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Materials belonging to the CrVO, structure type:
preparation, crystal chemistry and
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Crystallographic data of vanadates, phosphates, chromates, sulphates and selenates
belonging to the CrVO, (B-CrPQO,) structure type and of some of its most important
polymorphs, are reported. Characteristic structural peculiarities and the effect of pressure on
the phase transformations are discussed. A definitive stability field for this structure type
could be established. Synthetic procedures for the preparation of the different compounds
adopting this and closely related structures are presented and its thermal, spectroscopic and
magnetic properties are discussed. A brief overview on the most important characteristics of
materials adopting the a-CrPO, structure is also presented. © 7998 Chapman & Hall

1. Introduction

The structure of CrVO,, described about 50 years
ago, is one of the typical ABO, structure types ad-
opted by different oxide systems. Although the num-
ber of compounds with this structure (often also called
B-CrPO, or NiSO, structure) is rather small, new
materials belonging to this structure type have re-
cently been prepared and characterized. Therefore, it
seems timely to give a general, systematic overview of
the crystal chemistry and of the most important phys-
ical and chemical properties of these materials.

To begin with, some general structural features are
presented of the different materials adopting this
structure, including comments and remarks on their
most common and important polymorphs, followed
by a general crystallochemical discussion.

In the second part, some aspects related to the
synthesis of these materials are presented and dis-
cussed.

The third part is devoted to the discussion of the
most relevant physicochemical properties of these
compounds, emphasizing thermal, spectroscopic and
magnetic properties.

The final section offers a brief overview of the
few materials belonging to the a-CrPO, structural

type.

2. Structural aspects

2.1. Main characteristics of the CrVO,
structure

CrVO, is orthorhombic space group Di. —Cmcm-—,

with Z =4 [1]. The structure consists of infinite
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chains of trans edge-sharing CrOg4 octahedra which
run parallel to the c-axis. These chains are linked
together by VO, tetrahedra, as shown schematically
in Fig. 1. The metal atoms are in the following
special positions: Cr (4a) and V (4c). As adjacent
elements in the periodic table, vanadium and chro-
mium have nearly the same X-ray scattering powers
and it was initially difficult to assess which atom
is in position 4a and which in 4c. However, by means
of X-ray absorption spectroscopy it became evident
that vanadium was the tetrahedrally coordinated
ion [2].

The CrVO, structure has a fairly high tolerance and
can accommodate octahedral ions as small as Fe(III)
and as large as TI(III) and Cd(ID).

Five classes of ABO, materials are found in this
structural type: trivalent cation phosphates and vana-
dates, M"PO,, M""VO,, and divalent cation sul-
phates, selenates and chromates, M"SO,, M"SeO,,
M"CrO,. Only recently, LiMnO, has been shown to
be the first, and so far unique, permanganate adopting
this structure.

An analysis of the structural information available
so far for ABO, compounds shows that for phases
with r, (C.N.=6) between 0.07 and 0.10nm
and rg (C.N.=4)<0.0600nm, CrVO, is the only
possible structure [3,4]. With increasing A cationic
radius, zircon, monazite or barite type structures
are preferred; with increasing B radius the structural
type changes substantially, generating octahedral
coordination of this ion. A greatly simplified struc-
tural field map, in the region around CrVQOy,, is shown
in Fig. 2.
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Figure I Schematic representation of the CrVO, structure.
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Interestingly, most of the CrVO,-type materials
can be obtained in other polymorphic modifications,
generally by increasing temperature and/or pressure.
These aspects are also covered in this review.

Finally, it should be mentioned that the structure
most closely related to CrVOy is that of ZnSO,. This
compound is also orthorhombic, space group
D3¢ ~Pnma— with Z = 4 [5]. This structure is built up
of chains of shared ZnOg4 octahedra linked by SO,
tetrahedra. These building units are similar to those
found in CrVOy, but their orientations are slightly
different and the octahedra and tetrahedra have
a lower site-symmetry than in the CrVO, structure.
On the other hand, the CrVO, structure is about 2%
denser than that of ZnSO, [6].

2.2. Structural data and polymorphism of
CrVO,-type materials

2.2.1. Vanadates

2.2.1.1. Vanadates belonging to the CrVO  type. Only

four orthovanadates of trivalent cations are so far

known to adopt this structural type.

The Cr(III) orthovanadate, which is the structural
prototype of the reviewed materials, was first charac-
terized by Brandt [1] in 1943. Only in 1975 could a
second vanadate of this type, namely FeVO, (usually
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Figure 2 Structure field map in the region of the CrvVO,/ZnSO,
and neighbouring structures.

called FeVOy,-II), be prepared under high tempera-
tures and pressures [ 7], although more recently it has
been synthesized by a hydrothermal method [8]. The
stability range of this phase is very narrow, and at
about 570 °C it transforms to the normal triclinic form
[9]. The other two known vanadates of this type are
InVO, [10] and TIVO, [11].

Crystallographic data for these four materials are
given in Table L.

2.2.1.2. Other vanadate polymorphs. CrVO, can
also be obtained with the rutile structure at high
temperatures (750°C) and pressure (60000 atm)
[7,13], and also with the a-MnMoO, structure, by
mild heating of amorphous precursors (chimie douce
process) [14,157.

FeVO, exists in other three different structural
modifications [7,8]. The normal form is triclinic,
space group P1 and Z = 6, with the Fe(Ill) in two
different coordinations (five and six) [9], and is iso-
typic with AIVO, [16,17]. A second form adopts the
a-PbO, structure, with both the Fe(III) and V(V) ions
located in octahedral voids, in a totally disordered
distribution [7]. A third, ordered modification, with
the wolframite structure, can be obtained by treating
the normal form at high temperature and pressure in
sealed platinum ampoules [7].

In the case of InVOy,, the existence of one [18] or
two [11] other forms, apart from the CrVO, modifica-
tion, has been postulated. Nevertheless, only one dif-
ferent form could be clearly characterized. It can be
obtained by gentle heating of precipitated amorphous
indium vanadate, and adopts the a-MnMoO, struc-
tural type [19, 20].

For TIVO,, no other polymorphic forms have so
far been found.



TABLE I Crystallographic data of M™VO, materials belonging to the CrVO, structure type

Compound a (nm) b (nm) ¢ (nm) Volume (10~ 3 nm?) Reference
CrvVO, 0.5589 0.8252 0.5993 276.40 [12]
FeVO, 0.5628 0.8272 0.6112 284.54 [8]
InVO, 0.5765 0.8542 0.6592 324.62 [10]
TIVO, 0.5839 0.8687 0.6800 344.92 [11]
TABLE II Crystallographic data of M"PO, materials belonging to the CrVO, structure type

Compound a (nm) b (nm) ¢ (nm) Volume (1073 nm?) Reference
TiPO, 0.5299 0.7910 0.6368 266.92 [27]
VPO, 0.5230 0.7772 0.6284 255.43 [27]
CrPOy 0.5165 0.7750 0.6131 24541 [28]
FePO, 0.5227 0.7770 0.6322 256.76 [25]
InPO, 0.5308 0.7851 0.6767 282.00 [23]
TIPO, 0.5395 0.8010 0.7071 305.56 [23]
AIPO, 0.511 0.748 0.609 2339 [28]

2.2.1.3. Other related materials. The fact that the
phases of composition (Cr;_,Fe,)VO, are isomor-
phous with a-MnMoQO,, rather than adopting the
CrVO, or FeVOy, structures [21] is of special interest.
This is very unusual behaviour and may represent a
compromise between the distorted cationic environ-
ment in triclinic FeVO, and the more regular CrVO,
structure. Nevertheless, at a pressure of 3000 atm, a re-
versible transformation to the CrVO, structure takes
place [21].

Another structure closely related to that of CrVO,
is found in NaCaVO,, in which chains of CaQg
octahedra are linked by VO, tetrahedra, whereas
Na(I) is present in a very distorted tetrahedral envi-
ronment [22].

2.2.2. Phosphates
2.2.2.1. Phosphates belonging to the CrVO4-type.
These materials show the great flexibility of this struc-
tural type with respect to the cationic radii, ranging
from trivalent first row transition metal cations to
In(I11) and TI(III).

Crystallographic data for the known phosphates
belonging to this structure are shown in Table II.

The Cr(III), In(III) and TI(III) phosphate can be
obtained by simple thermal or hydrothermal reactions
[23,24], whereas the Fe(III) and Al(IIT) compounds
can only be obtained at high pressures [25,26]. The
Ti(IlI) and V(III) phosphates were obtained under
reducing conditions [27] although VPO, can also be
prepared by means of other procedures (see Section 3).

It is interesting to remark that although AIPO,,
InPO, and TIPO, could be characterized with the
CrVO, structure, the formation of an isostructural
Ga(I1l) phosphate has not been reported so far.

2.2.2.2. Other phosphate polytypes. A great number of
M™PO, materials, mainly crystallizing in some of the

SiO, structures, have been reported. A detailed dis-
cussion of these compounds lies outside the scope of
this review. Therefore, only some brief comments and
remarks are given.

Generally speaking, one can state that the well-
known polymorphic modifications of SiO, have their
counterparts in several ABO, systems, with specially
numerous examples found in phases with B = phos-
phorus or arsenic.

AlPO, is probably the most studied of these
compounds. It undergoes reconstructive transforma-
tions of the same type as SiO,, ie., quartz —
tridymite — cristobalite. In addition, all the three
polymorphs have at least one high—low displacive
transition [3]. Some other high-pressure forms, differ-
ent from that with the CrVO, structure, are also
known [28]. Another, monoclinic AIPO, form, in
which AI(III) is apparently in octahedral coordina-
tion, can also be prepared [29].

Specially interesting in relation to this review is the
existence of some materials closely related to those
presented in Table II, but which have not been ob-
tained in the CrVO, lattice. Thus, two MnPO, modi-
fications, with the quartz and cristobalite structures,
respectively, are known [30]. GaPO, has also been
reported with quartz and cristobalite structures
[30,31]. In the case of FePO,, a normal pressure
form adopting the quartz structure is known
[26,31,32].

RhPO, and the high-temperature form of CrPOy,
belong to another structural type, usually known as
o-CrPO,. They are discussed in detail in Section 5.

2.2.2.3. Other related materials. Al(I1I) and Ga(III)
arsenates are only found in quartz-like structures
[31,33,34], whereas FeAsO, compounds are known
to exist in three different modifications [35,36].
FeAsO,-11 belongs to the ZnSO, structure and
FeAsO,-111 to the low-temperature quartz modification
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TABLE III Crystallographic data of M"CrO, materials belonging to the CrVO, structure type

Compound a (nm) b (nm) ¢ (nm) Volume (10~ 3 nm?) Reference
CoCrO, 0.5505 0.8281 0.6207 282.96 [1]
NiCrO, 0.5482 0.8237 0.6147 277.56 [37]
CuCrO, 0.5433 0.8968 0.5890 286.97 [38]
ZnCrOy 0.5505 0.8383 0.6219 287.00 [1]
CdCrO,4 0.5678 0.8723 0.6926 343.04 [37]
MgCrO, 0.5494 0.8363 0.6324 290.56 [39]
TABLE 1V Crystallographic data of M"SO, materials belonging to the CrVO, and ZnSO, structure types

Compound a (nm) b (nm) ¢ (nm) Volume (10~ nm?) Reference
CrVO, structure

MnSO, 0.5248 0.8048 0.6842 288.98 [45]
FeSO, 0.5261 0.8013 0.6454 272.08 [45]
CoSO, 0.5192 0.7856 0.6530 266.35 [46]
NiSO, 0.5166 0.7846 0.6362 257.87 [46]
CuSO, 0.4973 0.7730 0.6702 257.63 [45]
ZnSO, 0.5217 0.7848 0.6500 266.13 [45]
CdSO, 0.5310 0.8157 0.7180 311.00 [47]
MgSO, 0.5182 0.7893 0.6506 266.11 [48]
ZnSO, structure

MnSO, 0.4821 0.8774 0.7069 299.01 [49]
FeSO, 0.4765 0.8671 0.6777 280.01 [45]
CoSO, 0.4738 0.8603 0.6699 273.06 [45]
CuSO, 0.4833 0.8409 0.6709 272.66 [50]
ZnSO, 0.4774 0.8604 0.6746 277.10 [50]
MgSO, 0.4742 0.8575 0.6699 272.40 [51]

[35]. The third form, FeAsO,-1I, is monoclinic, space
group P2,/n with Z =4, and contains octahedral
FeOyg and tetrahedral AsO, polyhedra [36].

The high- and low-temperature forms of CrAsO,,
adopting, the ZnSO, and the a-CrPO, structures,
respectively, are also discussed in Section 5.

2.2.3. Chromates

2.2.3.1. Chromates belonging to the CrVO type. The
crystal structures of a number of M"CrO, materials
adopting this structure type, were first reported by
Brandt [1]. Most of them have been reinvestigated in
recent years by different authors. The pertinent crys-
tallographic data are given in Table III.

2.2.3.2. Other chromate polytypes. MgCrO, and
CdCrOy, synthesized at high pressures belong to the
o-MnMoO, structural type [37,40]. If CdCrO, is
treated at higher pressures (40 kbar at 200—450 °C) it
adopts the tetragonal scheelite structure [41].

2.2.3.3. Other related materials. The very interesting
compound LiCr;Og, containing simultaneously Cr(III)
and Cr(VI), ie. LiCt"™(CrO,),, also belongs to the
CrVOy structure with a = 0.5504 nm, b = 0.8289 nm,
¢=0.6117nm and Z =2 [42]. In this phase, the
Li(I) and Cr(III) cations are randomly distributed in
the octahedral strings. Similar materials, containing
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sodium, potassium or rubidium instead of lithium
adopt a different, monoclinic, structure, space group
C2/m with Z = 2 [43,44].

2.2.4. Sulphates

2.2.4.1. Sulphates belonging to the CrVO,type. The
crystal chemistry of M"SO, materials is particularly
interesting due to the existence of different polymor-
phic forms for most of them. First-row transition
metal sulphates (M" = manganese to zinc) with the
CrVO, structure have been reported and this struc-
ture is also found in CdSO, and MgSO,.

Table IV gives the crystallographic data of the
CrVOy-type sulphates. The corresponding Mn(II),
Fe(Il), Co(II), Ni(Il) and Mg(II) salts adopt this
structure under ordinary pressure and temperature
conditions, whereas CuSO,, ZnSO, and CdSO, adopt
it only at high temperatures.

2.2.4.2. Other sulphate polymorphs. CuSQO, is known
as the rare mineral chalcocyanite [52] found as
a product of volcanic exhalations [53]. A natural
ZnSO,, the mineral zincosite, is also known [54].
Both minerals belong to the ZnSO, structure type
[50]. This structure is also adopted by most of the
CrVO,-type sulphates, on changing the experimental
conditions of preparation.

MnSO, takes the ZnSO, structure at temperatures
above 430°C [49, 55] but this phase is unquenchable.



TABLE V Crystallographic data of M"SeO, materials belonging to the CrVO, and ZnSO, structure types

Compound a (nm) b (nm) ¢ (nm) Volume (10~ 3 nm?) Reference
CrVO, structure

MnSeO, 0.548 0.818 0.680 304.8 [69]
CoSeOy 0.5439 0.810 0.6522 287.33 [69]
NiSeO, 0.5399 0.8089 0.6376 278.45 [70]
CuSeOy4 0.542 0.855 0.661 306.3 [69]
ZnSeO, 0.5511 0.8110 0.6585 294.31 [72]
MgSeO, 0.542 0.814 0.652 287.6 [69]
ZnSO, structure

MnSeO, 0.4932 0.9131 0.7023 316.27 [69]
CoSeOy 0.4892 0.9050 0.6741 298.44 [69]
CuSeO, 0.5099 0.9390 0.7005 335.40 [69]
ZnSeO, 0.4905 0.9012 0.6293 278.17 [73]
MgSeO, 0.4903 0.9001 0.6741 297.49 [69]

Apparently, other high-pressure phases can be formed,
but they are not clearly identified [45].

At high temperatures (800-850 °C) and at a pressure
of 5kbar, a quenchable FeSO, modification, belong-
ing to the ZnSO,-type can be obtained [45,56]. More
recently, a third form of FeSO, was identified. It is
probably monoclinic [57] and structurally related to
the third CoSO, polymorph (see below).

CoS0O, also adopts the ZnSO, structure at higher
temperatures [45, 58—607] whereas a third, monoclinic,
modification with the probable space group P2;/n
could also be identified [61]. Other polymorphic
forms can apparently exist at very high pressures [45].

As stated above, both CuSO, and ZnSO, adopt
the ZnSO, structure under normal temperature
and pressure conditions [50,62]. In the case of the
Zn(I) compound, another high-temperature modifi-
cation has been reported. It represents the first
example of a sulphate adopting the cristobalite struc-
ture (@ = 0.717 nm) [63].

MgSOy, also presents a high-temperature form, ad-
opting the ZnSO, structural type [51]. In the case of
CdSO, a second polymorphic form was reported by
different authors [47,64—66]. Different space groups
were proposed for this low-temperature form. The
correct one may be Pn2,;m, with Z =2 [66].

The crystallographic data for the sulphates belong-
ing to the ZnSO, structure type are also included in
Table 1V.

It is especially interesting to mention that NiSOy4
has only been obtained in the CrVO, modification so
far. Its structure was initially investigated by Dimaras
[67] and confirmed by Poljak [68] ; a structure refine-
ment has recently been reported by Wildner [46].

2.2.4.3. Other related materials. HgSO, also has the
same structure as the low-temperature form of CdSO,
[64-66].

2.2.5. Selenates

2.2.5.1. Selenates belonging to the CrVO,type. In a
similar way to the case of the sulphates, most of the
M"SeO, materials are polymorphic. Nevertheless, in

these cases the CrVO, modification is usually only
generated at high pressures and can be prepared by
quenching after treatment at 40 kbar and at temper-
atures near 400 °C [69].

Interestingly, in comparison to the sulphates, only
NiSeO, has been obtained in the CrVO, modification
[70,71] with neither FeSeO, nor CdSeO, reported
so far.

Table V shows the crystallographic data of the
divalent metal selenates belonging to the CrVO, type.

2.2.5.2. Other selenate polytypes. The selenates of
Mg(II), Mn(II), Co(II), Cu(Il) and Zn(II), obtained
under normal temperature and pressure conditions,
crystallize in the ZnSO, type. Crystallographic data
for these materials are also included in Table V.

2.2.6. Lithium permanganate

Anhydrous lithium permanganate, LiMnO,, obtained
by dehydration of the thihydrate at 60 °C in a vacuum
over P,Oy,, constitutes the first example of a per-
manganate adopting the CrVO, structure type [74].
The following unit-cell data were determined for
this compound, by neutron diffraction measurements:
a=0.5514nm, b=0.8397nm and c¢ = 0.6359 nm
(Z =4) [74].

2.3. Crystal chemistry of the CrvO,
structure type

As stated in Section 1, the CrVOy structure is the only

possible ABO, structure type with r, between 0.07

and 0.10 nm and rg < 0.06 nm.

Close correlations between ionic size and the struc-
ture and properties of crystals have been pointed out
by many authors [3, 75-77]. Such correlations also
allow an analysis of the quality of available structural
data and a verification of the stability fields of a given
structure type.

Using the crystallographic data tabulated in the
preceding section and the ionic radii of Shannon and
Prewitt [ 78], the cube roots of the orthorhombic unit
cell have been plotted as a function of the ionic radii of
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Figure 3 Plot of the cubic roots of the unit-cell volumes as a func-
tion of the ionic radii of the trivalent cations, for vanadates and
phosphates belonging to the CrVO, structure type.
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Figure 4 Plot of the cubic roots of the unit-cell volumes as a func-
tion of the ionic radii of the divalent cations, for chromates, sul-
phates and selenates belonging to the CrVO, structure type.

the octahedrally coordinated cations (A). Fig. 3 shows
this plot for the trivalent metal vanadates and phos-
phates, whereas a similar plot for the divalent metal
sulphates, selenates and chromates is shown in Fig. 4.
The data were fitted with a standard least-squares
procedure, with plotted lines corresponding to the
best fit. From this analysis one can define correlation
coefficients in order to verify the quality of the fits and
of the plotted correlations.
The correlation coefficient used, R, is defined as

R =(J/M)'? (1a)

with
J=B[XIXY — XXZY/n] (1b)

and
M=3XY>—(ZY)*/n (1c)

where B is the calculated slope of the plot and n the
number of experimental points.

On the other hand, the estimated standard errors
(ESE) are defined as

ESE = [(M —J)/(n —2)]'" )
2484

TABLE VI Numerical analysis of the plots of Figs 4 and 5

System R ESE
Vanadates 0.996 2.6%
Sulphates 0.978 3.2%
Chromates 0.978 4.0%
Phosphates 0.970 5.1%
Selenates 0.697 6.5%
0.050 { e
v—" 0 0
Cr |
~0045 1 o oo .
/— - o eeoe .
Se0 40
. 1 .
S
c
ol
0.035 1
P— e o0 e . . .
0.030 1
S
~/ o o000 o
0.025 1

0.07 0.08 0.09 0.10 0.1
ry(nm)

Figure 5 Stability field of the CrVO, structure type.

The results of the analysis of the five fitted lines in
Figs 3 and 4 are given in Table VI. As can be seen, the
correlations are fairly good, except in the case of the
selenates, in which greater dispersions are observed,
suggesting the need for a re-examination of crystal
data of most of these materials.

Finally, in Fig. 5 a plot of rg as a function of r, is
presented, to define exactly the stability field of the
CrVO, structure on the basis of all the known com-
pounds which adopt this structure. From this plot, we
can now establish more precisely the exact limits of
existence of this type: it is stable for r, values ranging
between 0.075 and 0.110 nm and for rg values between
0.025 and 0.050 nm (referred to Shannon and Prewitt’s
ionic radii).

Most of the available crystal data and structural
information have been obtained by powder diffrac-
tion. The scarcity of single crystal data limits, to some
extent, the knowledge of finer structural character-
istics which, at this time, would be highly desirable.
Nevertheless, in recent years, several structural refine-
ments have brought new insights into a number of
peculiarities of this structure type. A recent refinement
of the structures of NiSO, and CoSO,, has shown
that the M(II) cations are octahedrally coordinated to
two nearer O(1) atoms whereas the other four, co-
planar, M—O(2) bonds are longer (7% in CoSO, and
4.9% in NiSOQ,) [46]. This means a (2 + 4) oxygen
coordination of the M(II) cations.

The very short interpolyhedral O(1) --- O(1) distan-
ces (0.2687 nm in NiSO, and 0.2722 nm in CoSO,)



[46] constitute another peculiar feature of these struc-
tures. This is a very remarkable situation taking into
account that only few structures are known, in which
such non-bonded interpolyhedral distances are
shorter than 0.290 nm [46, 79].

The general geometry of the MOg polyhedra de-
scribed above, i.e. two short axial bonds and four
longer equatorial bonds, seems to be the usual coor-
dination of the octahedral cation in the CrVO, struc-
ture. This peculiarity of coordination was also found
in a recent structural refinement of the structures of
TiPO, and VPO, [80]. In addition, in the case of
Cu(II) compounds, the usual tetragonally distorted
coordination with four shorter and two longer axial
bonds, due to the Jahn—Teller effect, may be expected.
This type of CuOg polyhedron has actually been es-
tablished by a single crystal study of CuCrO, [38].

Interesting to mention is also the fact that another
recent refinement of the TiPO, structure, suggests the
existence of a superstructure of CrVO, with mono-
clinic symmetry [81]. It would be interesting to con-
firm this finding and to search for a similar behaviour
in other CrVO,-related materials.

In relation to the XO, tetrahedra, all the available
information shows that they present two longer and
two shorter X—O bonds, generating a moiety with
C,, symmetry.

In the case of the ZnSO, structure, the MOg poly-
hedra appear significantly more distorted than in the
VCrOy, structure. This is considered to be a character-
istic attribute of the Pnma structure type, mainly
caused by interatomic connecting principles [50]. In
the case of ZnSO, itself, three different Zn—O distan-
ces are found in the ZnOg polyhedron, generating
a (2 4+ 2 + 2) arrangement [50].

As we have previously shown, numerous phase
transitions in CrVO, and related structures occur
under high-pressure conditions. Therefore, it is rel-
evant to conclude this section with some general
comments on the effect of pressure on the phase trans-
formations in ABO, systems.

Different authors have attempted to explain and to
predict crystal structures of ABO, high-pressure
phases (cf. for example [28,82-85]). In the context of
the present review, the ideas advanced by Fukunaga
and Yamaoka [84] are particularly enlightening. They
analyse these transformations on the basis of two
parameters, k = r, /rg and t = (rp + rg/2rg, where ry,
rg and rg are the ionic radii of the A and B cations and
of the oxygen anion, respectively. When ABO,-type
compounds are plotted in a diagram of k versus ¢, it is
found empirically, that a compound transforms to the
structure type associated with a compound lying in
a classified area of the diagram with the same k and
larger t.

For simple MO, dioxides under increasing pres-
sure, phase transformations generally occur with an
increase of the cation coordination number. In these
cases, the crystal structures are primarily governed by
the radius ratio ry/ro. When a high-pressure phase
transformation occurs, a new structure is found to be
one with the increased coordination number, which is
characterized by a larger ry/ro value. This is explained

qualitatively from the tendency of the larger O%~
anion to be more compressible than the smaller
M?" cation under high pressure. In ternary oxides,
however, the increase of coordination number is usu-
ally not sufficient to explain all the possible high-
pressure transformations.

In ternary oxides of the type A,B,O., the radius
ratio of A or B to oxygen, r4 /ro Or 1'g/ro, also increases
with increasing pressure but in a different magnitude
for both cations. Nevertheless, the ratio of the average
radius of A and B to that of oxygen, t = r¢/ro, in-
creases with increasing pressure, where r¢ is the aver-
age cation radius r¢ = (xrq + yrg)/(x + y). In other
words, the parameter ¢ is assumed to correspond to
the cation/anion radius ratio ry/ro in binary MO,
oxides. On the other hand, the radius ratio r,/rg, is
considered to remain nearly constant due to the small
compressibility of cations compared to that of the
oxide anion [84]. Therefore, a displacement at con-
stant k parallel to the t-axis, in the direction of larger
t-values, in a k versus t diagram, represents an
increased pressure.

For our purposes, a diagram like that shown in
Fig. 6 can be constructed, showing CrVO, and its
immediate neighbourhood. The solid arrows indicate
transformations actually observed; the dotted arrow
represents a predicted, but not observed phase change.

Table VII shows again, in an ordered way, all the
high-pressure changes so far reported for materials
structurally related to CrVO,. Worthy of note is that
all the pressure-induced changes summarized in this
table are predicted by the k/t rule, and can be visual-
ized in Fig. 6. Only the a-MnMoO, structure is not
included in this figure, but they certainly lie near to
the CrVO, region [3], slightly displaced to higher
t-values.

Interesting is also the fact that divalent metal sele-
nates, M"SeO,, which present the ZnSO, structure
under normal conditions, adopt the CrVO, structure
at higher pressures, whereas some of the related sul-
phates belonging to the CrVO,-type under normal
conditions, transform to the ZnSO,-type at higher
temperatures. This behaviour indicates, again, the
close relationship between both structure types.

In the case of InVO,, the low-temperature form
(a-MnMoOQOy,-type) is probably a metastable phase,

k A
Monazite
™ ]
Zircon
Zn SO - ™| Schee-
N lite
;r VO,
=k~
Low Rutile
quartz ——

t

Figure 6 Schematic representation of pressure-induced phase
transformations in materials with the CrVO, and related structures,
based on k versus ¢ (for definitions, see text). Adapted from [84].
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TABLE VII High-pressure (P) transitions in compounds struc-
turally related to CrVO,

Compound Normal form  High P form
CrvVOy, CrVO, Rutile
FeVO, Triclinic CrVO,
a-PbO,
Wolframite
AIPO, Quartz CrVO,
Other quartz forms
FePO, Quartz CrVO,
MgCrO, CrVO, o-MnMoO,
CdCrO4 CrvVO, o-MnMoO,
Scheelite
NiSO, CrVO, -
Mg/Mn/Co/Cu/ZnSeO,  ZnSO, CrvVO,
NiSeO, CrvVO, -

stabilized intermediately between an amorphous form
and the most stable CrVO, modification [11, 19]. This
supposition is supported by the behaviour of MgCrO,
and CdCrO,, which transform from CrVO, to
o-MnMoOQO, at higher pressures [37,40].

3. Synthesis of materials belonging to
the CrVO, structure type
3.1. General aspects
Most of the phosphates and vanadates can be ob-
tained by solid-state reactions at temperatures around
800-1000 °C. Chromates, sulphates and selenates are
usually prepared in solution; but, as stated in the
preceding section, some of them as well as some other
CrVO,-type materials can only be obtained under
special conditions of pressure and/or temperature.
In the following sections, a brief account on the
synthesis of all these materials is given. Gmelin’s- Hand-
book of Inorganic Chemistry [86] should also be con-
sulted in this context and to obtain information on the
general chemical properties of these compounds.

3.2. Vanadates

The prototype material of the series, CrVO,, can be
easily prepared by a solid-state reaction between
Cr,0;3 and V,0s5 at 750-800°C [1,12]. More re-
cently, it has also synthesized by heating of amorph-
ous precursors (chimie douce process) [14].

A similar procedure (reaction between In,03/V,05
mixtures at 850°C) can be used to prepare InVO,
[10].

The synthesis of TIVO, presents some difficulties,
due to its low thermal stability. It can only be ob-
tained by reaction between T1,03 and V,05 at 250 °C,
under hydrothermal conditions [87].

Phase diagrams of the systems In,0;/V,05 and
T1,04/V,05 and of some ternary systems, including
one or both of the vanadates, have also been investi-
gated in detail [88].

Pure crystalline samples of FeVO, can be obtained
using a hydrothermal method (aqueous VOCl,/FeCl;
solutions, treated at 280 °C for 40 h) [&].
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Figure 7 Relation between the different anhydrous and hydrated
forms of CrPO,.

3.3. Phosphates

Most of the phosphate materials can be prepared by
solid-state reactions under different experimental con-
ditions.

TiPO, and VPO, can be obtained by solid-state
reactions at 950 °C between (NH,) ,HPO, and TiO,
(anatase) or NH, VO, respectively, working at very low
oxygen partial pressure. Furthermore, gaseous NHs,
generated by the decomposition of the staring reagents,
acts as a reducing agent in the initial stage of reaction
[27]. Recently, well-developed single crystals of TiPO,
have been grown by a chemical transport reaction
(1000 — 900 °C) using I, as the transport agent [89].

In addition, VPO, can be obtained by reduction
of VOPO, in a H,/N, stream; the reduction is com-
pleted at around 800°C [90]. Another procedure
which generates very pure VPO, is the thermal degra-
dation of the complex compound (NH,), [(VO),
(HPO,),C,0,]-5H,0 [91].

CrPO, can be obtained by solid-state reaction
between (NH,),HPO, and Cr,O; at 900-1000°C
[92]. Different hydrates of CrPO, are also known
[24,93,947; its dehydration, under certain conditions,
allows the anhydrous material to be obtained in its
two polymorphic forms: the CrVO, modification
(B-CrPO,) is formed at temperatures of about 1000 °C,
the a-CrPO, form at temperatures above 1175°C
(see also [95]). Fig. 7 shows, in a schematic way, the
most important and interesting relations between
these systems (see also [24]).

FePO, can only be obtained by treating the normal,
pre-formed, quartz-like material at pressures of about
50 kbar and at temperatures between 800 and 900 °C
[25,26]. AIPO, can also be prepared in a similar way,
by transforming the quartz-type phase (ca. 100 kbar
and 1000°C) [28].

In(I1T) and TI(ITT) orthophosphates can be prepared
under hydrothermal conditions at temperatures be-
tween 350 and 400 °C, by suspending the appropriate
oxide (In,O3 or T1,03) in diluted H;PO, in a reaction
bomb for a week or more [23].

3.4. Chromates
A general method for the synthesis of M"CrO, mater-
ials (M" = nickel, cobalt, zinc, copper, cadmium) is the



hydrothermal reaction between the respective metal
carbonates (or basic carbonates) and concentrated
CrOj; solutions. Working temperatures range between
185 and 220°C, with reaction times of around 5h
[1,96].

MgCrO, can be obtained by careful dehydration of
MgCrO,45H,O0 (this last salt is prepared by crystalli-
zation from a neutral magnesium chromate solution
[97,98] ); this process is complete at around 340°C
[39], but the product is poorly crystalline. Better qual-
ity crystals can be obtained by the reduction of the
MgCrO, formed in hydrogen (2MgCrO,4 + 3H,
- MgCr,0,4 + MgO + 3H,0) and subsequent
oxygenation of the reaction mixture at 360-500°C
(MgCr,04 + MgO + 3/20, - 2MgCrOy) [39].

3.5. Sulphates

All the M"SO, compounds belonging to the CrVO,
structure type may be prepared by evaporation of
a solution of one of its stable hydrates in sulphuric
acid, at temperatures of around 250-300°C. MgSO,
can also be obtained from the respective oxide in
H,SO,, evaporating the solution and tempering the
resulting crystals at 400 °C for several days [48]. In the
case of CdSO,, one must heat the low-temperature
form to temperatures above 800 °C and then quench
the material rapidly [47]. Recent experiments carried
out in our laboratory with this compound show that it
is very difficult to obtain totally pure samples of the
CrVO, modification of this sulphate.

Certain of the sulphates can also be obtained from
its hydrates, in a dynamic vacuum system, by stepwise
temperature increments [99].

The reaction of anhydrous Co(II) and Ni(II) sul-
phites with SO, in dymethylsulphoxide (DMSO)
generates the corresponding pyrosulphates, which
can be obtained as the crystalline DMSO complexes,
M"(DMSO)s S,0-. The thermal decomposition of
these complexes allows anhydrous CoSO, and NiSO,
to be obtained [100]. Although no details of crystal
quality and structural characteristics have been re-
ported, it is certain that the CrVO, modifications were
generated.

Another interesting and general procedure for the
synthesis of these M"SO, materials seems to be the
reaction of dimethylsulphate, with fine powdered
metals, or their oxides/halides, according to [101]:

M + (CH3)ZSO4 i MSO4 + C2H6 (3)
MO + (CH;),SO, —» MSO, + O(CH,), 4)

3.6. Selenates

Anhydrous M"SeO, (M" = manganese, cobalt, nickel,
copper, zinc, magnesium) selenates can be obtained
by careful dehydration of their hydrates. However,
only NiSeO, belongs to the CrVO, structure type
[70,71]. All the other materials obtained in this way
adopt the ZnSO, structure [69,73]. Only by heating
at 400 °C at a pressure of 40 kbar for 30 min, followed

by rapid quenching under pressure, can these selenates
be obtained with the CrVO, structure [69, 72].

The starting, hydrated selenates may be obtained by
oxidation of the respective metal selenites with H,O,
[102] or by treatment of the metal carbonates or
oxides with selenic acid [103-105].

4. Physicochemical properties

In this section, the most important physicochemical
properties of the CrVO,-type materials are presented
and discussed. The main aspects to be covered are
the thermal behaviour, the vibrational spectra and
the magnetic properties. Some other, miscellaneous,
physicochemical data will also be included and
discussed.

4.1. Thermal behaviour

A significant amount of information on the thermal
properties of the compounds discussed in this review is
available so far. But not all of this is directly relevant,
because much of the accumulated information refers
to hydrated forms of these materials. Therefore, we
have attempted to concentrate the discussion, as much
as possible, on those aspects which directly involve
CrVOy,-type compounds.

4.1.1. Vanadates and phosphates
The greatest part of these materials are thermally
quite stable.

CrVO, itself is known to melt incongruently at
860 °C (see [106] and references therein), whereas the
corresponding phosphate is more stable. It changes to
the high-temperature form (a-CrPO,) at temperatures
above 1175 °C, as previously discussed (see also Fig. 7).

As commented in previous sections, FeVO, is only
stable in a small temperature range (540-570°C) [7].

No concrete data are so far available concerning
the behaviour of FePO,, AIPO,, TiPO, and VPO, at
higher temperatures.

TIPO, seems to be stable up to 600 °C, but in the
temperature range between 615 and 680°C, it loses
oxygen, generating a TI(I) polyphosphate, probably
a chain polyphosphate, as shown by chromatographic
analysis. The enthalpy associated with this decom-
position was determined to be 51.2kcalmol ™! [107].

The corresponding vanadate, TIVO,, is much more
unstable. It decomposes above 300°C, generating
a TI(I) metavanadate [11,87].

InVO,, on the other hand, melts incongruently
at 1134 °C [11], whereas the corresponding phosphate
does not decompose up to 1600 °C. At this temper-
ature, it melts and loses P,O;,, above 1800°C
[108].

4.1.2. Chromates

Different authors have reported information concern-
ing the thermal behaviour of the chromates under
study. This information is particularly abundant
in the case of CuCrO,, due to its relation to the
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so-called Adkins’ catalyst (the CuO/CuCr,0, system)
[109,110].

Investigations by Charcosset et al. [111] and Wal-
ter-Levy and Goreaud [112] showed that the de-
composition of CuCrOy, occurs in the following steps,
between 420 and 510°C

2CuCrO,4 — 2Cu0 + Cr,03 + 3/20, (6)

CuO + Cr203 i Cucr204 (7)
2CuCrO, — CuO + CuCr,0, + 320, (8)

However, above 800 °C, the following reaction takes
place

CuO + CuCr204 i Cu2Cr204 + 1/202 (9)

Working isothermally at 430 °C, the final product is
the CuO/CuCr,0, mixture [112].

An initial kinetic study of this thermal decomposi-
tion, under isothermal conditions, between 575 and
650 °C has shown that the isotherms follow a kinetic
law of the type log(1/1 — x) = kt, giving an activation
energy E, = 401.7kJmol~! [113]. Recently, this
process was analysed more thoroughly. The rate of
oxygen release, measured by isothermal TG methods
obeys an Avrami-Erofeev equation, [ —In(1 —o)]*/"
= kt, with n = 2 and activation energy values of 248.1
and 229.3kJmol ! in air and flowing nitrogen atmo-
spheres, respectively [114,115].

The thermal decomposition of MgCrO, was re-
ported to start at about 600°C [116]. On the other
hand, Darrie et al. [117], using DTA measurements
showed that dehydration of MgCrO,4-5H,0O was com-
plete at about 500 °C and that the decomposition of
the anhydrous phase begins at 610°C. The kinetic
study of the isothermal decomposition of MgCrO,
between 600 and 672 °C showed no acceleratory peri-
od and the obtained results were well represented by
the contracting sphere model 1 —(1 —o)*/? = kt (for
a-values between 0.0 and 0.98) and gave an activation
energy of 330.5kJmol~'. This value is of the same
order as those found for the thermal degradation of
the chromates of calcium, neodymium and samarium
[117]. The decomposition products were identified as
MgO and MgCr,0, [39,118].

The thermal decomposition of ZnCrO, in vacuum
proceeds in a single step between 400 and 600 °C,
according to [119]

2ZnCrO,4 —» ZnO + ZnCr,0, + 3/20, (10)

However, in air the decomposition begins around
255°C [120]. In the same conditions, decomposition
of NiCrQ, starts at 470 °C [120,121].

The thermal stability of the zinc, nickel and copper
chromates increases in the order ZnCrO, < CuCrQO,
< NiCrO, both in air and in vacuum as well as in
inert atmospheres [120].

4.1.3. Sulphates and selenates

The thermal behaviour of a great number of hydrated
sulphates and selenates has been investigated by TG
and DTA methods. As described in Section 3, only in
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the case of the sulphates are materials belonging to the
CrVOy-type obtained by this procedure.

From TGA/DTA measurements, Ostroff and Sand-
erson were able to give a complete set of decomposi-
tion temperatures for anhydrous sulphates [122].
These authors also summarize older literature data
on the dehydration and decomposition of sulphates.
Their data are reproduced in Table VIII. The
formation of intermediate basic sulphates of the
type 2Cu0O-SO; or 3Zn0O-2S0; was also determined
[122] and confirmed by other authors [123]. Some
other studies on sulphates can be found elsewhere
[124-128].

Anhydrous selenates are usually more unstable ther-
mally than the corresponding sulphates [129, 130]. In
the case of anhydrous selenates, thermal decomposi-
tion usually occurs in the following steps [129-133]

MSeO, — MSeO; + 1/20, (11)
MSeO; — MO + SeO, (12)

Also in these materials, in certain cases other inter-
mediate or final products, such as 2Zn0O-ZnSeO;
[131] have been postulated.

Kinetic studies of the thermal degradation of some
of these sulphates and selenates were also undertaken
[134-136]. The degree of decomposition of CoSO,
(between 840 and 880°C) and of MgSO, (between
1020 and 1060 °C) was practically a linear function of
time, whereas that of CuSO, increases parabolically
[134]; the data were interpreted by means of the
Roginsky-Todes equation [134]

1—(1 - =kt (13)

On the other hand, it has been shown that the kinetics
of the reduction of CoSO, and CoSeO,, in a hydrogen
atmosphere, agreed with the branched chain model of
Prout and Tompkins [136].

A more recent study indicates that the thermal
decomposition of the nickel, cobalt, copper and zinc
sulphates occurred at the phase boundary between the
undecomposed sulphate and the oxide product and
that the boundary proceeds uniformly from the sur-
face to the interior of the material. The activation
energies lie very close to the enthalpies of decomposi-
tion of these sulphates [135].

TABLE VIII Decomposition temperatures of M"SO, materials
and final pyrolysis residues (from [122])

Compound Decomp. temp (°C) Final residue
MgSO, 895 MgO
CdsO, 816 CdoO
MnSO, 755 Mn;0,
CoSO, 708 Co30,
NiSO, 675 NiO

ZnSO, 646 ZnO

CuSO, 598 CuO

FeSO, 537 Fe,03




4.2. Vibrational spectra
4.2.1. Theoretical vibrational analysis
of the CrVO, lattice

In recent years, infrared and Raman spectra of most of
the reviewed materials have been recorded and ana-
lysed. In order to discuss systematically the available
spectroscopic information, we begin with a brief the-
oretical vibrational analysis of the CrVO, structure.

On the basis of its structural data it is possible to
perform a factor group analysis of this lattice. This
analysis has been undertaken using the tables of
Adams and Newton [137] (see also [138,139]). The
results are presented in Table IX. On the other hand,
and in order to facilitate the discussions of the next
sections, we present in Table X a conventional correla-
tion between the point group of the “free” VO3 ~ units
(Ty), its site group (C,,) and its factor group (D,;). In
Table X, the 18 species corresponding to the internal
modes, as determined by the analysis summarized in
Table IX, were also assigned to specific vibrational
modes of the VO3~ moieties: the symmetric (v;) and
antisymmetric (v3) stretching vibrations and the sym-
metric (v,) and antisymmetric (v4) bending modes,
respectively.

In the following sections, we discuss the spectro-
scopic results obtained for the different materials
adopting the CrVO, structure type.

4.2.2. Vanadates

The infrared spectrum of CrVO, was first investigated
by Olivier [140, 141], although in these studies some
assignments and suppositions were not totally con-
vincing. Further studies on this [92] and on the re-
lated indium and thallium vanadates [142] and on
some of the isostructural chromates [143] allowed
a definitive insight into the vibrational properties of
this type of material to be obtained.

In the first studies [ 140, 141], the assignment of the
higher frequency doublet was not totally clear and
also mixing between VO, and CrOyg vibrations, in the
high-frequency region, was supposed. A more con-
vincing assignment was given later [92], which
definitively showed the existence of important coup-
ling effects between the two mentioned building
blocks, only in the bending region of the tetrahedral
units.

The symmetric stretching vibration, vy, is often not
observed in the infrared spectra, even though its activ-
ity is theoretically predicted. This is probably due to
its overlapping by one of the strong and broad v,
components.

The IR spectrum of CrVOy, is shown in Fig. 8. In
this case, the v; mode is visualized at 910cm ', and
this assignment is confirmed by comparison with the
vibrational spectrum of InVO, in which the strongest
Raman line, assignable unambiguously to this mode,
lies at 915cm ™! [142].

The most interesting aspect of the stretching region
is the large separation between two of the v; compo-
nents (870,715, 660(shoulder)cm ~ ') which is in agree-
ment with the structural characteristics of the VO3~
units, which, as formerly discussed, present two very
different V-O bond distances. On the other hand, all
the bands predicted by the site-symmetry analysis are
observed in this region. The complexity observed in
the bending region supports the existence of strong
coupling effects in this spectral region. Probably only
the v, mode of the tetrahedral units (components at
490, 457, 420 and 391 cm ™ ') remains as a somewhat
“pure” mode, whereas all the other bands are surely of
mixed nature.

No vibrational spectroscopic data are so far avail-
able for the Fe(Ill) orthovanadate adopting the
CrVO, structure, but the infrared spectrum of the
normal (triclinic) modification has been reported [17].

TABLE IX Factor group analysis of the CrVO, lattice (Cmem-Dj], Z/2 = 2)
Atom no. Position A, B, B,, B,, A, B,, B,, B,,
Cr 2a 0 0 0 0 1 2 2 1
\% 2c 1 1 0 1 0 1 1 1
o(1) 4f 2 1 1 2 1 2 2 1
0oQ) 4g 2 2 | 1 1 1 2 2
Nyop. (= 3N = 36) 5 4 2 4 3 6 7 5
acust. (=3) 1 1 1
Tror (= 12) 1 1 0 1 1 3 3 2
Rotat. (= 6) 0 1 i 1 1 1 0 i
N (internal) ( = 18) 4 1 2 1 2 4 2

TABLE X Correlation between the point group (T), the site symmetry (C,,) and the factor group (D,;) for CrVO,

Vibration modes Ty C,, D,

Vi A1 A1 Ag + B2u

vy E A+ A, A, + By, + A, + By,

V3 F, A;+ B, +B, Ag+B2u+B3g+B1u+B1g+B3u
V4 F, A, +B; + B, Ag+B2u+B3g+Blu+Blg+B3u

Tq4: Ay, E, Fy: Raman; F,: IR.
C,,: Ay, A,, By, B,: Raman; A, By, B,: IR.
D,y A,y Byg, Bag, B3t Raman; By, Bs,, B3u: IR; At inact.
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Figure 8 Infrared spectrum of CrVO,.

Infrared spectra of the low-temperature form of
InVO, [19] and for a series of phases of the type
(Cry-Fe,) VO, [144] have been analysed in detail.
These materials belong, as discussed above, to the
o-MnMoOQO, structural type. Recently, a detailed
Raman study of this structure, including a normal
coordinate analysis, has been published [145].

Finally, it is interesting to comment that the in-
frared spectrum of NaCaVO,, with a structure closely
related to that of CrVO, [22], also presents a spectral
pattern which in the stretching region is very similar
to those of all the related vanadates [146].

4.2.3. Phosphates

The M™PO, phosphates adopting this structure
type also present very characteristic spectra. As an
example, Fig. 9 shows the infrared spectrum of the
corresponding chromium(III) compound, B-CrPO,.
As can be seen, also in this material, the splitting in the
PO, stretching region is very important and the broad
vi-components usually overlap the weaker symmetric
stretching mode.

The infrared spectra of TiPO, and VPO, have been
recently investigated [147] and vibrational data for
InPO, and TIPO, were also known [ 148-50]. In these
last cases, the noted splitting in the stretching region is
still more important than in the other phosphates.

Especially worthy of comment is the fact that, as in
the case of the phosphate materials, the P—O stretch-
ing bands appear in a higher frequency range than for
the corresponding vanadates, the possibilities of cou-
pling of these vibrations with MOg motions are fur-
ther reduced. The fact that also in these cases two
largely split groups of bands can be observed in this
region, demonstrates conclusively that the splitting is
independent of coupling effects [92].
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Figure 9 Infrared spectrum of B-CrPO,.

In addition, some spectroscopic studies have been
made with mixed systems containing InPO,. As ex-
pected, this compound forms solid solutions with the
isostructural InVO, in the full concentration range
and their vibrational behaviour changes stepwise with
varying substitutional degree [149]. On the other
hand, in the InPO,/ScPO, system only partial substi-
tutions are possible: InPO, accepts 25 mol % ScPOy,
whereas ScPO, only accepts InPO, in amounts not
exceeding 5 mol %. These solid solutions, therefore,
present a more complex spectroscopic behaviour [150].

4.2.4. Chromates
Infrared data for all the chromates belonging to
the CrVO, structure type have been reported
[143, 151, 152]. Raman data were only available for
CdCrO, [151] and CuCrO, [152], but its assignment
in the first case was not totally correct. Also in these
cases, important splittings of the v; components are
observed and v; can usually not be identified.

Approximate force constants for the Cr—O bonds in
these materials were also estimated [151].

Infrared spectra for the phases MgCrO, and
CdCrOy, belonging to the a-MnMoO, structure, were
also reported [143].

4.2.5. Sulphates and selenates

Spectroscopic studies on sulphates and selenates of
the CrVO,-type are very scarce and practically no
Raman data have so far been published.

The infrared spectra of MgSO,, MnSO,, FeSO,,
CoSO, and NiSO,4 have been published and assigned
[99,153], although the factor group analysis given in
[153] is incorrect. Curiously, in most of these sul-
phates, more components than those predicted by the



factor group analysis could be observed in the vj-
region and its splitting is also very large [153]. On the
other hand, the symmetric stretching mode v, usually
appears as a very well-defined band, clearly differenti-
ated from the v; components.

The bending region also appears better defined than
in the other previously analysed materials, suggesting
less important coupling effects.

Infrared spectra for some sulphates adopting the
ZnSO, structure have also been investigated
[99,153,154]. The spectra of these materials show
a good resolution in all the spectral ranges, too.

Vibrational spectroscopic data for selenates adop-
ting the CrVOy, structure are totally lacking.

4.3. Electronic spectra
A very limited number of studies devoted to the analy-
sis of electronic spectra of these materials have so far
been undertaken. They are mainly restricted to some
of the chromates and the information is essenti-
ally centred on the analysis of the charge transfer
transitions within the CrO2~ anion. The materials
investigated include MgCrO, [117], ZnCrO, [155]
and CuCrO, [152].

No data on the characteristic “d—d” transitions of
the many first-row transition metal cations present in
the materials of the reviewed type are available.

4.4. Magnetic properties

Because of the short cation—cation distances along the
CrOg chains in the CrVOy, structure, strong exchange
interactions can be expected. They generate an
interesting, but complex magnetic behaviour and at
present no unified model exists which allows the be-
haviour of all these materials to be explained. Much
experimental and theoretical work is evidently neces-
sary to obtain a complete understanding.

Magnetic susceptibility studies have been per-
formed for most of the materials belonging to this
structure. In numerous cases, the magnetic structure
has also been investigated by means of neutron dif-
fraction studies. These investigations have some-
times been complemented by calorimetric and ESR
measurements.

Table XI summarizes the available magnetic data
for all materials belonging to the CrVO, structure
type. A brief analysis of this information is given in the
following sections.

4.4.1. Vanadates

A thorough magnetic susceptibility study of CrVO,
[12] showed that above 100K the susceptibility
obeys the Curie—Weiss law with a magnetic moment
of 2.1 BM and a Weiss temperature, 6, of — 214 K,
indicative of antiferromagnetic coupling. Below
100 K, a broad minimum is observed in the y ~* versus
temperature plot which implies the existence of a
low-dimensional magnetic ordering. Intrachain and
interchain interactions have been analysed and dis-
cussed from these experimental results [12].

TABLE XI Magnetic data for materials belonging to the CrVO,
structure type

Compound Peer (BM) 6 (K) Ty (K) Reference
Crvo, 2.1 — 214 49.5 [12,160]
FeVO, 6.29 — 201 [8]
CrPO, 39 — 80 37 [27,161]
VPO, 3.62 —529(?) 25.5 [27,162]
TiPO, 2.0° [27]
FePO, 6.02 — 128 60 [25,26]
CoCrO, 5.02 —24 14 [165]
NiCrO, 3.08 — 105 23 [165]
FeSO, 5.20 —30.5 21 [156]
NiSO, 3.82 —82 37 [156]
CoSO, 5.65 —47 15.5 [156]
MnSO, 5.8 —26 11.5 [170]
NiSeO, 2.14° 27 [176]
MnSeO, 4.76° 20.5 [177]
# Below 100 K.

bAt 42K.

“at 5K.

Earlier work on CrVQO,, showed that it has antifer-
romagnetically ordered chains which are coupled
together ferromagnetically [156]. For the Néel tem-
perature, contradictory values of 50 K [156] and 62 K
[157] have been reported. ESR data show a single
peaked absorption with a g-value of 1.972 + 0.005 at
all temperatures [158] (see also [159,160]). From
these data the best value for the Néel temperature
seems to be 49.5 K [160]. The ESR results also sug-
gest considerable short-range order above the Néel
temperature [158].

A similar magnetic behaviour has been observed
for FeVO,. The magnetic susceptibility curve exhibits
a broad maximum at around 52 K. Above 100 K the
material obeys the Curie—Weiss law with a Weiss
constant of — 201K and an effective magnetic
moment of 6.29 BM [8].

Some results are available for the normal (triclinic)
form of FeVO, [157].

4.4.2. Phosphates

The magnetic susceptibility of B-CrPO, follows the
Curie—Weiss law above 78 K, with an effective mag-
netic moment of 3.9 BM [27]. Measurements at lower
temperatures have shown that the compound orders
antiferromagnetically at around 37 K and their mag-
netic structure has been determined by powder neu-
tron diffraction at 5K [161]. This structure con-
sists of cycloidal spiral of moments which propagates
along [001].

The temperature dependence of the magnetic sus-
ceptibility of VPO, shows a broad minimum for
x~! at about 140 K [27] and an effective magnetic
moment of 3.62 BM was determined in the high-
temperature region. A more detailed study of this ma-
terial, including the determination of its magnetic struc-
ture by means of neutron diffraction, has been recently
published and allowed a wider insight into finer details
of the magnetic behaviour of this compound [162].

In the case of TiPO,, the magnetic susceptibility
is nearly independent of temperatures above about
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140 K. Below this temperature, the susceptibility de-
creased to about half that at high temperature, and
then increased again on going to liquid helium tem-
perature [27]. This peculiar behaviour has been dis-
cussed admitting a defect structure [27], but this view
has been recently refuted [81]. The analysis of the
magnetic structure, from neutron diffraction data, has
also not allowed a clear explanation of the different
behaviour of TiPO, and VPO, [162].

For polycrystalline TiPO,, an ESR spectrum has
been recorded at 292 K [27] and also a detailed study
of the magnetic properties of the (Ti;-,V,)PO, sys-
tem has been published [163].

For FePO,, a value of 6.02 BM was determined for
the magnetic susceptibility, in good agreement with
the value calculated for a high-spin Fe(III) ion [25].
Other measurements indicate that this material be-
comes antiferromagnetically ordered at 4.2 K. Its
magnetic structure apparently consists of weakly fer-
romagnetic [00 1] chains, coupled together antiferro-
magnetically [26].

In addition, magnetic data for the quartz-like modi-
fication of FePO, have been reported [164].

4.4.3. Chromates

The magnetic susceptibilities of CoCrO, and NiCrO,
were determined between liquid helium and room
temperature and their magnetic structures investi-
gated by neutron diffraction [165]. In the temperature
range between 150 and 300 K both materials obey the
Curie—Weiss law. Néel temperatures for both com-
pounds are similar (23 K for NiCrO,4 and 14 K for
CoCrQO,).

In the case of CuCrO,, only ESR measurements
were performed. The spectra only show a very broad
signal with a mean g-value of 2.16 and a band width of
around 650 G [166] (see also [119]).

4.4.4. Sulphates

Using low-resolution powder neutron diffraction data,
Frazer and Brown found that both FeSO, and NiSO,
exhibit antiferromagnetic chain coupling with spin
directions parallel to the b-axis [156]. On the other
hand, CoSO, was found to present a non-collinear
variant of the former magnetic structure [156].

The results obtained for CoSO, were also explained
on the basis of different arguments [167]. Further
studies have also shown that for FeSO, and NiSO,,
the dominant interactions occur between the first and
second neighbours [168].

The remaining member of the series, MnSO,, has
an even more complicated behaviour. It presents a
cycloidal cone spiral of moments in the (00 1) plane
with the propagation vector directed along a and
spiral components in the ab plane; the moments are
antiferromagnetically coupled along the chains [169].
In this case there are indications that the value of the
Neel temperature lies below 20 K [169]. This predic-
tion was confirmed some years later [170].

On the other hand, Solyom has suggested that
this particular magnetic structure should arise after
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cooling, through three separate phase transitions and
should be elliptical with an oscillating z-component
[171]. These predictions have been confirmed by spe-
cific heat measurements [ 170] and neutron diffraction
studies at different temperatures [172]. The specific
heat measurements show that the three phase tran-
sitions occur at 11.5 K (Néel temperature), 10.5 and
7.2 K, respectively [170].

Investigations of the magnetic properties of CoSO,
[173, 174], FeSO, [168] and CuSO, [175], belonging
to the ZnSO, structure type, have also been performed.

4.4.5. Selenates

Only a few magnetic data are available for M"SeO,
materials. The magnetic structure of NiSeO, was de-
termined from powder neutron diffraction data; it is
similar to that of other CrVO, phases, consisting of
ferromagnetic (00 1) sheets which are antiferromag-
netically coupled with other sheets [176].

MnSeO, has been investigated by powder neutron
diffraction; it has an antiferromagnetic structure be-
low the Néel temperature (20.5 K) [177], and long-
range interactions are evident [168].

On the other hand, information is also available
for some selenates adopting the ZnSO, structure:
CoSeO, [176], CuSeO, [178], MnSeO, [178-180].

4.5. Mossbauer spectra

Mossbauer investigations have been undertaken for
some of the iron compounds belonging to this struc-
ture type.

For FePO,, at 63 K, the spectrum comprises
a simple, symmetrical quadrupole doublet with an
isomer shift of + 0.539 + 0.010 mms~! (relative to
metallic iron), which is typical for a six-coordinated
high-spin Fe(III) ion. The value of the quadrupolar
splitting of 1.811 +0.010 mms~' [26] indicates a
considerable distortion around the Fe(III) site. Below
60 K, the spectrum changes to a six-line pattern due to
the onset of long-range magnetic order.

FeVO, shows a similar behaviour. At 77 K, an iso-
mer shift of 0.51 mms ™' was found, whereas the quad-
rupolar splitting (0.39 mms™') is appreciably smaller
than that of FePO, [8].

In the case of FeSO,, Mossbauer spectra were ob-
tained for the three known polymorphic modifications
in the temperature range between 4.2 and 30 K [57].
The quadrupolar splitting of the CrVO,-like material
is larger than that of the ZnSO,-type phase.

Maossbauer data are available for the quartz-like
FePO, [164] as well as for the normal (triclinic) form
of FeVO, [9] and for the (Cr,Fe,;_,)VO, phases,
adopting the a-MnMoO, structure [181]. Studies
were also performed with CoSO, (ZnSO, structure),
labelled with 37Co [182].

4.6. Miscellaneous physicochemical
properties and applications

During recent years, a great amount of thermo-

dynamic and thermal data for materials belonging to



the reviewed structure type has been published. As
already indicated, many of the compounds present
different polymorphic modifications, with structures
different from that of the CrVO,-type.

Thus, only brief comments on data referring to
CrVOy itself and to some MSO, materials, are given
as examples.

Heat capacities for CrVO, were first determined
between 60 and 1080 K [183]. Later, heat capacities
were also determined at low (3—80 K) [184] and high
(273-873 K) [185] temperatures as well as in the full
range between 5 and 300 K [186]. There is an anom-
aly in the C,/T relationship, with a maximum at
50.5 K, which is in good agreement with the Néel
temperature (50 K) obtained from magnetic suscep-
tibility and ESR measurements (cf. Section 4.4.1).
Thermodynamic functions of CrVO, were calculated
between 5 and 300 K and tabulated in 5 K intervals
[186]. The heat of formation of CrVO, was also
determined [187].

Heat capacity and thermodynamic functions were
also determined for the mixed vanadate of composi-
tion Feq sCry sVO, [188].

In the case of MSO, materials, lattice energies,
calculated with Kapustinskii’s equation, have been
given for MnSO, and ZnSO, [189] and heats of
formation of the cobalt, nickel, copper and zinc sul-
phates determined [190]. For the four last-mentioned
phases, heat capacities between 50 and 116 K [191]
and heats for the polymorphic transitions [192] have
also been determined. Thermodynamic data for a num-
ber of MSO, compounds were also published [193].

Older literature references on thermal properties for
most of the reviewed materials can also be found in
Gmelin’s Handbuch [86].

Electro-optical properties of InVO, and TIVO,
have also been investigated, both materials being di-
electrics at room temperature [194].

For InPO,, the band gap between the valence and
the conduction band was estimated to be 4.5 + 0.3 eV,
using ultraviolet-photoelectron spectroscopy and elec-
tron loss spectroscopy [195].

Electrical transport properties of polycrystalline
CrVO, have been studied by measuring a.c. and
d.c. electrical conductivities, thermoelectric power and
relative permittivities in the temperature range be-
tween 300 and 1000 K. CrVOy, is a p-type semicon-
ductor, with an energy gap of 3.6 eV [196].

XANES spectra of CrVO,, together with those of
other vanadium compounds, have been reported [197].
For the quartz modification of FePO,, XANES and
EXAFS studies have also been performed [198,199].

Interestingly, solid solutions are obtained in the
system Li;VO,/InVO,, whereas solid solutions do
not occur if InVO, is replaced by CrVO,. On the

other hand, mutual solid solutions between InVO,
and CrVO, are extremely limited [200].

Much work has been done in recent years on the
system CrVO4/MoO3;, and a new phase of composi-
tion CrVMoO-, has been characterized [201-205].
Such a compound, and other related materials, at-
tained some interest in the field of catalysis [205, 206].
A great number of patents can be found in the lit-
erature concerning the use of various other of
the discussed materials as catalysts. In particular, the
chromates of nickel, copper and cadmium are often
mentioned.

On the other hand, MgCrO, is mentioned as an
anticorrosive pigment [207] and ZnCrO, as an anti-
rust pigment [208].

5. Materials belonging to the a-CrPO,
structure type

As stated in Section 3.3, heating of B-CrPO, at tem-

perature above 1175°C produces the high-temper-

ature form of this material, usually called a-CrPO,.

The structure of this polytype has been indepen-
dently solved by Attfield et al. from synchrotron
X-ray powder data and neutron diffraction analysis
[209,210] and by Glaum et al., from single crystals,
obtained by a chemical transport method [211].

Only two other materials adopt this structure type,
namely o-CrAsO, [212] and RhPO, [213].

The arsenate can be obtained by firing the so-called
“grey—violet chromium(III) orthoarsenate” [214] up to
900 °C [212]. A second form of the arsenate, B-CrAsOy,,
is known. It can be obtained hydrothermally at 700 °C
and belongs to the ZnSO, structure (¢ = 0.8995 nm,
b =0.6237nm, ¢ = 0.4755nm and Z = 4) [215].

RhPO, was first obtained by treating a nitric acid
solution of Rh,03 with the stoichiometric quantity of
phosphoric acid; the carefully dried mixture was
subsequently fired at 970°C [213]. Another easier
preparative method consists of the heating of a well-
homogenized equimolecular mixture of [Rh(NHj3)s
CI]Cl, and (NH4),HPO, up to 970°C [216].
Recently, single crystals of this phosphate could be
prepared by a chemical transport method [217].

The structural data for the three materials adopting
this structure are shown in Table XII. The structure
(orthorhombic, space group D35 -Imma and Z = 12)is
very complex, consisting of an infinite network of
linked CrOg octahedra and PO, tetrahedra. Pairs of
edge-sharing Cr(2)O¢ octahedra, interconnected by
P(2)O, tetrahedra, form sheets in the bc plane. These
sheets are linked to each other by chains of alter-
nating Cr(1)O¢ octahedra and P(1)O, tetrahedra,
running parallel to b, generating large channels in this
direction.

TABLE XII Crystallographic data of materials belonging to the a-CrPO, structure type

Compound a (nm) b (nm) ¢ (nm) Volume (10~ 3 nm?) Reference
a-CrPO, 1.04059 1.28995 0.62994 845.574 [210]
a-CrAsO, 1.0577 1.3324 0.6484 913.777 [212]
RhPO, 1.03967 1.31124 0.63929 871.516 [217]
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Figure 10 Infrared spectrum of a-CrPO,.

Another compound directly related to a-CrPOy, is
the material of composition NaV;P;0;, (chemical
formula NaV"V}'P;0,,), characterized by Kinomura
et al. [218]. In this structure (orthorhombic, space
group Imma, Z =4, a=1.0488nm, b = 1.3213nm,
¢ = 0.6455nm), the Na™ ions are located in the tun-
nels of the a-CrPO, framework.

Infrared spectra for the three materials adopting the
a-CrPOy structure [216], as well as for NaV;P;0,,
[219], have been recorded and analysed with a factor
group treatment. These spectra are very complex, as
can be seen in Fig. 10 for a-CrPO, itself. A compari-
son of this spectrum with that corresponding to B-
CrPO, (Fig. 9) shows that it is easy to differentiate
both CrPO, polymorphs by this spectroscopic
technique.

The magnetic properties of o-CrPO, and a-CrAsO,
have also been investigated by magnetic susceptibility
measurements and powder neutron diffraction [220].
a-CrPO, follows the Curie—Weiss law at high temper-
atures with pe = 3.98 BM and 0 = — 67.7 K. Its Néel
temperature was determined to lie at 9.1 K. In the case
of a-CrAsQO,, the antiferromagnetic transition occurs
at even lower temperature (7.7 K) and also at higher
temperatures the material shows a Curie—Weiss be-
haviour with pe = 3.80BM and 6 = — 33.7 K.

Both materials reveal ferromagnetic and antiferro-
magnetic interactions, arising from different linkages
of CrOg¢ octahedra [220].

Acknowledgements

The author acknowledges the contributions of col-
leagues and collaborators whose names appear in
the references. Work from this laboratory reported
herein has been supported by the Consejo Nacional de
Investigaciones Cientificas y Técnicas de la Republica
Argentina and the Comision de Investigaciones
Cientificas de la Provincia de Buenos Aires.

References

1. K. BRANDT, Ark. Kemi Mineral. Geol. 17A (1943) 1.

2. F. W.LYTLE, Acta Crystallogr. 22 (1967) 321.

3. 0. MULLER and R. ROY, “The Major Ternary Structural
Families” (Springer, Berlin, 1974).

2494

11.

12.

13.

14.

15.

16.
17.

19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

30.
31.
32.
33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

47.

W. SIEVERT, PhD Dissertation, University of Dortmund,
FRG (1974).

P. A. KOKKOROS and R. J. RENTZEPERIS, Acta Crys-
tallogr. 11 (1958) 361.

C. W. F. T. PISTORIUS, Progr. Solid State Chem. 11
(1976) 1.

J. MULLER and J. C. JOUBERT, J. Solid. State Chem. 14
(1975) 8.

Y. OKA, T. YAO, N. YAMAMOTO, Y. UEDA,
S. KAWASAKI, M. AZUMA and M. TAKANO, ibid. 123
(1996) 54.

B. ROBERTSON and E. KOSTINER, ibid. 4 (1972) 29.

M. TOUBOUL and P. TOLEDANO, Acta Crystallogr. B36
(1980) 240.

M. TOUBOUL and D. INGRAIN, J. Less-Common Metals
71 (1980) 55.

M. J. ISASI, R. SAEZ-PUCHE, M. L. VEIGA, C. PICO
and A. JEREZ, Mater. Res. Bull. 23 (1988) 595.
A.P.YOUNGand C. M. SCHWARTZ, Acta Crystallogr. 15
(1962) 1305.

M. TOUBOUL and K. MELGHIT, J. Mater. Chem. 5 (1995)
147.

M. TOUBOUL, S. DENIS and L. SEGUIN, Eur. J. Solid
State Inorg. Chem. 32 (1995) 577.

A. BURDESE, Ann. Chim. (Roma) 47 (1957) 797.

E.J. BARAN and I. L. BOTTO, Monatsh. Chem. 108 (1977)
311.

L.F. CHERNYSH, A. P. NAKHODOVNA and L. V. ZAS-
LAVSKAYA, Izv. Akad. Nauk SSR Neorgan. Mater. 12 (1976)
20009.

D. I. RONCAGLIA, I. L. BOTTO and E. J. BARAN,
J. Solid State Chem. 62 (1986) 11.

M. TOUBOUL, K. MELGHIT, P. BENARD and D.
LOUER, ibid. 118 (1995) 93.

J. P. ATTFIELD, ibid. 67 (1987) 58.

D.J. W. IJDO, Acta Crystallogr. B38 (1982) 923.

R. C. L. MOONEY, ibid. 9 (1956) 113.

M. W. SHAFER and R. ROY, J. Am. Chem. Soc. 78 (1956)
1087.

N. KINOMURA, M. SHIMADA, M. KOIZUMI and S.
KUME, Mater. Res. Bull. 11 (1976) 457.

P. D. BATTLE, T. C. GIBB, G. HU, D. C. MUNRO and
J. P. ATTFIELD, J. Solid State Chem. 65 (1986) 343.

N. KINOMURA, F. MUTO and M. KOIZUMI, ibid. 45
(1982) 252.

K. F. SEIFERT, Fortschr. Mineral. 45 (1967) 214.

K. BYRAPPA,J.S. PRASADand S. SRIKANTASWAMY,
J. Cryst. Growth 79 (1986) 232.

E.C.SHAFER, M. W.SHAFER and R. ROY, Z. Kristallogr.
107 (1956) 263.

K. KOSTEN and H. ARNOLD, ibid. 152 (1980) 119.

H. ARNOLD, ibid. 177 (1986) 139.

O. BAUMGARTNER, M. BEHMER and A. PREISIN-
GER, ibid. 187 (1989) 125.

H. SOWA, ibid. 194 (1991) 291.

F. D’YVOIRE and M. RONIS, Compt. Rend. 267C (1968)
955.

F. D’YVOIRE, ibid. 275C (1972) 949.

O. MULLER, W. B. WHITE and R. ROY, Z. Kristallogr.
130 (1969) 112.

N. SEFERIADIS and H. R. OSWALD, Acta Crystallogr.
43C (1987) 10.

G. PANNETIER, P. COURTINE and C. PERRAUDIN,
Bull. Soc. Chim. Fr. (1965) 3218.

P. COURTINE, H. CHARCOSSET and P. P. CORD, ibid.
(1969) 57.

O. MULLER, F. DACHILLE, W. B. WHITE and R. ROY,
Inorg. Chem. 9 (1970) 410.

K. A. WILHELMI, Ark. Kemi 26 (1966) 131.

Idem, Acta Chem. Scand. 12 (1958) 1965.

M. J. SAAVEDRA, C. PARADA and E. J. BARAN, J. Phys.
Chem. Solids 57 (1996) 1929.

C. W. F. T. PISTORIUS, Z. Kristallogr. 116 (1961) 220.
M. WILDNER, ibid. 191 (1990) 223.

J. COING-BOYAT, Compt. Rend. 253 (1961) 987.



48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63.
64.

65.
66.

67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

80.
81.

82.

83.

84.

85.
86.

87.

88.

89.

90.
91

92.

93.

94.

P.J. RENTZEPERIS and C. T. SOLDATOS, Acta Crystal-
logr. 11 (1958) 686.

A. KIRFEL and G. WILL, High Temp. High Press. 6 (1974)
525.

M. WILDNER and G. GIESTER, Mineral. Petrol. 39 (1988)
201.

J. COING-BOYAT, Compt. Rend. 255 (1962) 1962.

H. STRUNZ, Am. Mineral. 46 (1961) 578.

A. SCACCHI, Atti. Acad. Sci. Fis. Nat. Napoli 5 (1873)
22.

H. STRUNZ, “Mineralogische Tabellen”, 7th Edn (Akadem-
ische Verlagsges. Geest and Portig KG, Leipzig, 1978).

J. COING-BOYAT, Compt. Rend. 248 (1959) 136.

C. W. F. T. PISTORIUS, Naturwiss. 48 (1961) 129.

H. L. WEHNER, H. SPIERING and G. RITTER, Solid
State Commun. 20 (1976) 831.

C. W. F. T. PISTORIUS, Acta Crystallogr. 14 (1961) 543.
Idem, Z. Physik. Chem. NF 27 (1961) 326.

P.J. RENTZEPERIS, Acta Crystallogr. 14 (1961) 1305.
J.D. DUNITZ and L. PAULING, ibid. 18 (1965) 737.

P. A. KOKKOROS and P. J. RENTZEPERIS, ibid. 11
(1958) 361.

M. SPIESS and R. GRUEHN, Naturwiss. 65 (1978) 594.
P.A.KOKKOROSand P.J. RENTZEPERIS, Acta Crystal-
logr. 14 (1961) 329.

Idem, Z. Kristallogr. 119 (1963) 234.

K. AURIVILLIUS and C. STALHANDSKE, ibid. 153
(1980) 121.

P. 1. DIMARAS, Acta Crystallogr. 10 (1957) 313.

R. J. POLJAK, ibid. 11 (1958) 306.

H. C. SNYMAN and C. W. F. T. PISTORIUS, Z. Kristal-
logr. 120 (1964) 317.

Idem, Z. Anorg. Allg. Chem. 324 (1963) 157.

H. FUESS and G. WILL, ibid. 358 (1968) 125.

C. W. F. T. PISTORIUS, Science 151 (1966) 1003.

G. PANNETIER and P. COURTINE, Compt. Rend. 260
(1965) 1419.

D. FISCHER, R. HOPPE, W. SCHAFER and K. S.
KNIGHT, Z. Anorg. Allg. Chem. 619 (1993) 1419.

A. F. WELLS, “Structural Inorganic Chemistry”, 4th Edn
(Clarendon Press, Oxford, 1975).

R. D. SHANNON and C. T. PREWITT, J. Inorg. Nucl.
Chem. 32 (1970) 1427.

I.L. BOTTO and E. J. BARAN, N. Jahrb. Mineral. Abhandl.
142 (1981) 320.

R. D. SHANNON and C. T. PREWITT, Acta Cystallogr.
B25 (1969) 925.

J. ZEMANN, Z. Kristallogr. 175 (1986) 299.

R. GLAUM and R. GRUEHN, ibid. 198 (1992) 41.

A. LECLAIRE, A. BENMOUSSA, M. M. BOREL, A.
GRANDIN and B. RAVEAU, Eur. J. Solid State Inorg.
Chem. 28 (1991) 1323.

O. MULLER and R. ROY, Z. Kristallogr. 138 (1973) 237.
R. D. SHANNON, J. CHENVAS and J. C. JOUBERT,
J. Solid State Chem. 12 (1975) 16.

O. FUKUNAGA and S. YAMAOKA, Phys. Chem. Miner.
5(1979) 167.

J. P. BASTIDE, J. Solid State Chem. 71 (1987) 115.
“GMELIN’S Handbuch der Anorganischen Chemie” (Verlag
Chemie, Weinheim).

M. TOUBOUL and C. CUCHE, Compt. Rend. 276C (1973)
1191.

B.G. GOLOVKIN and A. A. FOTIEV, Zh. Neorgan. Khim.
18 (1973) 2574.

R. GLAUM and R. GRUEHN, Z. Anorg. Allg. Chem. 580
(1990) 78.

J. TUDO and D. CARTON, Compt. Rend. 289C (1979) 219.
G. LADWIG, K. H. JOST and K. SCHLESSINGER,
Z. Chem. 19 (1979) 386.

E. J. BARAN and M. C. GRASSELLI, An. Asoc. Quim.
Argent. 73 (1985) 7.

A.T.NESS, R. E. SMITH and R. L. EVANS, J. Am. Chem.
Soc. 74 (1952) 4685.

D. D. VASOVIC and D. R. STOJAKOVIC, J. Non-Cryst.
Solids 109 (1989) 129.

9s.
96.
97.
98.
99.
100.

101.
102.

103.
104.
105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

B.M.SULLIVAN and H. F. McMURDIE, J. Res. Nat. Bur.
Stand. 48 (1952) 159.

S. H. C. BRIGGS, Z. Anorg. Allg. Chem. 63 (1909) 325.

G. HEINRICH, Z. Elektrochem. 58 (1954) 183.

E. J. BARAN and P. J. AYMONINO, An. Asoc. Quim.
Argent. 56 (1968) 91.

G. PANNETIER and J. M. BREGEAULT, Bull. Soc. Chim.
Fr. (1965) 609.

R. MAYLOR, J. B. BILL and D. C. GOODALL, J. Chem.
Soc. Dalton Trans. (1973) 534.

R. LAUTIE, Bull. Soc. Chim. Fr. (1947) 508.

E. R. HUFF and C. R. MCCROSKY, J. Am. Chem. Soc. 51
(1929) 1457.

V. LENHER and C. H. KAO, ibid. 47 (1925) 1521.

C.S. ROHRER and R. FRONING, ibid. 72 (1950) 4656.

N. M. SELIVANOVA, V. A. SHNEIDER and J. S.
STREL’TSOV, Zh. Neorgan. Khim. 5 (1960) 2269.

J. WALCZAK and E. FILIPEK, J. Thermal Anal. 35 (1989)
69.

T.V.KOMUTOVA, A. A. FAKEEV, B. M. NIRSHA, O. E.
EVSTAF’EVA, V. F. CHUVAEF, V. M. AGREST and
N. P. KOZLOVA, Russ. J. Inorg. Chem. 27 (1982) 1671.

E. N. DEICHMAN, J. V. TANANEV, A. EZHOVA and
T. N. KUZ’MINA, Zh. Neorgan. Khim. 13 (1968) 47.

H. ADKINS and R. CONNORS, J. Am. Chem. Soc. 53 (1931)
1091.

H. ADKINS, E. E. BURGOYNE and H. J. SCHNEIDER,
ibid. 72 (1950) 2626.

H. CHARCOSSET, P. TURLIER and Y. TRAMBOUZE,
J. Chim. Phys. 61 (1964) 1249.

L. WALTER-LEVYand M. GOREAUD, Bull. Soc. Chim. Fr.
(1973) 830.

H. CHARCOSSET, P. TURLIER and Y. TRAMBOUZE,
Compt. Rend. 257 (1963) 2473.

J. HORVATH and F. HANIK, Thermochim. Acta 92 (1985)
177.

F. HANIK, J. HORVATH, G. PLESCH and L. GALI-
KOVA, J. Solid State Chem. 59 (1985) 190.

T. NISHINO, K. MOTEKI and H. SHIKANO,
Yogyo Kyokai Shi 7 (1963) 159; Chem. Abst. 63 (1965)
11139¢.

R. G. DARRIE, W. P. DOYLE and J. KIRKPATRICK,
J. Inorg. Nucl. Chem. 29 (1967) 979.

G. E. REZVIN, S. G. SENNIKOV and L. V. VOLKOVA,
Zh. Neorgan. Khim. 27 (1982) 2204.

Z. GABELICA, E. G. DEROUANE and R. HUBIN,
J. Thermal Anal. 18 (1980) 315.

R. V. CHESNOKOVA, A. M. ALEKSEEV, A. A. BON-
DAREVA, N. N. ZHIVOTENKO, G. G. SHCHIBRYA,
B. G. LYUDKOVSKAYA, A. S. TELESOVA and Yu. I
BEREZINA, Russ. J. Inorg. Chem. 21 (1976) 20.

O. MULLER, R. ROY and W. B. WHITE, J. Am. Ceram.
Soc. 51 (1968) 693.

A. G. OSTROFF and R. T. SANDERSON, J. Inorg. Nucl.
Chem. 9 (1959) 45.

G. HOSCHEK, Monatsh. Chem. 93 (1962) 926.

S. D. SHARGORODSKII, Ukrain Khim. Zhur. 15 (1949)
332; Chem. Abstr. 47 (1953) 7928e.

J. CUEILLERON and O. HARTMANSHENN, Bull. Soc.
Chim. Fr. (1959) 168.

R. FRUCHART and A. MICHEL, Compt. Rend. 246 (1958)
1222.

T.R.INGRAM and R. MARIER, Thermochim. Acta 1 (1970)
39.

B. LORANT, Z. Anal. Chem. 219 (1966) 256.

C. MALLARD, Bull. Soc. Chim. Fr. (1961) 2296.

N. M. SELIVANOVA and V. A. SHNEIDER, Zhur.
Usesoywz. Khim. Obshches tva im D. J. Mendeleeva 5 (1960)
353; Chem. Abstr. 54 (1960) 20603e.

J. V. KORNEEVA and A. V. NOVELOVA, Russ. J. Inorg.
Chem. 4 (1959) 1011.

N. DEMASSIEUX and C. MALLARD, Compt. Rend. 248
(1959) 805.

M. A.NABARandS. V. PARALKAR, Thermochim. Acta 11
(1975) 187.

2495



134.

135.
136.
137.

138.
139.
140.
141.
142.
143.
144.
145.
146.
147.

148.
149.

150.

151.

152.
153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.
168.

169.

170.

171.

172.

173.
174.

V. V. PECHOVSKII, A. G. ZVEZDIN and T. J. BERES-
NEVA, kinet. Kataliz. 4 (1963) 208; Chem. Abstr. 59 (1963)
3350c.

H. TAKAWA and H. SA1JO, Thermochim. Acta 91 (1985) 67.
P. COURTINE, Ann. Chim. 1 (1966) 303.

D. M. ADAMS and D. C. NEWTON, “Tables for Factor
Group and Point Group Analysis” (Beckman RIIC,
Croydon, 1970).

Idem, J. Chem. Soc. A (1970) 2822.

D. M. ADAMS, Coord. Chem. Rev. 10 (1973) 183.

D. OLIVIER, Rev. Chim. Miner. 6 (1969) 1033.

Idem, Compt. Rend. 272 (1971) 1225.

E.J. BARAN and M. E. ESCOBAR, Spectrochim. Acta 41A
(1985) 415.

0. MULLER, W. B. WHITE and R. ROY, ibid. 25A (1969)
1491.

A. E. LAVAT, M. C. GRASSELLI and E. J. BARAN,
J. Solid State Chem. 78 (1989) 206.

J. KANESAKA, H. HASHIBA and 1.
J. Raman Spectr. 19 (1988) 213.

M. TH. PAQUES-LEDENT, Chem. Phys. Lett. 35 (1975)
37s.

E. J. BARAN, F. MUTO, N. KUMADA and N. KINO-
MURA, J. Mater. Sci. Lett. 8 (1989) 1305.

E. J. BARAN, unpublished work.

B. HAJEK, A. MUCK and E. SANTAVA, Collect. Czech.
Chem. Commun. 50 (1985) 1465.

B. HAJEK, E. SANTAVA and A. MUCK, ibid. 49 (1984)
2252.

P. P. CORD, P. COURTINE, G. PANNETIER and
J. GUILLERMET, Spectro chim. Acta 28A (1972) 161.

E. J. BARAN, ibid. 50A (1994) 2385.

E. STEGER and W. SCHMIDT, Ber. Bunsenges. Physik.
Chem. 68 (1964) 102.

M. M. SHOKAREV, F. 1. VERSHININA and E. V. MAR-
GULIS, Russ. J. Struct. Chem. 11 (1970) 141.
Z.G.SZABO, K. KAMARAS, SZ. SZEBENIand I. RUFF,
Spectrochim. Acta 34A (1978) 607.

B. C. FRAZER and P. J. BROWN, Phys. Rev. 125 (1962)
1283.

V. 1. SURIKOV, I. I. MILLER, V. I. SURIKOV, V. N.
LISSON, L. A. UGODNIKOVA and E. M. YAROSH,
Sov. Phys. Solid State 21 (1979) 913.

P. R. ELLISTON, Canad. J. Phys. 47 (1969) 1865.

J. KURIATA, L. SADLOWSKI, J. WALCZAK and E.
FILIPEK, Phys. Status Solidi (b) 142 (1987) K73.

L. SADLOWSKI, J. KURIATA, B. BOJANOWSKI,
M. WABIA and T. REWAJ, ibid. 174 (1992) K73.

J.P. ATTFIELD, P. D. BATTLE and A. K. CHEETHAM,
J. Solid State Chem. 57 (1985) 357.

R.GLAUM, M. REEHUIS, N. STOSSER, U. KAISER and
F. REINAUER, ibid. 126 (1996) 15.

N. KINOMURA, F. MUTOand M. KOIZUMI, Mater. Res.
Bull. 19 (1984) 137.

G.J.LONG,A.K.CHEETHAM and P. D. BATTLE, Inorg.
Chem. 22 (1983) 3012.

M. PERNET, G. QUEZEL, J. COING-BOYAT and E. F.
BERTAUT, Bull. Soc. Fr. Miner. Crist. 92 (1969) 264.

J. ARSENE, M. LENGLET, A. ERB and P. GRANGER,
Rev. Chim. Miner. 15 (1978) 318.

N. URYU, J. Phys. Soc. Jpn 18 (1963) 1461.

W. WEGENER, S. HAUTECLER, E. LEGRAND and
G. WILL, Phys. Status Solidi (b) 100 (1980) 613.

G. WILL, B. C. FRAZER, G. SHIRANE, D. E. COX and
P.J. BROWN, Phys. Rev. 140A (1965) 2139.

M. LECOMTE, J. de GUNZBOURG, M. TEYROL,
A. MIEDAN-GROSSand Y. ALLAIN, Solid State Commun.
10 (1972) 235.

J.S. SOLYOM, Physica 32 (1966) 1243.

E. LEGRAND, S. HAUTECLER, W. WEGENER and
G. WILL, J. Magn. Magn. Mater. 15 (1980) 529.
P.J.BROWNand B. C. FRAZER, Phys. Rev. 129 (1963) 1145.
R. BALLESTRACCI, E. F. BERTAUT, J. COING-BOY-
AT, A. DEPALME, W. JAMES, R. LEMAIRE, R. PAN-
THENET and G. ROULT, J. Appl. Phys. 34 (1963) 1333.

MATSUURA,

2496

175.
176.
177.
178.
179.

180.
181.

182.

183.

184.

185.

186.

187.

188.

189.
190.

191.

92.

193.

194.

195.

196.

197.

198.

199.
200.

201.

202.

203.
204.

205.

206.

207.

208.
209.

I. ALMODOVAR, B. C. FRAZER, J. J. HURST, D. E.
COX and P. J. BROWN, Phys. Rev. 138A (1965) 153.
H. FUESS, Z. Angew. Phys. 27 (1969) 311.
A. KIRFEL and G. WILL, Int. J. Magn. 5 (1973) 197.
H. FUESS and G. WILL, J. Appl. Phys. 39 (1968) 628.
U. KOENIG, A. TIPPE and W. DALLUEGGE, Kerntech-
nik 10 (1968) 371.
N. S. SALEH, J. Phys. C 17 (1984) 3489.
A.E.LAVAT, E.J. BARAN, L. TERMINIELLO and R. C.
MERCADER, in “Proceedings of the First Latin-American
Conference on the Applications of the Mdssbauer Effect”
Rio de Janeiro, 1988, E. Bagio-Saitovich, E. Gzlvdo da silva
and H. Rechenberg (Eds.), (World Scientific, Singapore,
1988), pp. 339.
Y. WATABE, M. NAKADA, K. ENDO, H. NAKAHARA
and H. SANO, Bull. Chem. Soc. Jpn 63 (1990) 2790.
A.S. BORNKHOVICH, J.J. MILLER, M. S. MARUNYA
and A. A. FOTIEV, Izv. Akad. Nauk. SSSR Neorg. Mater. 11
(1975) 966; Chem. Abstr. 83 (1975) 137894c.
S. M. CHESHNITSKII, V. L. KOZHEVNIKOV and
A. A. FOTIEV, ibid. 21 (1985) 342; Chem. Abstr. 102 (1985)
155845c.
S. M. CHESHNITSKII, A. A. FOTIEV, V. P. IGNASHIN
and Yu. A. KESLER, ibid. 21 (1985) 678; Chem. Abstr. 103
(1985) 76970g.
S. M. CHESHNITSKII, V. L. KOZHEVNIKOV and
A. A. FOTIEV, ibid. 22 (1986) 1049; Chem. Abstr. 105 (1986)
121773.
Yu. A. KESLER, S. M. CHESHNITSKII, A. A. FOTIEV
and Yu. D. TRET'YAKOV, ibid. 21 (1985) 649; Chem. Abstr.
103 (1985) 281995.
S. M. CHESHNITSKII, V. L. KOZHEVNIKOV,
V. N. BEILINSON, V.I. OVCHARENKO, N. Yu. TYUT-
RYUOMAVA and A. A. FOTIEV, ibid. 24 (1988)
1534.
K. B. YATSIMIRKII, Russ. J. Inorg. Chem. 6 (1961) 265.
L. H. ADAMIand E. G. KING, US Bureau of Mines, Report
of Investigation no. 6617 (1965).
W. W. WELLER, US Bureau of Mines, Report of Investiga-
tion no. 6669 (1965).

T. R.INGRAHAM and P. MARIER, Canad. Met. Q. 4 (1965)
169.
C. W. DEKOCK, Inf. Circ.
IC 8910.
S.S. PLOTKIN, V. E. PLUSHCHEV, J. A. ROZDIN and
V. P. ROMANOV, Izv. Akad. Nauk SSR Neorg. Mater. 11
(1975) 1529; Chem. Abstr. 83 (1975) 200778 k.
J. F. WAGER, C. W. WILSEN and L. L. KAZMERSKI,
Appl. Phys. Lett. 42 (1983) 589.
S. GUPTA, Y. P. YADAVA and R. A. SINGH, Z. Natur-
forsch. 42a (1987) 577.
J. WONG, F. W. LYTLE, R. P. MESSMER and D. H.
MAYLOTTE, Phys. Rev. B30 (1984) 5596.
P. BERTHET, J. BERTHON and F. d’YVOIRE, Mater.
Res. Bull. 23 (1988) 1501.
Idem, ibid. 24 (1989) 459.
M. TOUBOUL and A. POPOT, J. Solid State Chem. 65

US Bur. Mines (1982)

(1986) 287.
J. WALCZAK and E. FILIPEK, Thermochim. Acta 150
(1988) 125.
J. WALCZAK, M. KURZAWA and E. FILIPEK, ibid. 150
(1989) 133.

J. WALCZAK and E. FILIPEK, ibid. 161 (1990) 239.

J. WALCZAK, E. FILIPEK and E. TABERO, ibid. 206
(1992) 279.

I. L. BOTTO, M. B. VASSALLO and R. SAEZ PUCHE,
Am. Asoc. Qu/m. Argent. in press.

G. ALLESSANDRINI, L. CAIRATI, P. FORZATTI, P.
VILLA and F. TRIFIRO, J. Less-Common Metals 54 (1977)
373.

G. DECHAUX and E. SEGAL, Pintures, Pigments, Vernis 31
(1955) 436.

S. CHIAUDANO, Ind. Vernice 6 (1952) 3.

J. P. ATTFIELD, A. W. SLEIGHT and A. K. CHEE-
THAM, Nature 322 (1986) 620.



210.
211.
212.
213.
214.
215.

216.

J. P. ATTFIELD, A. K. CHEETHAM, D. E. COX and
A. W. SLEIGHT, J. Appl. Crystallogr. 21 (1988) 452.

R. GLAUM, R. GRUEHN and M. MOELLER, Z. Anorg.
Allg. Chem. 543 (1986) 111.

M. RONIS, Compt. Rend. C271 (1970) 64.

G. ENGEL, J. Less-Common Metals 77 (1981) P41.

E. BAUMGARTEL, Z. Anorg. Allg. Chem. 290 (1957)
133.

J. P. ATTFIELD, A. K. CHEETHAM, D. JOHNSON and
C. C. TORARDI, Inorg. Chem. 26 (1987) 3379.

E. J. BARAN and D. I. RONCAGLIA, Spectrochim. Acta
44A (1988) 399.

217.

218.

219.

220.

P. RITTNER and R. GLAUM, Z. Kristallogr. 209 (1994)
162.

N. KINOMURA, N. MATSUI, N. KUMADA and
F. MUTO, J. Solid State Chem. 79 (1989) 232.

E. J. BARAN, I. L. BOTTO, N. KINOMURA and N.
KUMADA, J. Mater. Sci. Lett. 9 (1990) 995.

J.P. ATTFIELD, P. D. BATTLE, A. K. CHEETHAM and
D. J. JOHNSON, Inorg. Chem. 28 (1989) 1207.

Received 20 April 1997
and accepted 27 January 1998

2497



	1. Introduction
	2. Structural aspects
	3. Synthesis of materials belonging to the CrVO4 structure type
	4. Physicochemical properties
	5. Materials belonging to the a-CrPO4 structure type
	Acknowledgements
	References

