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The combined results obtained on Cai—;Gd:F24+. and Caj—z—yLuzGdyF24z4, solid solutions
by ionic thermal currents and electron paramagnetic resonance techniques are presented for a wide
range of z values. The Gd3* ions are located in tetragonal and cubic sites, and in a variety of at least
nine polarizable entities in the single-doped solid solutions whose range of existence and relaxation
parameters have been precisely determined. In the double-doped crystals the Gd3* probes are in
constant concentration (y=0.0001) while the Lu3* ions detected in the temperature range explored
here constitute a very small fraction of the nominal concentration of the sample. The differences
observed are accounted for by a scavenging of F; by clusters of increasing size in the single-doped
matrix and by the existence of cubo-octahedra hexamers existing from very low doping levels in the

double-doped crystals.

I. INTRODUCTION

The fluorite matrices doped with trivalent cations have
been extensively studied in the last decade. The interest
in these crystals is due to their ability to accommodate
large molar fractions of trivalent impurities that form
solid solutions within the fluorite structure until nearly
50% of the alkaline earth ions are replaced. No incoherent
precipitates have been detected. The x-ray diffraction
patterns for the intermediate concentration range only
show a distortion of the lattice whose sign and magnitude
vary as a function of the ratio of the cationic radii of the
dopant to that of the host matrix. In the high concen-
tration range superstructures based on cubo-octahedra
clusters have been proposed after the x-ray diffraction
studies of Bevan, Strahle, and Greis.! Even if the aver-
age crystal structure of the host matrix is preserved, the
introduction of impurities locally creates zones where the
symmetry is much lower than that of the overall struc-
ture. The perfect fluorite structure is visualized as an
assembly of small cubes of fluoride ions, with a period-
icity equal to half the lattice parameter of the fluorite
unit cell, whose centers are alternatively occupied by the
divalent cations. On doping, the trivalent cation R3*
is located in the center of a cube of F~ ions in substi-
tution of the divalent cation; the charge compensating
defect occupies one of the centers of the fluorine cubes
which is normally empty in the perfect lattice, creating
an interstitial fluorine, F;. One can then imagine the
whole variety of situations that can occur depending on
the number and relative positions of these two point de-
fects. The closest positions originate a monomer with a
dipolar moment that is the nearest-neighbor (NN) dipole
whose point symmetry is tetragonal, Cy,,, while the next-
nearest neighbor (NNN) dipole parallel to one of the cube
main diagonals has a trigonal symmetry. If the F; is far-
ther apart from the R3*, then the free cation will be in
a cubic environment due to the nonlocal compensation.

At higher concentrations the probability of forming
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clusters of these simple defects increases, and dimers,
trimers, and tetramers are probable. Theoretical calcu-
lations using the standard computer simulation proce-
dure HADES,?3 based on the well-known Mott and Lit-
tleton model, have shown that in CaF5:R3* clustering
increases the stability of the lattice. These estimates
for the whole lanthanide series and Y3+, show a definite
tendency towards the aggregation of simple defects and
the trapping of extra interstitial fluorines by these clus-
ters. Various experimental techniques have been used to
study these systems and in the case of the Ca;_, R Fo .
solid solutions the most studied impurities have been
Er, Pr, and Gd. Ionic thermal current (ITC) experi-
ments have been performed?* on gadolinium-doped CaF,
(0.0001 < z < 0.01) and two main dipolar defects have
been found in this low and intermediate concentration
range. The first one (Tar=131 K) was attributed to the
disorientation of NN dipoles, which is the predominant
specie for z <0.001. The second one, located 90 K higher,
was less intense and its intensity peaked at z = 0.002.
The comparison of the behavior of these two peaks af-
ter quenching from high temperatures leads Capelletti
et al.? to assign the second relaxation to a cluster of
dipoles that might have trapped an extra F;. In the
case of lanthanum-doped CaF; crystals in the same con-
centration range we have found® that the number of NN
dipoles decreases as x grows and that they form a very
small fraction of the nominal La3+ concentration of the
crystal. Dielectric relaxation techniques have also been
used to study the dipolar defects in CaF;. Andeen et
al.% studied the dielectric constant of CaFy doped with
1% of 13 rare earths. They found that at this impurity
concentration the dominant relaxation is located at very
low temperatures from Tb to Lu and that it is either
associated with a higher-order complex or a superstuc-
ture. For the largest rare-earth cations (Ce to Gd) the
gettered dimer relaxation dominates the spectrum. The
ITC technique is sensitive and precise, but it cannot by
itself provide information on the exact structure of the
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dipolar specie that is causing the observed peaks; fur-
thermore, all the impurities that are not in polarizable
entities, whether the resulting dipolar moment is null
or a reorientation path does not exist, will not show in
the resulting ITC or dielectric constant spectrum. Spec-
troscopic techniques such as electron paramagnetic reso-
nance (EPR), site selective laser excitation, and optical
absorption are then necessary if one wants to achieve a
better understanding of the structure of each of the vari-
ous species that obviously coexist in these matrices. Very
diluted CaF3:Gd3* crystals have been extensively stud-
ied by EPR, and cubic and tetragonal sites were found.
In reviewing the early articles one notices that these pi-
oneer works showed a certain amount of discrepancy on
the number of different crystal-field splittings found and
on the relative abundance of each of these centers. Fried-
man and Low’ reported how a quenching from high tem-
perature or an annealing followed by slow cooling could
affect the relative abundances of the cubic and tetrag-
onal Gd3* spectra. The cubic and tetragonal spectra
at these very low concentrations have been attributed to
the free Gd3* substitutional ions in equilibrium with the
NN Gd3*-F; dipoles. Several authors® reported at that
time the existence of trigonal centers that were due to the
charge compensation of Gd3* by substitutional 02~ ions
present in oxygen contaminated crystals. Later on, when
the charge compensating mechanism originating the sim-
ple NN and NNN dipoles was well established, a careful
search® for the trigonal NNN dipole easily observed in
BaF'; and SrF5, gave null results in CaF5. The influence
on the site symmetry of the introduction of monovalent
ions (Na, K, and Ag) on the Gd3* cubic and tetrago-
nal centers was also quantitatively investigated'® and it
was shown that the abundance of cubic centers increased
as the Nat content grew; simultaneously the tetragonal
centers slowly disappeared.

Site selective laser spectroscopy has been widely used
recently to characterize the different sites occupied by
praseodymium!!:12 and erbium!37% in CaF,;. The con-
clusion is that even at the very low concentrations used
in these works trivalent cations exist as dimers. Also
the existence of higher-order clusters is demonstrated in
both cases. Tallant, Moore, and Wright!* determined the
absolute site concentrations as a function of the erbium
molar concentration (107% < z < 10~2?) showing a defi-
nite maximum in the number of tetragonal sites around
x = 1073 while most of the sites associated with clusters
are still growing in number at these concentrations.

The number of cubic centers and its variation with
z have also deserved a considerable amount of discus-
sion and speculation about their origin and how such a
high concentration can coexist with the other types of
defects. Recently, Moore and Wright!® have shown that
the number of cubic centers is an increasing function of
the Er ion molar fraction, and they precisely determined
the site distribution in the dilute and intermediate con-
centration range (z < 0.002). The previous explanations
advanced in earlier works, to account for this unexpected
abundance of cubic centers observed by EPR techniques,
were commented on by Secemski and Low.!® The diffi-
culties of accepting the existence of a local cubic phase!”
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RF3:3CaF, without observing any changes in the x-ray
diffraction pattern of these solid solutions, or to the spa-
tial averaging of a dimer of simple dipoles whose sym-
metry is Cp, were stressed. Secemski and Low!® then
proposed that the equilibrium temperature of the fluo-
rite samples should be higher than the accepted value of
about 630 K. Tallant, Moore, and Wright!4 proposed a
model based on the existence of two different equilibria.
The trivalent cation site distribution is frozen at a high
temperature while the F” ions are still mobile; these fluo-
ride ions reach equilibrium at a much lower temperature,
thus allowing a gettering process by the fixed cations in
the lattice. This process would result in an excess number
of F; around the clustered pairs and in a high concentra-
tion of nonlocally compensated trivalent cations caused
by the scavenging of the F; by the higher clusters than
the NN or NNN dipoles. This model has been reviewed
by Moore and Wright!® and even if it explains most of
the site distribution observed as a function of the dopant
concentration, it does not explain the concentration de-
pendence when applied to crystals quenched from high
temperature where it is assumed that the clusters are
dissociated.

In this work we present the results obtained on
the Caj_;Gd;F24, solid solutions in a wide z range
(0.0001 < z < 0.1) with ionic thermal currents and
electron paramagnetic resonance techniques. The
same studies were performed on double-doped crystals
Caj_z—yLu;GdyFa o4y with a fixed amount of Gd (y =
10™%) and a variable concentration of Lu (0.0001< z <
0.02). The two experimental techniques are complemen-
tary as the first one is sensitive to dipolar defects such as
the NN, NNN, and any polarizable cluster that can re-
orient in an external electric field, while the second will
give us information about the symmetry of the crystalline
field as seen by the different paramagnetic centers. The
absolute concentration of dipoles can be calculated from
the area or the height!® of each relaxation peak if the
dipolar moment y is known. Both techniques can fol-
low the relative abundances of each type of defect. The
comparison of the results obtained in a very wide con-
centration range on both the single- and double-doped
crystals should help to complete the detailed picture that
has been drawn by previous authors for Er and Pr. Also,
Gd, being midway in the series between Er and Pr, is a
good choice to clarify if there is any size effect in the site
distribution of trivalent ions in CaFy. We will show the
existence of at least nine different relaxation processes
and follow the intensity of the identified paramagnetic
centers in order to compare the information provided by
the two methods. Also the use of the Gd ions as para-
magnetic probes in the case of the double-doped crystals
will help in reaching a conclusion on the clustering effect
of the smallest of the rare-earth ions.

II. EXPERIMENT

The samples used in this work were single crystals
purchased from Optovac, Inc. The nominal molar frac-
tions for the single-doped samples ranged from 2x10~7
to 107! and we have found that they are in good rela-
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tion to the total Gd3t content. The crystalline quality
of the Gd doped samples allowed us to cleave them eas-
ily along {111} faces except for the three highest con-
centrations. The double-doped crystals were difficult to
cleave as the boule presented tensions even from the low-
est Lu concentration studied here. The solid solutions
Caj_z—yLu;GdyF24 4y were studied in an z range from
0.0001 to 0.02, with a fixed value for y = 0.0001. The
EPR experiments were carried out at room temperature
in a Varian E-line spectrometer working in the X-band
(v = 9.51 GHz), with a TE;¢ cylindrical cavity. A Sen-
tec NMR magnetometer was used to measure the mag-
netic field Hy, with a precision of 0.02 G, together with
a Hewlett-Packard frequency counter that read the mi-
crowave frequency to better than 1 ppm. A data acquisi-
tion system consisting of a Hewlett-Packard digital volt-
meter and scanner, and an IBM-AT personal computer
as the controller, was interfaced with the spectrometer
to record the data for further analysis. The crystals were
cleaved along four {111} planes with an average size of
2 x 2 x 8 mm3. They were mounted on sample rods
with a [110] axis vertical in order to have Hy parallel to
a (110) plane where the three principal crystallographic
directions lie.

The ionic thermal currents were carried in a setup that
has previously been described.!® The samples were disk-
shaped crystals with {111} faces with an area of 1 cm?
and about 1 mm thick. The system had a sensitivity bet-
ter than 5x10~16 A. Three different types of ITC runs
were performed on each sample. First, the crystal was
polarized at room temperature and the spectrum was
recorded in order to identify the various current peaks
present from 77 to 300 K; then a polarization tempera-
ture near the temperature of each current maximum, Ty,
was chosen and a subsequent run was performed in or-
der to minimize the influence of the higher-temperature
peaks. The intensities of the different relaxations were
measured from these spectra. Then each peak was again
polarized near the temperature of the current maximum,
the crystal quenched rapidly to 77 K, the field switched
off, the temperature rose to the vicinity of Ths and it
was cooled again in order to clean the peak from all con-
tributions of relaxations located at lower temperatures.
These clean peaks were used to determine the relaxation
times 7 for the different processes present in the matrix
by fitting the ITC peaks with the procedure proposed by
us!® which allows the reorientation energy to be either
single valued or distributed around a mean value Fj.
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FIG.1. ITC spectra of the Ca;_;Gd F24 solid solutions

for different z values.

III. RESULTS

A. Ca;_;Gd F34,; solid solutions

1. ITC exzperiments

For the lowest x values the ITC spectrum consists of
a single relaxation peak with its maximum at Thr4=138
K. The spectrum becomes increasingly complicated as
starts growing due to the appearance of six new peaks.
Peaks B, C, D, and E are at higher temperatures than
peak A while peaks F' and G are at lower temperatures
as can be seen in Fig. 1. The variation of the intensity of
the A peak versus z is the only one that shows a maxi-
mum for z = 10~3. The intensity of the other six peaks
steadily increases with the doping level and becomes very
rapidly predominant after 1% as shown in Fig. 2. Table
I shows the results of the fittings performed on efficiently
cleaned ITC peaks for the relaxation parameters, allow-
ing a Gaussian distribution of the reorientation energy
characterized by a mean value Fy and a width 0. These
values were determined in the samples where the peak
under study could be best isolated by the usual peak-
cleaning procedures that minimize the influence of nearby
overlapping peaks. It should be noted that the reorienta-
tion energy is single-valued for the NN relaxation (peak

TABLE I. Best-fit relaxation parameters for the Ca;_Gd;F2+; solid solutions.
z (Molar fraction) Tm (K) Ep (eV) o (eV) 70 (8)

Peak A 0.0001 138 0.439 0 3.1 x1071®

0.001 138 0.421 0 1.3 x10~4

0.01 138 0.419 0 1.2 x10~
Peak B 0.01 163 0.481 9.5 x10~3 8.0 x10™4
Peak C 0.001 188 0.621 1.3 x10~2 1.3 x1071®
Peak D 0.01 221 0.636 0 2.2 x10713
Peak F 0.01 101 0.166 6.7 x1073 3.2 x10~7
Peak G 0.02 124 0.359 1.0 x10~2 6.8 x107 4
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FIG. 2. Variation of the intensity of seven ITC peaks vs
z in Ca1-zGdyF24, solid solutions. O: peak A, Thra=138
K; A: peak B, TmMp= 163 K; +: peak C, Tmc= 189 K; @®:
peak D, Tarp= 221 K; A: peak E, Targ= 260 K; O: peak F,
Twmr= 101 K; x: peak G, Tme= 124 K. The lines are drawn
to guide the eye.

A), and for the most intense peak (peak D), even for the
most highly doped samples. The other peaks could only
be properly fitted if a Gaussian distribution in the activa-
tion energy was taken into account. The reported values
for o are large for concentrations as low as 0.001, showing
that a variation of the energy barriers is either somewhat
different due to lattice strains, or the ion jumps are not
identical and there exist several reorientation paths that
differ slightly in energy. Moreover, the peak labeled E
which corresponds to the highest-temperature relaxation
was fitted only after it was decomposed into three peaks
located at 257, 273, and 289 K whose respective energies
are 0.676 and 0.711 eV, the third one being too weak
to be properly adjusted. In brief, we have been able to
detect and characterize nine different current peaks in
the ITC spectra of the Ca;_,Gd,F34, crystals, showing
the complexity of the equilibrium among all the species
coexisting in the matrix.

2. EPR experiments

The very dilute Gd3+ doped crystal, z = 2x10~7, gave
the spectra presented in Fig. 3 when Hy was parallel to
the [001], [111], and [110] directions. These spectra cor-
respond to a Gd3+ (85, /2) in a cubic site with the typical
seven-line spectrum whose positions vary with the orien-
tation of the external field as shown in Fig. 4. The spin
Hamiltonian parameters b}* were fitted by using a Monte
Carlo computing procedure that has been described in
detail elsewhere.2’ The solid lines drawn in Fig. 4 are
the result of the calculation of the positions of the seven
cubic lines as a function of the relative orientation of
the sample and Hy based on the set of parameters found
by the Monte Carlo method. The good agreement among
the calculated and the experimental positions shows that
the values of the crystal-field parameters found here are
most reliable and precise.
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FIG.3. Room-temperature EPR spectra of 2x10~7 Gd3*
in the CaF; single-doped crystal for three directions of the
external field.

The crystal with the lowest concentration studied here
was so diluted that we were also able to resolve at room
temperature the superhyperfine splitting of several of the
fine-structure cubic lines. A second Monte Carlo proce-
dure described elsewhere?! was written to adjust the ten-
sor components of the superhyperfine Hamiltonian in or-
der to best fit the observed intensity of the fine structure
lines that are the envelope of the numerous lines assumed
to be due to the interaction among the electronic spin of
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FIG. 4. Angular dependence of the seven line cubic spec-
tra of Gd3t in CaF, crystals. The lines result from the calcu-
lation of the spectrum with the spin Hamiltonian parameters
determined with the Monte Carlo fitting procedure.
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0 i 2 3 4 5
H (kG)
FIG. 5. Room-temperature EPR spectra of the

Ca1-;GdzF24; solid solutions as a function of z for the H||
[001] direction.

the Gd located at the center of a fluorine cube and the
nuclear spins of the eight equidistant neighboring anions.
The agreement between the calculated curve and the ex-
perimental one was excellent and the model for the struc-
ture of this center of a simple substitutional Gd3* in the
center of a fluorine cube was thus confirmed. The inten-
sity of the cubic spectrum was found to be predominant
at high concentrations in the single-doped matrix as can
be observed in Fig. 5. This intensity is a steep increas-
ing function with x. The fine structure splitting does
not present any change in the whole concentration range
studied here; only a line broadening was observed due to
the spin-spin interaction, but no change in the crystal-
field parameters was found for this broadened spectrum
as compared to those determined for the very dilute sys-
tem. Thus, one can state that the cubic center does not
undergo either a structural variation or a change in its
origin over the whole concentration range surveyed in this
work.

For the second concentration studied here, z = 0.0001,
a second spectrum is present with an intensity compa-
rable to that of the cubic spectrum at this Gd3*+ con-
centration. The new spectrum was fitted with a spin
Hamiltonian corresponding to a Cy, local symmetry.2°
The intensity variation of the tetragonal center spectrum
vs z, shows a peak for z = 0.001 and then starts decreas-
ing. For the highest concentration, as for the most dilute
crystal, the cubic center is the only one detected.

B. Ca;_,_yLu,Gd F; ., solid solutions

1. ITC experiments

The ITC spectrum as the Lu molar fraction increases,
shown in Fig. 6, is simpler than before. It consists of
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FIG. 6. ITC spectra of the Cai—z—yLu:GdyF24244 solid

solutions for different = values and y = 0.0001.

one main relaxation, A’, located at 138 K; as the z value
increases there appears two broad and very weak relax-
ations around 200 and 220 K. The variation of each peak
intensity with the concentration of Lu3* ions is repre-
sented in Fig. 7. The intensity variation is here totally
different as compared to the single-doped samples as, at
high Lu3* concentrations, there is no evidence of the
existence of polarizable complexes besides those already
present at low z values. The most intense peak of the
spectrum, A’, occurs at the same temperature as the A
peak of the Gd3+ doped crystals but it is much weaker.
The intensities of the other two relaxations observed here
also show a maximum around = 3x10~3, although they
are about 30 times less intense than that of peak A’ as
shown in Fig. 7.

ITC Intensity (arb. units)

FIG. 7. Variation of the intensity of the ITC spectrum vs
z (y = 0.0001) in solid solutions of Caj_z—yLuzGdyFa4z4y.
M: peak A’, Taa=137 K; A: peak B’, Typ'= 199 K; o:
peak C’, Taror= 220 K. The lines are drawn to guide the eye.
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FIG. 8. Room-temperature EPR spectra of the

Ca1-z-yLusGdyF2424y solid solutions as a function of z for
the H|| [001] direction.

2. EPR experiments

The room-temperature EPR spectrum as the Lu3t
concentration varies is very simple and composed of cu-
bic and tetragonal Gd3+ centers in proportions that vary
with z. The spin Hamiltonian parameters found by using
the simulated thermal annealing are identical to those de-
termined for the single-doped Gd3* crystals. The EPR
spectra given by the Gd3+ in these double-doped crystals
(y = 0.0001) are shown in Fig. 8. The cubic Gd3* spec-
trum is not present in the sample with z = 0.0001, as it
is in the case of the single-doped crystal with the same
amount of Gd3*; only the tetragonal center is detected.
When z grows, the number of Gd3+ cubic centers starts
to increase while the number of tetragonal defects slowly
and continuously decreases. These cubic centers for x>
0.01 decrease in number but they remain the predom-
inant Gd3* paramagnetic centers for the highest Lu3+t
concentrations. If one adds up the concentration of Gd3+
ions in cubic and tetragonal sites it is found that this
sum is a slowly decreasing function of the Lu content of
these crystals. The total Gd3t concentration detected
by EPR is at the utmost one-fifth of the 0.0001 nominal
molar fraction.

IV. DISCUSSION
A. Tetragonal centers

The tetragonal Gd3+ centers identified in both solid
solutions must correspond to a simple defect as their ab-
sence for the highest doping levels indicates that higher
clusters are forming by their aggregation. The tetrago-
nal center is attributed to the NN Gd3+-F; dipole that
should also be detected by ITC techniques. The A peak
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in the single-doped matrix presents an intensity variation
vs z identical to that observed for the tetragonal site. If
one assumes that we are detecting the same specie the
absolute concentrations of the Gd3* centers can be cal-
culated from the area under the curve of the ITC peak.
Then, by normalizing the EPR intensity for one Gd3+
concentration, the variation of the concentration of NN
dipoles determined from both methods can be compared;
Fig. 9 represents both results. The agreement in the low
concentration range is excellent. At high concentrations
there is a small discrepancy, the ITC determination of
the concentration of NN Gd3* dipoles being systemati-
cally higher than that determined by EPR. The reason
for this overestimation is due to the more intense high-
temperature peaks that somewhat overlap the A peak
and make the determination less precise at high concen-
trations where these peaks are predominant. From this
figure one can also note the small fraction of the total
Gd3* concentration forming NN dipoles, thus indicating
that most of the Gd3+ ions are in other sites. Further-
more, the existence of at least six ITC peaks in addi-
tion to the NN peak also shows the progressive formation
of polarizable clusters whose existence will be discussed
later on.

In the double-doped crystals, as it has been shown®
that the NN Lu dipole occurs at approximately the same
temperature as the NN Gd dipole, the A’ peak has to
be attributed to the relaxation of both defects, and the
tetragonal paramagnetic center to the Gd NN dipole
only. The subtraction of the concentration of NN dipoles
as determined by EPR from the total concentration of
dipoles estimated from the intensity of the ITC peak,
gives the absolute concentration of NN Lu dipoles that
is also represented in Fig. 9. The Lu NN dipole popu-
lation is zero at very low Lu concentrations, then peaks

N

—
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Snn (10'4 molar fraction)

10
X+y

FIG. 9. Variation of the concentration of NN dipoles and
tetragonal Gd®* centers in the single- (open symbols) and
double-doped (filled symbols) crystals as a function of the
total rare-earth molar fraction, z + y. O: tetragonal Gd3*
centers as determined by EPR and ¢: NN Gd3* dipoles as
determined by ITC in Ca;_Gd;F24;. B: tetragonal Gd3*
centers as determined by EPR and A: NN Lu®* dipoles as
determined by ITC in Cai—z-yLuzGdyF24z4y. The lines are
drawn to guide the eye.
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at £ &~ 2 x 10~3; as compared to the concentration of
NN Gd dipoles in the single-doped crystals, it is always
much lower in the whole concentration range. This dou-
ble origin for the A’ peak explains its slight shift to lower
temperatures as z increases and the Lu NN dipoles start
outnumbering the Gd ones.

From Fig. 9 it is clear that the existence of NN dipoles
in CaF5 depends strongly on the rare-earth ion; interme-
diate size ions such as Gd3t tend to be more stable in
the first-neighbor position to their charge compensating
defect than smaller trivalent ions. To explain the smaller
amount of tetragonal centers either of Gd or Lu as com-
pared to their abundance in the single-doped crystals,
one could assume that the Lu®t is either in cubic sites,
free from the accompanying F;, or in larger aggregates.
The first assumption is consistent with a reduction in
the number of Lu NN dipoles as compared to the single-
doped material, but it does not explain the measured con-
centration of the Gd3+ NN dipoles that are less abundant
in the double-doped crystals than in the single doped for
£=0.0001. Moreover, the concentration of cubic Gd3+
centers is zero at this doping level in the double-doped
crystal. The absence of Gd3* either in cubic centers or
in polarizable clusters and its low concentration in NN
dipoles, as well as the nonexistence of Lu in NN dipoles
indicates that even at this low z value the trivalent ions
must be forming mixed clusters of larger size. Thus, the
existence of high concentrations of Lu3* ions in cubic
sites that would not be detected either by ITC or EPR
experiments is discarded and the missing Lu and Gd ions
are assumed to be grouped in defect structures of higher
complexity.

B. Cubic centers

The determination of the absolute concentration of the
tetragonal centers by comparison with the number of NN
dipoles as calculated from the ITC results, allows a calcu-
lation of the absolute concentration of the cubic Gd3*,
once the intensities have been normalized to the same
experimental conditions (sample masses and theoretical
intensity for both spectra). There are differences in the
variation of the absolute concentrations of cubic Gd3+ in
the single- and double-doped crystals which can be ap-
preciated in Fig. 10. They are a strong indication of the
dissimilarity in the clustering processes occurring in these
two systems. In the Ca;_,;Gd F24; solid solutions the
cubic site concentration increases steeply with z, while
the tetragonal to cubic site ratio decreases continuously
for z > 0.0001. This behavior disagrees with the predic-
tions of simple equilibrium models whereas as the number
of free F; increases the ratio of tetragonal to cubic site
should also grow. If we assume that at the doping lev-
els studied in this work the intrinsic defect equilibrium is
negligible, the decrease of the concentration of any of the
defects involved cannot be accounted for when the value
of z increases.

An explanation currently accepted to account for these
anomalies is to assume the existence of a scavenging pro-
cess of fluoride interstitials by the other species coex-
isting in the crystal. These highly mobile interstitials
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FIG. 10. Variation of the concentration of the cubic Gd3+
centers as a function of the total rare-earth molar fraction,
z+y. O:in Ca1-zGdzF24:;@®: in Caj—z—yLu:GdyF24z4y.
The lines are drawn to guide the eye.

trapped in the vicinity of aggregates will not be able to
form the number of NN dipoles required by the simple
equilibrium laws, and the number of cubic centers will
thus increase. Moreover, the cubic site concentration is
strongly related to the total number of gettered aggre-
gates. The relative stability of these clusters with extra
interstitials has been estimated by using the standard
computer simulation procedure as programmed in the
HADES code by Corish et al.?2 and Bendall et al.® These
authors have found that in the case of CaF5:Gd3* the
energy changes on adding a free interstitial fluoride ion
to NN or dimer complexes indicate a greater stability for
the gettered cluster. Moreover, the abundance of cubic
Gd3* centers is consistent with the ITC results obtained
on these same samples even if this technique is only sen-
sitive to the dipolar defects. The variety of relaxation
processes found in the single-doped matrix is the result
of at least nine different dipolar species. The intensity
variations of seven of these relaxations vs z are reported
in Fig. 2. The gettered clusters have a dipolar moment
and their reorientation in an electric field is possible and
easy. Consequently, one can assert that the abundance
of cubic sites as detected by EPR is a result of the exis-
tence of higher-order clusters that are further stabilized
by the trapping of extra F;. This trapping occurs during
the cooling following the crystal growth at a temperature
where the distribution of the clusters is already fixed by
the small diffusion coefficient of the trivalent cations but
is still sufficiently high for the F; to be mobile and ac-
commodate in the vicinity of the aggregates. Cirillo-Penn
and Wright?2 have used a range of different kinetic mod-
els to fit their site selective laser spectroscopy results in
CaF, doped with Eu3*. They have found that only the
model that assumes the existence of cubic, NN dipoles,
gettered dimers, and gettered trimers was in agreement
with their observations. In our Gd single-doped crystals
the situation must be very similar except for the higher
number of relaxations found by ITC that could be due
to a greater number of polarizable clusters or to a va-
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riety of relative positions of the extra F; that slightly
changes the relaxation times involved. Also, the result
of the variation of the EPR linewidth vs = agrees with
this interpretation. Both the cubic and the tetragonal
spectrum show a progressive line broadening due to the
dipolar interaction among the Gd3* ions. This excludes
the existence of very large aggregates that will concen-
trate most of the Gd and whose effect on these simple
centers will be less intense.

The interpretation of the measured concentration
of Gd cubic sites in the solid solutions
Caj_z—yLu;GdyF2,4 51y cannot be made on the same as-
sumptions as those valid for the Gd3* and Eu3t doped
CaF,. First, the double-doped matrix did not show the
presence of abundant polarizable clusters in the temper-
ature range explored here even for x values as high as
2%. Besides the peak originated by both the Gd3*+ and
the Lu3* dipoles, there are only two very weak relax-
ations whose intensity does not grow with z but peaks
at x ~0.002. Second, even if we have no experimental
evidence of a high number of cubic Lu®* sites vs z, the
discussion in the preceding section seems to discard it.
Third, the number of NN dipoles detected is about an
order of magnitude less than that observed for the single-
doped matrix. Fourth, previous dielectric relaxation re-
sults down to liquid helium temperature® show the pres-
ence of an Ry relaxation around 20 K only for small
radius impurities. This relaxation has been attributed
to the reorientation of a high-order cluster, which seems
reasonable in view of the energies involved at such low
temperatures. These large clusters should contain sev-
eral F;” and vacancies making the dipolar reorientation
easy in the presence of an external field. Bevan! has
proposed the existence of a long-range superstructure in
the highly doped CaF3:Y3* in order to explain the x-
ray diffraction patterns. These aggregates are hexamers
that could be described as a cubo-octahedra composed
of six trivalent cations, six F; , and eight F~ relaxed
from their normal positions, thus leaving the corners of
the central cube of the defect unoccupied. However, this
6| 0| 8|6 in Bendall et al.® notation has a zero dipo-
lar moment and cannot be the cluster responsible for the
very low temperature relaxation observed by Andeen et
al.® for the Lu3* doped crystals at molar concentrations
as low as 0.1%. Cirillo-Penn and Wright?? recently pro-
posed for the heavier rare earths, the existence of a more
enriched F; hexamer structure than that assumed pre-
viously. This extra F; will destroy the high symmetry
crystal field felt by the paramagnetic ions in the original
60| 8|6 and consequently the EPR signal given by
the Gd3* ions in these clusters will be broad and weak.

The existence of different types of hexamers in our
double-doped crystals at trivalent impurity levels as low
as 0.0002 would explain several of our results. If for the
very low x values the aggregates formed are the positively
charged (deficient in F;) 6 | 0|8 |4, 0r 6| 0] 8] 5y,
they would create an enrichment of F;” in the crystal with
the corresponding reduction in the cubic Gd3* sites. In
fact, at low z values there do not exist any cubic Gd3+
centers. As x increases, only a very small amount of the
Lu* ions is forming NN dipoles while the cubic Gd3+
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sites increase; this indicates that the hexamers are trap-
ping the F necessary to reach the 6 | 0 | 8 | 6 structure.
The observed decrease in the intensity of the Gd3+ cubic
and tetragonal spectra for £ > 0.001 can be interpreted
as due to the effective formation of Lu3*+Gd3* mixed
clusters.

Another evidence for the existence of these large clus-
ters in the double-doped crystals is the observation of
a constant width for the EPR lines due to the tetrago-
nal, or even a reduction in the case of the cubic Gd3+
spectra as the Lu3* concentration increases as can be
observed in Fig. 8. If the zero-spin Lu3* ions were in the
form of monomers or small nonpolarizable clusters, they
will cause heterogeneities in the crystal field felt by the
paramagnetic ions, resulting in a line broadening which
will increase with z as they will depend on the distance
of these clusters from the paramagnetic probes. If the
Lu3* ions are grouped from very low concentrations in
very large aggregates like the hexamers, the effect on the
crystalline field felt by the Gd®* ions in constant concen-
tration will be very small as the distances involved will
be quite large.

C. Larger clusters

As no evidence of the existence of oxygen compensa-
tion has been found in our samples, as could have been
the T} or T, centers easily detected by EPR when the
samples were thermally treated, the following discussion
will be based on F; compensation. In Ca;_,Gd Fa,,
eight peaks have been attributed to polarizable clus-
ters made by more than two point defects. The NNN
dipole has been discarded as no paramagnetic center
with trigonal symmetry was ever detected. The HADES
simulations!-? have shown an increased stability as the
clusters scavenge an extra fluorine ion from the other
complexes existing in the lattice. It is the only way for
these complexes to become polarizable and the variety
of relaxations found here clearly demonstrates that this
trapping process is indeed occurring in the CaF,:Gd3+
system.

In the Ca;_;_yLu,GdyF24.-4y the coexisting clusters
are found to be radically different from those discussed
above. First, we found no evidence of polarizable com-
plexes increasing in number with the Lu concentration
from 77 to 350 K. Only at temperatures around 20 K a
dielectric relaxation peak was observed® for the small im-
purities starting from Tb. As stated above the variation
of the concentration of simple defects is consistent with
the formation of different types of hexamers that would
be stable from very low concentrations. The results of
the HADES calculation do not predict these differences as
the calculated stability of the various hexamers are not
very different in the case of Gd or Lu. From their results
Y3+ is the cation that definitely shows an increased lat-
tice stability upon hexamer formation. Lu3* and Gd3*
do not show significant differences. The small differences
observed on the energy changes on forming hexamer com-
plexes from dimer clustering indicate, however, a greater
stability in the case of the Lu®* doped CaF;. The ex-



46 PARAMAGNETIC CENTERS AND DIPOLAR DEFECTSIN . ..

tended x-ray-absorption fine structure (EXAFS) results
obtained by Catlow et al.23 on highly doped (z = 10%)
CaF, with several trivalent cations show that at this con-
centration the predominant cluster is the same from Gd
to Yb and of another type for La, Pr, and Nd. The
EXAFS patterns support the idea of a transition from
small dimeric clusters to hexamers on going from Nd
to Er. Moreover, for this last cation they have shown
that the hexamer maintains its structure in the temper-
ature range 298-1070 K. Our results indicate that in the
Gd3* doped crystals the nucleation of the large clusters,
which is taking place in the concentration range under
study, still results from the aggregation of intermediate
size aggregates while in the case of the Lu hexamers they
already exist at very low concentrations. The similar
results obtained with the HADES program could be due
to the use of the same reaction for the clustering pro-
cess that instead seems to be very different. It is to be
noted that the ionic radius of the Lu3* ion in an eight-
coordination site is the smallest of the trivalent cations,?*
i.e., 1.11 A. If the cationic size is the relevant factor in de-
termining the clustering processes, Lu3* should be sim-
ilar to Y3+, whose ionic radius is 1.155 A. Another evi-
dence for the existence of these large clusters only in the
double-doped crystals, even at very low concentrations,
is the presence of mechanical strains that could be ob-
served during the sample cleavage and did not exist in
the single-doped ones.

V. CONCLUSIONS

The comparative studies carried on in this work on
Gd single-doped and Gd+Lu double-doped CaF; crystals
by ITC and EPR techniques have completed the picture
of the coexistence of different size defects in fluorites.
Strong differences have been found among the two types
of solid solutions. In the single-doped crystals we have
found an extremely rich ITC spectrum with at least nine
different relaxations in the temperature range explored.
These results are very much in line with those obtained
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with site selective laser spectroscopy?? on CaFg:Eudt
where the dimers and trimers dominate the clustering
of the large trivalent cations. The ITC technique of-
fers the advantage of being able to differentiate among
species with the same number of cationic impurities but
with a slight different distribution in the extra F;". More-
over, we also agree with the results obtained by using the
HADES simulations and the increased stability reached by
the trapping of extra F; . However, the number of dif-
ferent relaxation times found here indicates that more
models have to be considered in order to account for the
observed number of different aggregates. The EXAFS
pattern interpretation of heavily doped crystals, which
suggests that on starting from Gd the clustering is based
on cubo-octahedra, is a much more indirect evidence than
the one gathered here and by laser spectroscopy.

The fundamental differences found here on the double-
doped matrix with Gd and Lu CaF; crystals as com-
pared to the single-doped matrix, have shown that the
clustering processes at this intermediate concentration
range cannot be interpreted as the scavenging of F; by
various clusters of increasing size. Here the existence
of the cubo-octahedra aggregates even at low impurity
concentrations is the only explanation that takes into ac-
count the observed abundance variation of the cubic and
tetragonal centers, as well as the variation of the EPR
linewidths vs . The HADES simulations predict clearly
this kind of aggregates for CaF2:Y3+. Lu3*, which is
still smaller than Y3+, must follow the same behavior
and the differences obtained in the stabilities calculation
must be due to the noninclusion of the lattice distortions
and strain interactions that are certainly present in this
system.
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