculated energies in Table I we obtain ener-
gies of 0.68 and 2.8 eV for reactions (2a) and (2b), respec-
tively. The value obtained for reaction (2a) is sufficiently
small to make this process a plausible model for the injec-
tion of mobile defects at high temperatures. In contrast,
the value for reaction (2b) is prohibitively large.

The removal of an interstitial from the central cube of
the 6~0~8~6, cluster might be expected to give rise to an
inward displacement of the 12 surrounding (110) inter-
stitials towards the central cube edge. Our calculations
find an average inward displacement of -0.055 A for
these species, but it should be noted that in the 6~0~8~6&
these interstitials are not all equivalent. The earlier neu-
tron diAraction data' showed that the major change that
was observed on heating CaF2.Er + from 80 to 1125 K
also involved the displacement of the (110) interstitials
by -0.083 A, again towards the central cube edge.

Of course, from our previous arguments it is clear that
the 6~0~8~6, cluster cannot be present alone. It is indeed
highly plausible that several di6'erent cluster models will
coexist. Furthermore, the multiple lines that appear in
the optical spectra, and which are due to crystallographi-
cally inequivalent ions, are likely to arise from the vari-
ous stages in the formation of the complete hexamer.

study show that the large dopant aggregates previously
identified at room temperature persist to high tempera-
tures. Secondly, the extension of the computer modeling
to new defect clusters has shown that the trigonal
1~0~1 2, cluster and the 5~0~8~5, pentameric cluster pro-
posed by Welsh as responsible for the R-II and R-III
dielectric relaxation modes, respectively, do have dipole
moments and are stable, although we have not found a
relaxation mode for the 5~0~8~5, cluster. Thirdly, we pro-
pose that the onset of enhanced conductivity at -870 K
can be attributed to the release of interstitials from clus-
ters such as the 6~0~8~6, . We have shown that this clus-
ter has an interstitial whose binding energy is sufFiciently
low to permit release at higher temperatures. We should
stress that the defect structure of these materials is corn-
plex and that several cluster types will coexist at all but
the most dilute dopant concentrations.
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APPENDIX

The notation to describe the clusters in trivalently
doped fluorites introduced by Bendall et al. " denotes a
cluster by the symbols

i/v/p/q„s,

where i denotes the number of trivalent substitutional im-
purity ions, U the number of vacancies, p the number of
relaxed lattice anions, q the number of interstitials in nn
sites (r =1), and s the number of interstitials in nnn sites
(t =2). It should be noted that this notation distin-
guishes between a vacancy and a vacant site which results
from the relaxation of a lattice ion. In the case of the
6~0~8~6 hexamer the orientation adopted by the two inter-
stitial ions in the central cube is denoted as ( 111) follow-
ing the symbols for the cluster.
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