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bstract

he AXO4 monazite-type compounds form an extended family that is described in this review in terms of field of stability versus composition. All
he substitution possibilities on the cationic and anionic sites leading to the monazite structure are reported. The phosphate, vanadate, chromate,
rseniate, sulphate and silicate families are described and the unit-cell parameters of pure compounds and solid solutions are gathered. The stability
imits of the monazite-type structure are discussed versus several models generally correlated with geometric criteria. The effects of physico-

hemical parameters such as pressure, temperature and irradiation on the monazite-type structure stability are also discussed. The structural
elationships between the monazite structure and the related structures (zircon, anhydrite, barite, AgMnO4, scheelite and monoclinic BiPO4,
aSeO3, rhabdophane and SrNp(PO4)2) are described.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Monazite is a natural light rare-earth element phosphate that
enerally contains large amounts of uranium and thorium.1–5

mall crystals of this mineral are formed during the magma crys-
allization as an accessory phase. A review of the composition
nd geological occurrence of monazite in the accessory min-
ral assemblage of granitoids was given by Rapp and Watson.6

ecause of their high density, monazite minerals can concentrate
n alluvial sands when released by the weathering of pegmatites.
hese so-called placer deposits are often beach or fossil beach
ands and contain other heavy minerals of commercial inter-
st such as zircon and ilmenite. These sands constitute the
ain world’s thorium resource. During the 70s, several authors

laimed that long-life superheavy elements (Z = 124, 126) were
resent in monazite inclusions in biotite. These minerals were
haracterized by giant halos, with radii up to 100 �m, that may
e due to the radiation damage caused by the decay of super-
eavy elements.7,8 However, no evidence for the existence of
uch elements was obtained.9–11

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

Coatings and diffusion barrier: High fusion temperature and
igh temperature corrosion resistance in oxidizing environments
ielded to propose the use of LaPO4 as interface coatings in
omposites for high-temperature application, in the form of tape-
ast laminates and fiber systems.12–30

Geochronology: Because natural monazites are often U
nd Th enriched minerals, radiogenic Pb accumulates quickly
hrough the �, � decay sequences in the three natural radioactive
amilies, and reaches, in about 100 Ma, a level where its analysis
ecomes possible by electron probe microanalysis (EPMA).31

ssuming that common Pb is negligible, and that radiogenic

b is kept in the structure all along the time excluding lead

oss when ageing,32,33 the simultaneous measurement of U, Th,
nd Pb allows to reach the geologically meaningful age from
single electron probe analysis. An easy to work/implement

p
c
v
m

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 967

ethod was proposed and developed by Suzuki et al.34 and Mon-
el et al.4,35,36 This method offers a large number of geologists
o access an in situ dating technique with ±30–50 Ma final accu-
acy on ageing, for a ‘normal’ monazite.3,37–40 The reliability of
his method is linked to the structural properties of the monazite
tructure, in particular to its high chemical durability leading to
mall amounts of released elements41–44 thus to the absence of
ead loss during corrosion processes.

Luminophors, lasers and light emitters: Doped LaPO4 crys-
als with Ce3+, Eu3+, Tb3+ or Yb3+ offer interesting optical
roperties.45,46 Specific compositions were developed for appli-
ations in the field of electronic and optical applications.47–49

he authors demonstrated that the light emission properties
re directly linked to the doping elements substituted in the
tructure.50,51 Most of the applications proposed are relative to
he tetragonal form of LaVO4,52–54 and can depend on the crys-
al morphologies.55–57 In this case, the main objectives are to
void the formation of the monazite-type structure by addition
f doping elements and to control the crystal growth process.
his requires knowing the stability limits of both monazite and
ircon structures.58–71 The same objectives are required for the
se of LnVO4 and LnCrO4 as catalysts.72–77

Ionic conductors: Specific applications in the field of ionic
onductor materials are also proposed for several monazite-type
ompounds in the phosphate78–81 and vanadate families.58,82

ther particular compositions (CaSeO3, LaCrO4) can also
otentially exhibit specific ionic or electronic conduction.41,83

Matrix for radioactive waste management: The resistance
f natural monazites to geological events, its high chemical
urability despite of the presence of usually mobile cations
e.g. calcium) and its capacity to incorporate large amounts
f uranium and thorium yielded to propose their use in the
eld of long term storage of radioactive wastes.5,84–93 In the
ame way, the high resistance of monazite-type structure to
adiation damages (either in the synthetic and natural forms)
s probably connected to the easy recovery of these distorted

olyhedra for very low temperatures of annealing. A lot of
ompositions were synthesized, yielding to the incorporation of
arious elements in terms of ionic radii and oxidation state in the
onazite structure.94 Within this application, particular studies
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re dedicated to the fabrication processes95–104 or to the sinter-
ng of monazite compounds loaded with actinides or actinide
urrogates.105–110

In these applications, the elementary incorporation in the
tructure is the key factor driving the material properties. The
nderstanding and forecasting of elementary substitution in the
onazite structure is of major interest to obtain designed materi-

ls. This objective could be achieved by the precise description
f the crystal chemistry of the monazite structure-type com-
ounds. During the last decades, few articles and reviews were
evoted to this purpose but none of them were focussed on the
ubstitution capabilities. In the light of the applied potentiali-
ies of monazite compounds and of the lack of general data on
he monazite crystal chemistry, we decided to present this review
aper based upon all the reported synthetic compounds adopting
he monazite type structure dealing with the substitution mech-
nisms, structure stability domain and structural relationships
ith existing polymorphs. The aim of this work is mainly to

xplore the incorporation possibilities of the monazite structure
hus to give the reader the keys for the design of new monazite
ompositions.

. Description of the monazite structure

The monazite-type compounds crystallize in a monoclinic
attice with space group P21/n (Z = 4). This structure was
rst reported by Mooney in the framework of the Man-
attan Project and latter published in 1948.111 It was then
efined from this date by several authors for various rare
arth phosphates,112–117 until Ni et al. provide a high preci-
ion structural determination.118 As an example, the parameters
eported for LaPO4 reach a = 6.8313(10) Å; b = 7.0705(9) Å;
= 6.5034(9) Å and b = 103.27(1)◦, leading to a cell volume of
05.73 Å3 and a calculated density of about 5.08 g cm−3.

A complete description of the structure and of the coordina-
ion polyhedra of the rare-earth element was reported by Beall
t al.117 and Mullica et al.115,119 The structural arrangement is
ased on the nine-fold coordination of the metallic cation and is
sually described as an equatorial pentagon (formed by 5 oxygen
toms belonging to monodentate anionic tetrahedrons) interpen-
trated by a tetrahedron (built by 4 oxygen atoms belonging to
wo bidentate tetrahedrons) as shown in Fig. 1. The tetrahedrons
ocated out of the equatorial plane could then be described as a
ink between the REEO9 polyhedra, leading to the formation of
nfinite chains along the c axis ([0 0 1] direction).

Moreover, the values reported for the REE-O lengths evi-
ence a longer bond (around 2.78 Å in REEPO4) compared to the
thers (about 2.53 Å) which leads to a distortion of the REEO9
olyhedron.117,120 This induces a set of nine distinct bond dis-
ances between rare earth element and oxygen atoms.118 This
ype of distortion is often correlated to the capability of the

tructure to accommodate a large variety of cations and poly-
xoanions. Also, the irregular coordination around the metallic
entre does not induce severe symmetry, size or charge con-
traints on cations.84

o
s
a
2

ig. 1. Ninefold coordination of cerium and interlocking mechanism of the
hain-like strands in CePO4 monazite.118

. AXO4 compound series with the monazite-type
tructure

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

.1. Phosphates with the monazite structure

.1.1. MIIIPO4 compounds
All the light lanthanide phosphates (typically from lanthanum

o gadolinium, including promethium121) crystallize in the P21/n
pace group of monazite122–129 while the heavier (from Tb to
u) adopt the zircon-type structure of xenotime.118,130–132 Nev-
rtheless, for the rare earth elements located in the middle of
he series, the limit between both families appears to be strongly
ependent on the chemical way of synthesis. Indeed, several
uthors report the formation of TbPO4

133–135 monazites from
he heat treatment of the corresponding rhabdophane (REEPO4,
.5 H2O) precursor. Such a transformation is described for sev-
ral rare earth elements and generally occurs with the formation
f an anhydrous phosphate with rhabdophane structure before
he phase transition to the monoclinic monazite.136,137 On the
ther hand, the direct preparation of monazites through flux
ethod138 or during precipitation in organic media139 as well

s the use of solid state reactions140 led to a tetragonal lattice
or the terbium phosphate. Moreover, the structure of TbPO4 is
lso dependent on the precursor used during the precipitation
rocesses as demonstrated by Boakye et al.141 who obtained the
onazite form only in the presence of citrate ions.
The formation of monazite-type compounds was also

eported for trivalent actinides phosphates. As instance, the
reparation of PuPO4 was mentioned using wet chemistry meth-

ds, mostly involving the initial precipitation of rhabdophane as
tarting precursors,142 or solid state syntheses.140,143 Ponderable
mounts of monazite were also obtained for americium,144,145

48Cm curium146 as well as for 249Bk berkelium, 249Cf cal-
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Table 1
Unit-cell parameters of the MIIIPO4 monazite-type compounds.

a (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

LaPO4 6.8413 7.078 6.513 103.322 306.89 122

LaPO4 6.825 7.057 6.482 103.21 303.94 115

LaPO4 6.8406 7.0736 6.5126 103.31 306.66 123

LaPO4 6.836 7.076 6.509 103.23 306.49 112

LaPO4 6.8313 7.0705 6.5034 103.27 305.73 118

LaPO4 6.841 7.079 6.508 103.33 306.67 135

LaPO4 6.8313 7.0705 6.5034 103.27 305.73 118

LaPO4 6.8242 7.0792 6.4919 103 305.58 133

CePO4 6.7777 6.993 6.445 103.54 296.98 114

CePO4 6.7804 6.9967 6.4482 103.52 297.43 123

CePO4 6.7989 7.0226 6.4735 103.4755 300.57 124

CePO4 6.788 7.0163 6.465 103.43 299.49 118

CePO4 6.803 7.03 6.472 103.6 300.85 135

CePO4 6.7968 7.0258 6.4743 103.5 300.62 133

CePO4 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 103.53 295.21 118

PrPO4 6.7687 6.99 6.4439 103.5 296.46 133

PrPO4 6.7623 6.9785 6.4304 103.516 295.05 126

NdPO4 6.722 6.933 6.39 103.72 289.30 127

NdPO4 6.7426 6.9574 6.4097 103.6624 292.18 124

NdPO4 6.7352 6.95 6.4049 103.68 291.31 118

NdPO4 6.7392 6.9621 6.4053 103.6 292.10 133

NdPO4 6.7426 6.9574 6.4097 103.6624 292.18 126

SmPO4 6.669 6.868 6.351 103.92 282.35 128

SmPO4 6.6818 6.8877 6.3653 103.86 284.42 118

SmPO4 6.6891 6.8958 6.377 103.9 285.54 133

EuPO4 6.639 6.823 6.318 104 277.69 128

EuPO4 6.6613 6.8618 6.3491 103.96 281.64 118

EuPO4 6.666 6.8684 6.3486 103.9 282.16 133

GdPO4 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 6.334 104 279.84 112

GdPO4 6.6435 6.8414 6.3281 103.976 279.10 118

GdPO4 6.6435 6.8414 6.3281 103.976 279.10 118

GdPO4 6.6511 6.8471 6.3343 104 279.90 133

GdPO4 6.732 6.93 6.383 103.61 289.42 129

TbPO4 6.6115 6.8131 6.3143 104.1 275.86 133

BiPO4 6.7626 6.9516 6.4822 103.74 296.01 151

PuPO4 6.73 7 6.42 103.8 293.72 142

PuPO4 6.7641 6.9841 6.4536 103.64 296.28 124

PuPO4 6.73 7 6.42 103.8 293.72 144

PuPO4 6.74 6.95 6.42 103.7 292.18 107

PuPO4 6.76 6.98 6.44 103.66 295.27 107

PuPO4 6.772 6.968 6.427 103.7 294.64 143

A 41 144

A 43
C 37

i
U
s
s
V

i
b

b
l
a
s

mPO4 6.73 6.93 6.
mPO4 6.74 6.96 6.
mPO4 6.72 6.93 6.

fornium and 251Es einsteinium.147–149 The precipitation of
PO4 in formic acid media was also reported150 but appears

trongly doubtful regarding to the oxidation states generally
tabilized for uranium in presence of phosphates (i.e. IV and

I).
Bismuth phosphate also adopts the monazite structure even

f a second tetragonal phase can be obtained from precipitation
etween 25 ◦C and 200 ◦C, the nature of the solid stabilized

s

t
1

103.50 290.29
103.75 292.99 107

104.63 287.70 146

eing mostly dependent on the heating time.151–153 Neverthe-
ess, the stability of monazite-type BiPO4 appears to be limited to
smaller temperature range compared to lanthanide phosphates

ince it decomposes above 600 ◦C to adopt another monoclinic

tructure.154

On the basis of these data, the ionic radii of trivalent elements
hat can be incorporated in the monazite structure ranges from
.095 Å (terbium) to 1.216 Å (lanthanum) (note that the ionic
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Table 2
Unit-cell parameters of REE′REE′′PO4 solid solutions with the monazite structure.

REE′REE′′(PO4)3 series a (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

(Ce0.50Tb0.50)PO4 6.7272 6.944 6.4176 103.726 291.23 170

(Ce0.50Tb0.50)PO4 6.670 6.878 6.373 104.8 282.67 48

(Nd0.50Tb0.50)PO4 6.681 6.886 6.366 103.89 284.29 170

(Nd0.50Tb0.50)PO4 6.670 6.870 6.365 104.0 283.0 48

(Sm0.50Tb0.50)PO4 6.6500 6.8534 6.3412 103.99 280.42 170

(Sm0.50Tb0.50)PO4 6.630 6.820 6.333 104.1 277.73 48

(La0.91Ce0.09)PO4 6.8275 7.0609 6.5005 103.31 304.96 221

LaPO4 6.837 7.078 6.507 103.28 306.50 135

(La0.95Gd0.05)PO4 6.806 7.02 6.467 103.61 300.30 135

(La0.90Gd0.10)PO4 6.797 7.015 6.452 103.6 299.00 135

(La0.80Gd0.20)PO4 6.786 7.013 6.457 103.42 298.90 135

(La0.65Gd0.35)PO4 6.765 6.99 6.448 103.66 296.20 135

(La0.50Gd0.50)PO4 6.737 6.947 6.408 103.69 291.30 135

(La0.35Gd0.65)PO4 6.72 6.925 6.393 103.76 288.80 135

(La0.20Gd0.80)PO4 6.684 6.883 6.353 103.84 282.80 135

GdPO4 6.653 6.847 6.331 103.96 279.90 135

(La0.85Ce0.15)PO4 6.82814 7.06114 6.50125 103.297 305.05 158

(La0.80Tb0.20)PO4 6.82653 7.05615 6.50049 103.344 304.67 158

(La0.65Ce0.15Tb0.20)PO4 6.81656 7.05175 6.49545 103.357 303.78 158

CePO4 6.767 7.03 6.474 103.44 299.55 156

(Ce0.8La0.2)PO4 6.775 7.036 6.481 103.39 300.54 156

(Ce0.6La0.4)PO4 6.8 7.045 6.488 103.35 302.42 156

(Ce0.4La0.6)PO4 6.813 7.053 6.495 103.32 303.7 156

(Ce0.2La0.8)PO4 6.821 7.062 6.512 103.3 305.46 156

LaPO4 6.833 7.072 6.516 103.25 306.49 156

NdPO4 6.7448 6.9552 6.4140 103.669 292.368 172

(Nd0.95Y0.05)PO4 6.7363 6.9495 6.4058 103.701 291.347 172

(Nd0.90Y0.10)PO4 6.7345 6.9471 6.4070 103.728 291.190 172

(Nd0.80Y0.20)PO4 6.7187 6.9290 6.3962 103.765 289.216 172

(Nd0.70Y0.30)PO4 6.7030 6.9109 6.3850 103.809 287.228 172

(Nd0.90Yb0.10)PO4 6.7221 6.9339 6.4007 103.728 289.816 172

(La0.60Y0.40)PO4 6.7273 6.9445 6.4244 103.697 291.598 172

(
(

r
n
p
i

3

a
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s
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s
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La0.9Pu0.1)PO4 6.8396 7.0777
La0.9Gd0.1)PO4 6.8234 7.0582

adii reported in the paper are all given for the nine-fold coordi-
ation, unless specifically advised in the text).155 The unit-cell
arameters of the APO4 monazite-type compounds are gathered
n Table 1.

.1.2. M′
1−xM′′

xPO4 solid solutions

As mineral ores, natural monazites generally incorporate

ll the lanthanide elements from lanthanum to lutetium with
arious chemical compositions, La and Ce being almost
lways predominant.6 On this basis, several studies were

e

h
e

able 3
MII

0.5MIV
0.5)PO4 phases with the monazite structure reported in the literature.

IV MII

Mg Ca Sr

e 210 210 140, 207, 208 210
h 210 140, 202, 203, 210, 171, 213, 216 210, 2

210 140, 202, 203, 210, 212, 216 210
p 204, 205, 206
u 107, 204

ote: The shaded cells indicate unsucceeded syntheses.
6.5008 103.2 306.38 177

6.4949 103.33 304.37 177

ndertaken about the possibility to incorporate simultaneously
everal rare earth elements in phosphate-based monazite-type
ompounds. These samples are generally obtained through
et chemistry methods since solid state routes hardly pro-
ote the formation of homogeneous solid solutions due to

ome differences in the temperature reaction of the various

lements.140

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

Cd Ba Pb

207 210 210 207
13 213, 215 213, 215 213, 215
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Table 4
Unit-cell parameters of (MII

0.5MIV
0.5)PO4 compounds with the monazite structure.

a (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

(Ca0.5Th0.5)PO4 6.675 6.889 6.392 103.57 285.72 210

(Ca0.5Th0.5)PO4 6.695 6.907 6.41 103.609 288.09 215

(Ca0.5Th0.5)PO4 6.714 6.921 6.424 103.683 290.04 215

(Ca0.5Th0.5)PO4 6.705 6.918 6.415 103.65 289.16 171

(Ca0.5Th0.5)PO4 6.706 6.916 6.417 103.72 289.12 171

(Ca0.5Th0.5)PO4 6.7088 6.9166 6.4158 103.7031 289.23 124

(Ca0.5Th0.5)PO4 6.7085 6.916 6.4152 103.71 289.16 205

(Mg0.5Th0.5)PO4 6.523 6.83 6.261 102.18 272.66 210

(Sr0.5Th0.5)PO4 6.792 7.017 6.501 103.514 301.26 215

(Sr0.5Th0.5)PO4 6.825 7.047 6.535 103.64 305.44 210

(Ba0.5Th0.5)PO4 6.944 7.161 6.67 102.88 323.33 215

(Pb0.5Th0.5)PO4 6.848 7.081 6.565 103.8 309.15 215

(Ca0.5U0.5)PO4 6.661 6.851 6.36 104.134 281.45 212

(Ca0.5U0.5)PO4 6.673 6.852 6.364 104.068 282.26 212

(Ca0.5U0.5)PO4 6.653 6.845 6.356 104.025 280.82 212

(Ca0.5U0.5)PO4 6.639 6.852 6.362 103.8 281.06 210

(Mg0.5U0.5)PO4 6.548 6.785 6.284 103.5 271.47 210

(Sr0.5U0.5)PO4 6.803 6.965 6.42 103.62 295.64 210

(Sr0.5U0.5)PO4 6.803 6.965 6.42 103.62 295.7 204

(Ca0.5Np0.5)PO4 6.6509 6.839 6.3537 104.12 280.27 205

(Ca0.5Np0.5)PO4 6.666 6.854 6.370 104.11 282.23 204

(Ca0.50Np0.35Pu0.15)PO4 6.649 6.840 6.351 104.14 280.07 204

(Ca0.50Ce0.50)PO4 6.759 6.992 6.438 103.43 295.90 210,211

(Mg0.50Ce0.50)PO4 6.788 7.004 6.449 103.46 298.20 210,211

(Ba0.50Ce0.50)PO4 6.776 7.016 6.437 103.42 297.60 210,211,240

(Ba0.50Ce0.50)PO4 6.8 7.027 6.475 103.46 300.90 201

(Sr0.50Ce0.50)PO4 6.768 7.007 6.443 103.39 297.00 210,211

(Cd0.50Ce0.50)PO4 6.764 7.002 6.446 103.39 297.00 210,211

(Ca0.5Th0.5)PO4 6.713 6.916 6.418 103.74 289.4 216

(Ca0.5Th0.5)PO4 6.71 6.914 6.414 103.73 289.1 216

(Ca0.5Th0.4U0.1)PO4 6.706 6.906 6.411 103.8 288.3 216

(Ca0.5Th0.4U0.1)PO4 6.707 6.906 6.412 103.79 288.4 216

(Ca0.5Th0.3U0.2)PO4 6.697 6.893 6.401 103.86 286.9 216

(Ca0.5Th0.2U0.3)PO4 6.689 6.882 6.395 103.91 285.7 216

(Ca0.5Th0.1U0.4)PO4 6.68 6.873 6.385 103.97 284.5 216

( 6.
( 6.

m
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Ca0.5U0.5)PO4 6.673 6.862
Ca0.5U0.5)PO4 6.673 6.858

onazite structure. In these conditions, the unit cell parameters
ary linearly with the substitution rate x and the solid solution
an be obtained in the whole composition range between the
wo end-members. Several examples are reported in the litera-
ure for La–Ce,156–158 La–Sm,159 La–Eu,13,160,161 La–Gd135 or
d–Eu.162 These data can then be plotted along with the lattice
arameters of the pure REE monazites as a function of the aver-
ge ionic radius leading to a linear variation. The same type of
omplete solid solutions are reported in the (La1−xREEx)PO4
REE = Nd, Gd, Eu) systems by Popa et al.163 The unit-cell
arameters of the obtained compounds are not reported in their
tudy.

On the other hand, several authors investigated the forma-
ion of solid solutions with one light rare earth (La–Gd) and
ne heavy lanthanide (Tb–Lu). For this kind of compounds,

hree distinct domains of composition could be defined, the first
ne corresponding to the stabilization of the monazite structure.
uch samples are particularly studied for photoluminescence
pplications, where the incorporation of terbium or thulium in

a
(
o
C

38 104.03 283.4 216

381 104.04 283.3 216

aPO4 allows obtaining green or blue light emission, respec-
ively. In this framework, the monazite structure is maintained up
o 15% of Tb50,157,164,165,166 and 1% of Tm.50 (Ce1−xTbx)PO4
0 < x < 0.4) crystallized compounds with the monazite structure
ere obtained by Li et al.167 However, no specific analyses were
erformed to precisely determine the composition of the stud-
ed compounds. The authors only reported that no additional
hase was observed in the XRD patterns. Up to 5% of erbium or
tterbium were also incorporated in LaPO4 without any struc-
ural modification by Jung et al.168 while Han et al. reported the
ormation of La0.9Dy0.1PO4.169 Finally, Mullica et al.170 also
repared the (1:1) Ce–Tb, Nd–Tb and Sm–Tb phosphates with
he monazite structure. On the other hand, the tetragonal xeno-
ime crystallizes as the most stable phase in the case of the (1:1)
d–Er, Sm–Er, Sm–Yb and Sm–Lu phosphates which present
verage ionic radii from 1.082 Å (Sm0.5Lu0.5PO4) to 1.125 Å
Nd0.5Er0.5PO4). Indeed, these values stand at the border or out
f the monazite structure stability range defined by Podor and
uney171 which will be discussed later.
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Table 5
Unit-cell parameters of MIIMIIIMIV(PO4)3 series with the monazite structure.

a (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

(Mg1/3Sm1/3Zr1/3)PO4 6.67 6.88 6.35 103.8 283.10 210

(Ba1/3Sm1/3Zr1/3)PO4 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

(Ca1/3Eu1/3Zr1/3)PO4 6.78 6.9 6.41 102.9 292.30 210

(Ba1/3Eu1/3Zr1/3)PO4 6.76 6.92 6.48 103.1 295.20 210

(Mg1/3Gd1/3Zr1/3)PO4 6.78 6.9 6.44 102.7 293.90 210

(Ca1/3Gd1/3Zr1/3)PO4 6.77 6.91 6.45 103.2 292.80 210

(Sr1/3Gd1/3Zr1/3)PO4 6.76 6.93 6.43 102.9 293.60 210

(Ba1/3Gd1/3Zr1/3)PO4 6.76 6.92 6.43 103.2 292.80 210

(Mg1/3Nd1/3Ce1/3)PO4 6.731 6.98 6.425 103.6 293.80 210

(Ca1/3Nd1/3Ce1/3)PO4 6.76 6.973 6.419 103.7 293.90 210

(Sr1/3Nd1/3Ce1/3)PO4 6.75 6.983 6.429 103.62 294.50 210

(Ba1/3Nd1/3Ce1/3)PO4 6.763 6.989 6.433 103.62 295.50 210

(Cd1/3Nd1/3Ce1/3)PO4 6.759 6.986 6.431 103.56 295.30 210

(Mg1/3Gd1/3Ce1/3)PO4 6.717 6.916 6.399 103.95 288.50 210

(Ca1/3Gd1/3Ce1/3)PO4 6.721 6.931 6.404 103.93 289.50 210

(Sr1/3Gd1/3Ce1/3)PO4 6.729 6.949 6.418 103.77 291.50 210

(Ba1/3Gd1/3Ce1/3)PO4 6.73 6.96 6.414 103.9 291.70 210

(Cd1/3Gd1/3Ce1/3)PO4 6.742 6.954 6.426 103.9 292.50 210

(Mg1/3Gd1/3Th1/3)PO4 6.572 6.799 6.313 104.2 273.40 210

(Ca1/3Gd1/3Th1/3)PO4 6.674 6.882 6.379 103.8 284.50 210

(Ba1/3Gd1/3Th1/3)PO4 6.709 6.898 6.487 104.38 290.90 210

(Cd1/3Gd1/3Th1/3)PO4 6.658 6.85 6.362 104.04 281.50 210

(Ca1/3Nd1/3U1/3)PO4 6.677 6.889 6.373 103.7 284.80 210

(Sr1/3Nd1/3U1/3)PO4 6.697 6.933 6.388 103.5 288.40 210

(Ba1/3Nd1/3U1/3)PO4 6.722 6.923 6.405 103.91 289.30 210

(Cd1/3Nd1/3U1/3)PO4 6.696 6.917 6.372 103.8 286.60 210

(Ca1/3Gd1/3U1/3)PO4 6.648 6.839 6.347 103.99 280.00 210

(Sr1/3Gd1/3U1/3)PO4 6.646 6.859 6.345 104.03 280.90 210

(Ba1/3Gd1/3U1/3)PO4 6.644 6.895 6.344 104.08 281.90 210

(Cd1/3Gd1/3U1/3)PO4 6.653 6.835 6.333 103.8 279.60 210

(Nd0.716Th0.151Ca0.146)PO4 6.774 7.002 6.469 103.59 298.24 227

LaPO4 6.83 7.067 6.5 103.275 305.36 215

LaPO4 6.827 7.062 6.499 103.28 304.95 215

(La0.808Ba0.096Th0.096)PO4 6.851 7.075 6.518 103.399 307.33 215

(La0.757Ba0.121Th0.121)PO4 6.854 7.085 6.538 103.295 308.98 215

(La0.690Ba0.155Th0.155)PO4 6.849 7.081 6.535 103.306 308.42 215

(La0.541Ba0.229Th0.229)PO4 6.856 7.065 6.575 103.08 310.21 215

(La0.521Ba0.239Th0.2401)PO4 6.868 7.094 6.567 103.363 311.29 215

(La0.479Ba0.260Th0.261)PO4 6.868 7.091 6.562 103.387 310.89 215

(Ba0.5Th0.5)PO4 6.95 7.162 6.675 102.885 323.89 215

(Ba0.5Th0.5)PO4 6.944 7.161 6.67 102.88 323.33 215

LaPO4 6.825 7.065 6.497 103.258 304.93 215

(La0.202Sr0.399Th0.399)PO4 6.793 7.021 6.498 103.439 301.43 215

(La0.382Sr0.309Th0.309)PO4 6.801 7.03 6.5 103.383 302.33 215

(La0.562Sr0.219Th0.219)PO4 6.809 7.039 6.499 103.341 303.08 215

(La0.738Sr0.131Th0.131)PO4 6.817 7.051 6.501 103.306 304.09 215

(Sr0.5Th0.5)PO4 6.786 7.001 6.498 103.505 300.18 215

(Sr0.5Th0.5)PO4 6.792 7.017 6.501 103.514 301.26 215

(Sr0.5Th0.5)PO4 6.801 7.027 6.51 103.562 302.44 215

(Sr0.5Th0.5)PO4 6.791 7.013 6.518 103.515 301.83 215

LaPO4 6.825 7.065 6.497 103.258 304.93 215

(La0.857Pb0.071Th0.072)PO4 6.825 7.063 6.503 103.288 305.08 215

(La0.801Pb0.099Th0.100)PO4 6.823 7.058 6.504 103.295 304.82 215

(La0.725Pb0.137Th0.138)PO4 6.823 7.06 6.507 103.314 305.02 215

(La0.722Pb0.139Th0.139)PO4 6.822 7.056 6.508 103.349 304.81 215

(La0.539Pb0.230Th0.230)PO4 6.823 7.057 6.516 103.392 305.21 215

(La0.519Pb0.240Th0.241)PO4 6.825 7.061 6.517 103.387 305.53 215

(La0.322Pb0.339Th0.339)PO4 6.823 7.054 6.527 103.495 305.47 215

(La0.311Pb0.344Th0.345)PO4 6.83 7.063 6.531 103.501 306.35 215

(Pb0.5Th0.5)PO4 6.848 7.071 6.565 103.8 308.72 215
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Table 5 (Continued)

a (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

(Pb0.5Th0.5)PO4 6.831 7.057 6.549 103.694 306.73 215

(Pb0.5Th0.5)PO4 6.849 7.076 6.56 103.793 308.75 215

(Pb0.5Th0.5)PO4 6.848 7.078 6.568 103.716 309.27 215

LaPO4 6.825 7.065 6.497 103.258 304.93 215

(La0.774Cd0.113Th0.113)PO4 6.798 7.027 6.474 103.4 300.84 215

(La0.613Cd0.193Th0.194)PO4 6.776 7.001 6.456 103.502 297.80 215

(La0.407Cd0.296Th0.297)PO4 6.74 6.957 6.427 103.702 292.79 215

(La0.241Cd0.379Th0.380)PO4 6.714 6.924 6.407 103.877 289.15 215

(Cd0.5Th0.5)PO4 6.67 6.879 6.384 104.165 284.01 215

LaPO4 6.829 7.065 6.501 103.278 305.27 215

(La0.753Ca0.123Th0.124)PO4 6.797 7.027 6.479 103.368 301.07 215

(La0.603Ca0.198Th0.199)PO4 6.775 7 6.464 103.437 298.16 215

(La0.429Ca0.285Th0.286)PO4 6.756 6.976 6.45 103.521 295.56 215

(La0.235Ca0.382Th0.383)PO4 6.734 6.95 6.438 103.613 292.84 215

(Ca0.5Th0.5)PO4 6.697 6.904 6.402 103.712 287.57 215

(Ca0.5Th0.5)PO4 6.695 6.907 6.41 103.609 288.09 215

(Ca0.5Th0.5)PO4 6.695 6.9 6.402 103.66 287.38 215

LaPO4 6.845 7.082 6.512 103.29 307.54 212

(La0.894Ca0.053U0.053)PO4 6.823 7.057 6.498 103.316 304.441 212

(La0.87Ca0.065U0.065)PO4 6.83 7.064 6.491 103.375 304.637 212

(La0.756Ca0.122U0.122)PO4 6.811 7.049 6.479 103.411 302.561 212

(La0.728Ca0.136U0.136)PO4 6.79 7.015 6.476 103.424 300.035 212

(La0.644Ca0.178U0.178)PO4 6.756 7.004 6.44 103.446 296.446 212

(La0.580Ca0.210U0.210)PO4 6.766 6.982 6.446 103.598 295.974 212

(La0.546Ca0.227U0.227)PO4 6.742 6.955 6.431 103.664 293.029 212

(La0.538Ca0.231U0.231)PO4 6.733 6.951 6.432 103.614 292.547 212

(La0.532Ca0.234U0.234)PO4 6.757 6.966 6.456 103.69 295.24 212

(La0.532Ca0.234U0.234)PO4 6.733 6.958 6.42 103.565 292.383 212

(La0.488Ca0.256U0.256)PO4 6.734 6.947 6.43 103.603 292.388 212

(La0.484Ca0.258U0.258)PO4 6.732 6.948 6.432 103.72 292.24 212

(La0.456Ca0.272U0.272)PO4 6.718 6.948 6.426 103.723 291.374 212

(La0.334Ca0.333U0.333)PO4 6.725 6.939 6.422 103.897 289.925 212

(La0.206Ca0.397U0.397)PO4 6.688 6.883 6.38 104.073 284.828 212

(Ca0.5U0.5)PO4 6.661 6.851 6.36 104.134 281.438 212

(Ca0.5U0.5)PO4 6.673 6.852 6.364 104.068 282.274 212

(Ca0.5U0.5)PO4 6.653 6.845 6.356 104.025 280.797 212

(La0.4Ca0.3U0.3)PO4 6.725 6.938 6.415 103.7 290.796 224

(La0.3Ca0.35U0.35)PO4 6.716 6.925 6.408 103.76 289.472 224

LaPO4 6.824 7.056 6.495 103.31 304.343 171

(La0.944Ca0.028Th0.028)PO4 6.838 7.076 6.51 103.31 306.53 171

(La0.890Ca0.055Th0.055)PO4 6.839 7.075 6.51 103.31 306.56 171

(La0.812Ca0.094Th0.094)PO4 6.818 7.047 6.497 103.34 303.77 171

(La0.600Ca0.20Th0.20)PO4 6.792 7.019 6.478 103.4 300.46 171

(La0.56Ca0.22Th0.22)PO4 6.79 7.016 6.476 103.42 300.09 171

(La0.398Ca0.301Th0.301)PO4 6.769 6.991 6.461 103.5 297.35 171

(La0.374Ca0.313Th0.313)PO4 6.768 6.992 6.458 103.51 297.16 171

(La0.230Ca0.385Th0.385)PO4 6.738 6.953 6.439 103.6 293.19 171

(La0.204Ca0.398Th0.398)PO4 6.741 6.959 6.44 103.59 293.66 171

(Ca0.5Th0.5)PO4 6.705 6.918 6.415 103.65 289.15 171

(Ca0.5Th0.5)PO4 6.706 6.916 6.417 103.72 289.03 171

LaPO4 6.8391 7.0772 6.509 103.27 306.63 228

(La0.90Ca0.05Th0.05)PO4 6.8269 7.0618 6.5006 103.27 305.03 228

(La0.80Ca0.10Th0.10)PO4 6.816 7.0451 6.4917 103.34 303.32 228

(La0.70Ca0.15Th0.15)PO4 6.8025 7.0304 6.4831 103.39 301.62 228

(La0.60Ca0.20Th0.20)PO4 6.7905 7.0135 6.4745 103.42 299.93 228

(La0.50Ca0.25Th0.25)PO4 6.7777 6.9986 6.4656 103.43 298.31 228

(La0.40Ca0.30Th0.30)PO4 6.7647 6.9821 6.4561 103.52 296.48 228

(La0.30Ca0.35Th0.35)PO4 6.7516 6.9657 6.4468 103.53 294.78 228

(La0.20Ca0.40Th0.40)PO4 6.7376 6.9489 6.4375 103.62 292.92 228
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Table 5 (Continued)

a (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

(La0.10Ca0.45Th0.45)PO4 6.7259 6.9327 6.4279 103.67 291.23 228

(Ca0.5Th0.5)PO4 6.7116 6.9153 6.4179 103.73 289.36 228

CePO4 6.787 7.029 6.468 103.18 300.43 219

(Ce0.950Ca0.025Th0.025)PO4 6.784 7.02 6.468 103.21 299.88 219

(Ce0.90Ca0.05Th0.05)PO4 6.782 7.015 6.462 103.22 299.29 219

(Ce0.850Ca0.075Th0.075)PO4 6.77 7.008 6.460 103.23 298.35 219

(Ce0.80Ca0.10Th0.10)PO4 6.763 7.000 6.458 103.27 297.56 219

(Ce0.750Ca0.125Th0.125)PO4 6.733 6.971 6.441 103.26 294.25 219

(Ce0.50Ca0.25Th0.25)PO4 6.711 6.949 6.433 103.44 291.79 219

(Ca0.5Th0.5)PO4 6.681 6.926 6.421 103.54 288.86 219

CePO4 6.8035 7.0274 6.4761 103.46 301.12 228

(Ce0.90Ca0.05Th0.05)PO4 6.7944 7.0163 6.4703 103.41 300.04 228

(Ce0.80Ca0.10Th0.10)PO4 6.7858 7.0057 6.4649 103.44 298.92 228

(Ce0.70Ca0.15Th0.15)PO4 6.7789 6.9941 6.4589 103.46 297.82 228

(Ce0.60Ca0.20Th0.20)PO4 6.7761 6.9828 6.4532 103.54 296.46 228

(Ce0.50Ca0.25Th0.25)PO4 6.767 6.9719 6.4486 103.58 295.33 228

(Ce0.40Ca0.30Th0.30)PO4 6.7578 6.9606 6.4424 103.59 293.77 228

(Ce0.30Ca0.35Th0.35)PO4 6.7398 6.9495 6.4364 103.6 292.61 228

(Ce0.20Ca0.40Th0.40)PO4 6.7304 6.9381 6.4309 103.67 291.39 228

(Ce0.10Ca0.45Th0.45)PO4 6.7211 6.9269 6.4241 103.7 290.16 228

(Ca0.5Th0.5)PO4 6.7116 6.9153 6.4179 103.73 289.36 228

(Nd0.716Th0.151Ca0.146)PO4 6.743 6.96 6.426 103.68 293.03 227

CePO4 6.800 7.023 6.471 103.46 300.5 229

(Ce0.90Ba0.05Zr0.05)PO4 6.801 7.024 6.474 103.47 300.7 229

(Ce0.80Ba0.10Zr0.10)PO4 6.802 7.025 6.478 103.48 301.0 229

(Ce0.90Ba0.05Hf0.05)PO4 6.803 7.028 6.484 103.07 301.4 229

(La0.73Ce0.09Th0.09Ca0.09)PO4 6.8088 7.0407 6.48774 103.353 302.61 221

(PuIII
0.4PuIV

0.3Ca0.3)PO4 6.67 6.87 6.36 103.99 282.79 107

(La0.73Pu0.09Th0.09Ca0.09)PO4 6.8101 7.0387 6.4815 103.39 302.24 218

(La0.80Ca0.10Th0.08U0.02)PO4 6.8179 7.0469 6.4965 103.370 303.7 216

(La0.60Ca0.20Th0.16U0.04)PO4 6.7923 7.0138 6.4775 103.47 300.1 216

(La0.40Ca0.30Th0.24U0.06)PO4 6.7635 6.9789 6.4563 103.57 296.2 216

(

a
b
b
T

1
e

T
U

B

M
C
S
C
M
C
S
B
C
M
C
S
C

La0.20Ca0.40Th0.32U0.08)PO4 6.7297 6.9363

Between the domain of existence of monazite and xenotime,
miscibility gap172 is generally observed and its extend will
e discussed further. The same behaviour is observed in the
inary system between light rare earth phosphates and YPO4.
he limit of incorporation of Y in LaPO4 was found between

e
a
p

able 6
nit-cell parameters of MII

0.5MIV
2 (PO4)3 series with the monazite structure.

0.5M2(PO4)3-M4+ series a (Å) b (Å)

g0.5Ce2.0(PO4)3 6.769 7.011
a0.5Ce2.0(PO4)3 6.788 7.005
r0.5Ce2.0(PO4)3 6.77 6.998
d0.5Ce2.0(PO4)3 6.777 7.014
g0.5Ce2.0(PO4)3 6.769 7.011
a0.5Ce2.0(PO4)3 6.788 7.005
r0.5Ce2.0(PO4)3 6.77 6.998
a0.5Ce2.0(PO4)3 6.795 7.022
d0.5Ce2.0(PO4)3 6.777 7.014
g0.5Np2.0(PO4)3 6.755 6.987
a0.5Np2.0(PO4)3 6.737 6.953
r0.5Np2.0(PO4)3 6.737 6.961
a0.5Pu2.0(PO4)3 6.712 6.931
6.4301 103.713 291.6 216

2% at 1000 ◦C (while it is equal to 40% for Maslennikova
t al.173) and 40–42% at 1600 ◦C.174,175 On this basis, Rovnyi

t al. reported the preparation of monazite sample incorporating
ll light rare earth elements and yttrium with the following com-
osition Nd0.31Sm0.18Ce0.15La0.15Pr0.08Y0.07Gd0.06PO4.176

c (Å) β (◦) V (Å3) Ref.

6.458 103.4 298.10 209,211

6.461 103.42 298.80 209,211

6.438 103.52 296.60 209,211

6.447 103.39 298.10 209,211

6.458 103.4 298.10 210

6.461 103.42 298.80 210

6.438 103.52 296.60 210

6.473 103.52 300.30 210,211

6.447 103.39 298.10 210

6.394 103.5 293.40 210

6.412 103.84 291.60 210

6.406 103.51 292.10 210

6.361 103.91 287.70 210
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Table 7
Unit-cell parameters of MIMIV

2 (PO4)3 and MI
2MIV(PO4)2 series with the monazite structure.

a (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

LiCe2(PO4)3 6.794 7.021 6.469 103.48 300.1 211

NaCe2(PO4)3 6.799 7.010 6.444 103.42 297.8 209,211

KCe2(PO4)3 6.799 7.031 6.475 103.50 301.0 211

RbCe2(PO4)3 6.791 7.015 6.466 103.46 299.6 211

CsCe2(PO4)3 6.788 7.012 6.452 103.56 298.6 211

L 6.441 211

N 6.435
K 6.433
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i2Ce(PO4)2 6.775 7.006
a2Ce(PO4)2 6.783 7.003

2Ce(PO4)2 6.780 6.984

As for mixed samples involving light REE, various com-
ounds based on a mixture between light lanthanides and
rivalent actinides were reported. Particularly, several authors
eported the preparation of La1−xPuxPO4 and La1−xAmxPO4
olid solutions with x values ranging from 0.01 to 0.1.95,177–180

.1.3. Incorporation of monovalent elements
The incorporation of monovalent elements in the monazite

tructure could occur through substitution mechanisms or by
irect incorporation in the lattice defects of the structure. For
his latter, a recent study undertaken in the (La:Li)PO4 system
howed that the weight loading is limited to only 1–2%.181 This
imit was contradicted by Li and Lee182 who synthesized sam-
les with lithium contents up to 10% in La–Eu–Li systems.
owever, this author did not observe any shift in the position
f the XRD lines, suggesting that Li+ ions could have not been
ncorporated in the crystal lattice.

On the other hand, the formation of defined compounds
hrough substitution mechanisms was found to lead to families
ith general composition MI

3REEIII
2 (PO4)3 or MI

3REEIII(PO4)2.
or example, Schwarz et al.183 reported the formation of
a3La(PO4)2 and isotype compounds in the Na–Gd, K–La,
–Gd and K–Y systems but did not provide any crystallo-
raphic data. In the Na2O–Ce2O3–P2O5 system, the existence of
monazite phase incorporating Na and Ce(III) was excluded by
zczygiel and Znamierowska184 who systematically obtained

he NaCeP2O7 diphosphate. Other M3R2(PO4)3 samples incor-
orating several lanthanides (MI = Na, K; REE = Ce, Pr, Nd, Sm,
u, Gd),185 or actinides (MI = Na MIII = Pu, Am and MI = K;
III = Am, Cm))186,187 were prepared and characterized through

RD but without any growth of single crystals. For this kind of

ompounds, Orlova generally observed a dimorphism with the
ZP structural type.188 The main difference lies in the posi-

ion of the alkaline cations which are located in structural voids

a
i

o

able 8
nit-cell parameters of complex compounds with the monazite structure.

omplex compositions a (Å) b (Å

a0.525Gd0.130(Hf0.150Ti1.329U0.273Pu0.138)(PO4)3 6.667 6.828
Ca0.304Cd0.174)Gd0.044(U0.116Ce0.362)PO4 6.775 7.031
Ca0.304Cd0.174)Gd0.044(U0.116Ce0.304Pu0.058)PO4 6.72 6.965
La0.16Nd0.02Gd0.02Th0.32U0.08)PO4 6.7290 6.935
MgLa(PO4)2 6.839 7.066
103.41 297.4
103.40 297.4 211

103.57 296.1 211

or NZP compounds while they belong to the framework in the
onazite structure.
Finally, the incorporation of monovalent cations in the mon-

zite structure was also evidenced with the preparation of
i3Sc0.3Ce1.7(PO4)3.189 Despite these various examples, no pre-
ise mechanism was proposed by any of the authors concerning
he incorporation of monovalent elements in the monazite struc-
ure.

.1.4. Incorporation of divalent elements
The incorporation of divalent elements in the monazite

tructure was studied without the help of coupled substitution
echanisms in the field of the preparation of compounds with
ixed protonic-electronic transport properties78,79,81,159,190,191

nd also of the development of novel pigments.80 The studies
edicated to protonic conductors were mainly focussed on the
ncorporation of Sr2+ in various LnPO4 compounds. When the
ncorporation rates ranged from 1 to 2%, no additional phase
as detected with Ln = Pr, Nd and Sm.190 Gomez del Moral

t al.191 reported the doping of CePO4 with strontium up to 5%.
n this case, the charge is counterbalanced by the formation of
xygen vacancies. For higher strontium loadings, the formation
f Sr3Ce(PO4)3 as secondary phase was evidenced by XRD.

Additionally, several authors claimed that the incorporation
f divalent elements in the monazite structure is achievable
or higher rates without any coupled substitution. For exam-
le, Gallini et al.78,79 reported the preparation of La1−xSrxPO4
anopowders up to x = 0.1 while Sivakumar and Varadaraju80

rgue for the obtention of Pr1−xCaxPO4 with x ≤ 0.4. Neverthe-
ess, in this last case, the authors confess that the formation of

dditional �-Ca2P2O7 could be difficult to evidence due to some
nterferences in the XRD line positions with those of monazite.

Actually, only Amezawa et al.81 performed a complete study
n the direct incorporation of divalent elements in the monazite

) c (Å) β (◦) V (Å3) Ref.

6.347 103.64 280.78 223

6.46 103.6 299.09 223

6.42 103.5 292.18 223

7 6.4291 103.711 291.5 216

6.523 103.42 306.61 243
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tructure through the preparation of Mg, Ca, Sr and Ba-doped
aPO4. From XRD analyses, the solubility limit of calcium in
aPO4 was determined to be equal to 4.2 mol% for calcium,
hile the values determined for Sr and Ba are reported to be
.9 and 0.4 mol%, respectively. These authors also determined
hat Mg2+ cannot be incorporated in LaPO4. The variation of
he solubility limit of the alkaline earth metals in LaPO4 seems
o be related with the difference in the ionic radii between La
nd the alkaline earth element,81 the closer the alkaline earth
lement ionic radius to that of La3+ in the ninefold coordination,
he higher the solubility. Furthermore, the solubility limit of the
ivalent element in LaPO4 determined at T = 1350 ◦C is lower
han that reported at T = 1200 ◦C.

Finally, Ravindran Nair et al.192 mentioned the formation of
ure MIIMIIIP3O10 compounds with the monazite structure from
olid state reaction at high temperature for MII = Ba or Ca and

III = La, Ce or Sm. Nevertheless, no indication on the unit cell
arameters was supplied by the authors.

.1.5. Incorporation of tetravalent elements
The direct substitution of trivalent elements by tetravalent

ctinides with the formation of vacancies is reported to occur in
atural and synthetic monazites.193 The proposed mechanism
orresponds to194:

REE3+ ↔ 3(Th, U)4+ + vacancy (1)

The formation of vacancies seems to limit the U and Th
ontent to a few weight percent in natural monazites. This
imit was determined to be equal to 17.68 wt% ThO2 (i.e.
a0.83Th0.17PO4) on synthetic materials. Furthermore, Boatner
t al. and Kelly et al. argue for the direct incorporation of up to
0 wt% of UO2, PuO2 or NpO2 in LaPO4.195,196

.1.6. Coupled substitutions M2+/M4+

Type 1: Natural monazites that constitute the main source of
horium on earth since mineral samples were found to incorpo-
ate up to 31.5 wt.% ThO2

1 and 15.64 wt% UO2.1 One of the
ncorporation mechanism of tetravalent elements in the structure
f the monazite is described by the mean of coupled substitution:

REEIIIPO4 + xM2+ + xM4+

= (REEIII
1−2xMII

x MIV
x )PO4 + 2x REE3+ (2)

The full substitution leads to the formation of the cheralite
amily197 (formerly called brabantite198) with general formulae

0.5B0.5PO4. These compounds adopt the monazite structure
or big tetravalent cations, generally including cerium and
etravalent actinides. For smaller B4+ ions, another monoclinic
tructure, isotypic of the KFe(SO4)2 yavapaïte, is stabilized as
videnced for the BaMIV(PO4)2 series with MIV = Ti, Zr, Hf,
e, Sn, Mo.199–201

On this basis, the formation of cheralite was mainly

nvestigated for tetravalent actinides. While wet chemistry meth-
ds generally failed to obtain single phase samples, solid
tate reactions at high temperature allow the preparation of
ure CaMIV(PO4)2 with MIV = Th, U140,202,203 or Np.204–206

c
s
r
a
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abuteau et al.204 also succeeded to incorporate tetravalent plu-
onium in the monazite lattice as a mixture with tetravalent
eptunium, leading to the final Ca0.5Np0.35Pu0.15PO4 composi-
ion. Conversely, all the attempts to form pure Ca0.5PuIV

0.5PO4,
s well as analogous Ca0.5CeIV

0.5PO4, failed due to the partial
eduction of plutonium (or cerium) into Pu3+ (resp. Ce3+).207–209

nly Kitaev et al.210 and Orlova et al.211 reports the forma-
ion of several MII

0.5CeIV
0.5PO4 compounds but did not provide

ny evidence arguing for the absence of trivalent cerium. The
reparation of single crystals of actinides-bearing cheralites
(CaII

0.5MIV
0.5)PO4, where MIV = Th and U) was also reported by

odor et al. under hydrothermal conditions.171,212

Besides calcium, several other divalent cations were
mployed for the formation of cheralites. Particularly, Devidal
nd Montel213 prepared the MIITh(PO4)2 series with MII = Ca,
d, Sr, Pb and Ba while Quarton et al.214 reported the synthesis
f PbTh(PO4)2. For cadmium and barium, which lead to average
onic radius at the limit of the stability range, different structures
ould be stabilized. Nevertheless, Montel et al.215 succeeded to
repare pure single phase samples by varying the temperature
nd pressure conditions applied during hydrothermal synthe-
es. Indeed, Cd0.5Th0.5PO4 was obtained at T = 1200 ◦C and
= 1 bar, while pure Ba0.5Th0.5PO4 crystallizes at T = 700 ◦C

nd P = 2500 bar.
From a general point of view, this coupled substitution does

ot lead to important deformation of the unit cell compared to
he values reported for REE phosphates. Moreover, three defined
ompounds mentioned in the literature, i.e. (Mg0.5Th0.5)PO4,
Mg0.5U0.5)PO4 and (Ba0.5Th0.5)PO4 present average ionic radii
ut of the stability range defined in a forthcoming section of the
eview. In these conditions, the ratio between M2+ and M4+ ionic
adius appears as an additional parameter to stabilize the mon-
zite structure. The MIIMIV(PO4)2 phases with the monazite
tructure reported in the literature are gathered in Table 4.

Only one complete solid solution between two end-members
f the cheralite family, Ca0.5U0.5PO4 and Ca0.5Th0.5PO4, was
eported by Terra et al.216 The results reported in this study did
ot evidence any specific ordering of elements in the cationic
ite.

The formation of solid solutions between REEPO4 and
MII

0.5MIV
0.5)PO4 compounds was also widely investigated

hrough the past decades. Among these studies, several works
ere dedicated to samples incorporating simultaneously tri- and

etravalent actinides as such materials could be used as rad-
aste matrices 217. On this basis, the incorporation of plutonium
nder both +III and +IV oxidation states was mentioned218

nd correlated to the partial reduction of Pu(IV) in Pu(III) in
hosphate media. Similar compounds were also obtained with
erium.140,208 Nevertheless, most of the tetravalent actinides-
earing solids reported are based on thorium171,219–221 or
ranium.140,212,222,223

Moreover, specific compositions, generally with the
ormulae REEIII

1/3MII
1/3MIV

1/3PO4, were synthesized and
haracterized by several authors.210,218,224–227 Compo-

itions in specific REEIII

1−2xMII
x MIV

x PO4 series are also
eported.171,212,215,216,219,228. The incorporation of Zr4+

nd Hf4+ through this substitution type involving Ba2+ as
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charge compensator was obtained by Popa et al.229 The
e1−2xMIV

x BaxPO4 monazite-like compounds were obtained
nly for x ≤ 0.2 (MIV = Zr) and x ≤ 0.1 (MIV = Hf).

As it will be described later in this paper, the
iscibility between monazite and cheralite depends on

teric constraints and could be determined from the
onic radii of the cations. For example, a total miscibil-
ty was demonstrated for the LaPO4–SrTh(PO4)2

213 and
aPO4–CaU(PO4)2

212 systems while a miscibility gap was
bserved for LaPO4–BaTh(PO4)2.213 In all these studies, no
pecific ordering on the cation site was reported. Podor demon-
trated from Raman spectra that REE, Ca and U elements are
andomly distributed in the cation site for La1−2x

3+Cax
2+(Th or

)x
4+PO4.230 Moreover, Konings et al. performed calorimetry

easurements in the LnPO4–CaTh(PO4)2 binaries and con-
luded to a deviation of the solid solutions formed from the
deality, this deviation increasing with the size of the Ln3+

ation.228

Type 2: Another mechanism for the coupled incorporation of
ivalent elements and large tetravalent cations (i.e. cerium and
ctinides) was described in the literature through the prepara-
ion of single phase MII

0.5MIV
2 (PO4)3 compounds by the Russian

eam of Orlova et al.209,210,231–234. In this case, the charge is
ounterbalanced by the creation of a vacancy on the cation site
hrough the following reaction:

IIIPO4 + x

6
M2+ + 2x

3
M4+ + x

6
�

= (MIII
1−xMII

x/6MIV
2x/3�x/6)PO4 + xM3+ (3)

The first pure compounds prepared within this family
ere simply obtained through the heat treatment of the
elatinous phase obtained after adding phosphoric acid to a
ixture of nitrate or chloride salts of metallic cations in the

orresponding acidic solution. By this way, MII
0.5Ce2(PO4)3

owdered samples were synthesized for MII = Mg, Ca, Sr
nd Cd209,231 and the XRD powder pattern was refined for
d0.17Ce0.68�0.32PO4.232,233

Similar compounds were also prepared using actinides as
etravalent cations.210 Single phases were obtained for neptu-
ium with MII = Mg, Ca or Sr while only the use of calcium led
o a monazite structure for tetravalent plutonium. For thorium
nd uranium, no phase with the monazite structure was obtained,
robably due to the too high ionic radius of these elements.234,235

.1.7. Coupled substitutions M+/M4+

Phosphates of tetravalent f elements with monovalent cations
elong to two distinct formula types, namely MIMIV

2 (PO4)3 and
I
2MIV(PO4)2

209–211,233 (Table 7). MIMIV
2 (PO4)3 are the more

umerous compounds available but only few present the mon-
zite structure. Indeed, pure monazite phases were only reported
or MIV = Ce with MI = Li–Cs,211,236 and for MIV = Np with
I = Na237–239 while other compounds of this family generally
elong to the NZP structural type.185,240 Particularly, it is to note
hat in this series, neptunium is the only tetravalent actinide that
dopt the monazite structure since Th, U and Pu generally exhibit

s
t
s
S
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dimorphism between a low-temperature rhombohedral mod-
fication and the NZP type.241,242 In this case, the substitution
an be described as follows233:

IIIPO4 + x

3
M+ + 2x

3
M4+ = (MIII

1−xMI
x/3MIV

2x/3)PO4 + xM3+

(4)

On the other hand, MI
2MIV(PO4)2 monazites were only

eported for Ce(IV) with MI = Li, Na and K.211,233 As for
IMIV

2 (PO4)3 compounds, their unit cell parameters appear
ery close to that of pure CePO4 which accounts for a sub-
titution model involving the formation of anionic vacancies as
ollows233:

e3+ = M+ + 1

2
� + 1

2
Ce4+ (5)

.1.8. Correlated substitutions
Considering all the substitutions mentioned above, complex

ompounds incorporating rare earth elements, alkaline and alka-
ine earth as well as tetravalent cations were prepared as solid
olutions with the monazite structure.

The MIMIIREE(PO4)2 family was studied by several authors
ue to some interesting optical properties. Even if the major
art of the compounds adopt an hexagonal structure, some
efined compounds were reported to belong to the monazite
tructural type such as KMgLa(PO4)2,243 KCaY(PO4)2 and
CaEu(PO4)2

244 or related NaCaNd2(PO4)3.238

Syntheses of complex compounds containing rare-
arth, alkali-earth and tetravalent elements (including
h and Ti) were reported by Volkov et al.223 Sam-
les of Ca0.525Gd0.130(Hf0.150Ti1.329U0.273Pu0.138)(PO4)3,
Ca0.304Cd0.174)Gd0.044(U0.116Ce0.362)PO4, and
Ca0.304Cd0.174)Gd0.044(U0.116Ce0.304Pu0.058)PO4 were
btained with the monazite structure. Their cristallographic
arameters are gathered in Table 8.

.2. AXO4 monazite-type compounds (X /= P)

The elements present in the anion site can also be sub-
tituted. This contributes to the formation of REEXO4 or
n+XO4 monazite-type materials. Two types of substitutions
ere already evidenced by several authors. The first one corre-

ponds to the direct replacement of the PO4
3− group by another

nionic group with the same total anionic charge: VO4
3−,

sO4
3− and CrVO4

3−. This substitution allows the formation of
onazite-like materials with the REEXO4 general composition.
The second mechanism is associated to a double substitu-

ion occurring on both anionic and cationic sites. In these cases,
he charge of the cation site remains equal to the charge of the
nion group. The better known example of this type of substi-
ution is the huttonitic one, first described by Hutton.245 This

ubstitution occurs in natural monazite minerals and yields to
he formation of the end-member ThSiO4 with the monazite
tructure (huttonite). Other substitutions involving CrVIO4

2−,
eO4

2− or SO4
2− groups can also be considered due to the sta-
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ility of SrCrO4, PbSeO4 or CaSO4 with the monazite structure.
n the contrary, all the reported germanates do not crystallize
ith the monazite structure.
These different substitution mechanisms will be described in

he following part of the review.

.2.1. MIII(V, CrV, As)O4 type compounds
Many compounds containing trivalent elements on the cation

ite and vanadate, arsenate and chromate groups on the cationic
ne are reported in the literature to be stable with the monazite
tructure. Two recent reviews were devoted to the description of
he crystal chemistry of REEXO4

246 and MIIIAsO4.247

The crystallographic data concerning all the MIIIXO4
X /= P) compounds are reported in Tables 9–11, leading to
heir classification into three distinct families.

.2.1.1. Vanadates. No evidence for a monazitic natu-
al mineral containing vanadium has been reported yet.
nly wakefieldite-(Ce) (“CeVO4”)248 and the La-analogue

“LaVO4”)249 were reported to crystallize with the zircon struc-
ure.

The LaVO4 compound prepared by high-temperature
olid-state synthesis or flux growth methods is the only
EEVO4 type-compound crystallizing with the monazite-type

tructure250–252 while all the other REE members (Ce–Lu) as
ell as Y and Sc exhibit the zircon-type structure.253 Further-
ore, the structure of LaVO4 depends on the chemical way

f preparation.52,246,254–257 However, monazite-type REEVO4
REE = Ce, Pr, Nd) could be obtained by the atmospheric oxi-
ation of REEVO3 compounds at 350–400 ◦C.255 Similarly,
etastable monazite-type CeVO4 was observed by Yoshimura

nd Sata258 as an oxidation product of CeVO3.
Varma et al.60 synthesised mixed vanadates La1−xCexVO4

y solid-state route at 600 ◦C, and demonstrated that the
onazite-type LaVO4 phase was prepared for x ≤ 0.2, while the

ircon-type CeVO4 was stabilised for x ≥ 0.5. In the intermedi-
te range (0.2 < x < 0.5), both La1−xCexVO4 and La0.5Ce0.5VO4
zircon-type) coexisted. Recently, Park et al.54 reported that
aVO4:Eu3+ is stable with the monazite structure up to
.05 mol% Eu3+. When the Eu3+ concentration is equal or
igher than 0.05 mol%, monoclinic and tetragonal LaVO4
hases coexist. Attempts to stabilize LaVO4:xFe3+ with the
onazite structure reported by Zhao et al.259 only yielded to
ixtures between monoclinic LaVO4 and tetragonal Fe3+-doped
aVO4. Lanthanum can be also partially substituted by lithium.
i3xLal−xVO4 (0 ≤ x ≤ 0.3) solid solutions were obtained in the

emperature range of 320–600 ◦C. The maximum Li-substitution
as obtained for the compound Li0.15La0.95VO4 that adopts a
istorted monazite-type structure.58

Bismuth vanadate BiVO4 was first reported by Schwarz260

o exist in a low-temperature modification of huttonite type and
till another unknown form. Latter, Sleight et al.261 as well as

okugana et al.262 obtained a monoclinic form of BiVO4 but

hese authors described it with another structure than that of
onazite (the � angle is much smaller than in the monazite

tructure).

t
e

s
p
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Mixed vanadates of general formula (Cd,REE,MIV)VO4 and
Ca,REE, MIV)VO4 are reported to be unstable with the mon-
zite structure.246,263 However, several mixed compounds are
eported in the literature. Pb0.5Th0.5VO4 was stabilized with
he scheelite-, zircon- and monazite-type structures.264 Sim-
larly, (Ba1/3La1/3Th1/3)VO4 and (Ba1/3Pr1/3Th1/3)VO4 were
repared by Nabar and Mhatre265 and stabilized with the
onazite-structure. A partial substitution of Ba by Ca in

Cax/3Ba(1−x)/3La1/3Th1/3)VO4 was also reported.266 The max-
mum substitution rate to maintain the compound with
he monazite structure corresponds to x = 0.2. When Th
s replaced by Ce in (Ba1/3La1/3Th1/3)VO4, the obtained
Ba1/3La1/3Ce1/3)VO4 compound, as well as the series where
a is replaced by Pr, Nd and Sm, crystallizes with the zircon
tructure.265

Studies on the substitution possibilities in the anionic site
ave been only described so far for synthetic REE(P1−xVx)O4
olid-solution members.263,57 Aldred267 concluded to the exis-
ence of partial solid solutions with the monazite and zircon
tructure which extend depends on the rare earth element. This
oint will be described latter in Section 4.1.2. These results
learly evidence the existence of a miscibility gap between
oth monazite and zircon structures as already described in
he phosphate structures.174,175,268–270 No specific ordering on
he anionic site, between P and V atoms, was reported. The
d(P1−xVx)O4:0.05 mol%Eu3+ compounds obtained by Xiao

t al.271 exhibit a large extend in the zircon domain (from
dVO4:Eu3+ to GdP0.9V0.1O4:Eu3+) while GdPO4 is monazite-

tructured, in good agreement with Aldred’s data.

.2.1.2. Arsenates. Two different minerals with respective
ompositions “LaAsO4”272 and “CeAsO4”273,274 were found
o be isomorphs with the monazite. Pure phases were synthe-
ized by several authors (Table 10). In the REE series, only
he La, Ce, Pr and Nd end-members exhibit the monazite
tructure.275–281 Escobar and Baran282 and Ropp and Carroll254

redicted that only PmAsO4 exhibits a monazite–zircon dimor-
hism, although so far only zircon-type modification of PmAsO4
as reported.283 Arsenates of other trivalent elements are

eported to be isotype with monazite: PuAsO4, AmAsO4
144 and

iAsO4 (also called Rooseveltite). The case of BiAsO4 is par-
icular since Bedlivy and Mereiter284 describes the effect of the
one electron pair of Bi3+ as the cause of significant deviations
n the cation coordination from rare-earth monazite-type struc-
ures. The result of this is the modification of the Bi–O distances
n the coordination polyhedron and a shift of the Bi position
ompared to that of La in LaAsO4.

No study reporting the existence of solid solutions
etween these end-members is reported. Only Nabar and
angaonkar285 demonstrated the possibility to incorporate

ivalent and tetravalent cations in the cationic site according
o a 2REE3+ ↔ M2+ + M4+ substitution mechanism identical

o that already reported in phosphate-based materials. Sev-
ral compounds of the (MII

1/3REEIII
1/3ThIV

1/3)AsO4 family were

ynthesized and characterized by XRD.286 Among all the com-
ounds 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 (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

CeVO4 6.98 7.22 6.76 105.02 329.04 258

La0.6Ce0.4VO4 7.042 7.278 6.722 104.9 332.93 60

La0.7Ce0.3VO4 7.04 7.278 6.72 104.9 332.74 60

La0.8Ce0.2VO4 7.034 7.266 6.704 104.8 331.27 60

La0.9Ce0.1VO4 7.036 7.276 6.719 104.9 332.41 60

LaVO4 7.0434 7.2801 6.7224 104.865 333.17 250

LaVO4 7.043 7.279 6.717 104.9 332.78 60

LaVO4 7.047 7.826 6.725 104.85 358.50 251

LaVO4 7.07 7.29 6.77 105 337.04 252

LaVO4 7.047 7.286 6.725 104.85 333.76 58

Li0.15La0.95VO4 7.047 7.283 6.726 104.86 333.66 58

Li0.30La0.90VO4 7.042 7.28 6.717 104.84 332.87 58

Li0.60La0.80VO4 7.038 7.272 6.715 104.84 332.21 58

Li0.90La0.70VO4 7.034 7.268 6.712 104.83 331.71 58

(Ba1/3La1/3Th1/3)VO4 7.070 7.323 6.810 104.96 340.63 265

(Ba1/3Pr1/3Th1/3)VO4 7.066 7.315 6.801 104.94 339.65 265

(Ba0.5Th0.5)VO4 7.046 7.3089 6.8066 105.8 338.29 264

( 266
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[Ca0.00Ba1.00]1/3La1/3Th1/3)VO4 7.071 7.324
[Ca0.10Ba0.90]1/3La1/3Th1/3)VO4 7.065 7.319
[Ca0.20Ba0.80]1/3La1/3Th1/3)VO4 7.059 7.307

ompounds with Sr, Ba, Cd and Pb as divalent ions contain-
ng the lanthanide ions La, Pr, Nd and Sm were indexed in the
onoclinic system, similarly to that found for LnAsO4. On the
ontrary, arsenate compounds with Mg and Cd as divalent ions
nd heavier lanthanide ions such as Sm, Gd, Tb, Dy, and Y, reveal
heir isostructurality with the zircon structure. From a previ-

a
t
t
h

able 10
nit-cell parameters of arsenate compounds with the monazite structure.

a (Å) b (Å)

aAsO4 7.0056 7.2103
aAsO4 6.7646 7.2184
aAsO4 6.7615 7.2103
eAsO4 6.975 7.177
rAsO4 7.011 7.125
dAsO4 6.6852 7.0885
iAsO4 6.879 7.159
uAsO4 6.92 7.09
mAsO4 6.89 7.06

Ba1/3La1/3Th1/3)AsO4 7.027 7.227
Ba1/3Nd1/3Th1/3)AsO4 6.995 7.213
Ba1/3Pr1/3Th1/3)AsO4 7.005 7.217

Cd1/3Bi1/3Th1/3)AsO4 6.89 7.08
Cd1/3La1/3Th1/3)AsO4 6.852 7.023
Cd1/3Nd1/3Th1/3)AsO4 6.824 6.983
Cd1/3Pr1/3Th1/3)AsO4 6.844 7.022

Pb1/3La1/3Th1/3)AsO4 6.984 7.178
Pb1/3Nd1/3Th1/3)AsO4 6.939 7.143
Pb1/3Pr1/3Th1/3)AsO4 6.944 7.156
Pb1/3Sm1/3Th1/3)AsO4 6.908 7.129

Sr1/3La1/3Th1/3)AsO4 6.951 7.152
Sr1/3Nd1/3Th1/3)AsO4 6.888 7.088
Sr1/3Pr1/3Th1/3)AsO4 6.917 7.096

Ce.La.Nd)(As0.71P0.29)O4 6.929 7.129
Ce0.47La0.20Nd0.18)AsO4 6.937 7.7137
6.81 104.96 340.72
6.803 104.93 339.90 266

6.796 104.9 338.75 266

us study, it has been demonstrated that (Cd1/3Nd1/3Th1/3)AsO4
ossesses temperature dependent dimorphism, the low temper-

ture monazite form converting to scheelite structure at high
emperature.287 (Cd1/3Bi1/3Th1/3)AsO4 is also stabilized with
he monazite-type structure at low-temperature,285 while its
igh-temperature form corresponds to the zircon structure.

c (Å) β (◦) V (Å3) Ref.

6.7615 104.507 330.65 276

7.004 104.51 331.09 278

7.0056 104.507 330.65 276

6.759 104.69 327.29 279

6.57 104.3 318.02 280

6.8935 104.91 315.67 281

6.732 104.84 320.47 284

6.66 105.5 314.87 144

6.62 105.3 310.61 144

6.839 107.79 330.71 286

6.815 104.67 332.64 286

6.816 104.75 333.23 286

6.73 105.3 316.66 285

6.655 104.81 309.65 286

6.628 104.61 305.62 286,287

6.649 104.74 309.01 286

6.765 104.56 328.25 286

6.749 104.8 323.42 286

6.755 104.82 324.50 286

6.742 104.91 320.85 286

6.947 104.63 334.16 286

6.681 104.52 315.76 286

6.714 104.73 318.85 286

6.697 104.46 320.33 274

6.738 104.69 348.76 281
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Table 11
Unit-cell parameters of chromate compounds with the monazite structure.

a (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

LaCrO4 7.08 7.27 6.71 104.98 333.64 296

LaCrO4 6.793 7.273 6.551 103.211 315.09 293

LaCrO4 7.0369 7.2348 6.6918 104.95 329.15 294

LaCrO4 7.041 7.237 6.693 104.94 329.52 297

LaCrO4 7.08 7.27 6.71 107.98 328.51 296

LaCrO4 7.038 7.023 6.689 104.98 319.39 292

LaCrO4 7.0399 7.2344 6.6921 104.974 329.25 292

SrCrO4 7.065 7.375 6.741 103.08 342.12 304

SrCrO4 7.083 7.388 6.771 103.4 344.67 303

SrCrO4 7.083 7.388 6.771 103.4 344.67 308

SrCrO4 7.089 7.393 6.755 103.2 344.67 305

PbCrO4 7.10 7.40 6.80 102.27 349.11 310

PbCrO4 7.12 7.43 6.79 102.42 350.80 73

PbCrO4 7.12 7.44 6.8 102.4 351.81 75

PbCrO4 7.145 7.436 6.795 102.42 352.57 306

PbCrO4 7.127 7.438 6.79 102.43 351.51 304

PbCrO4 7.021 7.386 6.649 101.77 337.55 309

PbCrO4 7.063 7.384 6.744 102.24 343.73 303

PbCrO4 6.98 7.16 6.63 105.22 319.72 296

PbCrO4 7.125 7.431 6.796 102.44 351.37 319

PbCrO4 7.126 7.440 6.800 nd 320

Pb(Cr0.90S0.10)O4 7.117 7.452 6.792 nd 320

Pb(Cr0.80S0.20)O4 7.100 7.401 6.771 nd 320

Pb(Cr0.70S0.30)O4 7.082 7.374 6.763 nd 320

Pb(Cr0.60S0.40)O4 7.068 7.036 6.744 nd 320

PbCrO4 7.128 7.439 6.796 102.42 351.93 319

Pb(Cr0.96S0.04)O4 7.125 7.435 6.495 102.44 335.99 319

Pb(Cr0.89S0.11)O4 7.133 7.446 6.797 102.42 352.56 319

Pb(Cr0.81S0.19)O4 7.134 7.449 6.797 102.44 352.72 319

Pb(Cr S )O 7.098 7.397 6.771 102.39 347.22 319

P 6.7
P 6.7

c
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t
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t
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0.78 0.22 4

b(Cr0.70S0.30)O4 7.097 7.388
b(Cr0.64S0.34)O4 7.08 7.382

Schwarz288 also reports a charge compensation mechanism
orresponding to the replacement of La by Ca and Th in LaAsO4.
he obtained CaTh(AsO4)2 compound exhibits a phase transi-

ion from monazite to zircon structure between 850 and 900 ◦C.
he mean ionic radii of the cations in the cation site remains in

he limits defined by Fukunaga and Yamaoka.289

No experimental evidence for the existence of AsO4–PO4
ubstitution was reported. However, Kolitsch et al.246,274

eported that 10% of the As atoms can be substituted by P in
atural Ce-gasparite. These authors also assumed through the

omparison of the unit-cell parameters of natural gasparites with
hat of synthetic CePO4 and CeAsO4, that the substitution of P
or As lead to the substantial decrease of the c-parameter, while
he other a and b unit-cell parameters only slightly decrease.

s
t
K
i

able 12
nit-cell parameters of sulphate, seleniate and other compounds with the monazite st

a (Å) b (Å) c (Å)

bBeF4 6.674 6.911 6.402
aSO4 6.3769 6.6439 6.1667
aSeO3 6.402 6.791 6.681
aSeO4 6.85661 7.04962 6.6881
bSeO4 7.154 7.407 6.954
rSeO4 7.101 7.34 6.874
rSeO4 7.102 7.352 6.853
64 102.39 346.39 319

56 102.42 344.84 319

rom a crystal chemistry point of view, they explained this obser-
ation by the arrangement of the XO4 groups in the structure,
hese groups being stacked along the [0 0 1] direction and not
long the other two main axes.

.2.1.3. Chromates. Lanthanum chromium tetraoxide,
aCrO4, is one of a few CrV compounds that can be stabilized
nd isolated.290 No natural analogue of LaCrO4 is reported in
he literature. The rare-earth element chromates were mainly
tudied for their electronic properties (paramagnetism due to a

ingle unpaired electron in CrV), mainly due to the CrV ↔ CrIII

ransition with oxygen fugacity and/or temperature.83,291,292

onno et al.83 determined that the unpaired electron is occupy-
ng the dz2 orbital of the CrV atoms. Furthermore, covalency

ructure.

β (◦) V (Å3) Ref.

103.87 286.68 347

102.22 255.35 315

102.78 283.27 312

7 104.2675 313.31 313

103.14 358.84 304

103.48 348.41 304

103.43 348.04 311
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s assumed to play a significant role in the Cr–O bonds of the
rO4

3− tetrahedral structure in LaCrO4, and to contribute to
he stabilization of the tetrahedral CrO4

3− groups.
Only LaCrO4 crystallizes with the monoclinic

tructure.293,294 All the other REECrO4 exhibit the zircon-
ype structure.292–296 The LaCrO4 monazite-type compound
ecomes unstable and turns to perovskite-type LaCrO3
t temperature above 680 ± 10 ◦C72,297 according to the
aCrO4 → LaCrO3 + 1/2O2 reaction. This transformation, as
ell as the solid-solution possible field of existence, were

tudied for possible use of LaCrO3 perovskite in solid oxide
uel cells298 or as catalysts.299 The transformation between the
wo crystal structures is complex and not well understood, but

comparison of the monazite to the perovskite structure300

hows that La atoms turn from a 9-fold to a 12-fold oxygen
oordination and Cr atoms change from the tetrahedral to
he octahedral coordination. According to electrical neutrality
onditions, the Cr atoms are reduced from a +5 to +3 valence,
nd one O atom per formula unit diffuses out of the bulk crystal
o a free surface then is released. These crystallographic changes
ause a unit cell volume decrease from 0.33 to 0.23 nm3.297

LaCrO4 can incorporate Ca to form a partial solid solution
La1−xCax)CrO4 with 0.1 ≤ x ≤ 0.2 at%.72,297 The Ca incorpo-
ation is associated with a change in the Cr valence; this element
dopts both V to VI valences, the CrVI content increasing
ith increasing the Ca substitution. Similarly, Miyoshi et al.301

eport the incorporation of Sr into LaCrO4 and the formation of
a1−xSrxCrO4 solid solution where Cr presents both V and VI
xidation states. No value for the maximum limit of composition
or this solid solution is given in this work but Wagner et al.302

eports the formation of (La0.84Sr0.16)CrO4 with the monazite
tructure.

Unsuccessful attempts to prepare the MII
0.5ThIV

0.5CrVO4
MII = Cd, Ca, Sr and Pb) compounds by thermal decomposition
f suitable compound mixture are reported by Schwarz.288

.2.2. MII(CrVI, S, Se)O4 type compounds
Two chromates, where Cr is stabilized with the VI oxidation

tate, are known to crystallize with the monazite-type structure.
istorius and Pistorius303 and Effenberger and Pertlik304 report

he synthesis of both SrCrO4 and PbCrO4. PbCrO4 was exten-
ively studied since the early 2000s for its optical properties in
he nanorods form.75,305,306 Crystallographic data are available
n the works performed by Jacob and Abraham,307 Yin et al.,308

night309 and Wang et al.75 Jacob and Abraham307 exten-
ively studied the thermodynamic properties in the SrO–CrO3
inary system, and more particularly those of SrCrO4, while Yin
t al.308 studied the SrCrO4 compound for its photocatalytic effi-
iency. From a crystallographic point of view, Effenberger and
ertlik304 described the coordination polyhedra of Sr in the ten-
old coordination, eight Sr–O bond lengths being short, the two
thers being longer in this polyhedron. PbCrO4 appears as the
ynthetic analogue of crocoite mineral that is rarely found in

he oxidation zones of lead deposits. Crystallographic data were
rst determined by Brill.310 The PbCrO4 structure is reported
rom single crystal study by Effenberger and Pertlik.304 In this
ompound, Cr remains at the same oxidation state VI while lead

r
a
l
a
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s divalent. The lead coordination polyhedron is similar to that
f Sr in SrCrO4. It must be noted that the Cr–O bond length in
he CrO4

3− entities in SrCrO4 (1.626 Å) is significantly shorter
han the Cr–O average bond length in PbCrO4 (1.663 Å).

Syntheses of SrSeO4 and PbSeO4 were also reported by
ffenberger and Pertlik.304 These authors preferred to describe

he CN polyhedron of cation in the ten-fold coordination. On
he contrary, Prevost-Czeskleba and Endres311 considered that
r atoms are surrounded by nine O atoms belonging to seven dif-
erent SeO4 tetrahedra in SrSeO4. For both authors, the structure
ay be described in terms of nearly regular SeO4

2− tetrahedra
inked by Sr2+ ions. Furthermore, the geometry of the sele-
ate groups is the same in both SrSeO4 and PbSeO4 structures,
he average Se–O bond lengths being 1.640 Å and 1.642 Å,
espectively.304

Wildner and Giester312 report the CaSeO3 compound to be
table with the monazite structure. This particular structure is
escribed with Ca in the sevenfold coordination and pyramidal
eO3 groups comprising a lone electron pair. This structure will
e more precisely described regarding the monazite structure in
art 5.1 of this review. Recently, Crichton et al.313 have reported
he structure of the high-temperature form of CaSeO4, formed
y dehydration of the gypsum-type. This material is equivalent
o that described previously as a P212121 form, but is however,
monazite with a monoclinic unit cell in space group P21/n.

During the study of the high pressure/high temperature forms
f CaSO4, Parise et al.,314 Crichton et al.,315 Ma et al.316

nd Bradbury and Williams,317 confirmed the existence of
monazite-type form of CaSO4, first reported by Borg and

mith,318 and stabilized for P ≥ 11.8 GPa and T ≥ 295 K.314,315

Only one example of mixed distribution in the anionic group
s reported in the literature. Incorporation of sulphate ions in
bCrO4 can occur up to an extend of 38 mol% of sulphate at
5 ◦C.319,320 These authors determined that the variation of the
nit-cell parameters in the PbCr1−xSxO4 series decreases lin-
arly when increasing the substitution rate x. Crane et al.320

tabilized the PbCr1−xSxO4 compounds with an orthorhombic
tructure. However, the obtained solid was found to be thermo-
ynamically unstable and slowly turns into the monazite-type
tructure. This substitution was observed on synthetic materials
ut was never reported for natural materials.

Schenker et al.321 synthesized MnO4
2−-doped crystals of

rCrO4 by a flux method. The MnO4
2− concentration in the

olid phase was found to be 45 ppm by measuring the absorp-
ion spectrum in the visible, while the amount of KMnO4 in the
ux (that is reduced to MnO4

2− during reaction) varied between
.8 and 5 mol% with respect to SrCrO4. This clearly indicates
hat the monazite domain of SrCrO4 is very thin.

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

.2.3. MivSiO4 type compounds
Only two silicates of tetravalent elements (Th and Pa) are
eported to form monazite-type compounds, i.e. PaSiO4
322,323

nd ThSiO4.245 USiO4, NpSiO4, PuSiO4 and AmSiO4 crystal-
ize with the zircon-type structure322,324,325 as well as zirconium
nd hafnium.326 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 (Å) b (Å) c (Å) β (◦) V (Å3) Ref.

ThSiO4 6.8 6.96 6.54 104.55 299.60 329

ThSiO4 6.78 6.97 6.5 104.92 296.81 331

ThSiO4 6.784 6.974 6.5 104.92 297.16 334

ThSiO4 6.774 6.962 6.495 105 295.87 335

PaSiO4 6.76 6.92 6.54 104.53 296.15 322,323

LaPO4 6.825 6.981 6.495 nd 346

La0.914Th0.086(SiO4)0.086(PO4)0.914 6.819 6.981 6.495 nd 346

La0.869Th0.131(SiO4)0.131(PO4)0.869 6.816 6.981 6.502 nd 346

La0.878Th0.122(SiO4)0.122(PO4)0.870 6.830 6.981 6.501 nd 346

La0.799Th0.201(SiO4)0.201(PO4)0.799 6.833 6.981 6.509 nd 346

La0.790Th0.210(SiO4)0.210(PO4)0.790 6.822 6.981 6.509 nd 346

La0.736Th0.264(SiO4)0.264(PO4)0.736 6.829 6.981 6.519 nd 346

La0.697Th0.303(SiO4)0.303(PO4)0.697 6.826 6.981 6.510 nd 346

La0.646Th0.354(SiO4)0.354(PO4)0.646 6.829 6.981 6.521 nd 346

La0.598Th0.402(SiO4)0.402(PO4)0.598 6.829 6.981 6.521 nd 346

La0.556Th0.444(SiO4)0.444(PO4)0.556 6.828 6.981 6.517 nd 346

La0.501Th0.499(SiO4)0.499(PO4)0.501 6.825 6.980 6.533 nd 346

La0.502Th0.498(SiO4)0.498(PO4)0.502 6.834 6.980 6.529 nd 346

La0.447Th0.498(SiO4)0.498(PO4)0.447 6.829 6.980 6.529 nd 346

La0.403Th0.597(SiO4)0.597(PO4)0.403 6.828 6.980 6.534 nd 346

La0.334Th0.666(SiO4)0.666(PO4)0.334 6.831 6.980 6.548 nd 346

La0.307Th0.693(SiO4)0.693(PO4)0.307 6.827 6.980 6.541 nd 346

La0.274Th0.726(SiO4)0.726(PO4)0.274 6.828 6.980 6.542 nd 346

La0.201Th0.799(SiO4)0.799(PO4)0.201 6.830 6.980 6.549 nd 346

La0.139Th0.861(SiO4)0.861(PO4)0.139 6.836 6.980 6.549 nd 346

La0.102Th0.898(SiO4)0.898(PO4)0.102 6.832 6.979 6.559 nd 346

La0.082Th0.918(SiO4)0.918(PO4)0.082 6.831 6.980 6.553 nd 346

ThSiO4 6.831 6.979 6.558 nd 346

CePO4 6.787 7.029 6.468 103.18 300.29 219

Ce0.95Th0.05(SiO4)0.05(PO4)0.95 6.788 7.029 6.473 103.19 300.54 219

Ce0.90Th0.10(SiO4)0.10(PO4)0.90 6.788 7.025 6.474 103.27 300.25 219

Ce0.85Th0.15(SiO4)0.15(PO4)0.85 6.789 7.018 6.479 103.32 300.12 219

Ce0.80Th0.20(SiO4)0.20(PO4)0.80 6.79 7.014 6.485 103.4 300.15 219

Ce0.75Th0.25(SiO4)0.25(PO4)0.75 6.79 7.01 6.489 103.43 300.05 219
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e0.50Th0.50(SiO4)0.50(PO4)0.50 6.792 6.993
hSiO4 6.797 6.962

ials such as zircon (ZrSiO4) and hafnon (HfSiO4). USiO4
nd YPO4 do not adopt the monoclinic structure but must
e defined as virtual end-members of the monazite solid
olutions to describe the chemical composition of natural
onazites.215

The substitution of ThSiO4 in natural monazites was first
escribed by Frondel.327,328 The existence of the ThSiO4 end-
ember was first reported by Hutton245 and Pabst et al.,329 while
rondel and Collette330 described the first way of preparation
f this compound. ThSiO4 can be stabilized with the mon-
zite structure (huttonite)331 but also with the zircon structure
called thorite).332 On the basis of the full-potential linearized
ugmented-plane-wave method with the generalized gradient
pproximation for the exchange-correlation potential (FLAPW-
GA), Shein et al.333 determined that the tetragonal cell of

horite became more favorable than huttonite with monoclinic

tructure. These calculations also yielded the authors to con-
lude that at zero temperature and zero pressure approximation,
hese phases are unstable in comparison with mechanical mix-
ure of constituent binary oxides. The zircon-type structure is

b

t
b

6.498 104.24 298.94 219

6.546 104.54 299.35 219

ormed at low temperature while huttonite is stable at high tem-
erature. The thorite–huttonite phase transition was extensively
tudied by Taylor and Ewing334 and Mazeina et al.335 This
atter determined the variation of enthalpy of formation from
lements �H0

f,el and the variations of enthalpy and entropy of

eaction, �H0
R,ox and �S0

R,ox, from oxides (relative to quartz
nd MO2), and the molar volume of thorite and huttonite. The
emperature of the phase transition at atmospheric pressure
eaches 1210 ± 10 ◦C.336 This value is in good agreement with
hat reported by Finch et al.337 i.e. 1225 ± 10 ◦C but disagrees
ith that noted by Dachille and Roy338 (1000 ◦C). The phase

ransformation from tetragonal ThSiO4 (thorite) to monoclinic
hSiO4 (huttonite) is unconsistent with the general expectation

hat the less dense modification exists at higher temperatures335

nd to what is generally observed with monazite-structured
ompounds.118,339 Protactinium silicate, PaSiO4, shows similar

ehaviour than ThSiO4.322

The Th/Si mole ratio being constantly equal to 1 also supports
he existence of the straightforward solid-solution along the
inary join REEPO4–ThSiO4 in natural monazites, as suggested
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substitution possibilities in the monazite structure.349 Similar
58 N. Clavier et al. / Journal of the Euro

y Starynkevitch.340 Later confirmation by Bowie and Horne341

nd Pavlenko et al.342 did not enjoy wide acceptance, possibly
ecause they were based on average wet chemical analyses with
o indication of the sample homogeneity. Kucha343 argued that
he huttonite-monazite series cannot be explained solely by the
imple coupled substitution Th4+ + SiO4

4− ↔ REE3+ + PO4
4−

nd concluded that there must be an electrostatic compen-
ation by the concomitant incorporation of Ca, F and OH,
eading to a formula for intermediate members of the series
f (REE,Th,M2+,U)(SiO4,PO4,OH,F), similar to cheralite.341

ata reported by Kucha343 and Della Ventura et al.344 leave
o doubt about the continuity of the monazite-huttonite series
o a maximal extend of 30 at% huttonite in natural monazites,
hile Della Ventura et al.344 suggested that the substitution can
e written without requiring any electrostatic compensation by
ivalent cations, or anionic groups.

Only few studies were devoted to the syntheses and stud-
es of monazite-huttonite solid solutions. Peiffert and Cuney345

nd Montel et al.346 reported the synthesis of several com-
ounds in the LaPO4–ThSiO4 system, indicating the formation
f a complete solid solution between both end-members, under
ydrothermal conditions. The a, b and c unit-cell parame-
ers decrease linearly with increasing thorium content in the
a1−xThx(SiO4)x(PO4)1−x while β angle parameter decreases.
ikichi et al.219 determined that a complete solid solution exists
etween the two end-members CePO4 and ThSiO4, all the com-
ounds being obtained with the monazite structure. The same
ariations of the unit-cell parameters than those determined by
ontel et al.346 are reported in this work.
The only available data corresponding to the simultaneous

ncorporation of uranium and silicate in LaPO4 were reported by
ontel et al.346 The field of existence of the monazite solid solu-

ion with USiO4 is limited to La0.87U0.13(SiO4)0.13(PO4)0.87,
orresponding to 14.25 UO2 wt%.

.2.4. Particular case of YbBeF4

YbBeF4 is the only monazitic compound which does not
elong to the AXO4 (i.e. oxide) family. It is also the first, and the
nly one, reported fluoroberyllate that adopts the monazite-type
tructure.347 The structure was described as the classical CePO4
onazite structure: Be is tetrahedrally coordinated by four F

toms between 1.55 and 1.59 Å, and Yb is surrounded by nine
with Yb–F bond distances ranging from 2.40 to 2.80 Å. The
bF9 polyhedron can be described as a pentagon capped by two

dditional F atoms from two sides each. The YbF9 polyhedron
orms infinite chains with the BeF4 tetrahedron via common
dges.

. Criteria for the AXO4 monazite-type structures
tability

As described in the two previous chapters, monazite is known

o be a very flexible structure that can accept various elements
ith various oxidation states in its bulk. To evaluate the factors

ffecting the structural stability of this structure according to the
lements incorporated, few authors tried to define systematic

d
b
d
s

ig. 2. Composite structure field map for AXO4 structures proposed by Muller
nd Roy.348

chemes and potentially predictive models. Physicochemical
arameters such as temperature or pressure can also modify the
rontiers between two structural domains.

.1. Composition dependence of the stability domain of the
onazite structure

.1.1. The structure-field map model
The usefulness of structure-field map concept348 was proved

n systematizing the occurrence of different structures among a
ange of fixed stoichiometry compounds of the AxXyOz type,
ere AXO4. A binary phase diagram is built in which the axes
epresent the crystal radii of the A and X ions.155 The first
iagram proposed by Muller and Roy348 is reported in Fig. 2.
rom this figure, one can see the relative stability domains of the
xXyOz compounds, and particularly, the stability field that is

elated with the monazite structure. It has been used by Kohler347

o determine the structural stability of YBeF4.
A similar approach was developed by Fukunaga and

amaoka.289 Their classification diagram of the AXO4 type
ompounds with respect to their crystal structures at nor-
al pressure versus both k and t parameters (k = rA/rX and

= (rA + rX)/2rO) is reported in Fig. 3. In this representation,
he cation with the larger coordination number and/or smaller
alency is chosen as the A cation. It must be noted that when
wo compounds have the same X cation, the AXO4 type com-
ounds lie on the same line described as k = (2rO/rX)t − 1. Main
XO4) lines are shown in the diagram. The compounds with the
ame X cation often crystallize in the same structure even if the
adius of A cation varies to some extent. Therefore, the classified
rea of a specific structure type tends to extend toward larger k
nd t. The extend of the monazite stability domain is very large
nd covers a wide variety of anionic families. This representa-
ion can be potentially extremely useful to predict the structure
f an AXO4 compound to be synthesized and to describe the
iagrams to that of Fukunaga and Yamaoka289 were developed
y Bastide,350 (Fig. 4) Finch and Hanchar351 and Erran-
onea and Manjón352 for the prediction of the AXO4 phase
tability.
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coordination155). The upper and lower values of these param-
ig. 3. Classification diagram of AXO4 type compounds proposed by Fukunaga
nd Yamaoka.289 The monazite stability domain is represented in grey.

.1.2. Stability domain of the monazite-type structure
These types of representation offer the possibility to predict

he structure of a compound. However, the problem of the limits
f the field stability domain remains open. The possibilities of

ncorporation of elements as solid solution within the monazite
tructure and the extent of these solid solutions were extensively
tudied by several authors. Their attention was generally paid on

e
T
p

Fig. 4. Updated Bastide’s diagram for AXO4 compounds proposed by Errand
Ceramic Society 31 (2011) 941–976 959

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

.1.2.1. Preliminary studies. A first attempt to correlate the
onic radii to structures in the monazite/xenotime families was
eported by Carron et al.353 On the basis of the ratio between
he (X–O) bond length (in the AXO4 compounds) and the ionic
adius of A, noted X/A, these authors calculated that a value of
.86 seems to specify the size limit of both the cation and the
nion at the xenotime–monazite structural frontier. This ratio
ielded to propose the stability of silicates and the possibility
f isomorphous substitution of the anions among the rare-earth
hosphates, silicates, arsenates and vanadates. More recently,
acey354 completed this work by determining that the structural

order between zircon and monazite corresponds to a X/A ratio
qual to 1/1.56. Monazite and zircon structures are obtained for
/A < 1/1.56 and X/A > 1/1.56, respectively. Even if systematic
ariations between the unit-cell parameters and chemical com-
ositions were evidenced in this work, no predictive model for
he structural stability limits was proposed.

.1.2.2. Criteria for the stability of the monazite
tructure. Podor and Cuney171 focussed their attention
n the stability domain of the monazite structure, and
ore precisely on that of the (MIII

1−2xMII
x MIV

x )PO4 com-
ounds. These compounds are described by two parameters
average = (1 − 2x)[9]rM3+ + x[9]rM2+ + x[9]rM4+ and rratio =
(1 − x)[9]rM3+ + x[9]rM2+ ]/[(1 − x)[9]rM3+ + x[9]rM4+ ]
where [9]rM is the ionic radius of the M element in the ninefold
ters are 1.216 Å ≥ raverage ≥ 1.107 Å and 1.238 ≥ rratio ≥ 1.
he stability range of the (MIII

1−2xMII
x MIV

x )PO4 compounds is
lotted as a function of the three parameters x, raverage and

onea and Manjón.352 The monazite stability domain is reported in grey.
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ig. 5. Stability domain of the (A1−2x
3+Bx

2+Cx
4+)PO4 compounds in the mon-

zite structure-type versus mole fraction of B2+ or C4+, raverage and rratio (after
odor and Cuney171).

ratio (Fig. 5). The volume obtained is a prism that describes
he stability domain of monazites. Each point included in
his volume corresponds to the composition of a product that
rystallizes with the monazite structure. A line segment joining
wo points in this volume represents a solid solution between
he two compositions. This model is more accurate to describe
he limit of chemical compositions in the border line than the
eld stability domains reported in Section 4.1. Some authors
sed this model to predict the maximum solubility of one
lement in monazite-type compounds216,355 or the way of
ncorporation of other ones (such as cerium, neptunium and
lutonium).107,140,206 However, some discrepancies with reality
emain possible, especially in the case of miscibility gaps.

.1.2.3. Monazite to zircon transition. Due to its importance in
he earth sciences, several authors paid a great attention on the

onazite to zircon transition. This limit was clearly established
n the case of pure compounds, but is difficult to character-
ze in the case of mixed rare-earth elements systems, with the
ormation of a miscibility gap.

In a recent review, Kolitsch and Holtstam246 constructed a
chematic diagram showing the stability fields of the monazite
nd zircon-type structures, on the basis of available data for
EEXO4 (X = P, As, V) compounds. This diagram describes
hat occurs in one REEXO4 family. The conclusions were as

ollows:

(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.356
ig. 6. Stability fields of the monazite and zircon structure types among
EEXO4 (X = P, As, V) compounds (dotted lines = metastable regions (after
olitsch and Holtstam246).

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 Carroll254 found, in
an early comparison of the dimorphic forms of REEXO4
compounds (i.e. TbPO4 and LaVO4), a linear correla-
tion between the REE3+ radius and the X5+ radius of the
(XO4)3− tetrahedral oxyanion rather than with the X–O
bond length or the tetrahedral volume of the oxyanion.
Their observation254 was based on the assumption that
PmAsO4 is also dimorphic. However, the existence of
monazite-type PmAsO4 has not been demonstrated yet.

This diagram is useful to overview the stability field of the
onazite structure, but is insufficient to describe correctly the

artial solid solutions between two REEXO4 compounds, par-
icularly between a light and a heavy rare-earth element, and the
xistence of a miscibility gap.

A similar behaviour is described by Nabar and Mhatre266 in
he Ca1−xBaxLaTh(VO4)3 system. The structure of the obtained
ompound depends on barium substitution fraction and temper-
ture, as illustrated in Fig. 7.

A description of the inter-family compounds
EE(X1−xX′

x)O4 was proposed by Aldred267 on the basis of a
ystematic study of the REE(P1−xVx)O4 compounds (REE = La
o Yb). The conclusions were that:

(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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ig. 7. Structure of some phases in the Ca1−xBaxLaTh(VO4)3 system as a
unction of x at various temperatures (after Nabar and Mhatre266).

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
rystallize with the monazite-type structure, the solid solution
s complete, as demonstrated by Gratz and Heinrich357 and
erra et al.135 in the CexGd1−xPO4 and LaxGd1−xPO4 systems,
espectively. This was also confirmed by the calculations per-
ormed by Mogilevsky.174,175 When both end-members are not

sostructural, only few experimental data are available but all
ends to demonstrate that only restricted solubility ranges are
bserved. Gratz and Heinrich357 report a temperature-dependent
iscibility gap between CePO4 and YPO4 under hydrothermal

Fig. 8. Structure field map for AXO4 compounds (after Aldred267).
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n REEPO4 (data after Mogilevsky174).

onditions: the higher the synthesis temperature/pressure syn-
hesis, the higher the Y content in CePO4. Similar results were
eported by Andrehs and Heinrich268 and Pyle3 in a simi-
ar study performed with natural minerals. Seydoux-Guillaume
t al.270 also concluded to an increase of the YPO4 solubility
n CePO4 when increasing the experimental temperature. Fur-
hermore, these authors determined that this solubility increases
ith increasing the thorium and silicate contents in CePO4.
ll the available data were gathered by Spear and Pyle.358

he same trends were observed in the LaPO4–YPO4,172,175

dPO4–YPO4, SmPO4–YPO4 and NdPO4–YbPO4 systems172

ith materials obtained by direct high temperature synthesis.
oreover, the solubility of DyPO4 in GdPO4 was estimated to

e less than 40 mol% at 1200 ◦C by Boakye et al.141 Solubility of
b in CePO4, NdPO4 and SmPO4 was determined to be higher

han 50 mol% at 1350 ◦C by Mullica et al.170 A regular solution
odel was applied by Mogilevsky and Boakye175 to describe the

olid solubility in monazite–xenotime systems and its pressure
ependence. The comparison between the experimental data in
he REEPO4–YPO4 system with the calculated solubilities in the
EEPO4–YPO4 and REEPO4–LuPO4 systems at 1200 ◦C are

eported as a function of the ionic radii difference between REE
nd Y (Lu respectively) in Fig. 9. This figure clearly illustrates
hat there is a good agreement between the model and the avail-
ble experimental data, suggesting that the model could be used
o predict the solubility in all the monazite–xenotime systems.
urthermore, this figure illustrates the fact that the solid state sol-
bility of one HREE in the monazite structure does not linearly
ecrease from LaPO4 to GdPO4. This solubility goes through a
aximum value centered between PrPO4 and NdPO4. It must

e noted that at the border between the monazite and zircon (i.e.
enotime) structures, the solubility of Gd in HREEPO4 is higher

han the solubility of HREE (and YPO4) in GdPO4.174,269,359,360

hese results indicate that only 4 at.% of HREE elements (or
) are sufficient to fully transform GdPO4 to the xenotime

tructure.
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.2. Structural effect of external parameters

The limits of the stability domain of the monazite structure
ary with temperature, pressure and radiation dose. These par-
icular effects were specifically studied by several authors. The

ain results are reported in this section.

.2.1. Influence of temperature
Depending on the temperature of synthesis, an hemihydrated

exagonal form361 (stable at “low” temperature) of REEPO4
REE = La to Dy134,135,362) or MIIIPO4 (MIII = Pu,142 Am145),
alled rhabdophane, can be stabilized.363–365 As an example,
u Fou de Kerdaniel et al.363 reported that for light rare earth
lements (La,Ce), the hexagonal rhabdophane is obtained from
ons in solution below 90 ◦C while monazite is directly stabilized
or higher temperatures. This “transition” temperature increases
long the REE series to reach about 160 ◦C for GdPO4.

Rhabdophane transforms into monoclinic form by heating at
igh temperature. First, an anhydrous form of the hexagonal
hase is obtained between 100 and 400 ◦C, the transforma-
ion temperature depending on the considered cation, then the
ransition to monoclinic monazite is observed.136,137,366–369

he transition temperatures are in the range 400–500 ◦C for
aPO4,136,137,366 about 600 ◦C for CePO4

136,366,370,371 and
uPO4,372 700 ◦C for SmPO4

136 then reach up to 900 ◦C for
yPO4.136 Moreover, it is to note that monazite compounds

ould be obtained from rhabdophane by mechanical treatment,
ypically milling.373–375

The rhabdophane → monazite transition was also reported
or compounds incorporating both light and heavy lanthanides
uch as (La,Y)PO4,173 (Ce,Y)PO4

376 or (La,Lu)PO4
377 solid

olutions. On the other hand, two polymorphic modifica-
ions were found for the transitional compounds GdPO4,
bPO4, and DyPO4: from hexagonal to monoclinic form
nd from monoclinic to tetragonal form. The first transi-
ion temperatures are 550 ◦C for GdPO4 and 600 ◦C for
bPO4 and DyPO4

367 while the second ones are found
bove 1200 ◦C for GdPO4, between 800 and 1100 ◦C for
bPO4 and approximately 800 ◦C for DyPO4.368,378 For heav-

er rare earth elements (Yb, Lu), the rhabdophane directly
urns to tetragonal form when heating above 860 ◦C.379 These

odifications occur on the raverage parameter defined by
odor and Cuney.171 Moreover, hexagonal hydrated forms
f BiPO4,151 CaTh(PO4)2 (called brockite),380 CaU(PO4)2
called tristramite)381 and Nd1−2xCaxThx−yUyPO4

382 are
lso mentioned and led to monazite-type compounds after
eating.

Another effect of the temperature lies in the solubility of
eavy lanthanides in the monazite structure. Indeed, several
uthors172,174,269 report the increase of the solid state solubil-
ty of HREEPO4 (and YPO4) in LREEPO4 compounds with
ncreasing temperature. This particular point fits well with the

odel developed by Mogilevsky.174
The limits of the rratio parameter defined by Podor and
uney171 also vary with temperature. The zircon to monazite

tructural transformation is observed in only a few compounds
uch as ThSiO4, PaSiO4, Pb0.5Th0.5VO4,264 and CeVO4.339

p
o
H
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usausoy et al.339 showed that synthetic (Ca0.5U0.5)PO4
ompound have an irreversible polymorphic transition from
rthorhombic to monoclinic above 1000 ◦C in standard pressure
onditions. The (Ca0.5Th0.5)PO4 compound does not undergo
his type of phase transformation. In these five transformations,
temperature increase yields to the stabilization of the monazite
tructure.

A special attention was paid to ThSiO4. Mazeina et al.335

etermined the enthalpies of formation of thorite and huttonite
equal to -2117.6 ± 4.2 kJ/mol and to -2110.9 ± 4.7 kJ/mol,
espectively). These values indicate that ThSiO4 (thorite or
uttonite forms) are metastable relative to SiO2 (quartz) and
hO2 (thorianite) at standard conditions. Although metastable
t room temperature, ThSiO4 stabilizes at higher tempera-
ures compared to its binary oxides, owing to the entropy
ontribution for huttonite/thorite relative to cristobalite and
hO2.

.2.2. Influence of pressure
The influence of very high pressure on the CePO4 struc-

ure was studied by Huang et al.383 The structure deformation
f monazite can be linked to the higher compressibility of the
eO9 polyhedron compared to that of the PO4 tetrahedron. X-

ay diffraction data suggested a structural distortion at ∼11.5
Pa.
Pressure can also influence the limits of the stability domain

f the monazite structure. The solid state solubility of ele-
ents in the monazite structure can vary with pressure. Gratz

nd Heinrich269 and Mogilevsky174 report the increase of
he HREE and Y incorporation in CePO4 when increasing
he operating pressure during synthesis. Thus, variation of
he pressure can involve the stabilization of polymorphs. The
ncrease of pressure can yield to the stabilization of the mon-
zite structure. Many authors315,317,318,335,384 have observed
aSO4 undergoing phase transitions from its ambient anhy-
rite structure to the monazite type at P = 2 GPa, then at
igher pressure and temperature to crystallize in the barite-
ype structure. Bradbury and Williams317 conducted X-ray
iffraction and infrared spectroscopy on CaSO4 to pressures
f 28 and 25 GPa, respectively. A reversible phase transition
o 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 NdAsO4, a pressure increase yields to

he destabilization of the monazite structure and to the forma-
ion of a scheelite-type polymorph.385 The same behaviour was
bserved by Range et al.386 for the CeVO4 compound. Recently,
acomba-Perales et al.387 found evidence of a reversible
ressure-induced structural phase transformation from zircon
o a monazite-type structure in the xenotimes. The onset of
he transition is at 19.7 GPa in YPO4 and 17.3 GPa in ErPO4.

similar transition is described for TbPO4 by Lopez-Solano
t al.388
A hypothetical schematic phase diagram for the AXO4 com-
ounds, indicating the temperature and pressure dependence
f the structure transformations, was proposed by Finch and
anchar351 (Fig. 10).
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ig. 10. Hypothetical schematic phase diagram for the AXO4 compounds (from
ig. 15 of Finch and Hanchar351).

.2.3. Effect of irradiation on the monazite structure
The last parameter of importance reported in the literature

s influent on the stability domain of the monazite struc-
ure is irradiation. The majority of the studies developed in
his field was dedicated to phosphate-based compounds. Nat-
ral monazites, as well as synthetic compounds, are known to
ecover from irradiation damages at low temperature.84,120,389

atural monazite analogues of several hundred millions years
ld are found to remain crystallized despite of high thorium
nd/or uranium weight loadings contrarily to other minerals
uch as zirconolite that become metamict under irradiation.
lthough monazite is apparently always found in a crystalline

tate in nature, it is possible to produce a metamict state by
ombarding the material with heavy ions at fluences higher
han 4 × 1014 ions/cm2. However, the cristallinity of monazite
an be restored by annealing the material at low temperature
400 K).85,389 The same behaviour is described for huttonite by

eldrum et al.389 Furthermore, these authors reported that the
ritical amorphization temperature above which amorphization
id not occur increased from huttonite to thorite. At tempera-
ures below 500 K, the tetragonal and monoclinic polymorphs of
hSiO4 required approximately the same ion fluence for amor-
hization. However, they noted that the monoclinic ThSiO4 is
ot “more resistant” to radiation damage than the tetragonal-
ymmetry form, but its amorphous phase recrystallizes at a lower
emperature.

The irradiation dose required to get amorphization of syn-
hetic CePO4 samples is found to be very important at 400 K
ompared to that required to amorphize apatites or zircons.
oreover, above this temperature, the amorphization of the

tructure cannot be obtained even for very high amorphiza-
ion doses (higher than 3 dpa) probably due to an efficient
nnealing of the defects in this structure.390 In the same way,
urakov et al.391 reported that lanthanum phosphate monazites

La,Pu)PO4 containing 8.1 wt.% of plutonium 238Pu remain
rystallized at ambient temperature up to a cumulative radiation
ose of 1.19 × 1025 �/m3 (i.e. 2 × 1018 �/g) while the sample

hanged in color from initial light blue to grey under self-
rradiation. It was assumed that self irradiation is accompanied
y two processes: accumulation of defects in monazite crys-
alline structure and self-annealing of these defects at ambient

r
w
T
t
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emperature. On the contrary, PuPO4 (7.2 wt.% of 238Pu) became
early amorphous above 4.2 × 1024 �/m3. Swelling and crack
ormation due to the � decay damage was observed in the PuPO4
eramic.391 With the same objective, samples of (La,Am)PO4
ith 23 wt.% 243Am were prepared.179,180 Goubard et al.392

eports the experimental studies by X-ray diffraction of irra-
iation damage from alpha decay in neptunium and americium
anadates versus cumulative dose. The isotopes used were the
37Np �-emitter and the 241Am �, �-emitter. The data reveal that
he irradiation has no apparent effect on the neptunium phases
hile the americium vanadate swells and becomes metamict
hen increasing the cumulative dose.

. Structural relationships between the monazite
tructure and other related structures

Many compounds exhibit polymorphic transitions between
he monazite structure and another structure: zircon (or xeno-
ime), scheelite, anhydrite, rhabdophane and barite. These
ossible transformations correspond to the structures that are
t the monazite stability limits evidenced in the structure-map
odel developed by Fukunaga and Yamaoka.289 The transfor-
ation of one isomorph to another can be obtained through the

ction of temperature or pressure increase (or decrease). The
ransitions can be displacive or reconstructive. The structural
elationships, as well as the transition mechanisms, have been
escribed by several authors and are reported in this part of the
eview.

.1. Monazite derivative structures

The monazite structure of the AXO4 compounds was
escribed in part 2. The distribution of the A element in
he cationic site occurs in AO9 coordination polyhedra. Three
erived structures were reported in the literature.

Wildner and Giester312 reported that the CaSeO3 compound
s stable with a structure that is very similar to monazite. The

ain difference lies in the fact that the Ca atom is in the sev-
nfold coordination instead of the ninefold coordination for Ce
n CePO4. CaSeO3 provides an example for the stereochemical
quivalence of a pyramidal SeO3 group comprising a lone elec-
ron pair E with a tetrahedral TO4 group. The authors claimed
hat CaSeO3 belongs to a new structure type but is ‘quasi-
sotypic’ to the monazite structure, where the lone electron pair E
s formally replaced by an additional oxygen ligand. This results
n polyhedral rotations and in a change from the sevenfold coor-
ination of Ca in CaSeO3 to the ninefold coordination of the
arge Me cations in monazite type compounds.

On a similar way, the structure of the Li3xLa1−xVO4
0 ≤ x ≤ 0.3) compounds is described by Isasi et al.58 as a dis-
orted monazite-type structure. The structure is described by

eans of VO4 tetrahedra, LaO9 polyhedra and LiO5 units. The

are-earth element adopts the “classical” nine-fold coordination
hile the lithium atoms are coordinated to five oxygen atoms.
he LiO5 polyhedron is described as a distorted square pyramid

hat is rather unusual for lithium. The authors note that around the
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ig. 11. Comparison of monazite (a) and xenotime (b) phases projected down
transition” between the monazite and xenotime phases. Larger open circles rep

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

The structure of SrNp(PO4)2 is described in the orthorhombic
ystem, Cmca space group.355 In spite of the higher symmetry,
he cell is related to the monazite one, showing alternate layers
f SrO10 and NpO8 polyhedra instead of the disordered array of
O9 units. The authors explained this particular arrangement

y the ionic radii differences between Sr2+ and Np4+
. The struc-

ure is seen as an ordered modification of the cheralite type.
his structural model allows explaining the narrow limits of

he cheralite domain in terms of cation size and suggests that
ransuranium-loaded compounds could also be derivatives of
he archetype.

.2. Monazite–zircon structural relationships

Numerous examples of monazite and zircon polymorphs are
eported in the literature (ThSiO4, TbPO4, CeVO4, etc.). The
tructure of zircon (ZrSiO4)351 is tetragonal and crystallizes in
pace group I41/amd. The SiO4 tetrahedra share corners and
dges with ZrO8 dodecahedra while this latter share edges with
ach other to form chains parallel to [1 0 0] such that each ZrO8
olyhedron shares edges with four adjacent ZrO8 polyhedra,
wo in each of the crystallographically equivalent directions
1 0 0] and [0 1 0]. These [1 0 0] chains of ZrO8 polyhedra are
ross linked by sharing corners with SiO4 tetrahedra. The Si and
r polyhedra also form an edge-connected chain of alternating
rO8 and SiO4 polyhedra parallel to [0 0 1], between which lie
noccupied channels, also parallel to [0 0 1]. The [0 0 1] edge-
onnected chains of Zr and Si polyhedra comprise an especially
trongly connected feature in the structure, generally expressed
n the prismatic habit and (1 1 0) cleavage of zircon minerals.
everal minerals (xenotime, thorite, coffinite, pretulite, etc.351)
re associated to the zircon-group.

The structural relationships between monazite and xeno-
ime were elucidated by Ni et al.118 The relationship between
he atomic arrangements is evidenced in the juxtaposition of
0 0 1] projections of the two structures (Fig. 11). The phos-

hate tetrahedra in both structures exist in planes perpendicular
o a (Fig. 11a), with two such planes in the unit cell of each
hase; each of these tetrahedra represents the projection of a
olyhedron–tetrahedron chain. In monazite, the tetrahedra in

a
d
t
i

1]. The diagrams illustrate the changes in RE–O bonds that occur during the
t RE atoms; smaller circles represent O atoms (after Ni et al.118).

djacent (1 0 0) planes are offset from each other principally
long [0 1 0], and O–O edges of the tetrahedra are inclined to
he crystallographic axes; in xenotime, the tetrahedra are in
ows parallel to a and b, and the shared edges of the tetrahe-
ron are parallel to a or b. The structures are related by these
hifts of the (1 0 0) planes (for example it reaches 2.23 Å along
0 1 0] and 1/2 a cos � = 0.79 Å along [0 0 1] between GdPO4 and
bPO4) and a slight rotation of the tetrahedron about [0 0 1].
s illustrated in Fig. 11, the change in coordination of the
EE polyhedron from the xenotime to the monazite atomic
rrangements is accomplished by breaking a REE–O bond in
he xenotime structure and adding two REE–O bonds in the

onazite structure. The transformation of a zircon-structured
aterial into the monazite-type compounds was observed in the

ase of Ca0.5U0.5PO4,339 CeVO4,386 PaSiO4 and ThSiO4
322,335

ompounds. This transition also generates a contraction of the
nit-cell volume.118,335,339

.3. Anhydrite–monazite structural relationships

The anhydrite to monazite transformation was reported only
n the case of CaSO4. Even if Chen et al.393 does not evidence
he CaSO4 monazite-type in their work, monazitic CaSO4 is
btained by high pressure room-temperature compression of
nhydrite.318,335 The main structural features of the anhydrite
re reported by Kirfel and Will.394 The anhydrite structure is
uilt up of chains of alternating SO4 tetrahedra and CaO8 dodec-
hedra, running along [0 0 1]. Thus each S atom is coordinated
y four O atoms with two unique S–O bonds, and each Ca2+

ation is coordinated by eight O atoms with four unique Ca–O
istances. While the SO4 tetrahedron is almost regular, the CaO8
odecahedron is considerably distorted with strongly contracted
dges shared with the SO4 groups.395

A plausible anhydrite to monazite phase transition is pro-
osed by Borg and Smith.318 A significant feature in the
nhydrite structure is the chains of AO8 and XO4 polyhedra
inked by shared edges. The tetrahedral orientations alterna-
ively rotate ±45◦ about the chain axis. The reversibility of the

nhydrite–monazite transition in CaSO4 suggests it is mostly
isplacive in nature and the chains are probably retained. Rota-
ion as well as displacement of the chains relative to each other
s required (Fig. 12). To preserve the chains, the two structures
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Fig. 12. Projection of anhydrite395 (a) and monazite118 (b) structures along the chain direction (after Borg and Smith318).
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Fig. 13. Comparison of CePO4 monazite118 (a

re related through axial transformation, aAnhydrite → cMonazite,
Anhydrite → bMonazite and cAnhydrite → aMonazite. The requisite
isplacements suggest a shear or twinning mechanism as
roposed for martinistic transformations, e.g., monoclinic-
etragonal ZrO2.

.4. Monazite–barite structural relationships

The monazite to BaSO4 barite-type transformation is
eported to occur during heating of the CaSO4 high pressure

onazitic form at T = 1250 ◦C.314,315 This phase transformation

s also suggested by Lacomba-Perales et al.387 for the high pres-
ure form of LaPO4. This seems to be a reasonable proposition
ince the monazite-barite transition involves an important atomic

a
r
g
t

Fig. 14. Comparison of (0 1 0) planes of CePO4 monazite1
CaSO4 barite311 (b) (after Crichton et al.313).

earrangement. In particular, the barite-type structure implies an
ncrease of the coordination of the La cation. La is nine-fold
oordinated in monazite while it is twelve coordinated in barite.
n contrast the PO4 tetrahedra remain essentially unchanged in
oth structure types (Fig. 13).

.5. Monazite–AgMnO4 structural relationships

No direct monazite to AgMnO4 structural transforma-
ion is reported in the literature. However, the monazite

nd the AgMnO4 structures396 reported in Fig. 14a and b,
espectively,315 are closely related. It is evident from this dia-
ram that a notional shear of the monazite structure parallel
o a, reducing the � angle, would produce a topology close to

18 (a) and AgMnO4
390 (b) (after Crichton et al.313).
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hat of AgMnO4. This description corresponds to the description
f two high-pressure forms of CaSO4. The SO4-tetrahedra and
ation positions are shown, with non-bonded oxygen removed
or clarity.

.6. Monazite–scheelite structural relationships

The monazite to scheelite transformation is another rarely
bserved transformation that takes place for LaVO4, PrAsO4,
dAsO4

385 and BiAsO4.284 The pressure is the driving force
or this transformation that can be proceeded by both tem-
erature and pressure paths for these compounds. Nabar and
akhardande287 reports the existence of a monazite to scheel-

te transition, that is irreversible and endothermic, for the
Cd1/3Nd1/3Th1/3)AsO4 compound. This transition occurs at
00 ◦C and is only induced by the heat treatment of the material.
Macey354 describes the monazite to scheelite transformation
s follows. The plane parallel to (0 0 1) and the plane parallel
o (0 1 0) of monazite are shared to become the closest packed
ation planes in the scheelite form (Fig. 15). Atomic movements

a
m
s
o

ig. 16. Orthogonal projections of CePO4 monazite structure118 onto the (1 0 0) plan
lane (b) (after Romero et al.151).
Ceramic Society 31 (2011) 941–976

ithin the planes are also necessary to reach the scheelite pack-
ng. The transformation is reconstructive in nature as evidenced
y the fact that the transformed product is metastable284 and that
he monazite has tetrahedral sharing edges with nine coordinated
olyhedra while scheelite has tetrahedral sharing corners with
djacent dodecahedra.397

Pb0.5Th0.5VO4 has polymorphs in both scheelite and mon-
zite structures, as well as in the zircon structure.264 In this case,
he structure sequence that is observed when heating this com-
ound from room temperature is scheelite (T = 600 ◦C) → zircon
T = 920 ◦C) → monazite.

.7. Monazite–HT monoclinic BiPO4 structural
elationships

The case of the low temperature monazite form of BiPO4 to
high temperature monoclinic form is unique and completely

escribed by Romero et al.151 The monoclinic high-temperature
odification of BiPO4 is very similar to the monazite type

lthough this similarity is partially concealed by the choice of
he cell parameters (Fig. 16).398 The transformation from the
ow-temperature monazite-type to the high-temperature form is
rreversible and requires a small rotation of the tetrahedra to
dopt a more symmetric (and slightly more volume-consuming)
rrangement, with no modification of the essential topological
eatures. A consequence of the increase in symmetry of the
etrahedra network is that an approximate P-centering present in
he monazite structure now becomes exact, and hence a smaller
rimitive unit cell can be selected.

.8. Monazite–rhabdophane structural relationships

As previously described, monazite can be easily obtained
y heating the rhabdophane hexagonal hydrated form.136,361

ikichi et al. emphasized the weak differences existing between
oth structures, especially concerning the arrangement of oxy-
en atoms around the P5+ ion as well as the REE–O distances.373

he main modification lies in the presence of larger channels

long the c axis in the case of rhabdophane which host the water
olecules that stabilize the structure.247 The comparison of the

tructural features was also reported by Romero et al. in the case
f BiPO4 which presents a similar hexagonal modification.151

e (a) and of high-temperature monoclinic form of BiPO4
398 onto the (−1 0 1)
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ig. 17. Orthogonal projections onto the (1 0 0) plane of the rhabdophane-type
f monazite (c) (after Romero et al.151). The frames indicate the common catio

hey described rhabdophane as an alternance of two types of
ayers parallel to the (1 0 0) plane. The first one (at x = 0.5),
ormed by bismuth atoms and phosphate tetrahedrons (Fig. 17a)
ppears very close to monazite arrangement, while the second
ne (located at x = 0) consists in alternate chains formed by water
olecules then by bismuth and phosphates groups (Fig. 17b).
his alternance of layers led to a looser stacking than the mon-
zite type structure (Fig. 17c).

. Conclusions

Based on the diversity of the chemical composition of the
btained samples, the monazite structure appears to be strongly
exible. Such chemical variety can explain why the number of
cientific projects dealing with the use of monazite-type com-
ounds for various applications remains significant and clearly
hows that new opportunities for material composition design
re always open.

One of the explanations of this chemical flexibility is
robably due to the presence of the cationic pentagonal inter-
enetrating tetrahedral polyhedron that allows the structure to
ccommodate chemically diverse cations. This irregular coordi-
ation existing around the lanthanide ion does not place severe
ymmetry, size or charge constraints for the incorporated cation
nd allows large domains of chemical compositions for the
repared solid solutions. Such structural aspect can be also con-

ected to several properties of interest of the monazite structure.
mong them, one can note, as instance, the high chemical dura-
ility, resistance to radiation damage (properties of interest for
eochemical chronology, for radwaste storage matrices, etc.) or
onal modification of BiPO4, with layers located at x = 0.5 (a) and x = 0 (b) and
chains.

igh temperature thermal conductivity (for coating and diffusion
arrier designs).

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

eferences

1. Gramaccioli CM, Segalstad TV. A uranium- and thorium rich mon-
azite from a south-alpine pegmatite at Piona, Italy. Am Mineral
1978;63:757–61.

2. Overstreet WC. The geological occurrence f monazite. US’ Geol Surv.
Prof. pap. 530.

3. Pyle JM, Spear FS, Rudnick RL, McDonough WF.
Monazite–xenotime–garnet equilibrium in metapelites and a new

monazite–garnet thermometer. J Petrol 2001;42(11):2083–107.

4. Montel JM, Foret S, Veschambre M, Nicollet C, Provost A. Electron
microprobe dating of monazite. Chem Geol 1996;131:37–53.

5. Oelkers EH, Montel JM. Phosphates and nuclear waste storage. Elements
2008;4(2):113–6.



9 pean
68 N. Clavier et al. / Journal of the Euro

6. Rapp RP, Watson EB. Monazite solubility and dissolution
kinetics—implications for the thorium and light rare-earth chemistry of
felsic magmas. Contrib Mineral Petrol 1986;94:304–16.

7. Gentry RV, Cahill TA, Fletcher NR, Kaufman HC, Medsker LR, Nelson
JW, Floechini RG. Evidence for primordial superheavy elements. Phys
Rev Lett 1976;37:11–5.

8. Kapoor SS, Ramamurthy VS, Lal M, Kataria SK. Search for superheavy
elements in monazite from beach sands of South India. Pramana J Phys
1977;9(5):515–21.

9. Stephan C, Epherre M, Cieslak E, Sowinski M, Tys J. Search for
superheavy elements in monazite ore from Madagascar. Phys Rev Lett
1976;37(23):1534–6.

10. Bosch F, E1 Goresy A, Kritschmer W, Martin B, Povh B, Nobiling R,
Traxel K, Schwalm D. On the possible existence of superheavy elements
in monazite. Z Phys A 1977;280:39–44.

11. Ketelle BH, O’Kelley GD, Stoughton RW, Halperin J. Search for
superheavy-element decay in samples of Madagascar monazite. Phys Rev
Lett 1976;37(26):1734–7.

12. Kuo DH, Kriven WM. Chemical stability, microstructure and mechan-
ical behavior of LaPO4-containing ceramics. Mater Sci Eng A
1996;210(1/2):123–34.

13. Fisher MJ, Wang W, Dorhout PK, Fisher ER. Synthesis of LaPO4:Eu
nanostructures using the sol–gel template method. J Phys Chem C
2008;112(6):1901–7.

14. Davis JB, Marshall DB, Housley RM, Morgan PED. Machinable ceramics
containing rare-earth phosphates. J Am Ceram Soc 1998;81(8):2169–75.

15. Davis JB, Marshall DB, Oka KS, Housley RM, Morgan PED.
Ceramic composites for thermal protection systems. Composites A
1999;30(4):483–8.

16. Davis JB, Marshall DB, Morgan PED. Oxide composites of Al2O3 and
LaPO4. J Eur Ceram Soc 1999;19:2421–6.

17. Davis JB, Marshall DB, Morgan PED. Monazite-containing oxide/oxide
composites. J Eur Ceram Soc 2000;20:583–7.

18. Hay RS, Marshall DB. Deformation twinning in monazite. Acta Mater
2003;51:5235–54.

19. Hay RS. Twin-dislocation interaction in monazite (monoclinic LaPO4).
Philos Mag 2005;85(2/3):373–86.

20. Hwang TJ, Hendrick MR, Shao H, Hornis HG, Hunt AT. Combustion
chemical vapor deposition (CCVD) of LaPO4 monazite and beta-alumina
on alumina fibers for ceramic matrix composites. Mater Sci Eng A
1998;244:91–6.

21. Seung-Ho K, Sekino T, Kusunose T, Hirvonen AT. Thermal properties and
microstructure of zirconia/monazite-type LaPO4 composites for powder
preparation methods. Mater Sci Forum 2007;544–545:909–12.

22. Konishi Y, Kusunose T, Morgan PED, Sekino T, Niihara K. Fabrication
and mechanical properties of Al2O3/LaPO4 composite. Sci Eng Ceram
II 1999;2:341–4.

23. Marshall DB, Morgan PED, Housley RM, Cheung JT. High-temperature
stability of the Al2O3–LaPO4 system. J Am Ceram Soc 1999;81(4):951–6.

24. Marshall DB, Davis JB, Morgan PED, Waldrop JR, Porter JR. Proper-
ties of La-monazite as an interphase in oxide composites. Z Metallkd
1999;90(12):1048–52.

25. Min W, Miyahara D, Yokoi K, Yamaguchi T, Daimon K, Hikichi Y,
Matsubara T, Ota T. Thermal and mechanical properties of sintered
LaPO4–Al2O3 composites. Mater Res Bull 2001;36:939–45.

26. Min W, Daimon K, Matsubara T, Hikichi Y. Thermal and mechanical
properties of sintered machinable LaPO4–ZrO2 composites. Mater Res
Bull 2002;37:1107–15.

27. Mogilevsky P, Hay RS, Boakye EE, Keller KA. Evolution of tex-
ture in rhabdophane-derived monazite coatings. J Am Ceram Soc
2003;86(10):1767–72.

28. Mogilevsky P, Parthasarathy TA, Petry MD. Anisotropy in room tem-
perature microhardness and fracture of CaWO4 scheelite. Acta Mater

2004;52:5529–37.

29. Morgan PED, Marshall DB. Ceramic composites of monazite and alu-
mina. J Am Ceram Soc 1995;78(6):1553–63.

30. Morgan PED, Marshall DB, Housley RM. High-temperature stability of
monazite-alumina composites. Mater Sci Eng A Struct 1995;1–2:215–22.
Ceramic Society 31 (2011) 941–976

31. Parrish RR. U–Pb dating of monazite and its application to geological
problems. Can J Earth Sci 1990;27:1431–50.

32. Copeland P, Parrish RR, Harrison TM. Identification of inherited radio-
genic Pb in monazite and its implications for U–Pb systematics. Nature
1988;333:760–3.

33. Gardes E. Diffusion du plomb dans la monazite. PhD thesis of Universite
Toulouse III, Toulouse, France; 2006.

34. Suzuki K, Adachi M, Kajizuka I. Electron microprobe observations of
Pb diffusion in metamorphosed detrital monazites. Earth Planet Sci Lett
1994;128:391–405.

35. Montel JM, Veschambre M, Nicollet C. Dating monazite with the electron
microprobe. C R Acad Sci Ser II 1994;318(11):1489–95.

36. Braun I, Montel JM, Nicollet C. Electron microprobe dating of monazites
from high-grade gneisses and pegmatites of the Kerala Khondalite Belt,
southern India. Chem Geol 1998;146:65–85.

37. Williams ML, Jercinovic MJ. Microprobe monazite geochronology:
putting absolute time into microstructural analysis. J Struct Geol
2002;24:1013–28.

38. Williams ML, Jercinivic MJ, Goncalves P, Mahan K. Format and philos-
ophy for collecting, compiling, and reporting microprobe monazite ages.
Chem Geol 2006;225:1–15.

39. Catlos EJ, Gilley LD, Mark Harrison T. Interpretation of monazite ages
obtained via in situ analysis. Chem Geol 2002;188(3/4):193–215.

40. Vlach SRF. Th–U–PbT dating by electron probe microanalysis, Part
I. Monazite: analytical procedures and data treatment. Geol USP
2010;10(1):61–85.

41. Williams ML, Tracy RJ. Preface to collected papers on monazite micro-
probe geochronology. Am Miner 2005;90(4):525–6.

42. Cherniak DJ, Zhang XY, Nakamurab M, Watson EB. Oxygen diffusion
in monazite. Earth Planet Sci Lett 2004;226:161–74.

43. Harrison TM, Catlos EJJM. U–Th–Pb dating of phosphate minerals. Rev
Mineral Geochem 2002;48:524–58.

44. Spear FS, Pyle JM, Cherniak D. Limitations of chemical dating of mon-
azite. Chem Geol 2009;266(3/4):218–30.

45. Krumpel AH, Boutinaud P, van der Kolk E, Dorenbos P. Charge transfer
transitions in the transition metal oxides ABO4:Ln3+ and APO4:Ln3+

(A = La, Gd, Y, Lu, Sc; B = V, Nb, Ta; Ln = lanthanide). J Lumin
2010;130(8):1357–65.

46. Dong H, Liu Y, Yang P, Wang W, Lin J. Controlled synthesis and char-
acterization of LaPO4, LaPO4:Ce3+ and LaPO4:Ce3+, Tb3+ by EDTA
assisted hydrothermal method. Solid State Sci 2010;12(9):1652–60.

47. Chen G, Holsa J, Peterson JR. A luminescence study of single-crystal
EuPO4 at high pressure. J Phys Chem Solids 1997;58(12):2031–7.

48. Yan ZG, Zhang YW, You LP, Sia R, Yan CH. Controlled synthesis and
characterization of monazite type monocrystalline nanowires of mixed
lanthanide orthophosphates. Solid State Commun 2004;130:125–9.

49. Yu M, Lin J, Zhou YH, Pang ML, Han XM, Wang SB. Luminescence
properties of RP1−xVxO4: A (R = Y, Gd, La; A = Sm3+, Er3+, x = 0, 0.
5, 1) thin films prepared by Pechini sol–gel process. Thin Solid Films
2003;444:245–53.

50. de Sousa Filho PC, Serra OA. Red, green and blue lanthanum phosphate
phosphors obtained via surfactant-controlled hydrothermal synthesis. J
Lumin 2009;129:1664–8.

51. Hou Z, Wang L, Lian H, Chai R, Zhang C, Cheng Z, Lin J. Preparation and
luminescence properties of Ce3+ and/or Tb3+ doped LaPO4 nanofibers
and microbelts by electrospinning. J Solid State Chem 2009;182:
698–708.

52. Escobar ME, Baran EJ. Tetragonal form of lanthanum ortho-vanadate. Z
Anorg Allg Chem 1978;441:273–7.

53. Escobar ME, Baran EJ. Precipitation of rare-earth arsenates in aqueous-
solutions. Zeit Chem 1980;20:225–31.

54. Park SW, Yang HK, Chung JW, Chen Y, Moon BK, Choi BC, Jeong
JH, Kim JH. Photoluminescent properties of LaVO4:Eu3+ by structural

transformation. Physica B 2010;405:4040–4.

55. Yang M, You H, Zheng Y, Liu K, Jia G, Song Y, Huang Y, Zhang L,
Zhang H. Hydrothermal synthesis and luminescent properties of novel
ordered sphere CePO4 hierarchical architectures. Inorg Chem 2009;48:
11559–65.



pean
N. Clavier et al. / Journal of the Euro
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