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This PhD thesis presents experimental results from the synthesis, crystal structure and
microwave dielectric characterization of BaO-rich phases within the BaO-Nb20Os and BaO-
Nb20s-WOs3 system. | was primarily interested in two compounds with unknown crystal
structure, i.e., the binary BasNb20s and the ternary BasNb2WO14, which lie on a common
virtual tie-line BasNb20O¢s-Ba.WOs. As such, the investigations presented in this PhD thesis were

focused on:

(a) A detailed study of the formation conditions of BasNb20s, the phase transitions in
BasNb20ys and the phase stability of the individual polymorph. These investigations were
followed by decomposition studies of BasNb20Os, induced by various thermal and atmosphere

treatments.

(b) The phase relations and the phase stability of the BaO-rich hexagonal phases
within the BaO-Nb20s-WO3 ternary system. The first part of the ternary system investigation is
dedicated to the phase formation and microstructure of the hexagonal-perovskite based
ceramics, while the second part is related to the characterisation of the microwave dielectric
properties of the ceramics and to the hexagonal-perovskite crystal structure of the high-

temperature BasNb2WO14 polymorph.

(c) The crystal-structure characterization of the BaisNb:Og9 and BasNb2WO:4
polymorphs. The structural characterizations are based on a special approach, i.e., the TEM-
titing method in combination with a Rietveld refinement. The outcome of the applied
methods is a space-group determination of the high-temperature y-BasNb2Os and
BasNb2WO14, and the crystal structure of the low-temperature o-BasNb20s. Therefore the
presented tilting method represents a challenging starting point for the crystal-structure

determination of inorganic ionic compounds.

Povzetek



Vi

Disertaciji se loteva $tudije sinteze, kristalne strukture in mikrovalovnih dielektri€nih lastnosti z
BaO-bogatih faz znotraj BaO-Nb20s in BaO-Nb20s-WOQOs sistema. V glavnem sem Studirala
lastnosti dveh spaojin z neznano kristalno strukturo, ki leZita na veznici BasNb20Os-Ba-WOs, t.j.,

binarna BasNb20g in ternarna BasNb2WO14. Zatorej disertacija povzema rezultate analiz:

a) pogojev sinteze BasNb209, faznih prehodov znotraj BasNb2Os in stabilnost posameznih
polimorfov. K temu sem dodala e Studije razpada BasNb209 pri razli€nih temperaturnih in

atmosferskih pogojih.

b) faznih relacij in stabilnost z BaO-bogatih heksagonalnih faz znotraj BaO-Nb20s-WO3
ternarnega sistema. Prvi del analiz ternarnega sistema predstavija naravo formiranja
posameznih ternarnih faz in mikrostrukturne lastnosti keramike na osnovi heksagonalnih
perovskitov, med tem ko se rezultati drugega dela navezujejo na mikrovalovne dielektriCne
lastnosti keramike in na keksagonalno-perovskitno kristalno strukturo visoko-temperaturne

modifikacije BasNb2WO1a4.

Cc) kristalne strukture posameznih polimorfov s sestavo BasNb20g in BasNb2WOaua.
Karakterizacija kristalne strukture temelji na presevni elektronski mikroskopiji in metodi vrtenja
kristalov okrog conskih osi v kombinaciji z Rietveld refinement metodo. Na osnovi uporabljene
kombinacije metod, sem dolocCila prostorsko skupino in parametre osnovne celice visoko-
temperaturne y-BasNb20Os in BasNb:WO1s4 ter kristalno strukturo nizko-temperaturne o-
BasNb209. Kot taka, se je predvsem metoda vrtenja kristalov okrog conskih osi izkazala za

optimalno pri dolo€evaniju kristalnih struktur anorganskih ionskih spaijin.
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crystallographic direction in hexagonal
perovskite unit-cell perpendicular to hcp
stacking sequence. [001]+ is equivalent to
<111>p of cubic perovskite unit-cell.
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(b)

Figure 4: (a) The clinographic projection of hexagonal perovskite crystal structure based on AXi2 polyhedra showing
the anti-cubo-octahedral coordination for A-site cations. (b) The clinographic projection of cubic perovskite crystal
structure in terms of AXi2 polyhedra showing the cubo-octahedral coordination for A-site cations (by Mitchel et al.,

2002).

1.2. THE HEXAGONAL PEROVSKITE POLYTYPES

Hexagonal perovskite polytypes could be described in terms of intermediate structures
between two end-members (Fig. 1b and Fig. 3b); an ideal cubic (3C) and an ideal
hexagonal (2H) perovskite. They differ by the number of AXs-layers along the c-
crystallographic direction and in the way how these layers are stuck together. By introducing
one cubic close-packed layer in between two hexagonal close-packed layers in 2H
hexagonal perovskite structure (Fig. 5a) results the 4H polytype with chch stacking sequence
(Fig. 5b). This c-h notation [Jagodzinski, 1949] considers the particular AXs layer in the unit-cell
in terms of the orientation of the layer above and below the central one. Indeed, the central
layer is denoted as “h” when it has hexagonal configuration, which means that it is packed in
between two layers in similar orientation. In addition, the layer is said to be in a cubic
configuration and is denoted as a “c” when it is stuck in between two layers in different
orientation. The interstices between these layers are occupied by B-site cations, which are in
octahedral coordination with anions. The distance between cations in neighboring face-
sharing octahedra approximately correspond to the average thickness of close-packed
layers, which varies in the range of 2.2— 2.4 A. Increasing the number of ccp layers in between
blocks of two hcp layers results the six layered crystal structure in which two face-sharing
octahedral layers alternate with one corner-sharing octahedral layer. Therefore the structure
is described as 6H polytype with stacking sequence cchcch (Fig. 5c). In the same way, the

eight- and ten-layered crystal structure with (cchc)z and (cchcc): stacking sequence can be
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explained (Fig. 5d-5e). These hexagonal perovskite polytypes all adopt the hexagonal unit-

6,

cell with p=3 ¢ space group symmetry. The same is true for an ideal hexagonal perovskite
m

(2H) with exclusively hcp stacking sequence along [001]k.

C
h c
h
h C
h C
h h
C
(a) c c —
C
h
C c Y C
N \
- h c 10H
C
A =
C N &
h g h
c h 1 c
h c c
C C
(o) (d) (e)

Figure 5: A schematic representation of crystal structure of hexagonal perovskite polytypes in [110]+ orientation with
corresponding Jagodzinski’s notation: (a) the unit cell of deal hexagonal perovskite represented by two face-sharing
octahedral layers, (b) four-layered polytype having four octahedral layers in the unit-cell, (b) six-layered polytype
with six octahedral layers in the unit-cell, (d) eight-layered polytype represented by three CSO and one FSO layer,
(d) ten-layered polytype with four CSO and one FSO layer and (e) ten-layered polytype.

Among these, many hexagonal perovskite polytypes have rhombohedral unit-cell (R) with the
R-3m symmetry. The most predominant representatives contain five and nine close-packed
layers in the unit-cell and are recognized by triplets of face-sharing octahedra along c-
crystallographic direction. Considering the number of layers in the rhombohedral unit-cell, the
two perovskites polytypes are known as 5R and 9R crystal structures (Fig. 6a-b). More complex
R-3m polytypes correspond to 12R, 15R and 27R derivatives with (cchh)s, (cchch): and
(cchchchch)s: stacking sequence (Fig. 6c-e). According to Jagodzinski notation only 12-
layered polytype contains chains of three face-sharing octahedra along [001]4, whereas 15R
and 27R polytypes have pairs of face-sharing octahedra in addition to corner-sharing
octahedral layers. The particular crystal structures, especially those with block of three face-

sharing octahedra, commonly contain B-site cation vacancies in order to reduce the
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repulsion between the cations in face-sharing octahedra, excluding the hexagonal
elapsolites with general formula A2BB’Xs. In general, elapsolites are isostructural to 12R
polytype but do not contain cation vacancies. The repulsion between the B-site cations
within the face-sharing octahedra is reduced by the presence of low valence cations. Thus
the central octahedron within the block of three face-sharing octahedra are fully occupied
by trivalent cations (B’ = Al, Ga, In), whereas the two adjacent octahedra in (B2B’)X12 trimeric
units are exclusively occupied by small monovalent cation (B = Li, Na). The trivalent cations
are also positioned in corner-sharing octahedra. Moreover, the entire group of elapsolites
also differs from 12R polytype by the presence of exclusively monovalent anions (X = F, CI)
and A-site cations (A = K, Rb, Cs).

O>T OTTOITSTO

OO0 3T 0003 00

OTTO0OTOO0OTT OO OTOTO

O OO T0O0SO0

OTOTOOTOTOTOTOOTOTOIIOTOOTOT

Figure 6: Clinographic projection of the hexagonal perovskite-based crystal structures in terms of coordination
polyhedra of B-site cations viewed along [010]x. ¢ - indicates corner-sharing octahedra, h - indicates face-sharing
octahedra, R - indicates rhombohedral unit-cell; the number in front of R denotes the number of layers in the unit-cell

normal to c-axis.



1.3. THE B-site CATION-DEFICIENT HEXAGONAL PEROVSKITES
1.3.1. Classification of B-site cation-deficient hexagonal perovskites

The B-site cation deficient hexagonal perovskite with the general formula AnBn10zn can be
generally divided into two groups including “shifted” and “twinned” members [Trolliard et al.,
2003, 2004]. Both “shifted” and “twined” type structures are associated with the distribution of
planar defects such as shift planes and twin boundaries (Fig. 7). The “shifted” hexagonal

perovskites (Fig. 7a) can be described as a fully ordered stacking block of n-1 corner-sharing

octahedra separated by a vacant octahedral layer considering the periodic shift of %(120>H

in the stacking of CSO blocks [Trolliard et al., 2003]. In view of Jagodzinski’s notation the
“shifted” perovskite refers to (hhc...c)-type sequence implying two successive h-layers in the
unit-cell. Furthermore, the “twinned” type structures can be described as being derived from
the cubic perovskite structure by the periodic introduction of twin boundaries (Fig. 7b). The
(hc...c)-type sequence representing this crystal structure corresponds to “perovskite-like
block” linked together via octahedral faces (Fig. 7b). The B-site vacancies do not result in the
existence of a fully vacant octahedral layer as it is the case in “shifted” perovskites but in a

complex repetition of vacancies in pairs of face-sharing octahedra.

(a) (b)
“shifted"” perovskite “twinned"” perovskite
I |
c— @ k (Cs0)
c — et c.c.p part
h _ L UANEE VAN . “ {FSO)
ho Vioe v/ (hecppaort
¢ — [CSO)
c.c.p part

c —

(hhe...c)-type sequence (hec...c)-type sequence

/ B-sites full AN Bosit ' Bsites partially
. /. / Bsitesempty )
occupied / . occupied

Figure 7: The clinographic projection of the two structural types of hexagonal perovskites; (a) “shifted” type structure

and (b) “twinned” type structure (Trolliard et al., 2003, 2004).



1.3.2. The stability of B-site cation-deficient hexagonal perovskite

The formation of “twinned” and “shifted” structural types mainly depends on the average size
of the B-site cations [Trolliard et al., 2003]. Therefore the stability of “twinned” and “shifted”
domains can be interpreted in terms of Goldschmidt tolerance factor (t), which is classically
used to state upon the stability of perovskite-related crystal structures, and as a function of
the number of A-X layers (n) stack in the unit cell. The comprehensive study of cation-
deficient hexagonal perovskites with general formula AnBn-103n (n 2 4) from various chemical
systems [Trolliard et al., 2003] revealed that the compounds with low n ( n = 4, 5, 6) always
display “shifted” crystal structure stabilized in a wide range of t values, typically 0.97 <t < 1.05.
In the “shifted” perovskites with general formula AnBn10O3n and n > 4 vacancies on B-
sublattice leads to a fully vacant octahedra layer located in the perovskite blocks (Fig. 6a).
Therefore B-site cation vacancies are periodically ordered every n octahedral layers along
the crystallographic c-axis. This long-range ordering becomes crucial for the stability of the
“shift” type structure when the number of close-packed AXs layers between two vacant
layers increases along crystallographic c-axis. As n increases the “shift” type structure turns to
“twin” structure, which stability is assured on behalf of a drastic decrease of vacancies
occurrence along c-axis (every n/2 of octahedra layers). However, the “twinned” structures
can be stabilized only by simultaneous occupation of B-cations and vacancies on each side
of the twinning plane in order to avoid the strong repulsive metal-metal forces. Nevertheless,
the crystal structures of the “twinned” type are seldom observed and always correspond to
compounds with high values of n (n >7) and t (t > 1.05). If t is too small, the distance between
FSO centers become too short to allow the simultaneous occupation of these two B-sites and
the twin structure is no longer stable. For the whole AnBr-103n (n = 4) the “twin” structure type
has been stabilized only for n = 8 [Abakumov et al., 1996, Shpanchenko et al., 1995, Trolliard
et al., 2004].

1.4. THE B-site CATION ORDERING in HEXAGONAL PEROVSKITES

The B-site vacancies in cation-deficient hexagonal perovskite normally result in the B-site

cation ordering, which is among octahedral distortion, rotation and tilting operation the main

. 6 — _
reason for lowering the symmetry of Pﬁmc and R3m perovskites. Moreover, the effect of

ordering on B-sublattice is not strongly related to the hexagonal perovskites with empty

octahedral positions but was also observed in the structures lacking B-site cation vacancies.
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The representative of the simplest ordered structures without cation vacancies are 6H
hexagonal perovskites with general formula BasB2B’Oy [Ling et al., 2007, Zandbergen et al.,
1983, Lightfoot et al., 1990]. The corner-sharing octahedral positions in this crystal structure are
exclusively occupied by divalent cations, whereas the pairs of face-sharing octahedra are
occupied by isovalent large charged cations of the same type, which are not able to form
metal-metal bond. This bonding is not possible since the B-site cations in Bas:B2B’Og lack
electrons in d-shell, i.e., they have d° electronic configuration. The fact that low-charged
cations can fill merely bridging corner-sharing octahedra and large-charged cations only the
octahedra sharing faces indicates the way of cations ordering in Bas:B2B’Og. Furthermore, the
size of divalent cations in this structure regularly influence tilting the corner-sharing octahedra
around their three-fold axis, which is ruled out by the volume difference between BOs and
B’Os polyhedra. Since octahedral tilting creates too much space for A-site cations, the
structure tends to compensate it by a distortion of AO12 polyhedra and by a decrease of
coordination number for part of A-site cations from twelve to nine-fold as it is the case in
BasNb2SrOs [Zandbergen et al., 1983]. Consequently, these particular changes in related

compounds with large divalent cations in corner-sharing octahedra reduce the symmetry

6 6 . . . . . .
from Pﬁmc to Pﬁ. Moreover, the effective size of B-cations in particular those in face-

sharing octahedra influence the off-centered displacement of the B-site cations, which was
in detail studied by Megaw [1976]. Furthermore, some perovskites lacking B-cations with open
d-shells as well B-cation vacancies can achieve the cation ordering and consequently the
crystal structure stability by incorporation of cations of a small charge on the B-sites in
adjacent face-sharing octahedra, e.g. BasNbaslLiO12 [Jendrek et al., 1974] and BasWsLi2O1s
[Jacobson et al., 1974 and Hutchison et al., 1975]. Ordering occurs in such a way that large
charged cations with d° electronic configuration and those of a low charge are brought to
the nearest cation position trough a pair of face-sharing octahedra. The pairing with the low-
charged small cations reduces the repulsion between the two highly charged cations, which
would appear together in adjacent octahedra. This would additionally cause the
considerable displacement of large-charged transition metal ions from the central position in
both, corner-sharing and face-sharing octahedra. It is not necessarily true that related
compounds, i.e., BasSbslLiO12 or BasTesli2O15 [Jacobson et al., 1974] will adopt analogue
crystal structure. The major difference between the structures arising from transition metals,
i.e., B-group elements is the extent to which n-bonding influence the crystal structure.
Whether the bond is formed between the low-charged small cation and transition metal
cations such as W&+ and Nb5* the m-bonding involve relatively low-lying 5d orbitals, while
bonding the low-charged small cation and metalloids cation, i.e., Teé* and Sbs+ involve
electrons from d orbitals with much higher energy. Therefore the difference in covalency is
the main reason for which BasSbsliO12 or BasTeslLi2O1s appears in cubic crystal structure
corresponding to space group Fm3m [Jacobson et al., 1974]. Among these crystal structures,

there exists a group of hexagonal perovskites having at least two different cations on B-site
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sublattice in addition to B-site cation vacancies. Their combination affects the formation of
two types of face-sharing octahedra occurring in pairs, which have consequently a direct
bearing on B-site ordering. If pairs of face-sharing octahedra have similar occupancy it
creates a possibility for disordered crystal structure. This is the case in 10H BaioTaz.04Ti1.2001.74030
polytype, where the occupancy in the first pair corresponds to 0.5 of Ta and 0.5 of vacancies,
while the second pair is occupied by 0.44 of vacancies and 0.56 of Ta and Ti. If the
occupancy in first and the second pair essentially differentiate the perovskite would have to
adobe the ordered crystal structure, e.g. 8H BasTasNisO24. Alike in cubic perovskite, the B-site
cation ordering in hexagonal perovskite crystal structures may be explained in terms of long-
and short-range ordering. Generally, the perovskite will adopt the long-range ordered crystal
structure when the B-site cations obviously differ in the size and the valence state. On
principle, whether the charge difference between B and B’ cations is greater than two, the
cations will order. Indeed, the long-range ordering on the B-site is clearly evident from the
super-structural X-ray diffraction peaks and weak super-structural reflection spots in selected
area electron diffraction patterns. On the contrary the short-range ordering usually refers to
the ordering on the local level of the crystal structure, i.e., regular displacement of ions from
the ideal position. This type of ordering is indirectly reflected with an unusual bond length

between B-site ions, which obviously deviate from the calculated one.

1.5. THE A-site CATION-ORDERING in HEXAGONAL PEROVSKITES

An ordering in the perovskite crystal structure might not affect only B-site positions but also the
A-site cations. The ordering on the A-sublattice is associated with the large discrepancy in the
size and the valance of cations. In addition, the A-site cation ordering commonly affects
dielectric properties of the material as it is the case in (Ba,La)sTisO15 and (Ca,La)sTisO1s; where
the barium modification exhibit higher dielectric constant due the larger size difference
between barium and lanthanum ion, while calcium compound shows higher quality factor
due to the lower size difference between the cations. Moreover, a partial replacement of
lanthanum by barium or calcium in four and five layered (A,La)nTin-103n additionally favors the
rotation of TiOs octahedra. The majority of an A-site cation ordered hexagonal perovskite
structures are found in oxygen-deficient hexagonal perovskites, where ordering of anion
vacancies reduce the coordination number of A cations and enhance the driving force for
chemical ordering. The anion vacancies are not exclusively accompanied with an A-site
cation ordering but also with the partial substitution of B-site cations with lower valent cations

as it the case in solid-solution with the composition of BaTi4*1«Ti3*xOzx/2 [Sinclair et al., 1999].
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1.6. THE ANION-DEFICENT HEXAGONAL PEROVSKITES

Anion-deficient hexagonal perovskite with general formula ABXss (0 < & < 0.5) are
characterized by the presence of anion vacancies. Within the particular crystal structure they
can be concentrating exclusively in the h-stacked or c-stacked layer and in both “h”- and
“c”- layers. Within these layers anion vacancies can be distributed in an ordered or a
disordered manner. With this respect anion-deficient hexagonal perovskites are classified into

two groups.

1.6.1. Hexagonal perovskite with disordered anion vacancies

Anion-deficient hexagonal perovskite-type with a disordered distribution of anion vacancies
is commonly related to 6H-ABOs type crystal structure. These are mostly solid-solutions [Sinclair
et al., 1999] and compounds prone to the reduction during synthesis, in particular those
prepared from Fe:03 [Jacobson, 1975 and Grey et al., 1997], V20s [Liu et al., 1993] or Mn203
[Floros et al., 2000].

The typical representative of an anion-deficient hexagonal perovskite with disordered
distribution of anion vacancies exclusively within the “h”-layer is a six-layered BaTi4+1xTi3*xO3.x/2
reported by Siclair et al. [1999]. In this compound the concentration of anion vacancies
increases steeply with progressive substitution of Ti“* by Ti3*, which in turns separate pairs of
occupied face-sharing octahedra and hence increase the Ti-Ti distances. In general, as
oxygen are removed from the shared octahedral face of the B.Og dimers, the B-site cations
are less well shielded and move apart as a result of a greater Columbic repulsion between
adjacent B-site cations in face-sharing octahedra. Although there are many structural studies
reported in the literature on oxygen-deficient 6H-BaBOs phases, there appears to be only one
other well-documented example of a 6H structure in which the oxygen vacancies are
confined to the h-layer. This occurs for Ba2ScAIOs [Rath et al., 1992], in which bridging corner-
sharing octahedra are occupied by Sc3*, while pairs of face-sharing octahedra comprises
0.25 Sc3* and 0.75 Al3+,

Moreover, there are many reports of hexagonal perovskites with disordered
distribution of anion vacancies located in both cubic- and hexagonal-stacked layers. The
example is six-layered BaFeO:279 reported by Jacobson [1976] and distorted nine-layered
BalrOs.s reported by Powell et al. [1996]. The concentration of defect on oxygen sub-lattice in

BalrOs.5, which is appears to be isostructural to the 9R hexagonal perovskite polytype
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depends on the cooling conditions. Thus rapid cooling of the sample results in clearly oxygen
deficient compound BalrO274 due to the substantial reduction of Ir4+ to Ir3* during synthesis.
Significant number of oxide ion vacancies occurs both at shared vertices and at sites in the
shared faces. The presence of oxygen vacancies thus affects octahedral distortion, which in
turns lower the space group of typical 9R polytype to monoclinic C2/m. On contrary slow
cooling results a nearly stoichiometric BalrOz94 phase. The few oxygen vacancies present in
this compound are effectively confined to the shared vertices of corner-sharing octahedra. In
addition, the concentration of anion vacancies in the c-layers was recently observed by
Cussen et al., [2009] in 15R SrMn1xFexOsz5 (x = 0.1).

1.6.2. Hexagonal perovskite with ordered anion vacancies

The hexagonal perovskite with an ordered distribution of anions vacancies exhibits the
maximum possible humber of onion vacancies located exclusively in h-AXs layers. Therefore
the hexagonal perovskite with an ordered distribution of anion vacancies can be considered
as ABXzs (0 = 0.5) structures derived by two types of stacking layers, i.e., AXs and AX 2. The

AX 2-layer is alike to AXs in which three oxygen are replaced by one vacancy.

There are only a few anion deficient hexagonal perovskites with uniform distribution of
anion vacancies. On contrary with hexagonal perovskites having disordered distribution of
defect on anion sublattice ordering of anion vacancies leads to the formation of
coordination polyhedra for some B-site cations with coordination number less than six. The
simple representative of this crystal structure; e.g. 8H BazlnAlOs [Mlller et al., 1990] can be
derived from eight-layered hexagonal perovskite polytype having (ccch): stacking
sequence, after replacing h-AXs layers with AX o-layers (Fig. 8a). Accordingly anion
vacancies appear every fourth layer, which then leads to the formation of hexagonal
perovskite being structurally related to the brownmillerites (Fig. 8b). However, the
brownmillerite crystal structure can be derived from the ideal cubic perovskite (3C) by the
ordering of oxygen vacancies in the form of rows parallel to [10-1]r direction [Colville, et al.,
1971]. This leads to the formation of tetrahedral sites. Additionally, the Ba:InAlOs crystal
structure (Fig. 8c) can be derived from eight-layered hexagonal perovskite and described in
terms of double layers of BXs tetrahedra having their common apices in the AX 2-layer and

their parallel triangular basis in the two adjacent AXs-layers with corner-sharing octahedra.
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(b)

AX3 layer AX 12 layer

Brownmillerite

BazInAIOs

Figure 8: (a) The representation of AXs and AX : layer with two-dimensional unit-cells. (b) The clinographic projection
of a brownmillerite crystal structure. (c) The clinographic projection of a Ba2InAlOs crystal structure in comparison with

8H hexagonal perovskite polytype.

Furthermore, as there are many different possible stacking sequences of ccp and hcp layers,
the unit-cell of many hexagonal-perovskite crystal structures having ordered vacancies on
anion sublattice commonly represents at least two types of structural blocks (Fig. 9), which
occur in periodic sequences along [001] hexagonal supercell; e.g. Basln2AlZrOss
[Shpanchenko et al., 1994]. Additionally, these types of crystal structures are known as
intergrowth structure. By definition this term refers to the phase, which is formed by stacking of
at least two types of blocks u and v, where each type of block periodically repeated as
(uuu...) or (vvv...) generates an existing simpler structure [Shpanchenko et al., 1994]. The
crystal structures un and vn are the terminal members of the homologue series of intergrowth
structures; e.g. UnVmUpVq ... Urvs. With this respect the Basln2Al2ZrOas represent an intergrowth of

two blocks; Ba:AlOs and BazrOs, which alternate along [001]x crystallographic direction.
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[BaO2]-layer BazinAlOs

BasinsO9

[BaO2]-layer BazinAlOs

Figure 9: The clinographic projection of an intergrowth crystal structure with a composition BasM:Al2ZrO13 (M = In, Sc).

The structure is composed of two blocks, i.e, BazlnAlOs and BaslnsOs.

The formation of intergrowth structure mainly depends on epitaxy along the contact plane
between two different types of structural blocks, i.e., the lattice parameters of both blocks
are of the same range. The epitaxy may be additionally promoted by the partial substitution
of cations between the building blocks resulting into the structural disorder. Nevertheless,
intergrowth structures usually contain long sequences, which are not strictly periodic;
therefore their crystal structure study by means of X-ray powder diffraction can only provide
average structural information. Since they require a detail analyses on the very local level the
high-resolution transmission electron microscopy, which allows direct imaging of long even
non-periodic sequence, provide enough data for exact crystal structure determination.
However, hexagonal perovskites with an ordered distribution of anion vacancies belong to
the special group of hexagonal perovskite, i.e., Derivatives of hexagonal perovskite crystal
structures, which essentially differs by the number and types of A-X layers alternating along c-

crystallographic axis in a hexagonal unit cell.
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1.7. DERIVATIVES OF THE HEXAGONAL PEROVSKITE CRYSTAL STRUCTURE

The crystal structure of hexagonal perovskite derivatives can be described in terms of mixed
stacking of AXs and AnXm layers along [001]x direction, where n and m define the fraction of
A-cations (A = alkaline-earth metal ions) and anions (X = O2%, Cl-, Br) within the two-
dimensional unit-mesh. Indexes n and m in AnXm notation refer to the natural numbers with
the value of n+m < 4. However, as n+m < 4 the AnXm notation describes layers with diverse
concentration of uniformly distributed anion vacancies. This in general results six different A-X
layers including AXs-, AXz-, A2X-, AX-, AsXe- and AsA’Xe-layer (Fig. 10). Numerous hexagonal
perovskite-related crystal structures can arise from the alternation of AsXe-layer with any of

AXz-, A2X-, AX- and AzA’Xs-layer along crystallographic c-direction.
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AzX layer AX layer

AsXs layer AsA'Xs layer

Figure 10: The relationship between A-X layers (after Darriet and Subramanian, 1995). (a) The close-packed AXs layer
with hexagonal symmetry. (b) AXz layer. (c) A2X layer. (d) AX layer. (e) The tripled AXs layer with hexagonal symmetry.
Units mesh with composition AXz (pink full line) and AsXe (pink dashed line) is outlined. (f) the AszA’Xs layer with
threefold symmetry derives from the tripled AXs layer by substituting one A’ ion by three oxygen in the center of the
“hole” created. The schematic view of the A’ (pink dashed line), B’ (orange dashed line) and B’m (green dashed

line) layer; the composition of indicated unit mesh is the same for all three types of layers and corresponds to AzA’Oe.
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1.7.1. Derivatives of hexagonal perovskite crystal structure based on AXs and A Xz layers

The crystal structure composed of AXs and A Xz layers is known as palmierite described with
general formula AsB20s, where A corresponds to alkaline earth ions, most commonly Sr or Ba,
while B indicates P, V, As, Re, Ru or Nb ions. Palmierites crystallize as a nine-layered structure
similar to 9R hexagonal perovskite polytype BaRuOs [Donohue et al.,, 1965] having the

rhombohedral cell symmetry (R-3m).

9R Palmierite

[BaO3]layer [BaO2]layer
[BaO3]layer [BaO3]layer
(BaO3]layer [BaO3]layer
[BaO3]layer [BaO2]layer
[BaO3]layer [BaC3]layer

Figure 11: The clinographic projection along [010]x crystallographic orientation showing the relationship between the

nine-layered hexagonal perovskite polytypeBaRuOs (a) and palmierite crystal structureBasNb2Os (b).

The transformation from the 9R polytype with (hhc)s stacking sequence to palmierite crystal
structure involve the replacement of the cubic AOs layer by the anion vacant A X: layer,
which results the formation of tetrahedral sites separated by the vacant or partly occupied
octahedral sites (Fig. 11a). Crystallographically, this transformation might be effected by
shifting the oxygen at atomic positions (1/2, 0, 0) with a multiplicity 9e (Wyckoff positions) to
the position of (0, 0, 1/3) with a multiplicity 6c; positions of the remaining atoms are
unchanged (Fig. 11b). In addition, Mdossner et al. [1985] reported the existence of
nonstoichiometric isostructural phases with the composition BasB2«xVx Oosx2 (1 < x < 2) and
BasM2xTix Oex (3/4 < x < 1) for B= Mo or W. In both cases the oxygen nonstoichiometry occurs

in the cubic BaOs layers and strongly depends on incorporation of Bs*. Similar effect was
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microdiffraction patterns and SAED patterns obtained during the tilting experiment can give
the accurate information about the space-group of the crystal structure and non-

stoichiometry of the specimen as it is the case in columnar misfit crystal structures.

The quality of the data depends on the quality of the specimen under study, which
can be significantly affected by specimen preparation technique and beam-induced
degradation. The ideal specimens for the TEM observations in terms of electron-diffraction
have to be thin (typically less than 100 nm). The fractures chips formed by crushing the
sample in the agate mortar in acetone media is optimum specimens form in the case of the
ceramic materials. Samples prepared by an ion miling have an inevitable surface layer of
amorphous phase that can be of variable thickness. This layer frequently degrades the quality
of information due to the diffuse scattering. Additionally, the effects of the amorphous layers
may generate stresses leading into the bending of thin regions and strain in the thicker region

that can distort the pattern symmetry and complicate lattice parameter determination.

3.2.2.2.1. The electron-diffraction methods for the space-group identification

The tilting method is a tool for a crystal structure identification and determination. This is a
comparable experimental technique to the microdiffraction method, which is based on
observation of the shifts and the periodicity difference between the reflections located in the
zero-order Laue zone with respect to the ones located in the first-order Laue zone. Moreover,
the ZOLZ represents the zero layer of the reciprocal space, while the FOLZ refers to the first
layer of the reciprocal lattice (Fig. 1 and Fig. 2). There is an advantage if the electron-

diffraction patterns obtained in tilting experiment exhibits the higher-order Laue zones.

Since the microdiffraction patterns contain at least two layers of the reciprocal lattice
it directly gives the information about three-dimensional symmetry. On contrary, conventional
SAED patterns usually display only ZOLZ and thus give two-dimensional symmetry. In order to
obtain 3D symmetry, i.e., the Bravais lattice form SAED pattern the tilting method has to be
applied. In addition, the titing method enables orientation relationship between different
zone-axis patterns of individual crystal. The electron-diffraction patterns are obtained on a
specific area of the specimen, i.e. on individual grains or single-crystals. Therefore ZAP are
considered as a spot diffraction patterns, which correspond to magnified image of planar

section through the reciprocal lattice taken normal to the incident beam direction.
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Figure 1: The effect of the centering type of the cell on the microdiffraction pattern, which shows a typical shift
between the ZOLZ and the FOLZ reflections; (a) a direct space, (b) a reciprocal space and (c) micro-diffraction

pattern in [001] zone-axis orientation (by Morniroli et al., 1992).
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Figure 2: The effect of a glide plane on a microdiffraction pattern, which shows a typical periodicity difference
between the ZOLZ and the FOLZ reflections; (a) a direct space, (b) a reciprocal space and (c) micro-diffraction

pattern in [001] zone-axis orientation (by Morniroli et al., 1992).



Stage 1: Determination of the crystal system

The first stage in identification of the possible space-group symmetry from the SAED patterns
obtained in tilting experiment is the determination of the crystal system. This is made by
searching for the zone-axis electron-diffraction pattern, which displays the highest “net”
symmetry. Additionally the “net” symmetry takes into account only the positions of the
reflections and not the intensity. In order to ascertain the symmetry, any zone axis of the
crystal under examination should be set parallel to the electron beam. The crystal system is

then easily deduced by means of table 1 [Morniroli et al., 1990].

Table 1: Deduction of the crystal lattice from the highest pattern “net” symmetry. The point groups in the parentheses

refer to the SAED patterns containing only ZOLZ (by Morniroli et al., 1992).

The highest 1 mor 2 2mm (4mm) (4mm) 3m 6mm
“net”
symmetry
absence with absence
(6mm) (6mm) (4mm)
1 ! 1
Rhomb. latt. Hex. latt.
Crystal system | TRIC | MONO ORTHO TETRA CUBIC TRIG RIG HEX
1 ! 1 1 !
Zone axes [001] <001> [0001] [0001] [0001]
“Ideal” 1 1 i l ! l ! ! ! 1
symmetry (A4mm) (4) (4mm) (2mm) | (6mm) (6m) 3m 3 6mm 6
1 1 l L 1 1 1 1 1 l
LAUE CLASS -1 2/m mmm 4mmm 4/ m m3m m3 -3m -3 -3m -3 6/mmm 6/m

One notices that tetragonal, cubic and trigonal systems having rhombohedral Bravais lattice
requires the subsequent identification. This is based on searching and identification for the
extra ED patterns with characteristic high symmetry. Moreover, the table indicates that in the
case of a ZOLZ net with (4mm) symmetry, a tetragonal or a cubic system is indicated and no
further information is provided by the ZOLZ net (first layer in the reciprocal lattice) except for
Pa-3 cubic space group, which has (2mm) ZOLZ and 4mm FOLZ. In the case of rhombohedral
or hexagonal primitive Bravais lattices the centering of the FOLZ reflections relative to the
ZOLz reflections is considered for the [0001] zone axis (Fig. 3). Whether the reflection
coincides, the crystal system is either hexagonal or rhombohedral. If the reflections of one

layer lay over half of the centers of the triangles formed from the net of the other layer, the
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crystal system is trigonal. In this case the net symmetry is 3m, which corresponds to a primitive
rhombohedral Bravais lattice. Once the crystal system is determined, the “net” symmetry

allows one to identify the indexes of the zone axis
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Figure 3: (a) The [001]+ ZAP characteristic for a primitive hexagonal Bravais lattice. (b) The [001]s ZAP characteristic

for a rhrombohedral Bravais lattice (by Morniroli et al., 1992).

Stage 2: Simultaneous identification of Bravais lattice and glide planes

The indexing of the zone-axes patterns strongly depends on the observation of the glide
planes, the screw axes and the centering of the unit-cell. The glide planes give zonal
extinctions (Fig. 2), as well as the screw axes (Fig. 4), while the centering produces systematic
absence (Fig. 1). However, the any absence of reflections is quite frequently observed in the

high-order Laue zones.

Stage 3: Deduction of the presence of screw axes

The screw axes produce serial extinctions. In the reciprocal lattice they give forbidden
reflections located exclusively along the screw axis (Fig. 4b), which passes through the origin
of the reciprocal lattice. These forbidden reflections can be observed for any zone-axis
pattern, where the zone axis is perpendicular to the screw axis (Fig. 4c). The forbidden
reflections in electron-diffraction patterns may also appear due to multiple scattering of the
diffracted beam. In this case they can not be directly distinguished from the allowed
reflections. One solution is to tilt the specimen around the reciprocal row containing the
supposed forbidden reflections (Fig. 4d) in order to suppress the multiple diffraction paths of
these reflections. This experiment should be preformed in consideration with table 2, which
gives the list of screw axes and required zone-axes patterns for six crystal systems, where the

forbidden reflection might be observed.
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Stage 4: Deduction of the extinction symbols

The full extinction symbols are obtained by adding the partial extinction symbols deduced in

stage 2 and stage 3.

Stage 5: Determination of the point group and final deduction of the possible space group

The “ideal” symmetry, which takes into the account the position and the intensity of the
reflections, is directly related to the point group. The strategy to identify the point group was

reported by Morniroli [1992].
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Figure 4: The effect of a 63 screw axis parallel to the [0001] in the hexagonal unit-cell on a microdiffraction pattern.
(a) Direct lattice (b) Reciprocal lattice (c) [uvtO] zone-axis pattern (d) The effect of a rotation around the [0001]*

reciprocal row (by Morniroli et al., 1992).
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Table 2: The list of zone-axes patterns which permits the characterization of forbidden reflections due to certain type

of screw axis

Crystal system Possible screw axes Zone-axes required to observe the forbidden reflections

due to the screw axes

Monoclinic 21 //[010] [uow]
21//[001] [uv0]
Orthorhombic 21 // [100] [Oovw]
21 //[010] [uow]
4, // [001]
4, // [001] [uv0]
Tetragonal 43 // [001]
2, // <100> <Ovw>
21 // <001>
4, // <00>] <uvo>
Cubic 4, // <001>
43 // <001>

61 // [0001]
62 // [0001]
Hexagonal 63 // [0001] [uvt0]
64 // [0001]

65 // [0001]

Trigonal 31 //[0001] [uvt0]

3, // [0001]

3.2.2.2.2. The reconstruction of the unit cell based on specimen tilting experiment

(Example: La2CuOa4)

Titing method is used to recover the 3D information about the periodicities and symmetry
elements present in a crystal from a set of 2D SAED patterns (Fig. 5). To this aim, the crystal has
to be tilted around a direction of the reciprocal space (tilt-axis), which crosses the center of
the ED pattern, until a new zone axis pattern is observed. The ED pattern perpendicular to the
tilt axis, i.e., at 90° is reconstructed in this method. Hence this method is not applicable in

triclinic cases, lacking the 90° symmetry.
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Figure 5: Schematic drawing that illustrates how to obtain a 3D view of the reciprocal space of a crystal by the tilting
method. (a) A set of SAED patterns, which posse a common reciprocal rows (tilt axis) and that are related together
by angles. (b) The information about the third dimension is obtained by the reconstruction of the section of the

reciprocal space perpendicular to the tilt axis.

Usually the tilt-axis is chosen among the reciprocal rows having the smallest possible values of
d*. As the crystal is tilted around chosen axis one should keep the same tilting direction until
new zone-axis pattern is observed. When tilting from one zone-axis orientation to another the
tiit position of the specimen; i.e. x and vy tilt angles should be noted (see Table 3 as an
illustration) and subsequently used for calculation of the angle between two successive zone

axes patterns according to the equation: cost = cos (xi — Xn)-c0s (Yi — Yn).

Table 3: A list of x and y tilt angles of the crystal during the tilting and corresponding angle of tilt calculated
according to the equation: cos 8 = cos (Xi — Xn)-CcOs (yi — yn). TO simplify the drawing of the scheme one can
correspondingly add up or take from the tilt angle. Thus the values in the parenthesis in the column “Tilting angle”

correspond to the tilt angle minus 45°.

Negative No. Tilt x (°) Tilty (°) Tilting angle 8 (°)

JB 6449 Xi=54.6 yi=6.3 0 (-45)

JB 6450 x1=29.1 y1=0.2 26.17 (~19)
JB 6451 X2=16.6 y2=-2.8 39.02 (~ -6)
JB 6452 X3= 4.2 ya=-0.8 50.80 (~ 6)
JB 6453 Xa=-11.8 ya=-6.8 67.53 (~23)
JB 6454 Xs= -25.6 ys = -10 80.6 (~36)
JB 6455 X6 = -34.3 Yo =-12.2 89.74 (~45)
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Preferably, the crystal should be rotated as much as possible in order to explore a large
portion of the reciprocal space. Therefore the tilting method requires a microscope with a
pole piece that allows high-angle specimen tilting (z 30° or higher) and a double-tilt or a tilt-
rotation holder. In the case of a double tilt specimen holder, when tilting from one zone axis

orientation to another the tilt position of the specimen, i.e., x and y tilt angles.

Once having a set of zone-axis patterns with their angular relationships one can start
with the reconstruction of the reciprocal plane perpendicular to the tilt axis (Fig. 5b) using the

following procedure:

1. The first step to determine the orientation relationship between different zone-axis
patterns is to find the crystal in low-indexed zone-axis orientation, e.g. [100], [010] or [001],
which exhibit the highest possible net symmetry in order to deduce the crystal system as

described above.

2. Draw the scheme of lines with common origin, which corresponds to the transmitted
beam and to the arrowed direction in the zone-axis pattern, i.e., tilting axis. The individual line
in the scheme corresponds to the particular ZAP. The angles between these lines correspond
to the angle between successive ZAPs (Fig. 6). Additionally, the lines in the scheme are

perpendicular to the tilting axis too.

3. The particular lines are divided into segments. The length of these segments
corresponds to the spacing between electron-diffraction spots in ZAPs lying on the line
perpendicular to the titing axis (arrowed direction) and passing through the origin.
Considering the distance between diffraction spots one should take into the account the
extinctions and the centering of the unit-cell. The forbidden reflections, i.e., the reflections not
present on the line perpendicular to the tilting axis in ZAP due to the extinctions are marked
with empty circles, while the reflections clearly visible on this line should be marked with full
circles. As an illustration in figure 6b, the distance (Ro) between the central (transmitted
beam) and the first diffraction spot should be divided by two for the periodicity along this
direction. On the corresponding line in the scheme, the first spot (absent due to extinction)
will be indicated as an empty circle and the second (present) with a full circle. Once having
the circles for all zone-axes patterns on the corresponding lines in the scheme, one should
look for possible crystal axes by examining the reconstructed sections of the reciprocal space
occurring for the existence of several layers (full/empty circles). One has to recognize the
basic motif repeated in the reciprocal space in the scheme and identify a possible unit-cell.
In the example of La2CuOys, the orthorhombic unit-cell is marked by equidistant dashed lines
(Fig. 6). In this case the crystal was tilted around b*, i.e., [010]* (see Fig. 6) and the two
orthogonal lines in the scheme correspond to the reciprocal directions [100]* and [001]*. The
zone-axes patterns in figure 6a and 6g corresponds to [100] and [001] ZAPs, and the
reconstructed section to the [010 ZAP]. Since we are dealing with the reciprocal space the

distances between the two diffraction spots in the ZAP do not correspond to the interplanar
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spacing in direct space (d). The interplanar spacing (d) can be obtained from the spacing
measured between spots (R) on each ZAP considering the camera constant (AL)

characteristic for individual TEM. The following procedure has to be followed:

a) Use the [100] and [001] zone-axes patterns in order to obtain the interplanar
distance dico = a and door = €. The doiwo = b is visible in all ZAPs (Fig. 5), since the crystal was

rotated around [010]* = b*.

b) Considering the distance (Ra) between the central (transmitted beam) and first
diffraction spot on the line perpendicular to the [010]* in figure 6a, i.e., [100]*, the centering of
the unit cell evident from the empty circles in the scheme (indicated by gray arrows),
suggests that the distance between the two diffracted spots (Ra) have to be divided by two
in order to obtain the interplanar distance dico=ALx(Ra/2)1 = a. The unit cell parameters b and

c for La2CuO4 can be determined similarly.

c) Measure the distance (Rpb) between the central (transmitted beam) and first
diffraction spot along [010]* in any ZAP and divide it by two, due to extinction. Since this new
parameter Ry’ is characteristic for the interplanar spacing (d) and the magnification due to
the lens settings; i.e., camera constant. Therefore, convert Ry’ distance into interplanar (dowo =

b) values via the camera constant.

d) Using a table of interplanar spacings or appropriate software package for the
particular substance (La2CuQ4) and correlate the measured dna values with dna values in the
data base and thus obtain the hkl index for the diffraction spot. According to these two
electron-diffraction patterns the rest of zone-axes patterns obtained in the tilting experiment
can be arbitrary indexed. After indexing the electron-diffraction patterns check the reflection
conditions for experimental (hkl) indexes (Table 4) and interpret them in terms of table 5. Then
look for all possible space-groups of the extended Hermann-Mauguin symbols characteristic
for La2CuQu4 (Table 4) by means of table 6. Afterward check the existing reflection conditions
for each possible space-group (Table 7) and identify the one for La2CuQOs. However, the
crystal symmetry of La2CuO4 corresponds to the space-group Bmab within the Laue class

2/m2/m2/m, which can be described in terms of figure 7.

e) The hkl indexes for the particular diffraction spot can be obtained from only three
ZAPs including the information about dic, doio and dooz. Knowing the unit cell parameters we

are able to index each ZAP and examine the reflection conditions:
- from [001] ZAP in figure 6a, hkO : h=2n and k=2n
- from [100] ZAP in figure 6g, Okl : I=2n (0kO : k=2n)

- from [010] ZAP reconstructed, hOl : h=2n and |=2n
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f) In the international tables for crystallography, one shall look at the table giving the
reflection conditions, diffraction symbols and possible space groups (Table 7). For an
orthorhombic cell having the observed reflection conditions the extinction symbol is B-(ac)b
which is compatible with only two space groups Bmab (SGn°64) and B2cb (SGn°41). In the
case of La:xCuOs, the solution corresponds to the centrosymmetric space group Bmab
(SGn°64). Generally speaking for an unknown compound, the choice between the
centrosymmetric and non centrosymmetric solution shall be made on the basis of extra
information that can be obtained by convergent beam electron diffraction or macroscopic

physical properties measurements for instance.

The reconstruction of the reciprocal space presented for La2CuOs is somewhat an
ideal case where we explored a large portion of the reciprocal space with an access to the
three basic ZAP [100], [010] and [001] which allows to obtain easily the reflections conditions.
Presuming, for La2CuOs, we had only four ZAP (say 6c to 6f), we would have obtain the cell
dimension but only partial information about the reflection conditions since one would have
only a reconstruction of the [010] ZAP. In such a case one would need to go back to the
microscope and look for the two missing basic ZAP either having them directly or by

reconstruction using the tilting method.
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(b) [010]"= b* (<) [010]* = b* (d) [010*=pb*

(a) (o101 = b*
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Figure 6: Reconstruction of the La-CuOs unit cell from the zone-axis electron-diffraction pattern of La.CuOa; [010]

represents the tiling axis of the crystal.
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Table 4: Reflection conditions of La2CuOa and their interpretation

ab
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Table 5 Extinctions conditions

INDEXES REFLECTION CONDITIONS INTERPRETATION
H+K+L = 2n | - centered
H+K =2n C - centered
H+L =2n B - centered
HKL K+L=2n A - centered
H+K, K+L, H+L = 2n F - centered
-H+K+L = 3n R - centered
K=2n Plane b // (100); (t = b/2)
OKL L=2n Plane c // (100); (t = c/2)
K+L = 2n Plane n // (100); (t = (b+c)/2)
K+L=4n Plane d // (100); (t = (b+c/)4)
H=2n Plane a // (010); (t= a/2)
HOL L=2n Plane c // (010); (t=c/2)
H+L =2n Plane n // (010); (t = (a+c)/2)
H+L =4n Plane d // (010); (t = (a +c)/4)
H=2n Plane a // (001); (t=a/2)
HKO K=2n Plane b // (001); (t = b/2)
H+K = 2n Plane n // (001); (t = (a+b)/2)
H+K = 4n Plane d // (001); (t = (a +b)/4)
HOO H=2n axis [100], t = a/2; 21 or 4,
H=4n axis [100], t = a/4; 41 or 43
0KO K=2n axis [010], t = b/2; 21 or 4,
K=4n axis [010], t = b/4; 41 or 43
L=2n axis [001], t = c/2; 21, 42 Or 63
0oL L=3n axis [001], t = c/3; 31, 32, 62 Or 64
L=4n axis [001], t=c/4; 41 0r 43
L=+6n axis [001], t = c/6; 61 Or 65

55
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Table 6: Synoptic tables of space-group symbols; orthorhombic system (International tables for crystallography, Ch. 4,
p. 58, 1996)

_ Smﬁﬁi‘"d Extended Hermann-Mauguin symbols for various settings of the same unit cell
0.0 )
space Schoenflies Hermann-
group symbol Mauguin .
symbol abe bat cab cha bea ach
abe (standard)
2.3
52 b % ;L = Pnna Pnnb Pbnn Penn Pren Pnan
. 222,
53 DL e Pmna Pnmb Pbmn Penm Pnem Pman
2022
54 148 Fd o Peca Pech Pbaa Pcaa Pbeb Pbab
2:2 2
55 b2 P _bl %L = Pbam Pbam Pmch Pmcb Pema Pema
56 pld P %{ %(_1 %I Peen Peen Pnaa Pnaa Pbnb Pbnb
22.2
57 D PE:‘L ;t Pbem Pcam Pmea Pmab Pbma Pemb
222
58 ) pdloc Prnm Pnnm Prinn Pmnn Prmn Pnmn
2
59 Dy PE 2;?13 ;— Pmmn Pmmn Prmm Pnmm Pmnm Pmnm
222
60 b P—bl : L—nl Pben Pcan Pnca Pnab Pbna Penb
2.2.2
61 D!} Pj 2?‘ j Pbea Pcab Pbca Pcab Pbca Pcab
2.2.2
62 D P;‘ % al Pnma Prmnb Pbnm Pemn Pmen Pnam
17 222 Cmem Cemm Amma Amam Bbhmm Bmmb
D 2h €= =
mem bnn nan nen nnb nna cnn
pis 222 Cmea Cemb Abma Acam Bbcm mab
L me a bnb naa cen bnb naa cen
i 202 Crmmm Cmimm Ammm Ammm Bmmm mmm
h i
mmm han han nch nch cna cna
66 Do ng 2 Ceem Ceem Amaa Amaa Bbmb Bbmb
. ccm nnh nnn nnn nnn nnn mnnn
p c 222 Cinma Cmimb Abmm Acmm Bmem mam
2 mma bab baa cch beh caa cca
68 p3? 222 Ceea Cech Abaa Acaa Bbch Bbab
2 C-—-
cca ninh na cmn hnn nan nen
)
69 1k F== 2 Fmmm Fmmm Fmmm Fmmm Fmmm Frimm
" ban ban nch nch cna cna
nch cna cha ban ban nch
_— cna nch han cna nch ban
70 Di: F t_f;’::f Fddid Fddd Fddd Fddd Fddd Fadd
7 i 222 | mmm 1 mmm 1 mmm I'mmm 1 mmm I mmm
2 mamm nnn nnn nnn nnn nnn nnn
7 it 222 1 bam I bam 1 meb I mch I cma I cma
i 2 ham con con naa naa bnb bnb
7 DY’ 12—L 2,2 I bea I cab I bea I cab Ibea I cab
i bea cab bea cab bea cab bea
74 Do 222 I mma 1 mmb 1 bmm I cmm I mem I mam
= mma nnh nna cnn ban nan nen
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Table 7: Space-group determination and diffraction symbols, Orthorhombic; Laue class mmm (2/m 2/m 2/m)

(International tables for crystallography, Ch. 3, p. 44, 1996)

Reflection conditions Laue class mmm(2/m2/m2/m)
Point group
Bkl Okl ol hko m00 | oko | o |Extinction im2
symbnt 222 m2m nimm
2mm
1 h+1 I i | Pen- Pcn2 (30) Penm (53)
I h+1 h h | | Pena Pena (50)
l h+1i k h k [ | Penb Penb (60)
I h+1 h+k h k [ | Penn Penn (52)
k+1 k I | Pn— Pnm2, (31) Pnnun (59)
Pn2 m(31)
k+1 h h ke | | Pn-a Pn2yai33) Pnma (62)
k+1 k k | Pa-b | Pn2k (30) Pumb (53)
k+1 h+k h k | | Pn-n | Pn2n (34) Pnmn (58)
k+1 h h k ! | Pna— Pnal, (33) Pnam (62)
k+1 h h I k I | Praa Pnaa (56)
k+1 h k It k ! Paab Pnab (60)
k+1 h h+k i k I | Pnan Pnan (52)
k+1 i k [ | Prc- Pnc2 (30) Prcm (53)
k+1 ! h n k I | Prnca Pnca (60)
k+1 ] k k I | Pnch Pncb (50)
k+1 [} h+ h k I' | Pnen Pnen (52)
k+1 h+! h k I | Pan— Pnn (34) Pnnm (58)
k+1 h+! h h k I | Pana Pnna (52)
k+1 h+! k h k [ | Panb Pnnb (52)
k+1 h+1 h+k h k I | Pann Pnnn (48)
h+k k h h+k h k C==- €222 (21) Cmm2 (35) Crmmm (65)
Cm2m (38)
C2mm (38)
h+k k h h+k h k b lC--2, C222, (20)
h+k k h hk h k C——(ah) Cm2a (39) Cmma (67)
C2mb (39) Cmmb (67)
h+k k hl h+k h k I |C-e- Cmel, (36) Cmem (63)
C2cm (40)
h+k k hl hk h k I | C—clab) C2ch (41) Cmea (64)
h+k k1 h h+k h k I | Ce— Cem2 | (36) Cemm (63)
Ce2m (40).
h+k k.l h h.k h k I | Ce—ab) Celai4l) Cemb (64)
h+k k,d hl h+k h k I | Cee— Ceel (37) Ceem (66)
h+k k.l h,l ik h k I | Ceelab) Ceea (68)
Cech (68)
h+1 1 h+1 h h | B 8222 (21) Bmm?2 (38) Hmmm (65)
| Bml2m (33)
B2mm (38).
h+1 I h+1 h h k 1 B2~ B22,2(20)
h+1 i h+1 h,k h k ! | B--b Bm2,b (36) | Bmmb (63)
R2mh (40)
h+1 i h,! h h || B-{ac)- Bma?2 (3Y) Bmam (67)
Blcm (39) Bmem (67)
B T Tl K T k T B (ac)h Bach (41) Bab (64)
h+1 [N h+1 h h k I | Bh— Bhm2 (40) Bhmm (63)
Bb2 m (36)
h+i k.1 h+l hok h K I | Bb-b Bb2b(37) | Bbmb (66)
h+1 k1 h,i h h k I | BMac)- Bba2 (41) Bbem (64)
h+1 ki hit h,k h k I | Bblac)b Bbab (68)
Bbceh (68)
k+1 k+1 I k k ! A——= A222 21) Amm2 (38) Ammm (65)
Am2m (38)
A2mm (35)
k+1 k+1 ! k h k | A2 —- 42,22 (20)
k+1 k+1 { h.k h k I | A——a Am2u (40) Amma (63)
A2 ma (36)
k+1 k+1 hl k fi k ! A-a- Amal (40) Amam (63)
A2, am (36)
k+1 k+1 hd hk h k | | A-aa A2aa (37) Amaa (66)
k+1 k! 1 k k I | Atbe)-- Abm2 (39) Abmm (67)
Ac2m (39) Acmm (67)
k+1 kI 1 bk h k i Albc)-a Ac2a (41) Abma (64)
k+1 k! hl k h k || Albcla- Abal (41) Acam (64)
k+1 k1 hl hk h k || Albclaa Abaa (68)
Acaa (68)
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Figure 7: The possible types of glide planes parallel to the (100), (010) and (001) faces for an orthorhombic crystal (by
Bloss et al., 1971); for each possible glide plane, i.e. a, b, ¢, n and d, the direction and the length of the glide
component is shown by an arrow. The dashed line represents the vector parallel to the crystallographic axes into

which the glide plane can be resolved.
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4. THE BaO-RICH HEXAGONAL PHASES

WITHIN THE BaO-Nb2Os BINARY SYSTEM

To understand the phase transitions in BasNb20g, we have to study the crystal structure of
individual polymorph. In the first step, we reinvestigated the formation conditions of BasNb20g
and phase stability of particular modification. This step is then followed by decomposition
studies of BasNb20Os induced by various thermal and atmosphere treatments. At the end of
this chapter the crystal structure of low- and high-temperature BasNb2Os modifications is

discussed.
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4.1. Introduction
4.1.1. The formation of BaO-rich phases in the BaO-Nb20s binary system,

their stability and phase transitions

Recently, cation-deficient hexagonal perovskite-based ceramics started to attract attention
due to their low dielectric losses (Q*f < 58 000 GHz), relatively high permittivity (¢r < 53) and
small temperature coefficient of resonant frequency (-50 < 1t < +50) at MW frequencies
[Ratheesh et al., 1997, Kamba et al., 2001, Keith et al., 2004, Wada et al., 2005, Zhao et al.,
2006, Kan et al., 2006 and Kuang et al., 2006]. Moreover, Bieringer et al. [2003] demonstrated
that an 8-layer hexagonal perovskite, BasZnTasO24, forms as a consequence of ZnO
volatilization from the cubic perovskite BasZnTa20s, which is widely utilized for the production
of high-Q base-station resonators in wireless telecommunications networks [Deau et al.,
Vanderah, 2002]. BasZznTasO24 material exhibits excellent dielectric properties with a high
unloaded quality factor Qu = 20 800 at 3.28 GHz, high relative permittivity & = 29 and a
temperature coefficient of resonant frequency 1 = 29.4 ppm/°C [Moussa et al.,, 2003].
Promising dielectric properties were afterwards reported for BasNb4TisO24 by Rawal et al.
[2006]. A little later, Mallinson et al. [2006] identified the new, 10-layer hexagonal perovskites
BaioMgo2sTazeOsz and BaiwoCoozsTazeOsz0, and determined dielectric properties of both
materials. Among these hexagonal perovskite, the extended numbers of AnBn1O3n polytypes
with ordered distribution of cation vacancies have been reported [Trolliard et al., 2004 and
Kuang et al., 2006]. These vacancies reduce the repulsions between large B-site cations in
face-sharing octahedra and hence stabilize the crystal structure. Consequently, this leads to
a fully ordered distribution of B-site cations and vacancies influencing 1t [Zhao et al., 2007]
and Q [Mallinson et al., 2006] of the ceramic, e.g., BasNbsOis-based ceramic, which was
considered as potential candidate for microwave dielectric resonators. Moreover, MW
dielectric properties of BasNbsOis [Ratheesh et al.,, 2000 and Kim et al.,, 2002] can be
considerably improved by mixing it with BaNb2Os [Kim et al., 2002].

Similar compounds containing transition metals in oxidation states with d° electronic
configuration were additionally reported within the BaO-rich part of the BaO-Nb2Os binary
system. These include BasNb20s and BasNb20Os, both containing more than 75 mol % of BaO.
The composition makes them sensitive to the decomposition in ambient air [Vanderah et al.,
2002]. While BasNb20s (ICSD # 95193) [Vanderah et al., 2002], which forms through the solid
state reaction between BasNbsOi1s and BasNb20s, is well known to crystallize as a palmierite
[Gonzélez et al., 2000], the crystal structures of BasNb2Os polymorphs have not yet been
solved. Several modifications of BasNb20Os with unknown crystal structures have been isolated

in an atmosphere of air between the room temperature and 1500 °C based on X-ray
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diffraction data. Leschenko et al. [1979 and 1985] reported on four different polymorphs of
BasNb20s9: a, B, B’ and y. The a-modification was obtained by quenching the sample from 750
°C in an atmosphere of air, the B-modification was formed by slow cooling from 1400 °C, and
the y-modification was obtained by quenching the sample from 1500 °C [Leshchenko et al,
1979]. The a-BasNb20g also forms during slow cooling from about 1130 °C, while quenching
the sample from above 1130 °C results in the formation of the y-modification. Upon annealing
at between 260 and 320 °C the y-modification converts into the [B-modification, which
subsequently converts to the B’-modification when heated in a temperature range between
530 and 700 °C, and undergoes an irreversible phase transition into the a-modification at 700-

1130 °C [Leshchenko et al, 1985].

4.1.2. The crystal structure of compounds with general formula AsA’B209

Recently, a special interest has been focused on anion-deficient hexagonal perovskites
associated with the presence of AzA’Os-layers perpendicular to the [001]4 [Dussarrat, 1998
and Mitchell, 2002]. Different polytypes can be formed by the variation in hexagonal stacking
of AOs and AsA’Os close-packing layers. Their alternations create columns of face-sharing
octahedra and trigonal prism along the hexagonal c-crystallographic axes. These sequences
were observed in SrsRu209 [Dussarrat et al., 1995], SraNisOg,[Abraham et al., 1994 and Huve et
al., 1998], AsA’IrO9 (A = Sr, Ba; A’ = Cu, Zn) [Battle et al., 1998] and BasMn2NaOs [Quarez et
al., 2004]. The crystal structure of SrsRu209 is built up from the periodic stacking of one close-
packing SrOz layer and three Sr3Os layers [Dussarrat et al., 1995]. As reported by Dussarrat et
al. [1995] the SrsRu209 crystal structure could be successfully refined in P-62c space group. The
crystal structural model comprises two types of columns. The first type consists of only RuOs
face-sharing octahedra, while the second type corresponds to alternation of RuOs face-
sharing octahedra with empty trigonal prisms. The suggested structural model (ICSD #79310)
with fully occupied Ru(1) and O(4) positions give rise to unusual thermal parameters and an
unrealistic Ru(1)-Ru(l) interatomic distances [Dussarrat et al.,, 1995]. Therefore the author
suggested an alternative structural model that has a half occupied Ru(1) and O(4) positions
and can be described in P321 space group. The partial occupancy then leads the formation
of columns lined along the hexagonal c-axis, which consists of alternating sequence of Ru20g
dimmers and one empty trigonal prism. Contrary, Abraham et al., [1994] has succeeded in
making the vacancy-free phase SraNizOg, which has fully occupied both B-site positions by
Ni4+ ions. Recently, TEM studies revealed that SrsNisOs [Huve et al., 1998] may occur in several
closely related microphases including incommensurable 4H polytype, which transforms to 9R
or 18R-type structure during heating. Furthermore, the SruNisOs crystal structure is very similar to

that of SrsCu’lrO9 [Battle et al., 1998] which consists of alternation Ir.Os dimmers and CuOs
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prism. Battle et al. [1998] observed that prolonged heating of Sr4Cu’lr2Og at 1120 °C as well as
the replacement of Srz* by Ba-ions leads to the adoption of an incommensurate crystal
structure. Moreover, Battle et al. [1998] reported that the remaining compounds SrsA’Ir2Og (A’
= Zn, Ni) as well as BasZn’Ir.O9 are all incommensurate along [001]+ [Battle et al., 1998] and
their composite structure cannot be simply described in terms of mixed layer sequences but
has to be considered to consist of two substructures, characterized by the unit-cell
parameters c1 and c.. The additional isomorphs with a composition BasMn:NaOs was
described by Quarez et al.[2004] The main characteristic of its crystal structure is the presence
of mixed Mn#*/ Mn5*valence in octahedral positions and off-centering for some B-site cations.
All these compound can be described with general formula Azn+3mA’nBzm+nOgm+en for (n =3, m
= 1) [Perez-Mato et al, 1999] where n and m stands for the number of AsA’Os and AOs layers.
Based on this formalism it is most likely that the isoformulated a-BasNb:0g¢ is one of the
isomorphs if not at least the member of this hexagonal perovskites-like series. Recent
investigation of polymorphic phase transitions in BasNb20Os revealed that the compound
appears in two stable polymorphs [Bezjak et al., 2008, 2009]. These include the low-
temperature a- and the high-temperature y-modification. The a-BasNb2Og is observed below
1176°C, while y-BasNb20s is thermodynamically stable above this temperature. The crystal
structures of both BasNb20s polymorphs have not yet been solved. Only the type of the unit-
cell has been suggested and unit-cell dimensions assessed. According to Leshchenko et al.
[1979] the crystal symmetry of high-temperature y-modification appears to be orthorhombic
with unit-cell constants a = 12.03A, b = 20.99A and ¢ = 24.81A while the a-modification might
crystallize in hexagonal-cell (a = 5.923A and c = 4.23A). Since super-structural peaks were not
considered in the calculation of the unit-cell dimensions, Trunov et al.[1979] suggested, based
on an analogy with the BasTa:0¢, [Paramova et. al., 1976] that a-BasNb209 crystallizes in a
hexagonal super-structural cell (a = 20.52A and c = 8.452A). Comparable results were very
recently reported by Bezjak et al. [2008] Their SAED analyses revealed that the unit-cell
suggested by Trunov et al. [1979] is rotated by 30° with respect to the sub-cell of Leshchenko
et al. [1979] and multiplied along the a-axis [Bezjak et al., 2008] Moreover, Kemmler-Sack et
al. [1981] multiplied the c parameter of the unit-cell suggested by Leshchenko et al. [1979]
and proposed that a-BasNb209 crystallizes as 36-layerd hexagonal-perovskite having part of
Ba-cations in octahedral coordination. Reportedly Ba-cations in B-site position increase the
distance between BaO; close-packed layers along [001]+ on to ~2.58A [Kemmler-Sack et al.,

1981] since the characteristic distance for perovskite crystal structure is ~2.35A.
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4.2. Experiment

4.2.1. Sample preparation

The starting materials employed were high-purity powders of BaCOs (99.8%, Alfa Aesar) and
Nb20s (99.8%, Alfa Aesar). The mixture of powders with a nhominal composition corresponding
to BasNb209 was first ball-milled for 2h (200rpm) with yttria-stabilized zirconia balls using
ethanol as a mixing medium. After drying the powder was calcined at 800 °C in air for 20 h,
then ground, and recalcined at 900 and 1000 °C with 20 h duration at each temperature in
order to ensure a complete reaction between the BaCOs: and the Nb:Os. The calcined
powders were then uniaxially pressed into 10-mm pellets, under a force of 2 kN. The green
bodies were fired on a sacrificial pellet of the same composition in an alumina crucible at
various temperatures between 300-1400°C in ambient air. The selected temperatures ensured
sub-solidus conditions according to the phase-diagram reported by Leshchenko et al. [1979].

Therefore it did not exceed the decomposition temperatures of compounds.

For TEM observations the samples were cut into 3-mm discs, which were mechanically
thinned and polished to a thickness of ~100 ym and dimpled (Dimple Grinder, Gatan Inc.,
Warrendale, PA) to ~20 uym in the disk centre. The TEM specimens were produced by ion-
milling (RES 010, Bal-Tec AG, Balzers, Liechtenstein) with 4 keV Ar* ions at an incidence angle
of 10° until perforation of the central disk area. The polymorphic phase transitions in BasNb2Og
were studied by thermal analyses, high-temperature X-ray powder diffraction and high-

temperature TEM analyses.

The samples for high-temperature transmission electron microscopy were prepared
from y-BasNb20Og powders crushed in an agate mortar to obtain small crystalline fragments
that were put in a suspension in alcohol. A drop of the suspension was then deposited and

dried on a copper grid previously coated with a thin film of amorphous carbon.

4.2.2. Experimental methods and experimental conditions

The homogeneity and the microstructures of the sintered pellets were examined with a
scanning electron microscope (SEM; Jeol JSM-5800, Jeol Ltd., Tokyo, Japan) operated at 20
kV and equipped with a back-scattered electron detector and an energy-dispersive X-ray

spectrometer (EDS; Link ISIS 300, Oxford Instruments, Oxford, UK).

The progress of solid-state reactions after each calcination step and the phase

stability was monitored by X-ray powder diffraction using a high-resolution X-ray
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diffractometer (PAnalytical X'Pert PRO MPD, Almelo, The Netherlands) with Cuka radiation
(1.5406 A) operated at 45 kV and 40 mA. The XRD data were collected in the 26 range of 10-
70 ° with a step of 0.008, a counting time of 50 s and a variable V10 slit.

The high-temperature X-ray powder diffraction analyses were carried out in the
temperature range of 25-1200°C in air and in vacuum (103 mbar) using the same XRD
spectrometer as above equipped with an environmental high-temperature oven-chamber

(HTK 1200N, Anton Paar Ltd., Hertford, UK).

Differential scanning calorimetry (DSC 204 F1, NETZSCH-Geraetebau GmbH, Selb,
Germany) was performed from room temperature up to 700 °C, with heating and cooling
rates of 20 °/min using a Pt pan with a lid. Differential thermal and thermo-gravimetric
analyses were studied on a simultaneous thermal analysis instrument (STA; Jupiter 449)
coupled with a quadrupole mass spectrometer (QMS 403C Aé&oloss, Netzsch, Selb, Germany).
The STA was operated in air from 25-1300°C with the heating and cooling rates of 20 °C/min

using an Alz03 pan with a lid.

The presence of possible secondary phases at the grain boundaries of different
BasNb20s modifications was studied using a transmission electron microscope (TEM, JEM-2100,

Jeol Ltd., Tokyo, Japan and EM, JEM-2010, Jeol Ltd., Tokyo, Japan).

High-temperature transmission electron microscopy (HT-TEM) experiments were
performed at CRISMAT Lab (Caen, France) on both JEOL 2010 and 2010F using a GATAN

double tilt heating holder that allows experiments in the temperature range of 20-1000 °C.



