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AbStrACt

We present the results of a variable-temperature (VT) 31P magic angle spinning NMR (MAS-
NMR) study of a series of solid solutions between different synthetic rare earth (RE = Y, La, Ce, Pr, 
Nd, Eu, Dy) orthophosphates (REPO4) taking either the monoclinic monazite or tetragonal xenotime 
(zircon) crystal structure. Solid solutions were formed by mixing a small amount of a paramagnetic 
REPO4 material (RE = Ce, Pr, Nd, Eu, Dy) with either diamagnetic LaPO4 or YPO4, which take the 
monoclinic and tetragonal crystal structures, respectively. Mixtures were made with up to 10 mol% 
(nominal content) of the paramagnetic component. 31P spectra of these materials contained several 
paramagnetically shifted resonances indicating some dissolution of the paramagnetic rare earth into 
the host LaPO4 or YPO4 phase; however, it is clear that none of the samples studied here reached a 
state of complete solid solution. The use of multiple paramagnetic species in dilute solid solution with 
two diamagnetic materials taking different crystal structures enabled an investigation of the probable 
mechanisms of paramagnetic interactions in the 31P NMR experiments. A peak assignment model is 
introduced for the 31P spectra. Our analysis indicates that the paramagnetic interactions are dominated 
by the Fermi contact shift with a secondary contribution from the so-called “pseudocontact” shift.
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introduCtion

Monazite [LREPO4; LRE (light rare earth) = La to Gd] and 
xenotime [HREPO4; HRE (heavy rare earth) = Tb to Lu and Y] 
are important accessory minerals in many rock types and are 
increasingly significant in many technological applications. 
Although the range of RE comprising each of the minerals is 
wide, naturally occurring monazite is generally composed of 
La, Ce, and Nd, whereas xenotime is typically more than 75% 
YPO4 (Spear and Pyle 2002). The extent to which La, Ce, and 
Nd in monazite can be exchanged with Y in xenotime is tem-
perature dependent and much work has been done on developing 
a geothermometry system based on this exchange (cf. Gratz and 
Heinrich 1997; Andrehs and Heinrich 1998; Mogilevsky et al. 
2007). Additional geothermometers have been developed based 
on exchange reactions involving monazite and garnet (Pyle 
et al. 2001) and xenotime and garnet (Pyle and Spear 2000). 
The tendency of monazite to take in radioactive elements has 
also made this an important mineral in geochronology studies 
(Parrish 1990; Montel et al. 1996). Indeed, the predilection of 
these minerals for the uptake of actinides, coupled with their 
high durability and resistance to weathering, has led to serious 
investigation of their suitability for long-term sequestration of 
radioactive waste materials (Sales et al. 1983; Meldrum et al. 
1997, 1998, 2000; Terra et al. 2003). Industrial and technological 
interests for these minerals include their use in composite ceram-
ics (Morgan and Marshall 1995; Davis et al. 2000; Boakye et al. 

2001; Hay and Boakye 2001) and their use as nanocrystalline 
phosphors for various commercial products (cf. Yan et al. 2010; 
Xiao and Yan 2010).

Characterization of these materials by 31P NMR is complex 
due to the fact that trivalent cations of most REs have unpaired 
electrons and are thus paramagnetic. This paper describes prog-
ress in beginning to understand these complications, which may 
apply as well to other mineral systems where such interactions 
can be detected. The first 31P NMR study (non-MAS) of mona-
zite and xenotime was performed by Bose et al. (1979) in which 
spectra were collected for the 13 RE orthophosphates (RE = La to 
Yb). While normal 31P NMR chemical shifts have a range of less 
than 100 ppm, Bose et al. (1979) reported shifts of up to several 
thousand parts per million. These results were later confirmed 
by Bregiroux et al. (2007) for XPO4 (X = La to Eu). Such large 
NMR shifts are common for materials containing magnetic ions 
and are often called “paramagnetic” shifts, although they can be 
either up or down in frequency. These are caused by an interac-
tion between unpaired electron spins on the paramagnetic center 
(typically ions of most rare earths and transition metals) and the 
spin states of the NMR-observed nucleus. Paramagnetic shifts 
caused by rare earths have been well studied in various inorganic 
crystalline materials and have provided important information 
about the extent of solid solutions, cation order/disorder, site oc-
cupancy, and clustering, including a series of rare earth stannate 
and titanate pyrochlores (Grey et al. 1989, 1990), Tb-doped YAG 
(yttrium aluminum garnet) (Harazono et al. 1998b), and various 
other phosphors (Harazono et al. 1998a, 2001).
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