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Localized fluoride diffusion and defect equilibrium in CaF,:Eu®* using site-selective
spectroscopy and high-pressure techniques
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Crystals of Cak:Eu®* were treated at high pressure and temperature in a diamond-anvil cell to produce a
nonequilibrium distribution of the charge-compensating interstitial fluorides. The reequilibration dynamics
were then studied by annealing the treated sample at normal pressure. The reequilibration of the fluorides
spanned an 80° temperature range, which corresponds to a 0.34-eV range of diffusional activation energies
based on a kinetic simulation of the experiment. Spectroscopic techniques were used to measure the major sites
and several previously unreported minor defect clusters. The changes in the main sites correlate with changes
in the minor clusters. A model for the distribution and properties of defects in,:EaFs proposed, and the
implications of the model are discuss¢80163-182(06)05822-5

Compounds with fluorite crystal structure have been thepair and dissociated cubic sites are correlated with changes
subject of extensive study. There are several reasons for the several of the minor cluster sites.
interest in these solids. The fluorite structure contains large In the final part of the experiment, the reequilibration ki-
interstitial sites, which facilitate the formation of anion Fren- netics are studied by annealing the crystal at normal pressure
kel defects. Because of the low enthalpy for defect formaand increasing temperatures. A computer simulation is used
tion, many of the compounds can be used as ion conductof§ Match defect and diffusional parameters to the annealing
at moderate temperatures. data. A model for defect interactions in the crystal is pro-

CaF, doped with trivalent rare earths is often used as gosed which reproduces the behavior of the major and minor

model system for the fluorites. The rare-earth atoms substg®€S: @nd explains the extended temperature range of the

tute for calcium, and must be charge compensated by at;?eqwllbratlon Process.
additional fluoride interstitial. Defect structures formed by
rare-earth dopants and fluoride interstitials have been stud- BACKGROUND
ied, as well as the anion kinetics in both doped and undoped
samples* Despite the work which has been done, there are Rare-earth ions readily substitute into Gagind related
still discrepancies in experimental results and the interpretacompounds without altering the overall cubic symmetry of
tion of them. the lattice. When oxygen is excluded, the excess charge of

The analysis of many experiments has been based on thie trivalent rare-earth ion is compensated for by an intersti-
simple dissociation of rare-earth—fluoride pairs to form antial fluoride, which can be either bound to the defect or lo-
isolated cubic rare-earth site and a free interstitial fluoridecated distantly. For europium, the main sites seen spectro-
Experiments, however, have shown that there is an anomacopically are the single europium featufesO, andP, and
lous relationship between dopant concentration and the ratithe cluster sites labelé® andQ.° The A site has tetragonal
of paired to cubic sites for concentrations above 0.1symmetry, and has been identified as having a fluoride in the
mole %>® The primary reason for the anomaly is the trap-nearest-neighbor interstitial positidh This site can be rep-
ping of free interstitial fluorides by other defect sites. Energyresented asEu-F)*, where the use of the superscripts’,
calculations indicate that the cation dimer should stronglyandx are used to indicate a net positive, negative, or neutral
bond to a third interstitial fluoride, and kinetic studies con-charge with respect to the lattice. TResite has cubic sym-
firm that both the dimer and trimer clusters have extra fluometry and must be charge compensated by an excess fluoride
ride ions’® Many experiments measuring anion kinetics at a distant location. The-site intensity is generally small,
have used doped crystals containing a variety of cluster sitegnd it may be related to impurities in the samples. A trigonal
but the data interpretation has neglected the presence of tifEu-F)* site with a fluoride in the next-nearest-neighbor
clusters>* A better understanding of how these competingposition is seen in fluorites doped with smaller rare-
equilibria affect the distribution and the mobilities of the earth ions, but it is wusually not observed in
anions is needed for interpreting experimental results. CaF,:Eu. TheR and theQ centers are th€Eu-3F)" dimer

In the first part of this experiment, site-selective spectrosand the(3Eu-4F)’ trimer, respectively. For smaller rare-
copy is used to identify and characterize the defects presemarth ions, there is evidence of larger clustérs.
in samples of Caf doped with between 0.1 and 1.0-mole %  Site-selective spectroscopy is a versatile tool for studying
europium. Several additional defects sites are identified. these rare-earth defects. Thd orbital transitions are well

In the second part, high pressure from a diamond-anvishielded from the lattice, giving long fluorescent lifetimes
cell produces a nonequilibrium distribution of the interstitial and sharp atomiclike spectral lines at low temperatures. The
fluorides in the lattice. Concentration changes in the singlerystal-field splitting gives information about the symmetry
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of a site, and the relaxation rates give information aboutation the gasket cavity was typically 18@0 um? deep.
clustering. By using a monochromator to monitor specificThis cell design should allow us to reach pressures of 150
fluorescent features while simultaneously scanning a tunablebar, but we found that clamping at high temperature gave
laser over absorption features, it is possible to correlate thgore modest final pressures of around 40 kbar.
fluorescence and absorption lines belonging to a rare-earth 70_Mm Samp|e Chips taken from the reference Crysta|
site. were used in the experiment. A ruby chip was also loaded
The cation dopants are able to diffuse at temperaturegto the cell for pressure determination, and a pentane-
above 530 °C in Caf.® At annealing temperatures below isopentante mix was used for the pressure medium. This mix
600 °C the distribution of defects is controlled by the en'is hydrostatic at these pressu}éand should not risk intro-
thalpy term in the free energy, and the final equilibrium diS‘ducing oxygen into the CaFlattice when used at high tem-
tribution is largely dominated by clusters. In samplesperatures. For the high-temperature-pressurized treatments,
quenChed from above 800 °C the distribution is dominate he DAC was mounted inside a vacuum oven. The oven is a
by single-ion sites. The crystals used in this experiment wergjmplified version of the Shifferel desidfi,and includes
quenched from high temperatures to reduce the clusteringont and back windows for pressure measurements and feed-
and simplify the defect distribution. Our primary concernsthrough hex wrenches for adjusting the clamping pressure
were with the distribution and kinetics of the interstitial fluo- \yhijle at high temperature.
ride ionS, and how these correlated with the concentration The DAC was |Oaded and ||ght|y C|amped for a pressure
anomaly for theA andO sites. of 10-15 kbar. The cell was then placed in the vacuum oven
Fluorides ions are mobile near room temperature, whicynd the temperature raised to 400 °C. The cell clamp bolts
limits the extent to which a nonequilibrium distribution of were t|ghtened as needed to counter pressure |osses due to
the fluorides can be obtained by thermal quenching. To avoighermal expansions of the cell components. The sample was
this limitation, samples were placed under high hydrostatiGnnealed fo1 h athigh temperature to ensure that an altered
pressure in a diamond-anvil cell. In the compressed latticquilibrium was established. The cell was then clamped to
the interstitial fluorides move to sites that minimize Strainabove 30 kbar' and cooled to room temperature‘ The DAC
energies. The pressure also reduces the mobility of the flugzgssembly was transferred to the refrigerator cold finger and
I’ideS, so the cell was heated to enable the formation of th|§oo|ed to 170 K. At th|s temperature the pressurizing bo'ts
altered equ”ibrium. The ﬂuoride diStribution was frozen in were |Oosened and the refrigerator vacuum Shroud put in
by cooling the cell below room temperature. The pressurgjace, so the sample could continue cooling to 12 K. The
was then released, the reequilibration was studied under staBentane was lost in this procedure.
dard conditions. A XeCl excimer laser-pumped dye laser was used for
fluorescence excitation. The dye laser had a typical line
width of 0.15 A , and pulse energies were reduced to 10
nJ with neutral density filters. Because of the Id28.5 m3
The crystals used in this study were obtained commerlifetime of the O site, a low repetition rate of 13 Hz was
cially from Optovac, Inc. Two of the crystals were from a used. The beam was focused to about L50-width at the
previous study, where the Bii concentrations were deter- sample.
mined to be 0.09 and 0.19 mole®@he third crystal has a Fluorescence collection is restricted by the DAC geom-
nominal europium concentration of 1.0%. To minimize theetry, and was done at 0° with respect to the incident beam.
concentration of defect clusters, the samples were heated iifter filtering to remove laser scatter the fluorescence could
evacuated Vycor tubes at high temperat(864 °C for the either be focused onto a photomultiplier for broadband de-
0.09% sample, 890 °C for the othgrfer 12 h, quenched, tection, or directed into a 1-m monochromator. Because of
and checked for oxygen contaminatith. the small sample size, it was important to collect a wide
For the first part of the experiment, the sample crystalsangle of fluorescent light, and to minimize focusing aberra-
were mounted using copper-impregnated grease on a coppiéons. A compound lens with an effective numerical aperture
holder, and placed on the cold finger of a closed cycle heef /1.7 was used to produce a clear magnified image. A
lium refrigerator which can regulate temperature between 18ated integrator with a preamplifier was used to process the
and 350 K. For the annealing portion of the experiment thesignal, and the spectra were monitored and recorded by com-
small crystal chips could either be transferred to cavities in guter.
special holder, or left in the diamond-anvil cgIDAC), Excitation spectra with broadband detection were used to
which attached to the refrigerator. measure the intensities of theandO sites. For the clusters
The diamond-anvil cell was a clamped piston-cylinder de-and minor sites the monochromator was used at several spec-
sign made from inconel by Diacell ProduéfsThe diamonds  tral windows chosen for optimizing the specific sites. The
were originally mounted using a ceramic cement, but theA site appears in the excitation scans for all of the spectral
cement lost adhesion after temperature cycling and was ravindows because of its high concentration and broad phonon
placing with fitted retainers. sidebands, and was an intensity reference for the other major
The diamond culets had octagonal 706 faces. A and minor sites. Intensity ratios from the sample’s spectra
rhenium-molybdenum alloy was used for the gaskets tavere compared to ratios from an untreated reference crystal.
maintain containment strength at high temperatures, and alsdfter measuring all of the sites, a strip heater on the refrig-
to prevent welding of the metal to the diamortddhe gas- erator was used to heat the sample to a set temperature,
ket material was a 25@-m sheet which was preindented and where it was annealed for a 30-min interval. The sample was
then drilled with a 25Qxm carbide bit. After pressure appli- then cooled, and spectra were taken. The annealing proce-

EXPERIMENT



53 LOCALIZED FLUORIDE DIFFUSION AND DEFECT ... 14 137

dure repeated at increasing 5° temperature steps.

Several problems were encountered with taking spectra of
the samples while they were inside the DAC, including dam-
age to the diamonds. For pulse energies greater thgnJs50 4 A
with focused spot sizes smaller than pn, laser damage
marks and small chips appeared on the diamond culet face.
This power level should have been safe for diamond, so the
cause was more likely absorption by traces of gasket metal
on the diamond faces or by substances left from the evapo- | P Qa
ration of the pressurizing fluid. This problem limited the fo- J\ 0.09% JJU N
cused laser power that could be used for sample excitation. \

The reproducibility of the relative spectral line intensities 1
was poor when the samples were inside the DAC. Etalon
effects, or other problems related to the high refractive index
of diamond, were probable causes of these inconsistencies,
but there was no clear pattern. We also found that the relative
peak intensities for large reference crystals varied with the

thickness and thermal history of the crystal. These problems
were addressed by transferring the pressure treated chip, ] A 0.19% ’\
while cold, out of the DAC and into a custom sample holder.

The holder has several cavities, so a small reference chip
could also be included, and the reference chip would expe-
rience the same annealing conditions as the sample. 1.0 %
Variations in the dye laser set a limit on the accuracy of
the experiment. It was found that changes in the spatial het-
erogeneity of the laser beam could be minimized by frosting
the entrance window of the sample holder. Using peak areas
and averaging multiple scans, the standard error for the

A ite intensity ratio w ically 3% for DAC m re-
/O site intensity ratio was typically 3% fo C measure samples of CagEu with different dopant concentrations. All crys-

ment and 1.5% using the sample holder with a frosted win o ; ;
dow. Ratios for the minor sites had standard errors from 4%6"3 were quenched from above 800 °C. The main defect sites are

to 10% depending on their concentration. ndicated.
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3
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FIG. 1. Comparison of’F,—°D,; absorption spectra for

correspond to single europium ions, like t@esite, except
RESULTS that they are perturbed, and tlEl site the least perturbed.
At least two additional sites were observed at lower wave-
lengths, near thé® site line. While this is in the spectral
An excitation scan for the 0.09% crystal, monitoring all region where the other single sites are found, the nature of
fluorescence, is shown at the top of Fig. 1. The peaks fothese sites is not known. An examination of the spectral re-
A, O, P, andR sites are labeled, as are the positions for thegion around the mairA peak did not reveal similar line
very weakQ site peaks. An example of a site selective fluo-groups.
rescence scan is shown on the left in Fig. 2. If the dye laser The spectral region between tie peaks is more com-
is positioned on any of thR site excitation peaks, this same plex. Spectra monitoring transitions to both tAB; and
fluorescence spectrum is observed. Similarly, if the mono-F; manifolds have numerous overlapping lines. In the
chromator is positioned on one of tiR site fluorescence ’F,— °D; excitation scan four siteggabeledM1-M4) were
lines, a site selective excitation scan will show only the threeclearly distinguished, and a fifth broader featutabeled
R peaks in Fig. 1, and not th&, O, P andQ peaks. M5) was less clearly distinguished. In the fluorescence scans
Figure 3(top) shows an enlarged view of the high end of many of the lines could not be assigned with certainty to a
the excitation scan. In addition to the main peaks, there arspecific site. Better instrumental resolution would allow fur-
numerous small overlapping features located in the regiother identification of sites, but this approach was not neces-
between the second and thiRlpeaks, as well as near both sary for the experiments. We associate the sites in this region
sides of theD peak. Fluorescence scans were recorded as theith europium clusters, based on the line positions, spectral
dye laser was stepped across these regions, to separate aptitting and fluorescent lifetimes. In crystals quenched from
correlate the features. Several minor sites were identified. high temperature, clusters larger than dimers should be rare,
The fluorescence scan shown on the right in Fig. 2 wasvhich is consistent with the small amount @f site seen in
recorded with the dye laser at 525.32 nm, which is just belovthe spectra. Thus these clusters are probably pertuRbed-
the excitation line for theD site. Four new sites, labeled sites or dimers having a different lattice configuration than
01-04, were observed in this region, two of which are theR site.
visible in the figure. These sites show two or three fluores- One additional significant site was observed which does
cence lines lying close to, but split about tBesite fluores- not fit into these two categories. The site labeledhas ex-
cence line. In the excitation scans the sites also showed thigtation lines in both the “single” and “cluster” regions of
type of close-splitting pattern. We suggest that these centetie scan. Its°D fluorescence lifetime is more consistent

Part |
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TABLE |. Wavelengths of spectral lines for defect sites in
CaF,:Eu™.

Site Excitation’Fy—°D, Fluorescenc€Dy— 'F,
O 525.34£0.01 nm 590.2& 0.01 nm

A 524.15 525.51 588.93

R 525.62 525.71 590.37 592.51

526.06 592.78 592.99
Q 525.51 525.78 525.91 590.53 591.76 593.47
N 525.15-0.01 nm 588.720.02 nm
525.98 592.95 593.33

M1 525.82 525.93 591.55 593.30

M2 525.74 525.86 588.75 591.24
525.96 591.57 593.43

M3 525.87 591.26 591.56
525.92 591.95 593.02

M4 525.68 591.20 591.35
526.02 591.88 593.80

M5 525.76 591.40 591.62 593.38

with a single ion site. At 12 K, lifetimes for th@ andA sites
are 3.5 and 3.6 mSEnergy exchange processes in clusters
cause shorter lifetimes, 25 and S, for theR andQ sites.
For the minor clusters we found lifetimes in the hundreds of

FIG. 2. Site-selective fluorescence spectra of various sites. Exnicroseconds, but thE site was measured at 2:@.4 ms.
citation was at 525.62 nm for the scan on the left, and at 525.30 nMne poss|b|||ty is that the\ site is a europium associated

for the scan on the right.

Intensity

| | T T T
525.2 525.4 525.6 525.8 526.0
Excitation Wavelength (nm)

FIG. 3. Comparison of spectra from 0.19% Gd&Eu crystals

with an impurity. A summary of lines for the major and
minor sites is given in Table I.

For the remainder of the experiments, four monochro-
mator settings were chosen for measuring the relative site
concentrations. The settings were chosen to contain fluores-
cent lines from more than one minor site, and to maximize
spectral discrimination between selected sites. Figures 4 and
5 show scans using two of the settings. Except for Nhe
site, there are measurable peaks with little or no overlap of
other sites. For bottM1 peaks it was necessary to estimate
and subtract the contributions from smaller interfering peaks.

Crystals covering a range of dopant concentrations were
available for the experiments. The spectrum of the 0.09-
mole % Eu** crystal has been presented in Fig. 1. The spec-
tra for crystals with 0.19% and 1.0% concentrations
quenched from 890 °C are also given in the figure. A com-
parison of the spectra clearly shows the anomalous relation
between thed andO sites, where the ratio &&/O decreases
with increasing concentration. The intensity of cluster peaks
is observed to be high in the 1.0% sample, despite the high
guenching temperature. Also noticeable is an increase in nu-
merous uncharacterized peaks between the Airpeak and
the O peak. These peaks presumably arise from perturbed
single ion sites.

Part Il

The 0.19% Eu crystal was chosen for the detailed anneal-
ing experiments. The spectra presented here are for a chip
which was treated in the DAC at 420 °C and#3 kbar of
pressure. The sample was transferred to a cavity on the
sample holder, while two untreated crystals were placed in

before(top scam and after high-pressure treatment. The main sitespther cavities on the holder. No significant differences be-

and the affected minor sites, are indicated.

tween the two reference crystals were observed.
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FIG. 4. Site-selective excitation spectra showing the pressurg . 0.09%

induced change in thil1 site. TheA-site line was used for calcu-
lating the amount of change.
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Excitation spectra of the sample and reference are given
in Fig. 3. The most noticeable difference after the pressure
treatment is a decrease in tBepeak. TheA/O ratio for the
sample is 24% greater than that of the reference. Alaad
the O sites are related by the gain or loss of a local interstitial
fluoride, so that a decrease in t@esite should be accompa-
nied by an increase in th& site. Using theR peaks as
constant features for comparison purpogbeR site appears
to remain constant in all of our woykhe A/O change can be
broken down into a 19% decrease in Bepeak and a 5%
increase in theA peak. Taking into consideration the peak
sizes and the instrumental response for the two sites, these
changes represent comparable absolute amounts.

In the Fig. 3 spectra, some of the minor peaks have di-
minished in intensity, as marked on the figure. Site-selective
spectra were used to quantify these changes. Spectra of the
treated sample are presented in the lower portion of Figs. 4
and 5. Comparing these spectra to the reference spectra
shows that thé/1 1 site has experienced a 90% reduction, and
theM4 site has decreased 45%. Sik¢&, M3, andM5 have
not changed. Other scans show that lthsite experienced a
40% reduction.

The minor cluster sites should have conjugate sites which
would increase as the clusters decrease; however, no such
sites were observed. It is possible that the conjugate features
for the minor clusters are spectrally indistinguishable from
other sites in the crystal.

A number of preliminary experiments were done using
Eu crystal. The treated samples consistently
showed a 10-14 % increase WO ratio. Site-selective
scans and a reequilibration anneal were done on one of the
samples. The results were similar to those shown for the
0.19% Eu crystal, but there was also a reduction inNte
site.

The preliminary sample treatments were tried with vari-
ous combinations of DAC pressure and temperature. When
the initial DAC annealing pressure was greater than 20 kbar
at 400 °C, the experiments failed to produce any changes in
the sample, indicating that the fluorides were not mobile.
Studies on the relaxation of bound defects show that the
increase in the diffusional activation energy at these pres-
sures is modesf, so an increase in the association energy of
the sites is probably the main reason for this lack of mobility.

Part Il

Reequilibration of the pressure-treated sample was per-
formed by a series of 30-min anneals at increasing tempera-
tures. The recovery of the samp@¢O ratio, compared to the
reference, is plotted against annealing temperature in Fig. 6.
The improvement in the experimental precision at 300 K
corresponds to the insertion of the frosted window on the
sample holder. The plot shows recovery beginning around
290 K, with equilibrium fully reestablished at 355 K.

The site-selective spectra showed the recovery of the mi-
nor sites begins around 270 K. The results for tiid,

M4, andN sites are shown in Fig. 7. Each minor site is
different in its annealing behavior. Their recovery rates, at
any given temperature, do not seem correlated.

FIG. 5. Site-selective excitation spectra showing the pressure The reference crystal also showed changes in its site con-

induced change in th®14 site.

centrations above 300 K. The temperature record for the val-
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tions below 0.01%, impurities and intrinsic defects become
important. Equation3) predicts lowerCy, values than are
actually observed5).

The doping process introduces matching amounts of rare-

. earth ions and F ions. Each europium atom can trap an
12 % % t AJO Ratio interstitial fluoride. Interstitials can also be trapped by eu-
ropium clusters, impurities, and intrinsic defects. Due to
these additional traps, the number of potential trap sites is
always larger than the number of interstitial fluorides in the
doped crystals. This leads to a competition between sites for
the interstitial fluorides.

We propose a model for the distribution of interstitial
fluorides which includes the effects of competing equilibria.
While the majority of interstitial fluorides will still be
{ ] trapped by europium defects to fornsites, other traps with

higher association energies will bind preferentially. As a re-
i sult, many of the europium defects will not be locally com-
pensated. The crystal will have a significant concentration of
an O site, even thougICr remains small. Solving Eq2) in
this case gives

A/O Ratio vs. Reference

—
260 280 300 320 340 360 380
T(K)

FIG. 6. Annealing history of thé\/O ratio for the reequilibra- C
tion of the pressure-treated crystal at 1-atm pressure relative to a CF:_Aqu_ga IkgT). (4)
reference crystal that was not exposed to high pressure but was Co
annealed under identical conditions. Each point represents a 30-min
anneal. The line shows the result of the computer simulation. Measurable amounts of both tlheand O sites are found in

all moderately doped samples. The concentration of free

ues of theA/O ratio and theM 1/A ratio are shown in Fig. 8. fluorides is therefore well regulated by Ed), and is effec-
The growth of theM 1 feature and decline in th® site above tively determined by thé site association energy, . For an
320 K suggests that there are substantial differences in thessociation energy of 0.6 eV, ai@}, equal toCq, Eq. (2)
entropy of association for the sites. Since the reference chipredictsCg will be ~4x 10 1! at room temperature.
was annealed alongside the sample, these variations are not aThe ability of other trap sites to retain interstitial fluorides

problem for this experiment. will be determined by how their association energy compares
to g,. A trap siteT with an association energy significantly
DISCUSSION greater theA site will be found in the associated form,

T-F'. An example of this stability is th& site (2Eu-3F)’,

For CaF, doped with trivalent rare earths, and free of which was not affected by the pressure and heat treatments in
other contamination, the excess cation charge is compenhis experiment. The unassociated fortBEu-2F)*, is not
sated for by interstitial fluoride ions. For low dopant concen-known to occur. Conversely, sites with an association energy
trations the defect chemistry has traditionally been intersignificantly lower thang,, such as the postulated
preted in terms of the dissociation of rare-earth—interstitial{Eyu. 2F)’ site in Cak, should not be expected to forft’

fluoride pairs. For europium the relations are Another example of a site which would not retain fluorides is
a rare-earth—interstitial dipole strained by another nearby de-
EuFoBu+ F, (1) fect, for which computer modeling predicts a considerably
lowered fluoride association enertyThe set of minor sites
CoCe located around th@® site in the spectra may correspond to
Ca =exp(—Jga/keT), (2 these perturbed sites.

Traps with free energies of association similar to that of

wherekg is Boltzman’s constant 4 andCg are the concen- the A site will effectively compete with it for interstitial fluo-
trations of theA andO sites in mole fraction, an@ is the  rides, and will be partially found in the associated form. Par-
concentration of free interstitial fluorides. At room tempera-tially associated sites must have association energies within
ture g, is around 0.6 e\, so the amount of dissociation is ~2kgT of the A site; at room temperature this energy dif-
small, and the concentration 6%, is comparable to the total ference is 0.05 eV. An example is tih1 site, the concen-

dopant concentratiof g,. Solving Eq.(2) gives, tration of which is affected by changes in both temperature
and pressure. Thgl4 andN sites must also have association
Co=Cr=(Cgy)Y2exp(—g,/2kgT). (3)  energies comparable to tiesite.

Because the association energy for the various sites will
This model for the defect chemistry has serious limitationshave different contributions from entropy, strain, and Cou-
For dopant concentrations above 0.01 mole % it does ndbmbic forces, the high pressure and temperature treatment
address defect clustering or other factors contributing to thehifts the stability of sites relative to that of tlesite. This
anomalougO site concentration dependence. For concentraleads to the altered high-pressure distribution of the fluo-
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FIG. 7. Annealing history ofa) the M1 site,(b) the M4 site, and(c) the N site measured relative to an identical reference crystal that
was not exposed to high pressure but was annealed under identical conditions. The lines show the result of the computer simulation.

rides. The reduced mobility of the fluorides at high pressurdlux of interstitial fluoridesJ;(n), leaving the traps and en-
suggests that the association energy of the sites generallgring the free lattice. Similarly, the reverse reactions pro-
increases with pressure. duce a flux of fluorides leaving the free lattick(n). The

A computer simulation of the low pressure reequilibrationfluxes are determined by the rate equations for the forward
was used to obtain kinetic information from the data. Toand reverse reactions,
model the multiple competing equilibria, the simulation al-
lowed several different trap sites to interact. For any trap site, J5(N)=Cr ks, (63)
an equilibrium can be written

TnF<—>Tn+ Fi/ 7 (5) Jr(n):CT(n)CFkr . (6b)

whereT,-F represents any site with a labile fluoride. For the The reverse reaction is a diffusion-controlled process,
simulation, theA site and the minor siteM1, M4, andN  with the traps acting as sinks for interstitial fluorides. The
were included.T,, represents th® site and the conjugate Smoluchowski model can be used to obtain values for the
forms of the minor sites. The forward reactions produce aate'®
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An expression folk; can be obtained, and substituted into

Eq. (6a) to obtain an equation for the forward reaction rate.

Separating the free-energy terms into enthalpy, vibrational

|_JE -6
s i ""'x___.; entropy, and the spatial degeneragythe equations for the
: . forward and reverse fluxes are
'-._,-""‘-r" '-...,_‘l I 2 z . .
A/O ‘... \]f(n)ZCT_F(n)47T? Vozexp{(s +Sa)/kB_[h
.y
o . - +h,(n)]/kgT}, (119
3 - s
S 3 d?
g M1/A o) % Jr(n):CT(n)CF4’TF?Voexqs*/kB_h*/kBT). (1lb)
o’
° o o -2 For an interstitial sitez; is one, and for thé\ site, z; is 6.
100 °~U«°°O’ Vo This z; value was also used for the minor sites. Er,
0 Sa, and vy, Bollmann’s values of 5.%¢, 4.4%g, and

7.4x10% s~ 1, respectively, were useédThe concentration
of each of the four sites, along with the fraction of each site
Lo starting in the associated form, were fitting parameters for
the simulation. These parameters determine the starting val-
ues forCyr. g,y andCy, in the simulation.

These experiments cannot separate the contributions of
h, andh* to the total Arrhenius energ. Since each site

FIG. 8. Changes in th&/O and M 1/A ratio values of the ref-  Will vary slightly in its value forh,, the sites will have

T T 1 1 I I '
260 280 300 320 340 360 380
T(K)

erence crystal after annealing. different values for the Arrhenius energy. For fitting param-
eters, a value oE representing thé site was used, along
k,=4m(Dt+Dg)(Rr+Rp), (7)  with AE(n) values for each of the minor sites:
where Dt and D are the diffusion constants for the traps E(n)=E+AE(n)=h*+hy(n). (129

and the interstitial fluorides. For temperatures below

530 °C cations are not mobile, &y is zero.R;+ R is the it thalov for the sit tant. rather th
effective reaction radius between traps and fluorides. coy2ssociation enthaipy for SIt€, as a constant, rather than

. . .
lombic and strain forces extend a considerable distance frori<ing the value of*. The value foh* is then expressed as
a defect site, but the forces fall off rapidly with distance. For h*=E—h (12b

. ) X . ) a
the simulation, the reaction radius was set at one lattice spac-
ing. This choice is consistent with using only nearest- |n addition to the specified values and the fitting param-
neighbor positions for determining the spatial degeneracy ofters, the equations contain two unknown valirgsand

For the simulation there are advantages in trealipg the

a defect sité. S Cr. These unknown terms can be eliminated by using the
For diffusion in a cubic lattice, relationship between the forward and reverse fluxes. The
42 concentration of free interstitial fluorides is always small, so

De=— voexp(g*/kgT), (8)  the steady-state approximation applie€ta The sum of the
2 rates for all of the forward reactions must equal the sum of

the reverse rates. The summation for the forward reactions

whereg* is the activation energy for diffusion of the inter- JC e
can be explicitly done. For the reverse reactidmsijs con-

stitial fluorides. For the attempt frequeney, the frequency ; . ; .
of an optical phonon mode is usdd is the length for a stant, and it can be moved outside of the summation. During

diffusive jump in the (110 lattice direction. When using the reequilibrationCr may vary from its equilibration value,

mole fraction as the concentration unit, the simple unit cell isP!t |tfwgl be the same for: all sites andf canhalsq bel fz_actokr)ed
assigned a volume of one unit, which gives a valuedaf  OUt Of the summation. The equations for the simulation be-

1.12 units of length. Combining Eqgsh), (7), and(8) gives ~ €OM€
o2 23i()=3J3,(n), (133
Jr(n)=CT(n)C,:477? voexp —g*/kgT). (9
a2 z
EJf(n) ZECT-F(n)47T_ Vo~
The forward reaction is a diffusion controlled dissociation 2 "zr
process. The rate equation governing this process can be de- % * 1+ 5.)/Ke— (E(M)/KeT 13b)
rived from the relationship between the rate constants and eXHL(S" +50)/ ke~ (E(M)/keT], (13D
the equilibrium expression for the dissociation of site d2
‘ EJr(n)=[CFexp(ha/kBT)]2CT(n)4Tr? Vo
f
Keg=7 =exd —9ga(n)/kgT]. 10
ok 1= 9x(N)/keT] (19 X exfs*/kg— E/kgT]. (130
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TABLE II. Parameters for diffusional enthalpies and defect dis-

l Specify Fitting Parameters } tributions used in the reequilibration simulation.
|Z & Diffusion enthalpy forA/O sites(ev)
Concentration of Sites Concentration of Sites Lattice region/Defect populations
With Associated Fluorides Without Fluorides 1 2 3 4
ToF (n) T T ()
* 1.18 1.31 1.41 1.52
J
For Interval A t Comparison of Simulation Features
Calculate Relative Energy Initial
Reverse Flux I, (n) Relative vs main gettered  Fraction in lattice region:
0 Site amount feature fraction 1 2 3 4
For Interval A ¢ Normalize A/O 22.0 0.0 eV 0.70 0.003 0.070 0.080 0.847
Calculate Forward ; . M1 1.0 +0.01 0.10 0.40 0.60 0 0
Flux Jg(n) Reverse Fluxes: M4 0.3 +0.05 0.45 0.40 0.60 0 0
Using E(n) value 2 Je ) =2 s () N 05 -001 040 0 050 O 050
Update TeF (n) >< Update T (n) ture range. To give the 80° range observed in the experi-
Concentrations Concentrations ment, it was necessary to partition each of the europium sites
N |Z into several regions with different diffusional enthalpies.
Record Elapsed Tims Equat|_ons(12)_ and(13) can be modified to include differ-
Repeat Diffusion Cycle ent d|ffu_s.|on regions. Instead of one valu.e.EJrva!ugs must
be specified for each of the regions. Additional fitting param-
v eters are needed to specify the fraction of each site placed in
Every 30 minutes: each of the regions. The value lof remains constant, and it
Record Site Concentrations can still be factored out of the summation. Since the spectra
Increase Temperature 5° cannot distinguish between regions, the total amount for each
site is used to compare the simulation to the experimental
data.

FIG. 9. Block diagram of the computer program used to simu-

P To model the reequilibration data, a range of activation
late the reequilibration anneal.

energies spanning 0.34 eV was needed. The simulation plots
shown in Figs. 6 and 7 were produced using activation ener-
gies(for the main sit¢of 1.18, 1.31, 1.41, and 1.52 eV. The

ues for the reverse rates can be found for each site. best fit to the data was obtained by concentrating most of the

Using the explicitly calculated forward rates, and the de-Minor site populations in.the !ower af:tivation energy regions,
rived reverse rates, the simulation calculates the changes fi'd most of théh andO sites in the higher activation energy

The value of[ Crexp(h,/kgT)] can be found by equating
Egs. (13b) and (13¢). With this information, individual val-

each site for small time intervals: regions. This result is consistent with the idea that clustered
portions of the lattice would also be regions of higher lattice
Cr g (t+At) =Cq gy () + (A [ I (N) = Je(N)], strain and increased mobilif). The parameters used in the
(14) simulation are listed in Table II.
Criny(t+At)=Crn)(t) — (AD)[ I (n) = I¢(n)]. The lowest activation energy region was required to simu-

late the recovery of the minor sites. The minor sites show

A block diagram of the simulation program is given in recovery beginning at approximately 270 K, appreciably
Fig. 9. The input parameters are the concentration of eaclower than the temperature observed for #O ratio. A
type of site,C(n), the initial fraction of each site found in small fraction of theA-O site was needed in the lowest en-
the associated form, the Arrhenius energy for diffusion byergy region to model the minor site recovery, but the amount
the A site, E, and the variation of diffusion energy for each was below the accuracy limits for th&-O data, so the
of the other sitesAE(n). The calculation of the relative A/O ratio does not significantly reflect this energy region.
reverse reaction fluoride fluxes uses arbitrary valueshfor For the N site, the best match was obtained when the eu-
andCg. The comparison to the explicitly calculated forward ropium site was distributed in both high and low enthalpy
fluxes in the following step is used to obtain correct reverselomains, but theN-site data could still not be accurately fit
values. The size of the time intervalt, was adjusted as using this simulation.
needed during the simulation so that the diffusion from or The existence of regions with differing diffusion energies
into a site never exceeded 5% of the site’s concentration. helps explain discrepancies in the existing literature on fluo-

It was found that the experimental reequilibration curvesride mobilities. Bulk measurements will be influenced by
could not be reproduced using a single enthalpy valudoth slow and fast processes in a sample, but should gener-
E(n) for each other europium sites; using single values gavelly reflect the higher-energy barriers to diffusion. Boll-
recovery of the site ratios over approximately a 30° temperamann’s results for conductivity in the low-temperature asso-
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ciation region had an Arrhenius energy of 1.27 eV inproperties will give higher values than experiments probing
CaF,:Y.% Using calculated association energy values for yt-local effects, since the more restricted diffusional jumps
trium and europium to compare the two systénthjs is  must be included in the overall process. The observed rela-
equivalent to 1.39 eV in CaFEu. This value is consistent tionship of the cluster sites to the strained regions in the
with the higher-energy regions in our experiments. In a pho€rystal suggests that samples with different preparation his-
tobleaching experiment, Twidell proposed that free interstitories may also give different experimental results.
tial fluorides were returning to trap sittsHe obtained a The model presented here involves an interesting ap-
value forh* of 1.0 eV. Adding an association enthalpy term proach to the equilibrium between the rare-earth sites and the
h, of approximately 0.6 eV to this, as in E(}), also places interstitial fluorides. Previously, a simple mass action rela-
this result at the high end of our energy range. Conductivitytionship between defects and interstitial fluorides has been
and self-diffusion experiments at high temperature, wheraised to interpret results, and the competing equilibria from
the F{ are dissociated, gave similar resutte. other sites have not been included in the calculations. The
Experiments measuring local mobility, however, shouldresults of this experiment suggest that the competing equilib-
reflect the lower-energy pathways. In a fluorine NMR experi-fia are a dominant factor, and that the concentration of free
ment, Wei and Ailion found an Arrhenius energy of 1.04 interstitial fluorides is determined by the concentration of
eV.* Assuming this value measured the combined diffusionaFlusters and other fluoride traps in the sample.

and association energies, it is in good agreement with what The high-pressure techniques and site-selective spectros-
we found for strained lattice regions. copy presented here have shown an ability to extract infor-

mation about local structure and dynamics not possible with
other methods used for studying these systems. Future ex-
CONCLUSION periments should examine how differences in the observed

The results of this experiment show a defect chemistr)PrOpert'eS of samples correlate with local defect structures.

which is much richer and more complex than has previouslyo‘n understand!ng of _these relationships Sh.OU|d enaple HEtEr
ontrol and optimization of the defect chemistry and ion con-

been assumed in interpreting experimental results. A mod fivity i |
for defect distribution and fluoride diffusion has been pro- uctivity in crystais.
posed which is consistent with the main experimental results.
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