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Abstract: In this paper, the ternary system La;O3-TiO,-Nb,Os is studied to find new ternary phases
with useful electrical properties. The solid solution Laz_,Tis_3xNb1g_2xO39 5_12.5« Was recently iden-
tified, and this study focuses on the structural characterization of this solid solution with x = 0.04. The
crystal structure, representing a new structural type, was determined from synchrotron and neutron
powder diffraction data. The unit cell parameters are a = 7.332 A,b=7421A,c=10673 A, o = 84.15°,
f=280.16°, v = 60.37°, and space group P1. The titanium and niobium atoms are disordered in five
different crystallographic sites coordinated octahedrally by oxygen atoms. The eight-coordinated
La atoms are embedded in the octahedral framework. Ti and Nb preferentially occupy different
sites, and this feature was studied using periodic density functional theory methods. Energies of
possible Ti/Nb distributions were calculated and the results agree well with the site occupancies
obtained by combined Rietveld refinement of synchrotron and neutron powder diffraction patterns.
The geometries optimized by DFT also agree well with the structural parameters determined by
diffraction. The general agreement between the theoretical calculations and the experimental data jus-
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1. Introduction

The phase relations in the LayO3-NbyOs5 and Lay;O3-TiO; systems have been intensively
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Published: 3 March 2023 conductivity in the range of 107> to 107> Q~! cm~! [3-5], although the stoichiometric
La; ;3NbO3 has very low electronic conductivity (less than 107190~ em~1 at 20 °C) [4,6].

In the LayO3-TiO; system, there are the compounds La,Ti;O7 and LasTigOp4, which

have been reported to have interesting dielectric properties [6]. However, in the binary
system, the perovskite Lay /3TiO3 compound was not found [2,7]. It can be stabilized with
a small amount of Al,O3 and exhibits excellent microwave dielectric properties [8,9]. On
the other hand, the same compound with small amounts of Fe,O3 (La,),3FexTi; xO3) or
Li;O (Lap/3_«LizxTiO3) shows high electronic [10] and ionic conductivity, respectively [11].
The stabilization mechanism of the perovskite La; ,3TiO3 in the ternary system LayO3-TiO,-
creativecommons.org licenses /by/ Nb,Os and its crystal structure have been thoroughly studied by several authors using
10/). laboratory X-ray [12,13], synchrotron [14], and neutron [15] diffraction methods. Zhang
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et al. reported interesting, highly tunable microwave dielectric properties of ceramics
based on the ternary compound LaTiNbOg, where the properties can be varied by thermal
treatment conditions [16]. Crystal structure, phase composition, and electrical properties of
some ceramic compositions along the composition line Ln; ,3NbO3-Ln;,3TiO3 have been
studied in detail due to their promising microwave dielectric properties [17,18]. Recently,
we have reported other remarkable microwave dielectric properties of the ternary phases.
Namely, the LaTiNbOg and Lag 462 Tip 386Nbg 61403 phases exhibit an opposite temperature
dependence of the resonant frequency in the microwave range, and their mixture in the
molar ratio of 0.27 has thermally stable dielectric properties [12].

Some information is still lacking on the ternary compounds in the LayO3-TiO,-Nby,O5
system and their structures. Strahov et al. [19] identified a solid solution LaTi; _xNb3O11.2x
(x = 0-1) lying on the proposed La; ;3NbO3-TiO; tie-line. However, our recent study of a
ternary phase diagram of the LayO3-TiO,-Nb,Os5 system (subsolidus isothermal section
at 1290 °C) revealed several new phases and defined this solid solution with the formula
Laz xTi5_3xNb1g-2xO395-125x [12].

The aim of this work was to determine and analyze the structure of the endmember of
the solid solution Lag_yTi5_3xNb1g_2xO39.5_125¢ With x close to zero. We intended to solve
the structure by crystallographic powder diffraction techniques, using synchrotron and
neutron powder diffraction patterns simultaneously. In addition to established protocols for
structure solution based on powder diffraction techniques, we also intended to use quantum
calculations based on periodic density functional theory (DFT). Theoretical calculations
have become a powerful tool supporting the interpretation of experiments in a variety of
chemical disciplines, and since the underlying numerical formalism supports periodicity,
they have also been used to characterize crystalline solids, for example in [20]. However,
due to the diversity of crystalline materials, there is little published experience with the
computational treatment of the LayO3-TiO,-Nb,Os system.

2. Materials and Methods

The ceramic specimens were prepared by the solid-state reaction technique using
LayO03 (99.99% Alfa Aesar), TiO, (99.8% Alfa Aesar), and Nb,Os (99.5% Alfa Aesar). Since
LayOs has a strong tendency to form a hydroxide and a carbonate with moisture and CO; in
the air, the oxide was routinely checked by an annealing loss measurement at 1300 °C before
weighing. Samples of the final mass of 3.6 g were weighed according to stoichiometry and
homogenized in 70 mL of ethanol media for 0.5 h using a YTZ ball mill. Molar ratio of
starting oxides was 1.48 La;O3: 4.88 TiOy: 4.96 Nb,Os. The dried powders were uniaxially
pressed into pellets and calcined in a tube furnace in air at 1300 °C for 12 h. The calcination
process was repeated several times with intermittent homogenization.

The prepared samples were polished and examined by scanning electron microscopy
(FESEM, Ultra Plus, Carl Zeiss, Germany). Quantitative chemical analysis of the identified
phases was performed by energy dispersive spectroscopy (EDS, INCA, Oxford Instru-
ments).

High-resolution synchrotron powder X-ray diffraction data were collected at the Swiss-
Norwegian Beamline (SNBL) BM01B at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France, using the Debye-Scherrer transmission geometry (0.05 mm diameter
capillary) and a wavelength of 0.49998 A. The usable data range was between 4 and 44°
20 (d-spacing between 7.165 and 0.667 A), and the step size was 0.003° 20. The neutron
powder diffraction pattern was collected at the Swiss Spallation Neutron Source (SINQ) at
the Paul Scherrer Institute (PSI) in Villigen, Switzerland. A constant wavelength of 1.494 A
was used, and the 20 range between 7 and 147° 26 (d-spacing between 12.236 and 0.779 A)
was scanned in steps of 0.05° 20.

Indexing was performed with the Treor [21] and Ito [22]. The Fox [23] software was
used for structure solution, and structure refinement was done with the Rietveld method
integrated in the software package Topas Academic [24].
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All calculations reported in this study are based on the periodic DFT method with local
atomic basis sets as implemented in the CRYSTALO6 [25] software package (note that the
actual basis functions in this approach are periodic Bloch functions defined in terms of local
atomic functions). For most of our calculations, we used the well-known B3LYP functional.
In a small part, we also used the BLYP and PBE functionals to test the consistency of the
results. For the titanium and oxygen atoms, all calculations used the 86-411d3G and 8-411G
basis sets, respectively, which contain all electrons. In previous studies, the Ti basis set
has been employed in various studies, including electric field gradient calculations on
Li,TiS; [26], evaluation of properties of cubic and tetragonal ferroelectric phases of BaTiO3
with performance analysis of various functionals [27], and study of adsorption of CO on
TiO; [28]. The O basis set was used in studies of metal oxides, including CO adsorption on
TiO, [28], elucidation of electronic structure of crystalline NiO and MnO [29], and structural
studies of epitaxial monolayer of NiO on Pd (100) [30]. Both basis sets were obtained from
the online library maintained by the authors of the software [31]. For niobium, we used
a Hay-Wadt pseudopotential approximating the 28 core electrons, while the 31 (31d) G
basis set, developed and tuned for use together with the pseudopotential, was used to
treat the valence electrons explicitly [32]. Alternatively, we also used the all-electron 986-
31 (631d) G basis set for niobium [33]. For lanthanum, we used the Stuttgart-Dresden
(SDD) pseudopotential representing the 46 core electrons along with the (7s6p5d)/[5s4p3d]
valence basis set [34] modified for use under periodic boundary conditions. Alternatively,
we have also used the Hay-Wadt pseudopotential for lanthanum in conjunction with the
same basis set. Finally, we have tentatively used a lanthanum basis set for all electrons
from Towler’s periodic basis set library [31,35].

The preferences of the Ti and Nb atoms for occupying five different crystallographic
sites in the structure were investigated by comparing the energies of ten possible occu-
pational isomers obtained by placing 2 Ti and 3 Nb atoms in the five sites. Geometry
optimization of all isomers was performed under the constraint of a fixed unit cell; parame-
ters determined from powder diffraction were used. Both the translational periodicity and
the symmetry features of the P1 space group were consistently considered in the calculation.
A2 x 2 x 2mesh of k points was used for the integration into the reciprocal space according
to the Monkhorst-Pack method [36], which gave satisfactory convergence of the energies.
To improve the accuracy of the optimization, we strengthened the convergence check of the
geometry by classifying the integrals based on the final geometry (option FINALRUN = 3).
The same diffraction-determined geometry was used as the starting point for each opti-
mization.

3. Results
3.1. Structure Determination and Analysis
3.1.1. Structure Solution and Refinement

A ceramic material representing the end member of the solid solution Las_Ti5_3xNbjg_2x
O39.5-12.5¢, With x near zero, was prepared as described above. The FESEM analysis showed
that the material consisted of a single phase, and the EDS analysis confirmed that x in the
above formula is 0.04, i.e., the approximate formula of the material is Lap 95 Tis 8gNbg 92O39
(Figure 1).

The diffraction pattern indicates that the material is well crystallized (sharp peaks)
and has a rather complex crystal structure (many peaks with significant overlap even at low
diffraction angles). The pattern could not be assigned to any known phase in this system or
any other in the PDF-4 database.
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Figure 1. (a) FESEM micrograph of the single phase ceramic based on the composition corresponding
to Lap 96 Tis ggNbg 92O39, sintered at 1300 °C, and (b) graph of the EDS analysis of the ceramic.

Indexing of the synchrotron X-ray diffraction pattern provided a solution with high
figure of merit and indexing of all peaks. It was triclinic with the parameters in the standard
setting (parameters increase from 4 to c and all angles are either acute or obtuse) a = 7.332,
b=7421,c=10.673 A, x = 84.15, B = 80.16, 7 = 60.37°, V = 497.24 A3. The angle -y indicates
a pseudo-hexagonal structure, but it is distorted. The lattice defined with the given triclinic
cell was examined to identify possible higher symmetry and indeed several settings of a
four times larger monoclinic C-centered unit cell were found. One example is defined by
the parameters a = 12.901, b = 7.332, ¢ = 21.873 A, § = 105.98°, V = 1989.06 A It is evident
that the triclinic 2 and b define the centered rectangular ab face of the monoclinic cell, and
the monoclinic ¢ ends in the second layer of the triclinic lattice, since it is not possible to
form a rectangular bc face of the monoclinic cell with the lattice points in the first layer
(Figure 2). Such monoclinic cells predict twice more reflections than the small triclinic cell,
which is a disadvantage, nevertheless structure solution trials were performed in both
specified unit cells.

Figure 2. The relation between triclinic (black lines and letters) and monoclinic (blue lines and letters)
unit cells. Origin is the same, small yellow spheres are the lattice points.

The triclinic cell was first assumed to have space group P1, while the extinction
conditions for the monoclinic cell corresponded to the three space groups C2, Cm, and
C2/m. The highest symmetry was tried first and then the other two, since we did not find
a feasible solution in C2/m. We assumed that the lanthanum ions are free in the structure
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and the oxygen ions form octahedra with either niobium or titanium ions in the center,
and that niobium and titanium share crystallographic sites. Based on the volume of the
asymmetric unit, approximate stoichiometry, and estimated density, one lanthanum and
five (Ti,Nb) Og octahedra were loaded into the Fox software in the case of the triclinic cell
and the software was run for 16 h of CPU time on a single-processor personal computer.
A similar procedure and the same number of atoms and polyhedra were required for the
C2/m space group, while the number of atoms and polyhedra had to be doubled for the C2
and Cm space groups.

Feasible solutions were found in the triclinic cell and with space group C2 in the
monoclinic. However, solution in the monoclinic cell was only possible when larger
fragments found in the triclinic cell were loaded into Fox. Although the symmetry is
different, the structures in the triclinic and monoclinic cells look similar. We attribute this to
high pseudosymmetry. The distortions of the true structure can be only seen in details. The
Ti/Nb octahedra form zigzag layers by sharing edges and corners. The lanthanum atoms
are 8-fold coordinated and contained in one of the two types of layers. A more detailed
description is given in the next subsection.

Although the monoclinic structure contained two times more atoms and had two
times more predicted reflections, the final fit to synchrotron and neutron data was worse
than for the small triclinic structure. This was the main reason why we chose the triclinic
model, which is described below. In addition, Findsym [37] did not find higher symmetry
when the triclinic structure was loaded. A side effect of choosing a smaller structure was a
manageable number of occupational isomers that we investigated by DFT calculations.

The final refinement was performed simultaneously on synchrotron Y-ray and neu-
tron diffraction patterns, with both patterns equally weighted. Atomic coordinates and
population parameters were the same for both patterns, while unit cells were refined
independently to account for possible temperature differences between neutron and syn-
chrotron data collection. However, the difference was within standard deviations. All
atomic coordinates, including oxygen coordinates, were refined without constraints or
restraints, while atomic displacement parameters were refined in three groups—one for
lanthanum, one for all Ti/Nb cations, and one for oxygen atoms.

Refinement of the population parameters of the cations was not so straightforward
(all refinements assumed that the oxygen sites were fully occupied). After several trials,
using various approaches (from a free, independent refinement to a restricted refinement
in which the total occupancy of a given site is exactly one or less than or equal to one),
it became clear that the refinement was not very sensitive to the occupation parameters
(very similar R factors were obtained with different occupation parameters). Although
both diffraction patterns (X-ray sensitive for the cation occupancy and neutron sensitive
also for the oxygen atoms) were used simultaneously, this is understandable since all six
cationic sites can be partially occupied (vacancies are possible for La and for Ti/Nb). At
the end of the refinement, the occupation parameters were constrained to follow the cation
ratios determined by EDS, to be consistent with the solid solution formula, and to maintain
electroneutrality.

There are only 13 oxygen atoms in the asymmetric unit, and there is no room for more
even if the symmetry is broken or a large monoclinic cell is used—the ratio of oxygen to
cationic sites remains the same. Referring to the solid solution formula Laz_Ti5_3xNbjo_px
O39.5-12.5x, We can have 39 oxygen sites (three times the asymmetric unit), which means that
x in the formula is 0.04 (which is close enough to zero) and the formula is Lay g6 Tig 8sNbg 99O39
or LagogyTi1 627Nb3 307013 for the asymmetric unit. This is close enough to the formula
obtained from the final occupancies (Tables 1 and 2).
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Table 1. Crystal data and Rietveld refinement parameters of Lag 9g;Ti1 6p7Nb3 307013.

Parameter Synchrotron Data Neutron Data
Space group P1 P1
a[A] 7.3321 (3) 7.331 (2)
b[A] 7.4214 (4) 7.418 (3)
c[A] 10.6730 (5) 10.672 (4)
o [°] 84.153 (4) 84.14 (2)
B[°] 80.159 (5) 80.16 (3)
v [°] 60.367 (5) 60.37 (3)
V [A%] 497.28 (5) 1 496.9 (4)1
Temperature Ambient 2 Ambient 2
Wavelength [A] 0.49998 1.494
Used 20min, 20max [°] 3.999, 44.001 7.000, 147.000
Used dmax, dmin [A] 7.165, 0.667 12.236, 0.779
No. of profile points 13335 2801
No. of reflections 3615 2220
No. of profile parameters 253 243
No. of structural parameters 68 68
No. of restraints (occ.) 5 5
Rexp [%] 2271 1.717
Rp [%] 3.980 3.686
Ruwp [%] 4.969 4.663

1 The unit cell was refined separately to account for possible temperature differences between data collections.
2 The temperature of the sample was not controlled. 3 Unit cell parameters were counted as profile parameters

since they do not affect intensities.

Table 2. Fractional atomic coordinates, site occupation parameters and atomic displacement parame-

ters of Lag gg7Ti1 627Nb3 307013.

Label x y z Occ. Biso
La 0.7995 (4) 0.7550 (2) 0.78768 (10) 0.987 0.26 (2)
Til 0.2122 (6) 0.7407 (4) 0.1734 (2) 0.458 0.107 (12)

Nb1 0.2122 (6) 0.7407 (4) 0.1734 (2) 0.542 0.107 (12)
Ti2 0.2911 (5) 0.2594 (3) 0.82544 (17) 0.173 0.107 (12)
Nb2 0.2911 (5) 0.2594 (3) 0.82544 (17) 0.827 0.107 (12)
Ti3 0.7093 (5) 0.2402 (3) 0.1775 (4) 0.103 0.107 (12)
Nb3 0.7093 (5) 0.2402 (3) 0.1775 (4) 0.897 0.107 (12)
Ti4 0.1090 (7) 0.2489 (4) 0.5639 (2) 0.585 0.107 (12)
Nb4 0.1090 (7) 0.2489 (4) 0.5639 (2) 0.349 0.107 (12)
Ti5 0.3692 (5) 0.7842 (3) 0.45570 (18) 0.308 0.107 (12)
Nb5 0.3692 (5) 0.7842 (3) 0.45570 (18) 0.692 0.107 (12)
o1 0.0 05 05 1.0 0.77 (2)
02 0.5 0.5 0.5 1.0 0.77 (2)
o3 0.4030 (10) 0.4478 (10) 0.2108 (6) 1.0 0.77 (2)
04 0.0223 (13) 0.3255 (7) 0.7700 (4) 1.0 0.77 (2)
05 0.2933 (12) 0.8649 (7) 0.6191 (4) 1.0 0.77 (2)
06 0.1443 (17) 0.7719 (8) 0.3890 (4) 1.0 0.77 (2)
o7 0.0117 (10) 0.0390 (10) 0.1744 (5) 1.0 0.77 (2)
08 0.2104 (10) 0.5593 (10) 0.7863 (6) 1.0 0.77 (2)
09 0.7311 (16) 0.2901 (7) 0.9985 (5) 1.0 0.77 (2)
0o10 0.2333 (16) 0.2847 (8) 0.9891 (4) 1.0 0.77 (2)
o11 0.7829 (11) 0.9077 (6) 0.5820 (4) 1.0 0.77 (2)
012 0.5924 (11) 0.1835 (7) 0.7838 (4) 1.0 0.77 (2)
013 0.3885 (10) 0.9608 (10) 0.8278 (6) 1.0 0.77 (2)
014 0.3637 (16) 0.2213 (8) 0.6106 (4) 1.0 0.77 (2)

The final Rietveld refinement of the triclinic structure on both patterns simultaneously
was stable and gave reasonable agreement between the calculated and observed patterns
(Figures 3 and 4), as reflected by acceptable R factors (Table 1). The final refined coordinates,
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population parameters, and atomic displacement parameters are listed in Table 2, while the
structure is described in the following subsection.
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Figure 3. The final Rietveld diagram of Lag 9g7Tij 27Nb3 307013 on the synchrotron diffraction pattern.
The measured (blue) and calculated (red) lines are superimposed, while the gray line below represents
the difference. Vertical bars at the bottom mark the reflection positions.
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Figure 4. The final Rietveld diagram of Lag 9g;Tij 6p7Nb3 307013 on the neutron diffraction pattern.
The measured (blue) and calculated (red) lines are superimposed, while the gray line below represents
the difference. Vertical bars at the bottom mark the reflection positions.

3.1.2. Structure Description

The crystal structure of LagggyTi1 ¢27Nb3 307013 can be described by two types of
polyhedral layers parallel to the ab plane and stacked along the z direction.

The first type of polyhedral layers consists of three nearly planar sublayers. The
middle sublayer is shown in Figure 5 and contains lanthanum, three Ti/Nb shared sites
(labelled 1, 2, and 3 in Table 2), and six oxygen sites (labelled O3, O4, 07, 08, O12, and O13).

Above and below the middle sublayer are two sublayers consisting only of oxygen
atoms (the upper sublayer of O5, 06, O11, and O14 and the lower sublayer of O9 and O10).
These oxygen atoms are above and below the cationic sites and complete the polyhedra
around the cations in the middle sublayer. Lanthanum is eightfold coordinated. Six oxygen
atoms in the plane with distances between 2.581 (9) and 2.779 (4) A form an almost regular
hexagon, and two more are located above and below lanthanum with distances of 0.356 (5)
and 2.358 (5) A, forming the tips of the hexagonal bipyramid. The Ti/Nb sites in this type
of layer are octahedrally coordinated by oxygen atoms (four in the plane and two in the
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upper and lower sublayers). The Ti/Nb-O distances range from 1.732 (5) to 2.280 (5) A and
the O-Ti/Nb-O angles from 74.5 (3) to 105.3 (5)° for cis and 48.9 (2) to 178.8 (4)° for trans
oxygen atoms. The distortions of the octahedra are considerable, but well understood from
the point of view of the connections to the neighboring layers.

Ti/NBT

(a) (b)

Figure 5. The structure of the sublayer containing La, Ti/Nb 1,2,3 and O3, O4, O7, O8, 012, O13 sites.
The pseudo-hexagonal arrangement in this sublayer is clearly visible: (a) Ball and stick model with
atom labelling; (b) Polyhedral representation.

The layer of the first type is connected by the common corners O9 and O10 to the
layer of the same type, which is shifted so that La and Ti/Nb2 are superposed, bridged by
0O10. The distances Ti/Nb2-O10 and La-O10 are relatively short (2.356 (5) and 1.732 (5) A,
respectively). Similarly, Ti/Nb1 and Ti/Nb3 are superposed in the adjacent layers of the
first type, bridged by O9, the distances Ti/Nb1-O9 and Ti/Nb3-O9 are 1.823 (5) and 1.903
6) A, respectively (Figure 6).

Figure 6. Connection of two adjacent layers of the first type by the oxygen bridges—ball and stick
model with atom labelling.

The Ti/Nb-centred octahedra of the first layer type have only common corners, and
their in-plane edges form a hexagon around lanthanum and an empty triangle between the
three octahedra (Figure 5b).
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The layers of the second type are more complex. They consist of Ti/Nb-centered
octahedra with common corners and edges and are sandwiched between pairs of layers of
the first type. The cationic sites in this type of layer are Ti/Nb4 and Ti/Nb5, and the layer
is not as planar as the first, but rather wrinkled. It can also be viewed as an interconnected
set of zigzag chains of octahedra running in different directions. This type of layer contains
two oxygen atoms in special positions. They are O1 and O2, which sit on the centers of
inversion in the middle of the ac face and in the middle of the unit cell, respectively. O1
connects two symmetry related Ti/Nb4 sites in a corner-sharing manner and with a bond
length of 1.740 (3) A. Similarly, O2 connects two Ti/NDb5 sites with a bond length of 1.881
(2). The octahedra around Ti/Nb4 and Ti/NDbb5 sites also include oxygen atoms O5, O6,
011, and O14 protruding from the first-type layer and atoms O4 and O12 from the middle
of the first-type layer (Figure 7a).

(a) (b)

Figure 7. Layer of the second type (Ti/Nb4 and Ti/Nb5) embedded between layers of the first type
(La, Ti/Nb1, Ti/Nb2 and Ti/Nb3): (a) Ball and stick model with atom labelling; (b) Polyhedral
representation.

Thus, the Ti/Nb4 octahedron shares four corners (01, O4, O6, and O14 with Ti/Nb4,
La, Ti/NDb5, and the second Ti/Nb5, respectively) and one edge (O5, O11 with the third
Ti/NDb5). Similarly, Ti/Nbb5 shares the aforementioned corners 02, O6, and O14, as well as
012 with La and the aforementioned edge O5, O11 (Figure 7b).

The resulting polyhedral framework is dense and tightly connected in all directions,
as shown in Figure 8. As can be seen from the stoichiometry and the fact that it is an end
member of a solid solution, the structure remains stable when the lanthanum sites as well
as the octahedral sites are not fully occupied. This is necessary to balance the charge when
the Ti/Nb ratio changes. During refinement, it was found that Ti and Nb are not evenly
distributed among the available sites (Nb prefers sites 2 and 3 and avoids site 4). In addition,
vacancies appear to be concentrated in one of the sites (4, see Table 2). This was further
investigated by quantum chemical calculations. The preferred occupancy of the sites by
Nb or Ti was calculated using DFT, and the results are presented in the following sections.
However, vacancies were not part of this study because vacancies are not compatible with
the DFT calculations—all crystallographic sites must be fully occupied and ordered for the
calculation to be possible.
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Figure 8. Polyhedral representation of the structure Lag g7 Tij 627Nb3 307013. The octahedra have
oxygen atoms in the corners and either titanium or niobium atoms in the center. The lanthanum
atoms are drawn as small spheres. The unit cell is also outlined.

3.2. DFT Calculations

As described earlier, there are three types of crystallographic sites in the structure of
Lag 9s7Ti1 627Nb3 307013. One partially occupied lanthanum site, five sites unevenly shared
by Ti and Nb in the molar ratio of 1.627:3.307 and possibly containing (unevenly distributed)
vacancies, and thirteen fully occupied oxygen sites. To make the DFT calculations possible
all sites were assumed to be fully occupied, and the Ti:Nb molar ratio was rounded to 2:3.
There are 10 ways to distribute 2 Ti and 3 Nb among 5 crystallographic sites, which are called
occupational isomers and are referred to as occupational isomers of LNT. The abbreviation
LNT is used to emphasize the difference between the experimentally determined structure
of LagogyTij 6p7Nb3 307013 and the simplified approximation used for DFT calculations.
In the following, the isomers are presented in the following notation. The occupancy of
the sites numbered 1-5 is given in regular order as a set of five designations, where the
designation “1” means titanium and the designation “2” means niobium. For example, the
notation 12212 means titanium on sites 1 and 4 and niobium on sites 2, 3 and 5.
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3.2.1. Optimization of Occupational Isomers

A detailed quantitative comparison between optimized and experimental geometry
is rather complicated and requires a complex set of data. The main reason is that in the
experimental geometry the Ti/Nb sites are occupied by both atoms at the same time (non-
integer occupancies), while in the computational model each site must be occupied by
either titanium or niobium. For this reason, no single “optimized geometry” of LNT was
obtained by optimization, but a set of ten structures (Table 3). Of course, the optimized
structures of the isomers differ among themselves because the Ti and Nb atoms occupy
different sites each time and the local environment of Ti is usually different from that of Nb,
e.g., the Nb-O distances tend to be longer than those of Ti-O. Cross-comparison between
the superimposed isomer pairs shows that the RMSD of the optimized atomic positions is
usually about 0.15 A.

Table 3. Relative energies of the ten occupational isomers of LNT calculated with different functionals,
pseudopotentials, and basis sets. Abbreviations of pseudopotentials: SDD—Stuttgart-Dresden type,
HAY—Hay-Wadt type, None—no pseudopotential (all electron basis set). The “Opt?” field indicates
whether atomic position optimization was performed or whether it is a single point calculation. Note
that for each set of calculations in a given row, the zero value is defined as the energy average of all
ten isomers.

Functional/Pseudopotentials

Relative Energies of Isomers [kcal/mol]

DFT PP La PP Nb

Opt?
P 11222 12122 12212 12221 21122 21212 21221 22112 22121 22211

B3LYP SDD HAY

Yes 5.95 18.65 —1330 —437 1522 -933 -3.62 —6.89 0.27 —2.72

B3LYP HAY HAY

Yes 6.55 1770 -1354 -505 1595 842 -3.03 -7.03 017 —2.89

B3LYP SDD None

Yes 6.61 2072 —12.87 —438 1701 —-9.88 326 —7.04 1.59 —3.41

B3LYP HAY None

Yes 6.36 20.27 —13.67 —-5.01 1694 —-1049 -3.68 781 1.00 —4.05

B3LYP None None

Yes 6.31 2064 1366 -530 1787 —-1029 -3.82 717 1.16 -3.49

PBE SDD HAY

Yes 5.85 16.84 —-11.77 -3.83 1372 —-838 342 —643 0.31 —1.81

BLYP SDD HAY

Yes 6.90 1730 —12.02 —435 1484 879 355 —6.60 0.09 —2.79

B3LYP SDD HAY

No 2274 2781 3110 -0.71 31.03 —2290 5.78 —2520 7.02 —12.61

Comparison of the ten optimized isomers with the experimental structure gives a
comparable RMSD of equivalent atoms, so that the agreement between the experimental
Lag 9g7Ti1.627Nb3 307013 structure and the optimized isomers is roughly equivalent to the
“agreement” between the isomers themselves. This result is virtually independent of the
employed functional, pseudopotentials, and basis sets. Importantly, while individual atoms
change positions in the course of the optimization (always starting from the experimental
structure), the general structural features remain intact, i.e., all the motifs of the diffraction-
determined structure described in Section 3.1. are also preserved in the optimized structures
of all isomers. In general, the individual computed metal-oxygen distances may differ
from the corresponding experimental values by up to 0.1 A or more, but much of the
discrepancy can be attributed to the fact that the experimental structure contains partially
occupied Ti/Nb sites, with the corresponding metal-oxygen distances belonging to a
weighted average of the Ti-O and Nb-O distances. Nevertheless, no major structural shifts
were detected during the optimization that would contradict the structural description
presented in Section 3.1.2. Since the experimental and theoretical structural representations
differ significantly at the fundamental level, further geometry analysis is neither useful
nor practical, but it can be safely inferred that the agreement between the computed and
experimental geometries is reasonable.
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3.2.2. Thermodynamic Site Preferences

Since the choice of suitable pseudopotentials and basis sets for lanthanum and niobium
atoms is rather limited—in contrast to titanium and oxygen, there is much less documented
material for La and Nb—we first compared the influence of the choice of pseudopotential
and atomic basis set of La and Nb on the computed preferred order of the isomers. We
used various combinations of basis functions and pseudopotentials for La and Nb (the
basis set for Ti and O was always the same, as described in Section 2) together with the
B3LYP functional (rows 1-5 in Table 3). The graphical representation of the relative energies
corresponding to these calculations is shown in Figure 9. The variations in the relative
energies are very small regardless of the pseudopotential and basis set for La and Nb and
are typically in the range of 1 to 2 kcal/mol for all isomers; the choice of pseudopotentials
and basis sets has virtually no effect on the preferred order of the isomers. Even when
an all-electron basis set is used for both La and Nb—in which case the nonrelativistic
approximation becomes unreliable, especially for La—the computed energy pattern of
the isomers is virtually the same as in other B3LYP calculations. It appears that the core
electrons play virtually no role in the interactions that determine the LNT structure.

25 : ; : .
g La - None; Nb - None E]
20+ 7\ La - SDD; Nb - None O .
S
\/ @ La - HAY; Nb - None A
15} A4 La - SDD; Nb- HAY V1
. La - HAY; Nb - HAY
TE) 10} 1
& )
g & = ‘
4 A
] — 9
7] o
-5f & &4 =
aa PRI
A &
-10} & "
&3
-15 N

site isomer

Figure 9. Relative energies of the ten LNT occupational isomers calculated with the B3LYP functional
and with various pseudopotentials and basis sets (Table 3, rows 1-5). For each set of calculations, the
zero value corresponds to the energy average of all isomers in that set.

Similar to the variation of the basis sets and pseudopotentials, there are only minor
changes in the pattern of relative energies when the B3LYP functional is replaced by PBE
or BLYP (see rows 6 and 7 in Table 3). This results in the following order of decreasing
preference of the isomers:

12212 > 21212 > 22112 > 12221 > 21221 = 22211 > 22121 > 11222 > 21122 > 12122.

Obviously, all the computational settings used are of comparable accuracy and validity.
While no direct validation against experimental results is possible at the level of relative
energies, we believe that the observed agreement between the different computational
strategies indicates that the computational approach is sufficiently reliable. The good
agreement between the experimental and calculated geometry parameters of LNT also
supports this assumption. Further evidence of the reliability of the computational method
used is presented below.
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The total energy range of the isomers is about 35 kcal/mol, and the most favorable six
isomers are within the lowest 10 kcal/mol. In contrast to the optimized isomers, the single-
point calculations on the diffraction-determined structure yield a much larger energy span
(nearly 60 kcal/mol) and much larger energy differences between the isomers. This is due
to the fact that the experimental geometry contains partial occupancies of the Ti/Nb sites
leading to the averaged geometry of their surroundings (e.g., the metal-oxygen distance
in the Ti/NbO6 octahedra lies between the Ti-O and Nb-O distances); as DFT modeling
cannot evaluate the concept of partial occupancies, the input structure contains geometric
stresses that are significantly reduced by the optimization. In this sense, the optimized
geometries and corresponding energies probably provide a more reliable description of the
material.

Despite the neglect of the concept of partial occupancies, the calculations presented
above can be used to evaluate and validate the relative occupancies of the five Ti/Nb sites
obtained by Rietveld refinement. Based on the latter, the partial titanium occupancies of
the five Ti/La sites are listed in Table 2. According to these data, the probability of finding
a titanium atom is greatest at site 4, followed by sites 1, 5, 2, and 3. Since our LNT model
includes ten combinations of two titanium (and three niobium) atoms at the five sites,
one can determine the statistical titanium occupancy index for each of the ten isomers
by simply calculating the product of the titanium occupancies at the two respective sites.
This requires two assumptions: (i) that the titanium (niobium) distribution over the sites is
governed thermodynamically, and (ii) that the inclusion of two titanium atoms represents
two statistically independent events, such that the probability of finding two titanium atoms
at given positions is equal to the product of the probabilities for the presence of titanium at
the respective sites. In this way, an experimental sequence of preferred occupancies can be
established for the ten isomers considered, as listed in Table 4.

Table 4. Experimental (based on Ti site occupancies) and calculated (based on energy) site preference
orders of the ten LNT isomers. The statistical occupancy index is calculated as the product of the Ti
occupancies of the two respective sites. The relative energies refer to the calculations listed in the first
row of Table 3.

Titanium Statistical Preference Relative Preference

Site Isomer on Sites Occupancy Order Energy Order

Index (exp.) (exp.) [kcal/mol] (calc.)
11222 1and 2 0.079 7. 5.95 8.
12122 land 3 0.103 5. 18.65 10.
12212 land 4 0.268 1. —13.30 1.
12221 land5 0.141 3. —4.37 4.
21122 2 and 3 0.018 10. 15.22 9.
21212 2and 4 0.101 6. —9.33 2.
21221 2and 5 0.053 9. —3.62 5.
22112 3and 4 0.060 8. —6.89 3.
22121 3and5 0.032 9. 0.27 7.
22211 4and 5 0.180 2. —2.72 6.
11222 land 2 0.079 7. 5.95 8.

Similar to the procedure described above for converting the experimental data on Ti
occupancy at the five sites to the relative stability of the ten isomers, the computed relative
energies of the isomers can be converted to the preference of Ti occupancy at the sites. For
any given site, an average energy of the isomers can be calculated if that site is occupied by
titanium. The average energy as a function of site is shown in Table 5.
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Table 5. Average energy of isomers with a given site occupied by titanium, together with the
calculated and experimental order of Ti site preference. The isomers considered in the averaging are
listed for each site. The relative energies refer to the calculations listed in the first row of Table 3. The
experimental preference order is derived from Table 2.

. Preference Preference
Ti on Site Considered Average Energy Order Order
Isomers of Isomers
(calc.) (exp.)
11222,12122,
1 12212, 12221 173 3. 2
11222,21122,
2 21212, 21221 2.06 4 4.
12122,21122,
3 22112, 22121 6,81 5 5
12212, 21212,
4 22112,22211 —8.06 L L
12221, 21221,
5 22121, 22211 —261 2 3.

4. Discussion

The Inorganic Crystal Structure Database (Release 2022-2) contains 10 structures
belonging to the ternary system LayO3-TiO,-NbyOs. The structural data come from 4 pa-
pers [14,15,18,38] and describe phases with 4 different stoichiometries and 6 different
structure types. Five of the six structures are orthorhombic, and one is monoclinic. They are
relatively simple (containing up to 9 atoms in the asymmetric unit) and in all cases Ti and
Nb share crystallographic sites. Only two of the reported structure types are not perovskite-
like. This means that the reported structure is by far the most complex among the known
structures of the ternary system. Its complexity is probably due to the high niobium content.
Structures with higher complexity are known in the binary system La;O3-Nb,Os (e.g.,
LaNb7;Oj, with 21 atoms in the asymmetric unit). The coordination requirements and
electroneutrality are obviously difficult to achieve when La and Nb predominate in the
structure, and this is reflected in the distortions found in the reported structure, while the
crystallochemical features of this material are generally consistent with existing knowledge.

Due to the complexity of the structure, the use of quantum chemical computational
methods was important to confirm the reliability of the structural information obtained
by diffraction. Although there are some discrepancies between the experimental and
calculated order of site preferences presented in Table 4, similarities are evident, and the
agreement between experimental results and calculations is reasonable. For example,
isomers with titanium at position 4 are among the preferred isomers, and positions 1 and 5
are only slightly less preferred. On the other hand, isomers with Ti at positions 2 or 3 are
among the least favored.

Also, the computed Ti site preference order (Table 5) is in very good agreement with
the experimental order derived from the Ti site occupancies listed in Table 2; only the order
of sites 1 and 5 is reversed. This confirms the reliability of the computational protocols used
and validates the experimental results. Although a more quantitative assessment of the rel-
ative occupancies of the sites could be performed based on Boltzmann factors, we refrained
from doing so because of the obvious overestimation of the energy differences between
isomers (sites). For example, the range of average energies in Table 5 is nearly 15 kcal /mol,
corresponding to a tentative occupancy ratio of about 1:10~!! between site 4 and site 3
(at room temperature), implying that the relative occupancies of the less favorable sites
are largely underestimated. It should be noted, however, that the quantitative assessment
of relative occupancies should be based on free energy, which requires the inclusion of
thermal fluctuations that are only accessible through computationally intensive protocols
and were not considered in the present study. Moreover, only thermodynamic preferences
can be evaluated in this way, leaving the kinetic contribution completely unconsidered.
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All in all, despite the simplification and the limitation to qualitative results, the present
computational treatment yields a good agreement with the experimental findings, thus
providing valuable feedback and validation of the powder diffraction study of the structure
of Lag 987Ti1.627Nb3 307013.

5. Conclusions

The reported structure of LagggyTis ¢27Nb3 307013 is much more complex than any
other previously known ternary structure in the LayO3-TiO,-NbyOs system. To determine
such a complex structure, the use of complementary methods is essential. The synergy
of synchrotron and neutron powder diffraction is well known and proved successful in
solving the structure in this case as well. However, we found that the quantum chemical
computational methods were very important for validating and confirming even relatively
fine details, such as the occupation parameters.

The methodology used for the successful structure determination of Lag 987 Tij 607Nb3 307013
demonstrates the approach that should be used for the further elucidation of the solid
solution Laz_,Ti5_3,Nb19_2xO39 5_12.5« and the structure determination of other unknown
phases in this ternary system. Although this approach is challenging and time consuming,
the better structural insight it can provide will encourage further search for new materials
in this interesting system.
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