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G o secton ® Capabilities and limitations of a (3 + d)-dimensional
Science incommensurately modulated structure as a model
1SSN 01087661 for the derivation of an extended family of

compounds: example of the scheelite-like structures
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Chapuis lite-like structure KNd(MoO,), has been exploited as a  Accepted 14 November 2007
natural (3 + 1)-dimensional superspace model to generate the
scheelite-like three-dimensional structure family. Although
each member differs in its space-group symmetry, unit-cell
parameters and compositions, in (3 + 1)-dimensional space,
they share a common superspace group, a common number of
building units in the basic unit cell occupying Wyckoff sites
Correspondence e-mail: with specific coordinates (x, y, z) and specific basic unit-cell
alla.arakcheeva@epfl.ch axial ratios (c/a, a/b, b/c) and angles. Variations of the
modulation vector , occupation functions and #, are exploited
for the derivation. Eight topologically and compositionally
different known structures are compared with their models
derived from the KNd(MoQO,), structure in order to evaluate
the capabilities and limitations of the incommensurately
modulated structure to act as a superspace generating model.
Applications of the KNd(MoQO,), structure as a starting model
for the refinement and prediction of some other modulated
members of the family is also illustrated. The (3 +1)-
dimensional presentation of the scheelite-like structures
reveals new structural relations, which remain hidden if only
conventional three-dimensional structure descriptions are
applied.
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1. Introduction

For many structural families, the manifold of members is due
to different ordered distributions of different atoms or
vacancies sharing a common basic structure (Pearson, 1972;
Parthé, 1996). This leads to various compositions, various
space groups (SGs) and unit cells, which in general cannot be
predicted from the common basic structure. In (3 + d)-
dimensional superspace, different atomic orderings may be
uniquely characterized from a single superspace model
(Perez-Mato et al., 1987). The variation of the chemical
composition can be quantitatively expressed by periodic
occupation functions varying along the internal space
dimensions (Perez-Mato et al., 1999); the variation of ordered
distributions of the occupations can be expressed in terms of
the coefficients ¢, 8 and y defining the modulation wavevec-
tor(s) q; = w;a* + Bb* + y,c* (a*, b* and ¢* are the reciprocal
lattice vectors of the basic structure; i =1, 2, 3; each of the «;, f;
and y; coefficients can be rational, irrational or 0; Boullay et
al., 2002; Elcoro et al., 2000, 2003, 2004).

The superspace description has already been applied for a
few families of compounds. The perovskite-related families of
layer structures have been most widely and repeatedly
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et al.,2004). The Bi, Se; (x <2) series (Lind & Lidin, 2003), a
group of A,BX, compounds (Chen & Walker, 1990), the
MA,Te,, where M = Nb, Ta, A = Si, Ge,% <x< % (van der Lee &
Evain, 1995) and (79),T series of hexagonal ferrites (Orlov,
Palatinus et al, 2007) are other examples of the unified
description of structural families based on a superspace model.
The incommensurately modulated structure Cr,P,0; was used
as a model for the derivation of the low-temperature lock-in
modification (Palatinus et al, 2006). The incommensurately
modulated phase of KsYb(MoO,), has been exploited to
generate the sequence of temperature-dependent phases
(Arakcheeva & Chapuis, 2006a).

The main objective of the present work is to further develop
the application of a single incommensurately modulated
structure for crystal chemical considerations. Namely, we
exploit the ability of a single incommensurately modulated
structure to act as a natural superspace model for the
description and prediction of a family of both three-dimen-
sional and (3 + d)-dimensional structures differing in chemical
composition and topology. This can also be used for the
derivation of any possible member of the family. The
capabilities and limitations of an incommensurately modu-
lated structure to act as a superspace model is analysed with
the example of scheelite-like incommensurately modulated
KNd(MoO,), and a series of known three-dimensional
structures. The capacity of a single incommensurately modu-
lated structure is directly linked to the properties of (3 + d)-
dimensional superspace groups (SSGs), which have been
introduced for the description of aperiodic crystals (de Wolff
et al, 1981), along with additional atomic characteristics
associated with the superspace concept (Janssen et al., 2007;
van Smaalen, 2004). The ability to reveal some hidden struc-
tural relations is illustrated with the scheelite-like structure
family presented in the frame of (3 + 1)-dimensional super-
space.

2. Why an incommensurately modulated structure can
act as a natural superspace model

As repeatedly shown with the examples of perovskite-related
compounds (Evain et al., 1998; Gourdon et al., 2000; Boullay et
al., 2002; Elcoro et al., 2000, 2003, 2004; Schonleber et al., 2004
among others), the construction of a unique superspace model
for a selected family of three-dimensional structures is an
elaborate procedure. Even the (3 + d)-dimensional SSG
selection, which can be performed from the analysis of the
reciprocal space, causes certain problems. The main (usually
strong) reflections define the common basic structural para-
meters a, b and ¢; all other reflections have to be interpreted as
satellites with the modulation vector(s) q; = ;a* + Bb* + y,c*,
where «;, B; and y; are specific for each structure. The ambi-
guity of the choice of the vector(s) q; for each individual
essentially complicates the SSG selection. Other problems can
appear from the ambiguity of the selection of the main
reflections, when their intensities are not recognizable as
strong ones.

This elaborate procedure can be avoided if a single
incommensurately modulated structure belonging to the
family is known. Such a structure just exhibits the requested
property of the superspace model, i.e. the basic structure and
the (3 + d)-dimensional SSG. The basic structure extracted
from an incommensurately modulated structure is character-
ized by a number of rigid building units in the basic unit cell
occupying Wyckoff sites with specific coordinates (x, y, z) and
specific unit-cell axial ratios (c/a, a/b, b/c) and cell angles. Each
rigid building unit can be an atom as well as a complex ion, a
cluster or a molecule. An incommensurately modulated
structure also points to the variable parameters, which can be
used for the generation of the most probable members. When
a certain incommensurately modulated structure is used as a
superspace model, a variation of the modulation vector q,
elemental composition and occupation functions of the
Wyckoff sites (and #, origin in the x4 axis, when q is rational)
can be used for the generation of non-equivalent family
members differing in their topology and/or composition (and/
or three-dimensional symmetry, when q is rational). The
variables defined by the symmetry of the Wyckoff sites
(variable x, y and z, ADPs and displacive modulations of the
building units) characterize each member. These parameters
can be obtained from any superspace model with accuracy
which ultimately depends on the variation of the chemical
composition of the derived family.

Here we would like to underline that not only known
structures of a known family can be described using an
incommensurately modulated structure, but also an incom-
mensurately modulated structure can be used as the generator
of a hypothetical family. Some members of such a hypothetical
family could have already been described. In fact, this was the
case for the three-dimensional scheelite-like structures
described below. Before a search was performed using the
ICSD for known scheelite-like structures, we did generate
several different three-dimensional structures from the
incommensurately modulated KNd(MoO,), reported by
Morozov et al. (2006).

The capabilities and limitations of an incommensurately
modulated structure as a generator of a family in superspace
are shown in the next paragraphs with the example of the
scheelite-like KNd(MoO,), incommensurately modulated
structure (Morozov et al., 2006) and known three-dimensional
scheelite-like structures.

3. (3 + 1)-dimensional scheelite-like structure family
3.1. Scheelite-like structures

The scheelite-like family of structures has been widely
investigated owing to the luminescent and other optical
properties of the corresponding compounds, leading to inter-
esting applications in solid-state lasers (Templeton & Zalkin,
1963; van den Elzen & Rieck, 1973; Jeitschko, 1973; Klevtsova
et al., 1975, 1979; Jeitschko et al., 1976; Sleight et al., 1979;
Hazen et al., 1985; Huyghe et al., 1991a,b; Teller, 1992; Shi et
al., 1996a,b, 1997; Stedman et al., 1994; Neeraj et al., 2004;
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Table 1

Typical examples of the scheelite-like structures in the (3 + 1)-dimensional presentation in comparison to three-dimensional characterization.

Three-dimensional:

Space group; a, b, ¢ (A) and y (°)
lattice constants; number N of
independent atomic sites

Compound; ICSD code (or refer-
ence)

Incommensurate members

KNd[MoOy],t (FIZ supplemen-
tary material No. 416200 for
Morozov et al., 2006)

KSm[MoO,],t (Arakcheeva et al.,

None; 5.52, 5.33, 11.90, 90.96; 4

None; 5.53, 5.30, 11.78, 91.14; 4

2007)
KEu(MoO,),t (JCPDS PDF2 No. None; 5.52, 5.28, 11.71, 91.25; 4
31-1006) (Morozov et al., 2006)

KLa[Mo00O,),]t (PDF-00-040-0466) None; 5.42, 5.44, 12.21, 90.05; 4

(predicted)

Commensurate members
RDbBi[MoO,],1; 4181
K,Th[MoO,]5¥; 27734
Eu,o[WO,]5%; 15877
Bi,oMoO,];; 63640
La,o[MoOQ,]st; 2634
Bi3[(FeO,)(M0Oy),]8§; 45
NayZr[¢(Mo00O,),]Y; 200914
Na,Y[Na'(MoO,),]11; 78534

P2/a; 5.28, 11.63, 12.09, 92.5; 12
A2la; 5.36,17.63, 12.13, 105.8; 10
A2/a; 11.40, 7.68, 11.46, 109.63; 9
P2,/a;11.97,7.71, 11.53, 115.28; 17
A2/a; 16.09, 17.01, 11.95, 108.44; 26
A2la; 5.25,16.90, 11.65, 107.15; 10
144/a; 11.03, 11.03, 11.68; 7

144/a; 11.37, 11.37, 11.44; 8

(3 + 1)-dimensional: 12/b(«f0)00 SSG; lattice constants a >~ b >~ 5.5 + 0.5 A,
¢ >~ 2a, y >~ 90° N = 4 independent atomic sites

Modulation vector q = ca* + pb*
and ¢, for commensurate members

A 4 x parameters of the crenel
occupation functions

q = 0.5779a* — 0.1475b* Ag=Ang=3

q = 0.5677a* — 0.1268b* Wave approximation of occupation
function (see text)

q = 0.5641a* — 0.1335b* Ax = Apy =}

(predicted in Morozov et al., 2006)

q = 0.3507a* + 0.6222b* (predicted) Ag = A, = 1 (predicted)

q=0a* +1b* 1,=0

q = 0a* + 2/3b*; 1, =0
q = 2/3a* + 2/3b*; 1, =0
q = 2/3a* + 1/3b*; £, = 0
q = 2/3a* + 8/9b*; 1, = 0
q = 0a* + 2/3b*; t, = 0
q = 2/5a* + 4/5b*; 1, = 0
q = 2/5a* + 4/5b*; 1, =0

Ag = Ang = 15

Ag =213, Amy = 173

Apy =2/3, Ao = 1/3

Api =213, Ao =13

Ara =213, Ao =113

Anio = 213, Ap = 1/3

Ana = Avioos = 45, Agy = Ao = 1/5
Ana = Anioos = 415, A, = Any = 1/5

+ Cations are ordered in A. % Vacancies (¢) are ordered in A.

§ Anions are ordered in X. ¢ Both anionic vacancies and cations are ordered in X and A, respectively. {f Partial

and ordered replacement of XO, tetrahedron by a single cation and ordering of cations in A.

Volkov et al., 2005; Morozov et al., 2006, among many others).
The general chemical formula of this family can be expressed
as A[XO,], where A =K, Na, Li, Rb, Ag, Cs, Ca Sr, Ba, Pb, Bi,
Zr, Y, Ln and X = Mo, W, V among others. The sheelite-like
structures can be generally described as a pair of distorted
face-centred cubic (f.c.c.) cells sharing a common face. Both A
and XO, building units are located at the junctions of each
single f.c.c. cell. The lattice periods a =~ b (~5.5 + 0.5 A) and
¢ >~ 2a, and angles close to 90° are characteristics of the double
cell (Fig. 1).

Figure 1
The basic structure and its ab projection for the A[XO,] scheelite-like
compounds.

This double cell will be further considered as the basic cell
for the description of the family. The A atoms and [XO,]
groups can be either identical or not and also partially vacant,
so that the general chemical formula can thus be expressed as
(A", A", _sa[(X',.X")Oy),_sx> Where A > 0 and 6X > 0 define
the vacancies on the corresponding positions. The building
units and vacancies can be ordered or randomly distributed on
the A and X positions. The ordering affects the symmetry and
the unit-cell dimensions in the ab plane, whereas the ¢ >~ 2a
translation remains unchanged. As a result, the symmetry of
the scheelite-like three-dimensional structures covers a large
spectrum from the tetragonal system (space group /4,/a for the
simplest highest-symmetry double f.c.c. cell appearing in
scheelite CaWO,; Hazen et al., 1985) to the monoclinic system
(various unit cells with monoclinic axis orthogonal to the ab
plane). Eight known types of ordered distributions of A and
[XO,] building units are presented in Table 1 for different
three-dimensional periodic compounds.

The incommensurate (3 + 1)-dimensional structures of
KNd(MoO,), (Morozov et al, 2006) and KSm(MoO,),
(Arakcheeva et al., 2008) show that an ordered distribution of
cations on the A position can also be incommensurate with
respect to the a and b basic structure parameters. Both of them
are characterized by their identical SSG and basic structure
(Table 1). One of them, namely KNd(Mo0OQ,),, has been used
as a starting model for the refinement of another structure
(Arakcheeva et al., 2008), and is here exploited as a super-
space model for the derivation of the three-dimensional
structures (Table 1) and also for prediction purposes.
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Table 2

Three-dimensional space groups derived from the 72/b(«f0)00 (3 + 1)-dimensional superspace group for q = m /N a* + my/N,b*.

In the caption text, m and N are arbitrary integers.

fo

my/Ny; my/N, General 0 + n/(N;N,)
Odd/even (and 0/1); even/arbitrary Pa P2i/a
Even/even; even/arbitrary Pn P2/n
Even/even; even/even 11 11

Odd/even (and 0/1); odd/even (and 0/1) Ib 12/b
Even/general; odd/even (and 0/1) Pb P2,/b
Even/odd, even/even Pn P2/n

L(4N,NS) + nl(NyN>) LVQNN,) + nl(NyN,) 3/(4N\N>) + nl(N,N>)

P2/a P2/a P2/a
P2/n P2/n P2/n
2 n 2
/b 2/b 2/b
P2/b P2,/b P2/b
P2/n P2/n P2/n

3.2. Characteristics of (3 + 1)-dimensional family deduced
from the incommensurately modulated KNd(M0O,), struc-
ture

3.2.1. Main characteristics. The KNd(MoO,), structure
exhibits the following (3 + 1)-dimensional superspace model
characteristics, which can be attributed to the
(A",A"),_sal (X', X"")O4],_sx sheelite-like family.

(i) Monoclinic SSG is I12/b(«f0)00, with modulation vector
q = aa* + fb*, where o and B are variables.

(ii) The basic unit cell is characterized by a/b >~ 1, c/a > c/b
~2, a~55A,y~90°.

(iii) The basic structure consists of four atomic positions: A
[4(e): 3% z4 >~ 0.88], X [4(e): 3 zx =~ z4 — 0.5], O1 [8(f): x =~
0.36,y >~ 0.02, z = 0.29], O2 [8(f): x = 0.77, y =~ 0.41, z =~ 0.04].
Two building unit positions corresponding to the A and X sites
should preferably be used for the basic structure description.

(iv) The occupation function of the A position, o[A], defines
the ordered distribution of A’ and A” on A (Morozov et al.,
2006); hence, this function can vary with composition and
ordering. The symmetry of the A and X sites is identical;
hence, the occupation function of the [XO,] building unit can
also vary.

(v) The ordering of the building units on the A site
(consequently on X) is the origin of the structure modulations
that can be described by different occupation modulation
functions; the displacive modulations of the atoms are a
consequence of the occupation modulations and they play the
role of maintaining reasonable cation—oxygen distances
(Morozov et al., 2006).

Different commensurate and incommensurate structures
can be generated by varying the o and 8 components of the
modulation vector q, and the site occupation functions of both
A and X. For the commensurate cases with rational o and g,
the initial phase of the modulation selected along the x, axis (¢,
value) is also variable for each combination of « and g; the
choice of %, selects the SG derived from the SSG (see, for
example, Perez-Mato et al., 1999).

3.2.2. Possible occupation functions. It is evident from the
characteristics presented above that the primary variable in
the family depends on the A and X site occupations.

Similar to KNd(MoO,),, the occupation function of A (X)
can be defined by crenel functions as o[A’(X)] = 1 and
o[A”(X"")] = 1 in the A 4 (x and respectively A 4.y~ domain
range of #, where A'(X’) and A”(X") express different building

units or vacancies. According to the SSG and symmetry of the
A (X) position, the centre of the AA’X" and AA”(X") ranges
corresponds to x§ = 0 and x} = 0.5 along x,. The ratios A 4/A 4~
and Ay/Ay define the ratios A’/A” and X'/ X" in the

A'A"[XO4]2 composition: KNd[MoOg]z (1); RbBilMoO4]z (I1); KSm[MoOglp (IIl7

°[‘“1 (& ()

A'A"2[X04]3 composition: KaTh[MoO4]3 (1);
OLaz[MoOgl3 (Il); DEuz[WO4]3 (IIl); OBi2[MoO4]3 (V)

alAl 4

Figure 2

Illustrations of the derivation of the scheelite-like structures from the
incommensurately modulated KNd[MoO,], [SSG 12/b(«f0)00]. Occupa-
tion functions, o[A], are indicated along the internal x, axis for two
groups of compounds specified by numbers in brackets. For every
compound, the a and b axes are shown in geometrically transformed
sections of the (3 + 1)-dimensional direct space: x,x4 [x, = 1/4, x5 = 0.88
(dashed line) and x3 = 0.38 (solid line)] and x,x4 [x; = 0, x3 = 0.88 (dashed
line) and 0.38 (solid line)]; tg(¢') = « and tg(¢/’) = B in the q = awa* + b*.
Empty circles indicate centres of inversion.
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Table 3

Fractional coordinates of A = Rb, Bi and X = Mo generated from the incommensurately
modulated KNd[MoO,], for RbBi[MoO,], compared with the experimental data reported by
Klevtsova et al. (1975) (SG P2/a; a =528, b =11.63, c = 12.09 A, y = 92.5°).

X Y zZ
Position Generated Experimental Generated Experimental Generated Experimental
Bi 4(e) 0.5013 0.5054 (5) 0.1155 0.1211 (2) 0.8755 0.8769 (2)
RbD 4(e) 0.4956 0.5167 (8) 0.3780 0.3781 (3) 0.1237 0.1244 (3)
Mol 4(e)  0.5204 0.5213 (9) 0.1276 0.1143 (3) 0.3697 0.3874 (3)
Mo2 4(e) 0.5204 0.4998 (9) 0.3767 0.3444 (3) 0.6149 0.6456 (3)
Table 4

Fractional coordinates of A = K, Th and X = Mo generated from the incommensurately
modulated KNd[MoOy,], for K,Th[MoQ,]; compared with the experimental data reported by
(upper line) Huyghe ef al. (1991a) (SG A2/a; a = 5.3688, b = 17.6649, ¢ = 12.143 A, y = 108.756°)
and (lower line) by Bushuev & Trunov (1976) (SG A2/a; a = 5.363, b=17.62999, c=12.13 A, y =

(Table 1; Arakcheeva et al, 2008). An
example of the wave occupation function is
shown in Fig. 2 along with two crenel

functions. Other kinds of occupation
function are also possible in the
family.

3.2.3. Possible space groups derived
from 12/b(a$0)00. The main algorithms of
derivations of SGs from a SSG for rational
coefficient(s) of the modulation vector(s) q
can be found in Yamamoto & Nakazawa
(1982), Perez-Mato et al. (1987) and
Janssen et al. (2007). A database currently
available at http://superspace.epfl.ch/finder/

108.8°).

(Orlov, Schoeni et al, 2007) provides a
convenient environment to extract the

X Y z required information. The JANA2000
Position ~ Generated Experimental ~Generated Experimental Generated Experimental program package (Petticek et al., 2000) has
Th4(e) 075 0.75 0.5 05 0.3763 0.373758 (8) beefl u_sed in the present study for the
075 05 0.3631 (2) derivation of SGs from the SSG
K 8() 0.4242 0.4228 (1) 0.1691 0.16630 (4) 03699 037765 (5) 12/b(a80)00.
0.4278 (12) 0.1705 (2) 0.368 (8) .
Mol 4(e) 025 025 0.5 05 0.1165 0.14508 (2) The symmetry operations of /2/b(a60)00
0.25 0.5 0.1233 (1) are:
Mo2 8(f)  0.1070 0.10186 (4) 0.0.3320 0.34353 (1) 0.3671 0.38910 (2) (1) (E1| ny ny n3 ny);
0.1014 (1) 0.3445 (1) 0.3745 (1) (11) (22 -1 | 0 % 0 0),
(iii) (b, 1101 00);
iv)(i—=1]0000);+ (E1]31iL10).
Table 5 ( )( | ) ( |222 )

Fractional coordinates of A = Bi, X’ = Fe and X" = Mo generated from the incommensurately
modulated KNd[MoOy], for Bi;[(FeO4)(M0O,),] compared with the experimental data
reported by Jeitschko et al. (1976) (SG A2/a; a = 5.254, b = 16.90399, ¢ = 11.653 A, y = 107.15°).

If the « and B coefficients of the vector q
are rational, i.e. q = ml/Na* + m,/N,b*,
the SGs listed in Table 2 can be derived
from this SSG for the supercell with para-

X Y Z
Position  Generated Experimental Generated Experimental Generated Experimental meters das = Nidpaic and bs = Nobpasic:
Special cases of o = m;/N, and B = my/N,
BiS( 0473 O0AS@) 0189 OIS o8 sl  ooult in additional centring of the super-
Fel 4(c) 025 025 0 0 01165 01178 ) cell. If N1 and N2 have no common divisor
Mol 8(f)  0.3930 0.4234 (4) 0.1681 0.16811 (12) 03671 03722 (2) other than 1, then there is no additional

chemical composition of the expected compound. Two kinds
of crenel occupation functions are used in Fig. 2 for the
compounds considered in this work (Table 1). The first one
(AqlA =15 Ay = Ay = 0.5) corresponds to the general
composition A’A"[X'O,),, the second one (A /A =25 Ay =
2/3, A4+ = 1/3) corresponds to A’A[X'Og4]s. The crenel func-
tion with Ax/Ax =2 (Ax =2/3, Ax» = 1/3) has been applied
for the general composition Az[X O4l,[X"O,].

Typical crenel functions used in a superspace model
generate a completely ordered distribution of building units
on the A (X) position, i.e. either A’ (X’) or A” (X") can be
found at any position. Partially ordered distributions of A’
(X') and A” (X"") on the A (X) position can be approximated
by occupation functions consisting of a few harmonic terms,
when two complementary waves are attributed to A’ (X’) and
A" (X") building units, respectively. This type of occupation
function has been applied to the refinement of the scheelite-
like incommensurately modulated structure KSm[MoO,],

centring. Otherwise the following reflection

condition occurs: h 4 nk = dP;, where n

must be selected so that m; + nm, = dP,,
where P; and P, are arbitrary integers and d is the greatest
common divisor of N; and N.,.

3.3. Derivation of three-dimensional scheelite-like structures
from the incommensurately modulated KNd(M0O,),

In order to evaluate the capabilities and limitations of the
incommensurately modulated structure KNd(MoOQO,), as a
superspace model, eight known three-dimensional scheelite-
like compounds (Table 1) have been generated from the
model. All are characterized by different compositions and
different distributions of atoms on the A and X positions. By
generation, we understand the derivation of the unit cell, the
SG and atomic coordinates from the structural characteristics
of KNd(MoO,), (FIZ supplementary materials No. 416200 for
Morozov et al., 2006) by exploring the modulation vector q,
and the occupation functions of both A and X, and ¢, The
JANA2000 program package (Petficek et al., 2000) has been
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used for all calculations. The results are presented in Table 3—
11 and illustrated in Figs. 2-7 and compared with experimental
data. The experimental SGs and unit-cell parameters
presented in Table 1 are expressed in the monoclinic setting
with angle y.

For each structure, the modulation vector q = m;/Na* +
m,/N,b* has been determined from the reciprocal space
analysis, taking into account the reflection condition [AkOm:
h + k = 2n] characteristic of the SSG 12/b(«80)00. The hk0
reciprocal space sections have been reconstructed using the
structural data included in the ICSD database and reported in
the original papers. The values of A4 and Ay defining the
corresponding crenel occupation functions have been selected
according to the chemical composition of each compound. For
each monoclinic structure, the supercell with parameter ag =
Niapasic and bg = Nybp.sic has been derived from the super-
space model. In the cases when N; and N, have no common

A'A"[XO4]2 composition

tk N KNd[MoO4]2
L F L L ©e000000060
L . A e TR CRCE N HORCR BONC]
T 4T 4T O0O@eeO0@00O0
Ll L DR BORCH R NONCE
'T.+‘... '-'+"+h K[MoO4] — ceocoles oe
Nd[MoOy|—2 2 © © @ & © 0 &
Y E L I 5 e ceedopoo0e®
1. . @ I @oeitupeco
* 4 0Oeo000e00e

KK RbBi[MoO4]2
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Figure 3

hk0O sections of reciprocal space (a) and ab projections (b) for the
monoclinic scheelite-like compounds with the composition A’A”[XO,),.
Solid lines and small letters refer to the basic structure characteristics
described in (3 + 1)-dimensional space; the grey lines and capital letters
refer to three-dimensional descriptions. The strongest reflections, /#k00,
justify the selection of the basic structure parameters a and b. In the ab
projections, O atoms are omitted; small black circles indicate X atoms;
dashed contours refer to simulated atomic positions; grey and white areas
refer to the given composition. The compositional wave direction
coincides with the modulation vector q. KNd[MoO,], and KSm[MoOQO,],
refer to refined incommensurately modulated structures reported in
Morozov et al. (2006) and Arakcheeva et al. (2008), respectively.

divisor except 1, the SG has been derived from the SSG
12/b(aB0)00 for the supercell by selecting a value of ¢, (Table 2,
Fig. 2) in accordance with the experimental SG. When N, and
N, have a common divisor distinct from 1, the unit cell and
corresponding SG have been selected according to the addi-
tional centring (see §3.2.3), and also with respect to the unit
cell selected in the experimental study (Fig. 5). For the
tetragonal structures, the monoclinic 12/b SG derived from the
SSG 12/b(«f0)00 has been selected as a subgroup of the
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DOLag[MoO4l3 s « 4 % « 4 » &

:E;l'ﬁtﬁ ®
2LaMOO4] — g o s » sk »
MoQ o W\ e R e ¥\
by h\% -
ok ohle m|m oo ®m

-:it'%‘va=$—~&~"A

Lt . . OBiglMoO4l3 wm rpihe ples -
= - . '_'L % 8 \ﬁ * s
L7 Moog——# 8 ta R T E 2

T RN N
4l ; AT R
=) 2B|[M004]—»: 3 “37/; %
JII i’k.ﬂk}.'?
|

.*u**.""

—taH
L CEwlWOdls  Sefia Syt S
-~ i - - -
AN e e W
[ = & ik oo * @ o
‘@ —h [WO4)——— .%'.b{;?%
9% 2Eu{WO4]—i; S 8
. e ¥ 'ai i
i i - KoTh[MoOg4l3
—r —t o oA 0 0 0
= ! H R
= ! RRRRRARAR
i, et +h ThIMOO4l—% & & #\k *\% * »
St s SEERIEE
5 o o o TR e
1= = o ol S | a
K.k .
= = e Big[(FeO4)(MoO4)2] o o & R
¥ ' \
;L—T—?-—? _JF_J;"_} aaaealpas
== —=—=H ‘ TR R
=== —e—rh BilFEOAd—3 4 & \u #\k &
—1—1—1—1—1
=== 2Bi[MoO4]— % * * % W& &
!_.'?._J__'._J o— oo ex\w
EEE ] REEE L
(a) (b
Figure 4

hk0O sections of reciprocal space (a) and ab projections (b) for the
monoclinic scheelite-like compounds with the compositions A’A5[XO,]3
and As[(X'O4)(X’0,),). All notations are similar to Fig. 2. In
La,[Mo0OQy,]s, Bi;[M0O,]; and Eu,[MoOy];, A’ is assumed to be a vacancy
indicated by square in the chemical formulae.
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Table 6
Fractional coordinates of A” = Eu and X = WO, generated from the incommensurately
modulated structure KNd[MoO,], for Euy[WO,]; compared with the experimental data
reported by Templeton & Zalkin (1963) (SG A2/a; a = 11.396, b = 7.676, ¢ = 11.463 A, y =
115.40°).

X Y V4
Position  Generated Experimental Generated Experimental Generated Experimental
Eu8()  0.4166 0.4066 (2) 0.3333 0.3338 (2) 0.3773 0.3768 (1)
W14(e) 025 0.25 0 0 0.1335 0.1318 (2)
W2 4(e)  0.0903 0.0507 (1) 0.1555 0.1452 (2) 0.3829 0.3935 (1)
Table 7
Fractional coordinates of A” = Bi and X = MoO, generated from the incommensurately

modulated KNd[MoO,], for Bi,[M0oO,]; compared with the experimental data reported (upper
line) by Theobald & Laarif (1985) (SG P2/a;a=11.972,b=7.7104, c= 11.5313 A, y = 115.276°)
and (lower line) by van den Elzen & Rieck (1973) (SG P2y/a;a=11.929, b =7.685, c=11.491 A,

supercell with parameters as = dpasic, bs =
2bysic (Table 2, Fig. 5). The origin #, = 0 has
been selected according to the experi-
mental SG P2,/a (Table 1). The generated
structure was transformed by the matrix
(100; 010; 001) in order to match the atomic
positions reported by Klevtsova et al
(1975). The generated coordinates of Rb,
Bi and Mo are given in Table 3 along with
the experimental data; a comparison of the
ab structure projections is shown in Fig. 6.

K,;Th[MoO,]; (Bushuev & Trunov, 1976;
Huyghe et al, 1991a) gives another
example of a cation ordering on the A
position. This example differs by the

y = 115.40°).

general composition A’A}[ X' Oy4]; resulting

X % 7z in a crenel occupation function with Ay/
Position ~ Generated Experimental Generated Experimental Generated Experimental Am, = 2 (Fig. 2). For ¢ = 0a* + 2/3b* (Fig.
4), the SGs I2/b (10 = 0 + n/6) and Ib (for
Bil 4(f) 02583 0.2607 (4) 0.2398 0.2552 (7) 0.3797 0.3612 (4) .
025584 (3) 025999 (8) 036188 (3) other Value.s of ty) are possible for the
Bi2 4(e)  0.0792 0.0840 (5) 0.9218 0.9055 (8) 0.1255 0.1314 (4) supercell with parameters as = @uasic, bs =
0.08334 (6) 0.90798 (10) 0.12976 (5) 3bpasic (Table 2, Fig. 5). The origin £, = 0 has
Mol 4(e)  0.4111 0.4150 (5) 0.0745 0.0254 (9) 0.1320 0.1122 (5)
04165 (1) 00320 (2) 01114 (1) been selected. The generated.mo_del has
Mo2 4(e)  0.0778 0.1037 (5) 0.4078 04288 (10)  0.1121 0.1496 (5) been transformed by the matrix (100/110/
0.1089 (1) 0.4218 (2) 0.1513 (1) 001) (Fig. 5) and shifted by 0.5a and 0.5c in
Mo3 4(e) 0.2612 0.1943 (5) 0.7677 0.7325 (9) 0.3774 0.3685 (6) : :
01952 (1) 07341 2) 03669 (1) ord.er. to compare with SG A2/a and atomic
positions reported by Huyghe et al
(1991a). Two sets of K, Th and Mo coor-
Table 8 dinates are listed in Table 4; the corre-

Fractional coordinates of A” = La and X = Mo generated from the incommensurately modulated
KNd[MoO,], for La,[MoO,]; compared with the experimental data reported by Jeitschko

(1973) (SG A2/a; a = 16,093, b = 17.006, ¢ = 11.952 A, y = 108.44°).

sponding ab projections are shown in Fig.
6. The structures of Na,Zr(MoOy);

(Klevtsova et al., 1979), BizZr(MoOy,);

X Y z
among others correspond to the same
Position Generated Experimental Generated Experimental Generated Experimental
structure type.
Lal 8(f)  0.0802 0.08908 (6) —0.0077 0.00680 (5) 0.6267 0.62464 (8) 3.3.2. Structures with ordering of [XO,]
La2 8(f)  0.3068 0.30250 (6) 0.1697 0.16545 (6) 0.1241 0.12766 (7) on the X position. The structure of
La3 8(f)  0.4687 0.47751 (6) 0.1579 0.16552 (6) 0.8692 0.87816 (7) . .
Mol 8(f)  0.4245 0.42092 (9) —0.0014 000723 (8) 01220 0.12871 (13) 513[(Feo4)(M°O4)2] (J?ltsfhko et ?l-’ 1976_)
Mo2 8(f)  0.3087 0.30928 (10) 0.1661 0.166659 (10)  0.6172 0.63204 (12) is an example of anionic building unit
Mo3 8(f)  0.1447 0.13722 (10) 0.1656 0.17144 (9) 0.3642 0.37590 (11) ordering on the X position. According to
Mo4 8(f)  0.4633 0.46572 (10) 0.1682 0.16166 (10) 03707 0.38554 (11) th ] e
Mo5 4(e) 025 025 0 0 0.8617 0.87311 (16) € genera composition
A3[(X'O4)(X"0y),], the crenel occupation
function with Ayo/Ar. = 2 has been

experimental SG [4,/a. The experimental lattice parameters
have been used for the illustrations (Figs. 3-7) of each derived
structure.

3.3.1. Structures with ordering of cations on A position.
Similar to the incommensurately modulated structures of
KNd[MoO,], and KSm[MoO,],, the three-dimensional struc-
ture of RbBi[MoO,], (Klevtsova et a