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INTRODUCTION

Recent time has witnessed a fast development of new
technologies, which are closely connected with the de-
velopment of new materials. Ceramics, traditional-clas-
sical (silicate ceramics comprising clay products, ce-
ments, glasses) and modern-technical (oxide and non-oxide
ceramics), also belong to technologically very important
materials. This is especially true of »electronic« ceram-
ics due to their insulating, semi-conductive, dielectric,
piezoelectric or magnetic properties. Knowledge of the
reactivity of ceramics systems at high temperatures is
necessary for the development of quality ceramics. The
high temperature state in the system is described by a
phase equilibrium diagram. The diagram itself and the
knowledge of structures of phases appearing in it are
the basis for further development of ceramics with de-
sired characteristics. This paper presents the methods of
determination of such structures and gives an illustrative

Methods for the crystal structure determination from powder diffraction data are reviewed with
special emphasis on the application to technical ceramics. Experimental techniques using other
than laboratory X-ray, such as synchrotron radiation, neutron and electron beams, are also de-
scribed. As an illustrative example, the crystal structure determinations of compounds LaNbTiOg,
Lag 46:Nbg 14Tl 33603 and Lag 37Nbg gg9Ti 11,053 in the ternary system of La,0;—Nb,0s-TiO,

example of structural characterization of one part of
the phase equilibrium diagram of the ternary system of
LaZO3—Nb205—Ti02.

METHODS OF STRUCTURE DETERMINATION
OF COMPOUNDS BELONGING TO TECHNI-
CAL CERAMICS

Compounds belonging to technical ceramics are typi-
cally synthesized by solid state reactions, which last for
several hours or days at high temperatures, often exceed-
ing 1000 °C, with intermittent cooling, grinding and re-
mixing. The product is usually polycrystalline material.
There are special methods! (Verneuil method, Czochral-
ski method, zone melting, flux method) for single crystal
preparation, but all require hard and long-lasting work
and a very skillful experimenter. Even with all this, suit-
able single crystals are not always obtained. Provided
single crystals are obtained, their X-ray or neutron dif-
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fraction pattern gives more accurate and precise results
than the powder techniques due to the loss of informa-
tion caused by the collapse of three-dimensional infor-
mation available from the single crystal to the single di-
mension of a powder diffraction pattern. Unfortunately,
the preparation of a powder sample of ceramic material
suitable for structure determination is not easy either.
The reaction conditions, temperature, pressure and espe-
cially the composition of the reaction mixture have to be
carefully controlled to obtain the desired compound
without impurities and of sufficient crystallinity.

Structure Determination from Powder Diffraction
(SDPD)

If a suitable single-crystal is not available, then an alter-
native method of structure determination from powder
diffraction (SDPD) has to be used. A schematic over-
view of different methods that have been used for struc-
ture determination of compounds belonging to ceramics
is shown in Scheme 1. The SDPD methods have been
developed and expanded dramatically during the last
twenty years,? resulting in a large increase of the number
of structure determinations in this way and of the num-
ber of independent atoms in these structures. The com-
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mon feature of all approaches is the final Rietveld
refinement® while the method of obtaining a structural
model is specific to each method. There are many differ-
ent SDPD approaches,”? but only a few have been ap-
plied to ceramic materials.

The most widely used is the classical-empirical ap-
proach, where the model of isostructural compound can
be found by searching through the Powder Diffraction
File, PDF* (comparing the experimental powder pattern
with those included in PDF, which now contains also
calculated powder diffraction patterns of all structures
included in the Inorganic Crystal Structure Database,
ICSD3) or by direct examination of ICSD’ (comparing
unit cell parameters or looking through structures with
the expected formula). This approach is often successful
since many times new ceramic compounds consist of
simple anions (O2-, N3-, C*...) and many different
metal cations, which are arranged in a similar way as
some other kind of ions in some already known struc-
ture. Using this approach, we have determined the struc-
tures for Compounds LaNbT106, Lao.462NbO.614Tio‘38603
and Lag37NbgggoTig 11103; three ternary compounds in
the system of La,O;—Nb,Os-TiO,, which is described in
a separate section at the end of this paper.

1. Structure solution - solving the phase problem

Classical-empirical approach

isostructural compound is found
by searching within the PDF or
ICSD databases

Ab-initio structure solution

for compounds with a completely new
arrangement of ions

v

Uit cell, space group determination

Reciprocal space methods:

(adaptation of single-crystal
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Scheme 1. Schemadtic ordering of the

methods of structure defermination from
powder data, used for ceramic com-
pounds. (©This approach has already

2. Rietveld refinement of a structural model
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been used for inorganic, metallic hy-
drides but not yet for oxides.)



SOLVING STRUCTURAL PROBLEMS OF CERAMIC MATERIALS

When the ions of a new ceramic compound arrange
in a completely new way, forming a new structure type,
only ab-initio structure solution is possible. These meth-
ods can be divided into two groups: reciprocal space
methods and real space methods.5”

Reciprocal Space Methods. Thus far most of the ab-initio
solutions for ceramic materials have been done using this
method, where after indexing, space group determination
and intensity extraction procedures, the phase problem is
solved using or adapting single crystal structure solution
methods (direct or Patterson methods). It has to be em-
phasized that none of the above mentioned steps is simple
and errors and problems are encountered with each one,
which has the consequence that these methods do not lead
so straightforwardly to the final solution as in the case of

TABLE I. The listt2 of metal oxides whose structures were deter-
mined from powder data by the reciprocal space — direct methods

Formula Year of No. of atoms in  Ref.
publication the asymm. unit
Al Y 4Og 1987 6 63
LaMosOg 1988 14 64
LiSbWOg¢ 1988 6 65
LiBiPd,;0,4 1989 4 66
NiV,0¢ 1990 15 67
CrgOy 1991 15 68
BaBiO; 5 1991 5 69
Li,PdP,04 1992 6 70
LigBi,PdO 1993 11 71
La3TisAl 5037 1994 60 72
LizgZrgNb;Oyq 1994 16 73
BiyCdOy4 1994 6 74
Lig 43Nag 36C00 g 1994 9 75
FeVMoO, 1995 10 76
Fe,V,Mo30, 1995 16 77
SrgCo50135 1995 8 78
NaBi,Sb;0y; 1995 6 79
PbPt,04 1996 9 80
e-WO; 1997 8 81
Fe, V4013 1997 19 82
BiCa,VOq 1998 7 83
AIVMo0O, 1998 8 84
KyZrGe, 04 1999 7 85
BaCaGa,Og 1999 6 86
La;Mo,4O5 2001 21 87
BaFeO, g 5 2001 10 88
8-ZrMo,Og 2001 5 89
Bi';BiVO;, 2002 12 90
Bi3SbO4 2002 12 90
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a single crystal. Even with the correct unit cell parameters
and space group, the structure solution many times fails
due to the overlap of the reflections. The problem is that
all methods of partitioning the peak intensities to the indi-
vidual Bragg reflections (Pawley,? Le-Bail®) in the case of
overlapping reflections leave some errors in the extracted
intensities. Nevertheless, many structures of compounds
belonging to ceramic materials have been determined in
this way. Tables I and II provide a list of structures of ox-
ide ceramics, determined by reciprocal space methods.
Table I lists the structures where the phase problem was
solved by direct methods using SIRPOW,!® MULTAN, !
SHELXS'? and EXPO!3 programs, which revealed the
positions of metal cations. Introduction of these atoms
and refinement of their positions, followed by the differ-
ence Fourier synthesis led to the location of oxygen at-
oms. After getting positions of atoms of a partial model,
this can be used to improve partitioning in a new intensity
extraction procedure. The final structural model obtained
using extracted intensities was finally refined by the
Rietveld refinement using the whole powder diffraction
pattern. In the case of structure determination of oxide
compounds included in Table II, the process was very
similar, differing only at the stage of locating the heavy
atom, which was done by the Patterson method.

Real Space Methods comprise model building,!* Monte
Carlo method,"” simulated annealing,'®!7 parallel
tempering!8 and genetic algorithm.!%-20 The common
feature of these methods is that they try to find a struc-
tural model in real space by random shifts of atoms or
building blocks (molecules, polyhedra); these trial mod-
els are evaluated by a comparison of the corresponding
calculated diffraction pattern with the observed one and
they do not necessarily require extraction of the intensi-
ties of individual reflections, which is one of the critical
steps in the reciprocal space methods. Intense work has

TABLE II. The list62 of metal oxides whose structures were determin-
ed from powder data by the reciprocal space — Patterson methods

Formula Year of No. of atoms in ~ Ref.
publication  the asymm. unit
K,ZnGe,Og 1989 7 91
B-T13VO, 1991 5 92
CuPt;04 1991 10 93
T14V,04 1992 5 94
Cag,Nag gFe; 905 1993 16 95
LigZr,04 1993 8 96
CaTl,0, 1995 5 97
Ca,T1,054 1995 6 97
Ca3T1,04 1995 12 98
Ca3T1409 1995 9 99
Lig 9gTis g30¢ 1998 6 100
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been done during the past ten years to develop these
methods, but mostly for organic, molecular crystals. One
reason that these methods were not used for compounds
belonging to ceramics is that the chemical knowledge
about the structural formula, connectivity of atoms in a
compound is extremely helpful when using these meth-
ods, since incorporating this information into the starting
model reduces the degrees of freedom and thus reduces
the number of trials when compared to the situation of a
completely random distribution of all atoms. In the case
of molecular compounds the knowledge of the structural
formula is a routine, which is not the case of inorganic
compounds. Nevertheless, the situation is not so difficult,
since solid state NMR, EXAFS and other spectroscopies
can also give useful information about the coordination
sphere of cations and also structural data of already
known structures can be used to build polyhedra (e.g.,
TiOg octahedron) in order to reduce the degrees of free-
dom. These possibilities have just recently been imple-
mented in the new program FOX® and also in TOPAS.?!
FOX has already been successful in solving some inor-
ganic structures — metal hydrides.?>?5 Thus, there are
perspectives also for metal oxides.

On the other hand, an approach that combines recip-
rocal and real space methods was recently applied in the
structure determination of BiPb,VO¢20 and LaW,04%’.
In this approach, metal ions were located by the recipro-
cal space — direct methods and since difference Fourier
mapping failed to reveal oxygen atoms positions, the lat-
ter were located by the application of simulated anneal-
ing (real space method).

As already mentioned, after finding the structural
model, this has to be refined by the Rietveld refinement,
where structural and profile parameters are fitted in or-
der to achieve the best possible fit of the calculated pow-
der diffraction pattern to the observed one. It has also to
be emphasized that it is not enough to get excellent
agreement between those two patterns if the final struc-
ture is not chemically reasonable, e.g., if atoms are too
close to each other or there are too large empty spaces.

Application of Synchrotron Light, Neutron
and Electron Diffraction to Structural Studies
of Ceramics

Many structural studies of ceramic materials are done
using synchrotron X-ray, neutron or electron diffraction
methods or a combination thereof.?8-32

Synchrotron X-ray light is used because of the high
resolution of diffraction data, which reduces the problem
of the overlap of reflections. Another advantage of the
synchrotron beam is that many different wavelengths of
the primary beam are available and that one can be cho-
sen to diminish absorption problems in the case of capil-
lary measurements.
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Neutron diffraction has an important role in the
structure determination of ceramic compounds for many
reasons. First, the X-ray scattering power of 0%, N3, C*+
is much lower than that of most metal cations in ceramic
compounds while this is not true of their scattering
power towards neutrons. Consequently, neutron diffrac-
tion is essential for getting accurate positions and occu-
pancies of these lighter atoms. Neutron diffraction
studies?$3931 sometimes reveal slightly different posi-
tions of O atoms than those obtained by X-rays, result-
ing in a unit cell of lower symmetry (superstructures).
Second, neutron diffraction is also used to distinguish
between atoms that have similar X-ray scattering power
such as Mn/Fe or Co/Ni, since their neutron scattering
powers (cross sections) are different. Finally, since only
neutrons detect the ordering of electron spins whereas
X-rays do not, the neutron diffraction is also essential for
magnetic structure analysis. Ferro, ferri and antiferro-
magnetic3? properties of magnetic ceramic compounds
are studied in this way.

Electron diffraction is also frequently used, not only
because it is carried out by means of an electron micro-
scope, which is part of the ceramic laboratory standard
equipment, but also for its advances in unit cell and space
group determination, especially when there are doubts or
problems with indexing the X-ray powder pattern. Many
superstructures were also revealed in this way.??3! In the
past, due to significant problems with extinction, the in-
tensities were useless for structure analysis. It has been
shown recently32-3435 that electron crystallography (elec-
tron diffraction together with HREM images) can be ap-
plied successfully also for structure determination. Spec-
imen preparation is an important and not simple step in
electron diffraction techniques and ceramic samples are
very suitable also from this point of view.

STRUCTURAL CHARACTERIZATION
OF TERNARY COMPOUNDS FROM
THE LaNbTiOg-La;,3NbO3 TIE LINE IN
THE SYSTEM L0203—Nb205—T|02

Ceramics based on some compounds in the La,03-TiO,
system have interesting dielectric properties.30-39 This is
especially true of the unstable perovskite compound
La,;sTi03.40 This compound can be stabilized by a small
addition of other oxides like Al,O3*'2 or Ga,0;*. The
ceramics based on La,;TiO3;—LaAlO5 solid solution ex-
hibit very good dielectric properties in the microwave fre-
quency range.** Since the perovskite compound La,;;NbO;
was reported to be stable in the La,O3-Nb,Os system*
we wondered if it could also stabilize La,;TiO5. Thus,
we decided to carry out a study on subsolid phase equi-
libria in the ternary system of La,O3—Nb,0s—TiO,. As part
of this work we report here the crystal structures of three
compounds, LaNbTiOg (1), Lag 46:Nbg 614Ti( 33603 (2) and
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Figure 1. Experimen- 32.000;
tal (circles), calculated
(solid line) and differ-
ence (lower solid line)
profiles of compound
1. Vertical bars de-
note the positions of
reflections.

Compound 1 100.00 %

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140

Lag 37Nbg gs9Tig 11103 (3) from the LaNbTiOg—La;,;NbO5
tie line in this ternary system. In the literature, four struc-
tures containing only La, Nb, Ti and O are reported: the
orthorhombic form of LaNbTiO4* and three perovskite-
type structures Lag 63Nbg g Tig.9505*7, Lag 633Nbg.10Tig.9005*
and Laj¢Nbg 0sTip9,03*. The powder diffraction file
PDF contains, besides the calculated*® and observed pat-
terns>%3! of orthorhombic LaNbTiOg, also the observed
indexed powder pattern of the monoclinic form3? whose
structure is reported in this paper.

Experimental Procedure

Compounds 1, 2 and 3 were prepared by the solid state
reaction technique at 1300 °C starting from oxides ac-
cording to the scheme: (2—x)/6 La,O5 + (1-x) TiO, + x/2
Nb,Os — Lag,_,,3Nb,Ti(;_yO3, where x = 0.500, 0.614,
and 0.889 for compounds 1, 2 and 3, respectively.
EDAX and X-ray structural analysis confirmed the em-
pirical formulas of all three compounds obtained by the

TABLE IIl. Data collection parameters

Instrument Bruker D-4
Radiation Cu-Ka
Temperature 25 °C
Voltage, current 40 kV, 30 mA
Specimen flat-plate

Soller slit
Variable slit

primary and secondary 2.3°
6 mm
Receiving slit 0.1 mm

Monochromator secondary, graphite — only for 2 and 3

Detector Sol-X for 1, scintillation counter for 2 and 3
Range of 260 10-140°
Step width 0.026°

Time per step 60, 48, 48 s for 1, 2, 3 respectively

20 [ degrees

synthesis. Details of the synthesis of compounds 1, 2
and 3 and the results of the measurements of their mi-
crowave dielectric properties will be reported elsewhere.
The X-ray diffraction patterns were collected on a
Bruker D-4 diffractometer with a 620 Bragg-Brentano
geometry. Data collection was aimed at the highest pos-
sible resolution and sufficiently good statistics (espe-
cially at high angles) to enable a meaningful refinement.
Details are given in Table III. To obtain stronger intensi-
ties also at higher angles, the data were collected using a
variable divergence slit. The sample was exposed to the
beam via a 6 mm long slit through the whole 26 range.
The structures of all three compounds were solved
using the classical-empirical approach. The powder dif-
fraction pattern of compound 1 matched that of the
monoclinic modification of LaNbTiOg with known unit
cell parameters but with an unknown structure. Exami-
nation of ICSD revealed that ThTi,O¢> has very similar
unit cell parameters and the appropriate formula. Its
structure, where Th** was replaced by La** and half of
Ti** sites were randomly exchanged by Nb3*, was suc-
cessfully used for a structural model of compound 1. The
powder diffraction pattern of compound 2 is very similar to
that of the orthorhombic modification of LaNbTiQj,46-50-31
Its structure is known*® and was applied for the structure
solution of 2 taking occupancy parameters 0.924, 0.614
and 0.386 instead of 1.0, 0.5 and 0.5 for La3*, Nb>* and
Ti*+, respectively. Compound 3 is a solid solution of
La,;3TiO5 in La;3NbO;. Consequently, its powder dif-
fraction pattern is very similar to that for the right end
member of the solid solution, i.e., to La;3NbO;. The lat-
ter has a defect perovskite structure, which was first de-
scribed in 1967 by the single crystal film technique as a
tetragonal structure in the P4/mmm space group.®
Compared to the well known cubic perovskite structure
of ABX;,54 Nb>* are on B sites, while La3* are with the
occupancy 2/3 on every second A site along the ¢ axis,
leaving the remaining half of them vacant and causing a

Croat. Chem. Acta 77 (3) 435-446 (2004)
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Figure 2. Experimental
(circles), calculated (solid
line) and difference (lower
solid line) profiles of com-
pound 2. Upper vertical
bars denote the positions
of reflections of the main
phase and the lower those
of the impurity, compound
Lag.377Nbo.87Ti0.1303.
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Figure 3. Experimental
(circles), calculated (solid
line) and difference (lower
solid line) profiles of com-
pound 3. Vertical bars de-
note the positions of re-
flections.
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doubling of the ¢ cell edge. Later on, the structure was
re-determined as orthorhombic in the Pmmm space
group with small differences between a and b edges.”
Only recently two independent studies, one by neutron?®
and the other by electron?® diffraction, established its su-
perstructure: due to small tilts of NbOg octahedra, the a
and b edges are also doubled and the resulting space group
is Cmmm. Since X-ray scattering power of O atoms is
small compared to La, Ti or Nb, the superstructural peaks
caused by small displacements of O atoms from special
positions were very weak in the X-ray diffraction pattern
and the superstructure was discovered by the electron
and neutron diffraction. In the X-ray powder diffraction
pattern of compound 3, we have found the correspond-
ing very weak reflections (Figure 4) that indicate such a
superstructure, so the same supercell was taken for in-
dexing the reflections and Cmmm for a space group. The
structure of La,sNbO23 was used for a structural model
for solving the structure of 3, where 11.1 % of Nb>* sites
were randomly replaced by Ti** and by taking the occu-
pancy of La** 74.1 % instead of 66.7 %.

Croat. Chem. Acta 77 (3) 435-446 (2004)
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The TOPAS2.1 program?' was used for the refine-
ment and profile plotting. Intensities of the observed and
calculated patterns matched well after the first few cy-
cles, refining only the scale factor and three background
parameters. In the refinement of the unit cell parameters,
the diffractometer zero point and two profile parameters
were gradually added. For calculation of the profile, the
fundamental parameters approach (FPA)%%9 was used,
where there are two kinds of contributions to the profile:
an instrumental and a phase dependent one. In our case,
we kept the instrumental parameters fixed and refined
only the crystallite size and one micro-strain parameter.
After that, we refined the atomic coordinates and atomic
isotropic displacement parameters as well. The latter
were constrained to be equal for equal types of atoms. In
our calculations, we set and kept the occupancy parame-
ters according to the synthesis and EDAX analysis. Just
for the purpose of checking, we also refined the popula-
tion parameters and the results were close to the experi-
mental values. Finally, we included one parameter into
the refinement to correct the preferred orientation and
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Figure 4. Enlarged region
of the powder pattern of
compound 3, showing
the appearance of weak
superstructural reflections.

Counts

Compound 3 100.00 %

]

[\

three additional parameters for description of the back-
ground. In the case of compound 2, the sample con-
tained impurity, Lag377Nbgg7Tio 1303, which is in the
phase diagram linked with compound 2 by the tie-line
and is the left end member of the solid solution of
La,;3TiO5 in La;3NbO3. To get more accurate structural
parameters of the main phase and to achieve a better fit
between the calculated and observed parameters, we in-

|
3?‘.5 3?:55 376 3785 3717 3?:75 3?‘.5 3?:35 3?’.9 37:95 a8 35:05 35‘.1 33-:15 382 3825 383 3B35 384 3845 385

20 / degrees

cluded the structure of Lag377Nb g7 Tig 1305 into the re-
finement, where we refined its cell and one strain
parameter and its fraction. The final calculated patterns
in all three cases agreed well with the observed ones
(Figures 1-3), which also means satisfactory R factors.
The final refinement parameters for all samples are list-
ed in Table IV, atomic parameters in Tables V—VII. The
final structural data (including coordinates, displacement

TABLE IV. Crystal data and refinement parameters of compounds 1, 2, 3

1 2 3
Formula LaNbTiOg Lag 462Nbg 614Ti0 38603 Lag 37 Nbg g39Ti0 11103
Formula — asymm. unit Lag 5Nbg 5Tig 503 Lag 462Nbo.614Ti0.38603 Lag, 1850Nb0.4444Ti0.055601 5
M) of asymm. unit 187.85 187.70 93.67
Crystal system monoclinic orthorhombic orthorhombic
Space group C2/c Pnma Cmmm
al A 11.2041(1) 10.96305(7) 7.80411(5)
blA 8.85114(9) 7.58996(5) 7.82272(5)
clA 5.27180(6) 5.46833(3) 7.92310(5)
B/ deg 115.3282(7) 90.00 90.00
v/ A3 472.545(9) 455.015(5) 483.700(5)
VA 8 8 16
powder color pale yellow pale yellow pale yellow
D,/ Mg m™3 5.283 5.482 5.147
No. of profile points 5000 5000 5000
No. of reflections 461 474 + 291 of impurity 292
No. of struct. param. 20 21 + 3 of impurity 14
No. of profile param. 11 11 + 2 of impurity 11
R, 0.0682 0.0623 0.0766
Ryp 0.0887 0.0836 0.1069
Rexp 0.0280 0.0561 0.0542
Rprage 0.0497 0.0205 0.0357

Ry, = (Z[yi(obs) — y,(calc)|)/Zy(obs); R, = \/((Zwi(y,-(obs) - yi(cale))*/Zw,(y;(obs))?); Reyp = \/((N - PYEwy? s
Rpraeq = (Zlli(0bs) — [i(calc)|)/ZI(obs); where y; is intensity above background in step 7, w; is weight in step i, I is intensity of k™ Bragg reflection,

N is no. of step intensities and P is no. of parameters.

Croat. Chem. Acta 77 (3) 435-446 (2004)
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TABLE V. Atomic fractional coordinates, occupancies and isotropic displacement parameters for compound 1
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X y z Occupancy Bigo
La 0.5 0.69440(11) 0.25 1.0 0.712(21)
Nb 0.26743(12) 0.91857(16) —0.4487(3) 0.5 0.67(3)
Ti 0.26743(12) 0.91857(16) —0.4487(3) 0.5 0.67(3)
(0] 0.3615(5) 0.9177(7) -0.0325(12) 1.0 0.18(7)
02 0.6423(5) 0.7543(6) 0.0316(12) 1.0 0.18(7)
03 0.6400(5) 0.5354(7) 0.6525(14) 1.0 0.18(7)
TABLE VI. Atomic fractional coordinates, occupancies and isotropic displacement parameters for compound 2

X y z Occupancy Biqo
La 0.45841(8) 0.7500 0.04006(18) 0.924 0.137(17)
Nb 0.64392(9) 0.50523(14) 0.4632(2) 0.614 0.362(19)
Ti 0.64392(9) 0.50523(14) 0.4632(2) 0.386 0.362(19)
(0] 0.4758(6) 0.4632(7) 0.2712(11) 1.0 0.13(7)
02 0.2904(6) 0.9445(8) -0.1328(12) 1.0 0.13(7)
03 0.3558(7) 0.75 0.4569(17) 1.0 0.13(7)
04 0.6246(8) 0.75 0.3519(15) 1.0 0.13(7)
TABLE VII. Atomic fractional coordinates, occupancies and isotropic displacement parameters for compound 3

X y Z Occupancy Biso
La 0.5 0.7478(7) 0.0 0.741 0.221(19)
Nb 0.7514(7) 0.5 0.26293(11) 0.889 0.503(17)
Ti 0.7514(7) 0.5 0.26293(11) 0.111 0.503(17)
01 0.7275(18) 0.5 0.0 1.0 0.48(7)
02 0.7753(17) 0.5 0.5 1.0 0.48(7)
03 0.5 0.5 0.244(3) 1.0 0.48(7)
04 0.5 1.0 0.219(2) 1.0 0.48(7)
05 0.75 0.75 0.2353(13) 1.0 0.48(7)
agd geometrical parameters) have also beep.deposited ._ @ @ €| @ “ @ @
with FIZ Karlsruhe Crystal Structure Deposition (CSD) \ \
Center as supplementary material under the deposition N
numbers from 413439 to 413441 for compounds 1 to 3, \\ —
respectively. Copies of the data can be obtained, free of = N o X 5
chaﬁrge, by)::ont;cting crysdata@fiz-karlsruhe.de. . \‘\g,_\ @') @ \\(L_‘j @I ‘@ Q:/

Description of the Structures

Figures 5 and 6 represent the structure of compound 1
along b and a* axes, respectively. The structure contains
layers, parallel to the (100) plane, formed by distorted
Nb/TiO¢ octahedra sharing three edges in a similar way
as AlOg octahedra in aluminum hydroxide.?® In-between
these layers are layers of La®* ions, with similar arrange-
ment as in one plane of the La metal but, of course, with
larger separations (from 4.335(1) to 5.272(1) A). Bach
La atom is surrounded by eight O atoms at distances

Croat. Chem. Acta 77 (3) 435446 (2004)

Figure 5. Projection of the structure of compound 1 along its b axis.

from 2.391(7) to 2.748(7) A. The Nb/Ti-O distances
range from 1.925(6) to 2.048(6) A.

The structure of compound 2, shown in Figure 7, is
built up of pairs of distorted Nb/TiOg octahedra with
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Figure 6. Projection of the structure of compound 1 along its a* axis.

Figure 7. Projection of the structure of compound 2 along ifs b axis.

Figure 8. Projection of the unit cell content of compound 3 along
its b axis.

each pair sharing a common edge. Such a pair is con-
nected via common corners to two others, one below and
one above it, forming infinite chains that run parallel to
b axis. These chains are connected through the remain-
ing corners into a three dimensional framework with
tunnels along the b axis, where La3* cations are situated.
Each La atom is surrounded by eight O atoms at dis-
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Figure 9. Projection of the structure of compound 3 along its a axis.

tances from 2.457(6) to 2.543(6) A. The Nb/Ti-O dis-
tances are from 1.893(6) to 2.144(6) A.

The structure of compound 3 is shown in Figures 8
and 9. As expected, it is basically very similar to that of
the defect perovskite structure of La;;NbO3,2® consist-
ing of corner sharing, tilted and distorted Nb/TiOg
octahedra and La3* cations surrounded by twelve O~
anions at distances from 2.625(13) to 2.901(11) A. On
the other hand, replacement of 11.1 % of Nb* sites by
Ti** and enlargement of the occupancy of La3* from
66.7 % to 74.1 % cause small changes in the unit cell
parameters. Cell edges a and b are 0.0152 A shorter
while ¢ is 0.0098 A longer in compound 3 relative to
those in La;3NbO;.28 The ionic radius®! of Ti** is 0.035
A smaller than that of Nb>*, which should contribute to
the contraction of the unit cell of compound 3 relative to
that of La;3NbOs;, while the larger amount of La’*
should have the opposite, sterically still isotropic effect.
Explanation for the above mentioned anisotropic
change, where only the ¢ cell edge is enlarged in solid
solution, could be that the larger amount of lanthanum
increases the repulsion between La** and Nb*/Tit4,
which causes the larger shift of Nb/Ti sites along the ¢
axis toward the layer consisting of O atoms (O2) and
cations vacancies and away from the parallel layer con-
sisting of La and O atoms (O1). This shift of Nb/Ti sites,
which is 0.007 A larger in compound 3 than in
La;;3NbO;_has an additional effect also on Nb/Ti—O in-
teratomic distances. The elongation of Nb/Ti—O(1) and
shortening of Nb/Ti-O(2) distances 2.092(2) and
1.888(2) A, respectively, relative to the remaining four
Nb/Ti—O distances (from 1.968(5) to 1.971(6)) is larger
in compound 3 than in La;;3NbO5

CONCLUSION

The methods of structure determination from powder
diffraction, which have been intensively developed dur-
ing the last twenty years, have been successfully applied
also for ceramic materials. This is especially true of the
reciprocal space methods (Patterson and Direct meth-
ods). On the other hand, there are also new perspectives
for this kind of inorganic compounds also in the field of

Croat. Chem. Acta 77 (3) 435-446 (2004)
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real space methods. Nevertheless, structures of new
compounds, belonging to ceramics, can still be deter-
mined also in the classical-empirical way, if the com-
pounds crystallize in a known structural type. We have
demonstrated this on three compounds from the ternary
system of La,O3;—-Nb,0s-TiO,.

try
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SAZETAK
Rjesavanje strukturnih problema keramickih materijala

Amalija Golobié, Sreco Skapin, Danilo Suvorov i Anton Meden

Prikazane su metode za odredivanje kristalne strukture iz podataka dobivenih difrakcijom na prahu s po-
sebnim naglaskom na primjenu za tehni¢ku keramiku. Opisane su, takoder, eksperimentalne tehnike koje se
sluzZe i drugim pristupima osim laboratorijskih X-zraka, na pr. sinhrotronskim zracenjem, neutronskim i elektron-
skim snopovima. Kao ilustrativni primjer opisana su odredivanja kristalnih struktura spojeva LaNbTiOg4 (1),
La0,462Nb0,614Ti(),38603 (2) i LaO,37NbO,889TiO,lllO3 (3) iz ternarnoga sistema La203—Nb205—Ti02.

Croat. Chem. Acta 77 (3) 435-446 (2004)



