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The local environments of fluorine and calcium ions in Ca;_,Sr,F, single crystals have been studied using
F and **Ca magic-angle spinning (MAS) NMR spectroscopies. The fluorine speciation is found to depend on
both the distribution of cations (Ca and Sr) around each fluorine site in the fluorite lattice, as well as fluctua-
tions in the ionic character of bonding between fluorine and these cations. The natural abundance $Ca MAS
NMR results show a clear relation between **Ca chemical shielding and bond distances in halides, with
increasing shielding as the fluorite lattice expands and Ca-F distances lengthen. When taken together, the
results from '°F and *Ca NMR are consistent with a random substitution of Sr for Ca in the mixed fluoride

system.
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I. INTRODUCTION

The alkaline-earth fluoride crystals (Ca, Sr, and Ba)F,
have wide optical band gaps that make them appropriate for
optical applications from the vacuum UV(<200 nm) (VUV)
through the infrared (>10 um) regions.! Their VUV trans-
parency is found to decrease with increasing atomic
number;? accordingly, refractive index is found to increase
with increasing atomic number.®> Because of their high trans-
parency in the VUV, these materials have been considered
for use in short-wavelength lithography using 193 or 157 nm
light.*> It was found, however, that these crystals exhibit a
property referred to as “intrinsic birefringence™® or “spatial
dispersion” at short wavelength. In classical crystal optics,
cubic materials, such as these alkaline-earth fluorides, are
considered to be optically isotropic—with their refractive in-
dices independent of direction. This is a simplification, how-
ever, that breaks down in certain regimes. Specifically, when
the interrogation wavelength is sufficiently short and/or the
refractive index at the wavelength is sufficiently high, cubic
crystals do exhibit birefringence.”-® This is a consequence of
polarization being influenced not only by the local field at a
given point but also by the closest neighborhood around that
point. Birefringence is then dependent not only on frequency
but also on the wave vector.

Intrinsic birefringence of CaF,, SrF,, and BaF, has been
measured from 365 to 156 nm (Refs. 6 and 9). Values at 156
and 193 nm are shown in Table I, which are reproduced from
Ref. 9. Inspection of these data reveals that the sign of the
birefringence is negative for CaF, at both wavelengths and
positive at both wavelengths for the two fluorides containing
cations of higher ionic polarizability (Sr and Ba). Birefrin-
gence of any origin (stress or intrinsic) can be a limiting
property for short-wavelength imaging applications. While
stress birefringence can be minimized by annealing proce-
dures, intrinsic birefringence would need to be managed by
other methods. Potential solutions include clocking lens ele-
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tals having intrinsic birefringence of opposite sign into one
lens assembly; the effect would be to have the positive bire-
fringence of one “cancel out” the negative birefringence of
the other.!® A scheme that involves using stress-induced pho-
toelastic birefringence to compensate for the intrinsic bire-
fringence has also been described.!! Finally, one could actu-
ally obtain an optically isotropic material of a cubic crystal
by preparing mixed crystals, containing the appropriate
amounts of alkaline-earth ions (calcium plus appropriate
amounts of Sr and/or Ba) (Refs. 9, 12, and 13). If the mixing
of the cations is sufficiently random, the symmetry that gives
rise to the intrinsic birefringence in the pure compounds
would be broken and the final material would have lowered
intrinsic birefringence. Using the data in Table I, a mixed
crystal of the composition Cay St 34F, would have no in-
trinsic birefringence at 193 nm (Ref. 9).

In our exploration of mixed crystals containing Sr and Ca
cations, we have previously reported on Raman and '°F
NMR studies.'* In that paper, we observed a single Raman
band for all compositions studied, consistent with a random
mixing of the cations, and in accordance with the findings
reported in Ref. 15. The '"F NMR results supported that
conclusion and additionally showed the existence of different
fluorine environments in the mixed crystals, which is attrib-
uted to changes in the cation distribution around fluorine. In
the present work, we expand on the F NMR findings and
include an examination of the atomic structure from the cat-
ion perspective using natural abundance #Ca magic-angle
spinning (MAS) NMR. These data confirm the random sub-
stitution of Sr for Ca in the fluorite crystal lattice, and the
observation of a single resonance for each composition is
consistent with homogeneity over the sampled volume.

TABLE I. Magnitude and sign of the intrinsic birefringence of
pure alkaline-earth fluoride crystals measured at 193 and 156 nm
(Ref. 9).

’ : ) Material An X107 (193 nm) An X107 (156 nm)
ments relative to each other; that is, rotating a second ele-
ment of the same composition and crystal orientation appro- CaF, -3.4+0.2 -11.8+04
priately so that the birefringence of the whole is minimized.® StF, +6.6+0.2 +57+03
Alterpatively, gin.:n the different .signs of birefringence for BaF, +19+2 +33+3
the different fluorides, one could incorporate different crys-
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TABLE II. Compositions and lattice constants for the five mixed
fluoride crystals examined in this work.

Sample  CaF, (mol %) SrF, (mol %) Lattice Constant (A)
A 74 26 5.55
B 44 56 5.66
C 24 76 5.72
D 13 87 5.76
E 5 95 5.78

Moreover, while natural abundance #3Ca NMR has been re-
ported on a variety of crystalline compounds,'6~2° these re-
sults demonstrate the effect of calcium-halide bond distances
on the **Ca chemical shielding and thus will add to our un-
derstanding of this critically important (but seldom studied)
nuclide by conventional and natural abundance NMR meth-
odology.

II. EXPERIMENT
A. Sample preparation and basic characterization

The single mixed crystals were grown using the vacuum
Stockbarger technique. The Ca and Sr fluoride starting ma-
terials were premixed with a metal-fluoride oxygen getter.
The mixture was premelted to yield densified bulk material,
which was essentially free of oxygen contamination. This
material was then charged into crucibles for the crystal-
growth step. The crystals were grown using an oriented seed
crystal while lowering the crucible through a temperature
gradient. The cation compositions of the mixed crystals were
determined by traditional wet chemical methods and were
reported in Table II. X-ray powder diffraction was used to
obtain lattice constants and was also given in Table II.

B. Nuclear magnetic resonance

The '"F NMR spectra were collected using a commercial
spectrometer in conjunction with an 11.7 T superconducting
magnet. The resonance frequency of '°F at this field was
470.3 MHz. Samples were ground into powders and packed
into 2.5 mm zirconia rotors for MAS NMR, with spinning
speeds of nominally 27 kHz. The spectra were acquired us-
ing a /2 pulse width of 0.8 wus, recycle delay of 30 s, and
signal averaging of 1000 acquisitions. The data were pro-
cessed without additional line broadening and plotted against
the chemical shift of CFCl; at O ppm. Quantitative analysis
of the 'F MAS NMR spectra was performed using commer-
cial software and involved fitting of all isotropic resonances
and their associated spinning sidebands.

The “*Ca MAS NMR spectra were collected on fluoride
crystals without the aid of isotopic enrichment. These experi-
ments were performed at 11.7 T (33.6 MHz resonance fre-
quency) using a 9.5 mm MAS NMR probe. Samples were
powdered and packed into 9.5 mm zirconia rotors, with
sample spinning rates of 3—4 kHz. Data were acquired using
5.0 us pulse widths (approximately 7/4) and recycle delays
of 2 s. The signal averaging for these experiments was varied
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FIG. 1. '’F MAS NMR spectrum of the Cag 4451 56F, crystal
with the entire spinning sideband manifold. The asterisks denote
spinning sidebands.

with CaF, content of the samples and ranged between 94 000
and 320 000 scans. The spectra were processed with line
broadening commensurate with the signal/noise quality and
was either 33 or 100 Hz, the latter used only for the lowest
CaF,-containing sample. Due to minor probe ringing at this
resonance frequency, several of the initial free-induction-
decay points were backward linear predicted using CHEMAG-
NETICS SPINSIGHT software to achieve a relatively flat base-
line. By varying the number of such points, we established
that this processing protocol does not alter the frequency or
width of the detected NMR signals, both of which are nec-
essary for estimating **Ca isotropic chemical shift (8,,) val-
ues. The **Ca NMR spectra were plotted against an external
shift reference (saturated aqueous solution of CaCl,) at 0

III. RESULTS

Compositions from wet chemistry measurements and lat-
tice constants from powder x-ray diffraction (XRD) are
shown in Table II. The lattice constants from XRD vary
smoothly as the amount of SrF, is increased, reaching a
value of 5.78 A for the crystal having the highest SrF, con-
tent (sample E).

The ’F MAS NMR spectrum of the Cag 4451 5¢F, crystal
(sample B) is plotted in Fig. 1. This spectrum consists of a
cluster of isotropic peaks between —70 and —115 ppm, with
spinning sidebands displaced by the spinning frequency (27
kHz or ~57 ppm).

The '°F MAS NMR spectra for the entire series of mixed
crystals, as well as both end-member compositions, are given
in the stack plot of Fig. 2. Pure CaF, contains a single reso-
nance at —108.6 ppm, consistent with previously reported
data.?!?? As SrF, is added, additional fluorine resonances are
detected, and both their frequency and relative intensities
vary with composition. The entire manifold of isotropic
peaks shifts to lower chemical shielding with increasing SrF,
and approaches the value for pure StF, (—88.1 ppm).
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FIG. 2. Expanded '’F MAS NMR spectra of the mixed fluoride
crystals showing the isotropic peaks for (a) pure CaF,, (b)

Cag74S1926F2,  (c)  CaguuStoseFa, (d)  CagoySroz6F,,  (e)
Cay 1381) 875, (f) Cag 5St05F, and (g) pure SrF,.

The “*Ca MAS NMR spectra are plotted in Fig. 3 for the
mixed crystals and pure CaF,. The spectrum for the latter is
consistent with published data having a single **Ca reso-
nance at —17.6 ppm (Ref. 17). The spectra for the mixed
crystals are characterized by a single *Ca NMR peak, which
shifts towards higher shielding as the SrF, content is raised.
Although signal-to-noise levels for some of the natural abun-
dance **Ca NMR spectra are less than optimal, all indica-
tions show that these data are comprised of only a single
narrow resonance.

IV. DISCUSSION

Calcium and strontium fluoride are known to form solid
solutions with unlimited mutual solubility.?>>* The structure
of the alkaline-earth fluorides, including mixed Ca and Sr
crystals, is that of fluorite. The unit cell is described as a
face-centered-cubic lattice of cations (Ca and/or Sr), each
coordinated by eight fluorine atoms. The coordination num-
ber of fluorine is four. The bond distances and lattice param-
eters are well characterized for the end-member composi-
tions of this study, CaF, and SrF,. Since the symmetry is
cubic, the size of the unit cell is defined by a single lattice
parameter a, which describes the length on each edge of the
cube. This parameter increases from 5.463 to 5.78 A for
pure CaF, and SrF,, respectively.

According to Vegard’s law,? the lattice parameters and
composition are linearly related for solid solutions like the
mixed Ca and Sr fluoride system. This would therefore allow
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FIG. 3. ¥*Ca MAS NMR spectra of the mixed fluoride crystals;
(@) pure CaF,, (b) Cag74SroaFs (¢) CagaySroseFa, (d)
Ca 24S10.76F>, (€) Cag13Srog7Fa, and (f) CagsSrogsF,. Spinning
sidebands are denoted with asterisks.

one to predict the lattice constants for the mixed crystals
based on a linear interpolation between the values for CaF,
and SrF,. Rather than predicting these values, lattice param-
eters were experimentally determined for the five composi-
tions of this study and are given in Table I. A plot of lattice
parameter versus composition is shown in Fig. 4, where a
perfectly linear relationship does indeed hold for these ma-
terials, consistent with other published findings.!>?® This
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FIG. 4. Plot of lattice constant from XRD versus composition of
the mixed fluoride crystals. The solid curve represents a linear fit to
these data. Uncertainties are within the size of the symbols.
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confirms that as Sr replaces Ca in the fluorite crystal struc-
ture, the overall size of the unit cell expands to accommodate
the larger cation.

The lattice-parameter data in Fig. 4 also confirm that we
have random substitution of SrF, in the CaF, lattice. Had the
added SrF, formed clusters or nonhomogeneous decoration
of the crystalline lattice, we would have likely observed de-
viation from Vegard’s Law and certainly detected multiple
unit cells in the experimental x-ray diffraction data. In addi-
tion, our prior study of this solid solution contained Raman
spectroscopic evidence for random substitution of Sr for Ca
(Ref. 14). A single vibrational band was measured for all
compositions, showing a linear frequency dependence and,
therefore, homogeneity in the Ca-Sr distribution. The detec-
tion of a single Raman band, as well as XRD data on the
mixed crystals, also confirms that cubic symmetry is main-
tained throughout the entire solid solution, which will be an
important point in interpreting the NMR data below. The
Raman and x-ray supports for homogeneous random mix-
tures of CaF, and SrF, are consistent with the previous stud-
ies of this solid solution."

The "’F NMR data on the Ca and Sr mixed crystals were
only recently reported and showed surprisingly complex
spectra for what seems to be a simple-cubic crystalline
lattice.'* The spectra of pure CaF, and SrF, are very simple,
each containing a single fluorine resonance at —108 and
—88.1 ppm, respectively. These shifts are generally consis-
tent with those reported in the literature, although the range
of values for SrF, spans several parts per million.?!>2 As
soon as SrF, is introduced into the CaF, lattice, the '’F MAS
NMR spectra show significant complexity. These data are
typically characterized by a cluster of isotropic resonances
shown in Fig. 1 for the Cag44Srjs¢F, crystal, where peaks
are detected at chemical shifts of —79.0, —88.9, —98.1,
—106.8, and —115.1 ppm. The peaks are well resolved and
can be fit using Gaussian lineshapes. From these fits, includ-
ing all spinning sidebands, the relative peak intensities are
readily obtained (Table III).

Assignment of these five fluorine resonances is straight-
forward when one considers the fluorite crystal structure. For
each fluorine atom, there are five different ways to distribute
a combination of Ca and Sr cations as nearest neighbors: all
Ca, all Sr, 3Ca/1Sr, 2Ca/2Sr, and 1Ca/3Sr. Each of these
distributions gives rise to a unique 19F chemical shift, since
the shielding is roughly linear with ionic radii in the alkaline-
earth fluorides.? In addition, the spectral intensity distribu-
tion amongst the different resonances can be explained by
the proposed random distribution of cations surrounding a
particular F atom. In the case of sample B with 44 mol % of
CaF,, the random distribution of cations in the fluorite lattice
gives a statistical population of 10, 31, 38, 18, and 3 for the
five fluorine sites on going from all Sr to all Ca cation neigh-
bors, in good agreement with the experimental values in
Table III. The '’F NMR data for the other mixed crystals
were similarly analyzed in terms of peak intensity distribu-
tions, and in all cases, the high level of agreement between
the measured and predicted intensities confirmed the random
distribution of Sr and Ca throughout the crystal.

The other interesting result from the fluorine perspective
is that the '°F chemical shielding is not only delineated by
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TABLE III. "F and **Ca NMR parameters for the mixed fluo-
ride crystals using the sample designations of Table II. The P peak
intensities include all spinning sidebands. The **Ca chemical shifts
were estimated from the measured shift values using the method
described in Ref. 17.

Sample F & (ppm) Intensity (%) BCa s,
(£0.2) (*£0.2) (ppm)
=72.5 0.5
-83.2 5.8
A -93.2 23.0 -23.7+04
-102.9 41.4
-112.1 29.2
-79.0 9.9
-88.9 304
B -98.1 35.8 -29.6£0.5
-106.8 19.6
-115.1 43
-83.2 329
-92.6 41.7
C -101.2 20.3 -33.4x0.6
-109.4 4.6
-117.2 0.4
-85.3 55.9
D -94.5 34.8 -359=*0.8
-102.6 8.3
-110.7 0.9
-87.1 84.1
E -95.9 14.8 -352=%1
-104.1 1.1

the ways in which one can surround the fluoride by Ca and
Sr, but also that the '°F chemical shift values of each unique
site change with composition. As can be seen in Fig. 2, the
F resonance due to fluorine with 2Ca and 2Sr neighbors,
for example, does not remain fixed for all crystal composi-
tions. This particular resonance varies between —93 and
—104 ppm for crystals containing 26 and 95 mol % of SrF,
(Table IIT). This variation, while not large on the overall
scale of '°F chemical shielding, does suggest a more com-
plex influence on chemical shielding than simply the nearest-
neighbor cation distribution. Further evidence of this sugges-
tion is shown in Fig. 5, where the F chemical shifts of the
five distinct fluorine peaks are plotted as a function of the
mole fraction of CaF,. Each resonance appears to have a
linear dependence on the crystal composition and thus a lin-
ear change with lattice size. Therefore, the shift of each dis-
tinct fluorine environment, defined by its cation neighbor dis-
tribution, is dependent on the separation between fluorine
and these cations. The trend for a fluorine surrounded by all
Ca neighbors (filled squares in Fig. 5) is extrapolated to in-
clude the chemical shift of '°F in pure CaF,. In this case, the
1F chemical shift appears at —107.5 ppm for CaF, and be-
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FIG. 5. Plot of '°F chemical shifts in the various mixed fluoride
crystals. Assignment of the five 19F resonances follows that in the
text and is denoted by the number of Ca and Sr neighbors. The solid
curves are linear fits to the data from the mixed Ca and Sr fluoride
crystals and do not include the end-member compositions. Uncer-
tainties are within the size of the symbols. The open and closed
stars are measured chemical shifts for pure SrF, and CaF,,
respectively.

comes more shielded upon addition of SrF, and concomitant
expansion of the cubic lattice. The other fluorine resonances
in the mixed Ca and Sr fluoride crystals show a similar in-
crease in shielding with increasing lattice size. Assuming that
the lattice expansion correlates with an increase in fluorine-
cation bond distance, the trends in 19F chemical shift indicate
a shielding of the resonance with increasing distance, con-
trary to what is usually observed in bond distance versus
chemical shielding correlations in metal fluorides.?’

The lack of a fixed shift for each peak is consistent with a
random arrangement of cations at length scales beyond near-
est neighbor. Since the identity of nearest-neighbor cations
has a pronounced effect on fluorine shielding, it can be ar-
gued that cations in next-nearest-neighbor positions might
also influence the chemical shift. If those cations were al-
ways of the same identity that would necessarily imply an
ordered system and would yield the same chemical shift for
all compositions. For example, if a fluorine atom with 2Ca
and 2Sr neighbors always had the same distribution of cat-
ions within the next sphere, then the material would be more
ordered and the fluorine chemical shift would remain con-
stant. This is in opposition to what we observe.

To this end, it is apparent that changes in chemical shield-
ing of the five distinct fluorine resonances in the Ca and Sr
fluoride solid solution are not simply dictated by short-range
geometrical changes (i.e., varying bond distances), but likely
involve more subtle electronic effects. The contribution of
second-neighbor fluorine atoms has been incorporated into
theoretical studies of fluorine chemical shielding in alkaline-
earth fluorides, and was shown to be an important factor in
gaining agreement between ab initio and experimental
results.3? In this study, the size dependence of cluster models
was shown to impact the calculated shielding of fluorine by
as much as 50 ppm, suggesting that the neighboring fluorines
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do influence the chemical shift of a given fluorine atom. In
view of this observation, one could envisage a situation in
which a fluorine with four Ca neighbors is surrounded by
other fluorines with slightly different cation neighbors, such
as a mixture of Ca and Sr. The local shielding of the mixed
coordination fluorine is lower than the pure CaF, environ-
ment, which could then impact how the “shared” Ca cation is
bonded with the fluorine of interest. Theoretical treatments
of the Ca and Sr fluoride solid solutions are beyond the scope
of this experimental study, but it may provide a better under-
standing of the changes in fluorine chemical shielding in
fluoride solid solutions.

Another possible explanation for the trends in Fig. 5, con-
sistent with proposed effects due to second neighbors, comes
from two studies of fluoride-containing systems. In the first
set,>”3! covalency and electronic configuration arguments
were used to understand chemical shielding of fluorine in
difluoride compounds. In highly ionic systems such as the
alkaline-earth fluorides, the extent of covalent interaction be-
tween cation and fluorine has a pronounced influence on the
fluorine chemical shift. Vaughan ez al.?’ plotted '°F chemical
shielding for the alkaline-earth fluorides versus a covalency
parameter and cation electronegativities, obtaining linear
trends for both. Their findings indicated a large change in
fluorine chemical shielding with small changes in covalency
or essentially the degree of ionic bonding between fluorine
and the alkaline-earth cation. This treatment of the large
chemical shift range in group II cubic difluorides may also
account for the small changes in chemical shift for each
given fluorine resonance in the mixed Ca and Sr fluoride
crystals. Sites having a majority of Ca neighbors (4 and 3)Ca
experience a gradual increase in chemical shielding with in-
creasing SrF, content, which corresponds to a slight decrease
in bonding covalency. Conversely, those fluorine sites with
mostly Sr neighbors experience a deshielding when the lat-
tice is diluted with CaF,, possibly in response to an increase
in the covalent character of the Sr-F bonding. It appears from
this argument that Ca-F bonding becomes more ionic as Sr-F
bonding increases in covalency, thus demonstrating the de-
pendence of fluorine chemical shifts on both the cation type
(Ca and Sr) and also the nature of bonding between the fluo-
rine and alkaline-earth cations. In a second '°F NMR study,
shielding differences between the heavy and light alkali fluo-
rides in alkali-metal fluorides were described as resulting
from cation-anion polarization effects and the degree of
covalency.??

In order to further understand the changes in atomic-level
structure in these mixed crystals, we have obtained natural
abundance **Ca MAS NMR spectra on all Ca-containing
samples. The *Ca MAS NMR spectra are shown in Fig. 3,
where a single resonance is detected for all compositions.
Each **Ca resonance is relatively sharp and does not contain
any contributions from second-order quadrupolar line broad-
ening, which might be expected for this spin —7/2 nuclide.
Due to the cubic symmetry of these crystalline materials,
such broadening should be quite small. Fortunately, since the
isotropic shift of BCain CaF, has now been measured at two
different field strengths (11.7 T in this study and 14.1 T in
Ref. 17), one can estimate the isotropic chemical shift and
quadrupolar coupling product (P,) using the field depen-
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FIG. 6. Plot of **Ca chemical shift against composition for the
mixed fluoride crystals. The solid line is a linear fit to these data and
includes all compositions.

dence of the measured shift.333* Based on these estimates,
Ocs and P, for #Ca in pure CaF, are —18.9 ppm and 1.39
MHz, respectively, where d¢g is the isotropic chemical shift
and P, contains both the quadrupolar coupling constant as
well as the quadrupolar asymmetry parameter. This chemical
shift value differs from the estimate in Ref. 17, where the
authors used the residual MAS NMR linewidth to approxi-
mate the second-order quadrupolar coupling contribution to
the observed frequency of the **Ca nucleus at a particular
external magnetic field. Rather than focusing on a slight dis-
crepancy in chemical shift, which unfortunately may be par-
tial due to the small difference in magnetic-field strength
used for these two measurements, it is noted that the quadru-
polar coupling constant is small for “*Ca in these cubic crys-
tals. However, the contributions to these resonance frequen-
cies from second-order quadrupolar effects are nonzero and,
thus, we have chosen to adopt the methods in Ref. 17 to
estimate isotropic chemical shifts for the “*Ca resonances in
the mixed crystals (Fig. 3).

As in the case of fluorine shielding, there is a change in
#Ca chemical shift with composition. From the perspective
of calcium in the fluorite crystal structure, each cation is
surrounded by eight fluorine anions, which does not change
upon addition of SrF,. Some structural models for mixed
fluorides assume fixed fluorine-cation distances:;?> however,
the bond distances between Ca and fluorine likely depend on
the number of Sr cations in the unit cell. Experimentally, it is
known that as Sr is substituted for Ca in the fluorite struc-
ture, the lattice constant increases (Table II) and, therefore,
some changes in fluorine environment (discussed above) and
calcium sites would be expected. By plotting the #3Ca shift
(Fig. 6), we can see the effect of increasing lattice parameter
on the Ca shielding. These data show a linear change in #Ca
shift with composition, with the possibly anomalous result of
the mixed crystal having 5% CaF,. It is possible that the low
number of Ca remaining at 5% CaF, may already be in an
environment surrounded by Sr in several coordination
spheres and therefore unaffected by composition. Further-
more, our other data (’F NMR, Raman, and XRD) all
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FIG. 7. Plot of ¥Ca chemical shift against the average cation-
fluorine distance as determined from the lattice parameter of each
mixed crystal.

strongly support the random mixing of the cations in the
mixed crystals and also the homogeneity of the crystals on a
macroscopic scale. Given those findings, at this point we
attribute any extra **Ca resonances in the 5% CaF, crystals
to poor signal quality, and enhancement by the line broaden-
ing required to process this particular spectrum. Additional
signal averaging or use of isotopic enrichment would aide in
evaluation of such features, but both were impractical for
this study.

The **Ca chemical shielding has not been systematically
examined in halide systems such as this, where the surround-
ing anions are fixed and only bond distances and second-
nearest neighbors are varied. The only published explanation
for shielding changes for **Ca has been provided by the
work of Smith and co-workers,!” in which they examine the
spectra of various oxide and halide systems. These authors,
championing the use of natural abundance “*Ca NMR, pre-
sented clear evidence for changes in the “*Ca chemical shift
of CaF,, CaCl,, and CaBr,. Unfortunately, they were unable
to establish any clear correlation between chemical shift and
Ca-halide distance, as changing halide type (i.e., F vs Cl)
also introduced differences in electronegativities of the an-
ions, leading to much more complexity than just simple
changes in Ca-halide bond distances. The mixed Ca and Sr
fluoride crystals in the present study provide a much simpler
system in which to understand the effect of Ca-F bond
lengths on **Ca chemical shielding. Given the cubic symme-
try of these crystals and making use of the lattice parameters
in Table II, one can calculate the average cation-fluorine
bond distance,

cation-F distance = {3(0.254)%}'"2,

where the lattice parameter a is given in angstroms. This
distance between nearest neighbors is similar to that which
was used to calculate solid solution hardening in the
CaF,-StF, system.’® We can therefore plot **Ca shift as a
function of this calculated average bond length in Fig. 7.
Assuming that the expanding fluorite lattice leads to a pro-
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portional increase in Ca-F bond distance, the data in Fig. 7
therefore show the effect of this changing distance on the
#3Ca chemical shielding. The solid curve in Fig. 7 represents
a linear fit to the data and gives a slope of —137 ppm/A.
This is consistent with the overall increase in shielding with
increasing bond length determined for oxides; however, the
absolute change per unit length is roughly half of the value
for the oxides.!” Knowing how bond lengths influence the
“3Ca chemical shift in halides will further our ability to make
use of this nuclide in studies of inorganic materials.

V. SUMMARY

The "F and **Ca NMR studies of mixed Ca and Sr fluo-
ride crystals have shown changes reflecting a random substi-
tution of the cations on the cubic fluorite lattice and adding
to the existing spectroscopic and x-ray evidence of this. The
experimental evidence is then consistent with the mixed Ca
and Sr fluoride system having essentially isotropic properties
while in a cubic matrix. The isotropic nature of these mate-
rials is a benefit for short-wavelength optical applications.

PHYSICAL REVIEW B 78, 014112 (2008)

The complexity in '°F NMR spectra can be accounted for
by distributions of Ca and Sr within the four neighboring
cation sites and also for a change in bonding configuration
between fluorine and these cations. Chemical shielding for
Ca linearly responds to changes in the unit-cell size and is
consistent with the lattice parameter measured by XRD. This
study has resulted in a systematic examination of BCa
shielding in a relatively simple halide system. Since the iden-
tity of neighboring anions is fixed throughout the solid solu-
tion, changes in Ca chemical shielding are due only to
changes in Ca-F distances. Shielding at the Ca nucleus is
linearly dependent on the distance between Ca and F, and
such a trend would presumably hold for other halides. Prior
assumptions that cation-fluorine distances do not change in
solid solutions of this type must also be reconsidered, par-
ticularly when calculating optical or electronic properties.
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