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Abstract

Polymorphous modifications (y-, f- and «-) of the double potassium ytterbium molybdenum oxide KsYb(MoOQOy), were
synthesized by the solid-state method and their structures were studied by X-ray powder diffraction, electron diffraction and high-
resolution electron microscopy. DSC analysis shows that the y— <> o phase transitions are not accompanied with a significant
reconstruction of the palmierite-type structure. All modifications of KsYb(MoQy)s are related to the mineral palmierite—
K,Pb(SOy4),. The palmierite-type structure is made up of isolated 4O, tetrahedra, which connect the MO,, polyhedra into a 3-D
framework via common vertices. Cations occupy two crystallographic positions M1 and M2. The y-phase crystallizes in a
monoclinic system (space group C2/c¢) with unit-cell parameters: a = 14.8236(1)1&, b= 120,1293(1)& c= 1(2.5151(1)1&, p=
114.559(1)°, Z = 4. The a-phase has space group R3m with unit-cell parameters: a = 6.0372(1) A, ¢ = 20.4045(2) A. The structures
of the y- and a-modification were refined by the Rietveld method (Ry, = 6.25%, Ry = 2.16% and Ry, = 9.09%, Ry = 5.80% for
y- and o-, respectively). In KsYb(MoO,), ytterbium cations occupy M1 while K™ cations occupy M2 and M1 positions of the
palmierite-type structure. In the high-temperature («-) modification the Yb** and K" occupy the M1 site in a statistical manner
(M1=0.5Yb*" +0.5K ") while in the low-temperature (y-) modification these cations occupy this site in an ordered way. The

intermediate f-phase shows an incommensurate modulated structure.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The complex molybdenum oxides MsR(MoQy),
(M=Rb, K, TI; R=rare earth (RE)) are effective
phosphors [1-4] characterized by a long lifetime and a
high luminescence intensity. For example, the
M5sR,_ Nd,(MoQy)s; compounds lifetime (r) is 7.0—
7.9 x 107°s (at the maximum concentration of Nd*™)
and 2.9-3.5 x 10™*s (at the minimum concentration of
Nd**), respectively [3]. MsR(MoOy), (M=RbD, K, TI;
R=RE, Y, Bi, Fe, In) [5,6] crystallize in the structure
type of a palmierite mineral K,Pb(SO4), (space group
R3m, a =549, ¢ = 20.83 A) [7.,8]. The crystal-chemical
formula of the palmierite-type structure is M 1107/ Af 2[29+1]
(A04),. Nine varieties of this structure type can be
distinguished [6]. The R*" and M™ cations occupy the
M1 site in either an ordered or a statistical manner [9,10].
The M2 site is occupied by M " cations. Projections of the
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KsSm(MoQ,), palmierite-type structure on to the ab (a)
for 0.10<z<0.44 and ac (b) planes are shown in Fig. 1.
The palmierite-type structure is built up by [---—M>Op—
M101,— M>01g—AO4— AO4—---] columns along the
c-axis. These columns form two layers (perpendicular to
the c-axis) built of M;0;, polyhedra and AQ, tetrahedra
(layer I) and M,0,o polyhedra (layer II).

Depending on the combinations of elements in these
compounds, the structure is subject to different distor-
tions. The coordination number of the M1 and M?2 sites
may change. An intrinsic distortion of the ideal
palmierite structure will occur for a given compound
and composition. The majority of the MsR(MoOy)4
compounds crystallizes in the trigonal symmetry of
K5Pb(SOy4),. A decrease of symmetry to monoclinic or
triclinic has been observed for some of them. The
distortion of the palmierite-type structure is mainly
associated with a rotation of the tetrahedra. The
flexibility of the tetrahedra in the palmierite-type
structure promotes the formation of coordination
polyhedra characteristic of a given trivalent cation.
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Fig. 1. Projections of the KsSm(MoOQ,), palmierite-type structure
on to the ab (a) for 0.10<z<0.44 and ac (b) planes [10].

The ability of the tetrahedra to rotate readily and the
occurrence of a low-temperature phase transition in
compounds of this type cause the occurrence of ferro-
electric and piezoelectric phases [4,11]. It has been
established experimentally that in M5R(MoOy), a
low-temperature phase transition occurs in the range
400-895K [4,11]. For example, a ferroelastic/para-
electric phase transition has been observed in palmier-
ite-type Pb3(POy),. This transition is accompanied by an
increase in the symmetry from monoclinic to trigonal at
453K [12,13]. The influence of hydrogen insertion on
the proton conductivity of single crystals of Pb3(POy,), is
reported in Ref. [14].

The structure of some low-temperature modifications
of MsR(MoQy), (M =Rb, K, Tl; R=rare earth) has not
been studied yet. This paper describes the crystal
structures of the a-, - and y-K5Yb(Mo00Qy)4 compounds.

2. Experimental

The low-temperature modification of the complex
potassium ytterbium molybdenum oxide (y-KsYb

(Mo00Qy)4) was prepared from an equimolar mixture of
K,CO3, Yb,03 and MoOj by a routine ceramic technique
in an AlLO; crucible at 8934+10K for 30h in air.
The intermediate (f-) phase and the high-temperature
(2-) modification were synthesized from the y-Ks5Yb
(Mo00Qy)4 phase by heating at 960+ 10K (close to the
melting point) for 3 h followed by cooling under different
conditions. f-KsYb(MoO,),; was prepared by slowly
cooling from 960+10K to room temperature, while
a-KsYb(Mo0Oy), was synthesized by quickly quenching
from high temperature to liquid nitrogen. A quick
quench from 960+ 10K to room temperature leads to
the formation of the - and f-modifications mixture.

The X-ray powder diffraction data used for indexing
and for the structure refinement of the KsYb(Mo0Oy)4
polymorphous modifications were obtained at room
temperature applying the Bragg—Brentano geometry
using a Siemens D500 powder diffractometer equipped
with a primary SiO, monochromator (CuKa, radiation,
A= 1.5406 A) and a position-sensitive detector (Braun).
Structure refinement was performed by the Rietveld
method [15] with the RIETAN-94 program [16,17].
The background was refined with a fifth-order poly-
nomial. The peak profile was refined by a modified
Pseudo-Voigt function. The electron density maps
[Pexp(X,,2) and Apg(x,p,2)] were calculated using
the GSAS program [18].

The second-harmonic generation response of powder
samples was measured with a Q-switched YAG:Nd laser
at A, = 1064nm, in the reflection mode. The experi-
mental set-up and arrangement have been described
elsewhere [19]. Differential scanning calorimetry (DSC)
measurements were performed on a NETZSCH STA
409 thermoanalyser in the temperature range from 293
to 1013 K and from 1013 to 493 K (heating/cooling rates
were 5 K/min). Sintered kaolin was used as reference
material.

Electron diffraction (ED) and high-resolution elec-
tron-microscopy (HREM) investigations were made on
crushed samples of the various modifications deposited
on holey carbon grids. EDX analysis and ED patterns
were obtained using a Philips CM20 microscope with a
LINK-2000 attachment (analyzed 10-15 crystallites;
time of measurements -100s). HREM observations were
performed using a JEOL 4000 EX microscope operating
at 400kV. The Scherzer resolution of the microscope
is 1.7A. Simulations of the HREM images were
performed using the MacTampas software.

3. Results
3.1. General

The elemental content of the 10-15 crystallites for
each polymorph of the complex potassium ytterbium
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molybdenum oxide was investigated by EDX analysis
performed inside the electron microscope. The elemental
content is (K—48.3+0.4 (y-phase), 48.9 +0.2 (z-phase),
48.6+0.2 (fp-phase) at%; Yb—10.0+0.4 (y-phase),
10.6+0.2 (a-phase), 9.8+0.2 (p-phase) at%; Mo—
41.6+0.6 (y-phase), 40.4+0.3 (a-phase), 41.6+0.2 (f-
phase) at%) and its remains practically constant for all
modifications of KsYb(MoQy,), and reveals a uniform
elemental distribution.

The y-KsYb(MoOy,), powder sample shows an SHG
response, I,/ hy(Si0,)~0.20. This significant nonzero
SHG response indicates that the y-modification has a
slightly polar structure.

Fig. 2 shows typical heating/cooling DSC curves
for y-KsYb(MoQOy),; obtained at a heating/cooling
rate of 5K/min. The heating/cooling DSC curves
indicate the presence of only one peak extending from
938 to 968 K.

The DSC curve obtained on heating exhibits two
regions: (1) from 938 to 965K and (2) from 965 to
973K (Fig. 2, curve 3). The second temperature region
can be associated with the incongruent melting of
KsYb(Mo0O,); with the formation of K,MoO, and
KYb(Mo0O,), [20]. These melting temperatures of
Ks5Yb(Mo00O,)s and K,;MoO4;+KYb(MoQy), mixture
are very close and cannot be separated. A weak
broadened peak in the first temperature region can be
associated with a shift of structural layers or the <«
phase transition. The DSC investigation shows that
the y— <> o phase transitions are not accompanied by
a significant reconstruction of the palmierite-type
structure.

exo —»
FY
w

=)
uuw/Ali/osaa

&

913 933 953 973 993
T/IK

oo\'\t\g

‘c/

Heat flow rate /arb.units

Roa s N
WA/ 9saa

913 933 953 973 993
T/IK

Fig. 2. Heating (1, 3) and cooling (2, 4) DSC (1, 2) and DDSC curves
(3, 4) for p-K5Yb(M00,),. Heating/cooling rate 5 K/min.

3.2. X-ray powder diffraction

A fragment of the X-ray diffraction patterns for
different modifications of K5Yb(Mo00Q,)4 are shown in
Fig. 3. Experimental data for o-, -, y-KsYb(Mo0Oy)4
and for KYb(MoO,), were submitted for JCPDS
PDF-2 Data Base, Cards 49-1785, 52-1705, 49-1228
and 50-1762, respectively. It is clear that none of
the present XRD spectra contains reflections of the
KYb(Mo0QOy,), phase.

Mostly the high-temperature o-modification is in-
dexed in an R-centered trigonal unit cell with lattice
parameters a = 6.0379(3) A, ¢ = 20.406(1) A related to
the palmierite (K,Pb(SQOy4),) subcell by the relations
y X Apal, C4 X Cpal. However the X-ray diffraction pattern
of a-K5sYb(MoOQy), contains four superstructure reflec-
tions with intensities (/) less than 1%: d =8.26
(I =04), 4443 (I =0.1), 4419 (I =0.2) and 2.4275
(I = 0.1). These reflections are indexed in a trigonal unit
cell with lattice parameters a = 10.457 A, ¢ =20.409 A
related to the palmierite subcell by a = apa x V3, CR Cpal.

The XRD of the intermediate f-modification is
indexed in a C-centered monoclinic unit cell with
lattice parameters: a = 14.143(1) A, b = 66.923(5) A,
¢=10.391(1) A, p =106.30° related to the a-modifica-
tion subcell by ax3c,+1(by,—a,+c¢,), bxl1lb,,
cx(2a, + b,). The unexpectedly long lattice parameter
b (b =66.923(5) A) is a consequence of the incommen-
surability of the modulation period in the [010];
direction, as will be shown by ED.

3.3. Electron diffraction

3.3.1. a-Phase

ED patterns for a-K5Yb(MoQ,),s along the major
zones are shown in Fig. 4. The diffraction patterns can
be completely indexed in the R3m space group using the
unit-cell parameters determined from X-ray powder
diffraction (a = 6.0379(3)A, ¢ =20.406(1)A). The
spots on the [0001]*, [1010]" and [1101]" diffraction
patterns obey the reflection conditions (=4 +k = 3n
and —h+k+ 1= 3n, respectively), imposed by the
R3m space group. The [1120]" diffraction pattern
exhibits a rhombohedral shift of the spot rows along
¢* over h x 1/3¢*.

The fractional coordinates of K,Pb(SOj), (palmierite)
were used as the initial parameters for the refinement of
the o-phase structure. In K,Pb(SO,), cations occupy
two crystallographic positions M1 (Pb) and M2 (K). In
a-KsYb(Mo0QOy), potassium cations occupy the M2
position of the palmierite-type structure while the M1
positions are statistically occupied by K* and Yb*"
(M1=0.5K" +0.5Yb*"). The anion positions are fully
occupied by MoOﬁ_ tetrahedra. The occupancy factor
for the M2 site by K* cations and of the M1 site
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Fig. 4. Electron diffraction patterns of ¢-KsYb(Mo00Q,)4 along the main zone axes.

(M1=0.5K"+0.5Yb>") can be refined but does not 02 (site 18m) were Biso. = 8.9(4) and 8.8(3), respectively.

deviate significantly from full occupation. In the K,Pb(SOy,), structure O1 and O2 oxygen atoms
After refinement of «-K5Yb(Mo0Qy,), structure in the lie on the three-fold axis and on a plane perpendicular to
K,Pb(SO4), model the isotropic atomic displacement this axis, respectively. It should be noted that higher

parameters for oxygen atoms O1 (site symmetry 6¢) and isotropic atomic displacement parameters for oxygen
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atoms can be associated with a displacement of the
oxygen from the three-fold axis (O1) and the special
position (x, X, z) (02). Indeed such oxygen displace-
ments were observed for the potassium yttrium molyb-
denum oxide with the palmierite-type structure [21].
Fig. 5 shows the [p.,.(X,»,z)] electron density plots of
o-K5Yb(Mo0Qy), for the (001) (a, b) and (010) (¢) planes
through the O2 (a) and Ol (b, ¢) atoms. The spherical
electron density of the oxygen atoms and the absence of
residual density show that a displacement of the oxygen
atoms is not observed here.

After the last refinement there is a good agreement
between the observed and calculated pattern. Details of
data collection and refinement are given in Table 1. The
final atomic parameters are listed in Table 2. Table 3
presents selected interatomic distances and angles in the
MoOj ™ tetrahedron. A part of the Rietveld profile for
0-K5Yb(Mo0Qy), is shown in Fig. 6.

3.3.2. y -Phase

The [001]7, [100]7, [010]; and [302]} ED patterns for
7-K5Yb(Mo00Q,)4 are shown in Fig. 7. The relation
between the unit-cell vectors of the rhombohedral
(e-modification) and the monoclinic unit cell (y-mod-
ification) is as follows: [1010]; = [001], [0001]; = [302],
[1101], = [100]; and [1120], = [OIO]if. The difference
between the rhombohedral and the monoclinic mod-
ification is the appearance of superstructure reflections
in the [001]7, [100], and [302]  zones and the deviation
from 90° of the angle between the 200 and 40 6 in the
[010];‘, ED pattern; the corresponding angle between
the 000/ and the #4100 rows in the [1120], pattern
for the a-modification (Fig. 4) is equal to 90°.

The ED patterns for y-KsYb(MoQOy), can be com-
pletely indexed in the Cc or C2/c¢ space group using the
unit-cell parameters determined from X-ray powder
diffraction. The spots on the [001] diffraction pattern
obey the extinction conditions 2k0, h+ k =2n and
indicate the presence of a C-centered unit cell. The [100]]
pattern exhibits 00/, /#2n reflections forbidden by the
Cc or C2/c¢ symmetries. However, the intensity of these
reflections is systematically lower than the intensity of
00!/, / =2n. Upon tilting the sample around the 00/
row the reflections with /#2n weaken and finally vanish.
The appearance of these forbidden reflections has to be
attributed to double diffraction. The 00/, /#2n reflec-
tions are absent in the [010]) zone since the condi-
tions for double diffraction are not present. The 20/, A,
[ =2n and hkl, h+k = 2n reflection conditions are
observed in the [010]; and [302]  diffraction patterns,
respectively.

Analysis of the reflection positions in the XRD of
the y-phase has shown that this modification is iso-
typic with monoclinic distorted [-KsIn(MoOy)4
(space group Ce, Z =4, a=14.625A, b=12.092A,
c=1046A, p = 114.0°) [22]. In f-K5In(M0Qy,),4 cations

*
o

(a)

M1 M1

(b)

Fig. 5. [pexp-(X, ¥, 2)] electron density plots for a-KsYb(MoOy), in the
(001) (a, b) and (010) (c) planes through O2 (a) and Ol (b, c¢) atoms.
The contour line values for oxygen atoms (e/A’) have been marked.
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Table 1
Crystallographic data, recording conditions and refinement results for
different modifications of KsYb(MoQOy),

y-Phase o-Phase
Temperature (K) 297 297
Space group C2/c R3m
20 range (°) 8-110 8-110
Step scan increment (20) 0.01 0.01
Tnax 71782 66206
Unit-cell parameters
a(A) 14.8236(1) 6.0372(1)
b (A) 12.1293(1)
¢ (A) 10.5151(1) 20.4045(2)
B (A) 114.559(1)
v (A% 1719.58(3) 644.06(1)
Z 4 1.5
Number of reflections 1084 126

Reliable factors®
pr7 RP 6.25%, 4.74%
Ry, R 2.16%, 1.21%

9.09%, 6.67%
5.80%, 3.06%

?Refined as in Ref. [16].

Table 2
Fractional atomic coordinates and thermal parameters for a-KsYb
(M0Oy)4

Atom Site X y z Biso
M 3a 0.0 0.0 0.0 0.98(4)
K 6¢ 0.0 0.0 0.1954(2) 3.6(1)

Mo 6e 0.0 0.0 0.3989(1)  1.09(4)
ol 6e 0.0 0.0 0.3181(5)  8.9(4)
02 18h  —0.1694(6)  0.1694(6)  0.41112)  8.8(3)

*M=0.5Yb+0.5K.

Table 3 .

Interatomic distances (A) and angles (°) in a-KsYb(Mo0Oy),

Distance A Distance A

M-012x 6 2.2336(5) K-Ol1 2.504(10)

M-Ol11x6 3.499(1) K-0O12x3 2.950(7)
K-0I12x6 3.259(2)

{(M-O) 2.866 (K1-0) 3.091

MoOy-tetrahedron 011 012 012

Ol11 1.649(10) 98.0(2) 98.0(2)

o12 1.788(7) 118.10(7)

012 1.788(7)

occupy six (four-fold) crystallographic positions with
five potassium sites. The K2—-KS5 potassium positions are
structurally related to the M2 position while the R**
and K1 positions are structurally related to the M1
position of the palmierite-type structure. In this
structure indium and potassium occupy the M1 site in
an ordered manner.

The fractional coordinates in S-KsIn(MoOy), were
used as initial parameters for the refinement of the
y-phase. SHG data show that the structure of the
y-modification is slightly polar. Examination of the
atom positions in the f-KsIn(MoQy)s structure model
(space group Cc) shows that the distribution of the
majority of the atoms is close to centrosymmetric. For
this reason the structure of y-KsYb(Mo0QO,), was refined
in the C2/c space group. In this model the four-fold K2
and K4, K3 and K5 sites as well as the MolOy
and Mo304, Mo020,; and Mo40O, tetrahedra of the
p-KsIn(MoQy), structure are equivalent.

After the last refinement in the C2/c¢ model there is
good agreement between the observed and the calcu-
lated pattern and reasonable values of isotropic atomic
displacement parameters were found for all atoms. The
refinement of the structure in the polar Cc did not lead
to a significant decrease of the R-factors (Ry, = 6.14,
R; = 2.08). But in this case the number of refinement
parameters for the atoms doubles and a strong
correlation for the majority of the atomic (K, Mo
and O) position parameters was observed.

Details of the data collection and the refinement are
given in Table 1. The final atomic parameters are listed
in Table 4. Table 5 presents the interatomic distances
and angles in the tetrahedra. Part of the Rietveld profile
for y-KsYb(Mo0QOy), is shown in Fig. 8.

3.3.3. p-Phase

The [001], [100], [010]; and [301], ED patterns for
intermediate $-K5Yb(Mo0QO,)4 are shown in Fig. 9. XRD
only allows to index the basic reflections based on a
C-centered monoclinic structure The ED patterns of the
p-phase are clearly incommensurate which explain the
problems to determine the exact structure from X-ray
data. An interpretation of the ED patterns and a
proposed structure based on ED and HREM data will
be given below.

To describe the structure of the intermediate -phase
we will first introduce a schematic model of the ordered
low-temperature y-phase. We focus our attention on the
pairs of K-columns and the corresponding 4O, tetra-
hedra shown for the a-phase in Fig. 10a. Changes in
inclination of some of the segments clearly imply
rearrangements of all other atoms in the structure. The
choice of the K-ions as a representative of the whole
structure is justified by the full occupancy of these sites
in the y-phase and the statistical occupation in the
a-phase. The y-phase is represented in Fig. 10b. and the
intermediate f-phase can then be represented as in
Fig. 11. This representation suggests models for inter-
faces with a displacement vector of the type 1/4[010],.
Since the observed period of the f-phase (i.e. 1/¢) along
[010] is somewhat smaller than that of the y-phase, it is
suggested that interfaces such as in Fig. 11 regularly
occur in the f-phase leading to a somewhat reduced
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Fig. 6. Observed (crosses), calculated (solid line), and difference XRD patterns in a 260 range of 8—60° for o-KsYb(Mo00Oy)4. Tick marks denote the
peak positions of possible Bragg reflections.
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Fig. 7. The [001]7, [100]7, [010]] and [302] ED patterns for y-KsYb(MoOy)s.

average period which is incommensurate with the structure can be simply interpreted in terms of cation
corresponding period of the y-phase. and oxygen columns. The contrast interpretation has
been carried out by comparing the experimental

3.4. High-resolution electron microscopy images with calculated ones. The positional parameters
of a-K5Yb(MoQ,), obtained from the X-ray powder

A HREM study has been performed along the most refinement were taken as an input for the image

informative [001] and [1010] directions where the calculations.



V.A. Morozov et al. | Journal of Solid State Chemistry 176 (2003) 76-87 83

Table 4
Fractional atomic coordinates and thermal parameters for 7y
KsYb(MoOy)4

Atom Site X y z Biso
Yb 4e 0.0 0.1190(2) 0.25 0.98(4)
K1 4e 0.5 0.1132(7) 0.25 3.9(2)
K2 8f 0.2941(3) 0.3714(6) 0.9320(4) 2.7(1)
K3 8f 0.2841(3) 0.8944(5) 0.9401(5) 2.8(2)
Mol 8f 0.1035(1) 0.3680(2) 0.1550(2) 1.15(5)
Ol1 8f 0.9863(9) 0.4027(11) 0.0753(12) 3.7(4)
O12 8f 0.1654(9) 0.4690(9) 0.2752(12) 2.3(3)
013 8f 0.1495(6) 0.3797(12) 0.0305(9) 1.9(3)
014 8f 0.1126(9) 0.2328(8) 0.2327(11) 1.3(3)
Mo2 8f 0.0913(1) 0.8667(2) 0.1390(2) 0.97(4)
021 8f 0.9741(8) 0.8216(8) 0.0992(11) 0.7(3)
022 8f 0.1056(6) 0.8914(11) 0.9894(9) 2.1(3)
023 8f 0.0959(9) 0.9839(9) 0.2324(12) 3.5(4)
024 8f 0.1662(8) 0.7649(9) 0.2342(13) 1.6(3)
Table 5

Interatomic distances (A) and angles (°) in y-KsYb(MoOy),

Distance A Distance A

Yb-023 x2 2.226(12) KI1-O13x2 2.861(9)

Yb—-014 x 2 2.231(11) KI1-021x2 2.923(11)
Yb—-022 x 2 2.351(9) KI1-012x2 2.934(12)
{Yb-0O) 2.27 KI1-O11x2 3.103(15)
K1-024 x2 3.135(12)
KI1-O11x2 3.515(11)
(K1-0) 3.08
K2-021 2.580(15) K3-O11 2.730(12)
K2-024 2.716(13) K3-013 2.883(15)
K2-013 2.742(9) K3-022 2.900(9)
K2-012 2.738(13) K3-012 2.912(11)
K2-014 2.915(12) K3-024 2.959(13)
K2-O13A 3.140(15) K3-0Ol14 2.999(12)
K2-022 3.210(12) K3-023 3.110(13)
K2-023 3.328(12) K3-OI2A 3.137(12)
K2-023A 3.491(12) <K3-0O) 2.95
(K2-0> 2.98
Mo1O,-tetrahedron  O11 012 013 014
Ol11 1.639(12) 108.7(6) 105.2(5)  109.1(6)
012 1.724(12) 104.0(6)  113.3(5)
013 1.716(9)  116.1(6)
Ol14 1.813(11)
Mo20,-tetrahedron  O21 022 023 024
021 1.670(11) 109.7(4) 101.6(5)  105.3(5)
022 1.699(9) 113.2(6)  112.0(6)
023 1.713(11) 114.1(5)
024 1.684(12)

Fig. 12 shows an HREM image of a-phase along the
[1101] zone where the bright dots in the HREM image
correspond to the K atom column while less bright
correspond to column wiith mixture of K and Yb atoms.
The calculated images are given as an inset and show a
good agreement with the experimental images.

Fig. 13 shows [1010] and [001] images of the o-, and f-
modifications, respectively, corresponding with the
diffraction patterns of Figs. 4 and 9. These images
reflect the main geometrical features of the layer
stacking according to the structure schematically repre-
sented in Figs. 10a and 11.

4. Discussion

All modifications of the complex potassium ytterbium
molybdenum oxide (KsYb(Mo0QOy),) are based on the
palmierite-type structure [7,8]. The palmierite-type
structure is made up of isolated 40, tetrahedra, which
connect the MO,, polyhedra into a 3-D framework via
common vertices. Cations occupy the two crystal-
lographic positions M1 and M2. In the K,Pb(SOy),
structure the Pb> " cations occupy the M1, while the K *
occupy the M2 position of the palmierite structure. All
layers in the palmierite-type structure along [1120]
are built up by columns which can be presented as
[ —M2010—Mlolz—M2olo—AO4—AO4— ] The 3-D
framework can be described as made up of two layers
(perpendicular to the c-axis) built of M;0;, polyhedra
and AQ, tetrahedra (layer I) and M,O;q polyhedra
(layer IT). Moreover two I layers are separated by two II
layers (Fig. 10a).

In K5Yb(Mo0QOy,), ytterbium cations occupy M1 while
K™ cations occupy M2 and M1 positions. In the high-
temperature a-modification Yb*" and K* occupy the
M1 site in a statistical manner (M1=0.5Yb>" +0.5K ")
(Fig. 10a) while in the low-temperature y-modification
these cations occupy the M1 site in an ordered manner
(Fig. 10b). Two Yb columns alternate with two
potassium columns. Cation ordering in the layers I
and the rotation of the MoOj;~ tetrahedra lead to a
zig-zag deformation of the MoOf[ layers in the
y-modification as compared with the a-modification.

The thermal treatments by which the «- and f-phases
are produced from the y-phase suggest that the structure
of these phases should be topologically related. Their
close relationship is clearly illustrated by the similarity
of the geometry and the intensity distribution of the
diffraction patterns along the topologically correspond-
ing zone axes. The most convincing example is provided
by the corresponding zones of the «-, f- and y-phases
represented schematically in Fig. 14. The y-phase
pattern exhibits the same rectangle of intense basic
spots as the a-phase, but moreover it shows weaker
“superstructure” spots (Fig. 14b). These zone patterns
reflect the main features of the geometry of the layer
stacking as seen along the K-columns according to the
structure determined by X-ray diffraction.

The ED pattern of the pf-phase (Fig. 14a) is
incommensurate. It can be described as consisting
of a short array of equidistant spots with a spacing ¢*
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Fig. 9. [001];, [100];, [010]; and [301]; ED patterns of f-KsYb(MoOy),.

(see schematic representation of Fig. 14a). Each array is
associated with a spot position of the y-phase. These
positions are indicated by crosses in the schematic
representation of Fig. 14a. The equidistant spot arrays
of the f-phase are shifted with respect to the y-phase
positions over a fraction of their spacing ¢*. These

“fractional shifts”, with a magnitude depending on
the associated y-position, are indicated in Fig. 14a. Such
linear spot arrays with fractional shifts are characteristic
of interface modulated structures (see e.g. Ref. [23]).
The pattern of Fig. 14a and in particular the
relationship with the o- and f-phase suggest that the
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Fig. 11. Model for f-KsYb(Mo0Oy)4.

f-phase could be interpreted as an interface modulated
superstructure consisting of strips of the y-structure
limited by parallel interfaces perpendicular to [010], and
along which the y-structures on both sides of the
interface are shifted over a vector R, which determines
the fractional shift.

A summary of the diffraction theory of interface
modulated structures is given in Ref. [23]. The geometry
of the diffraction pattern is characterized by the relation

H=h+ (m—hR)q,

where H is the diffraction vector of the superstructure
spot; /1 the diffraction vector of the “basic” structure
spot; R the displacement vector of the interfaces
separated by d =1/¢; m the (integer) order of the
superstructure spot in the array; the spot intensity
decreases rapidly with increasing order; g the wave
vector of the modulated structure § = 1/d (&,); h.R the
fractional shift of the spot array.

The observed fractional shifts give information on the
projection of the R vector on the various diffraction
vectors /. Representing R as [uvw] and § = [hkl] the
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Fig. 12. HREM image of a-K5Yb(MoOy), along the [1101] zone. The
calculated image for a defocus value Af = —10nm and a thickness
t =4nm is given as inset.

observations lead to R = [0?? w]; the third component
cannot be deduced from this pattern.

In the present case the ‘“basic” structure is the
y-structure represented in Fig. 10b. We note in
particular that the repeated distance along [010], (i.e.
1.212 nm) contains four columns formed by the projec-
tions of zig-zag chains of potassium ions in inclined
planes. The repeat period along [010], can thus be
associated with the periodic variation of the inclination
of such planar chains.

In the high-temperature a-phase this periodic varia-
tion of the inclination is absent for all zig-zag chains
being situated in planes parallel to (0001), (Fig. 10a). It
is reasonable to assume that the fS-phase has some
intermediate structure between the o- and p-phase
consisting of strips of y-phase limited by planes parallel
to (010),. In the interface region the arrangement is
oa-like, as represented schematically in Fig. 11.

The presence of such a singular o-like planar
arrangement causes a relative shift of the y-structure
on both sides of it over a vector R = 1/4[010] which is in
agreement with the observed R vector. The magnitude
of the ¢ vector suggests that in direct space the
separation of such a-like planes should on the average
be slightly less than four columns wide, which is
somewhat less than the corresponding period of the
y-phase. This can be achieved by inserting, at regular
intervals, singular layers separated by three columns
rather than by four as in y-phase (Fig. 11).

The fractional shift method only provides a geome-
trical building principle of the interface modulated

0 68 nm

tabeallocva baphe.
wibte b seakesbael va
LI 1 B RN e A LT

Fig. 13. HREM images of o- (a) and f-KsYb(MoO,)4 (b) along the
[1070] and [001] zones, respectively. The calculated image of -
KsYb(MoOy), for a defocus value Af = —60nm and a thickness
t=~6nm is given as inset in (a). Layers corresponding to AQ,
tetrahedra (layer I) and M,0,q polyhedra (layer II) in Fig. 10 are
marked by arrows.

structure. If the basic structure is a simple one, this is
usually sufficient to propose a detailed structure, as for
example in long period antiphase boundary modulated
superstructures based on the fcc lattice [24]. However, in
the present case the “basic” structure is complex and
one can only expect to find the building principle of the
superstructure.

It should be noted that in the present case the
“interfaces” result from the presence of a layer in the
high-temperature o-configuration causing a relative
displacement of two successive strips of y-phase. The
superstructure can also be considered as a deformation
modulated structure of the a-phase.

The proposed S-phase model is essentially an interface
modulated derivative of the y-phase; the relative
displacement of successive ‘““‘modules” of the structure
being caused by a phase shift of the inclination pattern
of the pairs of K-ions. The incommensurability is
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Fig. 14. Comparison of the ED patterns for o-, - and y-KsYb
(M0Oy)4.

obtained as a regular mixing of different spacings
between such interfaces. The structure is clearly inter-
mediate between that of the o- and of the y-phase and is
consistent with the thermal treatment required to form
the f-phase, which is very unstable under e-irradiation.

The fS-phase can also be described as related to the
o-phase by the sinusoidal modulation of the inclination
of the K-pairs. Modulation waves in successive layers
have then to be in anti-phase so as to cause the observed
centering along [001], in the diffraction pattern of the
p-phase.
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