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ABSTRACT: We present *'P magic angle spinning nuclear magnetic resonance
spectra of flux-grown solid solutions of La,_,Ce, PO, (x between 0.027 and 0.32)
having the monoclinic monazite structure, and of Y,_ M,PO, (M = V*, Ce*,
Nd*, x between 0.001 and 0.014) having the tetragonal zircon structure.
Paramagnetically shifted NMR resonances are observed in all samples due to the
presence of paramagnetic V', Ce®*, and Nd** in the diamagnetic LaPO, or YPO,,.
As a first-order observation, the number and relative intensities of these peaks are
related to the symmetry and structure of the diamagnetic host phase. The presence
of paramagnetic shifts allows for increased resolution between NMR resonances for
distinct atomic species which leads to the observation of low intensity peaks related
to PO, species having more than one paramagnetic neighbor two or four atomic
bonds away. Through careful analysis of peak areas and comparison with
predictions for simple models, it was determined that solid solutions in the systems
examined here are characterized by complete disorder (random distribution) of
diamagnetic La** or Y** with the paramagnetic substitutional species Ce*" and
Nd**. The increased resolution given by the paramagnetic interactions also leads to
the observation of splitting of specific resonances in the *'P NMR spectra that may
be caused by local, small-scale distortions from the substitution of ions having

unshifted
peak

dissimilar ionic radii.

B INTRODUCTION

The rare-earth element (REE) orthophosphates monazite and
xenotime are accessory minerals in many igneous and
metamorphic rocks that have also found important techno-
logical applications. Both materials have a formula unit based
on REE-PO, with monazite being composed primarily of the
larger, light REEs (LREE, from La to Gd) whereas the more
compact and symmetric structure of xenotime is suited for the
smaller, heavy REEs (HREE, from Tb to Lu and Y). In nature,
monazite is most commonly dominated by the CePO, end
member with minor amounts of La, Nd, and Gd, whereas
xenotime is typically composed primarily of YPO,. Xenotime
crystallizes in the tetragonal zircon structure composed of
chains of alternating PO, tetrahedra and REE-Og polyhedra
along the c-axis.' The monazite structure can be seen as a lower
symmetry (monoclinic) derivative of the zircon structure
wherein the LREE are too large for the REE-Og polyhedra,
and their substitution causes a “shearing” along the c-axis and
the creation of larger REE-Oy polyhedra. Despite the relatively
small range in ionic radii [from 0.977 A (1.117 A) for Lu** to
1.16 A (1.216 A) for La* in VIII (IX) coordination®] and the
similarity between the crystal structures, there is relatively
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limited solubility between the dominant endmembers, YPO,
and CePO,. In fact, the temperature dependence of this
solubility has been exploited in a number of methods proposed
to deduce conditions of chemical equilibrium in rocks
containing these minerals (“geothermometers”).3’4 Solubility
and distribution of various REE cations (as well as other
substituents such as vanadium) in these phases are also
important in tailoring their optical properties in a number of
technologies such as phosphors and photonic materials. Their
ready incorporation of actinides (especially Th and U) and
their resistance to radiation damage has led many researchers to
suggest their use in long-term sequestration of radioactive waste
products.”™'* The presence of radioactive elements in natural
monazite and xenotime has also led to their use as indicators of
the age of geologic formations (“geochronology”).13’14
Solid-state NMR has been widely used to deduce cation
distributions and the extent of short-range ordering in many
types of oxide materials, relying primarily on changes in
isotropic chemical shifts of observed nuclei that are caused by
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variations in first-shell and more distant cation or anion
populations.'> The application of this method to oxides in
which much larger shifts in resonant frequencies can be caused
by interactions with unpaired electron spins has been much
more limited because, in many cases, peak broadening can be
severe, but considerable progress has been made in systems
such as the Mn and Fe phosphates and oxyhydroxides of
widespread technological and geochemical interest.'¢™"®

In principle, this approach can be very sensitive to local
structure, as paramagnetic shifts can be orders of magnitude
greater than chemical shifts, sometimes allowing small
structural variations and the effects of relatively distant
neighbors to be detected. The monazite—xenotime phases are
an excellent model system in which to explore the incompletely
known details of these interactions because of their wide
accommodation of different diamagnetic and paramagnetic
REE cations, their simple structures, and their distinct
symmetries. They also pose important questions about cation
order/disorder, which in most models of solid solution is
perforce assumed to be random, but for which there are few if
any short-range experimental constraints. Early static and magic
angle spinning (MAS) NMR studies defined the large “contact
shifts” present in paramagnetic phases such as CePO, and
NdPO,."”*® However, the substitution of relatively small
percentages of paramagnetic cations into the diamagnetic
phases YPO, and LaPO, provides an opportunity to test this
methodology for determining the details of solution mecha-
nisms, including populations of phosphate groups with varying
numbers of substituent neighbors, cation clustering, and
“ideality” of mixing. In fact, it is often possible to extract
valuable information about short-range order/disorder in
inorganic solid solutions from NMR experiments involving
paramagnetic species.”' ~>* The utility of NMR experiments in
obtaining this type of information is usually related to the
increase in resolution between distinct atomic configurations
when paramagnetically shifted NMR peaks are involved
because of the wider range of possible paramagnetic shifts
(up to thousands of ppm), whereas ordinary chemical shifts
have a much narrower range (e.g, tens to about a hundred
ppm)."*

In our previous study of these materials,” a number of solid
solutions of the form La,_ ,REE PO, and Y,_ REE ,PO,, with «x
between 0.001 and 0.100, were observed by *'P MAS NMR
spectroscopy. Paramagnetic substituents included Nd**, Pr*,
Ce’, Eu’*, and Dy’*. The work focused on assigning
paramagnetically shifted NMR peaks to distinct *'P-REE*
configurations and determining relative contributions from
the so-called pseudocontact (through-space) and Fermi contact
(through-bond) shift mechanisms. Although the *'P NMR
spectra were informative, it was recognized that the samples
studied, which were synthesized by powder sintering, were not
completely homogeneous solid solutions. In some cases, this
led to peak broadening that obscured the resolution and also to
the presence of impurity phases. The results presented here
extend our previous work by using much more homogeneous
flux-grown single crystals with compositions of La,_,Ce PO,
and Y,_ M, PO, (M = Nd, Ce, and V, with x from 0.001 to
0.32). The enhanced control of the composition and improved
spectral resolution in the flux-grown crystals has now allowed
us to make refined site assignments and accurate quantization
of resonances that can be attributed to phosphate sites with not
one but two paramagnetic neighbors, and in less dilute
solutions, even three and four neighbors. Through detailed

modeling of the expected cation distributions, we show that
NMR results for both the monazite and xenotime phases are
consistent with random mixing, despite the cation size
differences in the latter. Also in xenotime, high-resolution
spectra of dilute solutions reveal new details such as peak
splitting that may be related to local site distortion caused by
the ionic radii mismatch. The present study demonstrates that
with a careful analysis of data on high-quality samples, new
structural information concerning solid solution mechanisms
with paramagnetic end members can be obtained using solid-
state NMR.

B EXPERIMENTAL SECTION

Monazite (La;_,Ce,PO,) and xenotime (Y;_ .M ,PO,, M =V, Nd, and
Ce) single crystals were grown by melting the oxide components
(V,04, Y,0;, La,0,, Nd, 05, and ,Ce0,) in a Pb,P,0, flux at 1360 °C
in a Pt crucible, slowly cooling to 900 °C at a rate of 0.5 to 1 °C/h and
then rapidly cooling to room temperature. Crystals were then
extracted from the residual flux by boiling the experimental charge
in nitric acid for about 1 month. More details of the synthesis method
can be found elsewhere.>**" Samples were characterized for phase
purity by electron probe microanalysis (EPMA) described below and
3P NMR spectroscopy (see the Results and Discussion section). On
the basis of these analyses, samples are labeled by host cation and the
cation percent of the minor substituent (e.g, Cel:Y designates
Y,_,Ce,PO,, with x = 0.01).

All samples were analyzed on either the JEOL 733 electron
microprobe at Stanford University or the Cameca SX-100 at the
University of California, Davis, using various materials from phase-
pure, flux-grown REE orthophosphates, synthetic REE oxides, to REE-
silicides for standards. These results show that, in general, the flux-
grown crystals are much more homogeneous than our previously
studied powder-sintered samples:* uncertainties given in Table 1

Table 1. EPMA Results for La,_,Ce PO, Y, RE PO, and
Y,_.V.PO, Samples

La,_,Ce,PO, x (batch) x (EPMA)
Ce3:La 0.03 0.027 (3)
Cel6:la 017 0.160 (6)
Ce:22La 022 0220 (6)
Ce32:La 0.33 0.323 (8)

Y,_,Nd,PO, x (batch) x (EPMA)
Nd0.2:Y 0.01 0.0018 (6)
NdL4:Y 0.10 0014 (3)

Y,_,Ce,PO, x (batch) x (EPMA)
Ce0.1:Y 0.01 0.001 (1)
Ce0.5:Y 0.10 0.005 (1)
Cel:Y 0.20 0.010 (1)

Y,_,V,PO, x (batch) x (EPMA)
V0.2:Y 0.06 0.002 (1)

reflect the variation among multiple analysis spots as well as
instrumental precision. Pb contents were measured in addition to P,
V, Y, La, Ce, and Nd. In a few cases, bright spots were detected in
backscattered electron images and were found to be inclusions of the
Pb,P,0, flux. However, Pb contents were below the limit of detection
(about 0.1%) outside of these discrete inclusions. Measured
compositions are reported in Table 1 along with those of the starting
materials. For the Y,_ M,PO, samples, the measured V, Nd, and Ce
contents are much lower than the those for the batch compositions
due to the size mismatch between the Y*" ion and substituting Nd**,
Ce®, or any of the likely V™ cations, which resulted in their
partitioning into the flux phase. In contrast, measured and batch
compositions agree quite well for the La, ,Ce PO, solid solutions
because of the closeness in size of La*>* and Ce**.
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Table 2. Measured Intensities of Peaks Seen in Y,  Nd PO, and Y,_,V,PO, Samples

Ndo0.2:Y Nd1.4:Y V0.2:Y

shift (ppm)® area model shift (ppm)®  predicted shift (ppm) area model shift (ppm)® area
Us 0 95 (1) 97.236 0 75 (4) 82.087
singly shifted peaks uUs 0 90 (2)
A 52.3 (5) 0.8 (1) 0.767 52.5 (5) 3.7 (7) 4.165 paramagnetically shifted peaks
B 22 (2) 1.1 (3) 0.767 24 (2) 5(1) 4165 A 19.5 (5) 04 (1)
C -3.8(2) 1.0 (2) 0.767 -3.6 (2) 4 (1) 4.165 B 12.7 (5) 0.6 (1)
D1 —201.3 (5) 0.23 (6) —200.8 (5) 12 (3) C 8.8 (5) 0.3 (1)
D2 —203.5 (5) 0.20 (6) —203.9 (5) 1.0 (2) D 5.0 (5) 1.0 (2)
sum of D1 + D2 04 (1) 0.384 22 (5) 2.082 E 24 (3) 1.9 (6)
E 0.8 (2) 0.9 (3) 0.767 1.0 (2) 4 (1) 4.165 F -19 (3) 3(1)
F -0.5 (2) 0.8 (3) 0.767 -0.5 (2) 5(1) 4.165 G -5.1 (5) 12 (4)
doubly shifted peaks H -83 (5) 0.6 (2)
AB 0.006 54.5 (5) 54.9 0.4 (1) 0.384 I —13.1 (5) 0.6 (2)
AC 0.006 49.8 (S) 48.9 04 (1) 0.384

“Shifts are calculated as the difference in position from the main unshifted peak (US) at —11.4 ppm from a spectrum collected without heating the

sample (approximately 46 °C with frictional heating of spinning rotor).

Table 3. Measured Intensities of Peaks Seen in Y,_,Ce PO, Samples®

Ce0.1:Y Ce0.5:Y Cel:Y
predicted predicted predicted

shift (ppm)®  shift (ppm) area model  shift (ppm)®  shift (ppm) area model  shift (ppm)®  shift (ppm) area model
uUs 0 97.8 (5) 9861 0 93.5 (S) 93.2 0 86 (1) 86.9
singly shifted peaks
A 18.8 (5) 041 (4) 0.39 18.8 (5) 2.0 (3) 1.9 18.8 (5) 3.7 (4) 35
B 0.6 (2) 0.39 (4) 0.39 0.5 (2) 1.5 (3) 1.9 0.5 (2) 3.5 (5) 35
C -0.6 (2) 0.37 (4) 0.39 -0.6 (2) 1.6 (3) 1.9 -0.6 (2) 3.7 (9) 3.5
D —43.6 (5) 0.18 (3) 0.20 —43.6 (5) 1.0 (2) 0.9 —43.6 (5) 1.7 (2) 1.8
doubly shifted peaks
AB 0.002 21.7 () 19.3 0.05 (2) 0.04 21.7 (S) 193 0.19 (3) 0.14
AC 0.002 14.3 (5) 182 0.07 (3) 0.04 14.3 (5) 182 0.13 (3) 0.14
DB 0.001 —42.5 (5) —43.1 0.06 (3) 0.02 —41.8 (5) —43.1 0.2 (1) 0.07
DF 0.001 —45.9 (5) —44.2 0.04 (2) 0.02 —45.0 (5) —442 0.13 (4) 0.07
DC 0.001 —49.0 (5) 0.05 (3) 0.02 —49.0 (5) 02 (1) 0.07
AD1 —21.95 (5) 0.009 (3) —21.6 (5) 0.03 (1)
AD2 —28.66 (5) 0.008 (3) —28.52 (5) 0.03 (1)
AD3 —31.15 (5) 0.006 (2) —30.84 () 0.04 (1)
sum of AD1,2,3 0.001 -27.3 —24.8 0.023 (8)  0.019 —27.0 —24.8 0.10 (3) 0.07
prediction for triply shifted peaks
including D 0.000 0.000 0.003
not including D 0.000 0.001 0.006

“Predictions based on a random distribution model for singly, doubly, and triply paramagnetically shifted peaks are included as well for comparison.
bShifts are calculated as the difference in position from the main unshifted peak (US) at —11.4 ppm from a spectrum collected without heating the

sample (approximately 46 °C with frictional heating of spinning rotor).

3P MAS NMR spectra were collected on powdered samples with a
Varian Infinity-Plus 400 spectrometer at 9.4 T (161.8 MHz for *'P)
using Varian/Chemagnetics “T3”-type probes. A probe with 3.2 mm
rotors was used when higher spinning speeds (to 22 kHz) were
needed; variation in air frictional heating with spinning rate allowed
temperature to be varied by up to 35 °C, which was useful in
confirming paramagnetically shifted resonances. A probe with 4 mm
rotors (to 14 kHz) was employed to improve signal-to-noise ratios
with larger samples and for controlled variable temperature (VT)
studies up to 162 °C. Temperatures were calibrated with the *’Pb
resonance of Pb(NO,),.*> Radio frequency tip angles of about 15°
were used for both probes, and spectra were referenced to NH,H,PO,
at 0.8 ppm with reference to 85% aqueous H;PO, at 0 ppm. Pulse
delays varied from 0.05 to 5200 s to obtain different types of
information for each sample. Shorter pulse delays were used to
emphasize and quantify the quickly relaxing paramagnetically shifted
peaks, whereas much longer delays were needed to obtain fully relaxed
spectra that allowed for accurate measurement of the unshifted

12607

resonances without nearby paramagnetic neighbors and long relaxation
times. Note that from here on the term “unshifted peak” will refer to a
resonance that does not experience a frequency change due to nearby
paramagnetic neighbors and thus has the same peak position as the
pure diamagnetic endmember phase. These positions do, of course,
include the standard chemical shifts, which are listed in Tables 2 and 3.
The term “paramagnetically shifted peak” will be used to describe a
resonance that has been shifted away from the unshifted peak due to
an interaction with a nearby paramagnetic cation. The magic angle was
set to within 0.1° by optimizing the "Br rotational echo train for
powdered KBr.>* This was found to be particularly important to avoid
the production of unusual, low-intensity features in spectra of
paramagnetic materials where peaks may potentially have significantly
anisotropic chemical shifts or paramagnetic shift tensors.

Peak areas were determined by fitting with the program DMFIT.**
The paramagnetic shift anisotropy varies considerably between
different peaks necessitating inclusion of the spinning sideband areas
to the total intensities of the isotropic resonances. The best fits to the
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peaks were obtained using 80% Gaussian/20% Lorentzian line shapes.
When possible, line widths within a spectrum were allowed to vary
independently and typically converged on very similar values.
However, in some cases when peaks became too broad or overlapped
significantly, an optimal mean width was determined visually and was
fixed for all peaks during the deconvolution.

No attempt was made to measure the spin—lattice relaxation times
for the various paramagnetically shifted peaks in the samples studied
herein. These data could help refine the peak assignment models
developed in this study due to the proposed dependence of spin—
lattice relaxation times on 1/r, where r is the distance between the
resonating nucleus and the paramagnetic cation. However, given the
fact that most of the paramagnetically shifted peaks are fully relaxed in
single pulse spectra collected with a pulse recycle delay of 0.05 s, spin—
lattice relaxation times are likely to be small and challenging to
measure precisely. Future studies could potentially benefit from such
measurements.

B RESULTS AND DISCUSSION

La,_Ce,PO, Monazite Solid Solutions. The *'P NMR
spectra collected at varying rotor spinning speeds (to give
slightly different sample temperatures) of the flux-grown
sample Ce3:La with 3% Ce are shown in Figure 1. A

unshifted
peak

i
1
'
1
§

ss = 14kHz

i

Ce3:La

unknown

. impurity phase
sintered

Lag g0Ce0.10PO4

Figure 1. *'P MAS NMR spectra (9.4 T) of flux-grown Ce3:La
(Lage;Ceq03PO,) collected with spinning speeds of 14 and 22 kHz and
0.05 s pulse delays. The upper two spectra are enlarged 4X relative to
the lower spectrum. A through F mark paramagnetically shifted peaks,
and the position of the unshifted peak for phosphate groups with no
close Ce* neighbors is labeled as well. Dashed lines show the change
in peak positions with the temperature changes caused by varying
spinning speeds (about 35 °C). The lowermost spectrum is of a
sintered sample (LaggoCeooPO,) shown for comparison.”

comparison with the spectra collected from a sintered sample
of composition Lagg,Cey;o0PO, from our previous study””
shows that, except for the absence of the unidentified impurity
phase at —27.1 ppm from the flux-grown sample and the
decreased peak broadening due to the lower concentration of
Ce*, the spectra are very similar. The increase in resolution
due to the narrowing of the peaks in the new samples leads us
to slightly alter the peak assignment given previously. The
resonance at —21.5 ppm in the previous study was thought to

be one peak and was assigned to one specific *'P—Ce*"
interaction; however, the asymmetry of this peak in the
spectrum of flux-grown Ce3:La, collected at a spinning speed of
14 kHz, makes it clear that this resonance band actually
contains contributions from two distinct peaks (D and E).
When the rotor spinning speed was increased to 22 kHz, raising
the sample temperature by about 35 °C, the resolution between
the two peaks was blurred as their paramagnetic shifts
decreased and they moved in toward the main unshifted peak
with all La neighbors at —4.4 ppm. Therefore, we can now
identify seven distinct paramagnetically shifted peaks (A
through G) and assign these to each of the seven unique
3P—Ce®" configurations possible when considering next-
nearest neighbor interactions only (ie., there are seven La®"
sites in the first shell of a PO, tetrahedron into which Ce** can
substitute, each with distinct bond distances and angles). Given
this peak assignment, each of the paramagnetically shifted peaks
should have an equal intensity because they are caused by
configurations that occur equally frequently from the
perspective of the *'P nucleus: there are no crystallographic
distinctions among these configurations and thus no reason for
any preference for isolated substitutions. Fitting of the spectra
of Ce3:La shows that this is the case with each paramagnetically
shifted peak constituting 2.5 (4) % of the total intensity, further
corroborating our peak assignment model. The paramagnetic
interactions caused by two of these *'P—Ce* configurations
produce shifts to positive frequencies (relative to the unshifted
peak for P with all La neighbors), whereas the other five impart
negative shifts. This is in contrast to the paramagnetic shifts
seen in LagggNd,,PO,, where seven paramagnetically shifted
peaks were observed, but three are shifted to more positive
frequencies and four to lower frequencies.” This difference in
behavior is likely the result of varying contributions from the
pseudocontact (through-space) and the Fermi contact
(through-bond) shifts for Ce®* vs Nd**. Both of these effects
can be positive or negative, and therefore, a change in the
relative contribution of a negative pseudocontact shift and a
positive Fermi contact shift (or vice versa) could easily change
the overall sign of the observed paramagnetic shift.

The *'P NMR spectra of flux-grown La,_,Ce PO, samples
with progressively higher concentrations of Ce®* (Cel6:La and
Ce32:La) were collected to determine the effects of high levels
of paramagnetic species and how their interactions affect the
information that can be obtained about solid solution
mechanisms in such systems (uppermost spectra in Figure 2).
Here, rotor spinning speeds up to 22 kHz were needed to avoid
excessive overlap of sidebands (not shown in the figures) and
isotropic peaks. The first attempts to fit the spectra of Cel6:La
and Ce32:La were made using the main unshifted peak at —4.4
ppm and the positions of the seven shifted peaks A through G,
as seen in the spectrum for Ce3:La, as constraints. It was found
that by using these eight peaks, and allowing only their widths
to vary, reasonably good fits could be obtained. However, the
resulting peak areas were found to be significantly unequal, and
their fitted intensities were substantially greater than predicted
by a random distribution of Ce®". Therefore, a more complete
model was developed that included peak intensities for sites
with more than one paramagnetic neighbor, as given for a
random distribution by the binomial distribution:

I, = ma*(1 — x)"* €))
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Figure 2. Results of spectral modeling for Cel6:La and Ce32:La
(La,_,Ce,PO,, x = 0.16 and 0.32, respectively) as described in the text.
Lighter colored spectra show contributions from *'P nuclei having
zero, one, two, three, and four first-shell Ce* neighbors, and the sum
of these is shown immediately above. The experimental 3'P NMR
spectra of Cel6:La and Ce32:La collected with a spinning speed of 22
kHz and 0.0S s pulse delays are shown as well; the residual between
the experimental and simulated spectra are shown as the dashed lines
at the bottom. The peaks related to PO, groups having more than one
first-shell Ce®* neighbor at +36, —69, and —85 ppm are marked by
arrows as mentioned in the text.

where m is the number of configurations that can give rise to a
specific peak (equal to 1 here but 2 or 4 for the Y,_ .M,PO,
samples described below), k is the number of Ce’* interacting
with the *'P nucleus for the specific peak, n is the total number
of sites into which Ce* can enter and cause a specific
paramagnetically shifted peak (equal to 7 here for the 7 distinct
first-shell *'P—Ce*" configurations), and « is the probability of
Ce’" occupying an REE-O, site and is equal to the
concentration of Ce*" (out of total Ce + Y). At higher Ce®"
concentrations, contributions from 3'P nuclei with more than
one Ce®" neighbor in their first shell become important. The
number of possible doubly (k = 2), triply (k = 3), or quadruply
shifted (k = 4) peaks is given by

n!
N = kl(n — k)! @)

The total intensity of all doubly, triply, or quadruply shifted
peaks can be calculated by multiplying this number (N,) by the
intensity of the peak (I;) given by eq 1. For Cel6:La, the total
fractions of 3P nuclei having one, two, three, or four Ce**
neighbors are 39%, 24%, 8%, and 2%, respectively, and for
Ce32:La these are 21%, 31%, 25%, and 12%. It is thus apparent
that modeling the spectra with only one unshifted main peak at
—4.4 ppm and seven peaks for *'P having only one first-shell
Ce* neighbor is insufficient. Equation 2 shows that the
development of a more complete model would require 1, 7, 21,
35, and 35 peaks (99 total) for *'P nuclei with zero, one, two,
three, and four first-shell Ce** neighbors respectively. Although
it would be nearly impossible to implement such a model with a
least-squares regression calculation having independently
varying peak intensities, if good estimates for peak positions
for the multiply shifted peaks were available, it would be
possible to produce a “synthetic” spectrum with the intensities
of these peaks constrained by the intensities predicted above.

This synthetic spectrum could then be compared to the
experimental data, and the validity of the assumption of random
distribution of Ce® could be tested. It is generally accepted
that, as a first approximation, paramagnetic shifts are
additive.>>*® Therefore, peak positions for >'P having two,
three, or four Ce* neighbors can be estimated by determining
the possible combinations of peaks A through G (ie., AB, AC,
. AG, BC, BD, .., BCG, BDE, etc.) and calculating the peak
positions by adding the paramagnetic shifts of the singly shifted
peaks involved, as determined from the spectra of the dilute
solid solution. In this model, 3'P nuclei having five or more
first-shell Ce*" neighbors would contribute less than 1% of the
total signal for Cel6:La and less than 4% for Ce32:La, and were
thus left out for simplicity. The main adjustable variables are
peak widths, which were set at 11.5 and 16 ppm for Cel6:La
and Ce32:La, respectively. The results of this modeling for
Cel6:La and Ce32:La are shown in Figure 2, which gives the
sum of all peaks as well as the separate contributions for the
singly, doubly, triply, and quadruply shifted peaks. The model
spectra match the experimental data remarkably well, lending
credence to the assumption of a random distribution of La*
and Ce** in these La,_,Ce PO, solid solutions over a wide
compositional range. Besides the overall closeness of the fit to
experimental data, our model spectra quite accurately predict
features seen in the spectra of the higher Ce®* samples. Note,
for instance, the low-intensity peaks at +36, —69, and —85 ppm
(marked by arrows in Figure 2) present in samples with x =
0.16 and 0.32 but not Ce3:La. It is evident that these low-
intensity peaks cannot be described using only unshifted and
singly shifted peaks but are well described by the doubly or
triply shifted peaks in our model. Minor deviations between the
model and experimental data are expected due to our inability
to accurately model spinning sidebands. These discrepancies
are expected to be small, because even at the highest Ce®*
concentrations, most of the experimental intensity is in the
isotropic peaks and the overall shape of the sideband manifolds
(not shown in the figures) is not significantly different from the
band of isotropic resonances.

One important trend in the data is a shift in the center of
gravity of the band of isotropic resonances to lower frequencies
with increasing Ce®* concentration. This is expected, as the
resonances for La,_,Ce PO, solid solutions should bridge the
gap between the peak for pure LaPO, at —4.4 ppm and that of
CePO, at =90 ppm."”*** We also note that, at least in this
system, the development of a host of overlapping resonances
with varying paramagnetic shifts is the major contribution to
the overall line broadening at higher dopant concentrations,
rather than a severe shortening of relaxation times.

Y,_,Nd,PO, Xenotime Solid Solutions. The *P NMR
spectra of flux-grown Y, Nd,PO, samples Nd0.2:Y and
Nd1.4:Y (Table 1) are presented in Figure 3. The main
features are very similar to those seen in the powder-sintered
samples with one main unshifted peak at —11.4 ppm
corresponding to PO, tetrahedra with only Y neighbors and
two paramagnetically shifted peaks at +41.0 ppm (A) and
—214.0 ppm (D) with relative integrated intensities of 2:1.>
This ratio led to the assignment of these peaks to *'P nuclei
with paramagnetic Nd*" in a corner-shared site at 3.763 A (A)
and an edge-shared site at 3.014 A (D), as these correspond to
the number of times each of these specific *'P—Nd**
configurations occur around each phosphate site."** This
aspect of the structure is also shown in Figure 3. Here, peak A
corresponds to *'P having Nd*" in the solid-shaded, corner-
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Figure 3. *'P MAS NMR spectrum of Nd1.4:Y (Y,_,Nd,PO,, x =
0.014) collected with a spinning speed of 13 kHz and 1 s pulse delay.
Sidebands of peaks A, D, and the cluster of peaks around —11 ppm are
shown by A*, D*, and *, respectively. The inset shows the structure
around a PO, tetrahedron: the edge-shared sites assigned to peak D
are striped, and the corner-shared sites (peak A) are dark gray.

shared polyhedra and peak D to the striped, edge-shared
polyhedra. Although a thorough analysis and assignment of
paramagnetic shifts to specific Fermi contact shift mechanisms
(bond polarization or through-bond unpaired electron spin
delocalization) is outside of the scope of this study, it should be
noted that the difference in sign and magnitude of the shifts for
peaks A and D correlate well with the change in P—O—Nd
bond angles (155.2° and 98.2° respectively) for our peak
assignment model. This correlation qualitatively agrees with
theoretical analyses of previous researchers.””~

Peaks B and C, seen in the previous study,” also appear in
the spectra of the flux-grown samples, at —9.1 and —13.2 ppm
(Figure 4). The near equivalence of the integrals of B and C to
that of A, and their small paramagnetic shifts, suggested that
they are caused by a pseudocontact shift mechanism involving
3P—Nd*" configurations in the cation coordination shells at
4.876 and 5.685 A, as there are two distinct es of these
configurations, each with four equivalent sites."*” These two
3P—Nd*" configurations are shown as the striped and solid
dark gray polyhedra in the inset of Figure 4. In expanded
portions of the spectra centered on peak A (Figure 4), two
shoulders are present at +43.1 and +37.8 ppm, labeled AB and
AC, respectively. These are seen for Nd1.4:Y but not for
Nd0.2:Y and thus appear only as the Nd concentration
increases. The structure around peak A for the higher Nd
sample closely resembles that around the main, unshifted peak,
which has B and C as shoulders. AB and B are shifted +2 ppm
from A and the unshifted resonance, respectively, whereas AC
and C are each shifted by —3 ppm. The similarity of these
patterns leads to the assignment of peaks AB and AC as *'P
nuclei having two Nd** neighbors: one Nd* in a nearby
corner-shared site and one Nd** in one of the more distant sites
giving rise to peaks B or C respectively.

50 48 46 44 42 40 38 36 34
unshifted peak
!

-10 12 -14 -16 -18 -20
pPpm

Figure 4. *'P MAS NMR spectra of Ndl.4:Y and Nd0.2:Y
(Y,_,Nd,PO,, x = 0.014 and 0.002, respectively) collected with a
spinning speed of 14 kHz and pulse delays of 0.05 s. The bottom two
spectra from samples with x = 0.014 and x = 0.002 are centered on the
unshifted peak and show singly shifted peaks B and C. The top two
spectra from the same samples are centered on peak A showing doubly
shifted peaks AB and AC. Spectra are normalized to the most intense
peak in the frequency range shown. The inset shows an expanded view
of the structure around a PO, tetrahedron. There are two distinct sites
shown where Nd** can occur, which are presumed to be related to
peaks B and C. The striped polyhedra are at a distance of 4.876 A from
P and the dark gray polyhedra at 5.685 A. The YOy sites related to
peaks A and D (Figure 3) are shown here as ball and stick polyhedra.

Closer inspection of peak D in the Y,_,Nd,PO, xenotimes
shows an obvious splitting into two roughly equal components
labeled D1 and D2 in Figure 5. The relative integrated
intensities of A, D1, and D2 (Table 2) again suggests that both

D1 D2

] 1

210 215 220
ppm

Figure 5. *'P MAS NMR spectra of Nd1.4:Y and Nd0.2:Y
(Y,_,Nd,PO,, x = 0.014 and 0.002, respectively) collected with a
spinning speed of 14 kHz and pulse delays of 0.0S s, centered on peak
D. Spectra are normalized to the maximum peak intensity.
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D1 and D2 are related to edge-shared Slp_Nd** configurations,
because the intensity of D1 + D2 is half that of A, and the
concentrations of Nd** estimated from the intensities of the
paramagnetic shift using this peak model agree well with the
EPMA data. As mentioned above, solid solutions between
members of the tetragonal HREE-PO, xenotime group and the
monoclinic LREE-PO, monazite group are limited due to the
size mismatch in ionic radii between the LREE and HREE
groups. The significant difference in the ionic radii of Nd**
(1.109 A) and Y** (1.019 A)*> may also help explain the
splitting of peak D if the substitution of Nd** for Y is
accompanied by a significant structural distortion. If such a
distortion is large enough to locally lower the symmetry of the
REEQj site occupied by Nd** from, for example, D,; to C,,
this could cause *'P—Nd*" configurations corresponding to the
two first-shell edge-shared sites and their associated para-
magnetic shifts to become nonequivalent. It is thus possible
that small symmetry-lowering structural distortions could cause
the observed small degree of peak splitting (about 2 ppm out of
200 ppm total shift). For comparison, we note that variations in
distances and bond angles in the *P—Nd** configurations for
the Nd-doped xenotime samples from 3.014 to 3.762 A and
98.2 to 155.2°, respectivelyl produce a range of paramagnetic
shifts of 255 ppm from +41.0 to —214.0 ppm. This wide range
of paramagnetic shifts suggests that relatively minor deviations
from ideal bond lengths and angles in these Nd-doped
xenotimes could also produce a measurable effect on the
order of the splitting of peaks D1 and D2. Any such symmetry-
lowering structural distortion should, in principle, also affect the
3P—Nd* corner-shared configurations corresponding to peak
A. However, the nature of this potential structural distortion is
not clear, and it is possible that any peak splitting associated
with corner-shared *'P—Nd*" configurations is simply too small
to be observed. Because the corner-shared sites are farther away
from the *'P nucleus, and therefore cause smaller paramagnetic
shifts, it is also likely that the splitting of peak A will be smaller
than that of D. Note also that the splitting of peak D is present
in both Nd0.2:Y and Nd1.4:Y and is, therefore, not related to
any concentration-dependent processes as are the doubly
shifted peaks.

Table 2 shows the areas of these peaks measured by fitting of
the Y,_,Nd, PO, spectra along with predicted intensities given
by a binomial distribution, assuming randomly distributed Nd**
as described above. There is close agreement for the singly
shifted peaks A and D1 + D2 and the doubly shifted peaks AB
and AC (for sample Nd1.4:Y) with this model (Table 2).
Additionally, the binomial distributions also predict that at very
dilute concentrations, such as that of Nd0.2:Y, the intensities of
doubly shifted peaks should be well below the detection limit of
our experiments (about 0.1% of total integrated intensity)
(Table 2), further corroborating our peak assignments.

Y,_,Ce,PO, Xenotime Solid Solutions. As with the
materials described above, the main features of the 3!P NMR
spectra for the flux-grown Y, ,Ce PO, crystals Ce0.1:Y,
Ce0.5:Y, and Cel:Y (Table 1) are the same as in the
powder-sintered samples,”® with one main peak at —11.4
ppm corresponding to the unshifted resonance of *'P with all Y
neighbors and paramagnetically shifted peaks at +7.5 ppm (A)
and —54.7 ppm (D) (Figure 6). It is interesting to note the
much smaller magnitude of the paramagnetic shifts when Ce®*
substitutes into the YPO, lattice as opposed to Nd**. As
described in our previous study, the magnitudes of these shifts
correlate well with the resonances of the pure paramagnetic
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Ce0.1:Y

J JLCeO.S:Y

A CellY
L 1 1 1 1
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Figure 6. *'P MAS NMR spectra of Ce0.1:Y, Ce0.5:Y, and Cel:Y

Y,_.Ce,PO,, x = 0.001, 0.005, and 0.010, respectively) collected with
4 P Yy

pulse delays of 0.0S s.

orthophosphate phases (CePO, at —90 ppm and NdPO, at
—251 ppm), which, again, correlate well with the magnetic
susceptibility of these materials.”” In the two low-Ce®* samples,
two additional paramagnetically shifted peaks are seen flanking
the main peak at —10.9 ppm (B) and —12.1 ppm (C) (Figure
7). Peaks B and C were not observed previously in powder-

unshifted
peak
Ce0.1:Y c
A
B
pd=1s
E
A \ F
pd = 0.05s / c
B
8.5 7.5 6.5 -10.5 -11.5 -12.5
ppm ppm

Figure 7. *'P MAS NMR spectra of Ce0.1:Y (Y,_,Ce,PO,, x = 0.001)
showing enlarged regions of the spectra for peak A and that close to
the main unshifted peak. The bottom spectra were collected with a
pulse delay of 0.05 s, and the top spectra were collected with a pulse
delay of 1 s. Spectra are normalized to the intensity of peak A for each
delay time.

sintered Y,_,Ce, PO, It is evident here that when very short
pulse delays are used, peaks B and C have significantly less
intensity than peak A, which seems to preclude the application
of the peak assignment model developed for the Y, ,Nd, PO,
samples above. However, when a 1 s pulse delay is employed
(Figure 7), it is seen that peaks B and C increase in intensity
relative to peak A. Although peaks B and C are narrower than
peak A, when each peak is integrated with its sideband
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contributions, their intensities are very close to equal. Although
it is initially surprising that peaks B and C would have
relaxation times significantly longer than peak A (as all are
paramagnetically shifted), this finding actually further bolsters
our peak assignments, because the relaxation time is expected
to vary with 1//% where r is the distance between the
resonating nucleus and the paramagnetic center.”® Therefore, it
is likely that peaks B and C were not observed in the sintered
samples™ due to their long relaxation times combined with
overall increased peak broadening. Our model, therefore, is
consistent with that of the Nd-xenotimes above with peaks A
and D related to the presence of Ce®* in the corner- and edge-
shared sites at 3.763 and 3.014 A (see inset of Figure 3),
respectively, and peaks B and C corresponding to Ce®" in the
cation coordination shells at 4.876 and 5.685 A (see inset of
Figure 4). Furthermore, the spectra of the two low Ce®"
samples show evidence of two additional peaks even closer to
the main unshifted peak, labeled E and F in Figure 7. Due to
their small shifts and their prominence in even the sample with
the lowest Ce>" concentration, we conclude that peaks E and F
are caused by third-shell *'P—Ce’* configurations at or beyond
7.525 A.

Figure 8 presents the fine structure in the vicinity of
paramagnetically shifted peaks A and D and how this changes

-50 55 60
ppm

Figure 8. *'P MAS NMR spectra of Ce0.1:Y, Ce0.5:Y, and Cel:Y
(Y,_,Ce,PO,, x = 0.001, 0.005, and 0.010, respectively) collected with
pulse delays of 0.05 s, showing expanded regions for peaks A and D.
Doubly shifted peaks are labeled as in the text. For each sample, the
lower spectrum is normalized to the intensity of the main peak and is
overlaid with the same region with a vertical scale expanded 5X.

with increasing Ce’ concentration. At the lowest concen-
tration, only peaks A and D themselves are detectable.
However, with higher Ce®, additional resonances appear
around both peaks A and D. Their intensities increase with
increasing Ce®', indicating that these are double shifts caused
by interaction of *'P with two Ce*" neighbors. There are two
such features flanking peak A at +10.5 ppm (AB) and +3.1 ppm
(AC) that are shifted +3.0 ppm and —4.4 ppm from peak A,

respectively. There are three more doubly shifted peaks around
D at —53.0 (DB), —57.2 (DF), and —60.4 ppm (DC) that are
shifted +1.7, —2.5, and —5.7 ppm, respectively. Unlike the
approximation made (by necessity) in our model for the Ce-
monazites, these peaks have shifts that are clearly not exact
sums of the individual shifts for single paramagnetic neighbors
in the corresponding configurations. In fact, the shift
increments of these doubly shifted peaks from A and D are
significantly greater than the shifts of peaks B, C, and F (+0.5,
—0.7, —0.3 ppm, respectively). However, we are confident in
these assignments considering the growth of the intensities of
these peaks with the concentration of Ce** and the close
similarity in the numbers and geometry of these shoulders
around A and D with those for the main unshifted resonance. It
is possible that the first approximation of linear paramagnetic
shift additivity is not always the rule and that magnetic or
structural interactions between two spatially related Ce** ions
may slightly alter the paramagnetic shift experienced by the *'P
nuclei with two such neighbors.

In the *'P NMR spectra of the powder-sintered Y,_,Ce,PO,
samples, two peaks were observed at —41.8 and —34.0 ppm.”
These materials were demonstrably heterogeneous and spectral
resolution was reduced and peak fitting was hampered by the
presence of a broad resonance for unreacted, pure phase
CePO,.” In this area of the spectra of the flux-grown samples
(Figure 9), we observe three distinct peaks at —32.9 ppm

Additive shift of A+ D
expected here

Ce0.1:Y i

ppm

Figure 9. *'P MAS NMR spectra of Ce0.1:Y, Ce0.5:Y, and Cel:Y
(Y;_,Ce,PO,, x = 0.001, 0.00S, and 0.010, respectively) collected with
pulse delays of 0.05 s, showing the region where doubly shifted peak
AD is expected. The lower two spectra are normalized to maximum
peak intensity, whereas the upper spectrum is enlarged to show the
absence of detectable features. The expected location of AD, assuming
additive shifts and no local distortion, is shown by the dashed line.

(AD1), —39.9 ppm (AD2), and —42.7 ppm (AD3). As a first
approximation, only one doubly shifted peak AD is expected at
about —36 ppm. We now suspect that all three peaks in this
region are the result of splitting of the AD resonance by
structural distortion caused by the size mismatch between Y*
(1.019 A) and Ce* (1.143 A)? as noted above for the Nd-
xenotime case. This conclusion is supported by the fact that the
sum of the integrated intensities of these three peaks closely
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matches the predicted intensity of the doubly shifted AD
resonances in both Ce0.5:Y and Cel:Y (Table 3). An
examination of the YPO, crystal structure presents at least
one way in which combinations of edge- and corner-shared
*'P—Ce*" configurations could produce more than one peak. If
a 3P nucleus has one corner-shared Ce’* neighbor, an edge-
shared Ce** can occupy the site either nearer to or farther from
the corner-shared neighbor at distances of 3.762 and 5.685 A,
respectively. If magnetic interactions between Ce* ions or
structural distortions cause variations from strict additivity of
the paramagnetic shifts, then these two configurations could
produce two different peaks. There are four ways in which each
*'P nucleus can have either of these two configurations. It is
possible that if the Ce®* substitution sufficiently distorts the Y**
site such that the symmetry is significantly lowered, then the
peaks caused by the two configurations described above could
be split even further. However, on the basis of the arguments
presented above, we tentatively assign the peaks between —30
and —45 ppm to *'P nuclei having two Ce*" neighbors in some
combination of edge- and corner-shared sites with magnetic
interactions between the Ce*" ions and/or strong local
structural distortion causing splitting of the single peak
expected for this combination as a first approximation.
Measured peak areas (Table 3) agree fairly well with
predictions made using the assumption of random distribution
and these assignments (Table 3). High-level theoretical
calculations, which have recently been demonstrated for
predictions of shifts in paramagnetic phosphates,>’~* could
in the future help to confirm such assignments and relate them
to quantitative variations in local structure.

One alternative explanation for the splitting observed here is
that the “extra” peaks between —30 and —45 ppm are from *'P
nuclei with three Ce® neighbors. Such hypothetical triply
shifted peaks would probably be combinations of peaks A and
D along with one further contribution from peak B, C, E, or F.
This explanation, however, is much less likely considering the
predicted intensities of such peaks (Table 3). The observed
intensities of peaks AD1, AD2, and AD3 are orders of
magnitude greater than predicted intensities. Given the close
agreement of the intensities of singly and doubly shifted peaks
with a random distribution model, it is unlikely that any sort of
deviation from this model could cause such a significant
increase in the intensities of triply shifted peaks, and therefore,
we find the invocation of triply shifted peaks to be highly
improbable.

Y,_V,PO, Xenotime Solid Solution. The *'P NMR
spectra at 47 and 162 °C of flux-grown sample V0.2:Y (YPO,
with 0.2% V, Table 1) are shown in Figure 10. In addition to
the main unshifted peak at —11.4 ppm, there are at least nine
low intensity peaks between —25 and +8 ppm, labeled A
through I. The results of spectral decomposition are shown in
Table 2. All of these features move in toward the main peak
with increasing temperature, confirming their shifts as para-
magnetic. Vanadium can have multiple possible oxidation states
when substituting into inorganic materials. Considering solely
ionic charge balance, the two most likely valences for V in
YPO, are V> substituted for P>* and V** for Y**. YVO, (V%) is
a known compound and has found use as a laser or phosphor
material when doped with either Nd** or Eu®*, respectively.**
Furthermore, the existence of a complete solid solution
between YPO, and YVO, has been demonstrated.*® However,
V* has the [Ar] 3d° electronic configuration and is
diamagnetic, whereas V**, V¥, and V* have [Ar] 3d° [Ar]
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Figure 10. 3P MAS NMR spectra of V0.2:Y (Y,_,V,PO,, x = 0.002)
collected with pulse delays of 1 s at temperatures of 46 °C (upper
spectrum) and 162 °C (lower spectrum) illustrating the temperature
dependence of paramagnetically shifted peak positions, as marked by
dashed lines. Spectra are normalized to the maximum intensity.

3d? and [Ar] 3d', respectively, and are paramagnetic. EPMA
analysis of this sample did not show a significant amount of any
paramagnetic REE and, furthermore, the observed spectrum
does not resemble those we describe here or previously™ for
REE-doped YPO,. We therefore conclude that at least some of
the vanadium in V0.2:Y is present as V**, V3% or V¥
substituting for Y**. Making peak assignments to specific
3P—V configurations for this material is probably not possible
at this point without knowing the valence of V. We can,
however, make an estimate of the relative amount of
paramagnetic V if we use a tentative peak assignment where
each paramagnetically shifted peak is caused by sets of four
symmetrically equivalent *'P—V configurations as with peak A
in the Y,  .REE PO, materials described above. Then, the
concentration of V in atoms per formula unit, «, is given by x =
I/4, where I is the relative intensity of a paramagnetically
shifted peak. The average value of the shifted peak areas was
measured to be 0.7% utilizing A through I, but excluding the E
and F, as their major overlap with the main unshifted peak
made fitting imprecise. This gives a concentration of 0.18% for
V, which is close to the total vanadium concentration given by
EPMA (0.2 + 0.1%), indicating that most of the V in this
sample is present not as diamagnetic V>* but as V**, V3*, V¥, or
some combination of the three. Although the existence of a
solid solution between YPO, and V°*-bearing YVO, has been
demonstrated,**>*” it is possible that near the YPO, end
member in the solid solution, strict adherence to the

_.V*",0, join is not followed. The oxidation state of a
transition metal substituent such as V may also depend on the
synthesis conditions and method.

B CONCLUSIONS

The 100% natural abundance of *'P and its high NMR
sensitivity make phosphorus-bearing systems potentially rich in
information regarding minor substitutional constituents and
their bearing on solid solution mechanisms. Solid solutions
composed of a paramagnetic component in a host diamagnetic
phase may offer especially clear structural details relative to
solid solutions containing only diamagnetic or only para-
magnetic cations: the former because of the greater range of
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paramagnetic shifts relative to chemical shifts and thus greater
separation and resolution of distinct resonances, and the latter
because of the narrower line widths with lower concentrations
of paramagnetic species.

In this study, we have demonstrated that *'P MAS NMR
provides strong evidence of random cation distributions in the
La,_,Ce PO, monazites and Y,_ M,PO, (M = Ce**, Nd*")
xenotimes. In the monazites, a fully disordered distribution of
La*>" and Ce** over the single crystallographic REE-O, site is
based on modeling of spectra with peaks related to PO,
tetrahedra having zero, one, two, three, or four nearest
neighboring Ce®* using a binomial distribution to predict
intensities. For the xenotimes, evidence for the random
distribution of Y** and Ce*" or Nd** derives from the direct
observation and quantification of peaks related to PO,
tetrahedra having zero, one, or two paramagnetic neighbors
and comparison to predictions of a random distribution model.

In addition to the information obtained concerning cation
order/disorder in these systems, observations of deviations
from linear additivity of paramagnetic shifts and of the splitting
of some peaks strongly suggest local structural distortions
caused by the substitution of the larger ions of Ce®* (1.143 A)
or Nd* (1.109 A) for Y>* (1.019 A).> Because paramagnetic
shifts are typically rather large, any slight deviation in local
structure can potentially lead to changes in peak positions that
are small in proportion to the total shift but are large enough to
be resolvable in an NMR experiment of sufficient resolution.
Note that the magnitude of these effects increases with
increasing cation size from Nd*, where the proposed structural
distortion is manifested as slight splitting of one of the
paramagnetically shifted peaks but linear shift additivity is
largely observed, to Ce®" wherein peak splitting and extreme
deviations from shift additivity are observed.

The approach described in this paper has the potential to
provide information on other systems. Of particular interest
could be solid solutions between end members having different
symmetries, such as the Y,_,LREE PO, xenotime/monazites,
but which have greater mutual solubilities than the binaries
considered in this work. The relatively low amount of Ce®" or
Nd** that could be substituted into the YPO, lattice precludes
the possibility of observing triply or quadruply shifted NMR
resonances. If deviations from random cation distributions (e.g.,
clustering) are to be expected, they may become important, and
more readily detectable, when the two structurally dissimilar
end members are mixed together in more equal proportions,
allowing more strain to build up in the crystal lattice.
Observation of paramagnetically shifted NMR peaks and
careful analysis and quantification of peak areas has the
potential to provide a deeper level of understanding of solid
solution mechanisms in many inorganic crystalline systems.
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