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When alkaline-earth fluorides are doped with trivalent impurities, interstitial fluorines are created to
maintain charge neutrality. We have performed NMR dipolar-energy relaxation measurements over a wide
temperature range and have observed the diffusion of both free and locally bound fluorine interstitials Fg, in
the extrinsic region. We have observed that these motions depend strongly on the host-crystal lattice
parameter. In particular, we have observed that the motion of Fg, which is at the nearest neighbor (nn) site
to the trivalent impurity dominates the relaxation above room temperature in CaF,:Y?* but is unobserved in
BaF,:Y**. In addition, a second type of bound Fg motion, characterized by a much smaller activation
energy, appears over a very narrow temperature range (150-185°C) in CaF,:Y?*, but over a large
temperature range (below room temperature to 130°C) in BaF,:Y**. SrF,:Y** shows similar behavior over a
temperature range (54-160°C), which is intermediate between that of CaF,:Y** and BaF,:Y**. Possible
explanations in terms of the motion of a more remotely bound F(, [e.g., at a next-nearest-neighbor (nnn)
site] and the motion of Fg near clusters of dipoles are discussed. We measured activation energies for ail
these Fi motions. A comparison of our results with those by other techniques (specifically, EPR, ENDOR,

optical spectroscopy, ionic conductivity, ionic thermocurrent, dielectric and anelastic loss) is also given.

I. INTRODUCTION

In recent years, considerable interest has a-
risen in the determination of the microscopic
nature of diffusive motions in ionic crystals. A
number of different experimental techniques exist
for studying the defects responsible for the mo-
tions as well as the motions themselves. The
static techniques [e.g., electron paramagnetic
resonance (EPR), optical absorption, electron-
nuclear double resonance (ENDOR)] tend to provide
information about the nature and site symmetry of
the defects; whereas the dynamic techniques [ionic
conductivity, ionic thermocurrent (ITC), dielectric
relaxation, anelastic relaxation, radioactive
tracers, and nuclear magnetic relaxation] tend to
measure such properties as diffusion constant and
activation energy. Many of these techniques, how-
ever, are limited in the kinds of information which
they can provide (e.g., ITC measurements are re-
stricted to bound defects).

Nuclear magnetic resonance (NMR) has many
advantages over other techniques. It measures
the bulk behavior of the paramagnetic nucleus
which is studied and, accordingly, is not affected
appreciably by such imperfections as grain bound-
aries and dislocations (which, for example, may
dramatically affect the results of an ionic conduc-
tivity experiment. Furthermore, NMR can often
detect diffusive and reorientational motions over
a very wide temperature range, corresponding to
a large range in jump frequencies. Accordingly,
it has the capability of studying many different
mechanisms which dominate the diffusion in dif-
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ferent temperature regions. With the non-NMR
techniques, one must often change techniques to
study different diffusion mechanisms.

In the present experiment we studied, using NMR

_techniques, '°F dipolar energy relaxation due to

motions of fluorine interstitials-in three alkaline-
earth fluorides (CaF,, SrF,, and BaF,) doped with
different trivalent impurities (¥**, Sm®, Ce®*,
and La®*),

The fluorite structure, shown in Fig. 1, con-
sists of a simple cubic array of F~ ions with diva-
lent cations (Ca*, Sr?*, Ba?) occupying the body-
center positions of every other cell. A trivalent
impurity (M3*) will substitute for a divalent cation
and create a fluorine interstitial F(;, in a nearest-
neighbor (nn) site (as shown in Fig. 1) or in a next-
nearest-neighbor (nnn) site or possibly even
further away. :

NMR techniques are very suitable for studying
this particular system since the only stable iso-
tope of fluorine has a spin! of 3 and therefore no
quadrupole moment. Furthermore, the large y
value for °F provides us with good sensitiv'ity for
NMR detection. In addition, !°F is the only abun-
dant nucleus having a magnetic moment. Also,
the cation Ca* is reported to be much less mobile?
than the anion F~,

NMR relaxation time measurements can pro-
vide information pertaining to the microscopic
details of atomic motions. Measurements of the
slopes of plots of relaxation times versus recip-
rocal temperature determine the activation en-
ergy for the diffusion process. Because of its
greater sensitivity to infrequent motions,? it is
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FIG. 1. Crystal structure of CaF,, with one Ca® re-
placed by a trivalent impurity (M3*) and charge com-

pensated by a fluorine at a nearest-neighbor interstitial
site.

often advantageous to measure the dipolar relaxa-
tion time T,, rather than the spin-lattice relaxa-
tion time T,.

In our experiments on F{;, diffusion in the
fluorites, we can determine whether the dipolar
relaxation in a particular temperature range is
dominated by a single relaxation mechanism. It
is possible to fit the In T, versus 1/T curve by a

straight line only in a temperature range dominated
by a single mechanism. If many mechanisms are

present and have different activation energies,
each mechanism could in turn become the domi-
nant mechanism over some temperature region.
The observation of such different mechanisms re-
quires the ability to see changes in the slope of
the relaxation time versus reciprocal temperature.
If one wishes to detect several mechanisms, it is
then necessary to measure relaxation times over
a very wide temperature range. Thus, a major
advantage of measuring T,,, which provides mo-
tional information over a wide temperature range,
is that we may study, with the same experimental
technique, many different diffusion processes
simply by varying the temperature. In particular,
as we shall see in Sec. III, we have studied the
motions of both free and bound F{;, ions. Further-
more, we have been able to characterize to some
extent the nature of the bound diffusion and have
observed slopes for the diffusion of nn Fy,, ions
which are different from those for F{;, ions which
are further away from a trivalent impurity.

In the present experiment, we were-able to iden-
tify the dominant relaxation mechanisms by using
the following kinds of information: (i) a compari-
son of our activation energies with those obtained
by other research, (ii) a comparison between our
data from doped and undoped samples, (iii) obser-

vations of the effect on the relaxation mechanism
of varying the M3* dopant concentration, and (iv)
effects of varying the host lattice and dopant size.

II. EXPERIMENTAL CONSIDERATIONS
A. Sample

All the crystals used in this experiment were
ordered from Optovac Company and were grown
under high vacuum by the Stockbarger-Bridgman
method.* Lead fluoride was used as a scavenger
to reverse any prior hydrolysis reactions and to
prevent any further reaction between water vapor

‘and the pure fluoride. This procedure can effec-

tively eliminate oxygen as an impurity.®

The dopant material was precision weighed and
then introduced into the melt. Since the rare
earths are highly soluble in the fluorites (accom-
modation coefficients are of order unity for Y**
and Ce®*), Optovac claims that the final dopant
concentrations are within 1% of those reported in
our samples.® The dopant is reported® to have a
homogeneity throughout our samples of better
than 5% for dopant concentrations less than 0.5
mole%. (The dopant homogeneity can be checked®
by doping with “colored” impurities like Nd** and
Pr**. Furthermore, we broke our CaF,:0.035-
mole %-~Y3* sample into two parts and observed
identical relaxation time behavior for the two
parts.) In order to minimize any effects due to a-
nonuniform distribution of dopant, we measured
activation energies only for the less heavily doped
samples (0.0035 mole% dopant in CaF, and SrF,
and 0.01 mole% dopant in BaF,). All our crystals
are claimed® to have a purity of between 99.99 and
99.999 mole % before doping. So, unless the doping
process introduces additional impurities along with
the dopant, our background impurity level should
be between 0.001 and 0.01 mole%. Spectrographic
analyses on some of our samples, though possibly
unreliable, are consistent with these figures. The
most likely impurities are almost certainly tri-
valent ions, since they enter most easily and
others hardly enter at all. Additional trivalent
impurities would just shift our curves similar to
the effects of additional dopant.

All the samples had cylindrical shape, 29/64-in.
diam. and 1-in. length with the cylindrical axis
parallel to a [100] dirgction. The other perpen-
dicular [100] directions were determined by x-ray
crystallography and then rechecked by comparing
with the (111) cleavage plane.

B. Experimental procedure

The experimental procedure is mainly that of
adiabatic demagnetization in the rotating frame®
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(ADRF) applied to the °F spins. The dipolar re-
laxation time T, is determined by plotting the
resulting magnetization as a function of time in
the demagnetized state, according to the following
relation:

M=Myexp(-t/Typ) « (1)

In all our data, M was plotted over at least two
decades and was observed to be exponential within
our indicated standard deviation. Similar to T, in
the high-temperature region, a plot of T,, versus
1/T gives rise to a minimum?® when 7~ w;*~T,.

At the low-temperature side of this minimum, the
so-called “strong-collision theory”” applies and
can be used to show that T, < 7. On the high-
temperature side of the minimum, T,, is inversely
proportional to 7.

If the atomic jump time 7 satisfies an Arrhenius
equation, T=7,exp (E/ET), the slope on the low-
temperature side can be used to determine the
activation energy.

C. Apparatus

The spectrometer used in this experiment can
be divided into four major parts—rf transmitter
system, signal receiving system, temperature
control system, and computer control system.
The circuitries of the first three parts are adopted
from those used by Ho.? The major modification
made here is a computer control system which
produces a sequence of ADRF pulses whose de-
magnetization durations can be typed in externally
from a Teleray keyboard. Furthermore, it
collects the NMR free-induction decay signals
corresponding to a particular demagnetization
duration, stores them on the memory disk, and
averages them. The apparatus, especially the
computer control system, is described in more
detail elsewhere.®

III. EXPERIMENTAL RESULTS

The primary purpose of the present experiment
is to study the dipolar relaxation due to fluoride-
ion motion in doped fluorites. In this study, we
measured the temperature dependence of the di-
polar relaxation time T,, as a function of three
different parameters which were varied: the host
lattice, the concentration of dopant, and the ionic
radius of the dopant. In particular, our measure-
ments were performed on CaF,, SrF,, and BaF,
whose lattice parameters!® are 5.46, 5.81, and
6.21 A, respectively. These samples were doped
with a number of different trivalent impurities of
different ionic radii*: Y* (0.93 &), Sm® (1.04 &),
Ce®* (1.11 A), and La3* (1.15 A). Furthermore, in
all three fluorites, we used dopant concentrations

of Y* of 0, 0.0035, 0.01, 0.035, 0.1, and 0.35
mole %.

A. CaF,:Y%

Figure 2 shows a semilog plot of the dependence
of T,, on inverse temperature for different Y**
dopant concentrations. We can divide each curve
into four different temperature regions which will
be discussed individually.

1. Region IV

In this temperature region [(3.4-2.9) X 10 K],
the relaxation curves show two phenomena. First,
the slopes of the data curves aredifferent fromone
another, decreasing with increasing Y** concentra-
tion. Second, the relaxation time at any given
temperature decreases with increasing Y** dopant
concentration.

The first phenomenon indicates that there may
exist a second source of relaxation in this region
which becomes increasingly competitive in the
higher Y** doped samples. The most likely candi-
date for this mechanism could be the relaxation
mechanism which dominates the relaxation pro-
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FIG. 2. Relaxation time vs reciprocal temperature in
CaF, doped with different Y?* concentrations. Solid lines
represent least-square fits to the data.
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cess'in region IIT [(2.9-2.4) X 107 K™]. By extra-
polating the data curve from region III into region
IV and then subtracting off the contribution due to
region III usmg the followmg equation,

1 11
-(T1D)IV' (le data (T!.D)III ’

we found that all the corrected data curves (the
solid lines in Fig. 2) for (T,);v are indeed par-
allel to each other and have an activation energy
of 0.23+0.03 eV. (The indicated error represents
the standard deviation of our data and does not in-
clude any estimate of the error due to the correc-
tion process.)

The triangles in Fig. 3 show the dependence of
the corrected relaxation time (T, )y O the Y3*
dopant concentration. The data indicate that the
relaxation increases initially in proportion to the
Y** dopant concentration and then gradually sat-
urates.

We do not thoroughly understand the source of
the corrected relaxation in this region. One
possibility is that it arises from a paramagnetic
impurity which is introduced with the YF, dopant
powder and would thus be proportional to the Y**
concentration. A second possibility is that the re-
laxation is due to F;, which are introduced by the
Y3* to maintain charge neutrality but which have a’
different jump mechanism than the Fy;, which are
responsible for the relaxation in regions III, II,
and I. These poss1b111t1es will be discussed in
more detail later.

@)

2. Region III

This region extends over the range of inverse
temperatures (2.9-2.4) X107 K™, Except for the
undoped and most heavily doped (0.35 mole% Y*')
samples, the curves have approximately the same
slope, slightly decreasing with increasing dopant
concentration. The observed slope in region III is
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slightly lower than would be the case were there

no contribution from the mechanism of region IV,
as we discussed above. Nevertheless, by extra-
polating the corrected data curves from region IV
into region III, we can also correct the data in
region III. Like in region IV, the corrected data
curves in region III are also parallel to each other
as is shown in Fig. 2, thereby indicating that all
the curves in this region probably arise from the
same mechanism. We measured the activation
energy to be 0.45+0.02 eV. The corrected relaxa-
tion rate in this region is proportional to the Y**
dopant concentration up to 0.035 mole% as is shown
by the solid circlés in Fig. 3, thus suggesting that
the dominant relaxation mechanism in this temper-
ature region probably arises from: F“, due to the
Y* impurities.

From EPR,'*"** ENDOR,**"*® and opt1ca1 spec-
troscopy'*15:19°2% experiments, it is well estab-
lished that the major charge-compensating F~ ions
in CaF,:M* are those located in interstitial sites
which are nearest neighbor (nn) to the trivalent:
dopant impurities in the low dopant concentration
samples. For the more heavily doped samples,
the effective number of free M*'-Fy;, pairs de-
creases and eventually disappears due to cluster-
ing between the M*-F{,, dipolar pairs,!%2025=30

ITC, dielectric loss, and anelastic relaxation
measurements have been used to study relaxation
processes of the trivalent impurity—nn Fy,, di-
polar complex. Their measured activation energy
is about 0.4 eV, as shown in Table I, which com-
pares favorably to our measured value of 0.45
+0.02 eV in this region.

An interesting feature of our data is the abrupt
termination of region III at around 150 °C which
implies, as we shall see, the tefmination of this
particular relaxation mechanism. Furthermore,
Rewaj®® and Franklin and Marzullo® all observed
that the dominant tetragonal EPR spectral line of
Gd®** in CaF,:Gd* disappears at about the same
temperature (150 °C). This phenomenon will be
discussed in more detail when we discuss region
1I. )

The fact that all of these results and observations
are consistent with our data suggests-that the F¢;,
ions which dominate the NMR relaxation in region
III are those located in the interstitial position
which is nn to Y3*. Further evidence for this
interpretation arises from the way the NMR re-
laxation in the region varies with lattice distance
as we go to SrF,:Y* and BaF,:Y** and will be
described in a later section.

3. Region Il

In this temperature region [(2.4~2.2) X10™ K],
the slopes of the data curves are smaller than
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(Continued)

TABLE I.

Defect jump time

Activation energy

Technique

Reference

Remark

(sec)

(ev)

" Dopant

Crystal
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31
39

1.01 £0.02
0.45 and 0.62

Dielectric loss

Y3*(0.01 mole %)
Gd3* (0.1 mole %)

SrF,

Two relaxation peaks
were observed.

10-* and 4 x10-1

ITC

¥3(0.0035-0.35 mole %)

Two relaxation regions

were observed.

0.46 +0.03
0.17 +0.03
0.26, 0.28, and 0.33

NMR T,p measurement

38

Three relaxation peaks
were observed.,

2x1079, 5x107%,
2x10-9

ITC

Eud*

39

Two relaxation peaks
were observed.

10712 and 10-14

ITC 0.46 and 0.60

G a3

BaF,

31

0.86 £0.02
0.10 £0.03

Dielectric loss

Y3*(0.01 mole %)
Y*(0.01-0.1 mole %)

NMR Ty, measurement

T

2Results of present experiment.

those in the lower-temperature region IIl. It is
impossible to explain this behavior simply by
postulating that an extra relaxation mechanism be-
comes important in region II in addition to that
which dominates region III. Since the observed
relaxation rate would be the sum of all component
rates, the observed relaxation time would have to
be smaller than any component time. As a result,
the higher activation energy process would have to
dominate at higher temperatures (as in region II)
and the lower activation energy process would
dominate at lower temperature (region III), in
contrast to our observations.

We are forced to come to one of the following
possible conclusions. Either the decrease in
slope is an NMR artifact (like the onset of a relax-
ation time minimum) and not a true decrease ‘in
activation energy, or it implies that the process
responsible for the relaxation in region III changes
in region II (as in the case of a phase transition).
Explanations of both kinds were given in the past.
For example, Ho and Ailion® attributed region II
in CaF,:Y* to be a shallow T,, minimum region
due to the region-III relaxation mechanism. Such
a minimum would occur when the jumping rate of
the local Fy;, ions approaches approximately
w,~1/T, (10 KHz in this case). Rewaj’* measured
the EPR spectra of CaF,:Gd* and observed that
the tetragonal spectrum of Gd* with F{;, in its nn
interstitial site completely disappears before the
temperature reaches 200 °C, which he attributed
to the dissociation of nn Fy;, from the nearby Gd*.
Franklin and Marzullo?’ repeated the experiment
and confirmed this phenomenon by finding that the
tetragonal spectrum of Gd3* disappears around
150 °C. They attempted to explain this behavior by
considering the possibility that the nn F;, ions be-
come nonlocal at temperatures above 150 °C. In
order to test this possibility, they compared the
results of a sample which was very slowly cooled
with results of a sample which was rapidly
quenched from temperatures above 150 °C to
liquid-nitrogen temperatures. If nn F(;, ions be-
came nonlocal at temperatures greater than 150 °C,
one would expect a reduction in intensity of the
tetragonal signal obtained in the rapidly quenched
sample as compared to the slowly cooled sample.
However, they observed no difference in signal
intensity for these two cases and were thus led to
the conclusion that the F{;, are localized in both
regions. They tried to explain their disappearance
of signal as due to broadening** which would occur
when the jump time is comparable to the micro-
wave frequency (9 GHz). A difficulty with their
interpretation is that it would predict the temper-
ature of the transition to be very different at our
radio frequencies than at their microwave fre-
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quency, in striking contrast to our observation
that the region II-region III transition occurs at
about 150 °C.

We are not certain of the cause of the low-
activation-energy behavior in region II. Neverthe-
less, both the disappearance of the tetragonal
spectrum and the onset of the low activation energy
motion above 150 °C appear to be consistent with
several possible explanations. One possibility is
that region II is characterized by partial, but not
complete, dissociation of the F{;, ions from their
M* impurities. The lower activation energy
could occur if the barrier separating equivalent
distance Fy;, sites is lower than that separating
nn Fy;, sites. A second possibility is that region
II is characterized by the formation of complexes
of M* -F¢,, dipoles which no longer have tetragonal
symmetry. The lower activation energy would
occur if the barrier hindering the motions of the
F(;, near the complex is less than that between
equivalent nn sites of a single M3* jon. Both of
these explanations will be discussed in more de-
tail shortly.

Complete dissociation of nn F{;, into remote
cubic sites can be ruled out as a possible explan-
ation for the disappearance of the tetragonal
spectrum, since complete dissociation not only
would have given Franklin and Marzullo?’ a better
chance to freeze the dissociated Fy;, in the non-
local cubic sites by fast quenching but would have
caused the number of nonlocal Fy;, to show a
corresponding increase in the highest-temperature
region (region I). Neither of these effects were
observed. This last point will be discussed further
when we later talk about region I. We did similar
experiments and compared T,, of a normally
grown, slowly cooled CaF,:Y** with that of a fast-
quenched CaF,:Y*. Our result is seen in Fig. 4
which shows clearly that the relaxation rate due to
nonlocal Fy;, (in region 1) is not increased for the
quenched sample. Rather, we observe an overall
decrease of Fy;, both local and nonlocal (i.e., an
increase in T,;) in all sites, with nonlocal Fy;,
affected more than nn F{;,. (Even though this
overall increase in T, is reasonable, we have no
explanation for the greater increase of T,
in region I than in the other regions. Attempts by
other research groups®®*® to suppress the axial
components of the EPR spectrum by annealing and
quenching have not been consistently successful
either.)

Similar phenomena®® also occur in AgBr:Cd**,
in which the ?Br NMR line was observed to
broaden with decreasing intensity above 200 °K.
This behavior was attributed to the onset of the
dissociation of the Cd**:Bry,, pair.

Other workers, using dielectric loss methods,
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FIG, 4. Comparison of relaxation curves between

thermally quenched and unquenched CaF,:0.035 mole %
Y3+,

have observed similar low activation energy
phenomena*+*® at lower temperatures in rare-
earth-doped calcium fluoride. In particular Edgar
and Welsh® tentatively assigned their phenomena
to aggregation effects (i.e., clusters of defects).
It is tempting to speculate that our low activation
energy data may also be due to the motion of Fy;,
ions near clusters of defects. This explanation is
in agreement with the following observations:

(a) The relaxation rate in region III is not strictly
proportional to Y** dopant concentration, but levels
off at higher (e.g., 0.1 mole%) Y* concentrations
until, at 0.35 mole% Y*, region III is no longer
discernable (see Fig. 2). The fact that our high
concentration slope in region III, which is due to
motion near clusters, is comparable to the slope
of region II suggests that the data in region II also
arises from motion near clusters.

(b) The EPR line due to centers having tetragonal
symmetry disappears at approximately the same
temperature as that at which we observed the
change in slope of the NMR relaxation curves.
Since the site symmetry of a cluster will in gen-
eral not be tetragonal, it is reasonable to expect
that the formation of clusters will be associated
with a decrease in the intensity of the tetragonal
EPR spectra.

(c) A careful inspection of Fig. 2 indicates that
the boundary between regions II and III shifts to
lower temperatures for more heavily doped sam-
ples. This behavior can be explained by the
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cluster model in that more heavily doped samples
will contain many more clusters. Thus, in these
samples, clusters will dominate the relaxation
over a wider temperature range.

A feature of our data which should be noted is
that region-II type behavior appears in our mea-
surements over much wider temperature ranges
in samples having larger lattice parameters (e.g.,
SrF, and BaF,, as we shall see). It is not obvious
that clusters should form more easily in samples
having a larger lattice parameter, like BaF,, as
this data would imply.

Unfortunately, there is a more serious major
problem with explaining the NMR relaxation in our
region II as due to motion near clusters. First,
why does the “clustering effect” appear as one
raises the temperature? One would think that
raising the temperature would oppose the forma-
tion of clusters and would in fact cause already
existing clusters to break apart, rather than the
opposite.?"*® Furthermore, even though Edgar
and Welsh*® observed at low temperatures dielec-
tric relaxations in CaF,:Gd* also having low acti-
vation energies (0.15 and 0.076 eV), they observed
no evidence of clusters in room-temperature EPR
spectra.

Because of the above difficulties in explaining
our region II as due to F{;, motion near clusters,
we suggest an alternative possibility for explaining
our data. This possibility is that, above 150 °C,
most nn F{;, may suffer a fairly sudden “partial
dissociation”; that is, they may jump to a more
remote but still bound site relative to the M3*, An
example of this process would be for the dominant
jumping mechanism of nn F{;, to be no longer
nn— nn reorientation but rather a motion in which
the distance between M** impurity and nn F;, con-
stantly varies (e.g., nn—nnn motion and vice versa
as suggested by Catlow*®). Alternatively, the mo-
tion could be between equivalent nnn sites. This
partial or incomplete dissociation would explain
the difficulty or inefficiency in the quenching pro-
cess, the observed line-broadening effect, the /
disappearance of the tetragonal EPR spectra, and
the change in slope of the NMR relaxation curve,
as described before. Furthermore, the dominance
of this low activation energy behavior increases
with lattice parameter as we go from CaF, to SrF,
to BaF, and appears to be correlated with in-
creased intensity of trigonal (nnn) EPR spectra in
SrF, and BaF,. This point will be discussed fur-
ther in Secs. III B and C of this paper. (It had
been suggested® earlier that nnn complexes in
CaF, reorient with an activation energy of around
0.7 eV, which would contradict the above sugges-
tion that such motions have a much smaller acti-
vation energy. However, more recent work?*"»*®

has resulted in considerable evidence against this
assignment of the 0.7 eV relaxation to nnn mo-
tions.)

The simple model of dividing F{;, in CaF, into
two different species (i.e. local bound nn F{,;,
and nonlocal free Fy;,) is certainly inadequate to
explain many other phenomena. Even though
spectroscopy experiments indicate the dominance .
of the tetragonal, and to a lesser extent, cubic
sites of Fy;, in CaF,, F{;, in other sites
do exist and can also affect the experimental re-
sults. F(;, ions in these other sites are manifested
not only in the supernumerous spectral lines in
EPR and in optical spectroscopy but also in the
various different spectral peaks detected by the
ITC, dielectric, and anelastic relaxation measure-
ments referred to earlier. :

4. Region I

This region extends over the range of inverse
temperature (2.2-1.9) X10™® K™, For the undoped
and two lightly doped samples, the slopes are the
same, corresponding to an activation energy of
about 1.04+0.05 eV, which is the same as that
obtained by ionic conductivity, NMR T,, thermal
annealing, and radioactive tracer techniques in
the extrinsic region. Nonlocal free Fy;, is believed
to diffuse through the crystal by an interstitialcy
jump mechanism.5°"2 The results of all these ex-
periments are given in Table II.

From the data, we see that there are substantial
numbers of nonlocal F(;, in the undoped sample,
due probably to residual trivalent impurities. As
the Y3* dopant concentration increases, the number
of nonlocal Fy;, increases proportionately. The
NMR relaxation rate soon saturates, however, at
medium Y3 concentration (i.e., 0.035 mole% Y**)
as shown by the open circles in Fig. 3. The reason
for this is that at the higher dopant concentration
the number of nonlocal sites (i.e., far from the im-
purities) available for fluoride interstitials begins
to decrease appreciably, since the number near
the impurities becomes a large fraction of the to-
tal. Thus, even though the number of F;, in-
creases with Y** concentration, their effectiveness
in contributing to nonlocal relaxation is reduced
appreciably. However, this decrease in nonlocal
F~ interstitial sites does not limit relaxation due
to localized F¢;, which saturates only at the even
higher dopant concentrations at which clustering
becomes important. Both of these effects are
shown in Fig. 3. Osiko®® did theoretical calcula-
tions of the F;, site distribution as a function of
M?®* dopant concentration in CaF, and his resulting
distributions are consistent with our data in Fig. 3.

Due to the great distance of nonlocal Fy;, from
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TABLE II. Activation energy for motion of extrinsic free fluorine interstitials.

Activation energy

Crystal (ev) Technique Reference
CaF, 1.1-1.2 Ionic conductivity 2
1.02 Ionic conductivity 53
1 Ionic conductivity 54
1.0 ‘Thermal annealing 55
0.9 Radioactive tracer 56
1.5 Charge reduction 57
1.56 Ionic conductivity 58
1.04+0.05 NMR Ty, measurement a
SrF, 0.94 Ionic conductivity 53
1.01 Ionic conductivity 59
0.7-0.76 NMR Tj; measurement 60
0.88+0.01 NMR T;p measurement a
BaF, 0.62 NMR T; measurement 61
0.79 Ionic conductivity 62
0.82+0.03 NMR T;p measurement a

2Results of present experiment.

Y* impurities, it is believed that the influence of
the clustering effect is much less on them. For
instance, Makovsky'® found, in an optical spectros-
copy study of rare-earth-doped calcium fluoride,
CaF,:R%, that spectral lines for an impurity clus-
ter can be detected at about 0.01 mole%, and the
tetragonal spectrum begins to weaken at about 0.1
mole %, vanishing entirely at about 2 mole %. The
cubic site spectrum, however, is still observed at
this high dopant concentration. The claim by Fenn
et al.,? that there should be no more cubic EPR
spectrum above 0.02 mole % dopant concentration,
appears to be in error.

Evidence of the existence of unbound Fj;, in un-
doped samples abounds also in the literature. For
example, Merz and Pershan® observed that the
undoped CaF,, after x-ray irradiation, has ther-
moluminescence peaks similar to those of rare-
earth-doped CaF,. The fact that impurities in
isolated cubic sites can be charge reduced by x-
ray irradiation therefore verifies the existence of
nonlocal Fy;,. Johnson et al.** also found a con-
tribution to the dielectric loss in undoped CaF,
from ohmic conduction of unbound Fy;,.

The decrease of the slopes for higher Y** doped
samples is caused by the competitive relaxation
contribution from region II, which increases for
increasing Y** concentration since the nonlocal
Fy;, does not increase as fast as local bound F{;,.

Ho and Ailion® reported similar behavior in
rare-earth-doped CaF,. They interpreted the
slope of the relaxation time in region I to be pro-
portional to ¢ ;,,+Ey, where ¢, is the binding
energy of the complex consisting of a trivalent im-
purity and nearest-neighbor Fy;, and E,  is the
energy of motion of the nonlocal fluorine. The

slope in region III would be proportional to E; 115,
the energy of motion for nn—~nn jumps. Thus the
difference in slopes is a measure of the binding
energy plus the difference in barrier heights.
Furthermore, they performed measurements of
the anisotropy of T,, in regions I, II, and III and
measured in region I an anisotropy which agrees
with calculations based on the strong-collision
theory for nonlocal Fy;, interstitialcy diffusion.
They observed this anisotropy to disappear in
regions II and III, as might be expected for the
weak-collison situation in which only bound de-

fects move.

B. SrF,:Y**

SrF, with a lattice constant intermediate between

that of CaF, and that of BaF, would be expected to
exhibit behavior which is intermediate between
that of the other two crystals. This indeed shows
up in our data, as we shall see. Figure 5 shows
the temperature dependence of the relaxation time
T,, for different Y** dopant concentrations. As be-
fore we divide each curve into different tempera-
ture regions and discuss them individually.

1. Region Il

In this region [(3.4~3.0) X 107 K] undoped
SrF, still resembles region IV of CaF,. However,
for all Y** doped samples, this region behaves
more like region IIl in CaF,:Y**, except that the
slope of the corrected data is no longer the same
for different samples, but gradually increases
with Y** concentration and achieves the largest
value of 0.46 +0.03 eV for the most heavily doped
sample, SrF,:Y* (0.35 mole%), which we studied.
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FIG. 5. Relaxation time vs reciprocal temperature in
SrF, doped with different Y®* concentrations. Solid lines
in regions I and II are least-square fits to the data.
Solid lines in region III are parallel to least-square fits
to the 0.1- and 0.35-mole % data.

As we discussed for CaF,:Y*, it is likely that the
slope variation in this region is probably due to
the existence of an additional contribution to the
relaxation which contributes to the most lightly
doped samples the most. If we hypothesize that
the mechanism responsible for the low-tempera-
ture relaxation behavior of the undoped sample
arises from impurities which are common to all
the SrF, samples, doped and undoped, we should
subtract its contribution (i.e., the relaxation rate
measured for the undoped sample) from the ob-
served relaxation curves of the doped samples in
region III. If we do so, we indeed find that the
corrected curves are now parallel, as shown in
Fig. 5, which verifies the validity of our treat-
ment. The solid lines in region III are all drawn

assuming an activation energy of 0.46+0.03 eV,
which is the result of least-square fitste only the
two most heavily doped samples, SrF,:Y** (0.35
mole %) and SrF,:Y** (0.01 mole%). It is clear
that these corrected data points for our more
lightly doped samples fit very well on the 0.46-eV
activation energy lines. Region III of our SrF,
samples now resembles region III of our CaF,
samples and is probably due to the same mecha-
nism, nn Fg;, ions. (It was not important to sub-
tract off the analogous contribution from the un-
doped sample in CaF,, since its contribution to
the relaxation rate was negligible at all tempera-
tures.) Note that our data for SrF, exhibits no
behavior in this temperature range like that of
region IV of CaF,.

Tetragonal lines of high intensity of R3* in
SrF,:R* have been observed by EPR!% 2665 anq
optical spectroscopy.'®®” Furthermore, a trigonal
spectrum, which was barely observable in
CaF,:R**, has comparable intensity!®19:26:65769 jp
SrF,:R3" to the tetragonal spectra. Those observa-
tions suggest that the probability of Fy;, ions
occupying nnn sites (which have trigonal sym-
metry) is higher in SrF, than in CaF,.

The activation energy for reorientation of the
M* —nn F{;, dipole has been measured by Kitts,
Ikeya, and Crawford®® for SrF,:Gd* and found to
be 0.45 eV, which is indeed similar to that of our
measurements in this temperature region. A list
of all the results is given in Table I.

The curve of the corrected relaxation rate in
region III versus Y3* concentration is shown in
Fig. 6. It indicates that the relaxation rate is
proportional to the Y** dopant concentration up to
0.1 mole %, which is higher than for the case of
CaF,:Y*. This behavior might be due to a smaller
clustering effect in SrF, since the larger lattice
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FIG. 6. Relaxation rate vs Y3* dopant concentration in
SrF, at three different temperatures.
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distance in SrF, may result in the Y*~nn Fy,,
pairs being further apart from each other.

2. Region II

Due to the analogy between the data of SrFZ:Y“
and that of CaF,:Y*, this region [(3.0-2.3)

X107 K™] is believed to correspond to region II
of CaF,:Y*. As in CaF,:Y*, regions IIl and II in
SrF,:Y** also represent two different local phases.
The nn Fy;, may partially dissociate at around

54 °C (i.e., at 3.06 X107 K™), and our observed
relaxation could then arise, for example, either
from F{;, jumps between nn and nnn or from Fy,,
jumps between equivalent nnn sites. Alternatively,
as in CaF,:Y®, this data may arise from motions
near clusters. However, such a model leads to
difficulties discussed earlier: why would the
clusters be more stable at higher temperatures
and in crystals with larger lattice parameter ?

The activation energy computed from our SrF:Y**
data (0.1 mole%) is 0.17+0.03 eV. Stott and
Crawford® reported an ITC spectral peak in
CaF,:Gd** corresponding to a 0.167-eV activation
energy which is probably the same phenomenon,

The curve of the relaxation rate versus Y** con-
centration as shown in Fig. 6 is similar to that for
region III, as is expected if the majority of the re-
laxation centers in this region do come from the
dissociation of those in region III.

For more heavily Y** doped samples, Fig. 6
again indicates a possible clustering effect, which
effectively decreases the number of unclustered
defect complexes which may be responsible for the
dominant relaxation in region II.

3. Region I

This region extends below the inverse tempera-
ture 2.3 X10™ K™. No measurements correspond-
ing to T,, shorter than 10 msec were taken, since
the adiabatic condition for our ADRF pulse couldn’t
be satisfied for such short T,,’s. OurregionlI in
SrF, is similar to region I of CaF,. The dominant
relaxation centers are thus believed to be nonlocal
free F(;,. The activation energy determined from
the undoped SrF, sample is 0.88+0.01 eV, which
is slightly lower than that for CaF,.

Between regions I and II, the relaxation rate
has contributions from both regions, as described
earlier. In order to explain the data in this inter-
mediate region, we extrapolated the region-II and
region-I data for SrF,:Y* (0.01 mole%) and added
the relaxation contributions. We found that the
resulting relaxation curve coincides exactly with
our data, as shown in Fig. 7, thus clearly demon-
strating that the bending over arises merely from
the sum of the mechanisnrs of Teégions I and II.

C. BaF,:Y¥*

BaF, has the largest lattice constant of our three
alkaline-earth fluorides and its data is also the
simplest of the three as shown in Fig. 8. The
curves of both the doped and undoped samples
have the same shape and exhibit only two distinct
regions in the whole measured temperature range.
These correspond to regions I and II, respectively,
in CaF,:Y* and SrF,:Y*. Thus we observed no
relaxation due to nn F{;,, in agreement with the
findings of spectroscopic measurements!®%% =70
which observed only trigonal and no tetragonal
spectra in doped BaF,. In region II (between
3.4%107 and 2.5 X 10 K?), the relaxation rate
is exactly proportional to the Y** concentration up
to 0.1 mole%, our maximum dopant concentration
in BaF, (see Fig. 9). The clustering effect in BaF,
appears to be the smallest of the three alkaline-
earth fluorides as would be expected from the fact
that BaF, has the largest lattice parameter. Our
measured activation energy is 0.10+£0.03 eV in
region IL '

Above'2.5 X102 K™, the relaxation is dominated
by nonlocal free F;, motion with an activation
energy, 0.82+0.03 eV, which is lower than that in
both SrF, and CaF,. :

Similar relaxation time behavior in BaF, has
been observed by Figueroa et al.™
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D. Comparison of CaF,:Y?*, SrF,:Y%", and BaF,:Y*"data

The best samples for comparison are the ones
with medium Y* dopant concentration since they
exhibit clearly all the different regions and appear
to show negligible clustering effects. For this
reason, we chose the 0.01-mole% Y** doped sam-
ples for our comparison. The comparison of the
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FIG. 9. Relaxation rate vs Y3* dopant concentration in
BaF, at two different temperatures.
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FIG. 10, Comparison of relaxation curves of CaFy,
SrF,, and BaF, doped with 0.01 mole % Y%, Solid curves
are least-square fits. The low-temperature line in BaF,
is a fit only to the BaF, data, not to the intermediate re~
gion SrF, data.

data of all three crystals is shown in Fig. 10.

All three crystals show a relaxation region due
to nonlocal free F{;, motion. The activation en-
ergy slightly decreases in going from CaF, to -
BaF,. Note that the transition between the nn
region (e.g., region III of CaF, and SrF,) and the
low-activation-energy region (region II of CaF,
and SrF,) shifts to lower temperatures as we go
from CaF, to BaF,. Such behavior suggests that
F7;, in the nn site of Y** becomes less stable with
increasing crystal lattice parameter. (Actually,
the tetragonal spectral line of R*" in BaF,:R* is
barely visible in spectroscopy measurements.) In
CaF, there are four different regions. Region IV
exists in all doped and undoped samples of CaF,,
while region II is just barely visible in CaF,: Y**
(0.1 mole%). On the other hand, in BaF, the sit-
uation is opposite; the region IV of CaF, is totally
absent here while the region II of CaF, appears
strongly in all undoped and doped BaF, samples.
SrF,, with intermediate lattice parameter, ex-
hibits both types of behavior over wide tempera-
ture ranges. Specifically, region III of SrF, has a
similar slope to that of region III of CaF, whereas
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the slope from region II of SrF, corresponds to
that of region II of BaF,.

This observation provides us with important in-
sight into the relaxation mechanism of region III
and II of SrF,. As we noted earlier, spectroscopic
measurements (i.e., EPR, ENDOR, and optical
methods) indicate that the BaF, spectra at low
temperatures is dominated by defects of trigonal
and not tetragonal symmetry. An identification of
region II of SrF, with this region of BaF, suggests
that the motion of trigonal defects causes our ob-
served NMR relaxation in SrF, in this region.
Similarly, spectroscopic data indicating the dom-
inance of tetragonal defects in trivalent doped
CaF, suggests that the relaxation behavior of
region III of SrF, is due to tetragonal (i.e., nn)
Fy;, defects.

E. Undoped CaF,, SrF,, and BaF,

Figure 11 shows a comparison of our T,, mea-
surements in all our undoped samples. As we can
see, the relaxation behavior indicates the presence
in all our samples of residual charged impurities
which give rise to mobile F~ ions (either F~ va-
cancies or F~ interstitials) for charge compensa-
tion. Normally, it is harder to identify sources of
relaxation of these undoped samples in the extrin-
sic temperature region since the identities of
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FIG. 11. Comparison of relaxation curves of undoped
samples.

these residual impurities are unknown. A dis-
cussion of the lower-temperature behavior of all
samples, doped and undoped, has been presented
earlier and will not be repeated in detail here. A
comparison of the behavior of the two CaF, crys-
tals (Optovac and Harshaw) at low and intermediate
temperatures reveals that the slopes are the same,
but the T,,’s are different. The similarity in
slopes suggests that the residual impurity arises
in each crystal from the same or similar atomic
species, since we have observed® that dopants of
different size may give rise to very different
slopes in this region. Furthermore, the differ-
ences in T, suggest that the impurity concentra-
tions are different in the two samples, as we see
in Fig. 11. However, it is difficult to explain the
coming together of the data in the high-tempera-
ture, nonlocal region without postulating the ex-
istence in both crystals of the same concentration
of a second impurity, which favors nonlocal F~
defects, as we discussed earlier.

A possible candidate for the high-temperature
relaxation in our undoped crystals could arise
from the motion of fluorine vacancies created to
charge-compensate residual monovalent impuri-
ties which substitute for Ca®** cations. Both ex-
perimental evidence®'%® and theoretical calcula-
tions®°™%2 gshow that fluorine vacancies have a
lower energy of motion than fluorine interstitials.
Therefore, if both monovalent and trivalent im-
purities exist in comparable numbers in the un-
doped samples, one might think that fluorine
vacancies would dominate the relaxation. However,
our data rule out this possibility in several ways.
First, the slope (or activation energy) of the un-
doped samples is identical with that of our Y3**
doped samples in which we know the mechanism to
be F{;, ions. Furthermore, the slope agrees with
those obtained by other workers, as shown in
Table II. Second, if our relaxation in the high-
temperature region were due to fluorine vacancy
diffusion, the relaxation rate at a given tempera-
ture of the slightly doped Y** sample should de-
crease instead of increase, since, according to
the mass action law, the fluorine vacancy concen-
tration should decrease as a result of doping the
sample with Y**, (Such a decrease in vacancy
concentration has been verified by ionic conduc-
tivity experiments™7® in the intrinsic temperature
region dominated by F¢,, vacancy diffusion. In
these experiments the intrinsic ionic conductivity
of CaF, is observed to decrease as a result of in-
creasing the trivalent-impurity dopant concentra-
tion.) ‘ ‘

Furthermore, it is claimed that monovalent im-
purities (e.g., Na*, K*) are largely rejected® in
the fluorites during crystal growth. On the other
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hand, O*" can easily enter the crystal®*'™ and
create F,,; however, as a result of being grown
in a vacuum and exposed to PbF,, an oxygen
scavenger,™ our finished crystals are effectively
free of oxygen contamination. Accordingly, we
believe that the relaxation of °F spin dipolar en-
ergy is due mainly to F~ interstitials both in the
low-temperature (bound F{;) and in the high-
temperature (free nonlocal F(,,) regions.

IV. CONCLUSION

In these experiments, we have observed °F
dipolar relaxation due to jumps of both free and
bound extrinsic F{;, between room temperature
and 250 °C in single crystals of CaF,, SrF,, and
BaF,, doped with trivalent impurities.

In all three undoped alkaline earth fluorides,
the high-temperature dipolar relaxation depends
strongly on reciprocal temperature and indicates
the existence of substantial numbers of mobile
free Fy;,, which are probably induced by residual
trivalent impurities. In this region the NMR re-
laxation of the bulk fluorines is due to a direct
process, the “strong-collision” jumping of the
abundant fluorine nuclei, probably by an intersti-
tialcy mechanism. Since the relaxation in this
region is dominated by the jumps of fluorines
which are far from the dopant atoms, we would
expect the relaxation times and, accordingly, the
activation energies in this region to be essentially
independent of the impurity dopant size, as we
have observed.® '

In the temperature regions dominated by the
motions of fluorine ions bound to the dopants
(regions II and III for CaF, and SrF, and region II
for BaF,), the NMR relaxation of the bulk fluorines
is undoubtedly due to an indirect process in which
the bulk fluorines are relaxed, not by their own
diffusion jumps, but rather by the jumps of the
bound fluorines which may be many lattice dis-
tances away. The heating effect due to bound
fluorines then gets transmitted to the bulk fluorines
by a process of spin diffusion which may be very
rapid”® for spin-3 nuclei like the fluorines.

We found that the relaxation due to locally bound
F{;, depends very strongly on both the crystal
lattice constant and the impurity dopant size.® In
particular, the nearest neighbor bound Fy;,, which
dominate the !°F dipolar energy relaxation in the
low-temperature part of our study, become in-
creasingly unstable in the crystal having larger
lattice constants, SrF, and BaF,. We observed a
striking decrease in slope in CaF, and SrF, data
as we raised the temperature above room temper-
ature. Such a decrease in slope cannot be ex- -
plained simply by adding relaxation rates, but im-
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plies a sudden change in structure or in mecha-
nism, as in a phase transition. We conjectured
and presented evidence that this anomalous be-
havior may result from a partial dissociation of
the complex consisting of a nn F{;, and a trivalent
impurity, in which the nn F;, moves to a more
remote but still bound position (possibly a nnn).
This transition occurred ‘at around 150 °C in CaF,:
Y*, at about 54 °C in SrF,:Y**, and presumably
would occur at an even lower temperature in
BaF,:Y®*. The fact that the relaxation mechanism
in the intermediate region becomes more pro-
nounced for the crystal with larger lattice dis~
tance would imply that the local lattice distortion
around the dopant causes the potential wells of,
say, nnn F;, to become deeper relative to those
of nn F{;, in the samples of larger lattice param-
eter. This behavior indicates either a different
dominant local Fy;, jumping mechanism or a very
different energy barrier for the same type of lo-
cal F{;, motion. We discussed the possibility that
this low activation energy may be due to Fy;, ion
motion near clusters of impurities. However,
this possibility appears less likely, since it im-
plies a higher stability for such complexes at
higher temperatures than at lower.

Clustering between nearby impurity-F{;, dipolar
complexes is also exhibited in the dependence of
our relaxation time on impurity concentration.
This clustering effect decreases as we go from
CaF, to BaF, and appears only in our more
heavily doped samples.

The dominant relaxation mechanism in the low-
est-temperature region (i.e., region IV) of
CaF,:Y* is not understood at present. The fact
that the relaxation rate in this region increases
with increasing Y** dopant concentration indicates
that the relaxation may be due either to a different
kind of local F{;, motion or to paramagnetic im-
purities introduced into the crystal along with the
YF, dopant. .

To the best of our knowledge, this study is the
first comprehensive investigation of diffusion of
both locally bound and free interstitials in the
fluorites using a single technique.
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