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Abstract

The AXO4 monazite-type compounds form an extended family that is described in this review in terms of field of stability versus composition. All
the substitution possibilities on the cationic and anionic sites leading to the monazite structure are reported. The phosphate, vanadate, chromate,
arseniate, sulphate and silicate families are described and the unit-cell parameters of pure compounds and solid solutions are gathered. The stability
limits of the monazite-type structure are discussed versus several models generally correlated with geometric criteria. The effects of physico-
chemical parameters such as pressure, temperature and irradiation on the monazite-type structure stability are also discussed. The structural
relationships between the monazite structure and the related structures (zircon, anhydrite, barite, AgMnOQOy,, scheelite and monoclinic BiPOy,,
CaSeOs3, rthabdophane and StNp(PO,),) are described.
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1. Introduction

Monazite is a natural light rare-earth element phosphate that
generally contains large amounts of uranium and thorium.!=
Small crystals of this mineral are formed during the magma crys-
tallization as an accessory phase. A review of the composition
and geological occurrence of monazite in the accessory min-
eral assemblage of granitoids was given by Rapp and Watson.®
Because of their high density, monazite minerals can concentrate
in alluvial sands when released by the weathering of pegmatites.
These so-called placer deposits are often beach or fossil beach
sands and contain other heavy minerals of commercial inter-
est such as zircon and ilmenite. These sands constitute the
main world’s thorium resource. During the 70s, several authors
claimed that long-life superheavy elements (Z=124, 126) were
present in monazite inclusions in biotite. These minerals were
characterized by giant halos, with radii up to 100 pm, that may
be due to the radiation damage caused by the decay of super-
heavy elements.”® However, no evidence for the existence of
such elements was obtained.”~!!

Due to some interesting physical and chemical properties
(high fusion temperature, optical emissivity, high resistance to
aqueous and molten glass corrosion or to radiation damage, . . .),
five main applications for this material are already reported and
under development.

Coatings and diffusion barrier: High fusion temperature and
high temperature corrosion resistance in oxidizing environments
yielded to propose the use of LaPO, as interface coatings in
composites for high-temperature application, in the form of tape-
cast laminates and fiber systems.2—30

Geochronology: Because natural monazites are often U
and Th enriched minerals, radiogenic Pb accumulates quickly
through the o, 3 decay sequences in the three natural radioactive
families, and reaches, in about 100 Ma, a level where its analysis
becomes possible by electron probe microanalysis (EPMA).3!
Assuming that common Pb is negligible, and that radiogenic
Pb is kept in the structure all along the time excluding lead
loss when ageing,*?3 the simultaneous measurement of U, Th,
and Pb allows to reach the geologically meaningful age from
a single electron probe analysis. An easy to work/implement

method was proposed and developed by Suzuki et al.>* and Mon-
tel et al.»33-30 This method offers a large number of geologists
to access an in situ dating technique with £30-50 Ma final accu-
racy on ageing, for a ‘normal’ monazite.>3’-40 The reliability of
this method is linked to the structural properties of the monazite
structure, in particular to its high chemical durability leading to
small amounts of released elements*'~#* thus to the absence of
lead loss during corrosion processes.

Luminophors, lasers and light emitters: Doped LaPQOy crys-
tals with Ce3*, Eu?*, Tb3* or Yb** offer interesting optical
properties.*>**® Specific compositions were developed for appli-
cations in the field of electronic and optical applications.*’—*
The authors demonstrated that the light emission properties
are directly linked to the doping elements substituted in the
structure.”>>! Most of the applications proposed are relative to
the tetragonal form of LaVOy,°2>* and can depend on the crys-
tal morphologies.”>7 In this case, the main objectives are to
avoid the formation of the monazite-type structure by addition
of doping elements and to control the crystal growth process.
This requires knowing the stability limits of both monazite and
zircon structures.”® 7! The same objectives are required for the
use of LnVOy4 and LnCrOy4 as catalysts.72‘77

Ionic conductors: Specific applications in the field of ionic
conductor materials are also proposed for several monazite-type
compounds in the phosphate’®®! and vanadate families.”%%2
Other particular compositions (CaSeO3, LaCrO4) can also
potentially exhibit specific ionic or electronic conduction.*!-83

Matrix for radioactive waste management: The resistance
of natural monazites to geological events, its high chemical
durability despite of the presence of usually mobile cations
(e.g. calcium) and its capacity to incorporate large amounts
of uranium and thorium yielded to propose their use in the
field of long term storage of radioactive wastes.>%*%3 In the
same way, the high resistance of monazite-type structure to
radiation damages (either in the synthetic and natural forms)
is probably connected to the easy recovery of these distorted
polyhedra for very low temperatures of annealing. A lot of
compositions were synthesized, yielding to the incorporation of
various elements in terms of ionic radii and oxidation state in the
monazite structure.®* Within this application, particular studies
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are dedicated to the fabrication processes”™ % or to the sinter-

ing of monazite compounds loaded with actinides or actinide
surrogates,!03-110

In these applications, the elementary incorporation in the
structure is the key factor driving the material properties. The
understanding and forecasting of elementary substitution in the
monazite structure is of major interest to obtain designed materi-
als. This objective could be achieved by the precise description
of the crystal chemistry of the monazite structure-type com-
pounds. During the last decades, few articles and reviews were
devoted to this purpose but none of them were focussed on the
substitution capabilities. In the light of the applied potentiali-
ties of monazite compounds and of the lack of general data on
the monazite crystal chemistry, we decided to present this review
paper based upon all the reported synthetic compounds adopting
the monazite type structure dealing with the substitution mech-
anisms, structure stability domain and structural relationships
with existing polymorphs. The aim of this work is mainly to
explore the incorporation possibilities of the monazite structure
thus to give the reader the keys for the design of new monazite
compositions.

2. Description of the monazite structure

The monazite-type compounds crystallize in a monoclinic
lattice with space group P2i/n (Z=4). This structure was
first reported by Mooney in the framework of the Man-
hattan Project and latter published in 1948.'!! It was then
refined from this date by several authors for various rare
earth phosphates,''>~1'7 until Ni et al. provide a high preci-
sion structural determination.''® As an example, the parameters
reported for LaPOy4 reach a=6.8313(10) A; b=7.0705(9) A;
¢=6.5034(9) Aand b= 103.27(1)°, leading to a cell volume of
305.73 A3 and a calculated density of about 5.08 gcm ™3,

A complete description of the structure and of the coordina-
tion polyhedra of the rare-earth element was reported by Beall
et al.''” and Mullica et al.''>!!® The structural arrangement is
based on the nine-fold coordination of the metallic cation and is
usually described as an equatorial pentagon (formed by 5 oxygen
atoms belonging to monodentate anionic tetrahedrons) interpen-
etrated by a tetrahedron (built by 4 oxygen atoms belonging to
two bidentate tetrahedrons) as shown in Fig. 1. The tetrahedrons
located out of the equatorial plane could then be described as a
link between the REEOg polyhedra, leading to the formation of
infinite chains along the ¢ axis ([0 0 1] direction).

Moreover, the values reported for the REE-O lengths evi-
dence alonger bond (around 2.78 A in REEPO4) compared to the
others (about 2.53 A) which leads to a distortion of the REEOg
polyhedron.!!7-129 This induces a set of nine distinct bond dis-
tances between rare earth element and oxygen atoms.''8 This
type of distortion is often correlated to the capability of the
structure to accommodate a large variety of cations and poly-
oxoanions. Also, the irregular coordination around the metallic
centre does not induce severe symmetry, size or charge con-
straints on cations.?*

‘.L‘Q

Fig. 1. Ninefold coordination of cerium and interlocking mechanism of the
chain-like strands in CePO4 monazite.!'8

3. AXO4 compound series with the monazite-type
structure

All the compounds that can be stabilized with the monazite
structure are reported in this section and associated crystallo-
graphic data are collected in Tables 1-8. The wide variety of
compositions that can be stabilized with the monazite structure
yields us to treat separately the phosphate family from the other
series (vanadates, arsenates, etc.).

3.1. Phosphates with the monazite structure

3.1.1. M"PO, compounds

All the light lanthanide phosphates (typically from lanthanum
to gadolinium, including promethium'?!) crystallize in the P2 /n
space group of monazite!?>~12? while the heavier (from Tb to
Lu) adopt the zircon-type structure of xenotime. ! 18130132 Ney-
ertheless, for the rare earth elements located in the middle of
the series, the limit between both families appears to be strongly
dependent on the chemical way of synthesis. Indeed, several
authors report the formation of TbPO4!33-13% monazites from
the heat treatment of the corresponding rhabdophane (REEPO4,
0.5 H;O) precursor. Such a transformation is described for sev-
eral rare earth elements and generally occurs with the formation
of an anhydrous phosphate with rhabdophane structure before
the phase transition to the monoclinic monazite.!3%137 On the
other hand, the direct preparation of monazites through flux
method'3® or during precipitation in organic media'>® as well
as the use of solid state reactions'*” led to a tetragonal lattice
for the terbium phosphate. Moreover, the structure of TbPOy is
also dependent on the precursor used during the precipitation
processes as demonstrated by Boakye et al.!*! who obtained the
monazite form only in the presence of citrate ions.

The formation of monazite-type compounds was also
reported for trivalent actinides phosphates. As instance, the
preparation of PuPO4 was mentioned using wet chemistry meth-
ods, mostly involving the initial precipitation of rhabdophane as
starting precursors, 42 or solid state syntheses. %143 Ponderable
amounts of monazite were also obtained for americium, 44143
248Cm curium!© as well as for 2Bk berkelium, 29Cf cal-
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Table 1
Unit-cell parameters of the MI'PO, monazite-type compounds.
a(A) b(A) c(A) B(©) v (A3) Ref.

LaPO, 6.8413 7.078 6.513 103.322 306.89 122
LaPOy, 6.825 7.057 6.482 103.21 303.94 115
LaPO, 6.8406 7.0736 6.5126 103.31 306.66 s
LaPOy, 6.836 7.076 6.509 103.23 306.49 12
LaPO, 6.8313 7.0705 6.5034 103.27 305.73 118
LaPOy 6.841 7.079 6.508 103.33 306.67 135
LaPO, 6.8313 7.0705 6.5034 103.27 305.73 118
LaPOy 6.8242 7.0792 6.4919 103 305.58 133
CePO, 6.7777 6.993 6.445 103.54 296.98 14
CePOy 6.7804 6.9967 6.4482 103.52 297.43 123
CePO, 6.7989 7.0226 6.4735 103.4755 300.57 124
CePOy 6.788 7.0163 6.465 103.43 299.49 18
CePOy 6.803 7.03 6.472 103.6 300.85 135
CePOy4 6.7968 7.0258 6.4743 103.5 300.62 133
CePO, 6.7989 7.0226 6.4735 103.4755 300.57 124
PrPO4 6.741 6.961 6.416 103.63 292.59 125
PrPO4 6.7596 6.9812 6.4344 103.53 29521 113
PrPO, 6.7687 6.99 6.4439 103.5 296.46 133
PrPOy 6.7623 6.9785 6.4304 103.516 295.05 126
NdPO4 6.722 6.933 6.39 103.72 289.30 127
NdPOy 6.7426 6.9574 6.4097 103.6624 292.18 124
NdPO, 6.7352 6.95 6.4049 103.68 291.31 18
NdPO4 6.7392 6.9621 6.4053 103.6 292.10 133
NdPO4 6.7426 6.9574 6.4097 103.6624 292.18 126
SmPO, 6.669 6.868 6.351 103.92 282.35 128
SmPOy 6.6818 6.8877 6.3653 103.86 284.42 18
SmPO, 6.6891 6.8958 6.377 103.9 285.54 133
EuPOy4 6.639 6.823 6.318 104 277.69 128
EuPOy4 6.6613 6.8618 6.3491 103.96 281.64 18
EuPOy4 6.666 6.8684 6.3486 103.9 282.16 133
GdPO, 6.621 6.823 6.31 104.16 276.39 128
GdPO4 6.6503 6.8466 6.3333 104.007 279.79 123
GdPO4 6.652 6.845 6.334 104 279.84 12
GdPO4 6.6435 6.8414 6.3281 103.976 279.10 18
GdPO, 6.6435 6.8414 6.3281 103.976 279.10 18
GdPO4 6.6511 6.8471 6.3343 104 279.90 133
GdPO, 6.732 6.93 6.383 103.61 289.42 129
TbPO, 6.6115 6.8131 6.3143 104.1 275.86 133
BiPOy 6.7626 6.9516 6.4822 103.74 296.01 151
PuPO, 6.73 7 6.42 103.8 293.72 142
PuPO, 6.7641 6.9841 6.4536 103.64 296.28 124
PuPO, 6.73 7 6.42 103.8 293.72 144
PuPO, 6.74 6.95 6.42 103.7 292.18 107
PuPOy, 6.76 6.98 6.44 103.66 295.27 107
PuPO, 6.772 6.968 6.427 103.7 294.64 143
AmPOy, 6.73 6.93 6.41 103.50 290.29 144
AmPO, 6.74 6.96 6.43 103.75 292.99 107
CmPOy4 6.72 6.93 6.37 104.63 287.70 146

ifornium and *'Es einsteinium.'4’-14° The precipitation of
UPOQ, in formic acid media was also reported'>® but appears
strongly doubtful regarding to the oxidation states generally
stabilized for uranium in presence of phosphates (i.e. IV and
VD).

Bismuth phosphate also adopts the monazite structure even
if a second tetragonal phase can be obtained from precipitation
between 25°C and 200 °C, the nature of the solid stabilized

being mostly dependent on the heating time.'>!~153 Neverthe-
less, the stability of monazite-type BiPO4 appears to be limited to
a smaller temperature range compared to lanthanide phosphates
since it decomposes above 600 °C to adopt another monoclinic
structure.'>*

On the basis of these data, the ionic radii of trivalent elements
that can be incorporated in the monazite structure ranges from
1.095 A (terbium) to 1.216 A (lanthanum) (note that the ionic
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Table 2

Unit-cell parameters of REE'REE”POy solid solutions with the monazite structure.

REE'REE"(POy); series a(A) b(A) c(A) B () V(A% Ref.
(Ce.50Tbg.50)PO4 6.7272 6.944 6.4176 103.726 291.23 170
(Ceo.50Tbo.50)PO4 6.670 6.878 6.373 104.8 282.67 48
(Ndo.50Tbg 50)PO4 6.681 6.886 6.366 103.89 284.29 170
(Ndg.50Tbog.50)PO4 6.670 6.870 6.365 104.0 283.0 48
(Smg.50Tbg 50)PO4 6.6500 6.8534 6.3412 103.99 280.42 170
(Smg.50Tbg 50)PO4 6.630 6.820 6.333 104.1 27773 48
(Lag.91Ceg.09)PO4 6.8275 7.0609 6.5005 103.31 304.96 221
LaPOy 6.837 7.078 6.507 103.28 306.50 135
(Lag.05Gdo.05)PO4 6.806 7.02 6.467 103.61 300.30 135
(Lag.ooGdo,10)PO4 6.797 7.015 6.452 103.6 299.00 135
(Lag 80Gdo.20)PO4 6.786 7.013 6.457 103.42 298.90 135
(Lag.¢5Gdo.35)PO4 6.765 6.99 6.448 103.66 296.20 135
(Lag 50Gdo.50)PO4 6.737 6.947 6.408 103.69 291.30 135
(Lag35Gdo.65)PO4 6.72 6.925 6.393 103.76 288.80 135
(Lag20Gdo.80)PO4 6.684 6.883 6.353 103.84 282.80 135
GdPO, 6.653 6.847 6.331 103.96 279.90 135
(Lag g5Ceo.15)PO4 6.82814 7.06114 6.50125 103.297 305.05 158
(Lag .80 Tbo.20)PO4 6.82653 7.05615 6.50049 103.344 304.67 158
(Lag.¢5Ceo.15Tbo 20)PO4 6.81656 7.05175 6.49545 103.357 303.78 158
CePOy 6.767 7.03 6.474 103.44 299.55 156
(CepgLag»)POy 6.775 7.036 6.481 103.39 300.54 156
(Ceo.6Lag4)POy 6.8 7.045 6.488 103.35 302.42 156
(Ceg.4Lag¢)POy 6.813 7.053 6.495 103.32 303.7 156
(Cep.2Lagg)POy 6.821 7.062 6.512 103.3 305.46 156
LaPOy 6.833 7.072 6.516 103.25 306.49 156
NdPOy 6.7448 6.9552 6.4140 103.669 292.368 172
(Ndg.05Y0.05)PO4 6.7363 6.9495 6.4058 103.701 291.347 172
(Ndo.00Y0.10)PO4 6.7345 6.9471 6.4070 103.728 291.190 172
(Ndo.80Y0.20)PO4 6.7187 6.9290 6.3962 103.765 289.216 172
(Ndo.70Y0.30)PO4 6.7030 6.9109 6.3850 103.809 287.228 172
(Ndo.00Ybo.10)PO4 6.7221 6.9339 6.4007 103.728 289.816 172
(Lag.60Y0.40)PO4 6.7273 6.9445 6.4244 103.697 291.598 172
(LagoPug 1 )POy 6.8396 7.0777 6.5008 103.2 306.38 177
(LagoGdg.1)PO4 6.8234 7.0582 6.4949 103.33 304.37 177

radii reported in the paper are all given for the nine-fold coordi-
nation, unless specifically advised in the text).!>> The unit-cell
parameters of the APO4 monazite-type compounds are gathered
in Table 1.

3.1.2. M|_ M[POy solid solutions

As mineral ores, natural monazites generally incorporate
all the lanthanide elements from lanthanum to lutetium with
various chemical compositions, La and Ce being almost
always predominant.® On this basis, several studies were

undertaken about the possibility to incorporate simultaneously
several rare earth elements in phosphate-based monazite-type
compounds. These samples are generally obtained through
wet chemistry methods since solid state routes hardly pro-
mote the formation of homogeneous solid solutions due to
some differences in the temperature reaction of the various
elements. 40

Two cases could be distinguished in the family. On the one
hand, several authors studied some mixtures of two light rare
earth elements, namely from La to Gd, which usually adopt the

Table 3
(ngMB\"S )PO4 phases with the monazite structure reported in the literature.
MIV MII
Mg Ca Sr Cd Ba Pb
Ce 210 210 140, 207, 208 210 207 210 210 207
Th 210 140, 202, 203, 210, 171, 213, 216 210,213 213,215 213,215 213,215
U 210 140, 202, 203, 210, 212, 216 210
Np 204, 205, 206
Pu 107, 204

Note: The shaded cells indicate unsucceeded syntheses.
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Table 4
Unit-cell parameters of (M{)I,SM{)\.IS )PO4 compounds with the monazite structure.

a(d) b(A) c(A) B () V(A3 Ref.
(Cao.5Tho 5)POy4 6.675 6.889 6.392 103.57 285.72 210
(Cag5Thg 5)POy 6.695 6.907 6.41 103.609 288.09 215
(Cao.sTho.5)PO, 6.714 6.921 6.424 103.683 290.04 215
(Cag5Thg 5)POy4 6.705 6.918 6.415 103.65 289.16 171
(Cao.sTho 5)POy4 6.706 6.916 6.417 103.72 289.12 1m
(Cao.5Thy 5)POy4 6.7088 6.9166 6.4158 103.7031 289.23 124
(Cag5Tho.5)PO4 6.7085 6.916 6.4152 103.71 289.16 205
(Mg.5Tho5)PO, 6.523 6.83 6.261 102.18 272.66 210
(Stg.5Thg 5)PO4 6.792 7.017 6.501 103.514 301.26 215
(Srg.5Tho.5)PO4 6.825 7.047 6.535 103.64 305.44 210
(Bag.5Thy 5)POy 6.944 7.161 6.67 102.88 323.33 215
(Pbg5Thg 5)POy4 6.848 7.081 6.565 103.8 309.15 215
(Cag5Ug5)PO,4 6.661 6.851 6.36 104.134 281.45 212
(Cag.5Ug5)POy4 6.673 6.852 6.364 104.068 282.26 212
(Cag5Ug.5)PO4 6.653 6.845 6.356 104.025 280.82 212
(Cag.5Ug5)POy4 6.639 6.852 6.362 103.8 281.06 210
(Mgo5U0.5)POs 6.548 6.785 6.284 103.5 271.47 210
(Sro.5Up.5)PO4 6.803 6.965 6.42 103.62 295.64 210
(Srg5Ug.5)POy4 6.803 6.965 6.42 103.62 295.7 204
(Cag.sNpo.5)POy4 6.6509 6.839 6.3537 104.12 280.27 205
(Cag.5Npo.5)POy 6.666 6.854 6.370 104.11 282.23 204
(Ca0,50Np0,35PuO,15)PO4 6.649 6.840 6.351 104.14 280.07 204
(Cag.50Cep.50)PO4 6.759 6.992 6.438 103.43 295.90 210,211
(Mgo.50Ce0.50)PO4 6.788 7.004 6.449 103.46 298.20 210211
(Bag.50Ce0.50)PO4 6.776 7.016 6.437 103.42 297.60 210,211,240
(Bag.50Ce0.50)PO4 6.8 7.027 6.475 103.46 300.90 201
(Srg.50Ce0.50)PO4 6.768 7.007 6.443 103.39 297.00 210,211
(Cdo.50Ce0.50)PO4 6.764 7.002 6.446 103.39 297.00 210,211
(Cag5Thg 5)POy 6.713 6.916 6.418 103.74 289.4 216
(Cao.5Tho 5)POy 6.71 6.914 6.414 103.73 289.1 216
(Cag.5Thy4Ug.1 )POy4 6.706 6.906 6.411 103.8 288.3 216
(Cag5Tho4Up.1)PO4 6.707 6.906 6.412 103.79 288.4 216
(Cag.5Thg 3Up2)PO4 6.697 6.893 6.401 103.86 286.9 216
(Cag5Thg2Ug3)POy 6.689 6.882 6.395 103.91 285.7 216
(Cag.5Thg 1 Ug4)PO4 6.68 6.873 6.385 103.97 284.5 216
(Cag.5Ug5)POy4 6.673 6.862 6.38 104.03 283.4 216
(Cag.5Ug5)POy4 6.673 6.858 6.381 104.04 283.3 216

monazite structure. In these conditions, the unit cell parameters
vary linearly with the substitution rate x and the solid solution
can be obtained in the whole composition range between the
two end-members. Several examples are reported in the litera-
ture for La—Ce,156’158 La—Sm,159 La—Eu,B’mo’161 La—Gd!'¥ or
Gd—Eu.'%2 These data can then be plotted along with the lattice
parameters of the pure REE monazites as a function of the aver-
age ionic radius leading to a linear variation. The same type of
complete solid solutions are reported in the (Laj_REE,)PO4
(REE=Nd, Gd, Eu) systems by Popa et al.'® The unit-cell
parameters of the obtained compounds are not reported in their
study.

On the other hand, several authors investigated the forma-
tion of solid solutions with one light rare earth (La—Gd) and
one heavy lanthanide (Tb-Lu). For this kind of compounds,
three distinct domains of composition could be defined, the first
one corresponding to the stabilization of the monazite structure.
Such samples are particularly studied for photoluminescence
applications, where the incorporation of terbium or thulium in

LaPOy4 allows obtaining green or blue light emission, respec-
tively. In this framework, the monazite structure is maintained up
to 15% of Tp157:164.165.166 and 19 of Tm.>" (Ce|_ Tby)PO4
(0<x<0.4) crystallized compounds with the monazite structure
were obtained by Li et al.'®” However, no specific analyses were
performed to precisely determine the composition of the stud-
ied compounds. The authors only reported that no additional
phase was observed in the XRD patterns. Up to 5% of erbium or
ytterbium were also incorporated in LaPO,4 without any struc-
tural modification by Jung et al.!%® while Han et al. reported the
formation of Lag9Dyo. PO, 109 Finally, Mullica et al.170 also
prepared the (1:1) Ce—Tb, Nd-Tb and Sm—-Tb phosphates with
the monazite structure. On the other hand, the tetragonal xeno-
time crystallizes as the most stable phase in the case of the (1:1)
Nd-Er, Sm-Er, Sm-Yb and Sm-Lu phosphates which present
average ionic radii from 1.082 A (SmgsLugsPO4) to 1.125 A
(Ndg 5Erg sPOy). Indeed, these values stand at the border or out
of the monazite structure stability range defined by Podor and
Cuney'”! which will be discussed later.
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Table 5
Unit-cell parameters of MIMIMIY (PO,); series with the monazite structure.
a(A) b(A) c(A) B©) v (A3) Ref.

(Mg1/3Sm1/3Zr1/3)PO4 6.67 6.88 6.35 103.8 283.10 210
(Baj3Smy/3Zri3)POy 6.71 7.05 6.44 102.8 297.60 210
(Mg1/3Eu1/3Zr1/3)PO4 6.74 6.91 6.44 103 292.20 210
(Cay;3Eu13Zr13)POy 6.78 6.9 6.41 102.9 292.30 210
(Baj3Euy3Zr13)POy 6.76 6.92 6.48 103.1 295.20 210
(Mg13Gdy3Zr13)POy 6.78 6.9 6.44 102.7 293.90 210
(Cay3Gd3Zr13)POs 6.77 6.91 6.45 103.2 292.80 210
(Sr13Gd3Zr1/3)PO4 6.76 6.93 6.43 102.9 293.60 210
(Bay3Gd3Zr13)PO4 6.76 6.92 6.43 103.2 292.80 210
(Mg3Ndy3Cey3)POy 6.731 6.98 6.425 103.6 293.80 210
(Cay3Nd ;3Ceq3)PO4 6.76 6.973 6.419 103.7 293.90 210
(Sr13Nd;3Ceq3)PO4 6.75 6.983 6.429 103.62 294.50 210
(Bay;3Ndi;3Cey3)POy 6.763 6.989 6.433 103.62 295.50 210
(Cdy3Nd;3Ce13)POy 6.759 6.986 6.431 103.56 295.30 210
(Mg13Gdy3Cey3)POy 6.717 6.916 6.399 103.95 288.50 210
(Cay3Gdy;3Ceq3)PO4 6.721 6.931 6.404 103.93 289.50 210
(Sr13Gd;3Ce1/3)PO4 6.729 6.949 6.418 103.77 291.50 210
(Bay;3Gd3Cey3)POy4 6.73 6.96 6.414 103.9 291.70 210
(Cd1/3Gdy/3Cey/3)POy 6.742 6.954 6.426 103.9 292.50 210
(Mg1/3Gdy3Thy3)POy 6.572 6.799 6.313 104.2 273.40 210
(Cay/3Gdy/3Thy3)POy 6.674 6.882 6.379 103.8 284.50 210
(Bay;3Gd3Thy3)POy 6.709 6.898 6.487 104.38 290.90 210
(Cdy3Gdy3Thy3)POy 6.658 6.85 6.362 104.04 281.50 210
(Cay;3Nd;3U3)POy 6.677 6.889 6.373 103.7 284.80 210
(Sr13Nd;3U1/3)POy 6.697 6.933 6.388 103.5 288.40 210
(Bay;3Nd;3Uy3)POy4 6.722 6.923 6.405 103.91 289.30 210
(Cdy3Ndy3U113)POy 6.696 6.917 6.372 103.8 286.60 210
(Cay;3Gdi3U3)POy4 6.648 6.839 6.347 103.99 280.00 210
(Sr13Gd13U13)POy 6.646 6.859 6.345 104.03 280.90 210
(Bay;3Gdi3U13)POy 6.644 6.895 6.344 104.08 281.90 210
(Cdy3Gdy3U113)POy 6.653 6.835 6.333 103.8 279.60 210
(Ndo.716Tho,151Cag.146)PO4 6.774 7.002 6.469 103.59 298.24 227
LaPO, 6.83 7.067 6.5 103.275 305.36 215
LaPO, 6.827 7.062 6.499 103.28 304.95 215
(Lag.g08Bag 096 Tho.096)PO4 6.851 7.075 6.518 103.399 307.33 215
(Lag.757Bag.121 Tho.121)PO4 6.854 7.085 6.538 103.295 308.98 215
(Lag.g90Bag.155Thg.155)PO4 6.849 7.081 6.535 103.306 308.42 215
(Lag.541Bag229Thg 229)POy4 6.856 7.065 6.575 103.08 310.21 215
(Lag.521Bag239Tho 2401 ))PO4 6.868 7.094 6.567 103.363 311.29 215
(Lag.479Bag260Tho.261)PO4 6.868 7.091 6.562 103.387 310.89 215
(Bag5Tho.5)POy4 6.95 7.162 6.675 102.885 323.89 215
(Bag 5Tho.5)PO4 6.944 7.161 6.67 102.88 323.33 215
LaPO, 6.825 7.065 6.497 103.258 304.93 215
(Lag 202510399 Tho 309)PO4 6.793 7.021 6.498 103.439 301.43 215
(Lag 382510309 Thg 309)PO4 6.801 7.03 6.5 103.383 302.33 215
(Lag.562S10.219Tho.219)PO4 6.809 7.039 6.499 103.341 303.08 215
(Lag.738S10.131 Thg.131)PO4 6.817 7.051 6.501 103.306 304.09 215
(Srg.5Thg 5)POy4 6.786 7.001 6.498 103.505 300.18 215
(Srg.5Thg.5)PO4 6.792 7.017 6.501 103.514 301.26 215
(Sro.5Thg5)POy4 6.801 7.027 6.51 103.562 302.44 215
(Srg.5Tho 5)PO4 6.791 7.013 6.518 103.515 301.83 215
LaPO, 6.825 7.065 6.497 103.258 304.93 215
(Lag.g57Pbo.g71 Tho 072)PO4 6.825 7.063 6.503 103.288 305.08 215
(Lag 801 Pbo.09o Tho,100)PO4 6.823 7.058 6.504 103.295 304.82 215
(Lag.725Pbo.137Tho.133)PO4 6.823 7.06 6.507 103.314 305.02 215
(Lag.722Pbo.139Thg. 139)PO4 6.822 7.056 6.508 103.349 304.81 215
(Lag.539Pbg 230 Tho.230)PO4 6.823 7.057 6.516 103.392 305.21 215
(Lag.519Pbo.240Thg 241)PO4 6.825 7.061 6.517 103.387 305.53 215
(Lag 322Pbo 339 Tho 330)PO4 6.823 7.054 6.527 103.495 305.47 215
(Lag311Pbo 344 Tho 345)PO4 6.83 7.063 6.531 103.501 306.35 215

(Pbg 5Thg 5)PO4 6.848 7.071 6.565 103.8 308.72 215
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aA) b(A) c(A) B©) V(A% Ref.
(Pbg.sThg 5)PO4 6.831 7.057 6.549 103.694 306.73 215
(Pbg.sThg 5)PO4 6.849 7.076 6.56 103.793 308.75 215
(Pbo.5Thg 5)PO4 6.848 7.078 6.568 103.716 309.27 215
LaPO, 6.825 7.065 6.497 103.258 304.93 215
(Lag.774Cdo.113Thg 113)PO4 6.798 7.027 6.474 103.4 300.84 215
(Lag.613Cdo.193Tho,194)PO4 6.776 7.001 6.456 103.502 297.80 215
(Lag.407Cdo 206 Thg 297)PO4 6.74 6.957 6.427 103.702 292.79 215
(Lag.241Cdo 379 Thg 380)PO4 6.714 6.924 6.407 103.877 289.15 215
(Cdg5Thg 5)PO4 6.67 6.879 6.384 104.165 284.01 215
LaPO, 6.829 7.065 6.501 103.278 305.27 215
(Lag.753Cag 123 Thg.104)PO4 6.797 7.027 6.479 103.368 301.07 215
(La0‘603Ca0A198Th0A199)P04 6.775 7 6.464 103.437 298.16 215
(Lag 420Cag 285 Thg 286 )PO4 6.756 6.976 6.45 103.521 295.56 215
(Lag235Cag 332 Tho 333)PO4 6.734 6.95 6.438 103.613 292.84 215
(Cag5Th.5)POy4 6.697 6.904 6.402 103.712 287.57 215
(Cag.5Th 5)POy4 6.695 6.907 6.41 103.609 288.09 215
(Cag5Thg 5)POy 6.695 6.9 6.402 103.66 287.38 215
LaPO, 6.845 7.082 6.512 103.29 307.54 212
(Lag.894Cap.053Up.053)PO4 6.823 7.057 6.498 103.316 304.441 212
(Lag 87Ca0.065Uo.065)PO4 6.83 7.064 6.491 103.375 304.637 212
(Lag756Ca0.122U0.122)PO4 6.811 7.049 6.479 103.411 302.561 212
(Lag.728Cag.136U0.136)PO4 6.79 7.015 6.476 103.424 300.035 212
(Lag.644Ca0.178U0.178)PO4 6.756 7.004 6.44 103.446 296.446 212
(Lao.s80C20210U0.210)PO4 6.766 6.982 6.446 103.598 295.974 212
(Lag.546Ca0227U0227)PO4 6.742 6.955 6.431 103.664 293.029 212
(Lag.s533Cag231Ug231)PO4 6.733 6.951 6.432 103.614 292.547 212
(Lag.532Ca0234Ug 234)PO4 6.757 6.966 6.456 103.69 295.24 212
(Lag.532Ca0234U0234)PO4 6.733 6.958 6.42 103.565 292.383 212
(Lag.488Ca0.256 Up.256)PO4 6.734 6.947 6.43 103.603 292.388 212
(Lag.484Cag 253 Ug258)PO4 6.732 6.948 6.432 103.72 292.24 212
(Lag.456Ca0272U0272)PO4 6.718 6.948 6.426 103.723 291.374 212
(Lag.334Cap333U0333)PO4 6.725 6.939 6.422 103.897 289.925 212
(Lag.206Ca0397U0397)PO4 6.688 6.883 6.38 104.073 284.828 212
(Cag5Ug5)POy 6.661 6.851 6.36 104.134 281.438 212
(Cag5Ug5)POy4 6.673 6.852 6.364 104.068 282.274 212
(Cag5Ug5)POy 6.653 6.845 6.356 104.025 280.797 212
(Lag4Cag3Up3)POy 6.725 6.938 6.415 103.7 290.796 224
(Lag.3Cag35U0.35)POs 6.716 6.925 6.408 103.76 289.472 224
LaPOy 6.824 7.056 6.495 103.31 304.343 171
(Lag.944Cag,028 Tho,028)PO4 6.838 7.076 6.51 103.31 306.53 171
(Lag.890Cag 055 Tho.055)PO4 6.839 7.075 6.51 103.31 306.56 171
(Lao.812Ca0,004Tho 094)PO4 6.818 7.047 6.497 103.34 303.77 17
(Lag 600Cag.20Thg 20)PO4 6.792 7.019 6.478 103.4 300.46 171
(Lag.s6Cap.22Tho.22)POy4 6.79 7.016 6.476 103.42 300.09 17
(Lag393Cag 301 Tho301)PO4 6.769 6.991 6.461 103.5 297.35 17
(Lag.374Cag313Tho 313)PO4 6.768 6.992 6.458 103.51 297.16 17
(Lag.230Cag.385Tho 385)PO4 6.738 6.953 6.439 103.6 293.19 171
(Lag.204Cag 308 Tho 308)PO4 6.741 6.959 6.44 103.59 293.66 171
(Cag5Thg 5)POy 6.705 6.918 6.415 103.65 289.15 m
(Cag5Tho.5)POy4 6.706 6.916 6.417 103.72 289.03 171
LaPO, 6.8391 7.0772 6.509 103.27 306.63 228
(Lag.90Cag,05Tho,05)PO4 6.8269 7.0618 6.5006 103.27 305.03 228
(Lag.80Cao.10Tho.10)PO4 6.816 7.0451 6.4917 103.34 303.32 228
(Lag.70Cag.15Tho,15)PO4 6.8025 7.0304 6.4831 103.39 301.62 228
(Lag.60Ca.20Tho.20)PO4 6.7905 7.0135 6.4745 103.42 299.93 228
(Lag.50Cag.25Tho.25)POy4 6.7777 6.9986 6.4656 103.43 298.31 228
(Lag.40Cag.30Tho.30)PO4 6.7647 6.9821 6.4561 103.52 296.48 228
(Lag.30Cag.35Tho 35)PO4 6.7516 6.9657 6.4468 103.53 294.78 228
(Lag.20Cag.40Tho.40)PO4 6.7376 6.9489 6.4375 103.62 292.92 228
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a(A) b (A) c(A) B V(A3 Ref.
(Lag.10Cag.45Tho 45)PO4 6.7259 6.9327 6.4279 103.67 291.23 228
(Cag.5Tho.5)POy4 6.7116 6.9153 6.4179 103.73 289.36 228
CePOy 6.787 7.029 6.468 103.18 300.43 219
(Ceo'950Ca0'025Th0'025)PO4 6.784 7.02 6.468 103.21 299.88 219
(Cen.00Cap.05Tho,05)PO4 6.782 7.015 6.462 103.22 299.29 219
(C60'350Ca0'075Th0'075)PO4 6.77 7.008 6.460 103.23 298.35 219
(Ceo.80Cap.10Thy,.10)PO4 6.763 7.000 6.458 103.27 297.56 219
(Ceo'750Cao'125Tho'125)PO4 6.733 6.971 6.441 103.26 294.25 219
(Ceo.50Cap25Thg.25)PO4 6.711 6.949 6.433 103.44 291.79 219
(Cag5Th.5)POy4 6.681 6.926 6.421 103.54 288.86 219
CePOy4 6.8035 7.0274 6.4761 103.46 301.12 228
(Cep.90Cag.05Thg 05)PO4 6.7944 7.0163 6.4703 103.41 300.04 228
(Ceo.80Cag.10Tho.10)PO4 6.7858 7.0057 6.4649 103.44 298.92 228
(Cep.70Cag.15Thg 15)PO4 6.7789 6.9941 6.4589 103.46 297.82 228
(Ceo.60Ca0.20Tho.20)PO4 6.7761 6.9828 6.4532 103.54 296.46 228
(Ceo.50Cag25Thg 25)PO4 6.767 6.9719 6.4486 103.58 295.33 228
(Ceo.40Cag30Tho30)PO4 6.7578 6.9606 6.4424 103.59 293.77 228
(Cep30Cag35Thg 35)PO4 6.7398 6.9495 6.4364 103.6 292.61 228
(Ce0.20Cag.40Tho.40)PO4 6.7304 6.9381 6.4309 103.67 291.39 228
(Ceo.10Ca0.45Thg 45)PO4 6.7211 6.9269 6.4241 103.7 290.16 228
(Cag5Thg 5)POy4 6.7116 6.9153 6.4179 103.73 289.36 228
(Ndg.716Tho,151 Cag,146)PO4 6.743 6.96 6.426 103.68 293.03 227
CePOy4 6.800 7.023 6.471 103.46 300.5 29
(Ceg.90Bag 05Zro,05)PO4 6.801 7.024 6.474 103.47 300.7 229
(Ceo.80Bag.10Zr0.10)PO4 6.802 7.025 6.478 103.48 301.0 229
(Ceo.00Bag.0sHfg 05)PO4 6.803 7.028 6.484 103.07 301.4 229
(La0'73ceo‘09Th0'09Ca0.09)P04 6.8088 7.0407 6.48774 103.353 302.61 221
(Pulll Pul, Cag 3)PO4 6.67 6.87 6.36 103.99 282.79 107
(Lag.73Pug.09 Thg 09 Cag 09)PO4 6.8101 7.0387 6.4815 103.39 302.24 218
(Lag.30Ca0.10Tho.08Uo.02)PO4 6.8179 7.0469 6.4965 103.370 303.7 216
(La()'ﬁ()cao‘onh()‘1()U0.04)PO4 6.7923 7.0138 6.4775 103.47 300.1 216
(Lag.40Cag.30Tho24Ug.06)PO4 6.7635 6.9789 6.4563 103.57 296.2 216
(Lag20Cag.40Tho32Up.08)PO4 6.7297 6.9363 6.4301 103.713 291.6 216

Between the domain of existence of monazite and xenotime,
is generally observed and its extend will
be discussed further. The same behaviour is observed in the
binary system between light rare earth phosphates and YPOj.

a miscibility gap'”?

12% at 1000 °C (while it is equal to 40% for Maslennikova
et al.!”3) and 40-42% at 1600 °C.!74175 On this basis, Rovnyi
et al. reported the preparation of monazite sample incorporating
all light rare earth elements and yttrium with the following com-

The limit of incorporation of Y in LaPO4 was found between position Ndg 31Smg 13Ceq.15Lag | sPro.0s Y0.07Gdo.06PO4.170
Table 6

Unit-cell parameters of MH_SMIZV (PO4); series with the monazite structure.

Bo.sMa(PO4)3-M* series aA) b(A) c(A) B©) V(A% Ref.
Mgo.5Ce2.0(PO4)3 6.769 7.011 6.458 103.4 298.10 209,211
Cag5Ce;0(PO4)3 6.788 7.005 6.461 103.42 298.80 209,211
Sro.5Cen.0(PO4)3 6.77 6.998 6.438 103.52 296.60 209,211
Cdo.5Ces.0(PO4)3 6.777 7.014 6.447 103.39 298.10 209,211
Mgo5Cer.0(PO4)3 6.769 7.011 6.458 103.4 298.10 210
Cag5Ce;0(PO4)3 6.788 7.005 6.461 103.42 298.80 210
Sro.5Cen.0(PO4)3 6.77 6.998 6.438 103.52 296.60 210
Bag5Ce.0(PO4)3 6.795 7.022 6.473 103.52 300.30 210,211
Cdg5Ce).0(PO4)3 6.777 7.014 6.447 103.39 298.10 210
MgosNp2.0(PO4)3 6.755 6.987 6.394 103.5 293.40 210
CagsNp2.o(PO4)3 6.737 6.953 6.412 103.84 291.60 210
Sro.5sNp2.0(PO4)3 6.737 6.961 6.406 103.51 292.10 210
Cag 5Puy o(PO4)3 6.712 6.931 6.361 103.91 287.70 210
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Table 7
Unit-cell parameters of MIMlzv(PO4)3 and M12MIV (PO4), series with the monazite structure.

a(A) b (A) c(A) B©) v (A3) Ref.
LiCes(POy4)3 6.794 7.021 6.469 103.48 300.1 211
NaCes(PO4)3 6.799 7.010 6.444 103.42 297.8 209,211
KCey(PO4)3 6.799 7.031 6.475 103.50 301.0 211
RbCe,(POy4)3 6.791 7.015 6.466 103.46 299.6 211
CsCey(PO4)3 6.788 7.012 6.452 103.56 298.6 211
Li;Ce(POy), 6.775 7.006 6.441 103.41 297.4 211
NayCe(PO4)> 6.783 7.003 6.435 103.40 297.4 211
K,Ce(POy4), 6.780 6.984 6.433 103.57 296.1 211

As for mixed samples involving light REE, various com-
pounds based on a mixture between light lanthanides and
trivalent actinides were reported. Particularly, several authors
reported the preparation of Laj_,Pu,PO4 and La;_,Am,POy4
solid solutions with x values ranging from 0.01 to 0.1.9>-177-180

3.1.3. Incorporation of monovalent elements

The incorporation of monovalent elements in the monazite
structure could occur through substitution mechanisms or by
direct incorporation in the lattice defects of the structure. For
this latter, a recent study undertaken in the (La:Li)PO4 system
showed that the weight loading is limited to only 1-2%.'8! This
limit was contradicted by Li and Lee'3? who synthesized sam-
ples with lithium contents up to 10% in La—Eu-Li systems.
However, this author did not observe any shift in the position
of the XRD lines, suggesting that Li* ions could have not been
incorporated in the crystal lattice.

On the other hand, the formation of defined compounds
through substitution mechanisms was found to lead to families
with general composition M,REE}! (PO4); or ML REE! (POy),.
For example, Schwarz et al.!®> reported the formation of
NazLa(POy4); and isotype compounds in the Na-Gd, K-La,
K-Gd and K-Y systems but did not provide any crystallo-
graphic data. In the Na;O—-Ce,03—-P,Os5 system, the existence of
a monazite phase incorporating Na and Ce(III) was excluded by
Szczygiel and Znamierowska'8* who systematically obtained
the NaCeP, O diphosphate. Other M3R,(PO4)3 samples incor-
porating several lanthanides (MI =Na, K; REE =Ce, Pr, Nd, Sm,
Eu, Gd),'® or actinides (M'=Na M! =Pu, Am and M' =K;
M = Am, Cm))'86:187 were prepared and characterized through
XRD but without any growth of single crystals. For this kind of
compounds, Orlova generally observed a dimorphism with the
NZP structural type.'8® The main difference lies in the posi-
tion of the alkaline cations which are located in structural voids

for NZP compounds while they belong to the framework in the
monazite structure.

Finally, the incorporation of monovalent cations in the mon-
azite structure was also evidenced with the preparation of
LizSco3Ce; 7(PO4)3.18° Despite these various examples, no pre-
cise mechanism was proposed by any of the authors concerning
the incorporation of monovalent elements in the monazite struc-
ture.

3.1.4. Incorporation of divalent elements

The incorporation of divalent elements in the monazite
structure was studied without the help of coupled substitution
mechanisms in the field of the preparation of compounds with
mixed protonic-electronic transport properties’8:79-81,159,190,191
and also of the development of novel pigments.3° The studies
dedicated to protonic conductors were mainly focussed on the
incorporation of Sr>* in various LnPO, compounds. When the
incorporation rates ranged from 1 to 2%, no additional phase
was detected with Ln=Pr, Nd and Sm.!°° Gomez del Moral
et al.!! reported the doping of CePO4 with strontium up to 5%.
In this case, the charge is counterbalanced by the formation of
oxygen vacancies. For higher strontium loadings, the formation
of Sr3Ce(PO4)3 as secondary phase was evidenced by XRD.

Additionally, several authors claimed that the incorporation
of divalent elements in the monazite structure is achievable
for higher rates without any coupled substitution. For exam-
ple, Gallini et al.”®7° reported the preparation of Laj_,Sr,POy4
nanopowders up to x=0.1 while Sivakumar and Varadaraju®°
argue for the obtention of Pr;_,Ca,POy4 with x < 0.4. Neverthe-
less, in this last case, the authors confess that the formation of
additional a-Ca; P07 could be difficult to evidence due to some
interferences in the XRD line positions with those of monazite.

Actually, only Amezawa et al.8! performed a complete study
on the direct incorporation of divalent elements in the monazite

Table 8

Unit-cell parameters of complex compounds with the monazite structure.

Complex compositions ad) b (A) c(A) B(©) V(A% Ref.
Cag .525Gdo.130(Hfo.150 Ti1.320U0.273Pug. 138 )(PO4)3 6.667 6.828 6.347 103.64 280.78 223
(Cag304Cdo.174)Gdo.044(Ug 116Ce0.362)PO4 6.775 7.031 6.46 103.6 299.09 223
(Cap304Cdo.174)Gdo.044(Uo.116Ceo.304 Pug.0s8)PO4 6.72 6.965 6.42 103.5 292.18 223
(Lag.16Nd0.02Gdo.02Tho 32Ug08)POy4 6.7290 6.9357 6.4291 103.711 291.5 216
KMgLa(POy), 6.839 7.066 6.523 103.42 306.61 243
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structure through the preparation of Mg, Ca, Sr and Ba-doped
LaPO4. From XRD analyses, the solubility limit of calcium in
LaPO4 was determined to be equal to 4.2 mol% for calcium,
while the values determined for Sr and Ba are reported to be
1.9 and 0.4 mol%, respectively. These authors also determined
that Mg?* cannot be incorporated in LaPOy4. The variation of
the solubility limit of the alkaline earth metals in LaPO4 seems
to be related with the difference in the ionic radii between La
and the alkaline earth element,81 the closer the alkaline earth
element ionic radius to that of La3* in the ninefold coordination,
the higher the solubility. Furthermore, the solubility limit of the
divalent element in LaPOy4 determined at 7=1350°C is lower
than that reported at 7= 1200 °C.

Finally, Ravindran Nair et al.!? mentioned the formation of
pure MIMITIP; 0 compounds with the monazite structure from
solid state reaction at high temperature for M =Ba or Ca and
MM =La, Ce or Sm. Nevertheless, no indication on the unit cell
parameters was supplied by the authors.

3.1.5. Incorporation of tetravalent elements

The direct substitution of trivalent elements by tetravalent
actinides with the formation of vacancies is reported to occur in
natural and synthetic monazites.!”> The proposed mechanism
corresponds to'%*:

4REE** < 3(Th, U)** + vacancy (1)

The formation of vacancies seems to limit the U and Th
content to a few weight percent in natural monazites. This
limit was determined to be equal to 17.68 wt% ThO; (i.e.
Lag g3Thg.17PO4) on synthetic materials. Furthermore, Boatner
et al. and Kelly et al. argue for the direct incorporation of up to
10 wt% of UOy, PuO; or NpO; in LaPQy.!9>-1%

3.1.6. Coupled substitutions M>*/M**

Type 1: Natural monazites that constitute the main source of
thorium on earth since mineral samples were found to incorpo-
rate up to 31.5wt.% ThO,' and 15.64 wt% UO,." One of the
incorporation mechanism of tetravalent elements in the structure
of the monazite is described by the mean of coupled substitution:

REE"PO, + xM?** 4 xM**
= (REE", MIM!V)PO, + 2x REE** )

The full substitution leads to the formation of the cheralite
family'®7 (formerly called brabantite!*®) with general formulae
Ap5Bo5PO4. These compounds adopt the monazite structure
for big tetravalent cations, generally including cerium and
tetravalent actinides. For smaller B** ions, another monoclinic
structure, isotypic of the KFe(SO4), yavapaite, is stabilized as
evidenced for the BaM'Y (POy), series with MY =Ti, Zr, Hf,
Ge, Sn, Mo.199-201

On this basis, the formation of cheralite was mainly
investigated for tetravalent actinides. While wet chemistry meth-
ods generally failed to obtain single phase samples, solid
state reactions at high temperature allow the preparation of
pure CaMV(POy4), with MV =Th, U!40:202.203 o Np 204-206

Tabuteau et al.?%* also succeeded to incorporate tetravalent plu-

tonium in the monazite lattice as a mixture with tetravalent
neptunium, leading to the final Cag 5Npg.35Pug.15PO4 composi-
tion. Conversely, all the attempts to form pure Cag sPu!V g 5POy,
as well as analogous Cag sCe!V( 5POy, failed due to the partial
reduction of plutonium (or cerium) into Pu* (resp. Ce3+).207-209
Only Kitaev et al.”! and Orlova et al.>!! reports the forma-
tion of several MY sCe™V o sPO4 compounds but did not provide
any evidence arguing for the absence of trivalent cerium. The
preparation of single crystals of actinides-bearing cheralites
((Cafl M{¥s)POy4, where MY =Th and U) was also reported by
Podor et al. under hydrothermal conditions.!”!:212

Besides calcium, several other divalent cations were
employed for the formation of cheralites. Particularly, Devidal
and Montel?!3 prepared the M!'Th(POy), series with M!I = Ca,
Cd, Sr, Pb and Ba while Quarton et al.2!4 reported the synthesis
of PbTh(PO4);. For cadmium and barium, which lead to average
ionic radius at the limit of the stability range, different structures
could be stabilized. Nevertheless, Montel et al.2!d succeeded to
prepare pure single phase samples by varying the temperature
and pressure conditions applied during hydrothermal synthe-
ses. Indeed, CdysThgsPO4 was obtained at 7=1200°C and
P =1bar, while pure BagsThgsPOy4 crystallizes at 7=700°C
and P=2500bar.

From a general point of view, this coupled substitution does
not lead to important deformation of the unit cell compared to
the values reported for REE phosphates. Moreover, three defined
compounds mentioned in the literature, i.e. (MgpsThos5)PO4,
(Mgo.5Up.5)PO4 and (Bag 5Thg 5)PO4 present average ionic radii
out of the stability range defined in a forthcoming section of the
review. In these conditions, the ratio between M2* and M** ionic
radius appears as an additional parameter to stabilize the mon-
azite structure. The MM!V(POy4), phases with the monazite
structure reported in the literature are gathered in Table 4.

Only one complete solid solution between two end-members
of the cheralite family, Cag5Up5PO4 and Cags5ThgsPO4, was
reported by Terra et al.”!® The results reported in this study did
not evidence any specific ordering of elements in the cationic
site.

The formation of solid solutions between REEPO4 and
M{|sM}9)PO; compounds was also widely investigated
through the past decades. Among these studies, several works
were dedicated to samples incorporating simultaneously tri- and
tetravalent actinides as such materials could be used as rad-
waste matrices 2!7. On this basis, the incorporation of plutonium
under both +III and +IV oxidation states was mentioned>'®
and correlated to the partial reduction of Pu(IV) in Pu(Ill) in
phosphate media. Similar compounds were also obtained with
cerium. 149208 Nevertheless, most of the tetravalent actinides-
bearing solids reported are based on thorium!71219-221 or
uranium, 140.212,222,223

Moreover, specific compositions, generally with the
formulae REE{%MI]I/3MII\/3PO4, were synthesized and
characterized by several authors.?!0-218224-227 " Compo-
sitions in specific REE, MIMIVPO, series are also
reported.!71:212215.216.219228 = The incorporation of Zr*
and Hf** through this substitution type involving Ba®* as
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a charge compensator was obtained by Popa et al.?*® The
Cel_zxM}CVBaxPO4 monazite-like compounds were obtained
only for x < 0.2 MY =Zr) and x < 0.1 (M"Y = Hf).

As it will be described later in this paper, the
miscibility between monazite and cheralite depends on
steric constraints and could be determined from the
ionic radii of the cations. For example, a total miscibil-
ity was demonstrated for the LaPO4—SrTh(PO4)2213 and
LaPO4—CaU(POy4),%'? systems while a miscibility gap was
observed for LaPO4—BaTh(PO4)2.213 In all these studies, no
specific ordering on the cation site was reported. Podor demon-
strated from Raman spectra that REE, Ca and U elements are
randomly distributed in the cation site for Laj_»>*Ca,>*(Th or
U),**P04.230 Moreover, Konings et al. performed calorimetry
measurements in the LnPO4—CaTh(PQOy4); binaries and con-
cluded to a deviation of the solid solutions formed from the
ideality, this deviation increasing with the size of the Ln3*
cation.??8

Type 2: Another mechanism for the coupled incorporation of
divalent elements and large tetravalent cations (i.e. cerium and
actinides) was described in the literature through the prepara-
tion of single phase MgSMIZV(PO4)3 compounds by the Russian
team of Orlova et al.209210.231-234 15y thiq case, the charge is
counterbalanced by the creation of a vacancy on the cation site
through the following reaction:

MIPO, + M 4 it 420
6 3 6

The first pure compounds prepared within this family
were simply obtained through the heat treatment of the
gelatinous phase obtained after adding phosphoric acid to a
mixture of nitrate or chloride salts of metallic cations in the
corresponding acidic solution. By this way, MgSCez(PO4)3
powdered samples were synthesized for M'=Mg, Ca, Sr
and Cd?"-23! and the XRD powder pattern was refined for
Cdo.17Ce0.680032P04.232233

Similar compounds were also prepared using actinides as
tetravalent cations.>'” Single phases were obtained for neptu-
nium with M = Mg, Ca or Sr while only the use of calcium led
to a monazite structure for tetravalent plutonium. For thorium
and uranium, no phase with the monazite structure was obtained,
probably due to the too high ionic radius of these elements.>3+23

3.1.7. Coupled substitutions M*/M**

Phosphates of tetravalent f elements with monovalent cations
belong to two distinct formula types, namely M!M}Y (POy4); and
MIMYY (PO,4),209-211:233 (Table 7). MIMLY (PO4); are the more
numerous compounds available but only few present the mon-
azite structure. Indeed, pure monazite phases were only reported
for MY =Ce with M!=Li—Cs,211:236 and for MY = Np with
M! =Na?37-23? while other compounds of this family generally
belong to the NZP structural type.'8%240 Particularly, it is to note
that in this series, neptunium is the only tetravalent actinide that
adopt the monazite structure since Th, U and Pu generally exhibit

a dimorphism between a low-temperature rhombohedral mod-
ification and the NZP type.z‘“’242 In this case, the substitution
can be described as follows233:

2x

MIHPO + 3M+ + 3 M4+ (MIH 3M1x/3)PO4 + xM3+

“

On the other hand, M\M!V(POy4), monazites were only
reported for Ce(IV) with M'=Li, Na and K.211.233 Ag for
MIM£V(P04)3 compounds, their unit cell parameters appear
very close to that of pure CePO4 which accounts for a sub-
stitution model involving the formation of anionic vacancies as
follows>33:

1 1
cet =Mt + gm + 5Ce4+ 5)

3.1.8. Correlated substitutions

Considering all the substitutions mentioned above, complex
compounds incorporating rare earth elements, alkaline and alka-
line earth as well as tetravalent cations were prepared as solid
solutions with the monazite structure.

The M'M!'REE(POy4) family was studied by several authors
due to some interesting optical properties. Even if the major
part of the compounds adopt an hexagonal structure, some
defined compounds were reported to belong to the monazite
structural type such as KMgLa(PO4)2,243 KCaY(POy4); and
KCaEu(PO4),2** or related NaCaNd,(POy)3.238

Syntheses of complex compounds containing rare-
earth, alkali-earth and tetravalent elements (including
Th and Ti) were reported by Volkov et al.??> Sam-
ples of Cag.525Gdo.130(Hfo.150Ti1.320U0.273Puo.138)(PO4)3,
(Cag304Cdo.174)Gd0.044(Ug.116Ce0.362)PO4, and
(Cag.304Cdo.174)Gdo.044(Up.116Cen.304Pug.058)PO4 were
obtained with the monazite structure. Their cristallographic
parameters are gathered in Table 8.

3.2. AXO4 monazite-type compounds (X # P)

The elements present in the anion site can also be sub-
stituted. This contributes to the formation of REEXO,4 or
A"X0,4 monazite-type materials. Two types of substitutions
were already evidenced by several authors. The first one corre-
sponds to the direct replacement of the PO43~ group by another
anionic group with the same total anionic charge: VO4°~,
AsO43~ and Cr¥YO43~. This substitution allows the formation of
monazite-like materials with the REEXO4 general composition.

The second mechanism is associated to a double substitu-
tion occurring on both anionic and cationic sites. In these cases,
the charge of the cation site remains equal to the charge of the
anion group. The better known example of this type of substi-
tution is the huttonitic one, first described by Hutton.2*> This
substitution occurs in natural monazite minerals and yields to
the formation of the end-member ThSiO4 with the monazite
structure (huttonite). Other substitutions involving Cr¥104%~,
Se042~ or SO4%~ groups can also be considered due to the sta-
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bility of SrCrO4, PbSeO4 or CaSO, with the monazite structure.
On the contrary, all the reported germanates do not crystallize
with the monazite structure.

These different substitution mechanisms will be described in
the following part of the review.

3.2.1. MMy, crV, As)Oy type compounds

Many compounds containing trivalent elements on the cation
site and vanadate, arsenate and chromate groups on the cationic
one are reported in the literature to be stable with the monazite
structure. Two recent reviews were devoted to the description of
the crystal chemistry of REEX04246 and M AsOQ,.247

The crystallographic data concerning all the M"XO,
(X # P) compounds are reported in Tables 9-11, leading to
their classification into three distinct families.

3.2.1.1. Vanadates. No evidence for a monazitic natu-
ral mineral containing vanadium has been reported yet.
Only wakefieldite-(Ce) (“CeVO47)**8 and the La-analogue
(“LaV0y4”)?* were reported to crystallize with the zircon struc-
ture.

The LaVO4 compound prepared by high-temperature
solid-state synthesis or flux growth methods is the only
REEVO, type-compound crystallizing with the monazite-type
structure?>®-252 while all the other REE members (Ce-Lu) as
well as Y and Sc exhibit the zircon-type structure.>>> Further-
more, the structure of LaVO4 depends on the chemical way
of preparation.’>240-254-257 However, monazite-type REEVOy
(REE=Ce, Pr, Nd) could be obtained by the atmospheric oxi-
dation of REEVO3 compounds at 350—400°C.>5 Similarly,
metastable monazite-type CeVO,4 was observed by Yoshimura
and Sata®8 as an oxidation product of CeVO3.

Varma et al.%% synthesised mixed vanadates La;_,Ce,VO4
by solid-state route at 600°C, and demonstrated that the
monazite-type LaVO, phase was prepared for x < 0.2, while the
zircon-type CeVOy4 was stabilised for x > 0.5. In the intermedi-
ate range (0.2 <x<0.5), both La;_,Ce,VO4 and Lag 5Ceq 5 VO4
(zircon-type) coexisted. Recently, Park et al.>* reported that
LaVOg4:Eu** is stable with the monazite structure up to
0.05mol% Eu**. When the Eu** concentration is equal or
higher than 0.05mol%, monoclinic and tetragonal LaVOg4
phases coexist. Attempts to stabilize LaVOy4:xFe3* with the
monazite structure reported by Zhao et al.>>? only yielded to
mixtures between monoclinic LaVOy and tetragonal Fe>*-doped
LaVO,. Lanthanum can be also partially substituted by lithium.
Lis,La;_,VOy4 (0 < x <0.3) solid solutions were obtained in the
temperature range of 320-600 °C. The maximum Li-substitution
was obtained for the compound Lig 15Lag95VO4 that adopts a
distorted monazite-type structure.>®

Bismuth vanadate BiVOy was first reported by Schwarz?
to exist in a low-temperature modification of huttonite type and
still another unknown form. Latter, Sleight et al.20! as well as
Tokugana et al.?®> obtained a monoclinic form of BiVOy but
these authors described it with another structure than that of
monazite (the B angle is much smaller than in the monazite
structure).

60

Mixed vanadates of general formula (Cd,REE,MIV)VO4 and
(Ca,REE, MW)VO4 are reported to be unstable with the mon-
azite structure.240-293 However, several mixed compounds are
reported in the literature. PbgsThgs5VOs was stabilized with
the scheelite-, zircon- and monazite-type structures.”®* Sim-
ilarly, (Ba1/3La1/3Th1/3)VO4 and (Ba1/3Pr1/3Th1/3)VO4 were
prepared by Nabar and Mhatre?®> and stabilized with the
monazite-structure. A partial substitution of Ba by Ca in
(Cay3Ba(—yy3La13Thy3)VO4 was also 1rep01rted.266 The max-
imum substitution rate to maintain the compound with
the monazite structure corresponds to x=0.2. When Th
is replaced by Ce in (BajsLaj;sThy3)VOy4, the obtained
(Bay;sLay;3Ce3)VO4 compound, as well as the series where
La is replaced by Pr, Nd and Sm, crystallizes with the zircon
structure.26°

Studies on the substitution possibilities in the anionic site
have been only described so far for synthetic REE(P;_,V,)O4
solid-solution members.?6>37 Aldred?0” concluded to the exis-
tence of partial solid solutions with the monazite and zircon
structure which extend depends on the rare earth element. This
point will be described latter in Section 4.1.2. These results
clearly evidence the existence of a miscibility gap between
both monazite and zircon structures as already described in
the phosphate structures.!7#173-268-270 No specific ordering on
the anionic site, between P and V atoms, was reported. The
Gd(P1_,V,)04:0.05 mol%Eu’* compounds obtained by Xiao
et al.”’! exhibit a large extend in the zircon domain (from
GdVO4:Eu* to GdP( 9 Vo 1 O4:Eu’*) while GdPO4 is monazite-
structured, in good agreement with Aldred’s data.

3.2.1.2. Arsenates. Two different minerals with respective
compositions “LaAsO47?"? and “CeAsO4?">?"* were found
to be isomorphs with the monazite. Pure phases were synthe-
sized by several authors (Table 10). In the REE series, only
the La, Ce, Pr and Nd end-members exhibit the monazite
structure.”’3-28! Escobar and Baran®®? and Ropp and Carroll>>*
predicted that only PmAsO,4 exhibits a monazite—zircon dimor-
phism, although so far only zircon-type modification of PmAsOy4
was reported.?®3 Arsenates of other trivalent elements are
reported to be isotype with monazite: PuAsO4, AmAsO4'** and
BiAsO;4 (also called Rooseveltite). The case of BiAsQy is par-
ticular since Bedlivy and Mereiter’* describes the effect of the
lone electron pair of Bi** as the cause of significant deviations
in the cation coordination from rare-earth monazite-type struc-
tures. The result of this is the modification of the Bi—O distances
in the coordination polyhedron and a shift of the Bi position
compared to that of La in LaAsOj.

No study reporting the existence of solid solutions
between these end-members is reported. Only Nabar and
Mangaonkar®®> demonstrated the possibility to incorporate
divalent and tetravalent cations in the cationic site according
to a 2REE** < M?* + M*" substitution mechanism identical
to that already reported in phosphate-based materials. Sev-
eral compounds of the (MIII/3REEIII/I3Thll\//3)AsO4 family were
synthesized and characterized by XRD.?%® Among all the com-
pounds presented in this study, the X-ray diffractograms of the
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Table 9
Unit-cell parameters of vanadate compounds with the monazite structure.

a(A) b(A) c(A) B©) v (A3) Ref.
CeVO, 6.98 7.22 6.76 105.02 329.04 Bl
LagCeo.4VOs 7.042 7.278 6.722 104.9 332.93 60
Lag7Ce3VOy4 7.04 7.278 6.72 104.9 332.74 60
LaggCep2VOy 7.034 7.266 6.704 104.8 331.27 60
Lag9Cep.1 VO4 7.036 7.276 6.719 104.9 332.41 60
LaVOy 7.0434 7.2801 6.7224 104.865 333.17 250
LaVOy 7.043 7.279 6.717 104.9 332.78 60
LaVOy 7.047 7.826 6.725 104.85 358.50 251
LaVOy, 7.07 7.29 6.77 105 337.04 252
LaVOy 7.047 7.286 6.725 104.85 333.76 58
Lig 15Lag.osVO4 7.047 7.283 6.726 104.86 333.66 8
Lig30Lag.00VOs 7.042 7.28 6.717 104.84 332.87 58
Lig.g0Lag.g0VO4 7.038 7.272 6.715 104.84 33221 8
Lig.ooLag.70VOs 7.034 7.268 6.712 104.83 331.71 58
(Baj;sLaj3Thy;3)VOy 7.070 7.323 6.810 104.96 340.63 265
(Bay/3Pri3Thy3)VO, 7.066 7.315 6.801 104.94 339.65 265
(Bag5Tho.5)VO4 7.046 7.3089 6.8066 105.8 338.29 264
([Cag.ooBai ooli3Lar3Thy3) VO, 7.071 7.324 6.81 104.96 340.72 266
([Cag.10Bag.oo]1/3La13Thy3) VO, 7.065 7.319 6.803 104.93 339.90 266
([Cag20Bag goli3Lar3Thy3) VO, 7.059 7.307 6.796 104.9 338.75 266

compounds with Sr, Ba, Cd and Pb as divalent ions contain-
ing the lanthanide ions La, Pr, Nd and Sm were indexed in the
monoclinic system, similarly to that found for LnAsOy4. On the
contrary, arsenate compounds with Mg and Cd as divalent ions
and heavier lanthanide ions such as Sm, Gd, Tb, Dy, and Y, reveal
their isostructurality with the zircon structure. From a previ-

ous study, it has been demonstrated that (Cd;/3Nd;/3Thy/3)AsOq4
possesses temperature dependent dimorphism, the low temper-
ature monazite form converting to scheelite structure at high
temperature.287 (Cdy3Bi/3Thy/3)AsOy4 is also stabilized with
the monazite-type structure at low-temperature,”® while its
high-temperature form corresponds to the zircon structure.

Table 10
Unit-cell parameters of arsenate compounds with the monazite structure.

a(A) b(A) c(A) B©) V(A% Ref.
LaAsOy 7.0056 7.2103 6.7615 104.507 330.65 276
LaAsO4 6.7646 7.2184 7.004 104.51 331.09 218
LaAsO4 6.7615 7.2103 7.0056 104.507 330.65 276
CeAsOy 6.975 7.177 6.759 104.69 327.29 279
PrAsOy 7.011 7.125 6.57 104.3 318.02 280
NdAsO4 6.6852 7.0885 6.8935 104.91 315.67 281
BiAsOy4 6.879 7.159 6.732 104.84 32047 284
PuAsOy 6.92 7.09 6.66 105.5 314.87 144
AmAsOy 6.89 7.06 6.62 105.3 310.61 144
(BajzLay3Thys3)AsOy 7.027 7.227 6.839 107.79 330.71 286
(Bay;3Nd3Thy3)AsOy4 6.995 7.213 6.815 104.67 332.64 286
(Bay;3Pri3Thy3)AsOy 7.005 7.217 6.816 104.75 333.23 286
(Cdy3Bi13Thi3)As04 6.89 7.08 6.73 105.3 316.66 285
(Cdy3La13Thy3)AsOy 6.852 7.023 6.655 104.81 309.65 286
(Cdy3Ndy3Thy3)AsOy 6.824 6.983 6.628 104.61 305.62 286,287
(Cdy3Pri3Thy3)AsO4 6.844 7.022 6.649 104.74 309.01 286
(PbysLay;3Thy3)AsOy 6.984 7.178 6.765 104.56 328.25 286
(Pby3Nd;3Thy/3)AsO04 6.939 7.143 6.749 104.8 323.42 286
(Pby3Pr13Thy3)AsO04 6.944 7.156 6.755 104.82 324.50 286
(Pby3Smy3Thy3)AsOy 6.908 7.129 6.742 104.91 320.85 286
(Sr13La13Thy3)AsOs 6.951 7.152 6.947 104.63 334.16 286
(Sr13Nd3Thy/3)AsO4 6.888 7.088 6.681 104.52 315.76 286
(Sr13Pr13Thy3)AsO4 6.917 7.096 6.714 104.73 318.85 286
(Ce.La.Nd)(Aso71Pp29)04 6.929 7.129 6.697 104.46 320.33 274
(Ceg.47Lag.20Ndo.13)AsO4 6.937 7.7137 6.738 104.69 348.76 281
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Table 11
Unit-cell parameters of chromate compounds with the monazite structure.
a(A) b(A) c(A) B©) v (A3) Ref.

LaCrOy4 7.08 7.27 6.71 104.98 333.64 296
LaCrOy4 6.793 7.273 6.551 103.211 315.09 293
LaCrOy4 7.0369 7.2348 6.6918 104.95 329.15 294
LaCrOy4 7.041 7.237 6.693 104.94 329.52 297
LaCrOy4 7.08 7.27 6.71 107.98 328.51 296
LaCrOy4 7.038 7.023 6.689 104.98 319.39 292
LaCrOy4 7.0399 7.2344 6.6921 104.974 329.25 292
SrCrO4 7.065 7.375 6.741 103.08 342.12 304
SrCrOy 7.083 7.388 6.771 103.4 344.67 303
SrCrO4 7.083 7.388 6.771 103.4 344.67 308
SrCrOy 7.089 7.393 6.755 103.2 344.67 305
PbCrO4 7.10 7.40 6.80 102.27 349.11 310
PbCrOy4 7.12 7.43 6.79 102.42 350.80 7
PbCrOy4 7.12 7.44 6.8 102.4 351.81 7
PbCrO4 7.145 7.436 6.795 102.42 352.57 306
PbCrOy4 7.127 7.438 6.79 102.43 351.51 304
PbCrO4 7.021 7.386 6.649 101.77 337.55 309
PbCrO, 7.063 7.384 6.744 102.24 343.73 303
PbCrO4 6.98 7.16 6.63 105.22 319.72 296
PbCrOy4 7.125 7.431 6.796 102.44 351.37 319
PbCrOy4 7.126 7.440 6.800 nd 320
Pb(Cr0.90S0.10)04 7.117 7.452 6.792 nd 320
Pb(Cro.80S0.20)04 7.100 7.401 6.771 nd 320
Pb(Cro.70S0.30)04 7.082 7.374 6.763 nd 320
Pb(Cro.60S0.40)04 7.068 7.036 6.744 nd 320
PbCrOy4 7.128 7.439 6.796 102.42 351.93 319
Pb(Cr0.96S0.04)04 7.125 7.435 6.495 102.44 335.99 319
Pb(Cro.89S0.11)04 7.133 7.446 6.797 102.42 352.56 319
Pb(Cro.51S0.19)04 7.134 7.449 6.797 102.44 352.72 319
Pb(Cro.78S0.22)04 7.098 7.397 6.771 102.39 347.22 319
Pb(Cr0.70S0.30)04 7.097 7.388 6.764 102.39 346.39 319
Pb(Cro,64S0.34)04 7.08 7.382 6.756 102.42 344.84 319

Schwarz238 also reports a charge compensation mechanism From a crystal chemistry point of view, they explained this obser-

corresponding to the replacement of La by Caand Thin LaAsOg.
The obtained CaTh(AsO4), compound exhibits a phase transi-
tion from monazite to zircon structure between 850 and 900 °C.
The mean ionic radii of the cations in the cation site remains in
the limits defined by Fukunaga and Yamaoka.?%”

No experimental evidence for the existence of AsO4—POq4
substitution was reported. However, Kolitsch et al 240.274
reported that 10% of the As atoms can be substituted by P in
natural Ce-gasparite. These authors also assumed through the
comparison of the unit-cell parameters of natural gasparites with
that of synthetic CePO4 and CeAsQy, that the substitution of P
for As lead to the substantial decrease of the c-parameter, while
the other a and b unit-cell parameters only slightly decrease.

vation by the arrangement of the XO4 groups in the structure,
these groups being stacked along the [00 1] direction and not
along the other two main axes.

3.2.1.3. Chromates. Lanthanum chromium tetraoxide,
LaCrOy, is one of a few CrY compounds that can be stabilized
and isolated.”®® No natural analogue of LaCrQy is reported in
the literature. The rare-earth element chromates were mainly
studied for their electronic properties (paramagnetism due to a
single unpaired electron in Cr"), mainly due to the Cr¥ < Cr!ll
transition with oxygen fugacity and/or temperature.33291:292
Konno et al.%3 determined that the unpaired electron is occupy-
ing the dz? orbital of the CrV atoms. Furthermore, covalency

Table 12
Unit-cell parameters of sulphate, seleniate and other compounds with the monazite structure.
a(A) b(A) c(A) B©) v (A%) Ref.

YbBeF, 6.674 6.911 6.402 103.87 286.68 347
CaSOy4 6.3769 6.6439 6.1667 102.22 255.35 315
CaSeO3 6.402 6.791 6.681 102.78 283.27 312
CaSeOy 6.85661 7.04962 6.68817 104.2675 313.31 313
PbSeOy4 7.154 7.407 6.954 103.14 358.84 304
SrSeOy 7.101 7.34 6.874 103.48 348.41 304
SrSe0y 7.102 7.352 6.853 103.43 348.04 31
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is assumed to play a significant role in the Cr—O bonds of the
CrO43~ tetrahedral structure in LaCrOy4, and to contribute to
the stabilization of the tetrahedral CrO43~ groups.

Only LaCrO4 crystallizes with the monoclinic
structure.293294 All the other REECrO4 exhibit the zircon-
type structure.”?>->%¢ The LaCrO4 monazite-type compound
becomes unstable and turns to perovskite-type LaCrOs
at temperature above 680+ 10°C7>?7 according to the
LaCrO4 — LaCrO3 + 1/20; reaction. This transformation, as
well as the solid-solution possible field of existence, were
studied for possible use of LaCrO3 perovskite in solid oxide
fuel cells?®® or as catalysts.”? The transformation between the
two crystal structures is complex and not well understood, but
a comparison of the monazite to the perovskite structure’”
shows that La atoms turn from a 9-fold to a 12-fold oxygen
coordination and Cr atoms change from the tetrahedral to
the octahedral coordination. According to electrical neutrality
conditions, the Cr atoms are reduced from a +5 to +3 valence,
and one O atom per formula unit diffuses out of the bulk crystal
to a free surface then is released. These crystallographic changes
cause a unit cell volume decrease from 0.33 to 0.23 nm>.2%7

LaCrO4 can incorporate Ca to form a partial solid solution
(Laj_,Ca,)CrO4 with 0.1 <x < 0.2 at%.”>?7 The Ca incorpo-
ration is associated with a change in the Cr valence; this element
adopts both V to VI valences, the Cr¥! content increasing
with increasing the Ca substitution. Similarly, Miyoshi et al.3%!
report the incorporation of Sr into LaCrO4 and the formation of
La;_,Sr,CrO4 solid solution where Cr presents both V and VI
oxidation states. No value for the maximum limit of composition
for this solid solution is given in this work but Wagner et al.3%>
reports the formation of (Lag g4Sr.16)CrO4 with the monazite
structure.

Unsuccessful attempts to prepare the MgST h%)\_; CrV 0y
(M= Cd, Ca, Sr and Pb) compounds by thermal decomposition
of suitable compound mixture are reported by Schwarz.?88

3.2.2. MV S, Se)Oy4 type compounds

Two chromates, where Cr is stabilized with the VI oxidation
state, are known to crystallize with the monazite-type structure.
Pistorius and Pistorius®* and Effenberger and Pertlik>** report
the synthesis of both SrCrO4 and PbCrO4. PbCrO4 was exten-
sively studied since the early 2000s for its optical properties in
the nanorods form.”3-393-306 Crystallographic data are available
in the works performed by Jacob and Abraham,>"” Yin et al.,38
Knight’® and Wang et al.”> Jacob and Abraham®"7 exten-
sively studied the thermodynamic properties in the SrO-CrO3
binary system, and more particularly those of SrCrOy4, while Yin
et al.’%8 studied the SrCrO, compound for its photocatalytic effi-
ciency. From a crystallographic point of view, Effenberger and
Pertlik3%* described the coordination polyhedra of Sr in the ten-
fold coordination, eight Sr—O bond lengths being short, the two
others being longer in this polyhedron. PbCrO4 appears as the
synthetic analogue of crocoite mineral that is rarely found in
the oxidation zones of lead deposits. Crystallographic data were
first determined by Brill.3!0 The PbCrOy4 structure is reported
from single crystal study by Effenberger and Pertlik.>** In this
compound, Cr remains at the same oxidation state VI while lead

is divalent. The lead coordination polyhedron is similar to that
of Sr in SrCrOy4. It must be noted that the Cr—O bond length in
the CrO,4> entities in SrCrOy4 (1.626 A) is significantly shorter
than the Cr—O average bond length in PbCrOy4 (1.663 A).

Syntheses of SrSeO4 and PbSeO4 were also reported by
Effenberger and Pertlik.3** These authors preferred to describe
the CN polyhedron of cation in the ten-fold coordination. On
the contrary, Prevost-Czeskleba and Endres!! considered that
Sr atoms are surrounded by nine O atoms belonging to seven dif-
ferent SeQy4 tetrahedra in SrSeQy4. For both authors, the structure
may be described in terms of nearly regular SeO4>~ tetrahedra
linked by Sr>* ions. Furthermore, the geometry of the sele-
nate groups is the same in both SrSeO4 and PbSeOy structures,
the average Se—O bond lengths being 1.640 A and 1.642 A,
respectively.30*

Wildner and Giester>'? report the CaSeO3 compound to be
stable with the monazite structure. This particular structure is
described with Ca in the sevenfold coordination and pyramidal
SeOs3 groups comprising a lone electron pair. This structure will
be more precisely described regarding the monazite structure in
part 5.1 of this review. Recently, Crichton et al.3!3 have reported
the structure of the high-temperature form of CaSeQOy4, formed
by dehydration of the gypsum-type. This material is equivalent
to that described previously as a P212;21 form, but is however,
a monazite with a monoclinic unit cell in space group P2;/n.

During the study of the high pressure/high temperature forms
of CaSQy, Parise et al.,’1* Crichton et al.,’!® Ma et al.310
and Bradbury and Williams,?!7 confirmed the existence of
a monazite-type form of CaSOQOy, first reported by Borg and
Smith,?!® and stabilized for P> 11.8 GPa and T'> 295 K 314315

Only one example of mixed distribution in the anionic group
is reported in the literature. Incorporation of sulphate ions in
PbCrO4 can occur up to an extend of 38 mol% of sulphate at
25°C.319:320 These authors determined that the variation of the
unit-cell parameters in the PbCr;_,S,O4 series decreases lin-
early when increasing the substitution rate x. Crane et al.3?0
stabilized the PbCr;_,S,O4 compounds with an orthorhombic
structure. However, the obtained solid was found to be thermo-
dynamically unstable and slowly turns into the monazite-type
structure. This substitution was observed on synthetic materials
but was never reported for natural materials.

Schenker et al.3?! synthesized MnO42~-doped crystals of
SrCrO4 by a flux method. The MnO42~ concentration in the
solid phase was found to be 45 ppm by measuring the absorp-
tion spectrum in the visible, while the amount of KMnQy in the
flux (that is reduced to MnO4%~ during reaction) varied between
0.8 and 5 mol% with respect to SrCrOg4. This clearly indicates
that the monazite domain of SrCrOy is very thin.

The cristallographic data available in the literature are
reported in Tables 11 and 12.

3.2.3. M"SiOy type compounds

Only two silicates of tetravalent elements (Th and Pa) are
reported to form monazite-type compounds, i.e. PaSiO43223%3
and ThSi04.2% USiO4, NpSiOy4, PuSiO4 and AmSiOy4 crystal-
lize with the zircon-type structure322324:323 a5 well as zirconium
and hafnium.?2 They occur as natural and highly durable mate-
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Table 13
Unit-cell parameters of silicate compounds with the monazite structure.

a(A) b(A) c(A) B©) v (A3) Ref.
ThSiOy4 6.8 6.96 6.54 104.55 299.60 329
ThSiOy4 6.78 6.97 6.5 104.92 296.81 31
ThSiOy4 6.784 6.974 6.5 104.92 297.16 334
ThSiO4 6.774 6.962 6.495 105 295.87 35
PaSiOy4 6.76 6.92 6.54 104.53 296.15 322,323
LaPO, 6.825 6.981 6.495 nd 346
Lag.914Tho.086(S104)0.086(PO4)0.914 6.819 6.981 6.495 nd 346
Lag g69Tho.131(S104)0.131(PO4)0.869 6.816 6.981 6.502 nd 346
Lag 878 Thg.122(Si04)0.122(PO4)0.870 6.830 6.981 6.501 nd 346
Lag.799Tho201(S104)0.201 (PO4)0.799 6.833 6.981 6.509 nd 346
Lag 790 Tho210(Si04)0.210(PO4)0.790 6.822 6.981 6.509 nd 346
Lag.736Tho.264(S104)0.264(PO4)0.736 6.829 6.981 6.519 nd 346
Lag.697Tho 303 (S104)0.303(PO4)0.697 6.826 6.981 6.510 nd 346
Lag 646 Tho.354(S104)0.354(PO4)0.646 6.829 6.981 6.521 nd 346
Lag.508Tho.402(S104)0.402(PO4)0.598 6.829 6.981 6.521 nd 346
La0'55(,Th0'444(Si04)04444(})04)()‘55(, 6.828 6.981 6.517 nd 346
Lag.501 Tho.499(Si04)0.499 (PO4)0.501 6.825 6.980 6.533 nd 346
Lag 502Tho.498(S104)0.498 (PO4)0.502 6.834 6.980 6.529 nd 346
Lag.447Th.498(S104)0.498 (PO4)0.447 6.829 6.980 6.529 nd 346
Lag.403Tho.597(S104)0.597(PO4)0.403 6.828 6.980 6.534 nd 346
Lag 334 Tho 666 (S104)0.666(PO4)0.334 6.831 6.980 6.548 nd 346
Lag 307Tho.693(S104)0.693 (PO4)0.307 6.827 6.980 6.541 nd 346
Lag 274 Thg.726(S104)0.726(PO4)0.274 6.828 6.980 6.542 nd 346
Lag 201 Tho.799(S104)0.799(PO4)0.201 6.830 6.980 6.549 nd 346
Lag.139Thg.g61(Si04)0.861 (PO4)0.139 6.836 6.980 6.549 nd 346
Lag.102Tho.898(S104)0.898 (PO4)0.102 6.832 6.979 6.559 nd 346
Lag.082Tho.918(Si04)0.918(PO4)0.082 6.831 6.980 6.553 nd 346
ThSiO4 6.831 6.979 6.558 nd 346
CePOy4 6.787 7.029 6.468 103.18 300.29 219
Ce.95Thg 05(Si04)0.05(PO4)0.95 6.788 7.029 6.473 103.19 300.54 219
Ce.90Thg.10(S104)0.10(PO4)0.90 6.788 7.025 6.474 103.27 300.25 219
Ce.85Thg 15(Si04)0.15(PO4)0.85 6.789 7.018 6.479 103.32 300.12 219
Ce.80Tho20(S104)0.20(PO4)0.80 6.79 7.014 6.485 103.4 300.15 219
Ce(.75Thg 25(S104)0.25(PO4)0.75 6.79 7.01 6.489 103.43 300.05 219
Ce.50Th 50(S104)0.50(PO4)0.50 6.792 6.993 6.498 104.24 298.94 219
ThSiOy4 6.797 6.962 6.546 104.54 299.35 219

rials such as zircon (ZrSiO4) and hafnon (HfSiO4). USiOy4
and YPO4 do not adopt the monoclinic structure but must
be defined as virtual end-members of the monazite solid
solutions to describe the chemical composition of natural
monazites.!

The substitution of ThSiO4 in natural monazites was first
described by Frondel.3*7-328 The existence of the ThSiO4 end-
member was first reported by Hutton?* and Pabst et al.,3*® while
Frondel and Collette®** described the first way of preparation
of this compound. ThSiO4 can be stabilized with the mon-
azite structure (huttonite)’>! but also with the zircon structure
(called thorite).332 On the basis of the full-potential linearized
augmented-plane-wave method with the generalized gradient
approximation for the exchange-correlation potential (FLAPW-
GGA), Shein et al.333 determined that the tetragonal cell of
thorite became more favorable than huttonite with monoclinic
structure. These calculations also yielded the authors to con-
clude that at zero temperature and zero pressure approximation,
these phases are unstable in comparison with mechanical mix-
ture of constituent binary oxides. The zircon-type structure is

formed at low temperature while huttonite is stable at high tem-
perature. The thorite—huttonite phase transition was extensively
studied by Taylor and Ewing®** and Mazeina et al.>*> This
latter determined the variation of enthalpy of formation from

elements AH?f .; and the variations of enthalpy and entropy of

reaction, AH,% o and AS% ox» rom oxides (relative to quartz

and MO»), and the molar volume of thorite and huttonite. The
temperature of the phase transition at atmospheric pressure
reaches 1210 = 10°C.33¢ This value is in good agreement with
that reported by Finch et al.337 i.e. 12254 10°C but disagrees
with that noted by Dachille and Roy?3® (1000 °C). The phase
transformation from tetragonal ThSiO4 (thorite) to monoclinic
ThSi04 (huttonite) is unconsistent with the general expectation
that the less dense modification exists at higher temperatures>3>
and to what is generally observed with monazite-structured
compounds.”&339 Protactinium silicate, PaSiOy4, shows similar
behaviour than ThSi0,.322

The Th/Si mole ratio being constantly equal to 1 also supports
the existence of the straightforward solid-solution along the
binary join REEPO4-ThSiO; in natural monazites, as suggested
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by Starynkevitch.3*? Later confirmation by Bowie and Horne>*!

and Pavlenko et al.3*? did not enjoy wide acceptance, possibly
because they were based on average wet chemical analyses with
no indication of the sample homogeneity. Kucha**? argued that
the huttonite-monazite series cannot be explained solely by the
simple coupled substitution Th** +Si04*~ <> REE3* + PO4*~
and concluded that there must be an electrostatic compen-
sation by the concomitant incorporation of Ca, F and OH,
leading to a formula for intermediate members of the series
of (REE,Th,M2* U)(SiO4,PO4,0H,F), similar to cheralite.3*!
Data reported by Kucha’* and Della Ventura et al.>** leave
no doubt about the continuity of the monazite-huttonite series
to a maximal extend of 30 at% huttonite in natural monazites,
while Della Ventura et al.>** suggested that the substitution can
be written without requiring any electrostatic compensation by
divalent cations, or anionic groups.

Only few studies were devoted to the syntheses and stud-
ies of monazite-huttonite solid solutions. Peiffert and Cuney>*+
and Montel et al.>*¢ reported the synthesis of several com-
pounds in the LaPO4—ThSiOy4 system, indicating the formation
of a complete solid solution between both end-members, under
hydrothermal conditions. The a, b and c unit-cell parame-
ters decrease linearly with increasing thorium content in the
La;_,Thyx(Si04),(PO4)1—, while B angle parameter decreases.
Hikichi et al.>!? determined that a complete solid solution exists
between the two end-members CePO4 and ThSiOy, all the com-
pounds being obtained with the monazite structure. The same
variations of the unit-cell parameters than those determined by
Montel et al.>*¢ are reported in this work.

The only available data corresponding to the simultaneous
incorporation of uranium and silicate in LaPO4 were reported by
Montel et al.*® The field of existence of the monazite solid solu-
tion with USiOy4 is limited to Lag g7Up.13(Si04)0.13(PO4)0.87,
corresponding to 14.25 UO; wt%.

3.2.4. Particular case of YbBeF4

YbBeF, is the only monazitic compound which does not
belong to the AXOy (i.e. oxide) family. It is also the first, and the
only one, reported fluoroberyllate that adopts the monazite-type
structure.3*7 The structure was described as the classical CePOy
monazite structure: Be is tetrahedrally coordinated by four F
atoms between 1.55 and 1.59 A, and YD is surrounded by nine
F with Yb—F bond distances ranging from 2.40 to 2.80 A. The
YbFy polyhedron can be described as a pentagon capped by two
additional F atoms from two sides each. The YbFg polyhedron
forms infinite chains with the BeFy4 tetrahedron via common
edges.

4. Criteria for the AXO4 monazite-type structures
stability

As described in the two previous chapters, monazite is known
to be a very flexible structure that can accept various elements
with various oxidation states in its bulk. To evaluate the factors
affecting the structural stability of this structure according to the
elements incorporated, few authors tried to define systematic
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Fig. 2. Composite structure field map for AXOy structures proposed by Muller
and Roy.3*8

schemes and potentially predictive models. Physicochemical
parameters such as temperature or pressure can also modify the
frontiers between two structural domains.

4.1. Composition dependence of the stability domain of the
monazite structure

4.1.1. The structure-field map model

The usefulness of structure-field map concept’*® was proved
in systematizing the occurrence of different structures among a
range of fixed stoichiometry compounds of the A,X,0O; type,
here AXOy4. A binary phase diagram is built in which the axes
represent the crystal radii of the A and X ions.!> The first
diagram proposed by Muller and Roy>*? is reported in Fig. 2.
From this figure, one can see the relative stability domains of the
AX,0, compounds, and particularly, the stability field that is
related with the monazite structure. It has been used by Kohler3*’
to determine the structural stability of YBeF,.

A similar approach was developed by Fukunaga and
Yamaoka.”®® Their classification diagram of the AXOy type
compounds with respect to their crystal structures at nor-
mal pressure versus both k and t parameters (k=ra/rx and
t=(ra +rx)/2ro) is reported in Fig. 3. In this representation,
the cation with the larger coordination number and/or smaller
valency is chosen as the A cation. It must be noted that when
two compounds have the same X cation, the AXO4 type com-
pounds lie on the same line described as k= (2ro/rx)t — 1. Main
(XO4) lines are shown in the diagram. The compounds with the
same X cation often crystallize in the same structure even if the
radius of A cation varies to some extent. Therefore, the classified
area of a specific structure type tends to extend toward larger k
and t. The extend of the monazite stability domain is very large
and covers a wide variety of anionic families. This representa-
tion can be potentially extremely useful to predict the structure
of an AXO4 compound to be synthesized and to describe the
substitution possibilities in the monazite structure.** Similar
diagrams to that of Fukunaga and Yamaoka”®® were developed
by Bastide,>” (Fig. 4) Finch and Hanchar®' and Erran-
donea and Manjén*? for the prediction of the AXOy4 phase
stability.

348



N. Clavier et al. / Journal of the European Ceramic Society 31 (2011) 941-976

35[ T T - T T T

ral Iy

Fergusonite

Wolframite

(ratrx)2rg

Fig. 3. Classification diagram of AXOy, type compounds proposed by Fukunaga
and Yamaoka.?$ The monazite stability domain is represented in grey.

4.1.2. Stability domain of the monazite-type structure

These types of representation offer the possibility to predict
the structure of a compound. However, the problem of the limits
of the field stability domain remains open. The possibilities of
incorporation of elements as solid solution within the monazite
structure and the extent of these solid solutions were extensively
studied by several authors. Their attention was generally paid on

959

specific compositions. Some of them tried to identify systemat-
ics and to propose comprehensive models in order to predict if
one compound could adopt the monazite structure.

4.1.2.1. Preliminary studies. A first attempt to correlate the
ionic radii to structures in the monazite/xenotime families was
reported by Carron et al.’>3 On the basis of the ratio between
the (X—O) bond length (in the AXO4 compounds) and the ionic
radius of A, noted X/A, these authors calculated that a value of
1.86 seems to specify the size limit of both the cation and the
anion at the xenotime—monazite structural frontier. This ratio
yielded to propose the stability of silicates and the possibility
of isomorphous substitution of the anions among the rare-earth
phosphates, silicates, arsenates and vanadates. More recently,
Macey*>* completed this work by determining that the structural
border between zircon and monazite corresponds to a X/A ratio
equal to 1/1.56. Monazite and zircon structures are obtained for
X/A < 1/1.56 and X/A > 1/1.56, respectively. Even if systematic
variations between the unit-cell parameters and chemical com-
positions were evidenced in this work, no predictive model for
the structural stability limits was proposed.

4.1.2.2. Criteria for the of the monazite
structure. Podor and Cuney focussed their attention
on the stability domain of the monazite structure, and
more precisely on that of the (MlllizxMEMiV)POA, com-
pounds. These compounds are described by two parameters
Faverage = (1 — 200y 4+ Xy + X1 and rrgrip =
[(1— x)[g]rM3+ + x[g]rMH]/[(l — x)[9]rMaJr + x[glrM4+]

(where 1y, is the ionic radius of the M element in the ninefold
coordination!>). The upper and lower values of these param-
eters are 1.216 A > rayerage > 1.107 A and 1.238 > ryap > 1.
The stability range of the (M?lzxMEMLV)Poét compounds is
plotted as a function of the three parameters x, raverage and

stability
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Fig. 4. Updated Bastide’s diagram for AXO4 compounds proposed by Errandonea and Manjén.>>? The monazite stability domain is reported in grey.
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Fig. 5. Stability domain of the (A;_2,>*B,**C,**)PO, compounds in the mon-
azite structure-type versus mole fraction of B2+ or C*, Taverage and Iraio (after
Podor and Cuney'’").

Fratio (Fig. 5). The volume obtained is a prism that describes
the stability domain of monazites. Each point included in
this volume corresponds to the composition of a product that
crystallizes with the monazite structure. A line segment joining
two points in this volume represents a solid solution between
the two compositions. This model is more accurate to describe
the limit of chemical compositions in the border line than the
field stability domains reported in Section 4.1. Some authors
used this model to predict the maximum solubility of one
element in monazite-type compounds®'®3> or the way of
incorporation of other ones (such as cerium, neptunium and
plutonium).'97:140-206 However, some discrepancies with reality
remain possible, especially in the case of miscibility gaps.

4.1.2.3. Monaczite to zircon transition. Due to its importance in
the earth sciences, several authors paid a great attention on the
monazite to zircon transition. This limit was clearly established
in the case of pure compounds, but is difficult to character-
ize in the case of mixed rare-earth elements systems, with the
formation of a miscibility gap.

In a recent review, Kolitsch and Holtstam?*® constructed a
schematic diagram showing the stability fields of the monazite
and zircon-type structures, on the basis of available data for
REEXO4 (X=P, As, V) compounds. This diagram describes
what occurs in one REEXO, family. The conclusions were as
follows:

6

(i) within a single series of REE phosphates, arsenates or vana-
dates, the monazite structure type is stable for the large(st)
REE3* cations while the small(est) REE3* cations form the
zircon structure;

(ii) the stability field of the monazite structure type in REEXO4
(X =P, As, V) compounds narrows with increasing size of
the XO4 group (Fig. 6). This structural influence of the XO4
group agrees with earlier conclusions of Losutov et al. 3%

Monazite-type

Zircon-type

V o ez

1 ] ] ] ] ] 1 ] ] 1 ] ] 1 ] ]
La Ce Pr Nd PmSmEu Gd Tb Dy Ho Er Tm Yb Lu
Ain AXO,

Fig. 6. Stability fields of the monazite and zircon structure types among
REEXO4 (X=P, As, V) compounds (dotted lines = metastable regions (after
Kolitsch and Holtstam?4¢).

who stated that an increase of the ionic radius of the X
atom in AXO4 compounds leads to the structure types of
scheelite and, for very large X atoms, of wolframite;

(iii) metastable phase fields are evident for the areas left and
right of the monazite—zircon structure-type limit (Fig. 6).
These metastable regions are largest for the phosphates
and absent for the arsenates. Ropp and Carroll>>* found, in
an early comparison of the dimorphic forms of REEXO4
compounds (i.e. TbPO4 and LaVOy), a linear correla-
tion between the REE>* radius and the X°* radius of the
(XO4)3_ tetrahedral oxyanion rather than with the X-O
bond length or the tetrahedral volume of the oxyanion.
Their observation®* was based on the assumption that
PmAsOy4 is also dimorphic. However, the existence of
monazite-type PmAsQO4 has not been demonstrated yet.

This diagram is useful to overview the stability field of the
monazite structure, but is insufficient to describe correctly the
partial solid solutions between two REEXO,4 compounds, par-
ticularly between a light and a heavy rare-earth element, and the
existence of a miscibility gap.

A similar behaviour is described by Nabar and Mhatre
the Ca;_,Ba,LaTh(VO4)3 system. The structure of the obtained
compound depends on barium substitution fraction and temper-
ature, as illustrated in Fig. 7.

A description of the inter-family compounds
REE(X|_,X',)O4 was proposed by Aldred?®7 on the basis of a
systematic study of the REE(P_,V,)O4 compounds (REE=La
to Yb). The conclusions were that:

266 in

(i) Complete solid solution behaviour is observed when the end
members are isostructural (LaPO4—LaVO4-monazite-type,
YbPO4—YbVO4-zircon-type).

(ii)) When the end-members are not isostructural, a systematic
change in the solubility range in both structures is found
as REE is modified. At large REE ionic radius (Ce or Pr)
the two-phase field is narrow and dominated by a monazite
solid-solution field. For intermediate REE ionic radius (i.e.
Nd or Sm), the two-phase field is broad with little solu-
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Fig. 7. Structure of some phases in the Caj_,Ba,LaTh(VOy4)3 system as a
function of x at various temperatures (after Nabar and Mhatre?%¢).

bility in either the monazite or zircon structures. At small
REE ionic radius (Gd), the two-phase field is again narrow
with extensive solid solubility in the zircon phase. These
conclusions support the fact that the miscibility gap also
exists with inter-family compounds. The obtained diagram
(reported in Fig. 8) allows the representation of the misci-
bility gap existing between the monazite and zircon-type
compounds.

In the (REE'REE”)PO4 family, when both end-members
crystallize with the monazite-type structure, the solid solution
is complete, as demonstrated by Gratz and Heinrich®’ and
Terra et al.!33 in the Ce,Gd;_,POy4 and La,Gd;_,POy4 systems,
respectively. This was also confirmed by the calculations per-
formed by Mogilevsky.'7+175 When both end-members are not
isostructural, only few experimental data are available but all
tends to demonstrate that only restricted solubility ranges are
observed. Gratz and Heinrich®>7 report a temperature-dependent
miscibility gap between CePO4 and YPO,4 under hydrothermal
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Fig. 8. Structure field map for AXO4 compounds (after Aldred®¢7).
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conditions: the higher the synthesis temperature/pressure syn-
thesis, the higher the Y content in CePO,4. Similar results were
reported by Andrehs and Heinrich’®® and Pyle® in a simi-
lar study performed with natural minerals. Seydoux-Guillaume
et al.>’" also concluded to an increase of the YPOy solubility
in CePO4 when increasing the experimental temperature. Fur-
thermore, these authors determined that this solubility increases
with increasing the thorium and silicate contents in CePOy.
All the available data were gathered by Spear and Pyle.’
The same trends were observed in the LaPO4—YPQ,,!7%175
NdPO4—YPO4, SmPO4~YPO, and NdPO4—~YbPOy systems'”?
with materials obtained by direct high temperature synthesis.
Moreover, the solubility of DyPO4 in GAPO4 was estimated to
be less than 40 mol% at 1200 °C by Boakye et al.'*! Solubility of
Tb in CePO4, NdPO4 and SmPO4 was determined to be higher
than 50 mol% at 1350 °C by Mullica et al.'”% A regular solution
model was applied by Mogilevsky and Boakye!”> to describe the
solid solubility in monazite—xenotime systems and its pressure
dependence. The comparison between the experimental data in
the REEPO4—YPO, system with the calculated solubilities in the
REEPO4-YPO4 and REEPO4-LuPOy4 systems at 1200 °C are
reported as a function of the ionic radii difference between REE
and Y (Lu respectively) in Fig. 9. This figure clearly illustrates
that there is a good agreement between the model and the avail-
able experimental data, suggesting that the model could be used
to predict the solubility in all the monazite—xenotime systems.
Furthermore, this figure illustrates the fact that the solid state sol-
ubility of one HREE in the monazite structure does not linearly
decrease from LaPO4 to GdPOj. This solubility goes through a
maximum value centered between PrPO,4 and NdPOy. It must
be noted that at the border between the monazite and zircon (i.e.
xenotime) structures, the solubility of Gd in HREEPOy is higher
than the solubility of HREE (and YPO4) in GAPQy.!74.269,359,360
These results indicate that only 4 at.% of HREE elements (or
Y) are sufficient to fully transform GdPO4 to the xenotime
structure.
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4.2. Structural effect of external parameters

The limits of the stability domain of the monazite structure
vary with temperature, pressure and radiation dose. These par-
ticular effects were specifically studied by several authors. The
main results are reported in this section.

4.2.1. Influence of temperature

Depending on the temperature of synthesis, an hemihydrated
hexagonal form3®! (stable at “low” temperature) of REEPOy
(REE=La to Dy134,135,362) or MIHPO4 (MHI =Pu,]42 Am]45),
called rhabdophane, can be stabilized.303-3%5 As an example,
du Fou de Kerdaniel et al.® reported that for light rare earth
elements (La,Ce), the hexagonal rhabdophane is obtained from
ions in solution below 90 °C while monazite is directly stabilized
for higher temperatures. This “transition” temperature increases
along the REE series to reach about 160 °C for GdPOy.

Rhabdophane transforms into monoclinic form by heating at
high temperature. First, an anhydrous form of the hexagonal
phase is obtained between 100 and 400 °C, the transforma-
tion temperature depending on the considered cation, then the
transition to monoclinic monazite is observed.!36:137.366-369
The transition temperatures are in the range 400-500°C for
LaPOy, 36137366 about 600°C for CePOy4!30:366:370.371 gpd
EuP0y4,7? 700°C for SmPO4'3¢ then reach up to 900 °C for
DyPO,.'3% Moreover, it is to note that monazite compounds
could be obtained from rhabdophane by mechanical treatment,
typically milling.373-37°

The rhabdophane — monazite transition was also reported
for compounds incorporating both light and heavy lanthanides
such as (La,Y)POu4,' (Ce,Y)PO437% or (La,Lu)PO43"7 solid
solutions. On the other hand, two polymorphic modifica-
tions were found for the transitional compounds GdPOq,
TbPO4, and DyPO4: from hexagonal to monoclinic form
and from monoclinic to tetragonal form. The first transi-
tion temperatures are 550°C for GdPOs and 600°C for
TbPO4 and DyPO4367 while the second ones are found
above 1200°C for GdPOy4, between 800 and 1100°C for
TbPO, and approximately 800 °C for DyPO4.%%%378 For heav-
ier rare earth elements (Yb, Lu), the rhabdophane directly
turns to tetragonal form when heating above 860 °C.37° These
modifications occur on the ruyyerage parameter defined by
Podor and Cuney.'”! Moreover, hexagonal hydrated forms
of BiPOy4,"”! CaTh(POy), (called brockite),’80 CaU(PO4),
(called tristramite)’®! and Ndl,z)CCaxThx,yUyPOA;382 are
also mentioned and led to monazite-type compounds after
heating.

Another effect of the temperature lies in the solubility of
heavy lanthanides in the monazite structure. Indeed, several
authors!7>174269 report the increase of the solid state solubil-
ity of HREEPO4 (and YPO4) in LREEPO4 compounds with
increasing temperature. This particular point fits well with the
model developed by Mogilevsky.!7*

The limits of the ., parameter defined by Podor and
Cuney!’! also vary with temperature. The zircon to monazite
structural transformation is observed in only a few compounds
such as ThSiOy4, PaSiO4, PbgsThgs5VO04,2%* and CeVO,4.3%

Dusausoy et al.3%% showed that synthetic (Cag5Ug5)PO4
compound have an irreversible polymorphic transition from
orthorhombic to monoclinic above 1000 °C in standard pressure
conditions. The (Cags5Thgs)PO4 compound does not undergo
this type of phase transformation. In these five transformations,
atemperature increase yields to the stabilization of the monazite
structure.

A special attention was paid to ThSiO4. Mazeina et a
determined the enthalpies of formation of thorite and huttonite
(equal to -2117.64+4.2kJ/mol and to -2110.9 4.7 kJ/mol,
respectively). These values indicate that ThSiO4 (thorite or
huttonite forms) are metastable relative to SiO; (quartz) and
ThO» (thorianite) at standard conditions. Although metastable
at room temperature, ThSiO4 stabilizes at higher tempera-
tures compared to its binary oxides, owing to the entropy
contribution for huttonite/thorite relative to cristobalite and
ThO,.

1 335

4.2.2. Influence of pressure

The influence of very high pressure on the CePOy4 struc-
ture was studied by Huang et al.383 The structure deformation
of monazite can be linked to the higher compressibility of the
CeQg polyhedron compared to that of the POy tetrahedron. X-
ray diffraction data suggested a structural distortion at ~11.5
GPa.

Pressure can also influence the limits of the stability domain
of the monazite structure. The solid state solubility of ele-
ments in the monazite structure can vary with pressure. Gratz
and Heinrich?®® and Mogilevsky'7# report the increase of
the HREE and Y incorporation in CePOs when increasing
the operating pressure during synthesis. Thus, variation of
the pressure can involve the stabilization of polymorphs. The
increase of pressure can yield to the stabilization of the mon-
azite structure. Many authors>!>-317318.333.384 ‘haye observed
CaSO4 undergoing phase transitions from its ambient anhy-
drite structure to the monazite type at P=2GPa, then at
higher pressure and temperature to crystallize in the barite-
type structure. Bradbury and Williams3!7 conducted X-ray
diffraction and infrared spectroscopy on CaSQ4 to pressures
of 28 and 25 GPa, respectively. A reversible phase transition
to the monazite-type structure occurs gradually between 2 and
~5 GPa with a highly pressure-dependent volume change of
~6—8%. In the case of NdAsOy, a pressure increase yields to
the destabilization of the monazite structure and to the forma-
tion of a scheelite-type polymorph.3®> The same behaviour was
observed by Range et al.>8 for the CeVO4 compound. Recently,
Lacomba-Perales et al.¥” found evidence of a reversible
pressure-induced structural phase transformation from zircon
to a monazite-type structure in the xenotimes. The onset of
the transition is at 19.7 GPa in YPO,4 and 17.3 GPa in ErPOy.
A similar transition is described for TbPO4 by Lopez-Solano
et al. 338

A hypothetical schematic phase diagram for the AXO4 com-
pounds, indicating the temperature and pressure dependence
of the structure transformations, was proposed by Finch and
Hanchar®! (Fig. 10).
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Fig. 10. Hypothetical schematic phase diagram for the AXO4 compounds (from
Fig. 15 of Finch and Hanchar®!).

4.2.3. Effect of irradiation on the monazite structure

The last parameter of importance reported in the literature
as influent on the stability domain of the monazite struc-
ture is irradiation. The majority of the studies developed in
this field was dedicated to phosphate-based compounds. Nat-
ural monazites, as well as synthetic compounds, are known to
recover from irradiation damages at low temperature.3*120-389
Natural monazite analogues of several hundred millions years
old are found to remain crystallized despite of high thorium
and/or uranium weight loadings contrarily to other minerals
such as zirconolite that become metamict under irradiation.
Although monazite is apparently always found in a crystalline
state in nature, it is possible to produce a metamict state by
bombarding the material with heavy ions at fluences higher
than 4 x 10'% ions/cm?. However, the cristallinity of monazite
can be restored by annealing the material at low temperature
(400 K).85389 The same behaviour is described for huttonite by
Meldrum et al.*® Furthermore, these authors reported that the
critical amorphization temperature above which amorphization
did not occur increased from huttonite to thorite. At tempera-
tures below 500 K, the tetragonal and monoclinic polymorphs of
ThSiO4 required approximately the same ion fluence for amor-
phization. However, they noted that the monoclinic ThSiOy is
not “more resistant” to radiation damage than the tetragonal-
symmetry form, butits amorphous phase recrystallizes at alower
temperature.

The irradiation dose required to get amorphization of syn-
thetic CePO4 samples is found to be very important at 400 K
compared to that required to amorphize apatites or zircons.
Moreover, above this temperature, the amorphization of the
structure cannot be obtained even for very high amorphiza-
tion doses (higher than 3 dpa) probably due to an efficient
annealing of the defects in this structure.>®® In the same way,
Burakov et al.>! reported that lanthanum phosphate monazites
(La,Pu)POy containing 8.1wt.% of plutonium 23*Pu remain
crystallized at ambient temperature up to a camulative radiation
dose of 1.19 x 10%° a/m> (i.e. 2 x 10'8 a/g) while the sample
changed in color from initial light blue to grey under self-
irradiation. It was assumed that self irradiation is accompanied
by two processes: accumulation of defects in monazite crys-
talline structure and self-annealing of these defects at ambient

temperature. On the contrary, PuPOjy (7.2 wt.% of 238Pu) became
nearly amorphous above 4.2 x 10?* a/m>. Swelling and crack
formation due to the o decay damage was observed in the PuPOy4
ceramic.>®! With the same objective, samples of (La,Am)PO4
with 23 wt.% ***Am were prepared.!”®!80 Goubard et al. 3
reports the experimental studies by X-ray diffraction of irra-
diation damage from alpha decay in neptunium and americium
vanadates versus cumulative dose. The isotopes used were the
237Np a-emitter and the 2! Am a, v-emitter. The data reveal that
the irradiation has no apparent effect on the neptunium phases
while the americium vanadate swells and becomes metamict
when increasing the cumulative dose.

5. Structural relationships between the monazite
structure and other related structures

Many compounds exhibit polymorphic transitions between
the monazite structure and another structure: zircon (or xeno-
time), scheelite, anhydrite, rhabdophane and barite. These
possible transformations correspond to the structures that are
at the monazite stability limits evidenced in the structure-map
model developed by Fukunaga and Yamaoka.?®® The transfor-
mation of one isomorph to another can be obtained through the
action of temperature or pressure increase (or decrease). The
transitions can be displacive or reconstructive. The structural
relationships, as well as the transition mechanisms, have been
described by several authors and are reported in this part of the
review.

5.1. Monazite derivative structures

The monazite structure of the AXOs compounds was
described in part 2. The distribution of the A element in
the cationic site occurs in AOg coordination polyhedra. Three
derived structures were reported in the literature.

Wildner and Giester>'? reported that the CaSeO3 compound
is stable with a structure that is very similar to monazite. The
main difference lies in the fact that the Ca atom is in the sev-
enfold coordination instead of the ninefold coordination for Ce
in CePOy4. CaSeOs3 provides an example for the stereochemical
equivalence of a pyramidal SeO3; group comprising a lone elec-
tron pair E with a tetrahedral TO4 group. The authors claimed
that CaSeO3 belongs to a new structure type but is ‘quasi-
isotypic’ to the monazite structure, where the lone electron pair E
is formally replaced by an additional oxygen ligand. This results
in polyhedral rotations and in a change from the sevenfold coor-
dination of Ca in CaSeO3 to the ninefold coordination of the
large Me cations in monazite type compounds.

On a similar way, the structure of the Liz,Laj;_,VO4
(0 <x<0.3) compounds is described by Isasi et al.’® as a dis-
torted monazite-type structure. The structure is described by
means of VOy tetrahedra, LaOg polyhedra and LiOs units. The
rare-earth element adopts the “classical” nine-fold coordination
while the lithium atoms are coordinated to five oxygen atoms.
The LiOs5 polyhedron is described as a distorted square pyramid
thatis rather unusual for lithium. The authors note that around the
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Fig. 11. Comparison of monazite (a) and xenotime (b) phases projected down [00 1]. The diagrams illustrate the changes in RE-O bonds that occur during the
“transition” between the monazite and xenotime phases. Larger open circles represent RE atoms; smaller circles represent O atoms (after Ni et al.!1%).

lithium occupied positions there are vacant sites toward which
this cation could migrate and unsure a good ionic conduction.

The structure of StNp(PO4); is described in the orthorhombic
system, Cmca space group.>> In spite of the higher symmetry,
the cell is related to the monazite one, showing alternate layers
of SrO10 and NpOg polyhedra instead of the disordered array of
MOy units. The authors explained this particular arrangement
by the ionic radii differences between Sr>* and Np** The struc-
ture is seen as an ordered modification of the cheralite type.
This structural model allows explaining the narrow limits of
the cheralite domain in terms of cation size and suggests that
transuranium-loaded compounds could also be derivatives of
the archetype.

5.2. Monazite—zircon structural relationships

Numerous examples of monazite and zircon polymorphs are
reported in the literature (ThSiO4, TbPO4, CeVOy, etc.). The
structure of zircon (ZrSiO4)>>! is tetragonal and crystallizes in
space group I4;/amd. The SiOy4 tetrahedra share corners and
edges with ZrOg dodecahedra while this latter share edges with
each other to form chains parallel to [1 0 0] such that each ZrOg
polyhedron shares edges with four adjacent ZrOg polyhedra,
two in each of the crystallographically equivalent directions
[100] and [010]. These [100] chains of ZrOg polyhedra are
cross linked by sharing corners with SiO4 tetrahedra. The Si and
Zr polyhedra also form an edge-connected chain of alternating
ZrOg and SiO4 polyhedra parallel to [0 0 1], between which lie
unoccupied channels, also parallel to [00 1]. The [00 1] edge-
connected chains of Zr and Si polyhedra comprise an especially
strongly connected feature in the structure, generally expressed
in the prismatic habit and (1 10) cleavage of zircon minerals.
Several minerals (xenotime, thorite, coffinite, pretulite, etc.351)
are associated to the zircon-group.

The structural relationships between monazite and xeno-
time were elucidated by Ni et al.!'® The relationship between
the atomic arrangements is evidenced in the juxtaposition of
[001] projections of the two structures (Fig. 11). The phos-
phate tetrahedra in both structures exist in planes perpendicular
to a (Fig. 11a), with two such planes in the unit cell of each
phase; each of these tetrahedra represents the projection of a
polyhedron—tetrahedron chain. In monazite, the tetrahedra in

adjacent (100) planes are offset from each other principally
along [010], and O-O edges of the tetrahedra are inclined to
the crystallographic axes; in xenotime, the tetrahedra are in
rows parallel to a and b, and the shared edges of the tetrahe-
dron are parallel to a or b. The structures are related by these
shifts of the (1 00) planes (for example it reaches 2.23 A along
[010]and 1/2acos B=0.79 A along [00 1] between GAPO4 and
TbPO,) and a slight rotation of the tetrahedron about [00 1].
As illustrated in Fig. 11, the change in coordination of the
REE polyhedron from the xenotime to the monazite atomic
arrangements is accomplished by breaking a REE-O bond in
the xenotime structure and adding two REE-O bonds in the
monazite structure. The transformation of a zircon-structured
material into the monazite-type compounds was observed in the
case of Cag 5Uq sPO4,33° CeVO4,80 PaSiO, and ThSi04322-335
compounds. This transition also generates a contraction of the
unit-cell volume, !18-333.339

5.3. Anhydrite—monazite structural relationships

The anhydrite to monazite transformation was reported only
in the case of CaSOy. Even if Chen et al.3®3 does not evidence
the CaSO4 monazite-type in their work, monazitic CaSOy is
obtained by high pressure room-temperature compression of
anhydrite.3!8335 The main structural features of the anhydrite
are reported by Kirfel and Will.>** The anhydrite structure is
built up of chains of alternating SOy tetrahedra and CaOg dodec-
ahedra, running along [00 1]. Thus each S atom is coordinated
by four O atoms with two unique S—O bonds, and each Ca’*
cation is coordinated by eight O atoms with four unique Ca-O
distances. While the SOy tetrahedron is almost regular, the CaOg
dodecahedron is considerably distorted with strongly contracted
edges shared with the SO4 groups.3

A plausible anhydrite to monazite phase transition is pro-
posed by Borg and Smith.3!® A significant feature in the
anhydrite structure is the chains of AOg and XO4 polyhedra
linked by shared edges. The tetrahedral orientations alterna-
tively rotate +45° about the chain axis. The reversibility of the
anhydrite—-monazite transition in CaSO4 suggests it is mostly
displacive in nature and the chains are probably retained. Rota-
tion as well as displacement of the chains relative to each other
is required (Fig. 12). To preserve the chains, the two structures
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Fig. 13. Comparison of CePOy4 monazite!!8 (a) and CaSOy barite3!! (b) (after Crichton et al.3!3).

are related through axial transformation, @anhydrite —> CMonazite»
bAnhydrite — bMonazite and CAnhydrite = dMonazite - The requisite
displacements suggest a shear or twinning mechanism as
proposed for martinistic transformations, e.g., monoclinic-
tetragonal ZrO,.

5.4. Monazite-barite structural relationships

The monazite to BaSO4 barite-type transformation is
reported to occur during heating of the CaSO4 high pressure
monazitic form at 7= 1250 °C.314315 This phase transformation
is also suggested by Lacomba-Perales et al.3®7 for the high pres-
sure form of LaPQy4. This seems to be a reasonable proposition
since the monazite-barite transition involves an important atomic
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rearrangement. In particular, the barite-type structure implies an
increase of the coordination of the La cation. La is nine-fold
coordinated in monazite while it is twelve coordinated in barite.
In contrast the POy tetrahedra remain essentially unchanged in
both structure types (Fig. 13).

5.5. Monazite—-AgMnQy structural relationships

No direct monazite to AgMnOy structural transforma-
tion is reported in the literature. However, the monazite
and the AgMnOy structures’® reported in Fig. 14a and b,
respectively,>!> are closely related. It is evident from this dia-

gram that a notional shear of the monazite structure parallel
to a, reducing the 3 angle, would produce a topology close to
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Fig. 14. Comparison of (0 1 0) planes of CePO4 monazite' '8 (a) and AgMnO4390 (b) (after Crichton et al.3!3).
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Fig. 15. Portions of polyhedral chains in the CePO4 monazite!!8 (a) and CaWOy
scheelite®®7 (b) structures (after Macey354),

that of AgMnQy. This description corresponds to the description
of two high-pressure forms of CaSO,4. The SO4-tetrahedra and
cation positions are shown, with non-bonded oxygen removed
for clarity.

5.6. Monazite—scheelite structural relationships

The monazite to scheelite transformation is another rarely
observed transformation that takes place for LaVOy, PrAsOy,
NdAsO43% and BiAsO4.2%* The pressure is the driving force
for this transformation that can be proceeded by both tem-
perature and pressure paths for these compounds. Nabar and
Sakhardande®®’ reports the existence of a monazite to scheel-
ite transition, that is irreversible and endothermic, for the
(Cd13Nd;/3Thi/3)AsO4 compound. This transition occurs at
900 °C and is only induced by the heat treatment of the material.

Macey?>* describes the monazite to scheelite transformation
as follows. The plane parallel to (00 1) and the plane parallel
to (0 10) of monazite are shared to become the closest packed
cation planes in the scheelite form (Fig. 15). Atomic movements

" AYAYA

AYAYA
 AYAYA
' AYAYA

within the planes are also necessary to reach the scheelite pack-
ing. The transformation is reconstructive in nature as evidenced
by the fact that the transformed product is metastable’®* and that
the monazite has tetrahedral sharing edges with nine coordinated
polyhedra while scheelite has tetrahedral sharing corners with
adjacent dodecahedra.’

Pbg 5Thg 5 VO4 has polymorphs in both scheelite and mon-
azite structures, as well as in the zircon structure.2%* In this case,
the structure sequence that is observed when heating this com-
pound from room temperature is scheelite (7= 600 °C) — zircon
(T=920°C) — monazite.

5.7. Monazite—HT monoclinic BiPOy structural
relationships

The case of the low temperature monazite form of BiPO4 to
a high temperature monoclinic form is unique and completely
described by Romero et al.!>! The monoclinic high-temperature
modification of BiPO4 is very similar to the monazite type
although this similarity is partially concealed by the choice of
the cell parameters (Fig. 16).>°® The transformation from the
low-temperature monazite-type to the high-temperature form is
irreversible and requires a small rotation of the tetrahedra to
adopt a more symmetric (and slightly more volume-consuming)
arrangement, with no modification of the essential topological
features. A consequence of the increase in symmetry of the
tetrahedra network is that an approximate P-centering present in
the monazite structure now becomes exact, and hence a smaller
primitive unit cell can be selected.

5.8. Monazite—rhabdophane structural relationships

As previously described, monazite can be easily obtained
by heating the rhabdophane hexagonal hydrated form.!36-361
Hikichi et al. emphasized the weak differences existing between
both structures, especially concerning the arrangement of oxy-
gen atoms around the P>* jon as well as the REE-O distances.?’>
The main modification lies in the presence of larger channels
along the c axis in the case of rhabdophane which host the water
molecules that stabilize the structure.?*” The comparison of the
structural features was also reported by Romero et al. in the case
of BiPO,4 which presents a similar hexagonal modification.!>!

AYa%a%a
272727
AYa%a%a

Aa"aAVa.

Fig. 16. Orthogonal projections of CePO4 monazite structure! ! onto the (100) plane (a) and of high-temperature monoclinic form of BiP0438 onto the (—101)

plane (b) (after Romero et al.'>!).
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Fig. 17. Orthogonal projections onto the (1 00) plane of the rhabdophane-type hexagonal modification of BiPOj, with layers located at x=0.5 (a) and x=0 (b) and
of monazite (c) (after Romero et al.!>!). The frames indicate the common cation/PO4 chains.

They described rhabdophane as an alternance of two types of
layers parallel to the (100) plane. The first one (at x=0.5),
formed by bismuth atoms and phosphate tetrahedrons (Fig. 17a)
appears very close to monazite arrangement, while the second
one (located at x =0) consists in alternate chains formed by water
molecules then by bismuth and phosphates groups (Fig. 17b).
This alternance of layers led to a looser stacking than the mon-
azite type structure (Fig. 17c¢).

6. Conclusions

Based on the diversity of the chemical composition of the
obtained samples, the monazite structure appears to be strongly
flexible. Such chemical variety can explain why the number of
scientific projects dealing with the use of monazite-type com-
pounds for various applications remains significant and clearly
shows that new opportunities for material composition design
are always open.

One of the explanations of this chemical flexibility is
probably due to the presence of the cationic pentagonal inter-
penetrating tetrahedral polyhedron that allows the structure to
accommodate chemically diverse cations. This irregular coordi-
nation existing around the lanthanide ion does not place severe
symmetry, size or charge constraints for the incorporated cation
and allows large domains of chemical compositions for the
prepared solid solutions. Such structural aspect can be also con-
nected to several properties of interest of the monazite structure.
Among them, one can note, as instance, the high chemical dura-
bility, resistance to radiation damage (properties of interest for
geochemical chronology, for radwaste storage matrices, etc.) or

high temperature thermal conductivity (for coating and diffusion
barrier designs).

As a summary, the literature dealing with the preparation
and the characterization of monazite samples is very rich. A
complete database of the existing monazite compounds and the
possible substitutions in the structure is reported herein. The
stability domains of the existing compounds are also reported
as well as the structural relationships between the monazite
structure and related structures. All the data that are gathered
together for the first time offer an unique view of the versatility
of the monazite structure regarding the possibilities for elemen-
tal substitution or incorporation. New coupled substitutions on
the anionic and cationic sites are now conceivable, although
possibly with limited solid solution extend. As instance, limited
incorporation of niobiate or tantalate groups in replacement of
phosphate entities could probably be achieved.
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