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Abstract

The crystal structure of a complex molybdenum oxide Ag;;PrssMoQO, is reported. The Ag;;PrssMoO, sub-structure can be
described on the base of the scheelite (CaWOQy,) structure. Transmission electron microscopy reveals that the real structure is better
described in a (3+1)D formalism. According to electron diffraction study the new scheelite-type complex oxide Ag,;PrssMoOy
crystallizes in the B2/b(¢,0)00 (3+ 1)D superspace group with unit cell parameters a =~ 7.50 A, b~ 530A, ¢~ 11.74A and y ~ 135°
(Z = 4) and modulation vector q = 0.56a* + 0.59b*. The structure of Ag;sPrssMoQ, is refined from X-ray powder data in the scheelite
setting I2/b(2f0) with a = b = 5.3013(4) A, ¢ = 11.7407(11) A, q = 1.14690(14)a* + 0.58921(12)b* with fixed y = 90° angle (R, =0.033,
R =0.033, Ry, =0.029, R; = 0.047, S = 1.36). Displacement modulations apply for all atoms. The occupancy modulation shows that
one-fourth of the Ag/Pr atoms are absent. The structure can be considered as a crystallographic shear structure with incommensurate
ordering of vacancies and displacement modulations for all atoms. The arrangement of Ag/Pr atoms and vacancies is at the origin of the

incommensurate modulation in the cation-deficient Ag;;sPrssMoQOy4 phase.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The study of new advanced materials for optoelectronic
applications has attracted many researchers. Recently,
increasing attention has been focused on the design and
functioning of solid-state lasers [1]. The aim to develop
solid-state lasers appears to be important, because they are
very useful for many applications, such as medical
treatment, industry or optical communication. They are
interesting because of their high stability, compactness,
high efficiency, long lifetime and low cost. Compounds
with the scheelite-type structure can be used as potential
laser materials. For example, the scheelite-type
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MLn(BOy), (M = alkali metal (Li, Na, K), Ln = lantha-
nides, B =W, Mo) single crystals can be considered as
interesting self-doubling solid-state laser host materials.
For this reason the optical properties of the scheelite-type
compounds have been studied extensively [2].

The CaWO, scheelite crystallizes in a tetragonal
symmetry (S.G. [4;/a) [3]. The scheelite structure is
adopted by a large family of compounds with a composi-
tion ABO,4. Many different 4 and B cations with various
oxidation states can be easily accommodated in the
scheelite structure. Some examples, which demonstrate
the ability of the scheelite structure to host the cations with
variable oxidation state, are: KReO4 and AglO4 (4" and
B’"); CdMoO, and CaMoO, (4> and B®"); BiVO, and
YNbO, (4*" and B"); ZrGeO4 (4*" and B*"). The
scheelite-type 4 BO, structure is made up of 40g polyhedra
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Fig. 1. Polyhedral view of the scheelite-type structure.

and BO, tetrahedra connected via common vertices. AOg
polyhedra connect via the edges and form a 3D framework
(Fig. 1).

The Ca’>" cations in CaBO, (B=W, Mo) can be
substituted by a combination of a monovalent alkali metal
and a trivalent cation according to the formula MR(BOy,),
(M = alkali metal, R = Ln, Y, Bi). These compounds show
a random distribution of M" and R’". Complex
molybdenum oxides MLn(MoQy), (M = Li, Na) with the
scheelite-type structure are known for all Ln elements [4-6].
Only LiLa(MoQ,), undergoes a phase transition from a
low-temperature non-scheelite modification to the high-
temperature scheelite-type phase [7]. Other MLn(MoQOy,),
(M = Li, Na) compounds do not reveal such polymorph-
ism. Moreover, complex Ln molybdenum oxides
MLn(MoQO,), were synthesized for other monovalent
cations such as Cu’, Ag", and T1" [8-16]. AgLa(BOs),
(B =Mo; W) compounds have been first synthesized by
Sleight et al. [9] and their catalytic properties have been

studied. Later, AgLn(BO,), (B = Mo; W) compounds have
been prepared for other R*" elements [10-16]. The
structure of AgLn(MoQ,), and the high-temperature
AgLn(WQy,), phase are closely related to the scheelite type
with a statistical distribution of Ag" and Ln*" cations.

It should be noted that the catalytic properties of the
scheelite-type compounds are the second reason for their
extensive study. Different complex bismuth molybdenum
oxides are known as catalysts for selective oxidation,
ammoxidation and oxidative dehydrogenation of olefins to
the corresponding aldehydes, nitrides and diolefins [17-20].
Some of these compounds crystallize in the scheelite-type
structure.

Bi»(M00O,); oxide has a monoclinic distorted scheelite-
type structure [21]. The substitution of 3Ca’" by 2R
(R = Ln and Bi) cations in CaBO4 (B = W, Mo) results in
the creation of a cation vacancy () in the framework. In
this case, the formula of the bismuth molybdenum oxide
should be more correctly written as Biy/3[1,3M00,, where
one-third of the cation positions is vacant. These cation
vacancies in the framework are very important for the
catalytic properties of the scheelite-type materials
[9,20,22-24]. The ordering of cation vacancies in the
scheelite-type structure depends on the kind of 4 and B
elements in the cation sub-structure (Fig. 2) [21,25-27]. The
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Fig. 2. A layer with AOg polyhedra and MoOy tetrahedra in the scheelite-
type structures: CaMoOy (a), Bi,(M0Qy); (b) and Lay(MoOy); ().
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existence of scheelite-type compounds with less than one-
third of cation vacancies in the structure has been shown
before. The investigation of phase formation in the system
M>MoO4—Lny(MoQOy); (M =Li, Na) revealed a new
scheelite-type phase M 3Lns;s1,,,MoO, (M:Ln ratio =
1:5) in the region between MLn(Mo0Q,), and Ln,(Mo0QO,)s3
[28,29]. It should also be pointed out that the formation
of the M,Lns;g,,4M0O,4 phase with a distorted schee-
lite-type framework is possible only if Lny,(Mo0Qy)s
also has the scheelite-type structure. Since double
silver and Ln (Ag:Ln ratio = 1:1) molybdates crystallize
similar to the MLn(MoQO,), (M = Li, Na) phases, the
formation of a scheelite-type Ag;glns;s[1;,4M0O, phase
in some of the Ag,MoO,—Ln,(MoQOy); systems can be
expected.

In this paper, we present results of the study on an
incommensurately modulated scheelite-type structure,
Ag;sPrssMoQy, formed in the system Ag,MoO4—Pr,
(M00Oy)s.

2. Experimental

The complex molybdenum oxide Ag;sPrs;sMoOy
was prepared from a (1:5) stoichiometric mixture
of AgoMoO, (cubic phase) and Pry,(MoOy); by a
routine ceramic technique at 773-1023K for 70h in
air followed by quenching from 1023 K to room tempera-
ture.

Stoichiometric (2:1) mixtures of AgNOj3 (99.99%) and
MoO; (99.99%), PrgOq; (99.99%) and MoOj3 (99.99%)
have been used for the synthesis of the cubic Ag,MoOy,
[30,31] and Pr,(MoQOy); precursors, respectively. X-ray
diffraction (XRD) powder patterns of Pr,(MoQy); were
similar to the Lay(MoOQOy); X-ray powder diffraction
patterns [25] and did not contain reflections of any foreign
phases.

XRD powder patterns (7 = 293K) for the Ag,sPrss
MoO, crystal structure determination were collected
on a STGADI-P diffractometer (CuKa; radiation,
A=1.5406 A, curved Ge monochromator, transmission
mode, linear PSD). The data were collected over the
range of 10-100° in 20 with steps of 0.01° 20. The
Rietveld refinement of the incommensurately modulated
structure was performed with the JANA2000 program
package [32].

Electron diffraction (ED) and high-resolution electron-
microscopy (HREM) investigations were made on crushed
samples deposited on holey carbon grids. Energy dispersive
X-ray (EDX) analysis and ED patterns were obtained
using a Philips CM20 microscope with a LINK-2000
attachment. For the EDX analysis, results were based on
the Agy, Prp and Moy lines in the spectra. HREM
observations were performed using a JEOL 4000 EX
microscope operating at 400 kV. Computer simulations of
the HREM images were made using the MacTempas
software.

3. Results
3.1. Composition determination

The element composition of Ag;;PrssMoO, is con-
firmed by EDX analysis performed inside the transmission
electron microscope together with ED patterns for each
crystallite. EDX analysis is carried out at 4 points for 10
different crystallites. The cation ratio is found to be
Ag:Pr:Mo = 0.94(6):4.89(19):8.00(17). This is close to the
bulk Ag,;sPrssMoO4 composition and reveals a homo-
genous element distribution in the sample.

3.2. Electron diffraction study

ED patterns of the incommensurately modulated Ag;s
PrssMoO,4 are shown in Fig. 3. The most intense
reflections are the main reflections and correspond to the
scheelite tetragonal 74,/a subcell with unit cell parameters
a; ~ 5.30 A, ¢~ 11.74 A. The weaker reflections observed
in the [001]* ED pattern are satellite reflections due to an
incommensurate modulation of the scheelite-type structure
with a modulation vector q, ~ 1.16a} 4 0.59b; (+—tetra-
gonal cell). The two components of the modulation vector
require to transform the tetragonal subcell to the mono-
clinic supercell with unit cell parameters a~ a,x
V2AT150A, b~a, ~530A, c~c,~11.74A and y~
135° and a modulation vector q having the approximate
components 0.56a* +0.59b*.

The indexing of the ED patterns (Fig. 3) was made
with four hkim indices given by the diffraction vector

Fig. 3. [100]*, [010]*, [001]* and [110]* ED patterns of the incommensu-
rate modulated Ag,;sPrssMoO, phase (indexing in the superspace group
B2/b(2p0)00).
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H = ha* + kb* + Ic* + mq, q ~ 0.56a* + 0.59b*. The reflec-
tions with m = 0 and m#0 correspond to the main and
satellite reflections, respectively. The ED patterns can be
completely indexed in the superspace group B2/b(o.0)00
with the unique axis ¢. The superspace group B2/b(«50)00
is the conventional standard setting for a superspace group
[33]. The [010]*and [100]* diffraction patterns exhibit only
main & k [ m reflections with m = 0. The spots on the [010]*
diffraction pattern obey the extinction conditions A0/, h +
[ =2n and indicate the possible presence of a B- or I-
centered unit cell. In the latter case, reflections on the
[100]* pattern should obey the condition 0k /, k + [ = 2n,
which is not observed. No other symmetry elements, planes
or axis, cannot exist along this direction because of the y-
setting of the monoclinic unit cell. The [100]* pattern
exhibits 0k00, k#2n reflections forbidden by the B2/b
symmetry. The intensity of these reflections, however, is
systematically lower than the intensity of the 0k00, kA—
even. On tilting the specimen around the 0k0 axis, the
reflections 0k00, k = odd further weaken and finally
vanish in the [001]* pattern. No reflection conditions apply
for the satellite reflections besides the B-centering reflection
conditions.

3.3. Crystal structure refinement

Ag;sPrs;sMoO, exhibits an incommensurately modu-
lated structure. For such structures, a more elegant
description can be obtained using the superspace (3+1)D
formalism, suggested by De Wolf, Jansen, Janner [34,35].
This superspace formalism allows to recover the lost
periodicity via the introduction of one or more additional
dimensions, a fourth one in this particular case. Then, the
structure regains a periodicity within the (3+1)D ap-
proach.

The crystal structure of Ag,;PrssMoQO, is refined by
X-ray powder diffraction data using the (3+1)D formal-
ism, as it was revealed in the ED investigation. The
refinement in the space group B2/b(a0)00 converges with
y = 135° within the standard deviation, so the final
refinement is done for convenience in the 12/b(xf0)00
space group (unique axis c¢) with constrained b =a
parameters and a fixed y = 90° angle.! Two reasons exist
for the final refinement of the Ag;PrssMoQO, crystal
structure in the 12/b(20)00 space group: (1) the standard
scheelite setting; and (2) a y angle very close to 90°.
According to one of the standard crystallography rules, if a
crystal structure can be described in two or more different
monoclinic settings (space group, unit cell parameters,
etc.), the setting with minimal deviation of the monoclinic
angle from 90° should be chosen.

The fractional coordinates of the CaWOy type cell (S.G.
14 /a) were used as the initial parameters for the refinement

of the average Ag;sPrssMoQO, structure. The atom
0
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Fig. 4. Fragment of the experimental, calculated and difference XRD
powder patterns for the average structure Ag,sPrssMoQ,. Tick marks
denote the peak positions of possible main Bragg reflections.

coordinates of CaWO, in the [4;/a space group model
were transformed to a structure model with the space
group I2/b. The average structure is refined with a random
distribution of Ag* and Pr’* cations (§ Ag™ +3Pr’*) in
the A position of the scheelite-type structure with vacancies
one-fourth of these A-sites. The refinement of the average
Ag;sPrs;sMoOy structure in the isotropic approximation
for atomic displacement parameters converges with
R, =0.043, Rr =0.036. Experimental, calculated and
difference XRD powder patterns for the average structure
are given in Fig. 4. However, the difference XRD powder
pattern clearly reveals satellite reflections, which cannot be
indexed within the 3D approach.

Therefore, one harmonic term of positional modulation
parameters for Pr, Mo and oxygen atoms was introduced
in the refinement. It converges with negative atomic
displacement parameters for the oxygen atoms and
unrealistically high modulation parameters. The refinement
of the modulation wave parameters for the cations results
only in a small displacement modulation (less than 0.17 A)
and a high reliability factor for the first-order satellites
R, =0.041, Rpm = 0.037, Rp; = 0.137 (index m stands for
main reflections, /—for first-order satellites). Then, the
difference Fourier map is calculated in the vicinity of the
Pr/Ag site (Fig. 5a). The alteration of positive and negative
regions suggests to apply a step-like function to the
occupational modulation of the Pr/Ag site with 4 = 0.75
and x) ~ 0.5 The following alteration of regions was
chosen as starting parameters: Ag (A =0.125 and
x§ = 0.0), Pr (A = 0.625 and x§ = 0.5).

A reversed order of Ag and Pr results in slightly worse R-
factors and short Pr—O distances and was therefore rejected
as well as a random distribution of Pr and Ag over the

2xﬂ—center of the x, range, where the atom does exist; A—the length of

this range. In this case 4 corresponds to the cation fraction on the A-site

(6/9).
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(b)

Fig. 5. Difference Fourier map of the Pr/Ag site, x;—x4 section.
Summation along y and z40.6A. (a) The curve corresponds to the
displacement modulation of the Pr/Ag site with an occupancy of 3/4 in
each unit cell. (b) The curves correspond to the displacement and
occupancy modulation of Pr and Ag.

entire cation range (4 = 0.75) for the same reason. 4 values
were fixed according to the EDX analysis and the x9
parameter for Pr was refined; for Ag it was calculated from
the corresponding x9 of Pr and 4 values. Such refinement
results in a significant reduction of the R-factors down to
R, =0.033, Rrm = 0.029, Rp; = 0.046, Gof = 1.36. Tak-
ing into account the Fourier maps and the crystallographic
peculiarities of Ag, its x and z coordinates were allowed to
refine, but the differences between Ag and Pr coordinates
are less than 3¢ with the same R-factors, and in the final
refinement they were constrained. The difference Fourier
map obtained after the occupancy modulation refinement
is given in Fig. 5b. Finally, the occupancy modulation of Pr
and Ag is presented in Fig. 6. The displacive modulation

for the cations significantly reduces and becomes less than
0.11A. The refinement of the oxygen displacement
modulation results in reasonable atomic displacements.
The values of the reliability factors show good agreement
between the calculated and experimental profiles. The
crystallographic parameters, reliability factors, atomic
coordinates, position modulation parameters and the most
relevant interatomic distances for Ag;;sPrssMoQO, are
listed in Tables 1-4. Experimental, calculated and differ-
ence X-ray patterns are given in Fig. 7.

Supplementary material has been sent to the Fachinfor-
mationzentrum  Karlsruhe, Abt. PROKA, 76344,
Eggenstein-Leopoldshaften, Germany, as supplementary
material no. 415233 (148pp) and can be obtained by
contacting the FIZ (quoting the article details and the
corresponding SUP number).

1.2
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0.6 1
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0
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Fig. 6. Ag/Pr and vacancies distribution versus ¢ (phase shift parameter
t=X4—q-1).

Table 1
Important refined parameters and counting conditions for Ag;;Prs
MOO4

Temperature, K 293

20 range (°) 10-100

Step scan increment (20) 0.01

Radiation (1, A) CuKz; (1.5406)
Tinax 26848

Crystal system Monoclinic
Space group 12/b(af0)

10th-order Legendre polynomial
Pseudo-Voigt

Background function
Profile function

No. of refined parameters/refined 51/34
atomic parameters

Lattice parameters:

a(A) 5.3013(4)

b (A) 5.3013
c(A) 11.7407 (11)
7 () 90.00

q vector 1.14690(14)a* +0.58921(12)b*
VA 4
Calculated density, (gcm™) 5.262
Reliable factors

Ry/Rup 0.033/0.044
RIR, 0.033/0.024
Ro/Rym 0.029/0.022
Ri/Ry1 0.047/0.032
Goodness of fit 1.36
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Table 2
Displacement and atomic parameters of Ag;sPrssMoOy
Atom Site symmetry g x y z Uisos (Az)
Pr/Ag* 4e 0.75 12 3/4 0.1289 (8) 0.026 (3)
Mo 4e 1 1/2 3/4 0.6256 (5) 0.0426 (11)
o1 8f 1 0.3842 (16) 0.023 (3) 0.7195 (10) 0.014 (2)°
02 8f 1 0.223 (2) 0.931 (3) 0.9536 (8) 0.014 (2)°
24 = 0.625 and x§ = 0.6985 (15) for Pr.
®Constrained to be equal for both oxygen atoms.
Table 3
Displacement modulation parameters of Ag;;sPrssMoO,
Atom Parameter Ay A
Mo x —0.0095 (10) 0
y 0.0097 (10) 0
z 0 —0.0010 (9)
Pr/Ag X 0.0105 (15) 0.034 (6)
y —0.0135 (14) 0.009 (6)
z 0.0184 (16) 0.003 (1)
Ol X 0.012 (49 0.017 (3)
y 0.017 (5) 0.020 (5)
z 0.007 (2) —0.012 (2)
02 x 0.036 (49 0.064 (4)
y 0.006 (3) 0.016 (4)
z —0.004 (2) —0.019 (1)

Modulation function is p = p, + A, sin2nx4 + A, cos 2nxs, where p—displacement parameter x, y or z, po—corresponding average parameter from

Table 2.

Table 4
The most relevant interatomic distances of AgjsPrssMoOy.

Atoms #Average structure (A) Distance range (A)
Mo-O1 x 2 1.93 (3) 1.88-1.97
Mo-02 x 2 1.786 (12) 1.64-1.81
Pr/Ag-O1 2.593 (11) 2.51-2.76
2.593 (11) 2.44-2.76
2.234 (14) 2.11-2.45
2.234 (14) 2.01-2.48
Pr/Ag-0O2 2.705 (13) 2.44-2.89
2.705 (13) 2.62-2.78
2.438 (13) 2.22-2.67
2.438 (13) 1.93-2.96

4The average structure was refined in the space group 12/b.

3.4. High-resolution electron microscopy

HREM observations are performed at room tempera-
ture along the [001] zone axis (Fig. 8). The correspondence
with the ED pattern in Fig. 3 is clear from the Fourier
transform (FT) of the HREM image, inserted in Fig. 8.
The structure of Ag;sPrssMoO, can be interpreted in
terms of cation and oxygen columns viewed along the [001]
direction. Usually the contrast interpretation of the HREM
images is based on a comparison between the experimental

and calculated images. Unfortunately, the software for the
HREM image simulation for an incommensurate modu-
lated structure is not yet available.

For this reason the simulated HREM images for Ag;
PrssMoO,4 have been calculated using the MacTempas
software and the fractional coordinates of the average
structure in the space group 12/b with a random distribu-
tion of Ag", Pr’" cations and vacancies (4 = 0.125Ag ™" +
0.625Pr** +0.250). Fig. 9 shows calculated HREM
images for models with a different distribution of the
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Fig. 7. Experimental, calculated and difference XRD powder patterns for
Ag, sPrs;sMoOy. Tick marks denote the peak positions of possible Bragg
reflections for main (a) and first-order satellite (b) reflections.

Fig. 8. [001] HREM image of the incommensurate modulated Ag;sPrss
MoO, phase. The corresponding FT pattern and an enlargement of a
square environment of a cation vacancy surrounded by brighter dots are
shown as insets.

Ag", Pr’" cations and vacancies. All dots on the [001]
HREM image correspond to columns of 4 and Mo atoms
(Fig. 9a). On the experimental HREM image, three types
of dots with different brightness can be selected (brighter,
less bright and the least bright) (Fig. 8) while this difference
in the brightness of the dots is not observed in the
calculated images of Fig. 9a.

It is logical to assume that the brightness difference of
the dots is the result of vacancy and cation ordering.
Therefore the fractional coordinates of the average
structure in the space group 12/b were transformed into a

Af, nm
-50 -60
8.4
£
c
(a) ' '
Af, nm
£
c
(b)
Af, nm
-50 -60 -70 -80
8.4
£
=
- ’ - v
9.6 L8 B
‘- - - .
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8.4
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Fig. 9. Matrix of simulated [001] high-resolution images for different
defocus (Af) and thickness () values assuming different structural models
of AgsPrssMoQ, with a different distribution of the Ag™, Pr’" cations
and vacancies: (a) average structure; (b) Ag* and Pr’* cations; (c) Pr*
cations and vacancies; (d) Ag", Pr’" cations and vacancies.

P1 lattice. In this case, all the atoms in the structure occupy
independent positions and the influence of the vacancy and
cation distribution can be observed in the brightness of the
dots on the calculated HREM image. Slight differences on
the HREM image have been observed between columns of
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Pr and Ag atoms (Fig. 9b) while the vacancy cation order
leads to an increase of the brightness difference (Fig. 9c and
d). Brighter dots and small intensity dots on the [001]
HREM image correspond to columns with Pr (Fig. 9c)/Ag
(Fig. 9d) atoms and vacancies, respectively. In both cases
the medium bright dots correspond to columns with only
Pr atoms.

In the [001] experimental HREM image, clear regions
with a square environment of a column with a cation
vacancy surrounded by brighter dots can be discerned (see
inset Fig. 8).

4. Discussion

A new complex silver praseodymium molybdenum oxide
Ag;;3PrssMoO, has been synthesized by a solid-state
method and studied by X-ray powder diffraction and
electron microscopy. AgjsPrssMoOy is based on the
scheelite-type structure. The substitution of Ca®>" by Ag™"
and Pr’" cations in CaMo0O, leads to the formation of
cation vacancies in the framework and the formula of the
silver prasecodymium molybdenum oxide should be more
correctly written as AgsPrs;s[1;,4MoOQy; one-fourth of the
cation positions being vacant. The ordering of these cation
vacancies is the reason of the structural modulation.

Transmission electron microscopy revealed that the real
structure of Ag,sPrs;3sMoQy requires a (3+ 1)D approach
with superspace group B2/b(«f0)00 (unique axis c¢), with a
modulation vector having approximate components
q = 0.56a* + 0.59b*. The incommensurately modulated
structure of Ag,sPrssMoQOy has been solved and refined
by the Rietveld method from X-ray powder diffraction
data using the superspace group  12/b(x0)00
(q = 1.14690(14)a* + 0.58921(12)b*).  Most  probably,
Ag;;sPrs;sMoO, is the first representative in a large
family of incommensurately modulated scheelite-type
compounds with general composition M, 3Rs51,4M00O,
(M = monovalent cations; R = trivalent cations). The Ag s
PrssMoQy, structure can be considered as consisting of
groups of five AOg (4 = Pr, Ag) polyhedra, alternating
with two cation vacancies (e.g. left part of Fig. 10, along a
vertical line). This vacancy order creates a superlattice with
lattice parameters A =3a+b, B= —a+ 2b indicated in
Fig. 10 by a full line. The incommensurately modulated
structure can then be described as a shear structure with
displacement vector R = [100]c,mo0, Or 4210] in the A, B
ordered structure. At the interface the (five AOg polyhe-
dra +two vacancies) order is distorted by the formation of
only one vacancy. A preliminary investigation showed the
existence of a Pr/Ag homogeneity region. Taking
into account the possibility of a homogeneity range, the
most general composition can be represented as
Mx/gR(l6_x)/24D(4_x)/12MOO4. This CompOSitiOH is calcu-
lated using (i) charge compensation x + 3y = 16 and (ii)
the number of atoms in A4 site x + y + z = 8 (where Xx, y,
z—integer) for the general composition MR, [1.(MoOy)s.
The MX/SR(167X)/24|:|(47X)/12MOO4 presentation is very
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Fig. 10. Model of a layer in the modulated Ag;sPrssMoQOy structure. The
I2/b setting is indicated by a square. The vacancy order creates a
superlattice (outlined by the full lines) that is distorted at the interface by
the formation of only one vacancy (dashed circles). The arrow indicates
the displacement vector R of the shear structure. Displacement modula-
tions are not included.

comfortable and allows to describe all scheelite-type phases
formed in the region between MLn(MoOQOy), (x =4) and
Lny(MoQy); (x =0) (M = alkali metal, Ag; R=1Ln, Y,
Bi).

The observed modulation is incommensurate, while the
proposed (idealized) model can be either commensurate or
incommensurate. Indeed, the model does not take into
account minor displacement modulations, nor a variation
in the number of vacancies.

An incommensurate modulation in the scheelite-type
compounds La;_ThyNbOy4, » and LaNb;_ W,O4
was first observed by Cava et al. [36]. In both LaNbO4—
ThNbO, 5 and LaNbO4,-LaWOy, 5 systems, the incommen-
surately modulated phase exists over a significant range of
oxygen excess 4BO, . . compounds. Two main reasons can
be at the origin of such structural modulation: either a
fluctuation around the average composition (occupancy
modulation), or a displacement of atoms from their
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average positions (displacive modulation). Often a combi-
nation of both is observed and for scheelite-type com-
pounds indeed both effects are found. A displacive
modulation takes place in the oxygen excess ABOg4.
compounds while a composition fluctuation is the reason
for the incommensurate modulation in the cation-deficient
Ag;sPrssMoOy phase.

The electrical conductivity measurements of the
La;_ThNbOy > phases have shown that conductivity
in the modulated phases is several orders of magnitude
larger than in the LaNbO, [36]. But conductivity decreases
with increasing oxygen content within the modulated
phase. Probably the modulation of cations and vacancies
in the structure of cation deficient M ;gRs;30,4M0O4
(M = monovalent cations; R = trivalent cations) phases
has its influence on the catalytic and luminescent properties
of these compounds.
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