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The thermal depolarization technique has been used to determine the kinetics of defect dipole reorientation
in single crystal CaF; doped with 0.01 mol %, Ce, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Yb and 0.05mol %, Er. The
activation energy for dipolar reorientation W was found to be 0.53 + 0.05 eV over the entire lanthanide
series. Least-mean-square analysis of the average values of relaxation time r, at 1/7 = O(K™?), showed a
variation from 6 x 107'7 sec for Ce-doped samples to 4 x 107!® for those containing Yb, the estimated

error of any one measurement being 10+!-5 sec.

The magnitudes of the observed values of W and r, are supported by an analysis of the energetically most
probable dipole reorientation mechanism, interstitialcy migration. The vibrational frequencies to be
expected for interstitial ions and the entropy of activation are also discussed in terms of the experimentally

observed kinetic parameters.

Introduction

Investigations of the kinetics of motion of the
fluorine interstitial ion, F,’, in CaF, doped with
trivalent cationic solutes have been reported a
number of times in recent years (/-13). The
values reported for the energy of motion W and
the relaxation time 7, at 1/7 = O(K~!) measured
using a variety of experimental techniques and
solute ions are compiled in Table I. These results
have been obtained from different samples with
a variety of histories over a period of about 14
years, and it is readily apparent that gross dis-
crepancies exist in the reported values.

This paper describes a number of experiments
performed upon a set of single crystal CaF,
samples containing the entire series of lanthanide
rare earths as solutes. The kinetic parameters
related to the reorientation of solute-interstitial
dipoles were measured by use of the very sensitive
thermal depolarization method, thus giving
information about the motion of fluorine inter-
stitials in the vicinity of these aliovalent solutes.

Theory
The thermal depolarization (TDP) method
was first described by Bucci and Fieschi (/4)
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who called it the “ionic thermocurrent” (ITC)
technique because of its similarity to the pheno-
menon of thermoluminescence. We prefer to use
the term “thermal depolarization,” as it is more
descriptive of the actual process involved. A gen-
eral description of the technique was included
in the original paper and also in that of Bucci
et al. (/5).

The thermal depolarization technique consists
of two essential steps: (i) The normally random
dipole orientation distribution is perturbed so
that the sample becomes macroscopically polar-
ized in the direction of an applied field. (ii)
Upon the influence of thermal energy, the dipolar
orientation distribution again becomes random;
and in doing so, a current is caused to pass
through an external electrical circuit. This
second step is normally accomplished by con-
tinuous heating of the sample at a constant rate.
The expression describing the resulting thermal
depolarization current is,

de Ep

(T) = —=— (1 — exp(—t,/7(T,)]

x [t~ exp(—W/kT)]

exp[ f —(b-ro)"exp(—W/kT)dT}, )
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TABLE 1

AcTIVATION ENERGY FOR MOTION W AND THE RELAXATION TIME 7y AT 1/T= O(K™!) OF FLUORINE INTERSTITIALS IN

CaF, CONTAINING SOME TRIVALENT CATIONIC SOLUTES

Solute Technique Temp. (K) W (eV) 70 (sec) Ref.

Y Elec. cond. 963-1193 1.65+0.35 0))]

Elec. cond. 873-1573 1.56 2

Dy Optical 873-1223 1.5 3

Y Elec. cond. 373-1173 1.02 “@

Diel. loss 373-673 1.16 £ 0.08 3x 10714 o)

Sm Diel. loss 373-773 1.4 ©)

NMR 77-1300 0.53t024 7)

NMR 400-700 0.63 6.7 x 10714 ()]

Gd ESR/dilel. loss 350-450 0.38 82 x 10714 €9]

200-260

TDP 140 0.39 + 0.01 1.24.7x10713 10)

TDP 60.5 0.167 £ 0.005 24 1x10713 (10)

Er TDP 138 0.386 + 0.008 2403 x10°13 (10)

TDP 54 0.147 + 0.004 3+2x10743 (10)

Ce TDP 147 0.46 £ 0.02 6+4x10715 (1)

Er ESR 473 1.0+ 0.1 10~ 13%2 (12)

Y Anelastic loss 600 1.2 10715 (13)
where where P, is the total initially induced polariza-
o geometrical factor dependent upon the tion. This expression is valid only well below the

crystal structure
N, total dipole concentration
E electric field
P dipole moment
k Boltzmann’s constant
T, polarization temperature (K)
t, polarization time
7(T,) dipole relaxation time at 7,
T4 dipole relaxation time at 1/7 = O(K™1)
T instantaneous temperature (K)
w activation energy for dipolar reorientation

A detailed analysis of the derivation of this ex-
pression in terms of the polarization and de-
polarization process will not be presented here,
but can be found elsewhere (16).

The low temperature portion of the i(7) curve,
which rises to a peak and then falls off again
as the temperature is raised, may be expressed as

(T) =Py 7o~ exp(—W/kT), @

peak maximum, where a truly linear relation
between logi and 1/7 can be experimentally
verified. It can be easily shown that the area under
the i(T) curve is proportional to the value of
PO-
The following expression for the relaxation
time at any temperature can also be derived
from Eq. (1}:

Int=Inry+ W/kT=In f i(0)dt —n i(T). (3)

(T

It will be noted that this expression does not
require a linear relationship between time and
temperature during the experiment. Equation (3)
was used throughout this work to derive values
of Wand =,.

Experimental Procedure

The primary series of samples of rare earth-
doped CaF, were supplied by F. K. Fong of
Purdue University, An additional Gd-doped
sample was obtained from A. D. Franklin of the
National Bureau of Standards for comparison
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TABLE 1II
DETAILS OF INDIVIDUAL SAMPLES OF RARE EARTH-DOPED
CaF,
Dopant conc Contact area Thickness
Solute (mole %) (cm?) {cm)
Ce 0.01 0.709 0.145
Pr 0.01 0.704 0.137
Nd 0.01 0.704 0.137
Sm 0.01 0.709 0.137
Eu 0.01 0.709 0.132
Gd 0.01 0.724 0.140
Tb 0.01 0.709 0.140
Dy 0.01 0.716 0.140
Ho 0.01 0.721 0.130
Er 0.05 0.711 0.137
Tm 0.01 0.716 0.137
Yb 0.01 0.716 0.140
Gd° 0.01 0.112 0.104

@ Sample provided by A. D. Franklin; the others were
from F. K. Fong.

exit - Cu/Con,
TC.

38 cm e -

purposes. Details concerning the individual
samples are given in Table II. It should be noted
that the solute concentrations cited for the
samples from F. K. Fong are the concentrations
in the melt before the crystals were grown, and
may be somewhat higher than that actually
present in the resultant crystals. The concen-
tration given for the sample from A. D. Franklin
was determined by analysis.

All samples were single crystals without any
evidence of precipitation, with (111) faces in the
plane of the contacts. Colloidal graphite was used
as the electrode material.

Figure 1 shows the basic configuration of the
sample holder and its more important dimensions.
The lower contact is silver-plated copper and
can be rapidly cooled by the direct introduction
of liquid nitrogen into the central cavity. The
temperature is monitored by means of a copper/
constantan thermocouple imbedded in the top
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Fi1G. 1. Schematic diagram of sample holder.
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surface of the lower contact. Due to the low
vatues of current which must be measured, it is im-
possible to monitor the temperature of both sides
of the sample simultaneously. Provision was
made for evacuating the sample chamber with
a vaccum pump and also for providing an inert
atmosphere such as nitrogen or helium.

The upper contact is also silver-plated copper
and is attached to a thin-walled (0.010 in.)
stainless steel tube by means of a small stainless
steel spring to maintain good contact. This top
contact is the “high” lead of the system and the
lower contact is grounded. The ground contact
is common to all parts of the equipment and also
to a copper mesh screen, which completely
surrounds the entire apparatus. The central tube
supporting the lower contact and through which
the liquid nitrogen passes is also thin-walled
stainless steel to reduce thermal losses.

Careful control of the liquid nitrogen level in
an external Dewar surrounding the whole sample
chamber aliows the production of a relatively
constant sample temperature over a wide range
for use in the polarization portion of the experi-
ment.

After polarization and quenching, the heating
rate can be varied by introducing hot nitrogen
gas at a controlled rate into the central cavity
by passing it through a small gas heater. If desired,
the rate may also be changed by use of an external
electrical heater. It was found, however, that a
good linear heating rate could be achieved over
the range of the TDP peaks investigated in this
study by simply allowing the system to rise to
room temperature by complete removal of the
external Dewar.

The depolarization current measurements
were made by use of a Carey Model 401 vibrating
reed electrometer with a reported noise level
of 5 x 10717 A. The output of this electrometer
was fed to two recorders simultaneously, a large
chart recorder with a chart speed of 2 in./min
from which individual current measurements
could be taken as a function of time, and a smaller
recorder with a very much slower speed chart,
which provided a more compressed, but compre-
hensive record of all portions of each run. The
thermocouple output was recorded concurrently
with the current measurements on another
recorder. The polarizing potential was applied
by means of the top contact, using a stabilized
dc power supply with a maximum of 500 V.

Two sets of experiments were performed; the
first at a polarizing field strength of 1500 V/cm

and polarization temperatures near room temp-
erature to insure that all possible peaks would be
observed. A second group of experiments used
a polarization field of 3000 V/cm and 7, values
slightly above the temperatures of the peak
maximums observed in the initial experiments.
In order to improve the signal-to-noise ratio and
allow more sensitive scale factors to be used, this
set of experiments used a longer instrumental time
constant, necessitating corrections during the
data analysis.

All the samples, except the ome containing
thulium, showed the existence of a single major
peak at about 150K, uncomplicated by any
apparent overlapping peaks. The thulium-
containing sample did show a second peak
(at 168K) and also a distinctly misshapen
high temperature tail on the major peak. Since
this sample was seemingly atypical and probably
contaminated, the results obtained from it are
not included in the compilation of experimental
data presented later.

Experimental Results

A typical example of the observed variation
of ihe thermal depolarization current with
temperature is shown in Fig. 2. The corresponding
logi versus 1/T and log7 versus 1/T curves are
shown in Figs. 3 and 4, respectively. The data
points shown on these figures were calculated and
plotted using computer techniques. The acti-
vation energy for dipolar reorientation W was
obtained from a least-square fit of the slope of
the linear portion of Fig. 4, and 7, by the intercept
at 1/T= O(K™") in accordance with Eq. (3).

The values of W obtained from the two sets
of measurements are shown in Fig. 5 as a function
of the atomic number of the solute ion. The bars
indicate the estimated errors between the two
groups of measurements, +0.05 ¢V, and the
solid line is the least-square fit to the data points.
Figure 6 indicates the variation of =, with the
atomic number of the solute ion. The estimated
error, 10¥1"3, in 7, was calculated from the
estimated error in W. The dotted line is the least-
square fit to the data points. These data are aiso
presented in Table III. As shown, the experi-
mentally determined values from the Gd-doped
sample of CaF, supplied by A. D. Franklin
were in excellent agreement with the results
obtained from the other Gd-doped sample.

The dipole concentrations N, calculated from
the experimentally determined values of induced
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FIG. 2. Thermal depolarization current as a function of temperature for Er-doped CaF, sample: E, = 1500 V/cm at

252K.

polarization, assuming a hard sphere model
of the CaF, structure with a dipole moment of
4.37 x 10727 cm~C are also included in Table III.
These values of dipole concentration were experi-
mentally reproducible within a factor of two for
any given sample.

Discussion

Relation Between These Results and Previous
Work

It is difficult to obtain precise values of the
activation energy from a relatively few measure-
ments over a narrow temperature range. As a
result, one often finds discrepancies between
activation energy data reported by different
investigators, even though the absolute magni-
tudes of the observed relaxation times are quite
similar. Furthermore, since relaxation phen-
omena are generally described by an expression
of the form

™= Toexp(W/kT), )

the sensitivity of the exponential term to varia-
tions in the value of ¥ may produce wide varia-

tions in the values of 7, derived from different
experiments. If relaxation time information
relating to the same physical phenomenon is
obtained over a wide temperature range by the
use of several experimental methods, a good
indication of the consistency between the various
collections of data is obtained by plotting the
observed relaxation times as a function of temp-
erature, using appropriate coordinates. An
outstanding example of this is the motion of
interstitial carbon in iron. In this case, it has been
shown (17) that a simple Arrhenius relation of the
form of Eq. (4) is obeyed over 14 orders of magni-
tude in the diffusion coefficient.

The correlation between the results obtained
in this study with several other related investi-
gations is illustrated in Fig. 7. Included on this
semilog plot are the = data on Gd-doped CaF,
reported by Franklin and Marzullo (9) by use of
the ESR and dielectric loss methods, the TDP
results of Stott and Crawford (10), and the values
of r found in this work for similar samples at both
1500 and 3000 V/cm. The broken line is an extra-
polation of the present data. Note that Fig. 7
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F1G. 3. Logi versus 1000/T curve for Er-doped CaF, sample: E, = 1500 V/cm at 252K.

covers a range of almost 6 in reciprocal tempera-
ture and more than 12 orders of magnitude in 7.
Values extrapolated from this work are less than
one order of magnitude different from either set of
Franklin and Marzullo’s data. Some preliminary
dielectric loss measurements made in this lab-
oratory (18) on the samples used for these TDP
experiments are also included in Fig. 7.

The Activation Energy for Dipolar Reorientation

The data compiled in Table III and Fig. S
indicate that the activation energy associated with
dipolar reorientation in CaF, doped with the
whole series of trivalent lanthanide elements is
0.53 +0.05 eV. There is no apparent variation
with the atomic number of the solute, as a least-
square fit of the points in Fig. 5 resulted in a slope
of only 6 x 10~* eV/atomic number unit, which
is well within the experimental preciston. This
value of activation energy compares favourably
with the value reported for a thermal depolariza-
tion experiment performed on a Ce-doped sample
by Royce and Mascarenhas (/71), who also used
the TDP technique. Excellent agreement is also
seen with the activation energy for motion,

obtained at low temperatures, for samples
containing Sm found by Lysiak and Mahendroo
(7) using NMR techniques, and 0.1 eV below the
NMR value reported by Viegle (8). However, the
activation energy values reported here are all well
above the value of 0.39 eV obtained by Stott and
Crawford, who also used the TDP technique
(10), on a sample of Gd-doped CaF,. These latter
authors have also reported (10) an activation
energy of 0.39 eV on Er-doped sample. Franklin
and Marzullo (9) gave values of W= 0.40 and
0.39 eV for ESR and dielectric loss experiments,
respectively, on Gd-doped samples containing
0.08 mol %, GdF,.

The discrepancy between the results reported
here on Gd- and Er-doped CaF, and those re-
ported by Stott and Crawford using the same
technique could certainly, in some part, be re-
lated to difference in the samples and their history.
On the other hand, the handling of the data in
the two laboratories was also decidedly different.
The values of the activation energy for motion
in this work were derived by use of the entire
experimental curve through the use of Eq. (3).
This was also the technique selected by Royce



DIPOLE REORIENTATION KINETICS 21

4.0
o /
o
()
wy
< 2.0
=2
. 7
o
L =}
—
1.0
W0 g5 70 75 50
1000/T(K)

FiG. 4. Log T versus 1000/T curve for Er-doped CaF, sample; E, = 1500 V/cm at 252K.

and Mascarenhas (/) in their work on Ce-
doped CaF,. On the other hand, Stott and
Crawford (10) used a curve-fitting technique.

The disparity between results obtained in
different laboratories upon different samples
may also be due to a dependence of the activation
energy and 7, upon the concentration of solute.
This has been observed in Ce-doped samples
containing 0.10 mol %, solute (/I). The present
authors have also observed similar changes in
both W and 7, in a series of Gd-doped CaF,
samples (/9).

In experiments in which long-range motion
of isolated fluorine interstitials is measured,
such as the electrical conductivity measurements
cited in Table I, as well as the optical experiments
of Fong and Hiller (3), one may expect the experi-
mentally derived energy for motion to be different
than that obtained for local reorientation of
bound dipoles, as measured by the TDP tech-
nique. The origin of this difference is associated
with the nature of the distortion in the region of
the (REZ,:F;’) dipole. ENDOR measurements
(20) have shown that in the nearest-neighbor
dipole configuration the RE(, is moved off center

from the normal cation site by 6 % in the direction
of the F;". The eight anions neighboring the F;’
are also displaced radially outward by 99%,. This
distortion, giving rise to the observed tetragonal
symmetry in the region of the dipole, would be
expected to reduce the energy required for local
interstitial motion, and thus dipole reorientation,
below that required for movement of an isolated
F;" from one equivalent site of cubic symmetry
to another.

Jt is also true that electrical conductivity
measurements sense the integrated contribution
of all charged species and can, therefore, be
difficult to interpret unambiguously. This argu-
ment has recently been reinforced by Chen (21),
and is particularly relevant to measurements
made at higher temperatures. It i1s known, for
example, that oxygen dissolves readily in CaF,
at relatively low temperatures and its presence
has been detected in CaF, by optical absorption
and ESR spectrum analysis (22). In CaF, samples
deliberately doped with low concentrations of
trivalent solutes, the additional presence of
oxygen ions will compensate an equivalent
amount of charge. This will have the effect of
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Fi1G. 5. Values of activation energy for interstitial motion as a function of atomic number of solute ions.

reducing the expected number of F,’ ions. If the
oxygen ion concentration is greater than the
trivalent ion concentration, the sample will
conduct via the Vi° mechanism, rather than by
interstitial migration. Since the O%~ ions can be
expected to associate, at least in part, with the
trivalent solute ions, this additional lattice strain
which is recognized by ESR methods as a site
with trigonal symmetry (22) can also be expected
to influence the motion of nearby F;’ ions.

Dielectric and anelastic loss measurements
are expected to yield comparable results to those
obtained by the TDP method on samples con-
taining defect dipoles. However, as Barsis and
Taylor (23) have recently pointed out, there are
still significant problems of interpretation,
primarily with respect to the rationalization of
the magnitude of the peaks observed with
the known impurity content for postulated loss
mechanisms. Franklin and Marzullo (9) suggested
that the comparatively high values of W reported
by Chen and McDonough (5, 6) for the energy
for motion of the F;" could be due to a highly
conducting surface layer related to oxygen
contamination.

The ESR experiments of Twidell (/2) seem to
give an energy for motion of fluorine interstitials

which is anomalously high. It should be noted,
however, that he proposed that the F;’ motion in
that case was from a next-nearest-neighbor
(nnn), to a nearest-neighbor (nn) position
(relative to Erg,). This is a different type of
jump from that considered in this work.

The low temperature TDP peaks observed by
Stott and Crawford (70) with activation energies
ofabout 0.15eV were tentatively assigned by them
to a (nnn)—(nnn) transition of the F;” with respect
to the RE(, ion. They were not observed in the
experiments reported here, as they are found
below 78 K.

The published values of the activation energy
for V;° motion are generally very close to the
value 0.53 +0.05 eV found in this work, for
the energy for motion of F,’. This is not an un-
expected result, as similar observations have
been made in other alkaline earth halides with
the same structure. In SrF,, Bollmann et al. (4)
reported that the energies for motion of both
V:° and F,” are 0.94 eV. Similarly, Barsis and
Taylor (24) found W(V°) =0.78 eV and W(F,")
= 0.85 eV in BaF,. The acceptance of the assump-
tion that the interstitialcy mechanism is operative
in this system (4, 25) argues in favor of this
comparability in activation energy values. Be-
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cause of the similarity between the collapse of
the nearby anions toward a vacant site and the
local distortion around the REZ, sites, the
necessary rearrangement of the normal lattice
anions in connection with these two types of
motion is quite analogous. One would, therefore,
expect the activation energies for vacancy and
interstitialcy motion in this structure to be much
closer than is often the case for vacancy-inter-
stitial combinations in other structures.

Analysis of 7,

A comparison of the =y values obtained from
this work with those listed in Table I shows that
the values obtained from our TDP experiments

are significantly smaller. In order to properly
evaluate the credibility of these values, it is neces-
sary to examine the components which make
up 7y and relate them to the proposed defect
migration model. It can be shown that Eq. (4)
can be rewritten as

v =vyexp(4S/k) exp(—W/kT), (5)
where
v=1"1 escape frequency of a fluorine ion in an
interstitial position
as activation entropy
Vo frequency of vibration of the fluorine

on
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TABLE III It is the usual practice to assume that values
OBSERVED VALUES OF W, 75, AND N, ror Dirrerent Of the attempt frequency, v,, are about 10'?
SAMPLES sec™!, as this is the order of the Debye frequency
- for normal accoustical phonon modes in a perfect
Solute W (V) 7o (sec) Na (em™) lattice. It would seem more reasonable, however,
Ce 0.535 39 x10°7  9.06 x 10"7 to expect that the vjbrgtional frequency of an
Pr 0.540 78 %1077  1.12 x 10'® ion in an interstitial site is greater than that of thp
Nd 0.560 1.1 x 1077  6.01 x 10" same ion in a normal lattice site. In turn, this
Sm 0.540 7.8 x 1078 7.58 x 10"7 latter value should be larger than the vibrational
g
Eu 0.540 20 %1077 512 x 10V frequency of an ion in the neighborhood of a
Gd 0.510 14 x 10"16 7.24 x 107 vacancy. This assumption is in keeping with the
Gd* 0.500 1.49 x 10:1: 7.06 x 10:: more detailed analysis of Mott and Gurney
Tb 8'2(5) g'g x }g_” ZZf x 10” (26), and Huntington et al. (27) on the entropy
gy P 32 ;( 015 764 y ig,, of formation of various types of defects. In the
E: 0.550 35 % 10-18 295 % 1018 case of NaCl, for example, the ratio of the vi-
Yb 0.560 84 x10-° 591 x 107 brational fregqencies of a perfecjt c_rystal to that
of one containing a Schottky pair is reported to
¢ Sample from A. D. Franklin. be 1.32 (28). Unfortunately, no such estimate of
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the vibrational frequencies has been calculated
for an isolated interstitial in polar crystals.

Recalling that ENDOR measurements have
shown the trivalent solute ion and the fluorine
interstitial to be closer to each other than
the normal cation—anion distance, it is reasonable
to expect that the vibrational frequency of the
interstitial in the (nn) position is greater than
that of an isolated interstitial fluorine ion.
The magnitude of this difference is unknown;
however, the tendency will be to contribute
a different (larger) value of vy to experiments
which measure the kinetic parameters of bound
defects in CaF,, as is the case for TDP experi-
ments, than those which measure the long-range
motion of free interstitial ions.

An area in which cognizance has been taken of
defect-related changes in vibrational frequency
is that of the analysis of Dy values in tracer
diffusion experiments. This effect has been used
to explain anomalously high D, values for dif-
fusion in III-V compounds (29) and also to
explain the normally lower values of D, for
materials with Frenkel disorder than for those
with Schottky disorder (26).

Let us next consider the entropy of activation.
Ideally, we would like to be able to compute the
change in entropy if an interstitial ion (or the
interstitialcy pair) is moved infinitely slowly from
its initial position to a saddle point configuration
corresponding to the top of the free energy
barrier for motion. There is no satisfactory
manner of calculating the absolute value of this
parameter at the present time; however, it is
possible to obtain at least a feeling for the direc-
tion of the change and its relative magnitude by
following the reasoning of Zener (30). The trans-
fer of the ion must necessarily be associated with
an increase in the strain energy of the crystal,
which results in a lowering of the elastic modulus
in the region of the defect. Zener showed that
this decrease in the elastic modulus is accom-
panied by a positive increase in entropy, i.e.,

A4S~ —d(u/po)/d(T|Ty) (AH|T,),  (6)

where p is the shear or tensile modulus of the
material. This elastic contribution to 48 for a
vacancy in metallic copper at its saddle point
configuration has been calculated from first
principles by Huntington et al. (27). Because of
its complexity, such a calculation was not attemp-
ted for the activated state of an interstitial.
However, these authors noted that the elastic
contribution is expected to be of major signifi-

cance in the determination of A4S for defects
causing large distortions, as is the case for inter-
stitialcy transport.

Zener also pointed out that the coefficient of
AH|T,,in Eq. (6) has very nearly the same magni-
tude for most metals (30). The information
available on the temperature dependence of the
shear modulus for CaF, (31), StF, (32), and
BaF, (33), all of which have the CaF, structure
and exhibit anti-Frenkel disorder, indicates that
the term d(u/po)/d(T/T,) decreases significantly
in going from CaF, to BaF,. This would indicate
that the entropy of activation should decrease
in the same order.

Figure 6 shows that the 7, values obtained
from this work vary from 6 x 107!7 to 4 x 10~18
sec over the series of rare earth solutes studied.
If we assume that the local frequency of the
interstitial ions is twice as large as the lattice
frequency calculated from the Debye tempera-
ture, 9.9 x 10!2 sec ~! (1), then the values of 45
should vary from 6.7k to 9.3k. The only value of
the entropy of activation of the fluorine inter-
stitial in CaF, that the authors are aware of is
10.5k + 3.5k reported by Ure (I), which agrees
well with these values. The corresponding values
for vacancy motion reporied by Ure varied
from A4S = 8k + 2k at low temperature (200°C)
to 48 = 1.25k =+ 0.5k at 600°C.

Bollmann et al. (4) reported values of 4S5 for
vacancy motion and interstitial motion in SrF,
as AS,=2.4k and A4S, =3.1k, respectively.
This is in the direction that one would expect,
in light of the temperature dependence of the
shear modulus. The lower values of 4.5, compared
to 4S; are also in keeping with expectations.

It should further be noted that the Debye
temperature decreases progressively from 513K
for CaF, (31) to 380K for SrF, (32) and 282K
for BaF, (33). Values of v, are also expected to
decrease in this order, thus contributing to an
increasing value of ¢ from CaF, to BaF,.

Conclusions

The kinetics of defect dipole reorientation in
CaF, have been studied by the technique of
thermal depolarization in a series of single
crystals containing fixed concentrations of rare
earth solute ions. The activation energy for mo-
tion of the (RE(, : F;") dipole can be expressed as
W =0.534+0.05eV throughout the series of
lanthanide rare earth solutes investigated.
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This value of W is quite similar to that previ-
ously reported for the motion of fluorine vacan-
cies, and considerably lower than values de-
termined for the motion of fluorine interstitials
on the basis of experiments mvn]vma long-range

n the basis of experiments involving long-range
transport. Using mformatlon obtamed by use
of ESR and ENDOR techniques on the distortion
in the neighborhood of the bound dipole, it has
been shown that the energy for reorientation
of the dipole pair is expected to be smaller than
the energy for long-range transport of the free
Fi’ ion. Acceptance of the interstitialcy mech-

anism. combined with information about lattice
anism, combpmed wilh mniormation aooutl jattice

distortion in these materials, lends support
to the observation of comparable activation for
motion of both the positive and negatively
charged defects in this system.

In the particular case of Gd-doped samples, the
parameters for dipolar reorientation obtained
in this study can be extrapolated over 12 orders of

=t fall within lage than a factar

maonitnda
LU 1AL VVIILLLLLL IVOD Llldll 4 lawvivl

lllaslll\.uu\f lll 1
of 10 from the results of other investigators using
two different techniques.

The 74 values vary from 6 x 10717 to 4 x 10~18
over the series of trivalent lanthanide solutes,
according to a least-mean-square analysis of all
the data. These values are considerably lower
than most previously published results. The

wvalra e tha
maxl up ufc

PaYaSsataTete-Sets P R Y. )

UUIIIPUIICII L pax AlLIVIVI D
7o function have been discussed, and the general
practice of arbitrarily assigning the Debye
frequency of a perfect lattice to a tightly bound
interstitial or the loosely bound neighbors of a
vacancy shown to be improper.

Zener’s (30) theory of the influence of the
tcmperature dependcncc of the elastic constants
on the emropy‘ of activaiion supports the values
of 7o found in this work. Values of 4.5 calculated
from experimental 74 values are in good agreement
with a previously published value for interstitial
motion in CaF,. Available data concerning the
temperature dependence of the shear modulus
in CaF,, SrF,, and BaF, are consistent with the
trend to lower values of 45 in the latter systems.
The decreasing value of the Debye temperature
also indicates decreasing values for vq, and thus
increasing values of 73, in this series of
compounds. The relative magnitudes reported
for the entropy of activation of interstitials and
vacancies in StF, is consistent with the assumption
that the local vibrational frequencies are different
for these two defect types, and lends further

credence to the very law +. valnec found for

whinlk
Wi

SAVUTING WU uly Yur IVUYW T Ydiuwvy 1VGLU iUL

“interstitial transport in this work.
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