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The reorientational properties of CaF, doped with the rare earths (RE) cerium, praesodym-
ium, samarium, europium, and terbium were studied using the technique of ionic thermocur-
rents (ITC). The reorientational energies of the RE-F ~“-interstitial complex formed were
found to increase with increasing ionic radius of the impurity rare-earth ion, increasing more
rapidly for the larger ions. All energies were much less thanthe free F--interstitial activa-
tion energy. The preexponential factors were larger than the normal vibrational frequencies
in the CaF, lattice and perhaps reflect the tight-binding nature of the complex. A natural
Brazilian fluoride sample known to contain aluminum fit nicely with the other data. Oscillator
strengths for the 4f— 54 optical transition for the RE ion in tetragonal symmetry in the CaF,
lattice were determined for Ce, Pr, and Tb using ITC and optical-absorption data. ITC runs
on SrF,: Eu were also made. The peak structure observed was more complicated. Three
peaks were separated and their activation energies and frequency factors determined.

I. INTRODUCTION

The measurement of reorientational properties
of electric dipolar complexes in insulators has
become simpler and more direct with the intro-
duction of the ionic-thermocurrent (ITC) technique
by Bucci, Fiechi, and Guidi in 1966. Before the
introduction of this method, dielectric loss, NMR,
tracer studies, and ionic conductivity were the
main techniques for investigating ionic motion
in ionic solids. Since its introduction, ITC has
been used to determine reorientational properties
and monitor other phenomena of various impurity
complexes in a good number of alkali halides.™*
In almost all cases, these results have been in
good agreement with the results obtained using
other methods. ®

Motional effects in the fluorite lattice have not
proved as straightforward. A common type of
electric dipole complex found in CaF, involves a
trivalent positive ion such as a rare earth (RE)
which enters the lattice substitutionally for the

calcium and the charge-compensating fluorine
interstitial ion. (The interstitial position in the
fluorite lattice is the vacant body center of the

cube of F~ that is adjacent to a cube of F~ with the
cation at its center.) Owing to the Coulomb attrac-
tion of the two ions one would expectthem to be bound
at sufficiently low temperatures; therefore, the com-
plex will possess a permanent electric dipole mo-
ment, Acommonsymmetry of this type of complex is
tetragonal, with the F; occupying the nearest-neigh-
bor interstitial position to the 3+ cation. Many other
types of dipolar complexes may be thought of and
formed in this lattice through the proper introduc-
tion of certain impurities, but in this paper we

will only be interested in complexes involving tri-
valent positive ions and fluorine interstitials.

Until recently, measured values of reorienta-
tional parameters and just simple diffusion param-
eters in rare-earth- or trivalent-positive-ion-
doped CaF, have diverged by 50-100%, 8 in great
contrast to the results in alkali halides. Lately,
things have been improving. There have been re-
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cent ionic-conductivity measurements that give
reasonable values for the diffusion parameters of
fluorine interstitials and fluorine vacancies in
CaF, and SrF,.° Also recently, using ITC, the
reorientational parameters of some RE-F; tetrag-
onal complexes in CaF, have been determined
with more consistency. 10-12

In this paper, we report the results of ITC mea-
surements above liquid-nitrogen temperature for
five different rare earths in CaF,. Oscillator
strengths of those RE’s whose lowest 4f—~ 5d op-
tical transition is accessible are also determined.
We also report the observation of an ITC peak in a
natural Brazilian fluorite which is known to con-
tain aluminum. These results combine with the
previous ones to give consistent values for re-
orientation of this complex. ITC studies of
SrF,: Eu are also reported.

II. EXPERIMENTAL

CaF, crystals doped with Ce (0.01 mol%), Pr
(0.1 mol%), Sm (0.1 mol%), Eu (0.01 mol%), or
Tb (0.1 mol %) as well as SrF,:Eu (0.1 mol %) and
a natural fluorite were used in the experiments.
The synthetic crystals were all obtained from the
Harshaw Chemical Company as random cuttings.
Although some of the samples were from reason-
ably near the boule edge (mainly some cerium
samples), the optical absorption as measured on
a Beckman DK2 spectrophotometer showed the
typical spectrum of the respective rare earths.
Therefore, it was believed that the crystals were
of good quality. The fluorite was natural fluorite
of green type (verde) obtained from the Brazilian
state of Santa Catarina. Mass-spectroscopic
analysis showed the predominant impurities to be
aluminum and magnesium. We were interested
in this crystal due to the aluminum, which should
enter the lattice in the same manner as the much
larger rare-earth ions (substitutionally as a triva-
lent cation). Further work is planned on these
crystals owing to their possible value as a thermo-
luminescence radiation dosimeter.

The ITC apparatus has been previously de-
scribed.!® The synthetic samples used were single
crystals > 0.5 cm? in cross-sectional area and
0.4-1.0 mm in thickness. They were not annealed
or thermally treated in any way. The natural-
fluorite samples were about the same size as the
synthetic ones; however, they were polycrystalline,
possessing many visible flaws. They proved to

be very difficult to anneal without their destruction.

Therefore, these samples were prepared only by
cleaving and polishing them to the proper dimen-
sions. For electrodes, silver was painted on or
aerodag was sprayed on. Both gave good results.
To obtain the ITC spectrum, the samples were
polarized for 9 min at a temperature near the peak
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temperature (normally near 140 °K) with an ap-
plied voltage of 350-400 V. The temperature was
then lowered to less than 90 °K, at which point the
applied voltage was removed. The heating rate
was about 0. 15 °K/sec. Nitrogen was present in
the Dewar during the runs. A Keithley 610C
electrometer was used to detect the current peak,
and this as well as the iron-constantan-thermo-
couple potential was recorded on a Sargent model
DSRG dual-pen recorder. Background current
was about 2x 10" A with noise fluctuations < 0. 5
x 10" A. The ITC peak heights were always at
least 30x 10" A. For any crystal, the results
from one run to the next were very reproducible.

It has been reported, * and we have also ob-
served, degradation in the measured activation
energy when the concentration of impurities is
>0.05 mol%. The peak, which at low concentra-
tions appears clean and simple, at higher concen-
trations appears broader and perhaps shifted in
temperature. The cause may be electric and/or
elastic dipole-dipole interactions between nearby
dipoles, or it may be that the peak is composed of
at least two types of dipoles of very similar char-
acteristics. Obviously, the best solution to this
problem is to use low-concentration samples. An
alternative solution is to use “cleaning techniques” :
After polarizing and cooling the crystal, heat it
only part way through the peak, cool, and reheat,
looking for changes in the cleaned peak with re-
spect to the original peak. This procedure will
steadily clean a complex peak, and therefore the
value of the activation energy in the cleaned peak
will approach the value in a peak from a low-im-
purity-concentration sample. Although we have
observed these effects using cleaning techniques
in some of the CaF,:Ce samples used by Royce
and Mascarenhas, no measurable changes were
observed using these techniques on our higher-
concentration samples (Sm, Pr, Tb).

The activation energies associated with the
observed peaks in the various samples were ob-
tained by plotting on semilog paper the mean jump
time 7 as a function of the inverse of the absolute
temperature 1/7. The mean jump time at any
temperature T is found by taking the ratio of the
area under the current peak from 7T to « to the
current at 7.! The slopes from the Arrhenius
plots then give the reorientation energies. The
frequency factor 1/7, may then be determined.

We estimate our errors on the measured activation
energies to be less than 0. 02 eV except where
otherwise noted. The frequencies are then cor-
respondingly within a factor of 2.

A. Results of ITC in CaF,

Table I shows the results of the present experi-
ment as well as some of the other recent values
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TABLE I. Reorientational properties of tetragonal
RE?*-F - dipolar complex in CaF,.

Radius Energy 1/7,

Impurity (A) (eV) (sec™l) Ref. Technique
Ce 1.28 0.46 2x 1014 10 ITC
Ce : 0.45 1x1014 g ITC
Pr 1.28  0.47 5% 1014 g ITC
Sm 1.23  0.42 5x 1018 a ITC
Eu 1.21  0.40 1x 1018 g ITC

0.40 2x 108 7 EPR

Gd 1.20 0.38 ~2x108 7 Dielectric
loss
0.395 1.2x108 12 ITC
Thb 1.18  0.39 1x 1018 g ITC
Er 1.14 0.386 2x108 11 ITC
Al ~0.80 0.36 1012 a ITC

2Present work.

for the reorientation parameters in rare-earth-
doped CaF,, and for Al in CaF,. This last im-
purity is denoted with a question mark and is the
result of the ITC measurements on the natural-
fluorite samples. The results here fit well with
the other values, and aluminum is known to be a
dominant impurity. The ionic radii are taken
from the rather recent work of Shannon and Pre-
witt. ¥® Values of the ions are for eightfold coordi-
nation in a fluoride structure. They do not give
values for the eightfold coordination of aluminum,
but as the eightfold radii are normally 0.1 A larger
than the sixfold radii for other trivalent positive
ions, an approximate value of 0.8 A was assumed.
As can be seen, the radii appear to decrease slow-
ly as the atomic number increases, but Ce* and
Pr¥* have the same radii. Ca? has a radius of
1.26 A and F~ has a radius of 1.19 A. These val-

IONIC-THERMOCURRENT STUDY OF RARE-EARTH-DOPED...

_included as an independent point.

4869

ues therefore imply that the cation is larger than
the anion, in contradiction to the older tables of
radii, for example those of Pauling, but in good
agreement with the electron-density-mapping re-
sults.

Figure 1 plois the activation energy of reorienta-
tion as a function of ionic radius, where the values
are taken from the previous table. The energy
appears to increase very slowly with increasing
radius (< 10% with a change of 50% in radius) un-
til the radius of the impurity is about equal to the
radius of F~. It then begins to increase much
more sharply, about 20% increase for less than
a 10% change in radius. Our values and the pre-
vious values fit together nicely on our graph.

The ITC of CaF,:Ce by Royce and Mascarenhas®®
was done on RCA-grown crystals and is therefore
Using the Pau-
ling radii would only shift the radii values on the

horizontal axis but would not change the form.

We may note at least three interesting features
of the above results: (a) The reorientational ener-
gies measured are all very small when compared
to the observed free-interstitial activation energy
(1.04 eV).® (b) The dependence of the reorienta-
tional energies on ionic radius appears to become
important as the radius of the trivalent impurities
becomes near to and larger than the F~ radii.

(c) The frequency factors are larger than one might
reasonably expect for vibrational frequencies in a
CaF, lattice. (vpo, the transverse-optical fre-
quency, is approximately 8x 102 Hz. )6

Concerning the first point, one sees that the
activation energy for motion has decreased by be-
tween 0.6 and 0.7 eV for the samples used. This
is a very large change when one considers that in
alkali halides, with binding energies of about
0.35-0.40 eV, !" the lowering of the energy barrier
for motion due to the Coulomb attraction of the
members on the complex and lattice distortion

FIG. 1. Dependence of reorientation energy
of RE¥*-F; complex in CaF, on the radius of
the rare earth. Radii of Ca®* and F-~ are also
noted.
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TABLE II. Oscillator strength for lowest 4f— 5d
optical transition of some rare earths in CaF,.

Lowest 4f—5d

Transition Oscillator
Crystal (nm) Strength
0.014 (Ref. 10)
CaF,: Ce 305 0.013
CaF,: Pr 217 0.018
CaFy:Th 214 0.011

caused by the complex is normally < 0. 15-0. 20
eV.5 InCaF,:Y, the binding energy of a Y* - F;
complex has been measured to be 0.6 eV, ® and
therefore, one might expect a similar binding
energy for the analogous rare-earth-type complex.
Thus it would appear that the lowering of the re-
orientational energy is about the same as if notlarger
than the binding energy. This is much different
than in the alkali halide case. Of course, the com-
plexes are much different. In the latter, reorienta-
tion occurs due to the motion of a cation into a
cation vacancy. In CaF,, it is believed that at
least for free interstitials motion occurs due to
the interstitialcy mechanism. A substitutional
fluorine moves into a vacant interstitial site and
the interstitial fluorine moves in a substitutional
site. The order of events is not clear. The direct
mechanism should be harder due to the difficulty
the interstitial fluorine will have in moving in the
[110] direction because of its size and the size of
the other fluorines in the corners of the cube sur-
rounding it. However, remembering the large
difference we have observed between the activation
of free and bound interstitials, it cannot be as-
‘sumed that the process and mechanisms are the
same for the free and bound interstitial. One

must also remember that another ITC peak has
been reported in CaF,:RE with an activation
energy less than 0.2 eV.'"*? This is > 0. 8 eV less
than the free-interstitial value and reminds one

of molecular reorientation rather than ionic.
Nonetheless, it would appear that binding a fluorine
interstitial to apositive trivalentionin CaF,appears
to affect its diffusional properties drastically.

However, though all the values are low with re-

spect to the free-interstitial values, they are
self-consistent. In fact, the very slow energy
dependence with ionic radii until near a critical
value, in this case the radius of F~, and then the
sharp increase for larger radii seem reasonable

if positive lattice distortions are an important
parameter in governing reorientation. From our
results, one would expect that the La®* - F~ dipolar
complex in calcium fluoride would have the largest
reorientation energy, near 0.5 eV. Unfortunately,
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there does not appear to be a trivalent cation with
a larger ionic radius than lanthanum. Therefore,
testing to see if the rapid increase in activation
energy continues and if one can determine from
this the jumping mechanism would not appear
possible with ITC.

280 290 300 310 320 330
WAVE LENGTH (nm)

80— —

80— -

70—

60—

|
o220 230 240
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|
o Ho 280
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FIG. 2. Optical-absorption band of lowest 4f—5d tran-
sition in CaF,:RE. Optical density is abbreviated OD.
(a) CaF,:Ce. (b) CaFy:Pr. (c) CaF,:Th.
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FIG. 3. ITC spectrum of SrF,:Eu.

A third point that we wish to stress is with re-
gard to the frequency factors or preexponential
factors. Although they appear to increase in an
orderly fashion with impurity ionic radii, the
values for cerium and praesodymium would seem
much larger than reasonable if one considers the
normal vibrational frequencies in a fluorite lattice.
It is unreasonable to put the blame on a wildly
increasing force constant between the cation and
anion members of the complex. One can resort
to using entropy factors and introducing enthalpies
instead of energies, but this would imply a differ-
ence in entropy factors between reorientation
around Pr and reorientation around Tb of approxi-
mately 4%, where k is Boltzmann’s constant. It
is interesting to note that frequencies associated
with motions related to molecular complexes are
in general larger than lattice frequencies. Once
again, it would be interesting to check the lantha-
num complex which could have the largest fre-
quency factor.

B. Oscillator Strengths

Royce and Mascarenhas!® have determined the
oscillator strength f of the 4f—~ 5d transition of Ce
in tetragonal symmetry in CaF, using ITC to count
the number of Ce*-F; [100] dipoles. !® They plot-
ted (optical density)/cm of the 305-nm Ce band
vs the number of dipoles as measured using ITC
for various concentration samples. That they
obtain a straight line ensures that they are cor-
relating the proper band. Unfortunately, we do
not have samples with variable concentrations in
the three types of crystals (CaF, with Ce, Pr, or
Tb) in which the lowest 4~ 5d transition is ac-
cessible with a Beckman DK, spectrophotometer.
‘However, assuming that the lowest-energy band is
oscillator strengths for praesodymium and terbium.
Assuming Gaussian bands, the results are listed
in Table I, as well as the corrected previous re-
sult on Ce. We only had samples with a single
concentration; the difference between our result
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for Ce and that of Royce and Mascarenhas is not
considered significant. The assumption of sim-
ple Gaussian bands is also not very good; the

bands are shown in Fig. 2. A calculation of f has
only been attempted for Ce, and this gives a re-
sult in good agreement with the experimental val-
ues. Therefore, we do have confidence in our Pr
and Tb values even though there are no calculations
with which to compare them.

C. ITC of SrF, :Eu

We have also measured the ITC of SrF, doped
with a nominal concentration of 0.1 mol% europium.
SrF, has the same lattice structure as CaF; but is
much larger, as the strontium is much larger than

0.21 1
0.154
S0.09
0.031 TEMP(K)
125° 150°
1 i 1 1
T T T T T
i 2 3 4 s
TIME (min)
;
0.5
0.3
e
0.1 TEMP(°K)
125 150 175
1 B\ 1
T T T T T 1
I 2 3 4 5 g
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<
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150
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FIG. 4. ITC spectrum of SrF,: Eu separated
experimentally into its three components.
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‘the calcium: 1.39 and 1.26 A. Therefore, one
would expect, and it has been observed, that the
dipoles formed with F; present due to charge com-
pensation are less tightly bound in SrF, than in

the smaller lattice (a binding energy of 0.16 eV

in yttrium-doped crystals).® But due to the large
spacings involved, one would expect easier motion
of the interstitial in the free state, and also rather
easy reorientation in the bound state. If the im-
portant radius is that of the cation for reorienta-
tion, one might expect an almost energy-indepen-
dent behavior of reorientation energy with RE, as
all RE’s are much smaller than Sr. If the im-
portant parameter, for example, is the ratio of
the impurity to the anion radii, a significant
energy dependence with radius might be present.
Also, as the binding energies are small, one would
expect that it would be easier to form next-near-
est-neighbor (nnn) dipoles and to have transitions
between these and the nearest-neighbor (nn) ones.

The ITC spectrum for SrF, :Eu is shown in

Fig. 3. As we see, it is a rather complicated
structure, appearing very broad, though in approxi-
mately the same temperature range as the ITC
spectra of RE-doped CaF,. Cleaning techniques
and different polarization temperatures were

tried on the crystals, resulting in the separation
of this large structure into three peaks. These
are shown in Fig. 4. For the first small peak,

the activation energy and frequency factor were
measured to be 0. 26 eV and 5x10°% sec™, respec-
tively. For peak 2, the results are 0. 28 eV and
2x 10" sec™, and for peak 3, the values are

0.33 eV and 4x10% sec™’. The errors involved
with the activation energies are probably a bit
larger than in the previous work due to the prob-
lem of the heavily overlapping peaks and are esti-
mated to be about 0.03 eV. The frequency factors
are all very small, less than any characteristic
frequency of the system. This could indicate that
the peaks are still too broad.

Although it is reasonable to suggest that this

more complicated ITC behavior is related to the
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larger lattice and therefore different binding prop-
erties of a rare earth, a better understanding will
have to await a more systematic investigation.

III. CONCLUSIONS

In conclusion, due to the systematic investigation
of rare-earth-doped calcium fluoride by us and
other workers, it now appears that consistent,
reliable results are available for the reorientation
parameters of the [100]-oriented RE-F dipole.
These results imply a large binding energy and
a small reorientation energy. An energy depen-
dence on impurity radius is observed, which would
be consistent with the idea that positive lattice
distortions are more effective in disturbing mo-
tions in the lattice. The preexponential factors,
although orderly, appear too large with respect
to normal lattice vibrational frequencies, although
not unreasonable for motion in a molecular com-
plex. The large reorientation energies measured
by some earlier groups are hard to interpret. 8
Certainly, their experiments seem valid, and
therefore they are measuring the reorientation
of something. However, as the values are even
larger than the recent values for free-interstitial
motion, it is not likely that they are looking at
the dominant reorientation mechanism in this
complex, if they are looking at this complex. As-
suming that they are looking at the proper com-
plex and not some other impurity effect, one might
tend to believe that they are looking at reorientation
by another mechanism as opposed to the more
normal lower-energy onewe observed. Thistype of
reorientation would show up using dielectric loss,
but not ITC. A systematic investigation of several
rare earths using dielectric loss might shed some
light on this point.

Our laboratory is also preparing to do a sys-
tematic investigation, using our crystals, of the
lower-temperature (less than liquid-nitrogen tem-
perature) ITC spectrum that has been reported in
Er and Gd. The tentative interpretation proposed
for these data will be tested through these studies.
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