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Abstract. This article represents a continuation of a paper on A, B, O3pt+2 = ABO,
compounds which was published in 2001 in this journal. This work reports also on oxides
of the type A’ Ax—1BrOsx+1 (Dion-Jacobson type phases) and hexagonal A, Br—103m.
The title materials have in common a layered perovskite-related structure whose lay-
ers are formed by corner-shared BOg octahedra. The three homologous series differ
structurally in their orientation of the BOg octahedra with respect to the c-axis. This
can be considered as a result from cutting the cubic perovskite ABOs3 structure along
different directions followed by an insertion of additional oxygen, namely along the
[100], [110] and [111] direction for A’Ag_1BrOskt1, AnBrOsnio and Ay Brm—103m
, respectively. The materials, with emphasis on electrical conductors, were prepared
by floating zone melting and characterized by thermogravimetric analysis, x-ray pow-
der diffraction and magnetic measurements. On crystals of five different compounds
the resistivity was measured along the distinct crystallographic directions. Concerning
Ay BpOsntz this work is focussed on two topics. The first are materials with param-
agnetic rare earth ions at the A site or transition metal ions such as Fe3t at the B
site. The second are non-stoichiometric compounds. Furthermore, we discuss issues like
occupational order at the B site, the proximity of some materials to the pyrochlore
structure, potential magnetic ordering, and a possible coupling between magnetic and
dielectric properties. The oxides A’Ag_1BrOsk+1 gained attention during a study of
the reduced Ba—(Ca,La)—Nb—O system which lead to conducting Dion-Jacobson type
phases without alkali metals. Concerning hexagonal A, By,—1Osm the emphasis of this
work are conducting niobates in the system Sr—Nb—O. The title materials have in
common a quasi-2D (layered) structure and they are mainly known as insulators. In
the case of electrical conductors, however, their transport properties cover a quasi-
1D, quasi-2D and anisotropic 3D metallic behavior. Also temperature-driven metal-
to-semiconductor transitions occur. A special feature of the quasi-1D metals of the
type AnBrOsnt2 is their compositional, structural and electronic proximity to non-
conducting (anti)ferroelectrics. We speculate that these quasi-1D metals may have the
potential to create new (high-T,)superconductors, especially when they are viewed
from the perspective of the excitonic type of superconductivity. Referring to literature
and results from this work, a comprehensive overview on the title oxides and their
properties is presented.
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1 Introduction and overview

1.1 Preliminaries and general survey

This article represents a continuation of a paper on A, B, Os,,42 = ABO, com-
pounds which was published in 2001 in this journal [127]. This special group of
oxides comprises the highest-T,. ferroelectrics such as n = 4 SrNbOs 50 [151]
and quasi-1D metals such as n = 5 SrNbOs 49 [110-113,127,136,244] which
are in compositional, structural and electronic proximity to non-conducting
(anti)ferroelectrics. This suggests the possibility to realize materials with an
intrinsic coexistence of metallic conductivity and high dielectric polarizability.
Therefore this group of oxides represents an important field of research.

In addition to the A, B,03,12 = ABO, materials this work reports also
on Dion-Jacobson type phases A’Ag_1BrOsgt1 and hexagonal A, By,—103,.
There were several reasons for this extension. First, during a study exploring
the substitution of Ca by Ba in n = 4 niobates (Ca,La)NbOs3 50 , an additional
phase appeared whose type was assigned as A’ Ax_1 BrOskr1. This lead to the
synthesis of A’Ap_1BrOsx41 compounds in the reduced Ba—(Ca,La)—Nb—O
system. They represent Dion-Jacobson type phases without any alkali metal. Sec-
ondly, associated with structural discussions the hexagonal A,, B,,_103;, oxides
are sometimes cited in papers about A, B, 03,2 materials, e.g. in the publi-
cation by Levin et al. [122]. In addition to that, sometimes an A, By,—103m
compound occurred as impurity phase in A, B, Os,+2 compositions. That way
the A, Bi—103,, phases gained attention and the question for the preparation
of electrical conductors of this type did raise. Thirdly, the A’Ag_1BgOsgi1,
A BpOspy2 and Ay, B,,—10s3,, compounds represent three related structural
modifications of the cubic perovskite ABOs. They emerge from the latter by
cutting it along its [100], [110] and [111] direction, respectively, followed by
an insertion of additional oxygen. The resulting structures constitute layered,
perovskite-related, homologous series whereby the layers along the c-axis are
k =mn = m — 1 BOg octahedra thick. The layers are formed by corner-shared
BOg octahedra along the ab-plane. Their structural difference is mainly given
by the kind of orientation of the BOg octahedra with respect to the c-axis. This
suggests to study and compare the physical properties of related materials of
these three series.

Before considering the three title series in detail, we cite two further struc-
ture types which are worth mentioning in their context. The first is given by
the Ruddlesden-Popper phases A;11B;03;41 which represents a perovskite-
related, layered, homologous series. Like the Dion-Jacobson type compounds
the Ruddlesden-Popper phases arise from a cut of the cubic perovskite ABOg3
along its [100] direction followed by an insertion of additional oxygen. The ox-
ides of the Ruddlesden-Popper type are usually more familiar because they are
known for many different B cations. This is in contrast to the title oxides which
are only known for B = Ti, Nb or Ta, or at least the required minimum occu-
pancy of Ti, Nb or Ta at the B site is about 67 %. The second structure worth
mentioning is that of LagRuOs which is similar to the n = 2 type of A, B, O3y,42
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but its interlayer region is occupied with La and O. To our knowledge LasRuOs
is the only compound with this type of structure !. The structure of LagRuOs
was determined by powder XRD and powder neutron diffraction by Boullay et
al. [21] and Ebbinghaus [44], respectively.

The crystal structure of the Ruddlesden-Popper phases A;415;03;4+1 , Dion-
Jacobson type compounds A’ Ag_1 BxOsgt1 , AnBrOsnts , LagRuO5 and hexag-
onal A,,B,,—103,, is sketched in Fig. 1 — 10. In this work and in the pre-
vious article [127] the c-axis is chosen as the longest axis. The group of the
A’ Ay _1BrO3p11 oxides comprises three different structure types. In this work
we call them type I, II and III. They differ in the kind of displacement of ad-
jacent layers, see e.g. Fig. 5 and Table 4 in the paper by Fukuoka et al. [53].
The type I and II is sketched in Fig. 2 and 3, respectively. The displacement
realized in the type III structure corresponds to that in A;,8;03;41 which is
sketched in Figure 1. Figure 8 serves as an illustration to show how the sketch
of the hexagonal A,, B,,_103,, in Fig. 9 and 10 comes about. Table 1 presents a
further approach to the structure of hexagonal A,,, B,;,—103,, , namely in terms
of cubic closed-packed (ccp) stacking sequences of AO3 sheets along the c-axis.

To facilitate a comparison between the four series A, 4180341 , A’ Ap—1BrOsk4+1
, AnBrOspi2 and Ay, By~ 103, , a list with some of their features is presented
in Table 2 and 3. Two of them, A’A,_1BrO3sr11 and A, B,O3,12 , have the
same cation ratio of (A’, A)/B = A/B = 1. Therefore their composition can
be represented by the general formula ABO,. Table 4 presents the oxygen con-
tent x in ABO,, and corresponding structure types(s) with compositional exam-
ples from literature and this work. In Table 4 two further structure types are
mentioned, namely pyrochlore and fergusonite. The latter represents the mono-
clinically distorted variant of the tetragonal scheelite structure (CaWOy type).
The pyrochlore and the fergusonite structure are neither layered nor related to
perovskite.

The Figures 11 — 17 present some structural details of several compounds
belonging to Aj+1BjO3j+1 5 A,AklekOZSkJrl 5 AanO3n+2 and AmBm,lOgm 5
especially the distortion of crystallographically inequivalent BOg octahedra and
the experimentally determined occupancies at the B or A site. In this work and
in Ref. [127] the distortion of an octahedron or polyhedron is defined as

(largest — smallest) B — O distance

(1)
The Figures 11 — 17 reveal some features which most of the compounds have in
common:

octahedron or polyhedron distortion =
POLY average B — O distance

e The distortion of the BOg octahedra is largest at the boundary of the layers
(because there the deviation from the perovskite structure is greatest).

! We notice that LasRuOs displays interesting physical properties. It shows a
temperature-driven semiconductor-to-semiconductor transition at about 160 K [100].
This first-order phase transition is discussed in terms of orbital ordering [48,100].



Published in Prog. Solid State Chem. 36 (2008) 253—387 7

e The distortion of the BOg octahedra decreases as moving from the boundary
to the inner region of the layers.

e The distortion is very small for those BOg octahedra which are located at
the center of layers which are 3 or 5 octahedra thick.

e If there are at the A or B site two different cations which differ in their va-
lence, then the site occupancy of those ions with the higher valence is largest
at the boundary of the layers and smallest at the center of the layers. The
reason for this partial ordering is the following. Compared to the perovskite
ABQO3 the amount of oxygen O?~ at the boundary of the layers is relatively
large. This results in a significant amount of negative charge at the boundary
of the layers. To compensate this negative charge the positively charged A
or B cations with the higher valence tend to accumulate at the boundary of
the layers.

Concerning the latter item, full ordering appears only in few compounds. Full oc-
cupational ordering at the B site is reported for the £ = 3 material CsLasTiosNbOqg
(Fig. 11) by Hong et al. [76] and the n = 5 types Ln;Ti4FeO17 = LnTip sFep.203.40
with Ln = La, Pr or Nd (Fig. 16) by Titov et al. [227,228]. Full ordering at the
A site is reported for n = 3 tantalate SraLaTagO11 = Srg.¢7Lag.33Ta03.67 (Fig.
12) by Titov et al. [224]. We note that for this tantalate the cation arrangement
with respect to the valence is opposite to that of the most other materials. The
La?* ions, which have a higher valence compared to Sr?*, are exclusively located
in the inner region of the layers.

The Tables 5 — 60 present an overview of many compounds of the type
A’ Ag_1BrO3sg41 , ApBnOspyo = ABO, and Ay, By, — 103, reported in literature
and this work. Also listed are some of their properties. N denotes the number
of 3d, 4d or 5d electrons per Ti, (Ti,V), (Ti,Nb), Zr, Nb, Ta, W or Re at the
B site obtained from charge neutrality. a, b, ¢, B and V represent the lattice
parameters and Z stands for the number of formula units per unit cell. In the
case of A, B,,O3,4+2 = ABO,, there are some special Tables included. The Tables
47 and 48 show the features and the present state of the most intensively studied
electrical conductors of the type A, B;,O3,4+2 = ABO, which are niobates with
the composition (Sr,La)NbO,. Furthermore, recent and comprehensive papers
which report on several compounds and structure types are listed in the Tables 49
and 50 with title, author(s), year of publication and remarks about the content.

In the following we describe some attributes and the present state of the title
oxides.

1.2 A,B,Os.42 = ABO,

The features of the A, B,,03,4+2 = ABO, compounds can be found in Fig. 4 —
6, Table 2 — 4, Fig. 12 — 16 and Table 15 — 50. This special group of oxides
comprises several compounds with interesting and unique properties.
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The n = 3 (II) and the non-integral n = 4.5 type such as LaTig 67 Ta0¢.3303.67
and LaTiOs 44 , respectively, are examples of materials with an ordered stack-
ing sequence of layers with different thickness, see Figure 4 and 5. Many of the
non-integral series members, e.g. the n = 4.5 quasi-1D metal StNbOs 45 , can be
obtained as single phase samples by floating zone melting [127]. This indicates
that even the non-integral series members with their long c-axis, e.g. ¢ ~ 60 A
for n = 4.5, are compounds with a high thermal stability. We note that the term
"single phase” refers to the result of a structural analysis by powder XRD.

The existence of significantly non-stoichiometric materials is reported in the
previous article, see Table 17 and 18 and Fig. 16 in Ref. [127]. Some examples
are the following. The n = 4 niobate Srg gLaOy 2NbOg3 g is over-stoichiometric
with respect to the oxygen content. The ideal oxygen content of the n = 4 com-
position is £ = 3.50. The n = 5 niobate Cag.95sNbO3 36 is under-stoichiometric
with respect to the A site occupancy and the oxygen content. The ideal A site
occupancy is 1 and the ideal oxygen content of the n = 5 composition is x = 3.40.
These and some other non-stoichiometric compounds are single phase within the
detection limit of powder XRD. We note in this context that the n = 5 phases
SrNbO, , CaNbO, and LaTiO, have a homogeneity range of 3.40 < x < 3.42
[127].

Since the publication of the previous article [127] the structures of several
compounds were determined by single crystal XRD. For example, the n = 4
ferroelectric insulator STNbQO3 50 as well as the n = 5 quasi-1D metal LaTiO3 41
by Daniels et al. [33,34] and the n = 6 insulator Ca(Nb,Ti)O333 as well as
the n = 5 quasi-1D metal CaNbOg3.4; by Guevarra et al. [62,63]. For the n =
4 ferroelectric insulator SrNbOgs 50 several structural studies are reported, see
Table 19. The structure determination by Daniels et al. [33] indicates that the
incommensurate modulation in StNbOj 59 results from the attempt to resolve
the strain from very short Sr — O distances at the border of the layers. A
structural investigation under high pressure was performed by powder XRD on
the n = 5 quasi-1D metal LaTiOs 41 by Loa et al. [134]. It was found that the
n = 5 structure remains stable up to a pressure of 18 GPa with a pronounced
anisotropy in the axis compressibility of about 1:2:3 for the a-, b- and c-axis. In
the range of 18 — 24 GPa a sluggish but reversible phase transition occurs.

The A,,B,O3,12 type structures are relatively complex and contain sophis-
ticated features such as incommensurate modulations. There are successful ex-
amples to describe the structure of the members of the A, B,Ogs,42 series by
an unified four- or five-dimensional superspace approach. To cite some exam-
ples we refer to the paper about Sr,(Nb,Ti),Os,12 by Elcoro et al. [46] and
Ca, (Nb,Ti), 03,42 (n = 5 and 6) by Guevarra et al. [65].

The n = 4 materials CaNbO3z 59 , STNbO3 50 , LaTiO3 50 and NdTiO3 59
represent the highest-T,. ferroelectrics with T, in the range of 1600 — 1850 K, see
Table 19, 21, 22 and 24 !. It seems to be a general rule that non-centrosymmetric

! To have a comparison with another high-T. ferroelectric we refer to LiNbO3 which
has a Tc of 1480 K [105]. In contrast to the n = 4 types whose structure is layered
and where the BOg octahedra are exclusively corner-shared, the structure of LiNbO3



Published in Prog. Solid State Chem. 36 (2008) 253—387 9

space groups and ferroelectrics are realized for the even types n = 2, n = 3 (I1),
n = 4 or n = 6, whereas centrosymmetric space groups and antiferroelectrics
occur for the uneven types n =3 (I), n =5 or n = 7. See Table 4 and 15 — 46.

The niobates and titanates with a reduced composition are anisotropic (semi)conductors.
Some of them display along the a-axis a metallic resistivity behavior and un-
dergo at low temperatures a temperature-driven metal-to-semiconductor tran-
sition. The temperature dependence of the resistivity along the a-, b- and c-
axis of seven different niobates and the n = 5 titanate LaTiO34; can be found
in the previous article [127]. They represent a special group of quasi-1D met-
als. Meanwhile the quasi-1D metallic behavior is established by the resistiv-
ity p(T) [127] and a comprehensive investigation by Kuntscher et al. [110-113]
using angle-resolved photoemission spectroscopy (ARPES) and optical spec-
troscopy. Presently, the most intensively studied quasi-1D metals are the nio-
bates StNbO3 41 (n = 5), StNbO3 45 (n = 4.5) and Srg.sLag2NbOs50 (n = 4)
[17,110,111,113,127,242,244]. The features and the present state of these niobates
and those of the related ferroelectric insulator StNbOgs 59 (n = 4) is presented
in Table 47 and 48.

The extensive studies by Kuntscher et al. [110,111,113] revealed several inter-
esting properties. For example, in the semiconducting state at low temperatures
the n = 5 niobate SrNbOs 41 displays along the a-axis a very small energy gap
at the Fermi level [111,113]. The small value of the gap, about 5 meV, was found
by three different experimental techniques, namely by resistivity measurements,
optical spectroscopy and high-resolution ARPES. The extreme smallness of the
gap is unique among quasi-1D metals. A further interesting feature are the par-
ticular differences in Sr,Nb,,O3,+2 = StNbO,, type niobates between the type n
= 4.5 and 5 and the type n =4 [110,111,113,127], see Table 47 and 48. The n = 4
type Srg.gLag2NbOs3 50 displays, compared to related n = 4.5 and 5 niobates, a
relatively weak metallic character and for T' < Tass7, whereby Ty g7 is the tem-
perature of the metal-to-semiconductor transition in the resistivity, no energy
gap along the a-axis was detected by optical spectroscopy. These both findings
are probably related to the non-presence of central NbOg octahedra in the n = 4
niobate where the layers are four NbOg octahedra thick. In the case of the types
n = 4.5 and 5 there are layers which are five NbOg octahedra thick. A thickness
of five NbOg octahedra involves the presence of central NbOg octahedra whose
distortion is very small, see Figure 15. These central octahedra seem to favor
the metallic character as in the n = 4.5 and 5 type niobates. This statement
is corroborated by LDA band structure calculations on StNbOs 41 (n = 5) by
Bohnen [111] as well as by Winter et al. [244]. It was found that the largest
contribution to the density of states at the Fermi energy comes from those Nb
which are located in the central NbOg octahedra.

is non-layered and involves corner- and face-shared NbOg octahedra. As described
in Ref. [144] the structure of LiNbO3 emerges from the cubic perovskite ABO3 by a
rotation of the BOg octahedra around its [111] direction. The structure of LiNbOg
represents also a superstructure of corundum, i.e. a-AlyOs.
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Presently, the nature of the metal-to-semiconductor transition along the
a-axis is not completely clarified. For the niobates StNbOs 41 (n = 5) and
SrNbO3 45 (n = 4.5) the metal-to-semiconductor transition is discussed in terms
of a Peierls type instability by Kuntscher et al., but not all findings can be
explained within this picture [110,111,113]. NMR and EPR measurements on
SrNbO3.41 (n = 5) were performed by Weber et al. and their results are dis-
cussed in terms of charge density wave formation and Peierls transition [242].

We note that the metal-to-semiconductor transition along the a-axis is also
visible in the (real part of the) dielectric constant €, at low frequencies. Op-
tical transmission measurements on thin platelets of STNbOs 41 (n = 5) and
SrNbO3 45 (n = 4.5) by Kuntscher et al. revealed very high but negative values
at T = 300 K, as expected for a metal, and very high but positive values at T
= 5 K [113]. See also Table 48. The high values of €, at low frequencies and at
low temperatures is related to the smallness of the energy gap along the a-axis
[113].

Also the n = 5 titanate LaTiOg3 41 represents a quasi-1D metal. This was re-
vealed by resistivity measurements [127] and optical spectroscopy by Kuntscher
et al. [112]. The results from Kuntscher et al. indicate the presence of strong
electron-phonon coupling and, along the a-axis, a temperature-driven phase tran-
sition at about 100 K and an energy gap of approximately 6 meV which develops
below that temperature. The features of LaTiO3 47 are discussed within a po-
laronic picture [112]. Furthermore, the optical response of LaTiO34; at room
temperature was investigated under high pressure by Frank et al. [51]. Their
results are discussed in terms of polaronic excitations as well as electronic tran-
sitions within a Mott-Hubbard picture in the hole-doped regime. At a pressure
of about 15 GPa there are indications for an onset of a dimensional crossover
in this highly anisotropic titanate [51]. This is in accordance with the structural
study under pressure where in the range of 18 — 24 GPa a sluggish but reversible
phase transition occurs [134].

A special feature of the A, B,,03,+2 = ABO, type quasi-1D metals is their
compositional, structural and electronic proximity to non-conducting (anti)ferroelectrics.
This suggests the possibility to realize compounds with an intrinsic coexistence
of metallic conductivity along the a-axis and high dielectric polarizability along
a direction perpendicular to that. This statement is supported from the following
remarkable experimental results:

e The optical conductivity of the n = 4 ferroelectric insulator STNbOj3 59 along
the b-axis displays a phonon mode at about 54 cm~' which represents the
soft mode of the ferroelectric transition [162]. It is reported by Kuntscher et
al. that this phonon mode at about 54 cm~! is not only present in the ferro-
electric insulator STNbO3 50 (n = 4) but also in the weakly pronounced quasi-
1D metal Srg.sLag.2NbO3.50 (n = 4) and in the quasi-1D metals STNbO3 45
(n = 4.5) and StNbO3 4 (n =5) [113].

e The intrinsic high-frequency dielectric constant along the c-axis, €. o , of
the quasi-1D metal StNbOs 41 (n = 5) was obtained from dielectric mea-
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surements by Bobnar et al. [17]. At T = 70 K, and for lower temperatures,
a relatively high value of €. ., =~ 100 was found. For temperatures above
70 K it was impossible to determine €. o, because the conductivity of the
sample was too large. Nevertheless, this result is worth mentioning because
around 70 K the niobate STNbOj3_ 4; is metallic along the a-axis as indicated
by ARPES at 75 K [113] and resistivity measurements [127]. Furthermore,
the relatively high value of €, o, =~ 100 should also be viewed from the per-
spective of a paper by Lunkenheimer et al. [137] about the origin of apparent
colossal dielectric constants. The authors speculate that the highest possible
intrinsic dielectric constants in non-ferroelectric materials are of the order
102

Because of their special features the A, B;,03,+2 compounds represent an
interesting field of research.

1.3 Dion-Jacobson type phases A’Aj_1BrOspy1

The A’ Ag_1 BxO3k+1 type compounds are known as Dion-Jacobson phases. They
are presented in Fig. 2 and 3, Table 2 — 4, Fig. 11 and Table 5 — 14. Their
name is based on publications by Dion et al. about A’CagNb3zO1g (k = 3) with
monovalent A" = Li, Na, K, Rb, Cs, NH4 or Tl [36] and by Jacobson et al.
about KCagNay_3Nb;Og41 with 3 < k& < 7 [87]. Many of the Dion-Jacobson
phases are able to intercalate ions, organic or inorganic molecules such as water
in the interlayer region, see e.g. Ref. [59,87]. Some compounds are reported to
be ferroelastic, e.g. the & = 3 niobate KCasNb3O1¢ with 7. = 1000 °C [38]. For
some of the materials listed in Table 5 — 13 the space group is known. Among
these only one is non-centrosymmetric, namely the k& = 3 niobate KSraNb3Oqg
reported by Fang et al. [49]. Therefore it represents a potential ferroelectric.

Usually the A’ are alkali metal ions. A compound without any alkali metal
is the k = 2 tantalate BaSrTasO7 which was recently published by Le Berre et
al. [118]. However, we consider also the titanates BaLnsTisO19 with Ln = La,
Pr, Nd, Sm or Eu (Table 11) as k = 3 types without any alkali metals. In the
literature these titanates are not classified as Dion-Jacobson type compounds but
their structure seems to be of the type k = 3. This statement is also supported
by a sketch of the BaLnyTizOq9 structure in a paper by German et al. [55].

Most of the published Dion-Jacobson oxides are fully oxidized compounds
and therefore insulators. The mixed-valent niobates, however, are (semi)conducting
and some of them are metals and even superconductors. Metallic resistivity be-
havior in the Li-intercalated & = 2 type KLaNboOr7 , i.e. Li,KLaNbyO7; , is
reported by Takano et al. [215]. The Li-intercalated & = 3 type KCasNbsO1g
is a low-T, superconductor with T, ~ 1 K, also published by Takano et al.
[214,215]. A transition temperature T, in the range of 3 — 6 K is also reported
[52].
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1.4 Hexagonal A,,B,,—103m

The properties of the hexagonal A, B, —103,, compounds can be found in Fig. 8
— 10, Table 1, Fig. 17 and Table 51 — 60. The tables reveal that these compounds
were mainly studied with respect to their structure. As in the case of A,, B;,O3y 42
there are materials with an ordered stacking sequence of layers with different
thickness, e.g. the m = 4 + 5 titanate LagTi;O27 , see Fig. 9 and 17 and Table
60. Examples of the few reported physical properties are the dielectric constant
of some materials and the semiconducting resistivity behavior of polycrystalline
SrzRe20g (m = 3), BagResOg (m = 3) and oxygen-deficient BagNbsO15_,
(m = 5), see Tables 51, 53, 54, 55 and 57.

The arrangement of the BOg octahedra in the hexagonal A,, B,,—103,, com-
pounds is very peculiar. Therefore we speculate that they have a potential for
attractive physical properties. For example, the mixed-valence m = 7 niobate
Sr7NbgO2; (Nb*67F / 4d°-33) reported by Schiickel and Miiller-Buschbaum [194],
see Table 58, is potentially a good electrical conductor. Therefore it is worth-
while to study its resistivity and magnetic susceptibility. Schiickel and Miiller-
Buschbaum synthesized Sr7NbgOsq; crystals by a laser heating technique and
determined the structure by single crystal XRD, but physical properties were
not reported.

2 Experimental

2.1 Sample preparation

The starting materials used were MgO, Al;O3, CaCOj3, TiOo, TiO, V205, MnyOs,
F6203, SI‘COg, Nb205, Nb powder, BaCO;g, L3203, CeOQ, PI"GOH, Nd203,
Smy 03, Eus O3, Gds O3, YboO3 and TasO5. Apart from BaCO3 with a purity of
99.8 % the purity of the powders was at least 99.9 %. We note that the purity
refers usually to the metal part of the composition. The powders were weighed
with an accuracy of 0.5 mg and dryly mixed in an agate mortar. Special care was
taken to prepare nearly moisture-free powders. SrCO3 and BaCOg3 were heated
for several hours at 200 — 250 °C under vacuum and subsequently stored in a dry
atmosphere. The oxides, apart from TiO, were heated for at least 1 h in air at
an appropriate temperature in the range of 450 — 1100 °C and then also stored
in a dry ambience. Very moisture sensitive oxides like AloOgz, TiO2 and LasOs3
were heated immediately before weighing.

The oxygen content of Nb and TiO was determined thermogravimetrically.
Small amounts of the powders were oxidized in static air up to 995 °C. Assuming
that the uptake of oxygen leads to 100 % Nb and 100 % Ti, the actual compo-
sitions of the powders were found to be NbQOg g2 and TiOq g3. These formulas
were utilized for stoichiometric calculations.

To verify the composition of MnyQOg it was first inspected by powder XRD.
This revealed the presence of a small amount of MnO,. Then, a small part of
the Mn,O3 = MnO; 59 batch was heated thermogravimetrically in static air
up to 995 °C. The weight versus temperature curve displayed several steps of
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mass reduction, but the maximum temperature of 995 °C was not enough to
achieve the well-defined final composition Mn3O4 = MnO; 33 !. Nevertheless,
a temperature range was identified in which the powder should be heated to
remove its moisture content. The actual oxygen content of the MnyOs batch
was estimated as follows. About 2 g powder was heated in a crucible for 4 h at
1250 °C in air by using an ordinary furnace. The weight loss was measured by
weighing the crucible with the powder before and after the heating. Based on
the assumption that Mn,O3 = MnO; 59 was completely converted into MnzOy4
= MnOj 33 , it was concluded that the actual composition of MnsO3 resulted in
Mn3O3.92 -

The most general way to synthesize electrical conducting titanates and nio-
bates A,BQO, , i.e. reduced mixed-valence compositions, implied the following
four steps:

1. A fully oxidized composition A,B1_,Oy—q was prepared. This was done
by heating an appropriate mixture of oxides and (if necessary) carbonates
with total composition A,Bi_yOy_q4+p(CO2), for several hours in air at
temperatures in the range of 1200 — 1300 °C according to

1200 — 1300 °C

AyB1-00y—g4p(CO2), AyBi0Oy—g + 202 + (CO2),

in air
(2)
whereby
z = CO3 content, z >0 (3)
p = Pr content at the A site, p >0 (4)

In the case of the presence of Pr at the A site, i.e. p > 0, Equation (2) takes
into account the conversion of the brown starting material PrgO1; = PrOq g3
into green PrO; 50 = Pr20O3 , i.e.

1
PrOyg3 — PrOy50 + 602 (5)

Referring to Eq. (2) the weight loss resulting from the removal of CO5 and/or
0> was traced by weighing the powder mixture before and after this process.

L 1t is known that Mn.Os = MnOj.50 converts finally into the composition Mn3O4
= MnO1 33 when heated above 1000 °C in air. However, this reduction from Mn**
(Mn203) to Mn267+ (MnsOy4) does not necessarily take place if Mn2Os is part of a
more complex composition. For example, if the composition 0.5 LasOs + 0.8 TiO2
+ 0.1 Mn2O3 = LaTip.sMno.203.4 is heated for several hours at 1250 °C in air, then
the weight of the powder mixture remains practically constant, i.e. Mn remains in
the valence state Mn>*.
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2. The fully oxidized and carbonate-free composition A, Bi_,0y—4 was mixed
with a reduced powder B,,O4 (¢ > 0) like Nb or TiO, resulting in the
composition A,B1_,0, according to

AyB1-4wOy—q + B,O, = A,BO, (powder, total mass = 6g) (6)

The oxygen content of the mixture (6) was verified by a thermogravimetric
oxidation of a small amount of powder up to 995 °C in static air. The dif-
ference between the thermogravimetrically determined oxygen content, yezp
, and the theoretical value based on the corresponding stoichiometric calcu-
lation, y, was typically found to be |yezp — y| < 0.006.

3. The powder mixture (6) was pressed into two rectangular rods which were
sintered for several hours in a molybdenum furnace (GERO HTK8MO) at
a temperature in the range of 1250 — 1400 °C under Ar (purity 5.0) or
sometimes also under 98 % Ar + 2 % Hsy . Usually this leads to a small
change A of the oxygen content y according to

1250 - 1400 °C
in Ar

A,BO, + ?OQ AyBOyia  (sintered rods)  (7)
A photograph of two sintered rods is shown Figure 18. To determine the
oxygen content y + A, a small piece from the rods was thermogravimet-
rically oxidized up to 995 °C in static air. In the most cases A > 0 was
observed, typical values were A < 0.02. This weak oxidation is probably due
to small concentrations of moisture, carbonates and/or hydroxides in the
pressed powder (7) and/or related to the degree of purity of the gas atmo-
sphere in the furnace. For some titanate compositions, however, A < 0 was
found, typically in the range of A ~ —0.02. The oxygen partial pressure was
not controlled.

4. The sintered rods, see Fig. 18, were subjected to a floating zone melting
process under Ar (purity 5.0) whereby the long rod acted as feed material
and the small rod as seed part. An optically heated floating zone melting
furnace (GERQO) was used. The zone speed and the rotation frequency of the
seed part was chosen to be 5 — 15 mm/h and 15 rpm, respectively. By the
solidification from the melt crystals may arise, especially if the composition
melts congruently or nearly so. A control of the oxygen partial pressure was
not performed. The as-grown sample was inspected with respect to a change
0 of the oxygen content y + A which can be described by

1) solidification from melt
AUBOy—i-A + _02 A
2 in Ar

AyBO, , z=y+ A+ (as-grown sample)
(8)
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To determine the oxygen content z = y + A + §, small pieces from the as-
grown sample were thermogravimetrically oxidized up to 995 °C in static air.
The change § was relatively small in the most cases, typically in the range
0 < § <0.01. For some titanate compositions, however, § < 0 with typical
values of § ~ —0.02 was observed. The shape of the as-grown sample is
nearly cylindrical. Because of the layered structure it is often easy to cleave
the sample, see e.g. Figure 24. If the sample contains sufficiently large crystal
faces, crystalline platelets of small, medium or large size can be obtained by
crushing in an agate mortar, see e.g. Figure 24.

There is another way to prepare electrical conducting titanates and niobates
A,BOy, , i.e. reduced mixed-valence compositions. A powder with a fully oxidized
composition A,BO, was pressed into two rods which were sintered in air at a
temperature in the range of 1250 — 1400 °C. The sintered, fully oxidized rods
were subjected to a floating zone melting process under a reducing atmosphere
consisting of 98 % Ar + 2 % H, , i.e.

solidification from melt
in 98 % Ar + 2 % Ho

A,BO, — gOQ A,BO, , ©=y—n (as-grown sample)

9)

where 7 > 0. To determine the oxygen content x = y — 7, small pieces from
the as-grown sample were thermogravimetrically oxidized up to 995 °C in static
air. Compared to the four steps described above this process is much simpler.
However, the final oxygen content x = y — 1 cannot be varied systematically. It
depends in an unpredictable way on the composition A, BO, of the fully oxidized
powder. Fully oxidized and therefore insulating materials were synthesized in a
similar manner. The only difference was that the atmosphere during floating
zone melting consisted of artificial air instead of 98 % Ar + 2 % Ha.

Concerning the preparation, materials which contain Ce often represent a
special case. With respect to the oxygen content there are some ranges of com-
position which are difficult to synthesize because the starting material CeOq
(Ce*™) is rather inert against reduction into CesO3 = CeO;.50 (Ce®). This is
in contrast to PrgO11 = PrOq g3 (Pr3'67+) which converts relatively easily and
in a defined way into PrO;. 50 = ProO3 (Pr3"), which is achieved just by heating
it in air at high temperatures of about 1250 °C. Most Ce®** compounds were
prepared by floating zone melting in artificial air or in 98 % Ar + 2 % Hs by
using rods with a fully oxidized composition. In contrast to that CeTiO3.5; and
CeTiOg3. 49 were grown in the following way.

The insulator CeTiOs3 51 (Ti4+) was synthesized from rods with the fully
oxidized composition CeOy + TiOy = CeTiO, (Ce*t and Ti*t). The floating
zone melting of these rods was performed under Ar which resulted in CeTiOg3 5;.

To prepare the electrical conducting titanate CeTiOg3 49 (Ti3'8+) the mixture
CeOy + 0.54TiOy (Ce?* and Ti*t) was pre-reacted for 4 hours at 1200 °C in
air. Then 0.46 TiO; g3 was admixed and the resulting composition CeTiO3 55 was
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pressed into two rods and sintered for 3 hours under Ar at 1300 °C. The oxygen
content before and after sintering was determined thermogravimetrically. After
sintering the composition of the rods was CeTiOs 43 , i.e. a significant reduction
of the oxygen content took place. Subsequently the rods were subjected to a
floating zone melting process under 98 % Ar + 2 % Hsy . This resulted in an
additional but less pronounced reduction of the oxygen content and lead to the
composition CeTiOgz 49 of the as-grown sample.

The oxygen content of the samples was determined by using a thermogravi-
metric analyzer NETZSCH TG 209 which achieves a maximum temperature of
1000 °C. The accuracy of the thermogravimetrically determined oxygen content
was found to be about 0.3 %, i.e. two digits behind comma [127], provided that
the cation ratio 4,/B in A, BO, remains unchanged. This was true for almost
all reactions performed in this work because an evaporation did not take place or
was negligible. The oxygen content x was calculated as follows. Assuming that
a composition with the general formula RO, , e.g. R = A, B, can be oxidized
(or reduced) to RO, with a well-defined final maximum (or minimum) oxygen
content wu, i.e.

1
RO, + E(u—m) 02 — RO, (10)

If m, is the mass of the sample with composition RO, , Am the change of the
mass associated with Eq. (10),

My = My + Am (11)

the mass of the composition RO,, , M, the molar mass of RO, in g/mol and
M, = 15.9994 g/mol the molar mass of oxygen O, then the following two ratios
are equal:

Am M,
B — 12
From that and Eq. (11) we obtain
Am M,
L 13
v (mg + Am) M, (13)

2.2 Powder x-ray diffraction

Bulk structural analysis was performed by powder x-ray diffraction (XRD) with
Cu K, radiation using a PHILIPS (now PANALYTICAL) X’Pert MPD diffrac-
tometer. A small part of the as-grown sample was powdered in an agate mortar
, mixed with ethanol and then dispersed on a flat sample holder consisting of
single crystalline Si. The latter has an orientation that does not cause diffraction
peaks in the accessible angle range. The calibration of the system with respect
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to the peak position was verified by using a solid, polycrystalline Si reference
sample. The position of three Si peaks, 20 = 28.44°, 56.12° and 88.03°, was mea-
sured by means of the Si reference sample before and after every measurement.
An accuracy of + 0.01° with respect to these positions was assured.

Lattice parameter refinement of peaks located in the diffraction angle range
4° < 20 < 64° was done with the PHILIPS (now PANALYTICAL) software
X’Pert Plus.

2.3 Magnetic measurements

Magnetic measurements were performed with a SQUID magnetometer (QUAN-
TUM DESIGN MPMS-5S) in the temperature range 2K < 7' < 390K and in
low magnetic fields 100 G < H < 1000 G.

The specimens used were relatively large in size with masses in the range of
100 — 500 mg. The as-grown samples had a cylindrical or cylinder-like shape.
If a cylindrical specimen was broken away from the as-grown sample, then its
longitudinal cylinder axis was oriented parallel to the field. Usually the layers
grow parallel or 45° inclined to the longitudinal cylinder axis. Therefore, for
cylindrical specimens the field was oriented parallel or 45° inclined to the layers.
Sometimes also smaller pieces of non-cylindrical shape with a field parallel to
the layers were utilized.

The measurements were performed in such a way that the contribution of
the sample holder does not influence the susceptibility measurement. This was
achieved as follows. A long straw was fixed at the sample holder. A shorter,
transversally deformed straw and the specimen was inserted into the long straw
so that the specimen was fixed between both straws just by mechanical pressure.
If the straws are sufficiently long and the longitudinal mass density of the straws
is homogenous, then there is no contribution from the straws during the periodic
motion between the two pick-up coils.

The accuracy of the measured susceptibility was about 1 %. This statement
refers to the calibration of the SQUID magnetometer which was repeatedly ver-
ified by a Pd reference sample.

Usually the unit of the molar susceptibility in the cgs system is written as
emu mol~'. To make explicitly clear that this implies the magnetic moment in
emu divided by the magnetic field H in G we denote in this work the unit of the
molar susceptibility as emu G~! mol~".

2.4 Resistivity measurements

Dc resistivity measurements between room temperature and T' = 4 K were done
on rectangular plate-like crystals obtained by crushing the melt-grown samples.
Often the as-crushed crystals were additionally cleaved and/or cut by means of
a razor blade to obtain a rectangular shape with appropriate size. Laue diffrac-
tion was used to check the quality and orientation of the crystalline platelets.
Typically, the platelets were 0.2 - 0.8 mm thick and 2 - 4 mm long and wide.
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The resistivity p was measured in a four-point configuration along the a-, b- and
c-axis as shown in Fig. 19, 20 and 21. The voltage contacts along the c-axis, i.e.
perpendicular to the layers, and the current contacts along the a-, b- and c-axis
were made by gold wires which were attached to the sample with silver paint.
The voltage contacts along the a- and b-axis, i.e. along the layers, were made on
the crystal surface by ultrasonically bonded aluminum wires.

Concerning resistivity measurements on crystals of quasi-1D metals the fol-
lowing should be noted. If the voltage contacts were prepared by silver paint,
then no metallic behavior along the a-axis was observed [127]. A metallic tem-
perature dependence was detected when the voltage contacts were realized by
ultrasonically attached aluminum wires [127]. Also Moini et al. reported that
initial measurements on crystals of LapMoyO7 ! with silver paste contacts lead
to erratic results, but the problem was solved by ultrasonically soldered indium
contacts [147].

3 Results and discussion: Sample preparation

About 250 different compositions were processed by floating zone melting. Ap-
proximately half of them resulted in single phase compounds. Here, the term
"single phase” refers to the result of a structural analysis by powder XRD. Con-
cerning the preparation process every composition had its own peculiarities.

The as-grown samples usually consisted of many crystals. The size and the
quality of these crystals depend on the composition. Owing to the layered struc-
ture, nice crystals can often be obtained by cleaving the as-grown sample. Pho-
tographs of several samples and crystals are presented in Fig. 22 — 30. An
example of a complete as-grown specimen is shown in Figure 24. Typically, the
as-grown samples have a cylindrical shape. In several cases, however, they dis-
play an ellipsoid-like form as the specimen presented in Figure 24. Probably this
deformation of the shape is related to the layered structure and the different
growth velocity along and perpendicular to the layers. In almost all cases the
layers grew parallel to the longitudinal cylinder axis, i.e. with the c-axis per-
pendicular to the longitudinal cylinder axis, see Fig. 24, or the layers grow 45°
inclined to that axis, see Figure 28. The only example where the c-axis grows
parallel to the longitudinal cylinder axis was SryqeLag.4NbsO15.06 (m = 5 of
Ay Bin—1035,). During the solidification from the melt this composition showed
a strong tendency of disintegration which may be related to this peculiar orien-
tation of the layers. Remarkably, for the similar composition SrsNbyO15 (m =5
of Ay, Bin—103m,) the c-axis grew perpendicular to the longitudinal cylinder axis,
see Figure 27.

Three examples of Laue images of plate-like crystals are presented in Fig. 31
— 33. The Laue images were used to check the quality and orientation of crystals
for resistivity measurements.

! We notice that the crystal structure of LasMo2O~ is neither of the type n = 4 of
ApBpOsnq2 nor pyrochlore, it constitutes an own type.
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Some examples of the thermogravimetric oxidation behavior of small pieces
from as-grown samples with reduced composition are presented in Fig. 34 and
35. When crystalline pieces of A, By,—103,, niobates were oxidized, the satu-
ration value of the weight gain was not easily reached. This is shown in Fig.
34 by using the conducting m = 6 niobate SrgNbsO1s.07 as an example. The
saturation was achieved much easier when pulverized crystals were used (Fig.
34). In this case the weight as function of temperature displays a maximum
before the saturation regime appears. This maximum may reflect the presence
of a catalytic process. Nevertheless, the high temperature saturation value of
the weight, which is relevant for the determination of the oxygen content, is the
same in both cases.

In the Sr—(Nb,Ti)—O system the following common features were observed
for compounds of the type A, B;,03,4+2 = ABO, and A, By,—103m:

e It was impossible to prepare the insulators Sr5NbyTiO17 = SrNbg s Tip.203.40
(n = 5) and SrgNbyTiO15 (m = 6) by floating zone melting. In both cases
the solid material from the feed rod had a very strong tendency to grow out
of the molten zone and the experiments had therefore to be stopped.

e It was relatively easy to synthesize the both transparent insulators Sr4NbsO14
= StNbO3.50 (n = 4) and SrsNbyOy5 (m = 5) by floating zone melting.
In both cases nice, plate-like crystals were readily obtained by cleaving
the as-grown sample. The preparation of the n = 4 ferroelectric insula-
tor SryNbyO14 by floating zone melting was reported e.g. by Nanamatsu
et al. [151] and in the previous article [127]. However, according to the
phase diagram of the Sr—Nb—O system, SrsNbsO14 and Sr5NbsO15 do not
melt congruently [28,119]. Also in a paper by Teneze et al. it is mentioned
that SrsNbyO15 decomposes peritectically at 1773 K [213]. Hence crystals
of SrsNbsO15 were grown from a non-stoichiometric, Nb-rich mixture which
was subjected to a special thermal cycle described in Ref. [213]. Therefore it
is worth mentioning that floating zone melting of the stoichiometric compo-
sitions of SryNbsO14 (n = 4) and SrsNbsO15 (m = 5) lead readily to single
phase products and nice crystals.

e In Sr—Nb—O compositions with a Nb valence of about 4.8 or less there is
a tendency that a purple-colored phase appears in the as-grown sample. In
general this tendency increases with decreasing Nb valence. As reported in
the previous paper in the context of STNbO, , the purple colored phase is
probably a Sr-deficient perovskite compound with approximate composition
Sro.sNbOgs [127]. By using a lower zone speed, e.g. 6 mm/h instead of 15
mm/h, the formation of the purple phase can often be suppressed completely
or restricted to the first few mm of the as-grown sample. In previous work,
this was also observed for SINbO,, [127].
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4 Results and discussion: Dion-Jacobson phases
A’ Ay_1BgOgsp41 without alkali metals

The starting point to work on A’ Aj,_1 B;O3+1 compounds was a study of substi-
tuting Ca by Ba in n = 4 niobates (Ca,La)NbOs 59 . With increasing Ba content
an additional phase appeared whose type seemed to be k = 2 of A’ A1 BrOspy1.
Then a more detailed investigation of the reduced Ba—(Ca,La)—Nb—O system
was performed. This lead to A’Ap_1BrOsks1 niobates of the type k¥ = 2 and
k = 3 which represent Dion-Jacobson phases without any alkali metal.

The compounds which were prepared in this work can be found among those
listed in the Tables 7 — 12. Examples are the black-blue, conducting niobates
BaCag ¢Lag.4NbaO7.90 (k = 2) and BaCasNb3zO10.97 (kK = 3) and the transpar-
ent insulating k£ = 2 tantalate BaCaTasO7 and k& = 3 titanate BalLasTizOqq .
The latter is already reported in the literature, e.g. by German et al. [55]. The
k = 2 tantalate BaCaTasO7 represents the Ca analogue to BaSrTa;O; which
was recently reported by Le Berre et al. [118]. The powder XRD pattern of
several materials are shown in Figure 36. Also compounds with a significant
non-stoichiometric composition could be prepared, e.g. the Ba-deficient k = 3
niobate Bag gCasNb3Og gg , see Table 12.

One example of an investigated compositional system is BaCa;_,La,NbyO7
for 0 <y < 1. Only in the range of about 0.3 < y < 0.5 it was possible to obtain
single phase or nearly single phase samples by floating zone melting. Also the
both end compositions BaCaNbsO7 (y = 0) and BaLaNbyO7 (y = 1) lead to
multiphase products. The y = 0 composition BaCaNbsO7 is worth mentioning
in the context of the corresponding k = 2 tantalate BaCaTaoO~. It represents an
example of a niobate composition which leads to a multiphase product whereas
the corresponding tantalate mixture results in a (nearly) single phase sample.
The same is reported for BaSrNbyO7 and BaSrTasO7 by Le Berre et al. [118].
There are also such examples for A,, B, O3y,+2 = ABO, compounds, e.g. the mul-
tiphase niobate sample Srg g7Lag.33NbOs.67 [127] and the corresponding single
phase n = 3 tantalate Srg g7Lag 33Ta03 g7 listed in Table 17.

The molar magnetic susceptibility %(7") of several compounds is shown in
Figure 37. Apart from the Curie-like behavior at low temperatures, which is
probably due to paramagnetic impurities, the susceptibility of the reduced nio-
bates is practically temperature-independent. This suggests the presence of two
different contributions which are known as (nearly) temperature-independent,
namely a Pauli-like paramagnetic susceptibility from delocalized electrons and
a diamagnetic susceptibility from the closed electron shells of the ionic cores.

On crystals of the ¥ = 2 and k& = 3 niobate BaCag gLag 4NboO7 9 and
BaCasNb3 019,07 , respectively, the resistivity p(7') was measured along the a-,
b- and c-axis. The results are shown in Fig. 38 and 39. Along all three axes the re-
sistivity p(7') indicates metallic behavior. Also along the c-axis the temperature
dependence of p.(T') is metallic, although its order of magnitude, p. = 1 Qcm,
is relatively high. For both compounds the value of p, and p; is significantly
different, py ~ 10! x p, and pp ~ 10% x p, for the k = 2 and k = 3 niobate,
respectively. This difference may be related to the expected structure type, see
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Fig. 3, where adjacent layers are displaced against each other only along the
b-axis but not along the a-axis. From the resistivity po(T"), ps(T) and p.(T) we
conclude that both niobates are anisotropic 3D metals.

It was published by Takano et al. that the Li-intercalated £k = 3 niobate
KCasNb3Oqg , i.e. Li, KCasNbsO1g , is superconducting with T, ~ 1 K [214,215].
A transition temperature T, in the range of 3 — 6 K is also reported [52]. For
temperatures T > 2 K the as-grown compounds prepared in this work did not
show any indications for superconductivity. However, after floating zone melting
a certain region of the feed rod displayed a significant diamagnetic signal up to
13 K for some compositions of the system Ba—(Ca,La)—Nb—O and also for a few
of Ca,Nb,,Os,+2 = CaNbO,. This was observed for that region of the feed rod
which contains the crossover between the material solidified from the melt and
the unaffected original composition. The diamagnetic signal was also present at
small magnetic fields such as 10 G. Therefore it is very unlikely that its origin is
related to the diamagnetism from closed electron shells of the ionic cores. Hence
it can be considered as a sign for the presence of superconductivity. We do not
know which type of phase is here responsible. In this context we mention that
superconducting niobates of the type CagNby,O, are reported by Nakamura
[148]. They represent markedly non-stoichiometric perovskite phases and the
highest superconducting transition temperature T, is about 9 K [148] 1.

5 Results and discussion: A, B, 03,12 = ABO,

5.1 Structural properties

In the following we discuss three topics, namely the proximity between some
A, By, O3y 42 compounds and the cubic pyrochlore structure with respect to their
formation from similar starting compositions, non-stoichiometric materials, and
the possibilities of occupational order at the B site in the case of two different
B cations.

A, B,O3,4+2 and pyrochlore It is known that the titanates LnTiOz59 =
LnsTiosO7 display an n = 4 structure for Ln = La, Ce, Pr or Nd, whereas for Ln
= Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm or Yb they crystallize in a cubic pyrochlore
structure, see Table 61. However, if SmTiO3 59 and EuTiOg3 59 are prepared under
high pressure, they adopt an n = 4 structure (Table 61 and 25). This was, for
example, published by Titov et al. [219]. Thus, in the rare earth sequence Ln =
La, Ce, Pr, Nd, Sm, Eu, Gd, ... Yb, in which the ionic radius of Ln3* decreases
from left to right, a compositional-driven structural crossover takes place at Ln
= Sm and Eu. The n = 4 and the pyrochlore structure differ in the atomic
packing density V/Z whereby V is the unit cell volume and Z the number of
formula units per unit cell. For the n = 4 structure the atomic packing density

! We note that for T.’s below about 9 K it is necessary to exclude the possibility of
the presence of Nb metal in the sample because Nb is superconducting with a T¢ of
9.2 K.
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is somewhat smaller (Table 61). An example which illustrates how delicately the
structure type depends on the composition is shown in Figure 40. It presents the
powder XRD pattern of three compounds of the system Pr;_,Ca,Ti;_yNb, O3 59
(0 <y < 1). The end members PrTiOs 50 (y = 0) and CaNbOs 50 (y = 1) display
an n = 4 structure. However, a certain range of intermediate compositions are of
pyrochlore type, see also Table 62. For y = 0.5 a pyrochlore structure is reported
by Titov et al. [219], whereas Fig. 40 presents the powder XRD spectrum of the
y = 0.4 compound Prg Cag.4Tip sNb.403.50. If in the latter the Pr®t ions are
replaced by the slightly larger La®t ions, i.e. Lag.§Cag.4Tio.sNbo.4O3.50 , then it
crystallizes in an n = 4 structure, see Figure 42. Further A,, B,;O3;,4+2 compounds
whose atomic packing density V/Z is close to that of the pyrochlore structure
are presented in Table 62.

In a compositional system (ABOs3.50)1—y(A'B’'O3), where the y = 0 and
y = 1 end members ABOs3 59 and A’B’O3 have a pyrochlore and perovskite
structure, respectively, there are only a few examples where intermediate com-
positions adopt an A,, B,,O3,,12 structure. Such an example is given by the ti-
tanate system SmTiO350 — CaTiOgs. It is reported by German et al. that the
y = 0.33 composition Smg g7Cag.33Ti0g 33 crystallizes in an n = 6 structure [55],
see also Table 44 and 62. Therefore it is interesting to consider the related sys-
tem SmTiO350 — SmTiO3 , i.e. SmTiO, , and look for the existence of reduced
A, B, 03,42 titanates in the oxygen content range 3 < x < 3.50. Indeed, some
synthesis experiments lead to the n = 5 titanate SmTiOj3 37 , see Fig. 41 as well
as Table 41 and 61. However, as likewise presented in Fig. 41, there were no
indications for the existence of an n = 4.5 type phase SmTiOg3 44. Nevertheless,
SmTiO, represents a further example of a system in which intermediate com-
positions adopt an A, B, 03,2 structure, although the x = 3 and = 3.5 end
members crystallize in a perovskite and pyrochlore structure, respectively.

A few synthesis experiments were performed to search for the existence of re-
duced A,, B, 03,2 titanates in the systems GdTiO,, and YbTiO, with x < 3.50.
However, as presented in Table 61, no indications for the presence of A, B, Q3,42
type phases were observed. The composition YbTiOg3 39 resulted in a single phase
product with an oxygen-deficient pyrochlore structure.

Non-stoichiometric compounds In this section we refer to significantly non-
stoichiometric oxides ABO, , A;_,BO, and AB;_,0, with 0 < o < 0.05.
With respect to the oxygen content  we define a compound as significant non-
stoichiometric if |z — w| > 0.02 whereby w represents its corresponding ideal,
stoichiometric value.

The existence of several non-stoichiometric materials, which appear single
phase within the detection limit of powder XRD, were published in the previous
article, see Fig. 16 and Table 17 and 18 in Ref. [127]. For non-stoichiometric n = 2
oxides see Table 15 in this work. The non-stoichiometric compounds prepared in
this work are presented in Table 27, 28, 31, 41 and 42. The non-stoichiometric
materials can be classified into four groups:
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o ABO,4,: Compounds with an oxygen excess y with respect to the ideal oxy-
gen content w. As an example we cite the n = 4 niobate Sry gLag.2NbO3 g9
[127]. The ideal oxygen content of the n = 4 type is w = 3.50. The excess
oxygen is probably accommodated in the interlayer region, see Table 15 and
Ref. [127].

o ABO,_,: Materials with an oxygen deficiency y with respect to the ideal
oxygen content w. Examples are
— then =4 type Lao.ﬁCa0.4Tio.6Nb0'403.40 , see Table 27
— the n =5 type LaTiggAly203.31 , see Table 41.
The ideal oxygen content of the n = 4 and n = 5 type is w = 3.50 and
w = 3.40, respectively.

o ABi_;04_y: Compounds with an oxygen deficiency y and a cation defi-
ciency o at the B site with respect to the ideal oxygen content w and the
ideal cation ratio B/A = 1. Two of such oxides were prepared, namely

— the n = 4 niobate Srg.75Lag.25Nbg 950343 , see Table 27

— the n = 5 titanate LaTig 9503.31 , see Table 42.

The ideal composition of the n = 4 and n = 5 type is ABOg3 59 and ABQO3 49
, respectively.

o A,_»BO,_,: Materials with an oxygen deficiency y and a cation deficiency
o at the A site with respect to the ideal oxygen content w and the ideal cation
ratio A/B = 1. So far these compounds are such with a reduced composition.
Starting with a given ideal or nearly ideal composition, then an associated
non-stoichiometric compound can be obtained by adjusting the deficiency at
the O and A site in such a way that the nominal number of electrons per B
site remains constant. This implies that the absolute value of the removed
positive charge at the A site and the removed negative charge at the O site
are equal. Examples are

— the n = 4.33 titanates CeTiO3 47 (3d%%%) and Ceg.95TiO3.39 (3d%-07),
see Table 28,

— the n = 4.5 niobates CaNbO3 45 (4d°1Y) and Cag.g5NbO3 41 (4d%9?),
see Ref. [127] and Table 31,

— the n = 5 titanates LaTiO34; (3d%'®) and Lag.95TiO3.33 (3d%19),
see Table 35 and 42.

The powder XRD spectra of some non-stoichiometric compounds are presented
in Fig. 42 and 43. The composition Lag Cag.4Tip.6Nbo 4O, (Fig. 42) adopts,
as expected, for x = 3.50 an n = 4 structure. However, for x = 3.40 it crys-
tallizes again in an n = 4 structure and not, as supposed, in an n = 5 type.
Usually the structure type alters from n = 4 to n = 5 as the oxygen content in
ABO, changes from z = 3.50 to © = 3.40. The reason why this does not occur
for Lag.¢Cag.4TigcNbg 4O, may be related to its complex composition which
involves two different cations at the A site and at the B site, respectively.
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The materials with the largest degree of non-stoichiometry reported in this
work are n = 5 titanates of the type Ag.95Ti03.21 , see Table 42. Figure 43 shows
the powder XRD spectra of Lag 75Cag.2TiO3.27 and related n = 5 titanates. It is
remarkable that Lag 75Cag.2Ti03 291 represents a single phase n = 5 titanate, at
least within the detection limit of powder XRD. We note that its powder XRD
spectrum displays no indications for the presence of peaks from the n = oo
titanate LaTiOgz or LaTiOgz.99 , see Figure 43. The n = oo LaTiO, with per-
ovskite structure evinces a relatively large homogeneity range of 3.00 < x < 3.20
[126,127] and is compositionally in proximity to the extremely non-stoichiometric
n = 5 titanates like Lag.75Cag.2Ti03.01.

We assume that the vacant A, B and/or O sites are located in the boundary
region of the layers. This because it seems likely that the A, B and O ions at
the boundary are less strongly bound than those located in the inner region
of the layers. In this case the formation of vacancies is easier at the boundary.
In this context we mention an interesting paper on the niobate SrNbOgso =
SrsNbsO16 which was published in 1985 by Schiickel and Miiller-Buschbaum
[193]. They prepared small crystals in an Ho/H plasma at high temperatures
and determined the structure by single crystal XRD. Physical properties were
not reported. The crystal structure of STNbO3 5 = SrsNbsO16 and some of its
features is sketched in Fig. 44, see also Table 32. In Ref. [193] the structure was
not considered in the context of A, B,,Os,,42. However, Fig. 44 reveals that it can
be viewed as an oxygen-deficient n = 5 type. The oxygen vacancies are located
in one of the both boundary regions of the layers. They are fully ordered in such
a way that the corresponding Nb—O chains along the a-axis are interrupted.
It is worth mentioning that the space group of SrNbQOg s is reported as non-
centrosymmetric, whereas that of StNbQOg 4 is centrosymmetric, see also Table
32. The niobates STNbO,, which are related to the type n = 5,i.e. 3.20 < x < 3.42
1 give rise to several interesting questions like

e Is there a continuous structural crossover from x = 3.40 to = = 3.20 with
a smooth transition from disordered (or partially ordered) to fully ordered
oxygen vacancies? Or are there well-defined intermediate phases?

e How does the resistivity and magnetic behavior of SrNbO3 50 look like, es-
pecially when compared to that of the quasi-1D metal STNbOg 417 Is there a
dimensional crossover from x = 3.40 to x = 3.20 or do the quasi-1D features
remain? We emphasize that the layers of STNbO3 41 and StNbQOg o9 differ in
their number of NbOg octahedra along the c-axis which results in a different
distribution of the octahedra distortions, see Fig. 15 and 44.

Further studies are required to clarify these issues. Because the atomic coordi-
nates of StNbO3 3 = Sr5Nbs016 are known [193] it is possible to perform band
structure calculations. The outcome could be compared with the results of band
structure calculations on SrNbOs3 41 by Bohnen [110] and Winter et al. [244].

! We point out that the homogeneity range of n = 5 type StNbO, with respect to a
preparation by floating zone melting is at least 3.40 < = < 3.42 [127].
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It was attempted to prepare SrNbOgs o9 by floating zone melting, however
the melting behavior turned out to be very difficult and a multiphase prod-
uct was obtained. We note that the technique by which Schiickel and Miiller-
Buschbaum synthesized StNbOs o crystals [193] suggests that it represents a
metastable phase. Some experiments were performed to grow fully oxidized, in-
sulating titanates and niobates of the type ABOj3 .29 , but a single phase product
could not be obtained. We speculate, however, that the reduced and A site de-
ficient titanates like Lag 75Cag2TiO3.97 are structurally related to SrNbOs3 9.
Of course, this has to be confirmed by structural studies. We notice that the
as-grown titanates Lag75Cag2TiO3.21 and Lag75Bag2TiO3.91 (Table 42) did
not show any pronounced plate-like crystals. Therefore it was not possible to
perform resistivity measurements along the three distinct crystallographic di-
rections. Presently, there are two significantly non-stoichiometric compounds on
which the resistivity p(7') was measured along the a-, b- and c-axis. These are
the n = 5 materials Srg.95NbO3.37 and Srg.95Nbg.oTag103.37 , see Figure 46.
Srg.95NbOg3 37 represents a quasi-1D metal. Its resistivity behavior is similar to
that of the n = 5 quasi-1D metal StNbO3 4; whose p(T') is shown in Figure 77.

As just mentioned, the resistivity of the most non-stoichiometric n = 5 ma-
terials, Lag.75Cag.2Ti03.97 and Lag 75Bag.2TiO3.21 , was not measured because
of the absence of appropriate crystals. Figure 70 presents their molar magnetic
susceptibility ¢ (7T') together with that of another related n = 5 titanates, namely
three significantly non-stoichiometric compounds and two nearly stoichiometric
materials. The x(T") curves, however, do not reveal marked differences between
the nearly stoichiometric quasi-1D metals LaTiO3 41 and Lag 9Cag.1 TiO3.35 (Ta-
ble 35 and Fig. 45) and the most non-stoichiometric titanates like Lag 75Cag 2 TiO3 21.
It is very likely that the susceptibility increase at low temperatures reflects the
Curie or Curie-Weiss behavior from paramagnetic impurities. Therefore the y(7T')
curves were fitted at low temperatures to the function D + [C/(T — 6)] and
then C/(T — 0) was subtracted from the as-measured x(T'). However, also this
approach did not reveal a pronounced feature which distinguishes the most non-
stoichiometric from the nearly stoichiometric titanates. We note that the increase
of the susceptibility at low temperatures starts at higher temperatures for those
titanates with Ca or Ba at the A site, compared to those with only La at the A
site. Therefore the fit procedure was somewhat arbitrary because it is not clear
in which temperature range the contribution from the paramagnetic impurities
is much stronger than the intrinsic susceptibility.

Occupational order at the B site Assuming that there are two different
cations, at the B or A site, which differ in their valence. Then, in the most
cases, they are partially ordered in the sense that the concentration of the higher-
valent cations increases from the center to the boundary of the layers (Fig. 12,
15 and 16). As mentioned in the introduction, this distribution corresponds to
a configuration which compensates the negative charge from the excess oxygen
at the boundary of the layers.
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There are also a few compounds with a full occupational order at the B site.
For the n = 5 insulators LnTig gFeg 203 49 with Ln = La, Pr or Nd it is reported
by Titov et al. that the Fe3* (3d®) ions are exclusively located in the central
octahedra of the layers [227,228], see Figure 16. Remarkably, in the related mate-
rials LnTip gGag.203.40 the isovalent, but not isoelectronic, Ga3* (3d0) ions are
only partially ordered. According to Titov et al. they are distributed in three in-
ner octahedra sheets of the five BOg octahedra thick layers [228,229], see Figure
16.

We note that the BOg octahedra distortions in LnTig gFeg.0O3. 49 and LnTig gGag.203.40
show an atypical distribution. For example, in LaTip gFey.203.4¢ the smallest
value is realized at the boundary of the layers and in PrTiggFep203 49 the
change from the boundary to the center of layers is relatively small. In the most
compounds with a layer thickness of n = 3, 5 or 6 octahedra the distortions
display an opposite behavior, see Fig. 12, 15 and 16.

The possibility of full occupational order at the B site represents an inter-
esting structural phenomenon. Therefore it seems worthwhile to perform further
structural studies, especially by single crystal XRD, on several n = 5 compounds
such as LnTip g B} 50, with B’ = A3t V3+ Cr3t, Mn3T or Fe3*. Examples of
such n = 5 materials which were prepared in this work are

(] LaTi0.8A10_203.40 (Table 36) and LaTiO.gAlo_QO&gl (Table 41)

CeTio,gAlo.QO?,,gg (Table 41)

PI‘Tio.gAlo.203.40 (Table 38) and NdTio.8A10.203.40 (Table 39)

LaTi0.8V0.203_31 (Table 41) and SmTio.8V0_203.3g (Table 40)

LaTio.gMno.QO;),A (Table 37)

[ ] LaTi0.8F€0.203_40 (Table 37) and NdTio_8F€0.203_40 (Table 39)

Especially for LaTig gMng20O3.4 we assume that the Mn3t ions are in the same
way fully ordered as the Fe3* ions in LaTig gFep203.40 , because they are isova-
lent 3d transition metal ions which are adjacent in the periodic table.

At least theoretically, a full occupational order at the B site is also possible in
n = 6 materials. An example of such n = 6 compositions is LnTig ¢7B{ 3303.33.
In this case it is hypothetically possible that the B’ cations are exclusively lo-
cated in the both inner octahedra sheets of the six BOg octahedra thick layers.
It was tried to prepare two such compounds by floating zone melting, namely
LaTi0_67F€0.3303.33 and LaTi0_67Mn0.3303.33. The material with B = F63+ re-
sulted readily in an n = 6 insulator (Table 44), whereas for B’ = Mn?" an
oxygen-deficient n = 5 type was obtained (Table 41). A detailed structural study,
especially by single crystal XRD, is necessary to determine the distribution of
the Fe3t ions in the n = 6 insulator LaTig ¢7-Feg.3303.33.
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We suggest that the presence of a full occupational order at B site, compared
to a disordered or partially ordered distribution, effects also the physical prop-
erties such as the dielectric, optical and magnetic behavior. In a later section we
discuss the magnetic features of the n = 5 and n = 6 insulator LaTig gFeq 203,40
and LaTig.g7Feq.3303.33 , respectively, in the context of a fully ordered distribu-
tion at the B site.

Besides n = 5 compounds of the type AB{ ¢B{ 0, there are further ma-
terials for which the distribution of the cations at the B site is of interest. An
example is the n = 5 titanate LaTig 9Mgg.103.40 , see Table 36, because of the
relatively large charge difference between the Ti*+ and Mg?* ions. We speculate
that the Mg?t ions are exclusively located at the B sites of the central oc-
tahedra, possibly in the ordered sequence Ti—O—Mg—O—-Ti—O—Mg—O along
the a-axis. Of course, a detailed structural study is required to determine the
positions of the Mg?™ ions.

5.2 Resistivity

In the previous article the resistivity p(7T") along the a-, b- and c-axis of eight
different compounds were published [127], namely of

e the n = 4 niobate Srg.gLag.oNbOs3 59
e the n = 4.5 niobate Srg9eBag.0aNbO3 45

e the n = 5 niobates SI‘Nb03.41 5 Sr0,965La0,035Nb03,41 5 SI‘O'gLao,leO3,41 5
CaNbOg 41 and significantly non-stoichiometric Srg.95NbO3.37

e the n = 5 titanate LaTiO3.41

They all represent quasi-1D metals, although the degree of the metallic char-
acter varies among these materials, see Table 47 and Ref. [127]. The metallic
resistivity occurs along the a-axis and with decreasing temperature a metal-
to-semiconductor transition takes place. The temperature at which the metal-
to-semiconductor transition appears depends on composition and varies from
about 180 K to 50 K [127]. In the case of the n = 5 niobate Srg gLag.1NbOs3 41
the metal-to-semiconductor transition is almost completely suppressed [127].

Within this work the resistivity p(7T) of two further compounds was mea-
sured, namely of the n = 5 titanate PrTiO3 41 and the significantly non-stoichiometric
n = 5 type Srg.95Nbg.9Tag.103.37.

Figure 45 displays the resistivity p(7") of monoclinic PrTiO3 41 along the a-
and b-axis as well as perpendicular to the layers. For the sake of comparison
the data of the related n = 5 titanate LaTiOg3 41 from Ref. [127] is also shown.
According to the results from optical spectroscopy by Kuntscher et al. [112] and
the resistivity behavior depicted in Figure 45, LaTiOg3 41 represents a quasi-1D
metal which shows a metal-to-semiconductor transition below 100 K. The pro-
nounced anisotropy of the resistivity and its temperature dependence indicates
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the same for PrTiO3.4; !. Both titanates display qualitatively the same complex
temperature dependence of the resistivity p,(7') along the a-axis. For LaTiOgz 4
this was considered in a small polaron picture by Kuntscher et al. in the following
way [112]: Starting from the lowest temperatures, p, decreases strongly because
the charge carriers are thermally activated. At about 60 K the charge carriers
are free and with a further increase of the temperature p, displays a metallic
behavior because the charge carriers are more and more scattered by phonons.
Above 200 K p, starts to decrease again which indicates that the transport is
dominated by small polaron hopping instead of scattering by phonons.

In contrast to the La3* ions in LaTiOs.4; the Pr®t ions in PrTiOs.4; carry
a localized paramagnetic moment, see Table 64. A comparison between the re-
sistivity p(T) of PrTiOg3 41 with that of LaTiOgz.4;1 , see Figure 45, do not reveal
an obvious feature which can be related to the presence of paramagnetic mo-
ments of the Pr3T ions. In a later section, however, we will consider the magnetic
susceptibility ¢ (7T") of the n = 5 quasi-1D metals PrTiO3 41 and LaTiOs 41 and
the related n = 5 insulator PrTig gAly.2O3.40. That will reveal the presence of
an interaction between the conduction electrons and the localized paramagnetic
moments.

Figure 46 shows the resistivity p(T') of the significantly non-stoichiometric
n = 5 compound Srg.95Nbg.9Tag.103.37 along the a-, b- and c-axis. To facilitate
a comparison, the data of the related n = 5 quasi-1D metal Srg.95NbO3 37 [127]
are also presented. Srg.g95Nbg.9Tag.103.37 displays a semiconductor-like behavior
along all three crystallographic directions. Probably the Ta’t ions take over 10
% of the Nb** and Nb®*t positions in a random way which leads to a disorder-
induced localization along the a-axis.

5.3 Magnetic susceptibility

The molar magnetic susceptibility y(T") or x(T)~! of several compounds are
shown in the Figures 47 - 70. Samples with localized paramagnetic moments
from rare earth ions Ln like Ce3t, Pr3t, Nd?t, Eu?t, Gd3T or Yb?t at the A
site and/or transition metal ions TM such as Ti*t or Fe?* at the B site often
display a Curie-Weiss behavior x(T) = C /(T — ) for sufficiently high T'.
Figure 47, 48 and 49 shows the molar magnetic susceptibility x(7T") of mate-
rials with Ce, Pr and Nd at the A site, respectively. At low temperatures the
susceptibility of the Pr titanates displays an attenuated increase with decreasing
temperature. This feature is known from ProOs and was theoretically described

! Although the resistivity p(7) along the b-axis is relatively high, approximately
1 Q cm for temperatures above about 60 K, it displays a metallic temperature de-
pendence in the same temperature range as p(7') along the a-axis. Also for then =5
niobate SrNbO3s.41 a weakly pronounced metallic temperature dependence of p(T)
along the b-axis was observed [127], see Figure 77. However, in optical spectroscopy
and ARPES a metallic behavior along the b-axis was not detected [113]. This suggests
that the metallic behavior along the b-axis is due to an admixture of the metallic
a-axis resistivity. That may result from a deviation of the position of the voltage and
current contacts and the crystal shape from the ideal case.
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by the crystal-field splitting of the magnetic ground state 3H, (Table 64) of the
Pr3* ions [99].

The susceptibility of materials with Sm3+ or Eu?* at the A site do not show
a Curie-Weiss behavior, see Fig. 51 — 54. In these compounds the Van Vleck type
paramagnetism contributes significantly to the susceptibility. Its quantum me-
chanical origin is based on a non-vanishing non-diagonal matrix element which
connects the ground state with a higher state of the multiplet, i.e. the external
magnetic field induces an admixture of a higher state to the ground state, see
e.g. Ref. [89,104,160] *. For low temperatures 7' < A the resulting molar suscep-
tibility v represents the temperature-independent Van Vleck paramagnetism:

_2(L+1)S uWENa  (L+1)S

—1 —1 —1
WESTEDA ky A +na & emuGomol (14)

where A is the energy difference in K between the first higher level 25+1L ;.
and the ground state 2°t!L; of the multiplet [89] 2 3. S, L and J are the
quantum numbers of the spin, orbital angular momentum and total angular
momentum, respectively. Sm3+ and Eu?t are those rare earth ions which have
the smallest values of A and the largest values of yy [89], see Table 64. Another
way to measure the strength of the Van Vleck paramagnetism is provided by the
parameter ¢ which is also presented in Table 64. When ¢ is multiplied with the
temperature 7' it represents the ratio of the temperature-independent Van Vleck
susceptibility %y to the Curie susceptibility xc = C/T. The highest £ values are
reached for Sm®* and Eu3'. In the ground state the total angular momentum
J of Eudt is J = 0, whereas for Sm3* we have J = 5/2, see Table 64. This
results in a different behavior of x(T') for compounds containing Eu* compared
to those with Sm37.

The behavior of the susceptibility x(T") of EuTiOgz 59 and EuNbOy, , see Fig.
54, is similar to that of EuzO3 [160] and typical for Eu* compounds. At low tem-

1 'We notice that the Van Vleck paramagnetism is due to a mixing of states with dif-
ferent J. The Langevin paramagnetism, from which the Curie behavior is a special
case, comes about by the resultant magnetization of states with different m; . These
states differ in their energy in the external magnetic field and therefore their ther-
mally excited population is different. A mixing of states with different m; occurs
when the crystal field splitting is taken into account.

In Ref. [89] yv is given as volume susceptibility xv = (W3 N/V) x 2(L+1)S/[3(J +
1)A] whereby N/V is the number of ions per volume and pp = 9.27410 x 1072
erg G™! the Bohr magneton. Equation (14) represents its conversion into the molar
susceptibility and was obtained as follows. First, A was replaced by kA whereby kp
= 1.38062 x 107 *® erg K™ ! is the Boltzmann constant because we want to measure
A in K. Secondly, the factor p%N/(kpV) was replaced by u%Na/kp whereby Na =
6.02217 x 10** mol™' is the Avogadro number. Thirdly, u% Na/kp was calculated
by using for u% the unit erg G~ emu because 1 erg G ! is equivalent to 1 emu.
The resulting susceptibility becomes temperature-dependent when the thermally ex-
cited population of higher multiplet states cannot be neglected [160]. For T' > A the
resulting susceptibility is proportional to 7! [104]. This temperature dependence
is equal to that of the Curie or Curie-Weiss susceptibility but its physical origin is
not the same.

N
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peratures the susceptibility is relatively high, paramagnetic and temperature-
independent, in spite of the fact that J = 0, see Table 64. This reflects the
exclusive presence of the Van Vleck paramagnetism. The experimental suscep-
tibilities  ~ (6 — 7) x 1072 emu G~ mol~! of EuTiO3 50 and EuNbOy , see
Fig. 54, are in good agreement with the theoretical value xy = 6 x 1072 emu
G~ mol~! after Eq. (14), see Table 64. Because of J = 0 the Langevin or Curie
type magnetism is completely absent. With increasing temperature the suscep-
tibility decreases because higher multiplet states become populated by thermal
excitation. A quantum mechanical calculation of y(7T') is presented e.g. in Ref.
[160].

In contrast to the Eu?* compounds, the Sm?* materials show a significant
dependence of x(T') on the crystal structure type, see Fig. 51 and 54. We are not
aware about any specific theoretical calculations of x(7") for Sm®* oxides which
take into account the crystal field splitting and the Van Vleck paramagnetism in-
cluding its generalization by considering the thermal population of higher multi-
plet states. The susceptibility x(7") of the simplest Sm3* oxide, Sm,O3 , displays
the following temperature dependence when starting from the lowest tempera-
ture: With increasing temperature x(7T") decreases, passes through a minimum
at T~ 350 K and then it starts to increase again [15]. This behavior was quali-
tatively explained as follows. Compared to a Curie or Curie-Weiss type behavior
the weakened temperature dependence of x(T') was ascribed to the Van Vleck
susceptibility which is comparable with the Curie susceptibility in the mid and
high temperature range, see also Table 64. With further increasing temperature
the next higher level of the multiplet, SH; /2 , becomes appreciably populated
by thermal excitation which leads to an increase of ¥(7T). For SmTiO3 37 and
Smg gLag.1TiO3.50 the behavior of ¥ (T) is qualitatively similar, see Fig. 51 and
52. It is obvious from Fig. 52 that the temperature dependence of ¥ (7T') at high T’
is markedly weaker than that of a Curie or Curie-Weiss type. Around 390 K the
susceptibility % (7') is nearly temperature-independent. An increase of }(7") with
increasing temperature was not observed, possibly because the temperature was
not high enough.

In Figure 52 and 53 ¢ (T)~! of Ceq 5Smq 5TiO3.50 is shown. The linear tem-
perature dependence of x(7)~! at high temperatures suggests the presence of a
Curie-Weiss behavior. However, as displayed in Fig. 53, to a good approximation
x(T) ™t of Ceg 5Smg 5TiO3 50 results from the inverse of the molar weighted sum
of X(T) of CeT103.50 and Smo,gLao,lTiO&g,o.

Figure 56 presents x(7T') of several titanates LnTiO, with Ln = Ce3*, Pr3t,
Nd?**t, Sm3* or Eu?t. The susceptibility of these titanates results predominantly
from the localized paramagnetic moments of the Ln3t ions. Therefore Fig. 56
shows a comparison of the magnitude and the temperature dependence of x(7T)
resulting from the different Ln3* ions.

The Figures 60 — 70 present x(7)~! or %(T) of some compounds whose
paramagnetic moments result exclusively from transition metal ions at the B
site. In the remaining part of this section we focus the discussion on materials
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with B = (Ti,Fe). Compounds with other transition metals besides Ti are mainly
discussed in a later section.

The n = 5 and n = 6 materials LaTig gFey.203.40 and LaTig g7Feq.3303.33
, respectively, are insulators which both contain Ti** (3d°) and Fe?** (3d%) at
the B site. Their molar magnetic susceptibility x(7") is presented in Figure 67.
For comparison Fig. 67 also shows y(7T') of the insulators LaSrFeO,4 (j = 1) and
LaFeO3 (j = n = 0o) which contain exclusively Fe3* at the B site. The j = 1
Ruddlesden-Popper type LaSrFeO, (Fig. 1) is reported as an antiferromagnet
with a Neel temperature of Ty = 350 K [95], whereas LaFeOg is a canted antifer-
romagnet and thus a weak ferromagnet with T = 740 K [176]. It is reported by
Titov et al. [227,228] that the Fe3T ions in the n = 5 compound LaTig gFeg 203 40
are exclusively located in the central octahedra, see Fig. 16. Thus, the Ti*t and
Fe?* ions are fully ordered at the B site in such a way that all B sites of the
central BOg octahedra are exclusively occupied by Fe?t. These central FeOg oc-
tahedra form chains along the a-axis without any direct Fe—O—Fe linkage along
the b-direction. In this sense the FeOg chains do not constitute a quasi-1D but
a 1D magnetic system which is surrounded by TiOg octahedra and La* ions.
Possibly, the Fe3* ions in the n = 6 compound LaTig g7Feg 3303.33 are ordered
in a similar way, i.e. all B sites of the two central BOg octahedra sheets of the
6 octahedra thick layers are exclusively occupied by Fe3*. As discussed below,
the behavior of %(T") seems to support this assumption. Nevertheless, this has to
be confirmed by structural studies. If this turns out to be true, then the chains
of the both central FeOg octahedra sheets constitute a 2D magnetic system.
This because there is, compared to the n = 5 compound, an additional direct
and zigzag-shaped Fe—O—Fe linkage along the b-direction. See type n = 6 in
Fig. 5 and imagine that all B sites of the both central BOg octahedra sheets
are exclusively occupied by Fe?t. We note that in this sense the FeOg octa-
hedra in LaSrFeO4 (j = 1) and LaFeO3 (j = n = o0) form a 2D and a 3D
network, respectively, see Fig. 1. Now, concerning LaTipgFep20340 (n = 5)
and LaTig ¢7Fe.3303.33 (n = 6), we consider the following two issues because
they lead to some interesting speculations. First, the n = oo compound LaFeOg
displays magnetic ordering, it is a canted antiferromagnet and therefore weakly
ferromagnetic. Secondly, it is reported that some of the n = 6 (n = 5) insulators
are (anti)ferroelectric, see Table 32, 44 and 45. This suggests for La(Ti,Fe)O,
and related materials a variety of interesting questions like

e What are the detailed magnetic properties of one (n=>5), two (n=6) and
possibly three (n=7) FeOg octahedra thick layers which form chains along
the a-axis and are surrounded by two TiOg octahedra thick layers? Are there
1D or 2D features as well as magnetic ordering?

e What are the dielectric features of these compounds? Is there a coupling
between dielectric and magnetic properties?

e Are there special (electro- and/or magneto-) optical characteristics?
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Although further studies are necessary to clarify these issues, we can draw some
conclusions from x(7)~! of the n = 5 and n = 6 materials, see Fig. 68 and 69.
The n = 5 compound displays a Curie-Weiss-like behavior whereby the x(7)~*
curve suggests at T~ 300 K a crossover from 6 = —69 K < 0to 6 =+ 35 K > 0,
see Figure 69. There are no indications for magnetic ordering. The % (T)~! curve
of the n = 6 compound, see Fig. 68, is markedly different from that of the n =5
type. In both cases there is a change in the slope of x(7)~! at T ~ 300 K.
However, for the n = 6 material the slope above 300 K is relatively large. This
suggests the presence of a weakly pronounced magnetic ordering below about
280 K or at least, compared to the n = 5 type, an enhanced magnetic interaction.
The value of 280 K is obtained by extrapolating the slope in the high temperature
region down to x~! = 0. A linear fit of (7)) ~! to the inverse Curie-Weiss function
(T —0)/C in the temperature range from 310 — 380 K leads to 6 = 281 K and
C = 0.176 emu G~! K mol~!. The corresponding experimental and theoretical
effective moment (see next section) resulting from Fe3t is Dexp = 1.19 up and
pen = 3.40 up , respectively. The large difference between p.sp and py, indicates
that the susceptibility is probably not related to a Curie-Weiss behavior.

The significantly different behavior of ¢ (7T") between the n = 6 and n = 5
compound supports the suggestion mentioned above, namely that in the n = 6
material all Fe3t ions are exclusively located at the B sites of the both central
BOg octahedra sheets. Compared to the n = 5 compound, as described above,
this assumption implies an additional Fe—O—Fe linkage along the b-direction
which may enhance the magnetic interaction and the tendency for magnetic
ordering. The pronounced change of % (7") at about 280 K may be considered as
an indication for that.

It was also attempted to prepare the n = 7 material LaTig 57Feq.4303.29 by
floating zone melting. However, the as-grown sample consisted mainly of ann = 6
phase and no indications for the presence of an n = 7 type was found. Maybe it
is possible to synthesize the n = 7 compound by means of other techniques.

Analogous to La(Ti,Fe)O, it was attempted to prepare related materials
with Mn3t at the B site. The composition LaTig sMng 2Os.4 resulted in a single
phase, insulating n = 5 type. Its inverse magnetic susceptibility x(7")~* displays
a Curie-Weiss behavior with a clearly positive Curie-Weiss temperature, see
Figure 64 and 66. We speculate that the Mn?t ions in LaTiggMng203.4 are
fully ordered in the same way as the Fe3* ions in LaTig.gFeg20s5.4. Of course,
this has to be confirmed by a structure determination. It was also attempted to
synthesize the n = 6 compound LaTiy ¢7Mng.3303.33. However, this composition
lead to an oxygen-deficient n = 5 type phase.

In our opinion the current results indicate that compounds of the type n
= 6 or 7 with transition metal ions such as Mn?*t or Fe3t at the B site have
the potential for (anti)ferromagnetic order and might show a coupling between
magnetic and dielectric properties.
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Data evaluation in the case of Curie-Weiss behavior Concerning the fit
of the molar magnetic susceptibility x(T") to the Curie-Weiss function C /(T —0)
the following formulas were used for data evaluation.

The experimentally determined effective magnetic moment in units of the
Bohr magneton up is

Dexp = (2.8278 kg'/?m ' s P ATTKTY2 mol'/?) x VO (15)

To convert C' from cgs into SI units, the relation

lemuG ' Kmol ™' =107 kg ' m? s A2 K mol* (16)

was used.

The theoretical effective magnetic moment py, of the compositions A;_,BO,
in units of the Bohr magneton up was obtained in the following way. If there are
localized paramagnetic moments from rare earth ions Ln at the A site and/or
from transition metal ions T'M at the B site, then p;, was calculated by the
general relation

Nrin Nrm
pin = Filan(In)* + > G laun(TM;)]? (17)
i=1 j=1

N, =0,1, 2, ... is the number of different rare earth ions Ln; with theoretical
effective magnetic moment ¢.,(Ln;) and occupation 0 < F; < 1 at the A site.
Nry =0, 1, 2, ... is the number of different transition metal ions T'M; with
theoretical effective magnetic moment g, (T'M;) and occupation 0 < G; < 1 at
the B site. In terms of the quantum numbers S, L and J the theoretical free-ion
value g, in units of the Bohr magneton Up is given by

qn =9V J(J+1) (18)
whereby the free-ion Lande factor g is defined as, see e.g. Ref. [89,104],

:§+S(S+1)—L(L+1) (19)
2 2J(J +1)
For theoretical free-ion values ¢z, of some T'M and Ln ions see Table 63 and 64.
It seems to be appropriate to recollect the conditions for which Eq. (15)
and (18) are valid. They are based on the Curie law which is for the molar
susceptibility x given by

_ Napjg?J(J+1) _ Nag® _C

x(T) 3knT T3kl T (20)

where N4 is the Avogadro number, kg the Boltzmann constant, ¢ the effective
magnetic moment in units of g and C' the Curie constant. The Curie law is valid
for small external magnetic fields H, i.e. gugJH < kgT), see e.g. Ref. [89,104].
Strictly speaking, the derivation of the Curie law, Eq. (20), and Eq. (18) implies
also the presence of a strong spin-orbit coupling, i.e. i*A < kgT, ugH where
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A is the spin-orbit coupling parameter, see e.g. Ref. [161]. This is the case for
the 4f electrons of the rare earth ions, see Table 64. If the spin-orbit coupling is
relatively weak, as for the 3d transition metal ions, then the effective magnetic
moment is not given by Eq. (18) but is calculated to, see e.g. Ref. [161],

G=+/L(L+1)+45(S+1) (21)

However, for the 3d transition metal ions the orbital angular momentum L is
usually quenched in solids by the electric crystal field from the surrounding ions
1 see e.g. Ref. [104]. That means L = 0 and therefore J = S, g =2 and q = §.
Therefore Eq. (18) and (19) can also be applied, at least approximately, for
the 3d transition metal ions, see Table 63. Furthermore, the Egs. (15) — (19)
can also be applied if the susceptibility x(T") is of the Curie-Weiss type, i.e.
x(T) = C/(T —0). Usually, but not in all cases [234], a Curie-Weiss behavior of
%x(T) indicates the presence of interacting localized paramagnetic moments, see
e.g. Ref. [207,234], whereby the absolute value of the Curie-Weiss temperature
0 reflects the strength of the interaction.

Unless otherwise stated the temperature-independent diamagnetism from
closed electron shells was not taken into account. In most cases the molar sus-
ceptibility is at least of the order (1073 — 1072) emu G~! mol ™!, see Fig. 47 —
69. The diamagnetic molar susceptibility of ABO, was estimated to (—7 or —
2) x 1075 emu G~! mol~! and is therefore mostly negligible. These two values
were obtained as follows. On the one hand, some values from Ref. [115] were
used, namely (—2.4, —0.5 and —1.2) x 107° emu G~! mol~! for Ba?*, Ti**t
and 0%, respectively. For a composition LnTiO3 40 this amounts to —7 x 107>
emu G~! mol~! whereby for Ln the value of Ba?t was utilized. On the other
hand, the absolute value of the experimentally determined susceptibility of dia-
magnetic insulators is appreciably smaller, e.g. ~ — 2 x 107° emu G~! mol~! for
LaTiOs3 50 [127]. We consider the experimental value as more relevant than that
obtained by adding up the susceptibilities of the discrete ions. The existence
of such a discrepancy is not surprising because the summation of the values of
the single ionic constituents does not necessarily result in the true susceptibil-
ity of the compound. There is also no unique way for a precise calculation of
the diamagnetic susceptibility for all solids. For a discussion of diamagnetism
and diamagnetic corrections see Ref. [116] and references therein as well as Ref.
[140]. The latter cites MgO as an example with a similar discrepancy between
the theoretical and experimental value.

Results and discussion in the case of Curie-Weiss behavior The Tables
65 — 69 and Fig. 60 — 64, 66 and 69 present results from fitting the molar
magnetic susceptibility y(7') to the Curie-Weiss function C/(T" — 0). In most
cases the experimental and theoretical free-ion values of the effective magnetic

! The 4f electrons of the rare earth ions are hardly affected by the crystal field be-
cause they are located much deeper in the electron shell than the d electrons of the
transition metal ions.
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moment p are close to each other. For almost all materials 6 < 0 was found. This
indicates an antiferromagnetic interaction between the localized paramagnetic
moments. This is usually due to the indirect superexchange interaction via the
surrounding oxygen ions which is typically of an antiferromagnetic type, see e.g.
Ref. [158]. There are also a few compounds with 8 > 0, especially those with
Mn3t at the B site, which indicates the presence of a ferromagnetic interaction.

In the A, B;,Os,42 structure the kind of the A — O — A linkage is equal
along the a- and b-axis but is distinct from that along the c-axis, whereas for
B — O — B it is different for all three directions, see Figure 6. Therefore the
superexchange between the localized paramagnetic magnetic moments at the
A and/or B site is possibly anisotropic. If the occupancy of paramagnetic Ln
and/or T'M ions at the A and/or B site is less than 1, then the anisotropy and
strength of the superexchange may also depend on the degree of (partial) order
of the Ln and/or TM ions. A further circumstance which could influence the
total exchange interaction between the localized paramagnetic moments is the
presence of (quasi-1D) conduction electrons.

In the case of Ln ions at the A site the Curie-Weiss temperatures 0 vary
from approximately —160 K for Lag 76Ceg.12Ybg.12TiO3 4 to about 0 K for Eu?*t
niobates. The largest values of |0 are realized for compounds containing Ce3™
and/or Yb3* which both have S = 1/2 and L = 3 but their J is different, see
Table 64 and 65 — 69. The question raises why just these two rare earth ions
result in the highest values of |6|. The Eu?T niobates display a Curie-Weiss or
Curie behavior down to the lowest temperature of 2 K, see Fig. 55 and Table
68. We do not know the reason why the Curie-Weiss temperatures of Eu?*
compounds are practically zero. We notice, however, that for Eu?* there is no
crystal field splitting because of L = 0 and thus J = 9, see also Table 64. Because
deviations from the Curie-Weiss behavior indicate the presence of interactions
beyond the mean-field approximation and/or crystal field splittings, the absence
of the latter may lead to an extended validity range of the Curie-Weiss law.
However, to our knowledge this does not necessarily imply 6 ~ 0.

Comparing the n = 4.33 titanate CeTiO3 47 and the n = 5 titanate NdTiO3 4o
with isostructural but significantly non-stoichiometric Ceg.95TiO3.39 and Ndg.95Ti03.34
, respectively, the |8] of the latter is approximately twice as high, see Table 65
and 67. We note that the both n = 5 titanates NdTiO3 49 and NdTiO3 31 evince
a nearly equal 0, see Table 67. This suggests that the doubling of |0] is more
related to the deficiency at the A site than to the oxygen deficiency. We do not
know the physical origin of this interesting phenomenon. Maybe it is of general
relevance in the field of magnetism. One may speculate, for example, if a cation
deficiency in (anti)ferromagnetic materials may lead to an enhancement of the
magnetic transition temperature. Further studies are necessary to clarify this
issue.

In the case of T'M ions at the B site the Curie-Weiss temperatures 0 vary
from approximately — 500 K for Lag.gCag.4Tip.6Nbg.4O3.40 ((Ti,Nb)4'6+, d0'2)
and LaTio.8V0.203_31 ( (Ti,V)3'6+, 3d0'6) to about + 70 K for LaTio.gMn0.203_4Q
(Mn3+, 3d4), see Fig. 60 — 69. For LaTi0_8A10.203_31 (Ti3'8+, 3d0'2) the tem-
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perature dependence of (7')~! in the high temperature range fits less good but
approximately to a linear behavior, see Figure 62. A fit to the inverse Curie-Weiss
function leads to 6 =~ — 900 K.

Also the oxygen-deficient n = 5 compound LaTig 67 Mng 3303 33 (Mn3+, 3d*%),
whose y(T') is presented in Fig. 65, shows a Curie-Weiss behavior. A linear fit of
its x(T)~! curve to the inverse Curie-Weiss function (77—8)/C in the temperature
range 190 K < T < 380K leads to 8 = +69 K and C' = 1.29 emu G~! K mol~*.
The experimentally determined effective magnetic moment after Eq. (15) and
(16) and the corresponding theoretical free-ion value resulting from Mn3* after
Eq. (17) and Table 63 is pegp = 3.21 pup and py, = 2.81 pp , respectively.

Among the materials investigated in this work the only compounds with a
clearly positive Curie-Weiss temperature are those with Mn at the B site. This
indicates a ferromagnetic interaction between the Mn* (3d*) ions. Figure 64
shows % (T')~! of three samples of the n = 5 insulator LaTipgMng 2034 which
were prepared by floating zone melting in Ar, air and O , respectively. Also
presented in Fig. 64 are the corresponding values of the unit cell volume V
(Table 37), the Curie-Weiss temperature 0 and the effective magnetic moment
Dexp- Compared to the specimen synthesized in Ar, the samples grown in air and
O; display a smaller (higher) value of V' and pegp (0). For the samples grown in
air and O, this suggests the presence of a small amount of Mn** because

e the formation of Mn*T is favored by oxidizing preparation conditions and
may be realized by a somewhat over-stoichiometric oxygen content x > 3.40

e the size of Mn** is smaller than that of Mn®* which may lead to a dimin-
ished unit cell volume V'

e the effective magnetic moment of Mn** is smaller than that of Mn3* (Table
63).

For the two La(Ti,V)O, compounds, see Fig. 63, the theoretical effective
magnetic moment p;;, was estimated as follows. We assume that the V ions and
a part of Ti ions are, at least approximately, in the valence state 3+. Then from
Eq. (17) we get

pin = Gulam(TPO)? + Galan (V) (22)

The occupancy G of V at the B site is given by the V content in the composition
formula. Then the occupancy G; of Ti*t at the B site can be obtained by

G1 = Ny — G3Ny (23)

whereby N; is the total number of 3d electrons per (Ti,V) in the composition
La(Ti,V)O, resulting from charge neutrality and Ny = 2 is the number of 3d
electrons belonging to the configuration V3+ (3d2). Now py;, can be calculated by
using the values of N; displayed in Fig. 63 and those of qth(T13+) and ¢, (V3+)
presented in Table 63. In both La(Ti,V)O, compounds the contribution of Ti3*
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and V371 to pyy, is weighted in a different way:

LaTig.05V0.0503.41:

pin = Gilam(TPD)]? + G2 g (V)2 = (0.39 + 0.40) u% (24)

LaTig.gV0.203.31:

P2 = Gilan(Ti*N)? + Golgmn(VP1)]? = (0.54 + 1.60) u%  (25)

Obviously, for LaTig.95V0.0503.41 the contribution of Ti*t and V37 is nearly
equal, whereas for LaTig gV.203.31 the magnetic moment of V3* predominates.

We note that some materials display a rather high absolute value of the
Curie-Weiss temperature 0 although only about 20 % percent of the B sites are
occupied with localized paramagnetic moments:

e 0 =—392K for the n = 5 type LaTig.05Vo.0503.41 (3d%2, (Ti,V)>77F), see
Fig. 63

e 0= — 531K for the significantly oxygen-deficient n = 4 type Lag.¢Cag.4Tig.6Nbg.4O3.40
(%20 (Ti,Nb)*60+) see Fig. 61

e 0= — 900K for the significantly oxygen-deficient n = 5 type LaTig gAly.203.31
(3d%23, Ti37T+), see Fig. 62

This is remarkable because these quite large values indicate the presence of a
rather high antiferromagnetic superexchange interaction although the concen-
tration of the localized paramagnetic moments is relatively low. In a 3D crystal
structure this would result in a relatively large average distance between the
localized paramagnetic moments and thus the superexchange interaction is ex-
pected to be relatively small. However, these materials are quasi-2D (layered)
and additionally they comprise a quasi-1D character which is constituted by
the chains of corner-shared BOg octahedra along the a-axis. Furthermore, as
described in an earlier section, those cations with the smaller valence like Ti3*,
V3F and/or Nb** tend to concentrate in the inner region of the layers, whereas
those with the larger valence as Ti**, V57 and/or Nb5T tend to accumulate
in the boundary region of the layers. Maybe the rather high |0] values of some
compounds are related to these (low-dimensional) structural features.

The n = 5 titanates LnTiO3 4 with Ln = La, Ce, Pr, Nd or Sm For
some of the electrical conducting titanates ATiO3 4 the corresponding insulator
ATig gAly.203.40 was also prepared, namely for A = Pr and Nd !. This allows a

! It was also attempted to prepare corresponding insulators for A = Ce and Sm,
however the preparation by floating zone melting was impossible because of a very
difficult melt behavior.
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comparison between the susceptibility x(7) of the conductor and its correspond-
ing insulator. As apparent from Fig. 48 and 49 the susceptibility of the electrical
conducting compound is lower than that of the insulator, especially in the case
of A = Pr. The temperature dependence of the difference is plotted in Fig. 57.
We want to discuss this feature in more detail by considering the behavior of
three related n = 5 titanates, namely an insulator and its corresponding elec-
trical conductor, both with a paramagnetic moment at the A site (A = Pr or
Nd), and a conducting compound without a paramagnetic moment at the A site
(A = La). We choose A = Pr for a discussion because of two reasons. First, the
effect is larger for Pr compared to Nd. Secondly, on PrTiO3 41 resistivity mea-
surements were performed (see Fig. 45) and the result suggests that PrTiOs 41
is a quasi-1D metal like LaTiO34;. To ensure that the difference between the
susceptibility of PrTiO3 41 and PrTiggAlg.203. 49 reflects the intrinsic material
behavior, various pairs of samples were measured. Every sample pair consisted
of two specimens, PrTiOgz 41 and PrTipgAly203.40 , both with approximately
equal shape and mass as well as nearly same orientation with respect to the
magnetic field. The layers were approximately oriented along the field. Signifi-
cant variations in the difference curves and individual susceptibilities were not
observed.

Figure 58 and 59 presents the molar magnetic susceptibility y(7") and x(7)~*

of the insulator PrTip.gAlg.2O3.40 and the quasi-1D metals PrTiO3 41 and LaTiOg,

Table 69 shows the results of fitting the susceptibilities to the function D +
C/(T — 0). The data reveal that the susceptibility % (7) and the experimentally
determined effective magnetic moment pe,), of the quasi-1D metal PrTiOgz.4; is
lower than that of the insulator PrTig gAlp 203 40. Conversely, |0| of the quasi-
1D metal PrTiOg3 47 is higher than that of the insulator PrTig gAly.2O3.49. This
suggests that the localized paramagnetic moments experience an additional and
therefore increased antiferromagnetic exchange interaction via the surrounding
conduction electrons in PrTiOs 4;. The enhanced |0] as well as the attenuated
effective magnetic moment p.,;, and susceptibility in PrTiOs3 41 is consistent with
such a scenario. We suppose, from a theoretical point of view, that this effect
belongs to the Kondo lattice scenario or RKKY interaction, see e.g. Ref. [235]
or [159]. However, we are not aware of any specific theoretical model which suits
to the quasi-1D metal PrTiOg3 4.

The difference of the susceptibility between the quasi-1D metal PrTiO3 47 and
the insulator PrTig gAlg20s3.40 , X1 — X2 , has qualitatively the same temperature
dependence as that of LaTiOs3 41 (see Fig. 58). This could represent another hint
that the behavior of 1 — %2 is related to the conduction electrons, at least
for temperatures above ~ 50 K. At low temperatures, however, the origin of
the increasing values with decreasing temperature is probably not the same
for both curves. For LaTiOg 4; it is very likely that this is due to paramagnetic
impurities. For y; — 2 we suppose that the approach to zero is due to the metal-
to-semiconductor transition in PrTiOgs4; , i.e. when the conduction electrons
disappear its susceptibility merges into that of the insulator PrTip gAly.2O35.40-
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In the following we present an empirical approach to express the experimen-
tally observed susceptibility ¥ (7) of PrTiO3.41 by that of PrTipgAly.203.49 and
LaTiOg3.41 , see Fig. 58 and 59 and Table 69. We look first at the susceptibil-
ity x(T') of the insulator PrTipgAly203.40. For temperatures above ~ 50 K it
displays a Curie-Weiss behavior, i.e.

C
X(T) = 74

We use the index 2 to label the insulator PrTipgAlg203.40. 02 = — 24 K (see
Table 69) indicates the presence of an antiferromagnetic interaction between the

localized paramagnetic moments of the Pr3* ions. The similar is valid for the
quasi-1D metal PrTiOs 41 , labelled by the index 1, thus

(PrTio,8A10.203'40 , T > 50 K) (26)

S T-6
Apart from a Curie contribution C3/T from paramagnetic impurities for T < 20

K there is no analogous high T representation for the experimentally determined
susceptibility of the quasi-1D metal LaTiOg3 41 , labelled by the index 3, i.e.

%, (T) (PrTiOs.41 , T > 50 K) (27)

X3(T') = as-measured curve (LaTiO3.41 , T > 50K) (28)

To find an expression for x1(7) of the quasi-1D metal PrTiOs 41 we tried to
modify %2(T") of the insulator PrTip gAly.203.40 by using x3(T) of the quasi-1D
metal LaTiOs 41. This because x3(7T") represents the behavior of the conduction
electrons, i.e. their degree of polarization by an external field. To a first approx-
imation we assume that y3(T) reflects also the polarization of the conduction
electrons by an internal field from localized paramagnetic moments. The latter
arise when the diamagnetic La3t ions at the A site are replaced by paramagnetic
Pr3*. It seems also reasonable to suppose that x3(7") describes to some extent
that part of the exchange interaction between the localized moments which is
mediated via the conduction electrons. It turned out that the following ansatz
with a parameter f reproduces x1(T") surprisingly well:

T =02+ fys(T)

The artificially constructed function y4(7") is based on Eq. (26) whereby the
negative Curie-Weiss temperature — 05 is replaced by a modified ”temperature-
dependent Curie-Weiss temperature” — 0y + fy5(T"). The term fy5(7") can be
considered as an additional interaction with a temperature dependence xs(7T).
In Figure 58 two versions of x3(7T") are shown, namely (a) the as-measured data
and (b) a curve obtained by subtracting from (a) the Curie contribution C5/T
from paramagnetic impurities which dominate the low T" behavior, see also Table
69. By the requirement that both curves, x4(7") and %1 (7T'), merge at the highest
measurement temperature, i.e.

x4 (T) (29)

X (T) = %1 (T) for T =390K , (30)
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the parameter f was determined to

f =1[1.384 (a) or 1.409 (b)] x 105 K emu™'G mol (31)

With this value of f the function x4(7T') reproduces y1(T") very well for T' >
50 K, see Fig. 58 and 59 and Table 69. That means x4(7") represents again a
Curie-Weiss function whereby Co and 05 in Eq. (26) and (29) are changed into
C; and 04, i.e.

Cs o
X4(T) = T—62+fx3(T) = T—61 *Xl(T)

In this sense the alteration from Cs and 05 into C; and 0; can be viewed as a
renormalization via the conduction electrons which was taken into account by
the experimentally determined curve x3(T).

The n = 5 titanates LnTiO3 4 are known for Ln = La, Ce, Pr, Nd and Sm
(see Table 35, 38, 40 and 41). In this sequence the ionic radius of Ln decreases
from left to right. In perovskites or perovskite-related compounds a decreasing
ionic radius at the A site of is often accompanied by a diminishing B—O— B bond
angle which may lead to a reduced band width and therefore to localization. Up
to now optical and/or resistivity measurements were performed on LaTiOs 41
and PrTiOg3 41 which indicate that they are quasi-1D metals, see Table 35 and
Figure 45. Possibly, with a further decreasing ionic radius at the A site, i.e.
for Ln = Nd and Sm, a compositional-driven metal-to-semiconductor transition
takes place. A comparison between Ln = Pr and Ln = Nd reveals two features
which suggests the possible existence of such a transition. First, the absolute
value of the susceptibility difference between the electrical conductor and the
insulator is higher for Ln = Pr, see Fig. 48, 49 and 57. Assuming that the
degree of this difference represents a measure for the number of the existing
conduction electrons, in the sense of the discussion above, then for Ln = Nd
the 3d electrons are closer to a localization. Secondly, the difference peyp, —
pen(Ln3T) > 0 is larger for Ln = Nd (see Table 67 and 69). Assuming that for
Ln = Nd the 3d electrons from Ti3* are localized, then we can take into account
the corresponding effective magnetic moment of Ti*t in the calculation of pyy,.
This results in an improved agreement between peg;, and py, (see Table 67) and
may therefore be viewed as a further hint that for Ln = Nd the 3d electrons are
nearer to a localized state. Of course, an unique decision whether NdTiO3 4 and
SmTiOgs4 are metals or semiconductors can only be achieved by experiments
such as resistivity measurements, optical spectroscopy and/or ARPES.

We now comment the temperature dependence of the susceptibility of LaTiO3 41
(Fig. 58) and related materials such as StNbOs4; (Fig. 76). Apart from the
low temperature behavior, which is most probably due to paramagnetic impuri-
ties, the susceptibility x(T") increases with increasing temperature. This behavior
seems to be a typical feature of quasi-1D metals for T' < Thssr as well as for
T > Tyst. Here Tyrsr is the temperature where the metal-to-semiconductor
transition takes place. We cite two examples, namely the oxide Tly 3sMoOg3 with
Tysr = 180 K [61] and the organic compound TTF-TCNQ with Thassr = 53

(T>50K) (32)
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K [96]. In the case of a Peierls transition and T' < Tassr the susceptibility
decreases with decreasing temperature because of a diminished number of con-
duction electrons as a result of the opening of an energy gap at the Fermi energy.
At present the nature of the metal-to-semiconductor transition of LaTiO3 41 and
SrNbOg 41 is not completely clarified. In the case of LaTiO3 4; Kuntscher et al.
reports on indications for a phase transition [112]. For STNbOs5 4; it is discussed
in terms of a Peierls transition by Kuntscher et al., but not all findings can
be explained within this picture [111,113]. For both compounds the transition
temperature Thss7 is about 100 K [112,113,127]. At around 100 K and with
decreasing temperature the susceptibility of LaTiOs 41 (Fig. 58) decreases some-
what faster, whereas that of S'NbO3 41 (Fig. 76) has almost reached its constant
value. The change of the susceptibility around and below Tyss7 is less sharp and
relatively sluggish compared to that of Tly3MoOs and TTF-TCNQ. We note
that the intrinsic low temperature susceptibility D of LaTiO3.4; and SrNbO3 41
is larger than the diamagnetic susceptibility yqi, of the corresponding insulator
LaTiOg3. 50 and SrNbOgs 50 , respectively:

e LaTiO341: D ~ +0.3 x 107% emu G~! mol~! (see Fig. 58 and Table 69)
LaTiO3.50" Xy =~ — 2 x 1075 emu G~1 mol~! [127]

e StNbO341: D~ —2x 107 emu G~ mol~! (see Fig. 76 and Table 70)
SrNbO3.50: Ygiq = — 3 % 1075 emu G~ mol~* [127].

Concerning the temperature dependence of the susceptibility % (7") in the range
T > Tyst we refer to the paper by Weber et al. on StNbOj 4; [242]. They
discuss the high temperature behavior of % (7") in terms of almost localized spins
in a 1D antiferromagnetic Heisenberg chain.

5.4 Speculations about the potential for (high-T.)superconductivity

We believe that the conducting A, B, Os;,+2 oxides are worth mentioning with
respect to hypothetical, novel types of superconductivity. We mention two exam-
ples from which perspectives these materials may be viewed, namely bipolaronic
and excitonic superconductivity. For the first we refer, for instance, to the Nobel
lecture by Bednorz and Miiller [14] and the paper by de Jongh [35]. For the
second we will present some considerations in the next section.

Furthermore, we refer the reader to the book "Room Temperature Supercon-
ductivity” by Mourachkine [141].

We note that, to the best of our knowledge, the present highest supercon-
ducting transition temperature (at ambient pressure) is T, = 138 K, realized by
the cuprate Hgp gTlp.oBasCasCusOs 4 5 reported by Sun et al. in 1994 [206].

View from the perspective of excitonic superconductivity The hypo-
thetical excitonic type of superconductivity represents one of several ideas how
to realize room temperature superconductors. In the excitonic mechanism of su-
perconductivity the formation of Cooper pairs is based on an electron-electron
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mediated interaction. It is assumed that an attractive interaction between con-
duction electrons may come about via electronic excitations in a spatially ad-
jacent but electronically separated subsystem. The first ideas about excitonic
superconductivity, which seems to be favored by low-dimensional systems, were
developed by Little as well as by Ginzburg:

e The original idea to realize this in hypothetical quasi-1D organic conductors
was proposed by Little [129-132]. He considered conducting chains which
are surrounded by electronically polarizable side branches.

e The original proposal to realize this in quasi-2D systems was devised by
Ginzburg [58]. He considered a thin metallic sheet which is surrounded by
two dielectric layers. Further papers about this approach were published
later, e.g. by Allender et al. [5].

Little also considered a system in which the strict electronic separation be-
tween conduction electrons and the electronically polarizable subsystem was
abandoned, i.e. a certain degree of electron exchange between both subsystems
was permitted [130].

Among the literature there are several publications which present some ar-
guments why excitonic superconductivity is not possible. We refer to the latest
paper by Little which contains a detailed discussion and refutation of these argu-
ments [132]. A further debate about these objections can be found in the article
by Ginzburg [58].

It seems that the A,, B,,O3,+2 quasi-1D metals represent interesting materials
with respect to the approach by Little as well as by that of Ginzburg. Concerning
the approach proposed by Little the most important question is how to accom-
plish an electronically polarizable subsystem in these oxides. We speculate that
such subsystems could be realized by

e an appropriate electronic band structure (for example, this was discussed by
Little for some high-T, superconducting cuprates [132])

e fluctuating valence states related to 4f electrons of rare earth ions at the A
site, e.g. Eu** /Eut (4f7/4£6)

e the different energy levels of the magnetic multiplet of the 4f electrons of
rare earth ions at the A site

However, it is beyond the scope of this article to present any theoretical evalua-
tions if and how the conduction electrons may really interact with and via such
kinds of subsystems.

With respect to the approach proposed by Ginzburg we may consider the
quasi-1D metals of the type n = 4.5 as well as n = 5 in a way as illustrated in
Figure 71:
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e The n = 4.5 member represents the ordered stacking sequence n = 4, 5,
4,5, ... As shown in Fig. 71 (a) this can be viewed as a heterostructure of
dielectric (n = 4) and metallic (n = 5) layers !. The compositional example
SrNbO3 44 implies nominal 0.11 4d electrons per Nb. The specified allocation
in 4d° for the n = 4 layers and in an average of 4d%2 for the n = 5 layers, as
shown in Fig. 71 (a), corresponds to the extreme case where all 4d electrons
are located in the metallic n = 5 layers. This picture or its approximate
realization is supported by the experimental finding that the metallic char-
acter in conducting (Sr,La)NbO, is relatively weak for n = 4 whereas it is
relatively high for n = 4.5 and n = 5 [113]. This indicates that the metallic
character is mainly related to the central octahedra which are present only
in n = 5 but not in n = 4 type layers. We remind that n = 4 materials,
if they have an insulating d° composition, are often known as ferroelectrics
such as StNbO3 59 .

e As depicted in Fig. 71 (b), even a single n = 5 layer or an n = 5 material
can approximately be considered as a metallic sublayer surrounded by two
dielectric sublayers. This picture is supported by results from band structure
calculations on StNbOg 41: The major contribution to the electronic density
of states (DOS) at the Fermi energy Er comes from those Nb atoms located
in the central octahedra which are almost undistorted [110,244]. The contri-
bution from those Nb atoms located in the other octahedra, which display
a relatively high distortion, is relatively small and decreases with increasing
distance from the middle of the layers [110,244] 2. This feature is qualita-
tively in accordance with the distribution of the Nb valence and 4d electron
count which is known for CaNbOs 41 (see Fig. 15). The corresponding values
are displayed in Fig. 71 (b). They indicate that the Nb valence (4d electron
count) is lowest (highest) in the central octahedra and increases (decreases)
with increasing distance from the middle of the layers.

The considerations above suggest that the A, B;, 03,12 quasi-1D metals may
have the potential to create new (high-T,)superconductors. However, the com-

! 'We note that oxides of the type m = 5 + 6 of hexagonal A,,B,,_103, display a
stacking sequence of m — 1 BOg octahedra thick layers which is similar to that of
n = 4.5 compounds, namely m —1 = 4, 5, 4, 5, ... (see Figure 9). Therefore we may
apply the approach illustrated in Fig. 71 (a) also to m = 5 + 6 materials by using
the m = 5+ 6 niobate Sr11NbgOs3 as example: The m — 1 = 4 octahedra thick slabs
might represent the dielectric layers because the m = 5 niobate SrsNb4O15 is an
insulator, whereas the m — 1 = 5 octahedra thick slabs might represent the metallic
layers because the m = 6 niobate Sr¢NbsO13s is a quasi-2D metal (see section 6 and
Fig. 74 and 75).

Possibly, such a relationship between octahedra distortion and contribution to the
electronic density of states might also exist in other types of oxides whose layers are
3 or 5 octahedra thick. Therefore, the scenario depicted in Fig. 71 (b) might also be
valid for other types of materials, e.g. the m = 6 type of hexagonal A, Bm—103m
(see Fig. 9, 10 and 17) like the m = 6 quasi-2D metal SrsNbsO1s (see section 6 and
Fig. 74 and 75).
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pounds reported in this work and Ref. [127] did not show any indications for
the presence of superconductivity above the lowest accessible temperature of 2
K. On the other hand, among these (and other) types of low-dimensional oxides
there are still many unexplored chemical compositions. Furthermore, as already
realized by Little as well as by Ginzburg, to create excitonic superconductiv-
ity several materials parameters have to be concurrently in a right small range.
Therefore, in our opinion, it is still worthwhile to continue the search for new
(high-T.)superconductors. In this context we cite the following statement from
Mourachkine which is probably of general relevance and independent of the spe-
cific underlying mechanism of superconductivity:

”Therefore, synthesizing a room-temperature superconductor, one must pay
attention to its structure: the ”distance” between failure and success can be as
small as 0.01 A in the lattice constant” [142].

We have already pointed out to a special feature of the A, B, Os,+2 = ABO,
quasi-1D metals, namely their compositional, structural and electronic proxim-
ity to non-conducting (anti)ferroelectrics. This suggests the possibility to realize
compounds with an intrinsic coexistence of a metallic conductivity along the
a-axis and a high dielectric polarizability perpendicular to the a-axis. As pre-
sented in section 1.2 and Table 48 this statement is supported by two different
experimental results, namely the presence of a ferroelectric soft mode not only
in the n = 4 ferroelectric insulator STNbO3 50 but also in related n = 4, 4.5 and
5 quasi-1D metals (Sr,La)NbO, , as well as a high dielectric constant €. o, ~ 100
in the n = 5 type StNbOj3 41 along the c-axis. Possibly, these special features are
advantageous for the realization of excitonic or other types of superconductivity
in A, B,Osp4+2 quasi-1D metals. Although it is beyond the scope of this work
to present any detailed theoretical considerations of this complex issue, we note
that the dielectric constant is related to four different kinds of the polarizability
[105]:

Electronic polarizability: This refers to the polarization of the electrons (rel-
ative to the nucleus) in a single atom, ion or molecule. As mentioned above,
the electronic polarizability and related electronic excitations play an important
role in the concept of excitonic superconductivity. At sufficiently high frequen-
cies, like those in the upper optical spectrum, the electronic part is the only
relevant contribution to the polarizability. The value of the dielectric constant €
related to the electronic polarizability is usually €ejectronic < 10. Theoretically,
the possibility of much larger values were considered in the context of the so-
called electronic ferroelectricity [9,10,173]. The theoretical considerations with
respect to an electronic ferroelectricity are related to the Falicov-Kimball model
which describes, in its original version, itinerant d electrons interacting with
localized f electrons via an on-site Coulomb interaction.

Tonic (or lattice) polarizability: This polarization refers to the dipole moment
which results from a shift of several ions against each other. In the n = 5 niobate
SrNbOg 41 the large dielectric constant €. o, &~ 100 along the c-axis reflects very
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likely the presence of a high lattice polarizability [17]. Concerning superconduc-
tivity, one may consider a high lattice polarizability as advantageous because
the corresponding large dielectric constant reduces the Coulomb repulsion be-
tween conduction electrons. This may support the formation of Cooper pairs.
For example, this was considered for the low-T, superconductors Na, WO3 and
SrTiO3 _ 5 whose non-conducting parent compounds (i.e. y = § = 0) display a
large dielectric constant as well as for high-T, superconducting cuprates, see e.g.
Ref. [16,35,178]. However, in the case of the A,,B,, 03,42 compounds we have to
pay attention to the anisotropy. For example, in the n = 5 niobate StNbOj 41
the large value €. o, &~ 100 refers to the c-axis whereas the conduction electrons
display a metallic behavior only along the a-axis.

Dipolar polarizability: This signifies the polarizability of permanent dipole
moments, i.e. such which already exist in the absence of an external electric field,
e.g. in the case of ferroelectric ordering. In this context we refer also to theoretical
models which consider a coexistence of ferroelectricity and superconductivity
[16,108].

Interfacial polarizability: This refers to the polarizability of accumulated
charges at interfaces in heterogeneous materials. In the case of A,, B;,O3;,42 com-
pounds this might represent a significant contribution because at the boundary
of the layers there is a relatively large amount of negatively charged oxygen ions
(see section 1.1).

We notice that for an experimentally measured value of the dielectric constant
the corresponding separate values, which result from the different kinds of the
polarizability, are normally not known.

The system Na—W —O In the context of the considerations of the previous
section it seems to be interesting to look at the system Na—W—-O.

One of the known compounds in this system is NaWO3 (W5T, 5d!) which
crystallizes in a cubic perovskite structure. The related Na-deficient phases
Na,WOs3 display low-T. superconductivity with 7. < 3 K for 0.2 < y < 0.5,
see e.g. Ref. [198]. Na,, WO3 can be considered as a modification of WO3 . The
crystal structure of WOg3 is of a distorted ReOj3 type, i.e. it can be viewed as an
A-free distorted perovskite structure ABQO3 , and displays several temperature-
driven phase transitions with six different phases, see e.g. Ref. [74]. WOz (W¢*,
5d°) represents an antiferroelectric insulator with an antiferroelectric transition
temperature T, ~ 1000 K [105]. It shows complex dielectric properties and a
large dielectric constant, see e.g. Ref. [74,178].

On the surface of Na-doped WOj5 crystals the presence of superconducting is-
lands with T, ~ 90 K was reported by Reich et al. [177,178]. Other scientists like
Shengelaya et al. confirmed the strong experimental evidence for high-T,. super-
conductivity without Cu in these Na—W—O samples [200]. Reich et al. suggested
that the unknown superconducting phase is possible of a quasi-2D type because
it exists on the surface of the Na-doped WO3 crystals. However, to the best of
our knowledge, the research on Na—W—0 was finally stopped because, in spite
of many efforts, the superconducting phase could not be identified. Neverthe-
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less, this indicates the presence of a potential for high-T, superconductivity in
complex oxides which contain an electronically active element from the left side
of the transition metal group such as W, Nb or Ti.

The unknown (and possible quasi-2D) superconducting phase reported by
Reich et al. might be a compositional, structural and electronical modification
of the antiferroelectric insulator WOg . Possibly, the unknown superconducting
phase could be of the type A,, B;,Os,+2 , i.e. we speculate about the existence of
conducting A, B,,O3,+2 = ABO, compounds in the reduced Na—W—0O system.
Indeed, there is a good reason to suggest the existence of such compounds when
we consider the systems SmTiO, (see section 5.1/A,, B,,Os,+2 and pyrochlore)
and NaWOQ,, in the following way:

When prepared under high pressure, SmTiO3 50 crystallizes in an n = 4
structure and represents a ferroelectric insulator (see Table 25). The structure
of the other end member in the SmTiO, system, SmTiOj , is of an orthorhombi-
cally distorted n = oo perovskite type. Normal pressure synthesis experiments of
reduced intermediate compositions SmTiO, with 3 < z < 3.5 led to an electri-
cally conducting n = 5 phase SmTiOj3 37 , whereas indications for the existence
of an n = 4.5 compound with z ~ 3.44 were not observed (see Table 41 and
Figure 41).

Likewise, when prepared under high pressure, also the insulator NaWO3 50
crystallizes in an n = 4 structure (see Table 18) and represents a potential ferro-
electric. The structure of the other end member in the NaWO,, system, NaWOs5
, is of a cubic n = oo perovskite type. Therefore, analogous to SmTiO, , we
suggest to perform synthesis experiments of reduced intermediate compositions
NaWO, with 3 < x < 3.5, especially with respect to the search for mixed valence
WO+ /W5t (5d°/5d1) electrical conductors of the type n = 4.5, 5 or 6.

6 Results and discussion: Hexagonal A,,B,,_103,,

The compounds which were prepared in this work can be found among those
listed in the Tables 53 — 60.

The starting point for this work on hexagonal A,,B,,—10s3,, type materi-
als was the mixed-valence m = 7 niobate Sr;NbgOs; reported by Schiickel and
Miiller-Buschbaum [194], see Table 58. They synthesized Sr7NbgOso; crystals
by a laser heating technique and determined the structure by single crystal
XRD, see Figure 17. Physical properties were not reported. Because Sr7NbgOo
(Nb*67+ / 4d°-33) is potentially a good electrical conductor it seems worthwhile
to study its resistivity and magnetic behavior. However, an attempt to prepare
Sr7NbgO2; by floating zone melting resulted in a multiphase product consisting
of m =7, m =06 and m =5+ 6 type phases as well as of purple colored regions.
Probably the purple phase is the Sr-deficient perovskite compound Srg gsNbOj
which was already observed in A, B;,O3,42 type St—Nb—O compositions with
a nominal Nb valence of about Nb*8+ and less [127]. With decreasing temper-
ature the magnetic moment of the multiphase Sr7NbgO2; composition showed
a pronounced transition from paramagnetic to diamagnetic below T =~ 130 K.
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Then it was attempted to synthesize single phase niobates of the type m = 6
and m = 5 + 6, i.e. SrgNb50g (Nb4'8+ / 4d0'2) and Sr11NbgOs33 (Nb4'89+ /
4d%11), respectively. In contrast to Sr7NbgOg; , the m = 6 and m =5 + 6 type
compositions were obtained as single phase compounds. The resulting niobates
were somewhat overstoichiometric with respect to the oxygen content, namely
SrgNbsO15.07 and Sr11NbgOas3.99. Possibly, the small amount of excess oxygen
is accommodated in the interlayer region. Figure 72 displays the powder XRD
spectra of SrgNbsO1s.07 (m = 6) and Sr11NbgOs509 (m = 5+ 6) and also
those of two structurally related insulators, namely SrsNbsOq5 (m = 5) and
LaSrnggOlg (m = 4)

The molar magnetic susceptibility y(7') of the diamagnetic insulator SrsNbsO15
and the two conducting niobates Sr11NbgOs3.09 and SrgNbsO1g 07 is presented
in Figure 73. At low temperatures y(T") increases with decreasing temperature.
This is probably due to the Curie behavior of paramagnetic impurities. Table 70
presents the results of fitting y(7") of some niobates to the function D + C/T
where D represents a diamagnetic, temperature-independent susceptibility and
C/T the Curie term. The molar susceptibility without the Curie contribution,
ie. x(T) — C/T, is displayed in Figure 74. For the two conducting niobates
this representation reveals more clearly the intrinsic temperature dependence of
the susceptibility which is relatively strong, especially for SrgNbsO1g.07. There
is a transition from a paramagnetic into a diamagnetic state which starts at a
temperature of 7'~ 150 K. The transition is relatively slow with respect to its
temperature range, but especially for SrgNbsO1g.97 it is fairly marked concerning
the change of the susceptibility.

Figure 75 shows the resistivity p(T") of the m = 6 niobate SrgNbsO1g.07 along
the a- and c-axis. The resistivity anisotropy is relatively high, p./p, =~ 103, at
least in the high temperature range. Along the a-axis, i.e. along the layers or
ab-planes, the high temperature behavior of the resistivity is metallic. With
decreasing temperature a metal-to-semiconductor transition occurs at T = 160
K. This is the same temperature at which the magnetic susceptibility starts to
decrease, see Figure 74. The transition from paramagnetic to diamagnetic in the
susceptibility x(T") is consistent with the metal-to-semiconductor transition in
the resistivity po(T'). We assume that the paramagnetism reflects the presence of
itinerant electrons. When the latter disappear due to the metal-to-semiconductor
transition below T~ 160 K, an exclusively diamagnetic contribution from closed
electron shells may remain.

From the behavior of the resistivity p(7') and the susceptibility x(7") we
conclude that the m = 6 niobate SrgNbsO15.97 is a quasi-2D metal which displays
a temperature-driven metal-to-semiconductor transition below 7" =~ 160 K. The
qualitatively similar susceptibility behavior suggests the same conclusion for the
m =54 6 type Sr11NbgOs33.09 , although its resistivity was not measured.

The origin of the metal-to-semiconductor transition in SrgNbsO1s o7 is presently
not known. One possibility is the existence of a Peierls instability. Although
Peierls transitions are mainly associated with quasi-1D systems, there are also
some quasi-2D materials in which Peierls instabilities occur. For references see
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e.g. the theoretical paper on two-dimensional Peierls instabilities by Yuan [247]
and the article by Greenblatt on molybdenum and tungsten bronzes [61]. Ex-
amples of quasi-2D metals which display a Peierls type phase transition are
AMogO17 with A = Na, K or TI and (P02)4(W03)2k with 4 < k < 14. How-
ever, their resistivity behavior is different from that of SrgNbsO15.97. For the
molybdates AMogO17 there is a metal-to-metal transition and a commensurate
charge density wave below T' = 120 K [67,245]. On the monophosphate tung-
sten bronzes (PO2)4(WO3)ay resistivity measurements were performed for k =
4, 6 and 7 [61]. Below T' = 200 K and with decreasing temperature they dis-
play two metal-to-semiconductor-like transitions in the resistivity p(7"), but for
temperatures below that of the second transition p(T") is metallic again. We are
not aware of an example of a quasi-2D metal that shows a (Peierls type) metal-
to-semiconductor transition and remains semiconducting or insulating down to
T = 4 K, and whose nominal charge carrier concentration is similar to that of
SrgNb5015.07 , i.e. about d%2 per transition metal ion. It should be mentioned
that for such a relatively low charge carrier concentration the possibility of a
transition into a magnetically ordered state is quite unlikely.

It is worthwhile to compare the properties of the quasi-2D metal SrgNbsO15.07
(m = 6 of A;,,Bm—103,,) with those of the quasi-1D metal SrsNbs;O17.04 =
SrNbO3 41 (n =5 of A, B,, 03,42 , see Table 32, 47 and 48). Both have in com-
mon practically the same nominal charge carrier concentration and along the
c-axis their layers are n = m — 1 = 5 NbOg octahedra thick, see Figure 5, 6, 9,
10, 15 and 17. Their difference is given by the kind of orientation of the NbOg
octahedra with respect to the c-axis. Figure 76 presents their magnetic suscep-
tibility % (7") without the Curie contribution C'/T from paramagnetic impurities.
Their resistivity p(T") along the different crystallographic axes is displayed in
Figure 77. It is obvious that the temperature dependences of x(T")and p(7T') and
the metal-to-semiconductor transition is more pronounced for the m = 6 nio-
bate SrgNbsO1g.97. For the n = 5 type SrsNb5017.04 = SrNbOg3 41 and also for
the n = 4.5 type SrgNbgO31.05 = StNbO3 45 the metal-to-semiconductor transi-
tion is discussed by Kuntscher et al. in terms of a Peierls type instability, but
not all findings can be explained within this picture [111,113]. Analogous to the
comparison between the n = 5 and m = 6 niobates we may also compare the
magnetic susceptibility x(T) of the ordered n = 4.5 and m = 5 + 6 intergrowth
compounds SrgNbgO31.05 = STNbO3.45 and Sr11NbgO3s3.99 , respectively. Their
x(T) without the Curie contribution C'/T from paramagnetic impurities is plot-
ted in Figure 78. Their % (T) differs qualitatively in the same way as that of the
n =5 and m = 6 niobates shown in Figure 76.

There is one feature in the structural differences between the n = 5 niobate
Sr5Nb5017.04 and the m = 6 niobate SrgNbsO15.97 which is possibly relevant
for their different electronic properties. In the m = 6 structure the continuous
Nb—O intralayer linkage is exclusively realized via adjacent NbOg octahedra
with a different c-axis height, i.e. there is no direct linkage at the same c-axis
level (Fig. 10 and Table 2). Perhaps this corrugated linkage, when compared
with the approximately linear Nb—O intralayer linkage in the n = 5 structure



Published in Prog. Solid State Chem. 36 (2008) 253—387 49

(Fig. 6 and Table 2), implies a diminished overlap between the orbitals and
may therefore lead to a reduced bandwidth. This could be the reason why the
resistivity along the a-axis of the m = 6 type is about 10 times smaller than
that of the n = 5 type, see Figure 77.

We speculate that the electronic properties of the A,,, B,;,—103,, and A,, B;,Os;, 42
type niobates are related in a similar way to the layer thickness whichism—1 =n
NbOg octahedra thick along the c-axis. Compounds of the type m = 546, m = 6,

n = 4.5 and n = 5 comprise layers which are 5 octahedra thick whereby their
distortion is very small for those located in the center, see Fig. 15 and 17. For
the Sr-based niobates Sr,Nb,,O3,+2 = SrNbO, there are particular differences

in the electronic properties between the type n = 4.5 and 5 and the type n =

4 [110,111,113,127], see Table 47 and 48. For the n = 4 type Srg.sLag.2NbOs3 59

, compared to related n = 4.5 and n = 5 niobates, the metallic character is
relatively weak and at low temperatures, i.e. below that temperature where the
metal-to-semiconductor transition in the resistivity occurs, no energy gap was
observed in optical spectroscopy. This leads to the question if there are similar
differences in the electronic properties between niobates of the type m = 6 and
5+ 6 and the type m = 5. Therefore we attempted to prepare m = 5 niobates
(Sr,La)sNbsO15 which are electrical conducting. Two compositions were synthe-
sized, SI‘4,6La0,4Nb4015.05 (1\1})4'93Jr / 4(‘10'07) and SI"4.2La0,8Nb4015.00 (1\1})4'8Jr

/ 4d%2%). The first was obtained as a single phase material and its magnetic
susceptibility ¢ (7") is shown in Figure 73. The second represents the preferred
composition because its nominal charge carrier concentration of 4d%2° is com-
parable to that of the m = 6 niobate SrgNbsO1g.07. It turned out, however, that
SryoLag gNbsO15.00 was not single phase, although it consisted mainly of the
type m = 5. Its powder XRD pattern suggested the presence of another phase(s)
and/or the existence of a superstructure. A magnetic measurement revealed that
its magnetic moment has qualitatively the same temperature dependence as x(T)
of the single phase sample Sry gLag 4NbyO15.05 which is presented in Figure 73.
This temperature dependence is quite different from that of the m = 5+ 6 and
m = 6 niobates, see Figure 73. This may indicate an essential difference in the
electronic properties between niobates of the type m = 6 and 5+ 6 and the type
m = 5.

To get further insight into the electronic properties of the A,,B;,—103m
niobates we suggest to perform band structure calculations on the m = 6 ma-
terial SrgNbsTiO18 and the m = 7 niobate Sr7;NbgOs;. For both compounds
the space group and the atomic coordinates were determined by single crys-
tal XRD by Drews et al. [40] and by Schiickel and Miiller-Buschbaum [194],
respectively, see also Fig. 17 and Table 56 and 58. Although the m = 6 type
SrgNbyTiO;1g represents a fully oxidized compound and therefore an insulator,
it is most probably isostructural to the quasi-2D metal SrgNbsO15.97. Therefore
we assume that for band structure calculations on the m = 6 electrical conduc-
tor SrgNbsO1g the space group and atomic coordinates from the isostructural
insulator SrgNbyTiO1g can be used. In this context we notice that SrgNbsTiO1g
is one of only two compounds, among all A,,B,,_103,, materials listed in the
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Tables 51 — 60, for which the reported space group is non-centrosymmetric, see
Table 56. Therefore it represents a potential ferroelectric. The second of these
two compounds is also of the type m = 6, namely LagTis.04Mgg.913018 , see
Table 57. However, only for SrgNbsTiO1g the space group was determined by
single crystal XRD.

7 Summary

This work represents the continuation of an article on A,, B,,O3,+2 = ABO,, com-
pounds, published in 2001 in this journal [127], and reports also on A’ Ay_1 BrO3sx41
and hexagonal A,, B,,_103,, materials. An overview on the title oxides and their
properties has been presented, referring to literature and results from this work.

The three homologous series A, B,Ogzny2 , A’ Ag—1BrOsgr1 and hexagonal
A B—103,, have a layered, perovskite-related structure. Along the c-axis the
layers are n = k = m — 1 BOg octahedra thick and forn =k =m -1 = oo
the three-dimensional perovskite structure ABOg is realized. The three series
differ structurally in the orientation of the BOg octahedra with respect to the
c-axis. For A, B, 03,12 and A, B,,—10s3,, this results in a relatively complex
crystal structure. The A,,B,,O3,2 oxides contain, in addition to their quasi-2D
(layered) character, a quasi-1D structural feature which is constituted by chains
of corner-shared BOg octahedra along the a-axis. Associated with A, B;,—103m
and A, B, Os,42 = ABO, there are compounds whose unit cells contain an or-
dered stacking sequence of layers with different thickness, e.g. the m = 4+ 5
titanate LagTi;O27 and the non-integral n = 4.5 series member SrNbO3 44 , re-
spectively. The majority of the A, B, Osy,2 , A’ Ar_1BrOsk11 and A, By—103m,
materials have the following in common: The distortion of the BOg octahedra
is largest at the boundary of the layers and smallest in the center of the layers.
Furthermore, if there are at the A or B site two different cations which differ in
their valence, then those with the larger (smaller) valence tend to accumulate in
the boundary (inner) region of the layers.

Within this work about 250 samples with different composition were prepared
by floating zone melting. Approximately half of them resulted in single phase
products.

71 ApBnOsniz = ABO,

The titanates and niobates of the type A, B,Os,+2 = ABO, comprise the
highest-T, ferroelectrics such as the n = 4 titanate LaTiOgz50 [150] and were
mainly known as insulators. In the previous article [127] many A,,B,,Osy42 =
ABO, niobates and titanates with a reduced composition were reported [127].
Some of these electrical conductors, e.g. the n = 5 niobate SrNbOs3 4; , are
quasi-1D metals [110-113,127,136,244] which are in compositional, structural
and electronical proximity to non-conducting (anti)ferroelectrics. This suggests
the possibility to realize materials with an intrinsic coexistence of metallic con-
ductivity (along the a-axis) and high dielectric polarizability (perpendicular to
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the a-axis). This hypothesis is meanwhile substantiated for some niobates by the
results from two different experimental studies. First, the comprehensive optical
measurements by Kuntscher et al. [113] revealed the presence of the ferroelectric
soft mode not only in the n = 4 ferroelectric insulator STNbO3 59 but also in the
quasi-1D metals StNbOg3 41 (n = 5) and StNbOs3 45 (n = 4.5) and in the weakly
pronounced quasi-1D metal SrggLagaNbO3 50 (n = 4). Secondly, the dielectric
measurements by Bobnar et al. [17] on the n = 5 quasi-1D metal StNbOs3 41
revealed a rather large value of the intrinsic, high-frequency dielectric constant
along the c-axis, namely €. o, &~ 100.

The results from this work can be summarized as follows:

In the compositional parameter space there are regions where the pyrochlore
and A, B,03,12 structure are close together. Several samples with such com-
positions were prepared. In the SmTiO, system the x = 3.5 and z = 3 end
members display a pyrochlore and perovskite structure, respectively. Neverthe-
less, an n = 5 titanate with the intermediate composition SmTiO3 37 could be
prepared. Therefore SmTiO, represents a further example of only few systems
where an intermediate composition adopts an A, B, O3,+2 structure although
both end members are not of that type. Some GdTiO, and YbTiO, samples with
x < 3.50 were also synthesized but indications for the presence of A, B, 3,12
phases were not detected.

In the previous article [127] some significantly non-stoichiometric compounds
were published. In this work many further significantly non-stoichiometric ma-
terials, which appear single phase within the detection limit of powder XRD,
were prepared. They are of the type ABOy—y , A1—BOy—y and AB;_5Oy—y
whereby 0 < y < 0.19 is the oxygen deficiency with respect to the ideal oxygen
content w and 0 < o < 0.05 the cation deficiency with respect to the full occu-
pation of the A or B site. The largest degree of non-stoichiometry was achieved
in the n = 5 titanates Lag 75Cag.2TiO3.91 and Lag 75Bag.2TiO3.91. Their formula
Ap.95BO3.91 has to be compared with the ideal n = 5 composition ABOs3 49. Be-
cause the synthesis of Lag 75Cag.2TiO3.21 and Lag 75Bag.2TiO3.21 did not lead to
pronounced and appropriate crystals, their resistivity was not measured. There-
fore it remains an open question if their physical properties differ markedly from
those of the related nearly stoichiometric n = 5 quasi-1D metal LaTiOg3 41 . In this
context we cited the interesting structure of the niobate SrsNb5016 = SrNbO3 2
reported by Schiickel and Miiller-Buschbaum [193]. Its structure was not dis-
cussed in terms of A,, B,,Os,,+2 , however it can be viewed as an oxygen-deficient
n = 5 type, i.e. SrsNbsO17_4 = SrNbO3 4 5 with A = 1 and § = 0.2. The
oxygen vacancies in STNbQOg o are located in one of the both boundary regions
of the layers. They are fully ordered in such a way that one boundary consists
of NbOy polyhedra (instead of NbOg octahedra) without Nb—O chains along
the a-axis. Physical properties of STNbO3 o were not reported in Ref. [193] and
the attempt in this work to prepare STNbOs3 o by floating zone melting resulted
in a multiphase product. Therefore its attributes such as the resistivity p(T)
and magnetic susceptibility % (7)) are presently not known. However, they are
of particular interest, especially with respect to the related nearly stoichiomet-
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ric n = 5 quasi-1D metal SrNbOj3 4;. To get further insight into the electronic
properties of SrsNbsO16 = SrNbO3 2 we suggest to perform band structure cal-
culations by using the space group and atomic coordinates reported by Schiickel
and Miiller-Buschbaum [193].

An interesting structural feature is the possibility of a full occupational order
at the B site. Presently only few of such examples are known. It is reported
by Titov et al. that the Fe3* ions in the n = 5 insulator LaTig gFeg 20340 are
exclusively located in the central octahedra of layers, whereas in the isostructural
LaTig sGag.2035.40 the Ga®t ions are distributed within the three inner sheets of
BOg octahedra of the five octahedra thick layers [227,228]. In this work several
n = 5 compounds of the type LnTigsB) 20, with B’ = A3t V3+ Mn?t and
Fe3* were prepared. Theoretically, a full occupational order is also possible in
n = 6 materials such as LaTig 7B 3303.33 where the B’ cations are exclusively
located in the both inner octahedra sheets of the six BOg octahedra thick layers.
The attempts to prepare such compounds resulted readily in the n = 6 insulator
LaTig.7Feq.3303.33 , whereas for B’ = Mn?t an oxygen-deficient n = 5 type
was obtained. Detailed structural studies are necessary to determine the actual
distribution of the B’ cations at the B site.

For B’ cations such as Fe3T the magnetic properties of corresponding com-
pounds are of special interest. There are two reasons for that. First, they might
have the potential to show (anti)ferromagnetic order. As an illustration we cite
the sequence LaTig sFeg.203.49 (n = 5), LaTig ¢7Feg.3303.33 (n = 6) and LaFeO3
(n = co) whereby the latter is known as a canted antiferromagnet with weak fer-
romagnetic properties. Secondly, several A, B,03,12 = ABO, type insulators
are known as (anti)ferroelectrics and thus, if (anti)ferromagnetic order can be
realized, a coupling between dielectric and magnetic properties is conceivable.
Therefore the magnetic susceptibility x(7') of the n = 5 and n = 6 insulator
LaTig gFeg 203 40 and LaTig g7Feq.3303.33 was inspected. For the n = 5 com-
pound a Curie-Weiss behavior was observed, where the x(7T') curve indicates a
crossover from 8 = —69 K to 6 = +35 K at T =~ 300 K. The n = 6 mate-
rial, however, shows a complex behavior which suggests a weakly pronounced
magnetic order below 280 K or, compared to the n = 5 compound, at least an
enhanced magnetic interaction between the Fe?* ions. This observation supports
the assumption that in both materials the Fe3" ions are exclusively located in
the inner BOg octahedra of the layers where they form Fe—O chains along the
a-axis. For the n = 5 compound this implies a direct Fe—O linkage only along
the a-axis. In the n = 6 material, however, there is an additional zigzag-shaped
Fe—O linkage along the b-direction which may lead to an enhanced superex-
change interaction. Of course, the actual distribution of the Fe3* ions has to
be determined by detailed structural studies. Nevertheless, in our opinion the
current results indicate that compounds of the type n = 6, and possibly also
n = 7, with transition metal ions such as Fe?* at the B site have the potential
for (anti)ferromagnetic order and might show a coupling between magnetic and
dielectric properties.
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On all materials synthesized in this work the magnetic susceptibility ¥ (7'
was measured. Indications for the presence of magnetic order were not de-
tected, apart from one possible exception which is given by the n = 6 insulator
LaTig.g7Fep.3303.33. The majority of the compounds display a Curie-Weiss be-
havior. In the case of rare earth ions at the A site the Curie-Weiss temperatures
0 vary from approximately — 160 K for the n = 5 type Lag.76Ceg.12Ybg.12TiO3 4
to about 0 K for Eu** niobates. The largest values of |8 were realized for
compounds containing Ce3t and/or Yb?+ which poses the question why this
occurs especially for these rare earth ions. Comparing the n = 4.33 titanate
CeTiOg3. 47 and the n = 5 titanate NdTiOg3 4o with isostructural but significantly
non-stoichiometric Ceq.95Ti03.39 and Ndg.g5TiOg3.34 , respectively, it was found
that the |0] of the latter is approximately twice as high. For n = 5 titanates
NdTiO, the Curie-Weiss temperatures of the nearly stoichiometric z = 3.42
compound and the significantly non-stoichiometric = 3.31 material are nearly
equal. This suggests that the doubling of |6] is more related to the deficiency at
the A site than to the oxygen deficiency. We do not know the physical origin
of this interesting phenomenon. Maybe it is of general relevance in the field of
magnetism. For example, it gives occasion to speculate if a cation deficiency
in (anti)ferromagnetic materials may lead to an enhancement of the magnetic
transition temperature. Further studies are necessary to clarify this issue.

In the case of transition metal ions at the B site the Curie-Weiss temperatures
0 vary from approximately 4+ 70 K for the n = 5 compound LaTiyp gMng 2034
(Mn?*, 3d*) to about — 900 K for the significantly non-stoichiometric n = 5 type
LaTiggAlp.203.31 (Ti?"ng7 3d%2). The latter is one example of some materials
which display a rather high value of |6| although only circa 20 % of the B sites
are occupied with localized paramagnetic moments. Further such examples are
the n = 5 type LaTig.95Vo.0503.41 (3d%23, (Ti,V)37"*) and the significantly non-
stoichiometric n = 4 type Lag ¢Cag.4Tig.6Nbg 403 40 (d°2, (Ti,Nb)46+) with 6 =
— 390 K and — 530 K, respectively. Possibly, one of the reasons for these surpris-
ingly high values of |0] is the low dimensionality of the crystal structure and/or a
partial order of B cations with different valences. Among the compounds inves-
tigated in this work, a clearly positive Curie-Weiss temperature, which indicates
a ferromagnetic interaction, was found only for those with Mn3* (3d*) at the B
site.

The electrical conducting n = 5 rare earth titanates LnTiOs4 with Ln
= La, Ce, Pr, Nd and Sm and some of the corresponding n = 5 insulators
LnTiggAly 203 49 were inspected in detail, especially for Ln = Pr. Resistivity
measurements on crystals of the n = 5 titanate PrTiO34; revealed a quasi-1D
metallic behavior similar to that of the n = 5 quasi-1D metal LaTiO3 47. A com-
parison between the resistivity p(7T") of PrTiO3 41 and LaTiO3.4; does not reveal
an obvious feature which can be related to the presence of localized paramagnetic
moments from the Pr3t ions. However, the existence of an interaction between
the localized paramagnetic moments and the conduction electrons becomes vis-
ible in the magnetic susceptibility x(T"). It was found that the Curie-Weiss type
susceptibility of the quasi-1D metal PrTiO354; is lower than that of the corre-
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sponding insulator PrTig gAlg 203 49. Using an empirical approach it turned out
that the experimentally determined susceptibility

¥, (T) = C1/(T — 61) of the quasi-1D metal PrTiOg 4

can be described well by a certain modification of the corresponding suscep-
tibility

Ao (T) = CQ/(T — 92) of the insulator PI’Tio.gAlo.QO?,Ao.

This was achieved by replacing T' — 02 by T — 62 + fy3(T) where f is a pa-
rameter and x3(7") the susceptibility of the quasi-1D metal LaTiO3 41 which has
no paramagnetic moments at the A site, i.e.

Xo(T) = Co /(T = 02) — Co/(T =02+ fys(T)) = C1/(T = 61) =6, (T)

In this sense the alteration from Cs and 0, into C;7 and 6; can be viewed as
a renormalization via the conduction electrons which was taken into account by
the experimentally determined function xs(7T).

Finally, we have considered the A, B, 03,12 quasi-1D metals from the per-
spective of the hypothetical excitonic type of superconductivity. They appear
as interesting materials with respect to two different approaches to realize this
type of superconductivity, namely that proposed by Little for quasi-1D conduc-
tors [129-132] as well as that devised by Ginzburg for quasi-2D systems [58].
Therefore, in our opinion, the quasi-1D metals represent potential candidates
for new (high-T,)superconductors.

We have also considered the system Na—W—0O. As reported by Reich et al.
there are strong indications for high-T, superconducting islands with unknown
composition on the surface of Na-doped WOg crystals [177,178]. Thus, the re-
duced Na—W—0 system represents an interesting field of research. This raises
also the question for the existence of conducting A,, B,,O3,2 phases in this sys-
tem. Encouraged by the similarities of the structure type versus x relationship in
known SmTiO, and NaWO, materials, we have suggested to perform synthesis
experiments of reduced NaWO, compositions with 3 < x < 3.5, especially with
respect to the search for electrical conductors of the type n = 4.5, 5 or 6.

7.2 Dion-Jacobson type phases A’Aj_1B;O3,11 without alkali
metals

The Dion-Jacobson type phases A’Ag_1BrOskr1 are usually known as oxides
which contain an alkali metal at the A’ site. However, also the rare earth titanates
BalLnyTizOq9 with Ln = La, Pr, Nd, Sm or Eu display an k& = 3 structure,
although in the literature they are not classified as Dion-Jacobson compounds.
Furthermore, an k = 2 tantalate without any alkali metal, BaSrTasO7 , was
recently published by Le Berre et al. [118]. The majority of the Dion-Jacobson
phases reported in the literature are fully oxidized insulators and many of them
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are able to intercalate ions or molecules in the interlayer region. Some k = 3
niobates are ferroelastic, e.g. KCasNb3O1¢ with T, = 1000 °C as reported by
Dion et al. [38]. Among the materials with known space group there is only one
which is non-centrosymmetric, namely the k = 3 niobate KSraNb3O1g reported
by Fang et al. [49]. Thus it has possibly ferroelectric properties. Among the
published compounds there are also some with a reduced composition. They
are (semi)conductors and a few of them are metals and even superconductors.
As reported by Takano et al. on polycrystalline samples, the Li-intercalated
k =2 and k = 3 niobate Li,KLaNbyO7 and Li,KCasNb3O1¢ shows a metallic
resistivity behavior and a superconducting transition at 7"~ 1 K, respectively
[214,215].

In this work the Ba—(Ca,La)—Nb—O system with reduced compositions was
investigated. This lead to Dion-Jacobson type phases A’ Ap_1BiOsks1 without
alkali metals such as the & = 2 niobate BaCag gLag4NbsO7 oo and the &k = 3
niobate BaCasNbsO1g.o7. Their resistivity p(7') was measured on crystals along
the a-, b- and c-axis which revealed an anisotropic 3D metallic behavior. All
as-grown crystalline A’ Ay_1 BrpO3sp41 samples were inspected by magnetic mea-
surements down to the lowest accessible temperature of 2 K. Indications for the
presence of superconductivity were not found. Furthermore, the k£ = 2 insulator
BaCaTayO7 was synthesized which represents the Ca analogue to BaSrTasO7.

7.3 Hexagonal A,,B;,_103,

Most A, By,—103,, compounds reported in the literature are insulators. Among
the materials whose space group is known there are only two which are non-
centrosymmetric, namely the m = 6 types SrgNbyTiO1g and LagTis 04Mgp.901301s
reported by Drews et al. [40] and Vanderah et al. [240], respectively. Thus they
represent potential ferroelectrics. Among those compounds with a reduced com-
position only few were investigated by magnetic and resistivity measurements.
A semiconducting resistivity behavior on polycrystalline samples is reported for
the m = 3 compounds BazRe;Og and Sr3ResOg by Chamberland and Hubbard
[31] and the oxygen-deficient m = 5 niobate BasNb4O15_, by Pagola et al. [168].
The starting point to work on A,, B,,_103,, materials was the m = 7 nio-
bate Sr7NbgOq; published by Schiickel and Miiller-Buschbaum [194]. They syn-
thesized crystals and determined its structure. Physical properties were not re-
ported. Because Sr7NbgOs; represents potentially a good electrical conductor it
was attempted to prepare it by floating zone melting. This, however, resulted in
a multiphase product. Further synthesis experiments in the reduced Sr—Nb—O
system lead to single phase samples Sr11NbgOs3.09 (m = 5+6) and SreNbsO15.07
(m = 6). On crystals of the latter resistivity measurements were performed.
The resistivity p(T') along the a- and c-axis and the magnetic susceptibility
x(T) revealed that the m = 6 niobate SrgNbsO15.07 represents a quasi-2D metal
which displays a temperature-driven metal-to-semiconductor transition at about
160 K. With decreasing temperature the susceptibility y(7') below 160 K shows
a sluggish but nevertheless pronounced transition from paramagnetic to diamag-
netic. The qualitatively similar behavior of x(T") suggests the same conclusion
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for the m = 5 4+ 6 niobate Sr11NbgOs3.q9 , although its resistivity was not mea-
sured. The origin of the temperature-driven metal-to-semiconductor transition
is presently not known, possibly it represents a 2D Peierls transition.

Compared to the n = 5 quasi-1D metal SrsNbsO17.04 = STNbO3 47 , the tem-
perature dependence of p(T") and x(T") of the m = 6 quasi-2D metal Sr¢NbsO15 07
is rather strong in the range of the metal-to-semiconductor transition. This com-
parison is interesting because these both niobates have a nearly equal nom-
inal number of 4d electrons per Nb, 4d%'® and 4d%'7, and their layers are
n = m — 1 = 5 NbOg octahedra thick. However, they differ structurally in
the orientation of the NbOg octahedra with respect to the c-axis.
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9 Figures and Tables
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Fig.1. Sketch of the idealized crystal structure of the 5 = 1,2,3 and oo members

of the perovskite-related layered homologous series A;+1B;03;j+1 (Ruddlesden-Popper
phases) projected along the a- (or b-) axis. The layers along the ab-plane are formed
by corner-shared BQOg octahedra. Along the c-axis the layers are j BOg octahedra
thick. Light and heavy drawing of the BOg octahedra as well as filled and open circles
indicates a height difference perpendicular to the drawing plane of about 2 A, the
B — O bond length and the half of the octahedron body diagonal. The compositional
examples from the Sr—Ti—O system are Ti*" (3d°) insulators.
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Fig.2. Sketch of the idealized type I crystal structure of the k = 2,3,4 and oo
members of the perovskite-related layered homologous series A’ Ay_1BrO3sx41 (Dion-
Jacobson phases) projected along the a- (or b-) axis. The layers along the ab-plane
are formed by corner-shared BOg octahedra. Along the c-axis the layers are k BOsg
octahedra thick. Perpendicular to the drawing plane there is a height difference between
the BOg octahedra and the A cations of about 2 A, the B — O bond length and the
half of the octahedron body diagonal. Compositional examples are taken from the
Rb—(Na,Ca,La)—~Nb—O system. The type I structure is realized for very large A’
cations like Rb™ or Cs™.
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Fig. 3. Sketch of the idealized type II crystal structure of the k£ = 2,3 and co members
of the perovskite-related layered homologous series A’ Ay_1BxOsk4+1 (Dion-Jacobson
phases) projected along the b-axis. The layers along the ab-plane are formed by corner-
shared BOg octahedra. Along the c-axis the layers are k BOg octahedra thick. Light
and heavy drawing of the BOg octahedra as well as filled and open circles indicates
a height difference perpendicular to the drawing plane of about 2 A, the B — O bond
length and the half of the octahedron body diagonal. Compositional examples are
taken from the K—(Ca,La)—Nb—O system. The type II structure is realized for large
A’ cations like KT or Ba?*.
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Fig. 4. Sketch of the idealized crystal structure of the n = 2,3 and 4 members of the
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direction and chain-like along the a-axis, see Figure 6. Along the c-axis the layers
are n BOg octahedra thick. The n = 3 (II) member represents the ordered stacking
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n = 5,4,5,4, ... Light and heavy drawing of the BOg octahedra as well as filled and
open circles indicates a height difference perpendicular to the drawing plane of about 2
A, the B—0 bond length and the half of the octahedron body diagonal. Compositional
examples are taken from the (La,Ca)—Ti—O system.



= BOg octahedra (O located at the corners, B hidden in the center)

b a
NO |
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oA

n=>5
ASBSOl7
ABO3 49

Fig. 6. Sketch of the idealized crystal structure of the perovskite-related layered ho-
mologous series Ay, B, Osn+2 = ABO, projected along the a- and b-axis using the n = 5
member as a representative example. In contrast to Fig. 4 and 5 the projection along
the b-axis clearly shows the chain-like array of the corner-shared BOg octahedra along
the a-axis. Light and heavy drawing of the BOg octahedra as well as filled and open
circles indicates a height difference perpendicular to the drawing plane of about 2 A,
the B — O bond length and the half of the octahedron body diagonal.



BOg octahedra (O located at the corners, B hidden in the center)
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n=2 =2
A,B,0Og = ABO, A,B,0,, = A,BOs
La,Ta,0Og = LaTaO, La,Ru,0,, = La,RuOg

Fig. 7. Sketch of the idealized crystal structure of LaTaO4 and LapRuOs projected
along the a-axis. Light and heavy drawing of the BOg octahedra as well as filled and
open circles indicates a height difference perpendicular to the drawing plane. LaTaOq4
is an n = 2 member of A,B,O3n+2 = ABO, , see Figure 4. LagRuOs is structurally
similar but its interlayer region is occupied by La®>T and O~ ions. To our knowledge
LasRuOs is the only compound with this type of structure. Nevertheless, it can be
considered as an [ = 2 member of the hypothetical series (LaO)3%(A;B;O3142)%" =
Ai+2BiO3114 . The structure of La;RuOs was determined by Boullay et al. [21] as well
as by Ebbinghaus [44].
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Fig. 8. Special projections of the cubic perovskite structure ABQOg along the z-axis of
a fixed x-y-z reference frame. These projections show how Fig. 9 and 10 come about.
ap = 4 A is the lattice parameter of the cubic perovskite. The BOg octahedra are
accentuated in grey. (1) View of the cubic perovskite structure along its c-axis. (2) The
cube stands on one of its corners. This picture results from (1) by tilting it ¢ = 35.3°
back around the x-axis. ¢ = arcsin(1/+/3) = 35.3° is the angle between the space and
face diagonal of the cube. (3) This picture results from (2) by turning it 30° to the left
around the y-axis. This kind of view is used in Fig. 9 and 10. The height h of the BOg
octahedra along the [111] perovskite direction is given by h = a, sin(¢) = a,/V/3, i.e.
h=23A fora, =4 A.
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m ccp stacking sequence of AO3 along c-axis r
4 ABCA | CABC | BCAB 3
4+5 ABCABABCA | CABCACABC | BCABCBCAB 3
5 ABCAB 1
5+ 6 ABCABCBCABC | BCABCACABCA | CABCABABCAB |3
6 ABCABC | BCABCA | CABCAB 3
7 ABCABCA | CABCABC | BCABCAB 3
) ABC 1

Table 1. Cubic close-packed (ccp) stacking sequences of AO3 sheets in hexagonal
A Bm—103m along the c-axis [45,70,71,143,194,232]. The corresponding repeat num-
ber r of basis units determines the minimum length of the unit cell along the c-axis. m
=4+ 5 (5 + 6) stands for AgB7027 (A11B90O3s3) and indicates an ordered intergrowth
of alternating m = 4 and m = 5 (m = 5 and m = 6) type layers along the c-axis.
m = oo indicates the three-dimensional perovskite structure ABOs. See also Fig. 9
and 10.



m = 0O = vacant BOg octahedra (O located at the corners)

N = BOg octahedra (O located at the corners, B hidden in the center)

cll [1ll]perovskite oA
m=7 A;BsO, m=c ABO;
A;1BgOs; Sr,NbgO,, SINbO,
Sr11NbgO3;
m=4 A,B;0,, m=5 A;B,0;s m=6 AsBsOg
SrgLaNb;04, SrsNb,O45 SrgNb;O4g

Fig. 9. Sketch of the idealized crystal structure of the m = 4,5,6,7 and co members
of the hexagonal perovskite-related layered homologous series A, By —103m, projected
along the a-axis. How this kind of view comes about is indicated in Figure 8. Shown
are the basis units which are m —1 BOg octahedra thick along the c-axis. If the vacant
octahedron is taken into account, then the basis units are m octahedra thick. For
m = oo the three-dimensional perovskite structure ABOs3 is realized. The A cations
are located at a height difference perpendicular to the drawing plane. Also shown is an
example of an ordered intergrowth of two different types, namely m = 5+ 6 which has
the formula A11 ByO3ss. Compositional examples are presented from the (Sr,La)—Nb—O
system.
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ccp AO, sheets / perovskite bloc

layer thickness m-1 BO, octahedra along ¢

|>UJO)>UJO|UJO>UJOJ>|O>UJOJ>UJ|

Fig.10. More detailed sketch of the idealized crystal structure of the hexagonal
perovskite-related layered homologous series A, B;,—103,, projected along the a-axis
using the m = 6 member as a representative example. How this kind of view comes
about is shown in Figure 8. The A cations are located at a height difference perpen-
dicular to the drawing plane. a, ~ 4 A is the lattice parameter of the cubic perovskite
structure. The bold letters A, B and C indicate the stacking sequence of AO3 sheets
along the c-axis and ccp (hcp) stands for the corresponding cubic (hexagonal) close-
packed arrangement. There are r = 3 different stacking sequences along the c-axis
which are separated by horizontal bars, see also Table 1. Therefore the length of the
unit cell along the c-axis is given by ¢ = 3x (6 x h) = 3 x (6 x ap/V/3). 6 x h is the height
of the basis unit consisting of m = 6 BOs octahedra including the vacant octahedra.
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Aj41B;03j41 | AgBrOsky1 | AnBrOspny2 | AmBm-103m
Cation ratio A/B| (j+1)/j 1 1 m/(m —1)
Symmetry for | tetragonal tetragonal, |orthorhombic
Jyk,n,m < oo or orthorhombic or hexagonal
orthorhombic [or monoclinic | monoclinic
Structure type| perovskite perovskite perovskite perovskite
for j,k,n,m = oo ABOs3 ABOs3 ABOs3 ABOs3
Layer thickness
along c-axis ki k n m—1
in numbers of
BOg octahedra
Orientation of
BOg octahedra
along c-axis [100] [100] [110] [111]
referring to cubic
perovskite ABO3s
Displacement type III:
between two (a+b)/2
adjacent layers in| (a+b)/2 (a+b)/2
terms of vectors type II: a/2
a and b of simple
a- and b-axis type I: O
Intralayer
structural | no or weak | no or weak strong no
anisotropy:
a- versus b-axis because a = b
linear along | linear along | linear along only via
Type of a-axis a-axis a-axis adjacent B
continuous | linear along | linear along | zigzag along at different
B-0O b-axis b-axis b-axis c-axis height
intralayer via adjacent (no direct
linkage B at different |linkage at same
c-axis height | c-axis height)

Table 2. Comparison between the layered perovskite-related homologous series
A;j+1B;035+1 (Ruddlesden-Popper phases), Ak BiOsk+1 (Dion-Jacobson phases with
A = A'AY_Y), AnBrOsnyo and As,Bim—103m. Continuation in Table 3.
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Aj41BjO3j41  |AxBrOsky1  |AnBnOsni2  |AmBm-103m

Integral series
members for which k= n= m=
bulk compounds |j =1,2,3 2,3,4,5,6,7 2,3,4,5,6,7 |3,4,5,6,7,8
are known
Bulk compounds |No No Yes ! Yes 2
with ordered
intergrowth e.g. e.g.
of layers with AgBgyO31 A11B9gOs3
different thickness (n=4.5) (m=5+6)
B cations Al Ti V Cr Mn
for which FeCoNiCu [TiNbTa?® |TiNbTa?® |TiNbTa?
bulk compounds |Ga Zr Mo Ru
are known RhSnIr Pb U Re *
Examples of Unconven- Capability to |[Among n =4 |Quasi-2D
special properties [tional (i.e. intercalate are the metals,
non s-wave) ions or highest-T. eg. m==6
supercon- molecules ferroelectrics, [SrgNbsOis
ductivity: in the e.g. LagTigO14 |[this work]
interlayer with
j=1 region T.=1770 K
(La,Ba)2CuOy: |[59] [85,127,150]
d-wave
spin-singlet Superconduc- |Quasi-1D
Te maz = 38 K |tivity with metals,
[12,13,23] T.~1Kby |(eg.n=5
intercalation [SrsNbsO17)
j=1 of Liin k =3 |with
SroRuOy: KCazNbsO10 |compositional,
p-wave [214,215] structural and
spin-triplet electronical
T.~1K Anisotropic proximity to
[128,138,139] (3D metals, (anti)ferroelec-
eg. k=3 tric series
BaCasNb3O19 |members
[this work]  [[110-113,127]

Table 3. Continuation from Table 2. Comparison between the layered perovskite-
related homologous series Ajy1B;035+1 (Ruddlesden-Popper phases), AxBrOskit1
(Dion-Jacobson phases with A, = A’A}_,), AuBnOsnie and A;Bim—103m. 'The
formula of these compounds can be described by a non-integral n. *The formula of
these compounds cannot be described by a non-integral m but by an addition of the
both formulas of two corresponding adjacent members, e.g. m = 5+ 6 means A5 B4+015
+ AgB501s = A11By0s3. 2Other elements at the B site are also possible, e.g. Mg, Al,
Fe, Ga, Zr or W, however the minimum B site occupancy by Ti, Nb or Ta is about
0.67. *Only for m = 3.
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x in |[Structure [A in Ain Ain AB in
ABO, |type ATaO, ANDLO,, ATiO, ABO,
4 n=2 La, Ce, Pr,
Nghrs
fergusonite [Nd, ..., Yb |La, ..., Yb
3.67 n=3 Lao,338r0,67 InTag.33Ti0.67
(Ln = La, Pr)
350 (k=2 Bao.55r0.5 , |Ko.sLao.s ,
Baop.5Cag.s |Bao.sLao.2Cao.3
n=4 Sr Ca, Sr, La, Ce, Pr, Nd,
Cao,gLao,Q Smhps, Euh’ps NaWw hps
pyrochlore Cag.sLag.s Sm, Eu, ..., Yb
3.46 |n =4.33 La, Ce, Nd,
Lao.92Ca0.08
3.44 n=4.>5 Ca, SI‘ La, CaNbo,ggTio,ll
Lao.g9Cao.11
3.40 n=>5 Ca, Sr La, Ce, PI‘7 SI‘Nbo,gTio,Q 5
1\Id7 Sm SI‘Tao,gTio,Q
333 k=3 Nay.33Cao.67 |[Ko.33Cag.67 , Bao.33Lno.e7 Cso.33Lno.e7
Bao.33Cag.67 (Ln = La, Tio.67Nbo.33
Pr, Nd, Sm, (Ln = La, Pr,
Eu) Nd, Sm)
n==6 Cag.67Nao.33 Cao.33Lno.e7 SrNbo.67Ti0.33
(Ln = La,
Pr, Nd, Sm)
3.29 n=7 SrNb0,57Ti0,43
325 |k=4 Ko.25Cao.5Nag.25
320 k=5 Ko.2Cap.4Nag.4
3 perovskite K Ca, Sr, Ba Ca, Sr, Ln Naw
n=k=o0 (Ln = La,
Ce, ..., Tm)

Table 4. Oxygen content z in ABO, and corresponding structure type(s) with com-
positional examples from literature, databases and this work. k refers to AxBrOsk41
with Ay = A’A}_, and n to A, B, Osnt2. The superscript hps indicates a high pressure
synthesis.
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c RbCa,NaNb,O;53 | NaCa,NaNb,O,; | NaCa,NaNb,O;5 ¢« H,O
(Nb5* / 4d0) (Nb5* / 4d0) (Nb5* / 4d0)
tetragonal tetragonal tetragonal
s 34 (3) 24 (3) 35 (3)
N £ 8 (3) 6 (3) 16 (3)
x & 8 (3) 6 (3) 16 (3)
£ 34 (3) 24 (3) 35 (3)
CsLa,Ti,NbO;, CsCalaTiNb,O4,
(Ti** / 3d° , Nb>* / 4d0) (Ti** / 3d°, Nb5* / 4d0)
tetragonal tetragonal
. ﬁ 38 (3 TiosNbos 28 (3) TioasNboss
! X 3 (2 Ti 5 (2)  Tig70Nbg 30
\\Z 38 (3) TIOSNbOS 28 (3) TiO.lSNbO.SS
CsCay,Nb304, KCa,Nb304, BaNd,Tiz04q
(Nb5* / 4d0) (Nb5* / 4d°) (Ti4* / 3dO)
orthorhombic orthorhombic monoclinic
32 (6) 31 (6) 32 (5) 15 (6) 19 (6)
CIYI) 4 (3) 5 (3) 6 (3) 7 (3) 11 (3)
= 32 (6) 31 (6) 32 (5) 15 (6) 19 (6)
Na,La,TizO49
BaSrTa,0; KLaNb,0O, (Ti4+ / 3dO)
(Ta5* / 5d9) (Nb5* / 4d9) tetragonal
orthorhombic orthorhombic - % 34 (3)
~ % 15 (5) 28 (4) n S 4 (2)
x & 15 (5) 28 (4) o 34 (3)

Fig. 11. Features of the BOg octahedra of k = 2, 3 and 4 members of A’ Ay_1 BrO3x+1
(Dion-Jacobson phases) and an j = 3 member of A;11B;03;4+1 (Ruddlesden-Popper
phases). Sketched in the same way as in Fig. 1, 2 and 3 is the idealized structure of
the layers which are k or j BOg octahedra thick along the c-axis. For the sake of
simplicity the A’ and A cations are omitted. Shown are the percentage values of the
octahedra distortions after Eq. (1) in bold numbers, the number of different B — O
bond lengths per octahedron in parenthesis, and the experimentally determined B site
occupancies. They were calculated or taken from the crystallographic data presented
in Ref. [118,182] (k = 2), [230] (j = 3), [37,53,109] (lower k = 3), [76] (upper k = 3),
and [185] (k = 4). If two adjacent BOg octahedra along the a-axis are not equivalent,

then two columns are used.
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Sroe7lagssTaOsze; (T /5d0)
orthorhombic

= St 12 (3)
© p:q La 4 (2
S & Sr 12 (3)

LaTiggrTag 330367 (Ti*/3d0, Ta%* /5d0)
orthorhombic

PP 195 TiorsTaos

.................... 20 (5) TiggsTag 12

= <P 20 (5) TiggsTag 12

Tl) N 19 (5) TigzeTag24
S OANOANO

13 (5) TigosTaor2

® ® ® 13 (5) TigosTagr

LaTaO, (Ta%*/5d% CeTaO, NdTaO, (Ta5*/5d9)
T=300°C | (Ta%/5d% | high pressure synthesis
monoclinic | orthorhombic | monoclinic monoclinic
~ KPXXTY 8 (e 11 (6) 7 (6) 11 (6)
I
< & P > 8 (6) 11 (6) 7 (6) 11 (6)

Fig.12. Features of the BOg octahedra of n = 2 and 3 members of A, B,03,42 =
ABOQO,. Sketched in the same way as in Fig. 6 is the idealized structure of the layers
which are n BOg octahedra thick along the c-axis. The circles represent the A cations.
Shown are the percentage values of the octahedra distortions after Eq. (1) in bold
numbers, the number of different B — O bond lengths per octahedron in parenthesis,
and the experimentally determined A and B site occupancies. They were calculated
or taken from the crystallographic data presented in Ref. [30,221] for n = 2, [222] for
n = 3 (II) and [224] for n = 3 (I). If the temperature T is not specified, the displayed
properties refer to ambient temperature. The two different realizations of n = 3, (I)
and (II), are also shown in Figure 4.
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NdTiOzs (Ti%*/3d0)

monoclinic

17 (6) 13 (6)

<Ioe 20 (6) 18 (6)

1] 20 (6) 18 (6)

17 (6) 13 (6)

S DXy 19 (6) 19 (6)

I0g I 14 (6) 14 (6)

O 14 (6) 14 (6)

19 (6) 19 (6)

nnnnnnnn

LaTiOz5, (Ti**/3d%) T,=1770K PrTiO; 59

T=1173K< T, (Ti** / 3d°)

orthorhombic monoclinic orthorhombic monoclinic
19 (5) | 20 (6) |21 (6)| 26 (6) 27 (5) 18 (6) | 24 (6)
T:' 17 (6) | 15 (6) |20 (6) |21 (6) 22 (5) 18 (6) | 20 (6)
c 15 (6) | 17 (6) |20 (6) |21 (6) 22 (5) 18 (6) | 20 (6)
. 20 (6) | 19 (5) |21 (6)| 26 (6) 27 (5) 18 (6) | 24 (6)

Fig. 13. Features of the TiOg octahedra of n = 4 titanates of A,,B,Osn+2 = ABO,.
Sketched in the same way as in Fig. 6 is the idealized structure of the layers which are
n BOg octahedra thick along the c-axis. The circles represent the A cations. Shown
are the percentage values of the octahedra distortions after Eq. (1) in bold numbers
and the number of different Ti — O bond lengths per octahedron in parenthesis. They
were calculated or taken from the crystallographic data presented in Ref. [189] (top)
and [188,191,82,107] (below). If the temperature 7" is not specified, the displayed prop-
erties refer to ambient temperature. If data of different temperatures are shown, the
ferroelectric transition temperature T, is also provided. If two adjacent TiOg octahedra
along the a-axis are not equivalent, then two columns are used.
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SrTa0s5, T, =166 K EuTaOs s,
(Ta5* / 5d%) orthorhombic (Eu2*, Ta5* / 5d9%)
T=123K<T,| T=300K>T, | orthorhombic
<> 19 (5) 15 3) 13 (3)
T:- .................... 13 (5) 9 (3) 9 (3)
c IR 13 (5) 9 (3) 9 (3)
SEEL % 19 (5) 15 (3) 13 (3)
SrTagggNb 120350 T =675K
(Ta5* / 5d%, Nb>* / 4d%) orthorhombic
T=300K<T, | T=773K>T,
TP 22 (5) 13 (3)
T:- .................... 17 (5) 8 (3)
c dh-dh 17 (5) 8 (3)
& <% 22 (5) 13 (3)
CaNbO3 5, (Nb5*/4d9) SrNbO3 50 (Nb5* / 4dO)
monoclinic orthorhombic orthorhombic
TS 21 6) [ 25 (6) | 22 (6) | 23 (6) 23 (5)
< &I NelI 18 (6) | 19 (6) | 20 (6) | 19 (6) 21 (5)
g .................... 18 (6) | 19 (6) | 19 (6) | 20 (B) 21 (5)
S 21 (6) [ 25 (6) | 23 (6) | 22 (6) 23 (5)

Fig.14. Features of the BOg octahedra of n = 4 niobates and tantalates of
ApBnOsni2 = ABO,. Sketched in the same way as in Fig. 6 is the idealized structure
of the layers which are n BOg octahedra thick along the c-axis. The circles represent
the A cations. Shown are the percentage values of the octahedra distortions after Eq.
(1) in bold numbers and the number of different B — O bond lengths per octahedron
in parenthesis. They were calculated or taken from the crystallographic data presented
in Ref. [81,79,86] (top), [81] (middle), and [80,187,78] (below). If the temperature T is
not specified, the displayed properties refer to ambient temperature. If data of different
temperatures are shown, the ferroelectric transition temperature 7, is also provided.
If two adjacent BOg octahedra along the a-axis are not equivalent, then two columns
are used.
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CapgNag,NbOs,, (ND5/4d%) | LaTiO,,, (Tid82+/3d018)

monoclinic monoclinic
Ca, 19 (6) |Ca; 23 (6) 20 (6) 24 (6)
o CaggoNag oo 15 (6) [CagagNagss 16 (6) 17 (6) 16 (6)
g Cag7sNag,s  1(3)|CagrsNagos 1 (3) 3(3) 2(3)
Cay ggNag ,o 15 (6) [CagsgNag s, 16 (6) 17 (6) 16 (6)
Ca,; 19 (6) |Ca; 23 (6) 20 (6) 24 (6)
CaNbg gTig 20349 monoclinic CaNbOg,, (Nb*82+ [ 4d0-18)
(Nb3* / 4dO , Ti4+ / 3d9) monoclinic

NbgoaTipos 20 (6)[NbgosTigos 23 (6)[21 (5) Nb*98+[24 (6) Nb495+
Nbo7oTior 16 (6)[NbggiTig1s 16 (6)[16 (6) Nb*82+[17 (6) Nb479*
NbossTigss 1 (3)|NDosgTips,  1(3)| 2(3) Nb*73*| 3(3) Nb*73*
Nbo7oTiozr 16 (6)[NbggiTig1s 16 (6)[16 (6) Nb*82+[17 (6) Nb479*
% NboaiTioos 20 (6)[NboesTines 23 (6)[21 (5) Nb*9%+[24 (6) Nb*95+

SrNbggTig 203540 (NB5*/4dO, Ti4*/3d%) | SINDOg,;, (Nb*82+ [ 4d0-18)
orthorhombic orthorhombic
20 (5) NbyeoTigro 23 (5)
o 16 (5) NbggyTig1s 17 (5)
i 2 (3) NbgsgTig.as 3 (3)
° 16 (5) Nbog,Tioss 17 (5)
20 (5) NbggoTig.10 23 (5)

Fig. 15. Features of the BOg octahedra of n = 5 members of A, B,,Osn+2 = ABO,.
Sketched in the same way as in Fig. 6 is the idealized structure of the layers which are
n BOg octahedra thick along the c-axis. The circles represent the A cations. Shown
are the percentage values of the octahedra distortions after Eq. (1) in bold numbers,
the number of different B — O bond lengths per octahedron in parenthesis, the exper-
imentally determined B and A site occupancies, and for CaNbOs3 41 the computed Nb
valences. They were taken or calculated from the crystallographic data presented in
Ref. [252,34] (top), [64,63] (middle), and [39,2] (below). If two adjacent BOg octahedra
or A sites along the a-axis are not equivalent, then two columns are used.
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Ndo67Ca0.33Ti03.33 CaNbg 67 Tip330333 type
(Ti** /1 3d%) orthorhombic | (Nb>* /4d0, Ti4*/3d% monoclinic
KPP NdosCaey 19 (6) | 21 (6) NbogsTinor | 23 (6) NboogTins
“““ Ndgs5,Capsg 20 (6) 17 (6) Nbg79Tig21 | 20 (6) Nbgg,Tig 16
f """ Ndg 45Ca0 55 8 (4) 9 (6) NbggrTigss | 12 (5)  Nbg49Tig 51
e & 8@ Ndg44Cag 56 8 (6) 7 (5)  Nbg4Tigss 5 (4)  Nbg,gTips:
""" Ndos2Cap4s 18 (6) 20 (6) Nby79Tigz1 | 19 (6)  NDggsTig.16
N ® ® Ndys5,Capss 26 (6) 24 (6) NbggeTigor | 25 (6)  NbgggTig o2
LaTiggFey 0349 orthorhombic | PrTipgFey,0349 monoclinic
(Ti4+ / 3d0, Fe3*/ 3d°) (Ti4* / 3d°, Fe3* / 3d5)
Ti 3(5) Ti 16 (6) Ti 15(6)
o Ti 16 (5) Ti 14(6) |Ti 14(6)
n Fe 15(3) Fe 12(3) |Fe 14(3)
Ti 16 (5) Ti 14(6) |Ti 14(6)
Ti  3(5) Ti 16(6) |Ti 15(8)
LaTiggGag ;0349 orthorhombic | PrTiggGag ,03549 monoclinic
(Ti4+ / 3d0, Gas*/ 3d9%) (Ti4+/ 3d0, Gas*/ 3d%)
Ti 6 (5) Ti 16(5) |Ti 15 (6)
o Tip75Ga925 11 (5) Ti 16(6) |TigsGags 17 (5)
Ll TipsGag s 6 (5) Ti 10(3) [Ga 8(3)
Tig75Gag s 11 (5) Ti 16 (6) |TigsGags 17 (5)
Ti 6 (5) Ti 16 (5) |Ti 15 (6)

Fig. 16. Features of the BOg octahedra of n =5 and n = 6 members of A,, B, Ozn+2
= ABO,. Sketched in the same way as in Fig. 6 is the idealized structure of the
layers which are n BOg octahedra thick along the c-axis. The circles represent the
A cations. Shown are the percentage values of the octahedra distortions after Eq.
(1) in bold numbers, the number of different B — O bond lengths per octahedron
in parenthesis, and the experimentally determined B and A site occupancies. They
were calculated or taken from the crystallographic data presented in Ref. [228,229]
(n = 5 below), [227,228] (n = 5 middle) and [153,62] (n = 6). If two adjacent BOsg
octahedra along the a-axis are not equivalent, then two columns are used. We note
for the CaNbg.67Ti0.3303.33 type that the actual stoichiometry of this studied n = 6
crystal deviates from the ideal composition as discussed in Ref. [62].



¢ m = vacant octahedra Ba;;NbgTiOz;
(NDS* / 4d0 , Ti* / 3d)
/\/ = BO, octahedra % 20 (2) NbgogTioos
5 (2) NbO.BGTiO.14
Sr;NbgO,; BagSr,Ta,Zr,0,; 0 (1) NbggsTig1s
(Nb#*-67+ / 4d0-33) | (Ta%" /5d°, Zr** / 4d°) /\/ 5 (2) NbgggTig 4
15 (2) 16 (2) © 20 (2) NbgggTig0s
~ 9 (2) 4 (2) +
£ 12 (2) 7 (2) I 14 (2) Nbgg;Tig 13
12 (2) 7 E7/N/ 52 NbogsTins,
9 (2) 4 (2) 5 (2) NbgggTig 1,
% 15 (2) 16 (2) A/ 14 (2) NbggrTigas
SreNb,TiO;g BagNb,TiOyg La,Ba,TisO;g
(NDS* / 4d0 , Ti%* / 3d0) | (NBS* 7 4d0, Ti* /3d%) | (Ti¢* / 3d9)
/N\/ 17 () NbyaoTioso | 20 (2) NbyoiTioos | 17 ()
© 7 (2)  Nbg79Tig 21 9 (2) Nbg7,Tig 28 9 (2)
g 1 (2) NbO.GSTiO.?ﬂ 0 (1) NbO.GQTiOGl 0 (1)
9 (2) Nbg71Tig 2 9 (2) Nbg7,Tig 28 9 (2)
20 (2) NbposTioos | 20 (2) NbgosTioos 17 (2)
SrsNb,O.5 | BagNb,O;5 | BasTa,O45 LasTi O15 La,BaTi 045
(NbS* / 4d9) | (Nb5*/ 4d0) | (Tas*/5d) | (Ti375*/3d025) | (Ti** / 3dO)
N 17 (2) 20 (2) 18 (2) 14 (2) 15 (2)
0 6 (2) 7 (2) 6 (2) 6 (2) 5 (2)
e /\/ 6 (2) 72 6 (2) 6 (2) 5 (2)
A/ 17 (2) 20 (2) 18 (2) 14 (2) 15 (2)
SrgLaTag0,, (Tad*/5d%)
BasRe,0, (Re® /5dl) < 16 (2)
© N 10 (2) " 0 (1)
e /\/ 10 (2) 16 (2)

Fig. 17. Features of the BOg octahedra of m = 3,4, 5,6 and 7 members and an ordered
m = 5+ 6 intergrowth compound of hexagonal A,,By,—10sm. Sketched in the same
way as in Fig. 9 is the idealized structure of the layers which are m — 1 BOg octahedra
thick along the c-axis. For the sake of simplicity the A cations are omitted. Shown
are the percentage values of the octahedra distortions after Eq. (1) in bold numbers,
the number of different B — O bond lengths per octahedron in parenthesis, and the
experimentally determined B site occupancies. They were calculated or taken from the
crystallographic data presented in Ref. [25] (m = 3), [7] (m = 4), [213,239,199,19,70]

(m =5), [40,41,71] (m = 6), [194,1] (m = 7), and [217] (m = 5 + 6).
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Composition [N |a, b, ¢ (A),B (°), V (A%), Z Ref.
Remarks / Special Features
CsLaNb2O7 |4d° [3.91, 3.91, 11.19, 90, 170.56, 1 [59]
RbNdNb:O7 |4d° |7.70, 7.70, 10.97, 90, 651.0, 4 (38]
RbLaNb2O7 [4d° |3.89, 3.89, 10.99, 90, 165.86, 1 [59]
In context of superconductivity in [72]

Li-intercalated KCaxNb3sO1g (k‘ = 3)
LDA band structure calculations performed

KNdNb,O7 |4d° |7.73, 7.69, 21.55, 90, 1281, 8 [38]

LizKLaNb2O7 [4dY |y = 2/2 > 0 for x > 0 [215]
Resistivity measurements between 300 K
and 0.5 K on polycrystalline Li-intercalated
KLaNb2O7 indicates metallic behavior

KLaNb2Oy7 [4d° |7.81, 7.67, 21.54, 90, 1289, 8 [59]
3.91, 3.89, 21.60, 90, 328.07, 2 [182]
Non-centrosym. space group €222 (No. 21)
B-NaNdNb,O7 |4d° |7.72, 7.72, 20.93, 90, 1247, 8 [38]
a-NaNdNb.O7 |4d° |7.72, 7.72, 20.42, 90, 1217, 8
NaLaNboO~ - 2H20 [4d° [3.90, 3.90, 25.71, 90, 390.85, 2 [59]

Prepared by ion-exchange reaction of
RbLaNb2O7 with molten NaNO3
NaLaNb2O~ - 1.6H20 |4d° {3.90, 3.90, 25.71, 90, 390.72, 2 [184]
Prepared by ion-exchange reaction of
KLaNb2O7 with molten NaNOs3
NaLaNb2O~ [4d° [3.90, 3.90, 20.99, 90, 319.91, 2 [59]
Prepared by ion-exchange reaction of
RbLaNb2O7 with a molten NaNO3

3.90, 3.90, 21.18, 90, 322.55, 2 (T = 300°C) |[184]
Centrosym. space group I4/mmm (No. 139)

Prepared by ion-exchange reaction of
KLaNbsO7 with molten NaNOg

Table 5. k = 2 niobates of tetragonal or orthorhombic A’Aj_1B;Osx4+1 (Dion-
Jacobson type phases) with A’ = alkali metal and A = La or Nd.
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Composition

N

a,b,c(A),p(), VA Z

Remarks / Special Features

Ref.

LiLaNby O~

44°

3.88, 3.88, 20.31, 90, 305.28, 2

Prepared by ion-exchange reaction of
RbLaNbsO7 with molten LiNOsg

[59]

HNdNb2O7

44°

7.69, 7.69, 19.56, 90, 1155, 8

Prepared by proton exchange
reaction with aqueous HNO3;

[38]

HLaNb2O7 - xH20

44°

3.89, 3.89, 12.21, 90, 184.90, 1

Prepared by proton exchange reaction of
(K,Rb or Cs)LaNb2O7 with aqueous HNO3

HLaNb2O~

44°

3.89, 3.89, 10.46, 90, 158.59, 1

Prepared by proton exchange reaction of
(K,Rb or Cs)LaNb2O7 with aqueous HNOj3

[59]
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Table 6. k = 2 niobates of tetragonal A’ Ay_1BxO3sx+1 (Dion-Jacobson type phases)
with A’ = Li or H and A = La or Nd.

Centrosym. space group Immm (No. 71)
Structure determined by single crystal XRD

Composition | N a,b,c(A),B(), V(A3 2Z Ref.

Remarks / Special Features

BaSrTaxO7 |5d°  [3.99, 7.84, 20.16, 90, 631.48, 4 [118]
Centrosym. space group Immm (No. 71)

BaCaTax 07 |5d°  [3.95, 7.72, 19.95, 90, 608.67, 4 this
Prepared by floating zone melting work
Presence of small amount
of impurity phase(s)
3.97, 7.75, 20.01, 90, 615.18, 4 [43]

BaCag.7Lao.3Nb20Og.97

4d°18 (3.99, 7.79, 19.92, 90, 619.0, 4
Prepared by floating zone melting

BaCag.6Lag.4aNb20O7.00

4d°%2°14.00, 7.80, 19.96, 90, 622.0, 4
Prepared by floating zone melting

Resistivity measurements on crystals

reveal anisotropic 3D metallic behavior

BaCao,5Lao,5Nb2 06.95

4d°3° |4.00, 7.82, 19.97, 90, 625.5, 4
Prepared by floating zone melting

Slightly under-stoichiometric with
respect to oxygen content

this
work

Table 7. k = 2 niobates and tantalates of orthorhombic A’Aj_1BrOsr11 (Dion-
Jacobson type phases) with A’ = Ba.
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Composition |N |a, b, ¢ (A),B (°), V (A%), Z Ref.
Remarks / Special Features
CsCazNbaFeOq |4d° (3.88, 3.88, 15.14, 90, 227.47, 1 [237]

Significantly under-stoichiometric with

respect to oxygen content

Ho,g5CSo_05Lang 4d0 3.83, 3.83, 16.467 907 241.22, 1 [76]
TisO10 - 1.3H20 |3d° Prepared by ion exchange with aqueous HCI

CsLnaNbTizO10 |4d° [3.85, 3.85, 15.39, 228.10, 1 (Ln = La)

3d° |Lattice parameters for Ln = Pr, Nd or Sm
are given in Ref. [76]

Structure determined by Rietveld refinement
of powder XRD data

Ti exclusively located in the central
octahedra, i.e. full ordering of Ti** and Nb®+
at the B site, see Figure 11

CsCaLaNb.TiO1o [4d° |3.87, 3.87, 15.24, 90, 258.06, 1

3d° |Structure determined by Rietveld refinement
of powder XRD data

CsCaaNbsO1p |4d° |7.74, 7.74, 30.18, 90, 1806, 8 [36]
7.75, 7.74, 30.19, 90, 1810, 8 [37]
Centrosym. space group Pnma (No. 62)
Ferroelastic with T. = 560 °C

Above T. symmetry change

from orthorhombic to tetragonal
Li.RbCasNb3Oqq |4dY Yy = :L'/3 >0forz >0 [216]
Indications for superconductivity in

Li-intercalated RbCasNb3O19 with
Te. ~ 3 K from magnetic measurements

RbCasNbsO1p |4d® |7.73, 7.73, 14.91, 90, 889.7, 4 [36]
Ferroelastic with T. = 620 °C [38]
T1CazNb3 01 [4d° |7.71, 7.71, 14.90, 90, 884.8, 4 [36]

Table 8. k = 3 members of tetragonal or orthorhombic A’Ay_1BrOsxi1 (Dion-
Jacobson type phases) with A’ = H, Rb, Cs, Tl and A = Ca, La, Pr, Nd, Sm.
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Composition

N

a, b, c(A),B(), V(A 2

Remarks / Special Features

Ref.

Klfmcana:La/z
Nb3010

44°

3.87, 3.86, 29.46, 90, 439, 2 (z = 0)

3.96, 3.89, 29.79, 90, 458, 2 (x = 1)

Lattice parameters for other z in Ref. [236]
Significant deficiency at A’ site: A]_, = Ki_,
z = 1 end member LaCaNb3O1g

without any interlayer cations A’

Also hydrated and anhydrous compounds
with H at the A’ site reported

236

KCaz_zLnzNb3O1g

0<% < Zmagx

4dY

y=z/3>0forz>0

Ln = La, Ce, Nd, Sm or Gd

Xmaz = 0.4 (0.1) for Ln = La or Ce (Gd)
Lattice parameters are given in Ref. [68,69]

Resistivity measurements between 280 K
and 4 K on polycrystalline samples
shows semiconducting behavior for x > 0

LizKCasNb3zO19

4dY

y=2x/3>0forz>0

Resistivity and magnetic measurements on
polycrystalline Li-intercalated KCa2NbzO1g
indicate superconductivity with 7. < 6 K

KCag Nb3010

44°

7.73, 7.73, 29.47, 90, 1759, 8

3.87, 3.85, 29.47, 90, 439.2, 2

7.75, 7.72, 29.45, 90, 1762, 8
Ferroelastic with T, = 1000 °C

3.88, 7.71, 29.51, 90, 883.2, 4

Centrosym. space group Cmcm (No. 63)
Structure determined by single crystal XRD
Crystals prepared by using excess K2SO4 as flux

KSraNbsO1g

44°

3.92, 3.91, 30.06, 90, 460.34, 2

7.82, 7.76, 29.99, 90, 1821, 8
Non-centrosym. space group P212:2; (No. 19)
Structure determined by single crystal XRD
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Table 9. k = 3 niobates of tetragonal or orthorhombic A’Aj_1B;Osxt+1 (Dion-
Jacobson type phases) with A’ = K and A = Ca, Sr, La, Ce, Nd, Sm, Gd.
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Composition [N |a, b, ¢ (A),B (°), V (A%, Z Ref.
Remarks / Special Features
NaCazTazO10 |5d° |3.86, 3.86, 29.22, 90, 435.46, 2 [231]
Centrosym. space group 14/mmm (No. 139)
B-NaCazNbzOqp |4d° |7.73, 7.73, 28.98, 90, 1734, 8 [36]
a-NaCaaNbzOqp [4d° |7.74, 7.74, 28.58, 90, 1712, 8 [38]
LiCasNbzO1p |4d® |7.72, 7.72, 28.33, 90, 1688, 8 [36]
HSr2NbsO1 - 0.5Hz0 |4d° |3.90, 3.89, 16.42, 90, 249.23, 1 [49]
HCasNbzO1p - 1.5H20 |4d° [3.85, 3.85, 16.23, 90, 241.07, 1 [88]

Prepared by proton exchange reaction of
(K, Rb or Cs)CazsNbsO19 in aqueous acid
7.71, 7.71, 16.25, 90, 967.2, 4 [38]
Prepared by proton exchange reaction of

(K, Rb or Cs)CazNbzO1¢ with aqueous HNO3
HCazNbsO1, [4d° |3.85, 3.85, 14.38, 90, 213.26, 1 [88]
Prepared by proton exchange reaction of
(K, Rb or Cs)Ca2NbzO1p in aqueous acid
7.71, 7.71, 14.39, 90, 854.3, 4 [38]

Prepared by proton exchange reaction of
(K, Rb or Cs)CazNbzO10 with aqueous HNO3

Table 10. k = 3 niobates and a tantalate of tetragonal or orthorhombic
A’Ap—1BrOsk+1 (Dion-Jacobson type phases) with A’ = H, Li or Na and A = Ca
or Sr.
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Composition |N |a, b, ¢ (A), B (°), V (A%), Z Ref.
Remarks / Special Features
BaEuTisO10 [3d° |7.69, 7.59, 14.20, 97.8, 820.1, 4 [94]
Centrosym. space group P2;/m (No. 11)
BaSm»TizO1p [3d° |7.70, 7.60, 14.21, 97.8, 823.6, 4 [93]
Centrosym. space group P2;/m (No. 11)
BaNd»Tiz01 |3d° [3.87, 7.62, 28.16, 90, 829.6, 4 [106]
Melts congruently at 1640 °C
7.73, 7.67, 14.21, 97.8, 834.3, 4 [166]
Centrosym. space group P2;/m (No. 11)
Structural study by HREM
7.73, 7.63, 14.23, 97.8, 831.1, 4 [109]
Centrosym. space group P2;/m (No. 11)
Structure determined by Rietveld refinement
of powder XRD data
7.72, 7.62, 14.22, 97.7, 829.5, 4 (92]
Centrosym. space group P2;/m (No. 11)
BaPraTizO10 |3d° |7.72, 7.62, 14.23, 97.7, 829.9, 4 [91]
Centrosym. space group P2;/m (No. 11)
BaLazTiz010 |3d° |3.88, 7.67, 28.46, 90, 847.3, 4 [55]
Centrosym. space group Cmcm (No. 63)
3.88, 7.67, 28.52, 90, 847.4, 4 [66]
7.76, 7.67, 14.39, 97.8, 849.0, 4 [90]
Centrosym. space group P2;/m (No. 11)
3.88, 7.67, 28.54, 90, 849.6, 4 this
Prepared by floating zone melting work
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Table 11. k = 3 titanates of orthorhombic or monoclinic A’Ag_1BxOszx+1 (Dion-
Jacobson type phases) with A’ = Ba and A = La, Pr, Nd, Sm or Eu. In the literature
these titanates are not classified as Dion-Jacobson type compounds, however their
structure seems to be of this type.
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Composition | N a,b,c(A),p (), V(A Z Ref.
Remarks / Special Features

BaCazNbsO10.07 [4d°* |7.77, 7.67, 28.11, 90, 1675, 8 this

Prepared by floating zone melting work

Slightly over-stoichiometric with
respect to oxygen content

Resistivity measurements on crystals
reveal anisotropic 3D metallic behavior

Bag.75Cag.25 NbsOg g5 [4d%43 |7.90, 7.80, 27.58, 90, 1699, 8
Prepared by floating zone melting

Significantly under-stoichiometric
with respect to cation ratio A’/A
and oxygen content

Bag sCaaNbzOg os |4d%2! [3.89, 7.74, 28.31, 95.8, 848, 4
Prepared by floating zone melting

Significantly under-stoichiometric with
respect to A’ site occupation

Table 12. k = 3 niobates of orthorhombic or monoclinic A’Aj_1BxOsxt1 (Dion-
Jacobson type phases) with A’ = Ba and A = Ca.
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Composition

N

a,b,c(A),B(), V(A 2z

Remarks / Special Features

Ref.

RbCasNaj_,Sr,
Nb4013

0<x2<04

y=ua/4

4dY

3.87, 3.87, 19.11, 90, 286.22, 1 (x = 0.4)
3.87, 3.87, 19.01, 90, 284.93, 1 (z = 0.2)
3.87, 3.87, 18.91, 90, 283.63, 1 (z = 0)
Centrosym. space group P4/mmm (No. 123)
Structure determined by Rietveld refinement
of powder XRD data

Resistivity measurements between 280 K
and 80 K on polycrystalline samples

shows semiconducting behavior for x > 0

[205)

RbCagNaNb4013

44°

3.87, 3.87, 18.89, 90, 283.00, 1
Centrosym. space group P4/mmm (No. 123)

Structure determined by Rietveld refinement
of powder XRD data

[185]

7.74, 7.74, 18.91, 90, 1133, 4

w
e

KCagNaNb4 O 13

44°

7.73, 7.75, 37.27, 90, 2234, 8

w

3.86, 3.88, 37.23, 90, 557.4, 2

i A RC S e.5)

oo
J

NaCazNa
Nb4O13-1.7H20

44°

3.87, 3.87, 41.61, 90, 624.4, 2
Centrosym. space group I4/mmm (No. 139)

Prepared by ion exchange reaction of
RbCagNaNb4013 With molten NaN03

Structure determined by Rietveld refinement
of powder XRD data

NaCagNaNb4013

44°

3.87, 3.87, 36.94, 90, 553.7, 2
Centrosym. space group 14/mmm (No. 139)

Prepared by ion exchange reaction of
RbCagNaNb4013 With molten NaN03

Structure determined by Rietveld refinement
of powder XRD data

=
o)
RS

B-NaCag NaNb4013

44°

7.75, 7.75, 36.93, 90, 2215, 8

a-NaCag NaNb4013

44°

7.75, 7.75, 36.66, 90, 2201, 8

HCasNa
Nb4013 . 1.5H20

44°

7.74, 7.74, 20.17, 90, 1208, 4

Prepared by proton exchange reaction of
(K or Rb)CasNaNb4O13 with aqueous HNOs3
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HCasNaNbs O3 |4d° |7.73, 7.73, 18.37, 90, 1097, 4
Prepared by proton exchange reaction of
(K or Rb)CasNaNb4O13 with aqueous HNO3
Table 13. k = 4 niobates of tetragonal or orthorhombic A’Aj_1BrOsr11 (Dion-

Jacobson type phases) with A’ = alkali metal or H and A = Ca, Sr, Na.
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Composition [N |a, b, ¢ (A),B (°), V (A%), Z |Ref.
structure type Remarks / Special Features

KCasNasNb; O [4d° |3.89, 3.87, 60.57, 90, 911.1, 2 [87]
k=17 Also hydrated phases reported

KCasNazNbsOg [4d° |3.88, 3.87, 52.80, 90, 793.2, 2
k=6 Also hydrated phases reported

KCasNasNbsO6 [4d° |3.88, 3.86, 45.00, 90, 674.8, 2
k=5 Also hydrated phases reported

Table 14. k > 5 niobates of orthorhombic A’Aj_; BrOsks1 (Dion-Jacobson type
phases) with A’ = K and A = (Ca,Na).
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Composition |N |a, b, ¢ (A), B (°), V (A%), Z Ref.
Remarks / Special Features
CeTaOayy |5d° |2 x 3.88, 5.53, 7.62, 100.9, 2 x 160.7, 4 (y = 0) [180]
1 x 3.85, 5.49, 7.62, 102.5, 1 x 157.3, 2 (y = 0.17)
Centrosym. space group P2;/c (No. 14) (y = 0)

Crystals grown in Ar by

Czochralski technique (y = 0)

For y > 0 over-stoichiometric with respect to =
Oxygen over-stoichiometry by partial
oxidation of Ce®*" into Ce*™ (0 < y < 0.17)
Excess oxygen probably accommodated

in the interlayer region whereby
V/Z(y=017) < V/Z(y=0)

because Ce*t markedly smaller than Ce®*

LaTag.75Wo.2504.13 |5d° |Partial substitution of [29]
6d" |Ta®" by WO or La®" by Th**

Lao.sTho.2TaO4.10 |5d° |Over-stoichiometric with respect to x

Excess oxygen probably accommodated
in the interlayer region

LaTa;_yNb,Oy4 |5d° [Nb content y < 0.15 8]
4d°
LaTaO4 |5d° |7.82, 5.58, 7.65, 101.5, 328.2, 4 [114]
Centrosym. space group P2;/c (No. 14) [30]
3.93, 5.65, 14.70, 90, 326.7, 4 [180]
Crystals grown by a MoOs flux
3.92, 5.61, 14.75, 90, 324.4, 4 [220]

Non-centrosym. space group Cmc2: (No. 36)
Prepared by coprecipitation

Indications for spontaneous polarization
from second harmonic generation

3.95, 5.66, 14.64, 90, 327.2, 4 (T = 300 °C) [30]
Non-centrosym. space group Cmc2: (No. 36)

Structure determined by Rietfield
refinement of neutron powder diffraction data

Table 15. Stoichiometric and significantly non-stoichiometric n = 2 members of
monoclinic or orthorhombic A, B,Osn+2 = ABO; related to LaTaO4 and CeTaOy.
The ideal n = 2 composition is ABO4. This table represents a supplement of Table 2
in Ref. [127].
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Composition |N |a, b, ¢ (A), B (°), V (A%), Z Ref.

Remarks / Special Features

PrTaO, |5d° |7.73, 5.50, 7.61, 100.5, 318.1, 4 [180]
Centrosym. space group P2;/c (No. 14)
3.86, 5.49, 15.00, 94.3, 317.5, 4 this
Prepared by floating zone melting work

NdTaO, |5d° |7.70, 5.47, 7.59, 100.0, 314.8, 4 [221]
Centrosym. space group P2;/c (No. 14)
Prepared under high pressure

Table 16. n = 2 Pr and Nd tantalates of monoclinic A, B,Osnt+2 = ABO;. This
table represents a supplement of Table 2 in Ref. [127].
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Composition

N

a, b, c(A),B(), V(A3 Z

Remarks / Special Features

Ref.

LaTio.67Tao.3303.67

3d°
5d°

3.91, 5.59, 20.20, 90, 441.7, 6
Non-centrosym. space group Pmc2: (No. 26)
Prepared by coprecipitation

Structure determined by powder XRD
Structure type n = 3 (II), see Figure 4

Indications for spontaneous polarization
from second harmonic generation

[222]
[223]

PrTio.67Ta0.3303.67

3d°
5d°

3.87, 5.51, 20.30, 90, 432.0, 6
Non-centrosym. space group

Prepared by coprecipitation

Structure determined by powder XRD
Structure type n = 3 (II), see Figure 4

Indications for spontaneous polarization
from second harmonic generation

[223]

Sro.67Lao.33TaO3.67

5d°

3.96, 5.62, 20.87, 90, 464.9, 6

Centrosym. space group Immm (No. 71)
Synthesized by a quenched melt of samples
which were prepared by coprecipitation
and subsequently calcinated at 1670 K
Presence of small amounts of an n =4

and an unidentified phase

Structure determined by powder XRD
Structure type n = 3 (I), see Figure 4

La exclusively located at the central
positions, i.e. full ordering of La3" and Sr?*
at the A site, see Figure 12

No indications for spontaneous polarization
from second harmonic generation

[224]

3.96, 5.63, 20.89, 90, 465.6, 6
Prepared by floating zone melting

this

work

Table 17. n = 3 members of orthorhombic A, B,O3n+2 = ABO,.
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Composition [N |a, b, ¢ (A),B (°), V (A%, Z Ref.
Remarks / Special Features
NaWOs3.50 |5d° [3.78, 5.43, 26.61, 90, 546, 8 [174]

Non-centrosym. space group Cmc2; (No. 36)
Prepared under high pressure
Structure determined by single crystal XRD

EuTaO03.50 |5d° |3.95, 5.69, 27.14, 90, 611, 8 [86]
Centrosym. space group Cmcm (No. 63)

Eu in the valence state Eu®"

Structure determined by single crystal XRD

Crystals originated during attempts to prepare
EuGeOs in a sealed Ta container

Sr1_yEuy Ta03.50 [5d° |Study by XRD, TGA, DTA, magnetic and [183]
spectral measurements on polycrystalline
0<y<1 samples, Eu in the valence state Eu?"

Single phase range 0 < y < 0.75
Lattice parameters in Ref. [183]

Table 18. n = 4 members with B = Ta or W of orthorhombic A, B,Osn+2 = ABO,.
This table represents a supplement of Table 3 in Ref. [127].
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Composition

N

a, b, c(A),B(), V(A3 Z

Remarks / Special Features

Ref.

SrNb03,50

44°

3.97, 5.72, 26.86, 90, 610, 8
Non-centrosym. space group Cmc2; (No. 36)
Crystals prepared by floating zone melting

Dielectric measurements along a- , b- and c-axis
in the temperature range 77 K < T < 1670 K

Ferroelectric with T, = 1615 K, Ps along b-axis

[151]

3.93, 5.68, 26.73, 90, 597, 8

Non-centrosym. space group Cmc2; (No. 36)
Structure determined by single crystal XRD
Crystals prepared by floating zone melting

[78]

3.95, 5.70, 26.77, 90, 603, 8

Superspace group Cmc21 («00)0s0
Incommensurate structure determined by single
crystal XRD using synchrotron radiation
Crystals prepared by floating zone melting

Incommensurate modulation results from the
attempt to resolve the strain from very short
Sr — O distances of Sr at the border of the layers

[33]

Phase transitions / different phases studied by
structural, dielectric and optical measurements:
T > 1615 K: paraelectric,

centrosym. space group Cmcm (No. 63)

T < 1615 K: ferroelectric, Ps along b-axis,
non-centrosym. space group Cmc2; (No. 36)

T < 488 K: ferroelectric, Ps along b-axis,
incommensurate structure

T < 117 K: ferroelectric, Ps in bc-plane,
incommensurate structure

For a theory of the phase transitions see Ref. [103]

[151]
(3]
[162]
[246]
[24]
[249]
[17]
[103]

Thin films prepared by sol-gel method and
investigated by XRD and dielectric measurements

Further references for thin films in Ref. [202]

[202]
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Table 19. n =4 SrtNbOs3 50 of orthorhombic A, B, O3sp+2 = ABO,. Ps is the sponta-

neous polarization. This table represents a supplement of Table 4 in Ref. [127].
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Composition | N a, b, c(A),B(°), V(A 2 Ref.
Remarks / Special Features
Sro.sLao.2NbOs.50 [4d°2° [3.99, 5.65, 26.56, 90, 598, 8 [127]
Prepared by floating zone melting [113]
Weakly pronounced quasi-1D metal [17]

along a-axis at high T'
Study of many physical properties:
see Table 47 and 48

Sr1—yEuyNbO3 50 [4d°  |Study by XRD, TGA, DTA, magnetic and |[183]
spectral measurements on polycrystalline
0<y<1 samples, Eu in the valence state Eu?"

Single phase range 0 <y < 0.5
Lattice parameters in Ref. [183]
Sr1_yBayNbOs 50 [4d° |0 <y < 0.32 [4]
Crystals prepared by floating zone melting

Study of phase transitions by thermal and
dielectric measurements on crystals

0 <y < 0.35 (single phase range) [172]

Study on polycrystalline samples by XRD
and IR and Raman spectroscopy

0<y<06 (151]
Dielectric measurements on
polycrystalline samples

Ferroelectric T, decreases with increasing y

3.97, 5.73, 26.81, 90, 609.8, 8 (y = 0.2) this

Prepared by floating zone melting work
Sro_gBa()_lcao,1NbO3,50 4d0 3.95, 5.70, 26.75, 90, 602.27 8 this
Prepared by floating zone melting work

Sro_eBao_QCao,ngO3,50 4d0 3.95, 5.67, 26.74, 90, 600.27 8
Prepared by floating zone melting

Sro.86Smo.14NbO3 51 [4d% 12 [3.97, 5.65, 26.58, 90, 595.3, 8
Prepared by floating zone melting

Table 20. n = 4 niobates of orthorhombic A, B;,Osn+2 = ABO, related to STNbO3 50.
This table represents a supplement of Table 4 and 5 in Ref. [127].
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Composition | N

a,b,c(A),p(), V(A3 Z

Remarks / Special Features

Ref.

CaNb03,50 4d0

7.72, 5.51, 13.40, 98.3, 564, 8

Non-centrosym. space group P2; (No. 4)
Crystals prepared by Bridgman technique
Ferroelectric with 7. > 1850 K = melting point

[149)]

7.70, 5.50, 13.39, 98.3, 561, 8
Non-centrosym. space group P2; (No. 4)
Structure determined by single crystal XRD
Crystals prepared by floating zone melting

(80]

Second harmonic generation suggests a
phase transition into an incommensurate
phase at 7"~ 750 K on cooling

[249]

3.84, 5.49, 26.45, 90, 558, 8
Prepared by floating zone melting

[127]

7.70, 5.50, 13.39, 98.3, 561, 8
Large crystals grown by Czochralski technique
Reported as new non-linear optical crystal:

intensity of second harmonic generation ~ 5 times
higher than that of KDP (KH2PO4) crystals

[135)

SI‘Nbl_yTay03_5o 4d0
5d°
0.01 <y <0.08

Study of phase transitions in the temperature
range 15 K < T < 500 K by dielectric
measurements on crystals

Crystals prepared by floating zone melting

[164]

SI‘Nbl_yvy03_5o 4d0
3d°
0<y<0.15

Study of structural and dielectric
features on polycrystalline samples
Dielectric constant increases with
increasing y up to y = 0.10

[197]

3.95, 5.70, 26.76, 90, 603, 8 (y = 0.10)
Prepared by floating zone melting

this
work
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Table 21. n = 4 members of monoclinic or orthorhombic A, B,Osn+2 = ABO,
related to CaNbOs3.50 and SrNbOs 59. This table represents a supplement of Table 4,

5 and 7 in Ref. [127].
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Composition |N |a, b, ¢ (A),B (°), V (A%), Z Ref.
Remarks / Special Features
Lao.9Smo.1 TiO3.50 [3d® |7.80, 5.53, 13.00, 98.5, 555, 8 this
Prepared by floating zone melting work
LaTiOs.50 |3d° |7.81, 5.55, 13.02, 98.7, 558, 8 [150]

Non-centrosym. space group P2; (No. 4)
Crystals prepared by floating zone melting
Study of ferroelectric, electrooptic and
piezoelectric properties

Ferroelectric with T, = 1770 K

7.81, 5.54, 13.01, 98.7, 557, 8 [191]
Non-centrosym. space group P2; (No. 4)
Crystals prepared by floating zone melting
Structure determined by single crystal XRD

3.95, 5.61, 25.92, 90, 575, 8 (T' = 1173 K) [82]
Non-centrosym. space group Cmc2; (No. 36)
Crystals prepared by floating zone melting

Structure determined by single crystal XRD

Orthorhombic for T' > 1053 K [82]

Incommensurate phase [211]
between 7" = 993 K and 1053 K [163]
7.81, 5.55, 13.02, 98.7, 558, 8 [248]

Non-centrosym. space group P2; (No. 4)
Crystals prepared by floating zone melting
Study of dielectric and optical properties

7.81, 5.55, 13.00, 98.6, 575, 8 [127]
Prepared by floating zone melting

Study of photocatalytic activity (and electronic |[77,101]
band structure [77]) for water splitting [238]

Structural study on thin films grown by MBE |[195,196]

Preparation and characterization of thin films |[165]

Thin films grown in capacitor structures [192]
show two charge-controlled transport regimes
which can be used for switching the devices
between two voltages states

Table 22. n = 4 titanates of monoclinic or orthorhombic A, B,Osnt+2 = ABO,
related to LaTiOs.50. This table represents a supplement of Table 6 in Ref. [127].
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Composition |N |a, b, ¢ (A), B (°), V (A%), Z Ref.
Remarks / Special Features
PrTiO3.50 |3d° |7.70, 5.49, 13.00, 98.5, 543, 8 [107]
Non-centrosym. space group P21 (No. 4)
Structure determined by single crystal XRD
Crystals prepared by floating zone melting
7.71, 5.48, 13.00, 98.8, 543, 8 [248]
Non-centrosym. space group P21 (No. 4)
Crystals prepared by floating zone melting
Study of dielectric and optical properties
7.69, 5.47, 12.99, 98.4, 541, 8 this
Prepared by floating zone melting work
Study of photocatalytic activity (and electronic |[77]
band structure [77]) for water splitting [238]
Ceo.5Smo.5TiO3.50 [3d° 7.66, 5.45, 12.99, 98.3, 537, 8 this
Prepared by floating zone melting work
Ceo.5Pro.5TiO3.50 |3d° |7.72, 5.49, 12.99, 98.4, 544, 8
Prepared by floating zone melting
CeTiO3.50 [3d° |7.75, 5.50, 12.98, 98.6, 548, 8 [201]
Polycrystalline sample prepared
at 1400° in Ar using the mixture
CeO2 4 0.25 TiN + 0.75 TiO2
7.74, 5.50, 12.99, 98.6, 547, 8 [248]
Non-centrosym. space group P2; (No. 4)
Crystals prepared by crystallization from
a melt achieved by high frequency heating
7.76, 5.51, 12.99, 98.5, 549, 8 this
Prepared by floating zone melting in work

Ar using the mixture CeO2 + TiO2
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Table 23. n = 4 titanates of monoclinic A, B, Osnt+2 = ABO, related to CeTiOs3 50
and PrTiOs.50. This table represents a supplement of Table 6 in Ref. [127].
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Composition [N |a, b, ¢ (A),p (°), V (A®), Z Ref.
Remarks / Special Features
Lao.1Smo.9 TiO3.50 [3d® |7.63, 5.43, 12.99, 98.5, 532, 8 this
Prepared by floating zone melting work

Pro.5Gdo.5TiO3.50 |3d° |7.63, 5.43, 13.00, 98.4, 533, 8
Prepared by floating zone melting

Lag.4Smo.sEug.1 |3d° [7.68, 5.47, 12.96, 98.3, 538, 8
TiO3.50 Prepared by floating zone melting

NdTiOs.50 [3d° [7.68, 5.48, 13.02, 98.5, 542, 8 [102]
Non-centrosym. space group P2; (No. 4)
Crystals prepared by floating zone melting

Study of ferroelectric, electrooptic and
piezoelectric properties

Ferroelectric with T, > 1770 K

7.68, 5.47, 26.01, 98.4, 1080, 16 [189]
Non-centrosym. space group P2; (No. 4)
Structure determined by single crystal XRD
Crystals prepared by cooling of a melt

7.67, 5.48, 13.01, 98.5, 541, 8 [248]
Non-centrosym. space group P2; (No. 4)
Crystals prepared by floating zone melting
Study of dielectric and optical properties

7.67, 5.46, 12.99, 98.5, 538, 8 this
Prepared by floating zone melting work

Study of photocatalytic activity (and electronic |[77]
band structure [77]) for water splitting [238]

Table 24. Miscellaneous n = 4 titanates of monoclinic A, B,Osnt12 = ABO,. This
table represents a supplement of Table 6 in Ref. [127].
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Composition

N

a, b, c(A),B(), V(A3 Z

Remarks / Special Features

Ref.

EuTiOs3.50

3d°

7.54, 5.38, 12.88, 98.3, 517, 8
Non-centrosym. space group P21 (No. 4)
Prepared under high pressure

[219)]

7.55, 5.39, 12.86, 98.3, 518, 8
Prepared under high pressure
Study of ferroelectric properties
by second harmonic generation
Ferroelectric with T, ~ 1500 K
Study of thermal stability

[210]

Study of the electronic structure of the two
modifications, n = 4 type (prepared under
high pressure) and pyrochlore type, by x-ray
emission and photoelectron spectroscopy

SmTiOggo

3d°

7.56, 5.39, 12.90, 98.5, 520, 8
Non-centrosym. space group P21 (No. 4)
Prepared under high pressure

Study of thermal stability

Further references in Ref. [219]

[219]

Prepared under high pressure
Study of ferroelectric properties
by second harmonic generation
Ferroelectric with 7. = 1350 K
Further references in Ref. [210]

[210]

Study of the electronic structure of the two
modifications, n = 4 type (prepared under
high pressure) and pyrochlore type, by x-ray
emission and photoelectron spectroscopy

(18]

3.81, 5.42, 25.69, 90, 530, 8
Non-centrosym. space group Cmc2; (No. 36)

Prepared by annealing SmTiO3 powder
at 800 °C in air

[250]
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Table 25. n = 4 titanates of monoclinic or orthorhombic A, B, O3pt2 = ABO, with
A = Sm or Eu. If these titanates are prepared by common techniques they crystallize
in the cubic pyrochlore structure. This table represents a supplement of Table 6 in Ref.

[127].
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Composition [N |a, b, ¢ (A),p (°), V (A®), Z Ref.
Remarks / Special Features

PrTio,5Ta0,25Cr0,2503,50 3d0 7.76, 5.49, 25.77, 90, 1098, 16 [209]
5d° |Prepared by coprecipitation

LaTi0,5Ta0,25B(,).25O3,50 3d0 B, = SC7 CI‘7 Fe or Ga
5d° |Prepared by coprecipitation
Lattice parameters in Ref. [209]

LnTio,5Nb0,25Cr0,2503,50 3d0 Ln = La, Pr or Nd
4d° |Prepared by coprecipitation
Lattice parameters in Ref. [209]

LnTig.5Nbo.o5Bb 2503.50 |3d° |B’ = Sc, Fe or Ga for Ln = La
4d°|B’ = Fe for Ln = Pr

Prepared by coprecipitation
Lattice parameters in Ref. [209]

LaTio,75Nb0,125F60,12503,50 3d0 7.83, 5.55, 25.77, 90, 1120, 16 [225]
4d° |Non-centrosym. space group
Pna2; (No. 33)

LaTi0,5TaQ,33ZnQ,1703,50 3d0 784, 558, 2600, 907 1137, 16 [208]
5d°
LaTio,5Ta0,33Mgo,1703,5o 3d0 7.84, 5.57, 26.00, 90, 1140, 16
5d°
LaTio,5Nb0,33Zn0,1703,50 3d0 7.85, 5.57, 25.95, 90, 1135, 16
4d°

LaTio.5Nbo.33Mgo.1703.50 |3d° |7.87, 5.56, 25.87, 90, 1132, 16
4d° Melts probably congruently

7.84, 5.58, 25.88, 90, 1133, 16 this
Prepared by floating zone melting |work

Lao,aCao,4Tio,6Nbo,403,5o 3d0 7.85, 5.53, 26.15, 98.47 1124, 16 this
4d" |Prepared by floating zone melting |work

Pro.5Cao.5 Tio.5Nbo.503.50 |3d° [7.71, 5.50, 25.95, 90, 1100, 16 [219]
4d° |Prepared under high pressure

La(),5Cao,5Tio,5Ta(),503,5o 3d0 7.83, 5.56, 26.03, 90, 1133, 16
5d° |Prepared under high pressure

Table 26. Miscellaneous n = 4 members of orthorhombic or monoclinic A, B Ozn+2
= ABO,. This table represents a supplement of Table 7 in Ref. [127].
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Composition |N a,b,c(A),p(), VA Z Ref.
Remarks / Special Features

Sto.75La0.25Nbo.05O03.43 [4d*'* |3.98, 5.65, 26.54, 90, 596.9, 8 this

Under-stoichiometric with respect work

to B site occupation and =

Sro.86Smo.14NbO3 57 [4d°  [3.96, 5.67, 26.67, 90, 598.6, 8
Over-stoichiometric with respect to x

Sro.75Lag aNbO3 44 [4d%23 [3.99, 5.66, 26.55, 90, 598.7, 8

Under-stoichiometric with respect
to A site occupation and x

Lag.cCag.4 |[d*2° [7.82, 5.52, 26.20, 98.3, 1120, 16

Ti0.6Nbg.403.40 Under-stoichiometric with respect to =
Lao.s6Cao.4 [d17 |7.83, 5.52, 26.20, 98.3, 1121, 16
Tio.6Nbo.403.35 Under-stoichiometric with respect

to A site occupation and x

Table 27. Significantly non-stoichiometric n = 4 compounds A1, BO, with 0 < w <
0.05 of orthorhombic or monoclinic Ay, B, Osnt+2 - Also an n = 4 niobate with a defi-
ciency at the B site, ABy.950; , is listed. The ideal n = 4 composition is ABOs3 . 50. All
materials were prepared by floating zone melting. This table represents a supplement
of Table 4, 5, 7 and 18 in Ref. [127].

Composition | N a, b, c(A),B(), V(A% zZ Ref.
Remarks / Special Features

CeTiO3.47 [3d*%% |7.76, 5.50, 82.7, 97.6, 3499, 50 [127]
Prepared by floating zone melting

Ceo.05TiO3.30 [3d%07 |7.74, 5.49, 82.9, 97.6, 3497, 50 this
Prepared by floating zone melting work

Under-stoichiometric with respect
to A site occupation and x

Table 28. Two n = 4.33 titanates of monoclinic A, B,O3sn+2 , a compound with
the ideal stoichiometric composition ABOs3 47 and a significantly non-stoichiometric
material with the composition Ag.95BOs3.39. This table represents a supplement of
Table 8 and 18 in Ref. [127].
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Composition | N a, b, c(A),B(), V(A% 2z Ref.
Remarks / Special Features

Sro.sBag.aNbOs. 45 [4d%1°[7.93, 5.72, 59.10, 90, 2682, 36 this

Prepared by floating zone melting work

Sro.9Bag.1NbO3z.45 [4d%10[7.92, 5.71, 59.09, 90, 2674, 36
Prepared by floating zone melting

SrNbg.sTag.203.45 |4d°%1? [7.92, 5.68, 59.23, 90, 2663, 36
Prepared by floating zone melting

SrNbO3.45 [4d%'° [7.90, 5.68, 59.30, 90, 2661, 36 [127]
Prepared by floating zone melting [113]

Quasi-1D metal along a-axis at high T' [110]

Study of many physical properties: [136]

see Table 47 and 48 [17]

Sro.6Bag.2Cag.o |4d™*® |7.87, 5.67, 59.35, 90, 2647, 36 this
NbOs3.46 Prepared by floating zone melting work

Sro.56Ca0.44NbOs 45 [4d%10 |7.82, 5.57, 59.03, 96.8, 2550, 36
Prepared by floating zone melting

Sro.44Ca0.56NbO3 45 [4d%10 |7.81, 5.56, 59.09, 96.8, 2547, 36
Prepared by floating zone melting

Cao.055mg.05NbO3.45 |44 |3.87, 5.50, 58.28, 90, 1238, 18
Prepared by floating zone melting

SrNbo.s9Ti0.1103.44 [4d°  |3.95, 5.68, 59.36, 90, 1333, 18 [120]
3d° |Polycrystalline sample

Structural study by TEM and powder XRD
Dielectric constant € ~ 56 (100 kHz, 20 °C)

TEM study on polycrystalline samples [122]
reveals following symmetry, centrosym.
space groups, and (Nb,Ti)Og octahedra
tilting on cooling;:

390 °C < T <1000 °C:

orthorhombic, Pbam (No. 55), tilted

T < 390 °C:

monoclinic, P21 /c (No. 14), tilted

Table 29. n = 4.5 members of orthorhombic or monoclinic A, B,Ospt+2 = ABO,
related to StNbOs3 44 and CaNbOs 44. This table represents a supplement of Table 10
in Ref. [127].
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Composition | N a, b, c(A),B(), V(A zZ Ref.

Remarks / Special Features

' Ceo.5Smo.5Ti0s.44 |3d°*? |7.90, 5.49, 57.08, 97.5, 2452, 36 this
Prepared by floating zone melting work

LaTio.s0Alo.1103.44 |3d°  ]4.00, 5.53, 57.07, 90, 1262, 18 [55]

Pro.soCao.11TiO3.44 |3d°  {3.86, 5.45, 56.99, 90, 1198, 18

Lag.soCao.11 TiO3.44 |3d°  |7.81, 5.54, 57.63, 97.8, 2468, 36 [154]
Structural study by XRD and TEM [155]
7.81, 5.54, 57.8, 97.8, 2478, 36 [11]
Prepared by floating zone melting
7.81, 5.54, 57.3, 97.2, 2457, 36 this
Prepared by floating zone melting work

LaTio_94Mg0,0603_44 3d0 3.91, 5.54, 57.06, 90, 1237, 18 [240]

(from powder XRD)

~ 7.8, ~ 5.5, ~ 57, ~ 98, ~ 2422, 36
Centrosym. space group P2;/c (No. 14)
(from electron diffraction)

Structural study by XRD and TEM

and dielectric measurements on
polycrystalline samples

Dielectric constant € = 51 (8.4 GHz, 25 °C)

Table 30. n = 4.5 titanates of monoclinic or orthorhombic A, B,O3sn4+2 = ABO,.
'Because a thermogravimetric determination of x was not possible, as discussed in Ref.
[127] for Lag.5Ce.5TiO3.4 , the ideal n = 4.5 value x = 3.44 was assigned. This table
represents a supplement of Table 9 in Ref. [127].
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Composition | N a,b,c(A),p(), V(A Z Ref.
Remarks / Special Features

Sro.75Eu0.2NbOs. 41 [4d%%° {7.90, 5.69, 59.15, 90, 2657, 36 this

Under-stoichiometric with respect |work
to A site occupation and x

Eu in the valence state Eu?™

Cap.85510.1NbO3 40 |4d%10 |7.66, 5.49, 58.85, 96.4, 2460, 36
Under-stoichiometric with respect
to A site occupation and x
Cap.05NbO3.4;1 [4d%%° |7.66, 5.49, 58.82, 96.4, 2457, 36
Under-stoichiometric with respect
to A site occupation and x
Lag.osTiO3 35 [3d%1°9(7.90, 5.52, 56.86, 97.5, 2460, 36

Under-stoichiometric with respect
to A site occupation and x

Table 31. Significantly non-stoichiometric n = 4.5 compounds Ag.95 BO, of or-
thorhombic or monoclinic A, B,O3sn+2. The ideal n = 4.5 composition is ABOs3.44.
All materials were prepared by floating zone melting. This table represents a supple-
ment of Table 9, 10 and 18 in Ref. [127].
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Composition |N a, b, c(A),p(), V(A 2z Ref.
Remarks / Special Features
SrNbO3.41 [4d%'® [3.99, 5.67, 32.45, 90, 734, 10 [127]

Prepared by floating zone melting
Structure determined by single crystal XRD 2]
4.00, 5.67, 32.46, 90, 736, 10

Centrosym. space group Pnnm (No. 58)
Quasi-1D metal along a-axis at high T' 127,113]

[
Extensive study of many physical [111,110]
properties: see Table 47 and 48 [17,242]
[

SrNbO3 2 [4d%6 |3.99, 5.68, 32.48, 90, 736, 10 193]
Non-centrosym. space group Pmn2; (No. 31)
Structure determined by single crystal XRD
Small crystals prepared in an Hz/H plasma

Physical properties are not reported

In Ref. [193] the structure is not discussed in
terms of A, B, Osnt2 , however it can be
considered as an oxygen-deficient n = 5 type
with ordered oxygen vacancies, see Fig. 44

SrNbog sTi.2 [4d°  |3.95, 5.66, 32.52, 90, 728, 10 [39]
03.40 |3d°  |Centrosym. space group Pnnm (No. 58)

Structure determined by single crystal XRD

Crystals prepared by flux technique

TEM study on polycrystalline samples reveals |[122]
following symmetry, centrosym. space groups,
(Nb,Ti)Og octahedra tilting on cooling:

T > 600 °C: orthorh., Immm (No. 61), untilted
T < 600 °C: orthorh., Pnnm (No. 58), tilted

T < 250 °C: incommensurate phase

T < 180 °C: monocl., P21/c (No. 14), tilted

3.95, 5.66, 32.54, 90, 727, 10 [120]
Polycrystalline samples
Dielectric constant € ~ 80 (100 kHz, 20 °C)

3.95, 5.59, 32.6, 90, 720, 10 [84]
Polycrystalline samples

Dielectric constant € ~ 60 (600 kHz, 20 °C)
Antiferroelectric with T, > 590 °C

Structural description by superspace approach |[46]

Table 32. n = 5 members of orthorhombic A, B,Osni2 = ABO, related to
SrNbOs3.40. This table represents a supplement of Table 12 and 14 in Ref. [127].
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Composition |N a, b, c(A),B(), V(A 2z Ref.
Remarks / Special Features
CaNbOs3 4; |4d°1®|3.88, 5.49, 32.03, 90, 682, 10 [127]

Prepared by floating zone melting
According to resistivity

measurements on crystals:

quasi-1D metal along a-axis at high 7" and
metal-to-semiconductor transition at low T’
Structure determined by single crystal XRD |[63]
7.75, 5.49, 32.24, 96.8, 1363, 20
Centrosym. space group P2;/c (No. 14)

CaNbOs 4 44 |3.86, 5.47, 31.92, 90, 736, 10 73]

Structural study by electron microscopy
and diffraction

Physical properties are not reported

7.74, 5.49, 32.28, 96.9, 1364, 20 [251]
Centrosym. space group P2;/c (No. 14)
Polycrystalline sample

Physical properties are not reported

CaNbg.sTip.203.40 [4d° |7.69, 5.48, 32.33, 96.8, 1353, 20 [154]

3d° |7.69, 5.48, 32.25, 96.8, 1349, 20 [64]
Centrosym. space group P2;/c (No. 14)
Structure determined by single crystal XRD
Crystals prepared by floating zone melting

Structural description by [65]
superspace formalism
3.84, 5.49, 32.05, 90, 676, 10 [226]

Non-centrosym. space group P2nn (No. 34)
Structure determined by powder XRD

SrTag.sTio.203.40 |5d°  |7.91, 5.62, 33.03, 97.2, 1458, 20 this
3d°  |Prepared by floating zone melting work
Sro.sNag2NbOs 40 [4d°  |3.88, 5.66, 32.53, 90, 714, 10 [85]

Table 33. n = 5 members of orthorhombic or monoclinic A,B,Osn,+2 = ABO,
related to CaNbOs. 40 or STNbOs3 49. This table represents a supplement of Table 11,
12 and 14 in Ref. [127].
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Composition | N a, b, c(A),B(), V(A% 2z Ref.
Remarks / Special Features

Cag.sEuo.2NbO3. 40 |4d°*° 3.89, 5.53, 32.06, 90, 690, 10 this

Prepared by floating zone melting work

Eu in the valence state Eu®*

Cao.01Eug.00NbO3 41 [4d°%18 7.77, 5.51, 32.26, 96.8, 1371, 20
Prepared by floating zone melting
Eu in the valence state Eu?"

Ca.73S10.2Smo.o7 [4d%2° |7.81, 5.53, 32.04, 90, 1385, 20
NbO3.41 Prepared by floating zone melting

Cao.935mo.07NbOs3 42 [4d%23 [3.87, 5.47, 32.07, 96.6, 675, 10
Prepared by floating zone melting

Cao.sNag.2NbOs.40 [4d°  |3.85, 5.50, 32.14, 90, 680, 10 [152)

7.71, 5.48, 32.35, 90, 1358, 20 [252]
Centrosym. space group P2;/c (No. 14)
Structure determined by single crystal XRD

Crystals prepared by heating the composition
Cao_67Nao_33NbO3,33 at 1480 OC in 02
Structural description by superspace approach |[47]

and prediction of symmetry properties
for the whole 4d° series (Ca,Na),Nb,Oz,42

Table 34. n = 5 niobates of orthorhombic or monoclinic A, By, Osnt2 = ABO, related
to CaNbOs.40. This table represents a supplement of Table 11 in Ref. [127].



106 Published in Prog. Solid State Chem. 36 (2008) 253—387

Composition | N a, b, c(A),B(°), V(A 2z Ref.
Remarks / Special Features
Lao.sCao.2TiO3z.40 |3d°  |7.78, 5.52, 31.56, 97.1, 1346, 20 [154]
7.79, 5.52, 31.50, 97.0, 1345, 20 this
Prepared by floating zone melting work
Optical (IR) spectroscopy on crystals [218]
along a- and b-axis at 7' = 300 K
Lao.s7Cao.13TiO3.39 [3d%%° |7.83, 5.52, 31.05, 96.1, 1335, 20 this
Optical (IR) spectroscopy on crystals at work

T = 300 K: quasi-1D metal along a-axis

Lag.oCao.1TiO3.38 [3d%14 [7.83, 5.52, 31.07, 96.2, 1336, 20

Optical (IR) spectroscopy on crystals at [218]
T = 300 K: quasi-1D metal along a-axis
LaTiO3.4; [3d%18|7.86, 5.53, 31.48, 97.1, 1357, 20 [127]

Prepared by floating zone melting

Structure determined by single crystal XRD |[34]
7.86, 5.53, 31.45, 97.2, 1356, 20
Centrosym. space group P2;/c (No. 14)

According to optical (IR) and resistivity [127]
measurements on crystals: [112]
quasi-1D metal along a-axis at high 7" and
metal-to-semiconductor transition at low 7'
(T < 100 K), indications for strong electron-
phonon coupling and at low T for a phase
transition and an energy gap of =~ 6 meV

Structural study under pressure [134]
by powder XRD: structure stable

up to 18 GPa and pronounced
anisotropy in the axis compressibilities

Optical (mid-IR) micro-spectroscopy on [51]
crystals under pressure at room temperature
indicates onset of a dimensional crossover

at a pressure of about 15 GPa

Table 35. n =5 titanates of monoclinic A,, B,O3n4+2 = ABO, related to LaTiO3.40.
This table represents a supplement of Table 13 and 14 in Ref. [127].
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Composition |N a, b, c(A),B(), V(A 2 Ref.
Remarks / Special Features
LaTio,gcr0,203,4o 3d0 3.91, 5.52, 31.22, 90, 674, 10 [55]
LaTio.05Vo.0503.41 |3d°%23 7.84, 5.52, 31.40, 97.0, 1349, 20 this
Prepared by floating zone melting work
Lag.oSmo.1 [3d°  |7.77, 5.51, 31.24, 96.7, 1328, 20
Tio.8Alg.203.40 Prepared by floating zone melting
LaTio.sAlp.203.40 [3d°  |7.79, 5.51, 31.35, 97.3, 1334, 20 this
Prepared by floating zone melting work
3.90, 5.51, 31.17, 90, 670, 10 [55]
LaTio.05Alo.0503.40 |3d%1¢ 7.84, 5.51, 31.29, 96.9, 1343, 20 this
Prepared by floating zone melting work
LaTio.oMgo.103.40 |3d°  |3.92, 5.54, 31.30, 90, 679, 10 [240]
(from powder XRD)
~ 7.8, = 5.5, =~ 31, =~ 104, ~ 1290, 20
Centrosym. space group P2;/c (No. 14)
(from electron diffraction)
Structural study by XRD and TEM
and dielectric measurements on
polycrystalline samples
Dielectric constant € = 34 (5.9 GHz, 25 °C)
7.84, 5.53, 31.49, 97.3, 1355, 20 this
Prepared by floating zone melting work
Lag.sSr0.2Ti03.40 [3d°  |7.81, 5.53, 31.51, 97.1, 1350, 20 [22]
Structural study by TEM and powder XRD
7.82, 5.54, 31.34, 90, 1357, 20 [26]
Structural study by TEM and powder XRD |[27]
7.80, 5.53, 31.55, 97.0, 1352, 20 this
Prepared by floating zone melting work

107

Table 36. n = 5 members of monoclinic or orthorhombic A, B,Osnt+2 = ABO,
related to LaTiOs.49. This table represents a supplement of Table 13 and 14 in Ref.

[127].
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Composition | N a, b, c(A),B(°), V(A 2z Ref.
Remarks / Special Features
Lag.56Smo.44TiO3.41 |3d%18 [7.83, 5.52, 31.09, 96.5, 1334, 20 this
Prepared by floating zone melting work
Lag.oSmo.1 TiOs.41 [3d°'® |7.84, 5.52, 31.40, 97.1, 1350, 20
Prepared by floating zone melting
! Lag.76Ceo.12 Ybo.12 [3d%? |7.81, 5.52, 31.23, 96.6, 1338, 20
TiO3.4 Prepared by floating zone melting
LaTio.sGao.203.40 |3d°  [3.90, 5.52, 31.61, 90, 681, 10 [85]
3.91, 5.52, 31.28, 90, 676, 10 [228]
Centrosym. space group Pmnn (No. 58)
Structure determined by powder XRD
Test by second harmonic generation
indicates presence of inversion symmetry
LaTio.sFeo.203.40 [3d°  |3.91, 5.52, 31.33, 90, 676, 10 [55]
3.92, 5.53, 31.33, 90, 679, 10 [227]
Centrosym. space group Pmnn (No. 58) |[228]
Structure determined by powder XRD
Fe exclusively located in the central
octahedra, i.e. full ordering of Ti*"
and Fe* at the B site, see Figure 16
7.82, 5.54, 31.45, 97.0, 1352, 20 this
Prepared by floating zone melting work
LaTio.sMno 2034 |3d°  |7.86, 5.54, 31.55, 97.4, 1363, 20 (Ar) this
7.86, 5.54, 31.54, 97.5, 1360, 20 (air) work

7.86, 5.53, 31.55, 97.8, 1358, 20 (O2)
Prepared by floating zone melting
in Ar, air and O2

Table 37. n = 5 members of monoclinic or orthorhombic A, B,Osn+2 = ABO,
related to LaTiOs.40. This table represents a supplement of Table 13 and 14 in Ref.
[127]. !Because a thermogravimetric determination of z was not possible, as discussed
in Ref. [127] for Lag.5Ceo.5TiO3.4, the ideal n = 5 value z = 3.4 was assigned. This

table represents a supplement of Table 13 in Ref. [127].
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Composition

N

a, b, c(A),B(), V(A3 2Z

Remarks / Special Features

Ref.

PrTio.8Gao.203.40

3d°

3.85, 5.47, 31.55, 90, 664, 10

(85]

7.73, 5.47, 31.46, 97.0, 1328, 20
Centrosym. space group P2;/c (No. 14)
Structure determined by powder XRD

[229]

PrTio.gsFeq.203.40

3d°

7.74, 5.49, 31.52, 97.1, 1329, 20
Centrosym. space group P2;/c (No. 14)
Structure determined by powder XRD
Fe exclusively located in the central
octahedra, i.e. full ordering of Ti**
and Fe* at the B site, see Figure 16

[227]

3.85, 5.46, 31.40, 90, 660, 10

PrTip.sCro.203.40

3d°

3.86, 5.47, 31.21, 90, 660, 10

[55]

PrTigp.8Alo.203.40

3d°

7.82, 5.50, 30.96, 96.5, 1323, 20
Prepared by floating zone melting

this
work

Pro.8Sr0.2Ti03.40

3d°

3.87, 5.49, 31.32, 90, 666, 10

[55]

Pro.8Cag.2TiO3.40

3d°

3.84, 5.45, 31.16, 90, 652, 10

(85]

PrTiOs3.41

3d0.18

7.85, 5.52, 31.03, 96.5, 1337, 20

Prepared by floating zone melting
Quasi-1D metal along a-axis at high 7" and
metal-to-semiconductor transition at low 7'
according to resistivity measurements

on crystals

this
work

! Cep.625mo.38 TiO3.4

3d0.2

7.83, 5.52, 31.01, 96.6, 1330, 20
Prepared by floating zone melting

! Cep.5Pro.5TiO3.4

3d0.2

7.86, 5.51, 31.13, 96.6, 1339, 20
Prepared by floating zone melting

CeTiO3,40

3d0.20

7.85, 5.52, 31.24, 97.0, 1344, 20
Prepared by floating zone melting
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Table 38. n = 5 members of monoclinic or orthorhombic A, B,Osznt+2 = ABO,
related to CeTiO3.40 and PrTiOs 40. ' Because a thermogravimetric determination of
was not possible, as discussed in Ref. [127] for Lag.5Ce.5TiO3.4, the ideal n = 5 value

x = 3.4 was assigned. This table represents a supplement of Table 13 in Ref. [127].
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Composition |N |a, b, ¢ (A),B (°), V (A%), Z Ref.
Remarks / Special Features
NdTio.sGao.203.40 [3d° [3.82, 5.42, 31.23, 90, 647, 10 [85]
7.69, 5.46, 31.44, 97.0, 1309, 20 [229]

Centrosym. space group P2;/c (No. 14)
Structure determined by powder XRD

NdTio.sFeo.203.40 [3d° |3.85, 5.46, 31.27, 90, 658, 10 [55]

7.67, 5.44, 31.42, 97.0, 1302, 20 [227]
Centrosym. space group P2;/c (No. 14)
Structure determined by powder XRD

Fe exclusively located in the central
octahedra, i.e. full ordering of Ti**
and Fe' at the B site

7.80, 5.47, 30.72, 95.9, 1303, 20 this

Prepared by floating zone melting work
NdTio.sCro.203.40 |3d° |3.84, 5.45, 31.18, 90, 653, 10 [55]
NdTio.sAlp.203.40 |3d° |7.80, 5.49, 30.92, 96.5, 1315, 20 this

Prepared by floating zone melting work
Ndo.sCdo.2TiO3.40 |3d° |3.84, 5.45, 31.58, 90, 661, 10 [55]
Ndo.sSr0.2Ti03.40 |3d° |3.86, 5.48, 31.32, 90, 662, 10 [55]

Structural study by TEM and XRD [204]
Prepared by arc-melting

NdTio.0Mgo.103.40 |3d° |3.85, 5.46, 31.27, 90, 658, 10 [55]

Table 39. n = 5 members of monoclinic or orthorhombic A, B,Osnt+2 = ABO,
related to NdTiOs3.40. This table represents a supplement of Table 13 in Ref. [127].
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Composition |N a,b,c(A),B(), VA Z Ref.
Remarks / Special Features
SmTio.5Vo.203.30 [3d**? |7.79, 5.50, 30.90, 95.9, 1317, 20 this
Prepared by floating zone melting work
NdTiOs.4 [3d%2 |7.8, 5.5, 15.8, 96.5, 95.9, 673, 10 [32]
Lattice parameters estimated
from electron diffraction
Prepared by arc-melting
7.8, 5.5, 31.6, 97.7, 1392, 20 [186]
Lattice parameters from electron diffraction
Centrosym. space group P2;/c (No. 14)
Structural study by TEM
Prepared by arc-melting
NdTiOs3.42 [3d*'° |7.83, 5.52, 30.96, 95.9, 1330, 20 this
Prepared by floating zone melting work
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Table 40. n = 5 titanates of monoclinic A, B,Osn+2 = ABO, related to NdTiOs 40

and SmTiO3.40. This table represents a supplement of Table 13 in Ref. [127].
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Composition |N a,b,c(A),p(), V(A Z Ref.
Remarks / Special Features

SmTiO3.37 |3d°2¢ |7.80, 5.52, 30.93, 96.1, 1323, 20 this

NdTiO3.31 |3d°3® |7.82, 5.50, 30.86, 96.5, 1318, 20 work
PrTiO3.33 |3d°3*  |7.80, 5.50, 31.26, 96.6, 1332, 20
SmTig.78 Alo.2203.33 [3d*®  |7.77, 5.49, 30.83, 95.9, 1308, 20
CeTiggAlp 20333 [3d%1®  |7.83, 5.51, 31.08, 97.0, 1332, 20
Lao.oSmo.1 Tio.s Alp.2O3.30 |3d°2* |7.78, 5.51, 31.24, 96.7, 1330, 20
LaTio.sFeo203.34 |2 3d%1%|7.82, 5.54, 31.40, 96.6, 1351, 20
LaTio.sMng.203.34 |* 3d°'5 |7.86, 5.54, 31.80, 97.4, 1373, 20
LaTio.67Mng 3303 33 |3d° 7.86, 5.54, 31.53, 97.4, 1361, 20
LaTio.sVo.203.31 [3d%%® |7.84, 5.52, 31.39, 97.0, 1349, 20
LaTio.sAlp.203.31 |3d%2* |7.78, 5.52, 31.26, 96.7, 1333, 20

Lao.s9Cao.11 Ti0s.36 [3d*'7  |7.84, 5.52, 31.09, 96.1, 1357, 20 [127]

Optical (IR) spectroscopy on crystals at
T = 300 K: quasi-1D metal along a-axis

[218]

Table 41. Significantly non-stoichiometric n = 5 compounds ABO, with 3.31 <
x < 3.37 of monoclinic A, B;,Os3p+2. The ideal n = 5 composition is ABOgz.40. All
materials were prepared by floating zone melting. 'The value N = 3d%!® per Ti refers
to an assumed valence distribution of Ti*** and Mn3* (3d*), the opposite extreme
case would be Ti** (3d°) and Mn?** (3d*®). The value N = 3d%'® per Ti refers to
an assumed valence distribution of Ti®8%" and Fe3* (3d5), the opposite extreme case
would be Ti'" (3d°) and Fe*** (3d°%). This table represents a supplement of Table

13 and 14 in Ref. [127].
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Composition |[N a, b, c(A),B(°), V(A 2z Ref.
Remarks / Special Features

Sro.05Nbo.oTag.10s.37 [4d°'® |3.98, 5.67, 32.46, 90, 733, 10 this

Sro.05Nbo.o5 Tio.05 Os.35 |d*1° 3.98, 5.67, 32.38, 90, 729, 10 work

Sr0.97NbO3 39 |4d°1¢ |3.99, 5.67, 32.46, 90, 733, 10
Sro.85Ca0.1NbO3 37 |4d%16 13.97, 5.65, 32.39, 90, 727, 10
Cap.855m0.1NbO3 35 [4d%>* [3.87, 5.48, 31.96, 90, 677, 10

Cag.05NbO3 33 |4d%2* |3.85, 5.49, 32.22, 96.6, 677, 10

Lao.47Smo_5 |3d%15 |7.80, 5.48, 30.96, 96.2, 1317, 20
Tio0.95Al0.0503.36

Ndo.95TiOs3.34 |3d%17 |7.78, 5.47, 31.50, 96.0, 1332, 20
Lag.75Bag 2 TiOs.21 |3d%2? |7.86, 5.54, 31.48, 96.7, 1362, 20

Lao.75Cag 2 TiOs.21 |3d%2? |7.83, 5.52, 31.36, 97.0, 1346, 20

Lao.gsCag.1 TiO3.06 [3d%23 |7.84, 5.52, 31.41, 97.0, 1351, 20

LaTig.0503.31 |3d°1° |7.87, 5.53, 31.44, 97.1, 1357, 20

Lag.o5TiO3.33 [3d°1° |7.84, 5.53, 31.43, 97.0, 1353, 20

Lao.o6s TiO3.35 [3d°2° [7.86, 5.53, 31.47, 97.1, 1357, 20 this
Optical (IR) spectroscopy on crystals at |work
T = 300 K: quasi-1D metal along a-axis |[218]

Lag.o75 TiO3 37 |3d%1° |7.86, 5.53, 31.47, 97.1, 1358, 20 this
work

Table 42. Significantly non-stoichiometric n = 5 compounds A;_,, BO, with 0 <
w < 0.05 and 3.21 < z < 3.37 of monoclinic or orthorhombic A, B, Osnt2. Also an
n = 5 titanate with a deficiency at the B site, AB.950; , is listed. The ideal n = 5
composition is ABQOgs . 40. All materials were prepared by floating zone melting. This
table represents a supplement of Table 13, 14 and 18 in Ref. [127].

Composition |N a, b, c(A),p(), V(A Z Ref.
Remarks / Special Features

NdTiO3.36 |3d°?® |Composition prepared by arc-melting [32]
Crystal of n = 5.5 type detected by TEM,
i.e. ordered stacking sequence n = 5, 6, 5, 6, ...

Table 43. An n = 5.5 type of A, BpO3n42 = ABO,.
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Composition | N a,b,c(A),p(), V(A Z Ref.
Remarks / Special Features
Smg.67Cao.33TiO3.33 [3d°  [3.81, 5.42, 36.73, 90, 759, 12 [55]
7.63, 5.41, 36.88, 96.0, 1514, 24 this
Prepared by floating zone melting work
Ndo.67Cdo.33TiO3.33 |3d°  |3.84, 5.45, 36.37, 90, 761, 12 [55]
Ndo.67Ca0.33TiO3.33 [3d°  |7.66, 5.44, 36.64, 90, 1526, 24 [153]

Non-centrosym. space group Pna2; (No. 33)
Structure determined by single crystal XRD
Crystals prepared by floating zone melting

7.66, 5.44, 18.42, 95.7, 764, 12 [167]
Non-centrosym. space group P2; (No. 4)

Crystals grown by flux technique using
different fluxes, especially PbO

Second harmonic generation experiment
suggests presence of ferroelectricity

Preparation of an incommensurate [157]
modification and structural study [60]
using a four-dimensional space

7.66, 5.45, 36.73, 90, 1533, 24 [55]
NdTiO3.33 |3d%33 | Composition prepared by arc-melting [32]

Pr0,67Cao,33T103,33 3d0 3.85, 5.46, 36.76, 90, 773, 12 [55]
Lao,67Sr0,33T103,33 3d0 7.79, 5.54, 36.84, 90, 1588, 24 [127]

Prepared by floating zone melting

7.83, 5.44, 18.57, 96.0, 788, 12 [27]

7.82, 5.54, 18.55, 96.1, 799, 12 [26]

Structural study by TEM and powder XRD
LaTio,67Feo,3303,33 3d0 7.80, 5.55, 36.88, 90, 1596, 24 this

Prepared by floating zone melting work

Table 44. n = 6 titanates of orthorhombic or monoclinic A, B, Osnt+2 = ABO,. This
table represents a supplement of Table 15 in Ref. [127].
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Composition |N |a, b, ¢ (A), B (°), V (A%), Z Ref.
Remarks / Special Features
SrNbo.67Tio.3303.33 |4d° [3.94, 5.63, 38.4, 90, 854, 12 [83]
3d° |Non-centrosym. space group Cmc2; (No. 36) |[84]

Polycrystalline samples
Ferroelectric with T, = 630 °C

3.93, 5.63, 38.05, 90, 844, 12
Polycrystalline samples
Dielectric constant € ~ 77 (100 kHz, 20 °C)

[120]

TEM study on polycrystalline samples
Above T ~ 200 °C commensurate phase
Below T =~ 200 °C incommensurate phase
Down to T'= — 170 °C no lock-in transition

[122]

CaNby.¢7Ti0.3303.33 |4d°
3d°

7.67, 5.46, 18.91, 95.8, 789, 12
Non-centrosym. space group P2; (No. 4)

[156]
[154]

7.68, 5.47, 37.75, 95.9, 1576, 24
Non-centrosym. space group P2; (No. 4)
Structure determined by single crystal XRD
Actual stoichiometry of the studied crystal
deviates from ideal composition

(62]

Structural description by
superspace formalism

(65]
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Table 45. Miscellaneous n = 6 members of monoclinic or orthorhombic A, By, Osnt2
= ABO,. This table represents a supplement of Table 15 in Ref. [127].
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Composition [N |a, b, ¢ (A),p (°), V (A®), Z Ref.
Remarks / Special Features
SrNbo 57 Tio.4303.20 [4d° |3.93, 5.61, 43.61, 90, 963, 14 [120]
3d° [Polycrystalline samples
Dielectric constant € ~ 61 (100 kHz, 20 °C)
TEM study on polycrystalline samples reveals |[122]
following symmetry, centrosym. space groups,
(Nb,Ti)Og octahedra tilting on cooling:
T > 470 °C: orthorh., Immm (No. 61), untilted
T < 470 °C: orthorh., Pnnm (No. 58), tilted
T < 100 °C: incommensurate phase
Down to T'= — 170 °C no lock-in transition
Ca0_57Nao,43Nb03,29 4d0 3.86, 5.5, 43.8, 90, 930, 14 [152]

Table 46. n = 7 members of orthorhombic A, B,O3,+2 = ABO,.
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SI‘NbOg,50 SI‘Q,sL&Q,QNbOg,sQ SI‘NbOg,45 SI‘NbOg,41
N 4d0 4d0.20 4d0.10 4d0.18
Structure type |n =4 [33] |n =4 n=4.5 n =75 [2,127]
[78,151] [127,243] [127,125,243] [125,133]
Structure deter- |Yes No No Yes
mined by single
crystal XRD ([33,78] 2]
LDA band struc-
ture calculations |[No No No Yes [110,244]
performed
dc (low f optical)
resistivity p in |very high |p., =~ 6 (6) Paxb' (1) |pa=04(0.2)
107 Qcm along Py ~ 40 (30) Py & 150 * (30) |ps = 30 (30)
a-, b-, c-axis at pe ~ 1500 pe ~ 20000 ' [p. = 1000
T ~ 300 K [127,113] [127,113] [127,113]
Quasi-1D metal |No Yes, Yes Yes
along a-axis at but metallic
high T (from p(T), character relati- {[127,110] [127,113,111]
ARPES, optical vely weak [113,136]
spectroscopy) [127,113]
Metal-to-semicon- |No Yes Yes Yes
ductor transition
along a-axis in at T~ 90 K at T~ 110 K |at T~ 60 K
pa(T) at low T [127] [127] [127]
Opening of an No Yes Yes
energy gap A A~ 7 meV A ~ 5 meV
at Fermi energy from optical from optical from optical
along a-axis spectroscopy [113] [spectroscopy spectroscopy,
at low T’ [113] high-resolu-
tion ARPES,
pa(T) [111]

Table 47. Features and present state of the most intensively studied electrical conduc-
tors of the type ApBpOsni2 = ABO,. Also scheduled is the related high-T. ferroelec-
tric insulator StNbO3.50 (Te = 1615 K). 'The dc resistivity was measured on crystals
with a different but very similar composition Srg.96Bag.0aNbOs.45 [127]. Continuation

in Table 48.
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SI‘NbOg,50 SI‘Q,sL&Q,QNbOg,sQ SI‘NbOg,45 SI‘NbOg,41
N 4d0 4d0.20 4d0.10 4d0.18
Structure type |n =4 [33] |n =4 n=45 n=>5 2]
[78,151] [127,243] [127,125,243] [127,125,133]
Phonon mode
in optical
conductivity
at ~ 54 cm™* |Yes Yes Yes Yes
along b-axis
related to |[113] [113] [113] [113]
ferroelectric
transition
in StTNbOs3.50
(ferroelectric
soft mode)
Dielectric
constant € along
a-, b- and c-axis:
g, at T = 300 K |75 2 [151] A —6000 2 [113] |~ —7000 3 [113]
at T =5K ~ 3000 ® [113] |~ 12000 ® [113]
g at T = 300 K |43 2 [151] ~ 40 3 [113] ~ 50 3 [113]
at T =5K ~ 50 ® [113] ~ 60 ® [113]
g. at T = 300 K |46 2 [151] ~ 50 2 [17]
28 2 [17]
for T < 70 K ~ 100 >* [17]
Magnetic |dia- para- or dia- diamagnetic diamagnetic
behavior |magnetic |magnetic [127] [127] [127,242]
for T < 390 K [[127] depending on T’

Table 48. Continuation from Table 47. Features and present state of the most inten-
sively studied electrical conductors of the type A, B,O3n4+2 = ABO,. Also scheduled
is the related high-T. ferroelectric insulator StNbO3 50 (T = 1615 K). 2High frequency
value from capacitor measurements. *Low frequency value from optical spectroscopy.
4For T > 70 K the determination of €, was prevented by a too low resistivity of the

sample.
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Title, author(s), year, Ref.

Remarks about the content

Crystal chemical aspects of the layered
perovskite-like oxide ferroelectrics

of the A, M, Ogznt2 type,

Tsupov 1999 [85]

Overview on many

insulating d° compounds,
discussion of ferroelectric
and structural properties

Symmetry classification of the layered
perovskite-derived A,, BnXs,4+2 structures,
Levin and Bendersky 1999 [121]

Overview on several
insulating d° compounds,
discussion of structural features

A structural study of the

layered perovskite-derived

St (Nb,Ti),O3n42 compounds

by transmission electron microscopy,
Levin et al. 2000 [122]

Structural study on
polycrystalline and insulating d°
compositions with

n =4,4.5,4.78,5, 5.5, 6 and 7,
also at different temperatures

Electronic structure of layered
perovskite-related Sri1—,LayNbO3.5_s

Kuntscher et al. 2000 [110]

ARPES and NEXAFS on
SrNbOs3. 45 (n = 4.5) and
Sro.9Lao.1NbOs.39 (n = 5)
crystals and LDA band structure
calculation on StNbO3s.41 (n =5)

Intergrowth polytypoids as
modulated structures:

a superspace description of the

St (Nb,Ti),O3n+2 compound series

Elcoro et al. 2001 [46]

Unified four- and five-dimensional
superspace approach to describe
the complex structural features
such as incommensurate
modulations in this insulating d°
compound series

Synthesis of perovskite-related layered
ApBpOsni2 = ABO, type niobates

and titanates and study of their structural,
electric and magnetic properties,
Lichtenberg et al. 2001 [127]

Overview on many compounds
and their properties,
presentation of results from
own work with focus on
electrical conductors

Dielectric properties and charge transport
in the (Sr,La)NbOs 5_, system,
Bobnar et al. 2002 [17]

Electronic and vibrational properties
of the low-dimensional perovskites
Srl_yLabe03_5_,¢ ,

Kuntscher et al. 2004 [113]

Studies on crystals of
insulating StNbO3.50 (n = 4)
and electrical conducting
Sro.sLag.2NbOs.50 (n =4),

SI‘NbOg,45 (n = 4.5) and
SI‘NbOg,41 (n = 5)

119

Table 49. Recent comprehensive papers about A, B;,Ozn+2 = ABO, which report
on several compounds and structure types. Continuation in Table 50.
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Title, author(s), year, Ref. Remarks about the content
Studies on the reorganization Structural studies by TEM,

of extended defects with XRD, neutron diffraction
increasing n in the on polycrystalline samples.
perovskite-based Layered structure lost for n = 12
LasSry,—4Ti,Osp42 series whereby excess oxygen

accommodated within perovskite
Canales-Vazquez et al. 2005 [27] framework in randomly distributed
short-range linear defects.

Magnetic and thermogravimetric
measurements on a reduced and
therefore conducting n = 12 sample.

Synthesis, structural, magnetic Concerning A, B, Ospn42:

and transport properties of layered |overview on many compounds
perovskite-related titanates, and their properties, presentation
niobates and tantalates of the type |of results from own work with
AnBypOspio , A’A,_1BrOspa1 focus on electrical conductors, materials
and A Bm—103m , with localized paramagnetic moments
Lichtenberg et al. [this work] and non-stoichiometric compounds

Table 50. Continuation from Table 49. Recent comprehensive papers about
ApBnOsnt2 = ABO, which report on several compounds and structure types.

Composition |N |a, c (A), V (A%), Z Ref.
Remarks / Special Features
BasRe20y |5d" [5.77, 20.80, 599.7, 3 [25]

Centrosym. space group R3m (No. 166)
Structure determined by single crystal XRD

5.75, 20.61, 590.1, 3 [31]
Polycrystalline samples

Two-probe resistivity measurements between
77 K and 523 K shows semiconducting behavior

Magnetic measurements between 80 K
and 300 K suggests Curie-Weiss behavior
SrzRe20y |5d! [5.55, 20.12, 535.7, 3 [31]

Polycrystalline samples

Two-probe resistivity measurements between

77 K and 523 K shows semiconducting behavior
Magnetic measurements between 80 K and 300 K
suggests temperature-independent paramagnetism

Table 51. m = 3 members of hexagonal A, By—103m.
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Composition | N |a, c (A), V (A%), Z Ref.
Remarks / Special Features
LaSr3TazO12 |5d° |5.65, 27.25, 754.3, 3 [7]
Centrosym. space group R3m (No. 166)
Structure determined by single crystal XRD
5.66, 27.25, 754.9, 3 [203]
PrSr3Taz 012 |5d° |5.65, 27.16, 750.3, 3 [203]
LaBa3Ta3z012 |5d° |5.75, 28.20, 806.3, 3 [97]
Centrosym. space group R3m (No. 166)
NdBasTaz 012 [5d° |5.73, 28.18, 802.1, 3

Table 52. m = 4 tantalates of hexagonal A, Bp—103m.

121
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Composition | N |a, c (A), V (A%), Z Ref.
Remarks / Special Features

LaSr3NbzO12 |4d° |5.66, 27.19, 753.3, 3 [203]
5.65, 27.16, 751.4, 3 this
Prepared by floating zone melting work

PrSr3Nb3O12 |4d° |5.65, 27.13, 749.2, 3 [203]

NdSrsNbsO1» [4d° [5.64, 27.12, 747.4, 3

LaBagNbzO12 [4d° |5.75, 28.16, 806.9, 3 [6]

Crystals grown by zone melting

Measurement of optical properties
and dielectric constant €

€~22—24for 300 K <7 <850 K

5.75, 28.11, 805.2, 3 [97]
Centrosym. space group R3m (No. 166) |[181]
5.75, 28.07, 804.6, 3 this
Prepared by floating zone melting work
PrBasNbsO12 [4d° |5.74, 28.15, 804.3, 3 [6]
5.74, 28.09, 801.8, 3 [97]
NdBasNbsO12 [4d° |5.74, 28.13, 802.9, 3 [6]
5.74, 28.08, 800.7, 3 [97]
BasNboy WO [4d° |5.78, 28.06, 810.6, 3 [181]
6d° |Centrosym. space group R3m (No. 166)
LasTiz012 |3d° [5.56, 26.23, 702.0, 3 [50]
5.55, 26.18, 699.4, 3 [54]
5.56, 26.23, 702.2, 3 [19]

Centrosym. space group R3m (No. 166)

Structural study by TEM [212]

Table 53. m = 4 members of hexagonal A,, By,—103m.
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Composition

N

a,c(A), Vv (A Z

Remarks / Special Features

Ref.

Ba5 Ta4015

5d°

5.78, 11.82, 341.5, 1
Centrosym. space group P3m1 (No. 164)
Structure determined by single crystal XRD

[199]

Sr5 Nb4015

5.67, 22.97, 638.6, 2
Centrosym. space group P3cl (No. 165)
Structure determined by single crystal XRD

Crystals grown by slow cooling of a Nb-rich
melt consisting of Nb2Os and SrCOgs

[213]

5.66, 11.45, 317.1, 1
(5.65, 22.90, 633.9, 2)
Prepared by floating zone melting

this

work

Sr4.6Lag.aNbsO15.06

4d0.07

5.66, 22.85, 634.1, 2

Prepared by floating zone melting

this
work

Sr5,yBay Nb4015
0<y<5

Sr5 Nb4015
Srz Bag Nb4015
Ba5 Nb4015

44°

Polycrystalline samples

Measurement of Raman and IR spectra
and dielectric constant €

5.63, 11.40, 312.9, 1, & = 40
5.76, 11.81, 339.3, 1, € = 50
5.79, 11.75, 341.1, 1, & = 38

[175)

Ba5 Nb4015

44°

5.80, 11.79, 343.5, 1 (y = 0)
Centrosym. space group P3m1 (No. 164)

Structure determined by Rietfield refinement
of neutron powder diffraction data

169

5.80, 11.79, 342.9, 1

Centrosym. space group P3m1 (No. 164)
Structure determined by single crystal XRD
Crystals grown by slow cooling of a melt

[239]

BasNbsO15_y
0<y<0.56

44°

4d0.28

Polycrystalline samples

Resistivity measurements between 80 K
and 300 K for y = 0.08, 0.13 and 0.56
shows semiconducting behavior

[168]

Table 54. m = 5 members of hexagonal A, By—103m.
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Composition

N

a,c(A), Vv (A3, 2z

Remarks / Special Features

CaLa4Ti4015

3d°

5.53, 11.02, 292.0, 1

SrLa4Ti4015

3d°

5.55, 11.07, 295.2, 1

BaLasTi4015

3d°

5.57, 11.23, 301.5, 1

5.57, 22.50, 605.0, 2
Centrosym. space group P3¢l (No. 165)
Structure determined by single crystal XRD

[70]

La5Ti4015

3d0.25

5.57, 21.99, 592.0, 2
Centrosym. space group P3cl (No. 165)

Structure of polycrystalline samples
determined by XRD end TEM

Physical properties are not reported

(19]
[171]

Structural study by TEM

[212]

LasTis.5sMgo.5015

3d°

5.56, 10.99, 294.7, 1

[54]

5.56, 10.99, 294.7, 1

Centrosym. space group P3m1 (No. 164)
Structural study by XRD and TEM

and dielectric measurements on
polycrystalline samples

Dielectric constant € = 38 (6 GHz, 25 °C)

[240]

La5T13F6015

3d°

5.57, 11.00, 294.6, 1
Centrosym. space group P3m1 (No. 164)

Table 55. m =5 titanates of hexagonal A, Bn—103m.




Published in Prog. Solid State Chem. 36 (2008) 253—387

Composition

N

a,c(A), Vv (A%, z

Remarks / Special Features

Ref.

SreNbsO1s.07

4d0.17

5.66, 41.33, 1148, 3

Prepared by floating zone melting
Quasi-2D metal at high 7" and metal-to-
semiconductor transition at 7'~ 160 K
according to resistivity measurements on
crystals and magnetic susceptibility

this

work

Srng4TiO 18

44°
3d°

5.64, 41.35, 1141, 3

Non-centrosym. space group R3m (No. 160)
Structure determined by single crystal XRD
Crystals grown by flux technique

5.65, 13.75, 380, 1
Structural study by TEM and powder XRD
on polycrystalline samples

[170]

Preparation by floating zone melting
impossible because material grows very
strongly out of the molten zone

this
work

Bae Nb4TiO 18

44°
3d°

5.79, 42.49, 1232, 3
Centrosym. space group R3m (No. 166)

Structure determined by Rietfield refinement
of neutron powder diffraction data

(41]

5.77, 42.43, 1224, 3
Prepared by floating zone melting

Presence of small amount(s) of other phase(s)

this

work

Bae Nb4 ZrO18

5.82, 42.63, 1251, 3
Centrosym. space group R3m (No. 166)

[190]

BasNba.5B’0.5018
B’ = Sc, In,
Yb, Tm, Lu

Lattice parameters available in Ref. [145]

[145]

Ba5 SI‘T&4 ZI‘Olg

5d°
44°

5.80, 42.54, 1240, 3
Centrosym. space group R3m (No. 166)

Structure of polycrystalline samples
determined by XRD and TEM

Table 56. m = 6 members of hexagonal A, Bpm—103m.
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Composition |N

a,c(A), Vv (A zZ

Remarks / Special Features

Bag La4Ti5 018 3d0

5.58, 41.18, 1112, 3

Centrosym. space group R3 (No. 148)
Structure determined by single crystal XRD
Crystals grown by flux technique

5.58, 41.09, 1108, 3

Prepared by floating zone melting

this
work

5.58, 41.14, 1111, 3
Polycrystalline sample
Dielectric constant € = 46 (~ 5 GHz, 25 °C)

[241]

Cag La4T15 018 3d0

5.52, 39.79, 1048, 3

[54]

LagTis 018 3d0'4

5.57, 39.56, 1062, 3

Structure of polycrystalline samples
determined by XRD end TEM

Physical properties are not reported

(19]

Structural study by TEM

[212]

LagTisMgO1s [3d°

5.57, 39.73, 1066, 3

Non-centrosym. space group R3m (No. 160)
Structural study by XRD and TEM

and dielectric measurements on
polycrystalline samples

Dielectric constant € = 34 (6.1 GHz, 25 °C)

[240]

5.57, 39.69, 1065, 3

LaeTigFez 018 3d0

5.57, 39.74, 1066, 3
Centrosym. space group R3m (No. 166)

Table 57. m = 6 titanates of hexagonal A, Bp—103m.
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Composition [N a,c(A), Vv (A%, z Ref.
Remarks / Special Features
Sr7NbeO2; [4d°3% |5.67, 48.36, 1347, 3 [194]
Centrosym. space group R3 (No. 148)
Structure determined by single crystal XRD
Crystals isolated from a sample
prepared by a laser heating technique
Physical properties are not reported
Preparation by floating zone melting this
resulted in a multiphase sample work
consisting of phases of the type
m="T7,m=06,m=>5+6 and Sro.sNbOs3
Ba;NbaTizO2; |4d®  [5.77, 49.49, 1425, 3 [146]
3d°  |Centrosym. space group R3m (No. 166)
Appears also in a modified crystal [233]
structure called twinned perovskite
BasNby5B0.5TiO21 [4d°  |Lattice parameters available in Ref. [146]  |[146]
B’ = Sc, In, |3d°
Yb, Tm, Lu
BagLaNb3TizOa [4d°  |5.71, 49.12, 1388, 3
3d°
BasSraTasZr2091 [5d°  |5.80, 49.60, 1445, 3 1]
4d®  |Centrosym. space group R3m (No. 166)

Structure of polycrystalline samples
determined by XRD end TEM

Table 58. m = 7 members of hexagonal A, Bpm—103m.
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Composition |N |a, ¢ (), V (A%), Z Ref.
Remarks / Special Features

BagNby 5Lug.5Tiz Q24 |4d° [Structure of polycrystalline samples |[233]
3d° |determined by XRD end TEM

Table 59. An m = 8 member of hexagonal A, Bn,—103m. According to Trolliard et
al. [233] the most other m = 8 compounds have a crystal structure which is somewhat
different from that sketched in Fig. 9 and 10. The interlayer region of this so-called
twinned perovskite structure consists of two partially occupied octahedra instead of
one fully vacant octahedra [233].
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Structure type |N a,c(A), Vv (A%, z Ref.
Formula Remarks / Special Features
Composition
m=5+6
A11B9033
Sr11NbgOss.g9 [4d%%° |5.66, 75.67, 2102, 3 this
Prepared by floating zone melting work
m=>5+6
A11B9033
BasSrsNbgOss.15 [4d%%® |5.69, 76.53, 2145, 3 this
Prepared by floating zone melting work
m=>5+6
A11B9033

Bai11NbgTiO3z3 [4d°  |5.78, 77.80, 2256, 3
3d° |Centrosym. space group R3m (No. 166)

Structure determined by Rietfield refinement |[217]
of XRD and neutron powder diffraction data

Structural study by a [20]
four-dimensional superspace approach
Structural study by TEM [232]
m=4+5
A9 B7027
BagNbeWO2r [4d°  [5.79, 63.41, 1843, 3 [98]
6d° |Centrosym. space group R3m (No. 166)
m=4+5
A9 B7027
LagTirOo7 |3d%1* [5.57, 118.4, 3175, 6 [19]

Centrosym. space group R3c (No. 167)

Structure of polycrystalline samples
determined by XRD end TEM

Physical properties are not reported

Table 60. Compounds with an ordered intergrowth of alternating layers of the type
m = m’ + (m’ + 1) of hexagonal A, By—103m.
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Fig.18. Photograph of two sintered polycrystalline rods. The length of the long rod
is 8 cm.
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a

Fig.19. Sketch of the arrangement of electrical contacts for resistivity measurements
in a four-point configuration at a plate-like crystal along the a-, b- and c-axis. V and
I denote the voltage and current contacts, respectively. In the case of a hexagonal
Ay Br—103p, crystal the in-plane V' and I contacts were prepared only along one
direction, e.g. along the a-axis. Photographs of a crystal with electrical contacts are
shown in Fig. 20 and 21.



Fig. 20. Photograph of a crystal prepared for a resistivity measurement along two
different directions within the ab-plane, usually along the a- and b-axis. The size of this
crystal is (1.7 x 1.7 x 0.3) mm®. At the four sides the current leads, 50 pm diameter
Au wire, are attached with silver paint. In the case of a hexagonal A,, By,—103m, crystal
only two current leads along one direction are necessary, e.g. along the a-axis. On the
top there are six voltage contacts, 25 um diameter Al wire, which were mechanically
fixed by ultrasonical bonding. Although one current direction requires only two voltage
contacts, the presence of more contacts can be very useful, e.g. if one of them fails.



Fig.21. Photograph of the same crystal as that presented in Fig. 20, but now with
contacts for a resistivity measurement perpendicular to the layers. Shown is one of the
both sides with two contacts which were prepared by silver paint and 50 um diameter
Au wire. The U-like shape is used as current contact and the other in the middle as
voltage contact. There are two corresponding contacts on the other side of the crystal.
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Fig.22. Photographs of the light green transparent insulator BaLasTizO10 (k = 3 of
A’Ap—1BrOsk+1) grown with a zone speed of 15 mm/h. The layers grow parallel to
the longitudinal cylinder axis. Medium size and flat platelets can be found by cleaving
the as-grown sample.

(a) Part of the as-grown sample.

(b) Plate-like crystal obtained by cleaving the as-grown sample.

7 mm
AR

Fig.23. Photographs of the black-blue anisotropic 3D metal BaCag.¢LLag.4Nb2O7.00
(k = 2 of A’Ag_1BrOsk+1) grown with a zone speed of 15 mm/h. The layers grow
parallel to the longitudinal cylinder axis. Medium size and flat platelets can be found
by cleaving the as-grown sample.

(a) Part of the as-grown sample.

(b) Plate-like crystal obtained by cleaving the as-grown sample.
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(a)

45 mm

A
v

Fig. 24. Photographs of black-blue CasEuNbsO17 = Cag.sEuo.2NbO3 40 (n = 5 of
AnBrOspnt2 = ABO,) grown with a zone speed of 15 mm/h. The layers grow parallel
to the longitudinal cylinder axis. Large size and flat platelets can be found by cleaving
the as-grown sample.

(a) The whole as-grown sample including the polycrystalline seed rod.

(b) Part of the as-grown sample.

(c) Plate-like crystal obtained by cleaving the as-grown sample.
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(@)

Fig.25. Photographs of the faintly pink transparent insulator SrpLaTazOi1 =
Sro.67Lao.33TaOs.67 (n = 3 of ApByOsny2 = ABO,) grown with a zone speed of
15 mm/h. This is an example of a composition which does not lead to large or medium
size crystals. Only small and irregular shaped crystals were found by cleaving the as-
grown sample.

(a) Part of the as-grown sample.

(b) A small piece obtained by cleaving the as-grown sample.
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Fig. 26. Photographs of a part of the as-grown sample of three black, electrical con-
ductive compounds which were grown with a zone speed of 15 mm/h.

(a) CeTiO3.40 , n =5 of ApBpOspt2 = ABO,. This is an example of materials which
are difficult to synthesize with respect to the oxygen content. In this case the difficulty
is related to the peculiarities associated with one of the starting materials, namely
CGOQ.

(b) SmTiOs.37 , n = 5 of A,ByO3sn12 = ABO,. This is one of the few examples of
an A, B,Osnt2 compound in a system where the end members are not of the type
ApBnOgnt2. In this case the system is SmTiO, whose end members are SmTiO3 with
perovskite structure and SmTiOs3 59 with pyrochlore structure.

(¢) Lag.6Cag.4Tio.sNbo.4O3.40 , significantly non-stoichiometric n = 4 of A, B,O3zn42
= ABO,. This is an example of a composition which does not lead to crystals of
appreciable size. It has a polycrystalline appearance.
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Fig.27. Photographs of the light yellow transparent insulator SrsNbsO15 (m = 5 of
AmBm-103m) grown with a zone speed of 15 mm/h. The layers grow approximately
parallel to the longitudinal cylinder axis. Medium size and flat platelets can be found
by cleaving the as-grown sample.

(a) Part of the as-grown sample.

(b) Plate-like crystal obtained by cleaving the as-grown sample.

(a) (b)

2 mm

Fig.28. Photographs of the black-blue quasi-2D metal SrgNbsO1s.07 (m = 6 of
A Br—103m) grown with a zone speed of 8 mm/h. The layers grow 45° inclined
to the longitudinal cylinder axis. Medium size platelets can be found by cleaving the
as-grown sample.

(a) Part of the as-grown sample.

(b) Plate-like crystal obtained by cleaving the as-grown sample.
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Fig. 29. Photographs of two brown-black insulators which were grown with a zone
speed of 15 mm /h and whose structure is not of the type A’ Ax—1BrOsk+1 , AnBrOsnio
or A Bm—103m. They were prepared for magnetic measurements, see Figure 67.

(a) Plate-like crystal of LaSrFeO4 which was obtained by cleaving the as-grown sample.
It is an j = 1 Ruddlesden-Popper phase A;4+1B;03;541.

(b) Part of the as-grown sample of LaFeO3s with orthorhombically distorted perovskite
structure.
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(a) 3 mm

Fig. 30. Photographs of a part of the as-grown sample of two transparent insulators
whose structure is not of the type A’ Ax_1BrOsk+1 , AnBnOsni2 or Ay Brm—103m.
(a) Yellow SmTiO3.50 with pyrochlore structure, grown with a zone speed of 15 mm/h.
(b) Pink EuNbO4 with fergusonite structure, grown with a zone speed of 10 mm/h.
They were prepared for magnetic measurements, see Fig. 51 and 54, and SmTiOs3 50
also for structural studies, see Table 61.



Fig. 31. Dark/bright-inverted Laue image perpendicular to the ab-plane of a plate-like
crystal of orthorhombic BaCag.sLao.aNb2O7.00 (K = 2 of A’A,_1BxOsk41). Because
the lattice parameters a = 3.99A and b/2 = (7.80/2) A = 3.90A are close to each other,
the outlined rectangle with the aspect ratio a=*/(b/2) ™" = 1.02 appears practically as
a square. Therefore it was impossible to distinguish between the a- and b-direction. In
the case of a doubled axis the observed diffraction spots are probably related to the
simple axis because those spots related to the superstructure are usually much weaker
and therefore not visible.
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Fig. 32. Laue image perpendicular to the ab-plane of a plate-like crystal of monoclinic
PrTiOs.41 (n =5 of AnBnOsznt2 = ABO,). The aspect ratio of the outlined rectangle
corresponds to the lattice parameter ratio (a/2)~' /b~ = [(7.85/2) A]7'/[5.52 A]~! =
1.41 ~ /2 but also b~ /o™ = (5.52 A)71/(7.85 A)™* = 1.41 ~ /2 leads to the same
result. The determination of the a- and b-direction by the first relation is in accordance
with measurements of the resistivity p because then p, < py was observed. Probably the
observed diffraction spots are related to the simple a-axis because those spots related
to the superstructure of the doubled a-axis are usually much weaker and therefore not
visible.
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Fig. 33. Laue image perpendicular to the ab-plane of a plate-like crystal of hexagonal
Sr11NbgO33.09 (m =546 of AmBm7103m).
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Fig.34. Thermogravimetric behavior of the oxidation of some reduced niobates.

Shown is the relative specimen mass, (m + dm)/m, as function of temperature T
The specimen were heated in static air from room temperature to 995°C with a rate of
10°C/min fOI“ Bacaszgolo,()? (k = 3 Of AlAk_lBkOyH_l) and Sr5Nb5017,04 (n = 5
of ApBnOsny2) and 9°C/min for SreNbsO1s.07 (m

=6 Of AmBmflogm).
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Fig. 35. Two examples of the thermogravimetric oxidation of compounds with Ce®*"
or Eu?" at the A site of A, BnOsni2 = ABO, , namely the n = 5 titanate CeTiO3.40
and the n = 5 niobate Cag.sEup.2NbO3.40 . Shown is the relative specimen mass,
(m + ém)/m, as function of temperature 7. The specimen were heated in static air
from room temperature to 995°C with a rate of 9°C/min. The oxidation not only
implies Ti®8* — Ti**t and Nb*8+t — Nb5F but also Ce®™ — Ce't and Eu?T — Eu?T,
respectively.
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Fig. 36. Powder XRD pattern of orthorhombic & = 2 and k = 3 niobates and an k = 2
tantalate. Most of the observed peaks fit to an orthorhombic A’ Aj_1 BxOsp41 structure.
For clarity only a few peaks are indexed. The small peaks labelled by an arrow and a
question mark do not fit to the A’ Ap_1BrO3x41 structure and may therefore indicate
the presence of a small amount of impurity phase(s). The peak labelling of the k = 2
tantalate BaCaTagz O~ refers to a lattice parameter refinement with a simple a-axis and
a body centered cell as obtained from single crystal XRD by Ebbinghaus [43].
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Fig. 37. Molar magnetic susceptibility y as function of temperature 7" in low fields H <
1000 G of some A’ Ap_1Br0O31+1 compounds with A" = Ba. To facilitate a comparison,
the molar susceptibility is normalized to 1 mol B, i.e. to the formula BayA,_,BO,
with B = Nb or Ti.
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Fig. 38. Log-linear plot of the resistivity p versus temperature T of the k = 2 niobate
BaCag.¢Lao.aNb207.00 along the a-, b- and c-axis. Because the lattice parameters a =
3.99A and b/2 = (7.80/2) A = 3.90 A are close to each other, a distinction between the
a- and b-axis by Laue images was not possible, see Fig. 31.
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Fig. 39. Log-linear plot of the resistivity p(7T') of the k = 3 niobate BaCazNbsO10.07
along the a-, b- and c-axis. Because the lattice parameters a = 7.67 A and b = 7.77 A
are close to each other, a distinction between the a- and b-axis by Laue images was not
possible.



LnTiO,, [Structure a,b,c[A,B[°]| V |Z|V/Z|A(V/Z)|Ref.
type A% | |[A%]] [A?)
YbTiOs3.39 |Pyrochlore, 10.03, 90| 1008 |16 |63.0 this
no indica- work
ions for
Aan03n+2
YbTiOs3.50 |Pyrochlore 10.03, 901009 |16 |63.1 [179]
GdTiOs3.39 |Multiphase: this
pyrochlore, work
GdTiOs3.34 |perovskite
and ? but
no indica-
tions for
Aan03n+2
GdTiOs3.50 |Pyrochlore 10.23, 90| 1070 |16 | 66.9 [179]
Pyrochlore 10.21, 90| 1063 |16 | 66.4 this
work
EuTiOs3.50 |Pyrochlore 10.18, 90 | 1055 |16 | 65.9
1.2 [210]
n =4 (hps) |7.55, 5.39, 12.86, 98.3 |517.8 | 8 |64.7
Pyrochlore 10.20, 90 | 1061 |16 | 66.3
SmTiOg,50 1.3 [219]
n =4 (hps) |7.56, 5.39, 12.90, 98.5(519.9| 8 |65.0
SmTiO3 50 [Pyrochlore 10.24, 901072 |16 | 67.0 this
0.8 |work
SmTiOs.37 [n =5 7.80, 5.52, 30.93, 96.1 {1323 |20 |66.2
SmooLag1 |n =4 7.63, 5.43, 12.99, 98.5|532.1| 8 |66.5
TiOs3.50
Gdo.5Pros|n=4 7.63, 5.43, 13.00, 98.4 |532.8 | 8 |66.6
TiOs3.50
NdTiOs3.50 [n =4 7.67, 5.46, 12.99, 98.5|538.2| 8 |67.3
NdTiO, |AnBrOsnyo [32,102]
[186,188]
331 <x this
x < 3.50 work

Table 61. Structure type and atomic packing density V/Z of some titanates LnTiO,.
Presented are the lattice parameters a, b, ¢, B, V and the number of formula units
Z per unit cell. hps stands for high pressure synthesis. The pyrochlore structure is
cubic and n refers to a monoclinic A, B,Osn2 structure. A(V/Z) is the difference of
the atomic packing density between the pyrochlore and the A,, B, O3,12 structure. See
also Table 62.
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ABO, |Structure a,b,c[A],B[°]| V |Z|V/Z|Ref.
type [AS] [Ag]
Smg.67Cag.33TiO3.33 [n = 6 7.63, 5.41, 36.88, 96.0 | 1514 |24 |63.1 |this
work
3.81, 5.42, 36.73, 90 |759.0 |12 | 63.3 |[55]
Ndo.67Ca0.33TiO3.33 |n = 6 7.66, 5.44, 36.64, 90 | 1526 |24 |63.6 |[153]
SmTio.8V0.203.39 [n =5 7.79, 5.50, 30.90, 95.9 | 1317 |20 | 65.9 |this
work
NdTio.sFeo.203.40 |n = 5 7.80, 5.47, 30.72, 95.9 | 1303 |20 | 65.2 |this
work
7.67, 5.44, 31.42, 97.0 [ 1302 |20 | 65.1 |[227]
NdTig.8Alp.203.40 [n =5 7.80, 5.49, 30.92, 96.5 | 1315 |20 | 65.8 |this
work
NdTiOs.31 |n =5 7.82, 5.50, 30.86, 96.5 | 1318 |20 |65.9 |work
Ndo.95TiO3.34 |n =5 7.78, 5.47, 31.50, 96.0 [ 1332 |20 | 66.6
Cag.5Lag.5sNbOgs 5 [pyrochlore 10.50, 90 | 1158 |16 | 72.4 |[42]
Cag.sLag.2NbO3 51 |n =4 3.90, 5.50, 26.25, 90 (562.9 | 8 | 70.3 |[127]
CaNbO3.50 * [pyrochlore 10.44, 90| 1138 |16 | 71.1 |[123]
CaNbOsz.50 [n =4 7.69, 5.50, 13.37, 98.3 [558.9 | 8 |69.9 |this
Pro.6Cap.4Tio.6Nbg.4O3.50 |pyrochlore 10.36, 90 | 1111 |16 [69.4 |work
PrTiO3z.50 |n = 4 7.69, 5.47, 12.99, 98.4 [540.7 | 8 |67.6
SmTip.67Ta0.3303.67 |pyrochlore 10.29, 90 [ 1090 |16 | 68.1 |[223]
PrTip.67Tao.3303.67 |n =3 3.87, 5.51, 20.30, 90 |432.0| 6 |72.0

Table 62. Structure type and atomic packing density V/Z of some compounds ABO,
whose tendency to crystallize in an A,, B, O3n42 or a pyrochlore structure is close to
each other. Presented are the lattice parameters a, b, ¢, B, V and the number of formula
units Z per unit cell. The pyrochlore structure is cubic and n refers to a orthorhombic
or monoclinic A, B,Osn42 structure. See also Table 61. 1Prepared by hydrothermal
synthesis.
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Fig.40. Powder XRD pattern of Pri_,CayTii—yNb,O3z50 (0 < y < 1) for y = 0,
0.4 and 1. The end members PrTiOs.50 (y = 0) and CaNbOs.50 (y = 1) display an
n = 4 structure, whereas a certain range of intermediate compositions crystallize in
the pyrochlore structure, e.g. for y = 0.4. See also Table 62. For both n = 4 phases
and the pyrochlore compound all observed peaks fit to a monoclinic n = 4 and a cubic
pyrochlore structure, respectively. For clarity only a few peaks are indexed. Note that
the structure of the related y = 0.4 composition Lag.¢Cao.4Ti0.6Nbo.4Os.50 is of the
type n = 4, see Figure 42.
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Fig. 41. Powder XRD pattern of SmTiO,. For z = 3.50 and = = 3.37 all observed
peaks fit to a cubic pyrochlore and a monoclinic n = 5 structure, respectively. For =
= 3.44 (light grey pattern) the material consists of two phases, pyrochlore and n = 5,
and there are no indications for the presence of an n = 4.5 type phase. For clarity only
a few peaks are indexed.
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Fig.42. Powder XRD pattern of monoclinic Lag.sCag.4Tio.6Nbo.4O,. Also for x =
3.40, which is usually of the type n = 5, an n = 4 structure is observed. All observed
peaks fit to a monoclinic n = 4 type structure. For clarity only a few peaks are indexed.

Note that structure type of the related compound Prg.¢Cag.4Tio.6Nbo.4O3.50 is not
n = 4 but pyrochlore, see Figure 40.
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Fig. 43. Powder XRD pattern of monoclinic n = 5 titanates, three significantly non-
stoichiometric compounds Ag.95TiO3.40—y (0 < y < 0.19) and nearly stoichiometric
LaTiOs.41. The ideal n = 5 composition is ATiO3.40. All observed peaks fit to a
monoclinic n = 5 structure. For clarity only a few peaks are indexed. The unit cell
volume V is also provided. The dotted lines at 20 = 31.9° and 32.2° display the position
of the highest intensity peak of the orthorhombic perovskite LaTiOs.00 (n = o0) and
LaTi03_20 = Lao_94TiQ,9403_QQ (n = OO)7 respectively [117,124,126,127] There are no
peaks detected at these both positions.
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Fig. 44. Sketch of the idealized crystal structure of STNbQO3s.2 = SrsNbsO16 and some
features of its Nb—O polyhedra. The way of drawing is analogous to that of Fig. 6
and 15. Along the c-axis the layers are five NbOg polyhedra thick, namely four NbOsg
octahedra and one NbOy4 polyhedron. The circles represent the Sr ions. Shown are the
percentage values of the Nb—O polyhedra distortions in bold numbers after Eq. (1),
the number of different Nb—O bond lengths per polyhedron in parenthesis, and the
distribution of Nb>* and Nb** according to a computed Coulomb contribution of the
lattice energy. The data were calculated or taken from the results of a crystallographic
study on StNbOs.2 by Schiickel and Miiller-Buschbaum [193]. StNbO3.2 = SrsNbsO16
can be considered as an oxygen-deficient n = 5 structure of A, B, Oznt+2 = ABO, , i.e.
SrsNbs017-4 = SrNbOgs 4_5 with A = 1 and § = 0.2, whereby the oxygen vacancies
are fully ordered and located in one of the both boundary regions of the layers.
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Fig.45. Log-linear plot of the resistivity p(7) of the monoclinic n = 5 titanates
PrTiOs.41 and LaTiOs 41 along the a- and b-axis and perpendicular to the ab-plane.
The data of LaTiO3.41 are from Ref. [127].
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Fig.46. Log-linear plot of the resistivity p(7') along the a-, b- and c-axis of two
significantly non-stoichiometric orthorhombic n = 5 compounds Srg.95 80337 with B
= Nb and B = Nbg.g9Tap.1. The data for Sro.9sNbOs3.37 are from Ref. [127].
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Nb4+ Ta5+
VAt Mn** Nb**
Ion [Ti3T V3t |VZH  |Mn3T [Fe?t |TitT
4d* 5d°
Electronic |3d! 44°
configuration [3d'  [3d® |3d® [3d* [3d5% |[3d°
Multiplet
ground state
2Ly P Dajs |PF2 [*Fas2 |°Do [Ss2 |"So
g2t 2t ]2t |2t |2 -
qen [us] t[1.73 1]2.83 1{3.87 1 {4.90 [5.90 |0

159

Table 63. Magnetic properties of some transition metal ions after Ref. [104]. Recall
that L = S, P, D, F, G, H, I stands for L. = 0, 1, 2, 3, 4, 5, 6, respectively. g is the
free-ion Lande factor after Eq. (19). i is the theoretical free-ion value of the effective
magnetic moment in units of the Bohr magneton pp after Eq. (18). *Spin-only value,
i.e. L =0 and thus J = S, because in solids the orbital angular momentum L of the d
elements is usually quenched by the crystal field.
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Cett Eu’®t
Ion |La®t [Ce3t |Pr3T [NA3T [Sm®t [Eu®t |Gd3F | YB3t

Electronic
configuration |4f0 [4f1  [4f2 |4f3  |4f>  |4f6 |4f7  |4f '3

Multiplet
ground state

Ly "So [*Fsy2 |*Ha [*loy2 |*Hsy2 |"Fo  |*S7/2 |°Fry2

gl— [6/7 |4/5 |8/11 [2/7 |- |2 87
@ [UB]|0  |2.54 |3.58 [3.62 [0.84 |0 7.94 |4.54
A K] 3150 (3100 2750 |1450 [500 |— 2 |14800
xv [107% emu 45 |97 |174 (739 [6000 |— |8
G~! mol™']
€107 K] 56 |61 |106 [8276 |oo ' |— |3
in
xv/xc =¢&T

Table 64. Magnetic properties of some rare earth ions after Ref. [89,104]. Recall
that L = S, P, D, F, G, H, I stands for L = 0, 1, 2, 3, 4, 5, 6, respectively. g is the
free-ion Lande factor after Eq. (19). g is the theoretical free-ion value of the effective
magnetic moment in units of the Bohr magneton up after Eq. (18). A is the energy
difference between the first excited state 25+1LJ+1 and the ground state 25+ of
the multiplet. gy is the molar Van Vleck paramagnetic susceptibility after Eq. (14).
The parameter £ = 25(L + 1)/[g>J(J + 1)?A], when multiplied with the temperature
T, represents the ratio of the temperature-independent Van Vleck susceptibility yv to
the Curie susceptibility xc = C/T. 'Here £ = oo indicates symbolically the exclusive
presence of the Van Vleck paramagnetism because the Curie susceptibility is absent
owing to J = 0. 2Due to L = 0 there is no spin-orbit interaction and therefore A does
not exist because the different levels of a multiplet arise from the spin-orbit coupling.
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Fig. 47. Log-linear plot of the molar magnetic susceptibility ¥ (7) in a field of H =

500 G of titanates Ce1—, TiO, with y = 0 or y = 0.05. For T > 100 K the susceptibility
fits well to the Curie-Weiss function C'/(T — 0), see Fig. 52 and Table 65.
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Fig. 48. Molar magnetic susceptibility %(7") in a field of H = 500 G of some compounds
PrBO,. For T' > 100 K the susceptibility fits well to the Curie-Weiss function C/(T—6),

see Fig. 59 as well as Table 66 and 69. The resistivity p(7") of PrTiOs.41 is shown in
Figure 45.
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Fig.49. Log-linear plot of the molar magnetic susceptibility x(7) in a field of H =

500 G of titanates Ndi_,BO, with y = 0 or y = 0.05. For T' > 100 K the susceptibility
fits well to the Curie-Weiss function C/(T — 0), see Fig. 50 and Table 67.
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Fig. 50. Inverse molar magnetic susceptibility x(7) " in a field of H = 500 G of some
ApBpOsznq2 or pyrochlore compounds Lny—,BO, with y = 0 or y = 0.05. For 7" > 100
K the susceptibility x(7') fits well to the Curie-Weiss function C'/(T — 8), see Table 67
and 68.
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Fig.51. Log-linear plot of the molar magnetic susceptibility ¥(7) in low fields H <
500G of some compounds ABO, with A, B,,O3sy,+2, pyrochlore or fergusonite structure
and Sm at the A site. Some curves of x(7) "' are shown in Figure 52.
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Fig. 52. Inverse molar magnetic susceptibility x(7) " in a field of H = 500 G of some
titanates LnTiO, with Ln = La, Ce, Sm and/or Yb. For 7' > 100 K and > 200 K the
susceptibility of CeTiO3.40 and Lag.76Ceo.12 Ybo.12TiOs3.4, respectively, fits well to the
Curie-Weiss function C/(T — 8), see Table 65. There is no Curie-Weiss behavior for

T
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SmT103,37 and Smo,gLaQ,1T103,5o. For Ceo,ssmo,5T103,5o see also Figure 53.
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Fig.53. Inverse molar magnetic susceptibility x(7)~! in a field of H = 500 G of
the n = 4 insulators Ceo.5Smgo.5TiO3.50 , CeTiO3.51 and Smg.g9Lao.1TiO3.50. The lin-
ear temperature dependence of y(T)™! of Cey.5Smo.5TiO3.50 at high T suggests the
presence of a Curie-Weiss behavior. However, to a good approximation x (7)™ of
Ceo.55mo.5TiO3.50 results from the inverse of the molar weighted sum of x(7T") of
CeT103,51 and Smo,gLao,lTi03,5o (056 x 0.9 = 05)
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Fig.54. Log-linear plot of the molar magnetic susceptibility ¥ (7)) in low fields H <
500 G of A1—yBO, (y = 0 or y = 0.05) with fergusonite, pyrochlore or A,B,O3n42
structure and Eu at the A site. The susceptibility of the n = 4.5 and n = 5 niobates
fits well to the Curie-Weiss function C'/(T — ) and indicates that Eu is in the valence
state Eu®", see Fig. 55 and Table 68. In spite of J = 0 for Eu®" (see Table 64) the
susceptibility of the Eu®* compounds is paramagnetic and temperature-independent
at low T'. This reflects the presence of the Van Vleck paramagnetism.
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Fig. 55. Inverse molar magnetic susceptibility x(7") ! in a field of H = 500G of n = 5
niobates Cai—,EuyNbO,. In the whole temperature range the susceptibility fits well
to the Curie-Weiss function C'/(T — 6) and indicates that Eu is in the valence state
Eu’T, see Table 68.
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Fig.56. Log-linear plot of the molar magnetic susceptibility x(7') in fields of H
< 500 G of some titanates LnTiO,: The n = 5 electrical conductors CeTiO3z 49
(3d°2%), PrTiOz.41 (3d°'®), NdTiO3.42 (3d°'%), SmTiO3.37 (3d°2%), and the insu-
lator EuTiO3 50 (3d0) with pyrochlore structure. The susceptibility results predomi-
nantly from the paramagnetic moments of the rare earth ions Ln®T. Therefore this
plot represents a comparison of the magnitude and the temperature dependence of
x(T) resulting from Ce®*T, Pr¥* Nd**, Sm®*" and Eu®t. J is the quantum number of
the total angular momentum of Ln®* and ¢ the associated theoretical free-ion value
of the effective magnetic moment, see Table 64. The susceptibility of the Ce®**, Pr3t
and Nd** titanates displays a Curie-Weiss behavior, see Fig. 52, 59 and Table 65, 67
and 69. The susceptibility of SmTiO3 37 is markedly influenced by the Van Vleck type
paramagnetism, see Table 64 and also Fig. 51 and 52. The paramagnetic susceptibility
of EuTiOs3 .50 results exclusively from the Van Vleck type paramagnetism, see Table 64
and also Fig. 54.
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Compound C 0 R? |peap |ptn [UB]

structure type , N [emu G™ K K] [us] [of Ln3*T
(mol Lny—,TiOz) ™)

Ceo.5ProsTiOs.4 2 1.154 —45 10.9999 (3.04 | 3.10

n=>5,3d%2

CEQ,5PI‘0,5Ti03,5Q 1201 —36 09999 310

n=4,3d°

CeTiOs3 40 0.877 — 82 (0.9998 |12.65 | 2.54

n=>5,3d%%°

CeTiO3.47 ! 0.749 —43 |0.9987 |2.45

n =4.33 , 3d%%

Ceq.95Ti03.39 0.809 —98 [0.9999 [2.54 | 2.48

n =4.33 , 3d%%7

CeTiO3 51 0.957 — 108 10.9998 |2.77 | 2.54

n=4,3d"

Lag5Ceo5TiOs.4 ' ° 0.470 —85 (0.9997 [1.94| 1.80

n=>5,3d%2

Lao,67ceo,33Ti03,5o ! 0.279 — 89 10.9999 (1.49 1.46

n=4,3d°

La0,76Ce0,12Yb0,12Ti03,4 2 0415 — 164 09992 182 180

n=>5,3d%2

Table 65. Results of fitting the molar magnetic susceptibility x(7") of Lni—,TiO,
with y = 0 or y = 0.05 to the Curie-Weiss function C'/(T — 0). The fit was performed
in the range T' > 100K (> 200K for Lag.76Ceo.12Ybo.12TiO3.4). Some curves of x(T)
or x(T) ™" are shown in Fig. 47, 52 and 56. R* describes the goodness of the fit. pesp is
the experimentally determined effective magnetic moment after Eq. (15) and (16). pin
is the corresponding theoretical value resulting from Ln>" after Eq. (17) and Table 64.
!Compound reported in Ref. [127]. ?Because a thermogravimetric determination of x
was not possible, as discussed in Ref. [127] for Lag.5Ceo.5TiO3.4 , the ideal n = 5 value
x = 3.4 was assigned.
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R2

Compound C 0 Deaxp |Dth [UB]

structure type , N [emu Gt K |[K] [us] [of Prét
(mol ABO,)™)

Pro6Cap.4Tio.sNbp 40350 0.900 —5210.9996 (2.68 | 2.77

pyrochlore , 3d°, 4d°

PrTaOq4 1.820 —3510.9999 (3.81 | 3.58

n=2,3d"

PrTiOs 50 1.784 —151(0.9996 [3.78

n=4,3d°

PrTiOs3 33 1.634 —4710.9998 |3.61

n=>5, 3403

PrO; 50 —-73 3.59

C-rare earth (bixbyite) , —

Table 66. Results of fitting the molar magnetic susceptibility (7") of some ABO,
materials with Pr at the A site to the Curie-Weiss function C/(T — 6). The fit was
performed in the range 7" > 100 K (> 200 K for the pyrochlore compound). Some
curves of y(T) are shown in Figure 48. R? describes the goodness of the fit. pesy is the
experimentally determined effective magnetic moment after Eq. (15) and (16). psp is
the corresponding theoretical value resulting from Pr®" after Eq. (17) and Table 64.
For the sake of comparison the values of ProOs = PrO1 50 are also presented, after Ref.

[99]. For data of further Pr compounds see Table 69.
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Compound C 0 R? |pewp| pen | ptn [UB]

structure type , N [emu G™ K K] [uB]| [us] | of NA*T
(mol Ndi_y BO,) ™) of |and Ti*"

Nd3* |(or Fe*T)

NdTiOs3 31 1.794 —301(0.9992 [3.79| 3.62 | 3.77*!

n=5,3d"%

Ndo.95TiO3.34 1.657 —601(0.9992 [3.64| 3.53 | 3.60*

n=>5,3d""

NdTiO3 42 1.713 —2810.9993 [3.70 | 3.62 | 3.69 *

n=>5,3d"'

NdTio.8Alp.203.40 1.652 —100.9999 |3.63 | 3.62

n=>5,3d’

NdTio.sFeo.203.40 2.233 —16|0.9998 |4.23 | 3.62 4.41

n=>5,3d°

NdTiO3.50 1.619 —4710.9992 |3.60 | 3.62

n=4,3d°

173

Table 67. Results of fitting the molar magnetic susceptibility x(7") of Ndi_,BO.
with y = 0 or y = 0.05 to the Curie-Weiss function C'/(T' — 0). The fit was performed
in the range T > 100K (100K < T < 350K for NdTig.sFeo.203.40). Some curves of

x(T) or x(T)~

1 are shown in Fig. 49, 50 and 56. R? describes the goodness of the fit.

Dexp is the experimentally determined effective magnetic moment after Eq. (15) and

(16). pen is the corresponding theoretical value resulting from N

d3+

as well as from

Nd** and Ti** (or Fe®") after Eq. (17) and Table 63 and 64. 'In this case G1 in Eq.
(17) corresponds to the amount of T i*T per Ti resulting from charge neutrality which
is equal to the nominal number of 3d electrons per Ti.
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Compound C 0 R? |pesp| Din Den [UB]

structure type , N [emu G™ K K] s]| [us] |of Ln*T
(mol A1_,BO;)™] of Ln** |and Ti**

or Eu?"

YbTiOs. 39 2.778 —1021(0.9995 |4.71| 4.54 4611

pyrochlore , 3d°-22

Gdo.5Pro5TiOs3.50 4.622 —3 |0.9998 [6.08| 6.16

n=4,3d°

SI‘Q_75EUQ_2Nb03_41 1.584 — 0.4 {0.9999 |3.56 3.55

n=45,4d°%%

Cag.sEup.2NbOs3 49 1.594 —0.50.9998 [3.57| 3.55

n=>5,4d%*

Cao.91Eu.00NbO3 41 0.686 —1.410.9999 |2.34 | 2.38

n=>5,4d""

Table 68. Results of fitting the molar magnetic susceptibility % (7") of A1—,BO,
(y =0 or y = 0.05) with some of the heavier Ln ions at the A site to the Curie-Weiss
function C'/(T" — 0). The fit was performed in the range 7' > 100K (> 200K for the
pyrochlore compound). Some curves of %(T) or (7)™ ! are shown in Fig. 50, 54, 55
and 56. R? describes the goodness of the fit. Pezp is the experimentally determined
effective magnetic moment after Eq. (15) and (16). pyp, is the corresponding theoretical
value resulting from Ln®" or Eu®" as well as from Ln®*" and Ti** after Eq. (17) and
Table 63 and 64. *In this case G; in Eq. (17) corresponds to the amount of Ti* per Ti
resulting from charge neutrality which is equal to the nominal number of 3d electrons

per Ti.
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Fig.57. Difference of the molar magnetic susceptibility, Ax(T"), between the n = 5
electrical conductor LnTiOz4 (= 3d°?) and the corresponding n = 5 insulator
InTiggAlp.203.40 (3d0) for Ln = Pr and Nd. See also Fig. 48, 49 and 58.
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Fig.58. Molar magnetic susceptibility x(7") in a field of H = 500 G of n = 5 ti-

tanates: The insulator PrTig.sAlg.

203.40 ()2), the quasi-1D metal PrTiOs.41 (1), their

difference 1 — %2 , and the 220-fold of the quasi-1D metal LaTiO3.41 (x3). Also shown
is the artificially constructed function y4(7"). For LaTiO3s.41 the curve (a) displays the
as-measured susceptibility and (b) that obtained by subtracting from (a) the Curie con-
tribution from paramagnetic impurities which dominate the low T behavior, see Table
69. For T' > 100K the curves x1(T"), x2(T) and y4(7T') fit well to the Curie-Weiss function
C/(T —0), see Fig. 59 and Table 69. The function y4(T") (a,b) represents an attempt to
describe the behavior of PrTiOs.41 by that of LaTiO3.41 (a,b) and PrTip.sAlp.203.40.
See also Fig. 59, Table 69 and text. The parameter f in x4(7) was determined to f =
[1.3836 (a) or 1.4089 (b)] x 10° K emu~! G mol, simply by the requirement x4(T") =

x1(T) at T = 390 K.



Published in Prog. Solid State Chem. 36 (2008) 253—387 177

3
4 o g, =[T-0,+fy,(T/C,

> ] . 0.18 1
% 1——PrTi0,,, 3d"" (x,)
o o
©
£
(D -
2
o 14
‘©
— ) a " . 0 -1
T Z*I*PrTIO.SAIO.ZOMO 3d (Xz )

04 T T T T T T T

0 100 200 300 400
T [K]

Fig. 59. Inverse molar magnetic susceptibility %(7) ' of n = 5 titanates: The insulator
PrTip.sAlg.203.40 (xgl) and the quasi-1D metal PrTiOgz.41 (Xfl). Also shown is the
version (a) of the artificially constructed function y4(7)™'. For T' > 100 K the curves
fit well to the inverse Curie-Weiss function x~! = (T — 0)/C. The function y4(T)
represents an attempt to describe the behavior of PrTiOs 41 by that of LaTiOgz.41 and
PrTio.sAlp.203.40. See Fig. 58, Table 69 and text.
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No. |Compound Fit D; C; 0; R? Pexp | Dth
i |structure type , N range | [emu |[K emu| [K] ws] |[us]
TIK| G |7t of

mol '] |mol ™ pr3t

2 |PrTio.sAlp.20s3.40 >100( O 1.779 |—24 ]0.9998 |3.77

n=2>5,3d°

1 |PrTiOs.a >100| 0 [1.627 |-56 [0.9988 |3.61 |3.58
n=>5,3d%®

4 |yxa(T) = >100| 0 [1.650 @ |—56 “|0.9999 ®[3.63 *
Co /[T — 02 + f x3(T)] 1.622 % |—50 °{0.9999 ® [3.60 °

Fx3(390K) = 66 K*°®
Fxs(100K) = 44K ®
Fyxs(100K) = 41K®
3 |LaTiO3.41 <20 | 3.03 [3.37 |0 0.9998
n=>5,3d%%® x1076 |x10~*

Table 69. Results of fitting the molar magnetic susceptibility ¥(7T) of PrBO, ,
LaTiO3.41 and y4(T) to the function D; + C;/(T — 6;). See also Fig. 48, 58 and 59.
R? describes the goodness of the fit. pesp is the experimentally determined effective
magnetic moment after Eq. (15) and (16). psn, = qen is the corresponding theoretical
value resulting from Pr®' after Table 64. The artificially constructed function y4(7)
represents an attempt to describe the behavior of the quasi-1D metal PrTiOs3.41 by
that of the quasi-1D metal LaTiO3 41 and the insulator PrTip.sAlg.2O0s3.40 , see Fig. 58
and 59. The different results (a) and (b) for x4(T") refer to different x3(7") curves of
LaTiOs3.41, namely (a) the as-measured and (b) that obtained by subtracting from (a)
the Curie contribution C3/T from impurities which dominate the low T' behavior, see
Fig. 58. The parameter f in y4(7T") was determined to f = [1.384 (a) or 1.409 (b)] x
10° K emu™"! G mol, simply by the requirement x4(T") = x1(T) at T = 390 K. For data
of further Pr compounds see Table 66.



Published in Prog. Solid State Chem. 36 (2008) 253—387 179

12
5 R’ = 0.9993
S — aA
o 0=-93K NG
< g4 €=0.054emu G Kmol AAA‘ .
= P, = 0.66 y AT et
A N
o p, =0.73 ke
/ AN
=~ 6 -1 A"AAAAA
E‘ —A— y R ‘:QAAA
:'(:: —A— (X - Xdia) A‘ZQAAA
a AN
3 3- Aﬁﬁﬁﬁ I‘aT'o 8Nb0.203 51
>
£
0 T T T T T T T T T
-100 0 100 200 300 400

T (K)

Fig. 60. Inverse molar magnetic susceptibility in a field of H = 500 G of the n = 4
type LaTio.sNbg.203.51 , a compound reported in Ref. [127]. %(T)~"' represents the
as-measured curve. The temperature-independent diamagnetism from closed electron
shells was taken into account by using Ydia = — 2 X 107° emu G~ ! mol™! which is the
approximate experimental susceptibility of the diamagnetic insulator LaTiOs.50 [127].
The Curie-Weiss behavior at high temperatures indicates the presence of localized
paramagnetic moments from Ti®" and/or Nb**. For T > 150 K the corrected curve,
X(T) = Xgia > Was fitted to C/(T — 0). R? describes the goodness of the fit. pesp is
the experimentally determined effective magnetic moment after Eq. (15) and (16). p:n
is the corresponding theoretical free-ion value resulting from Ti** and/or Nb** after
Eq. (17) with N7 = 1 and Table 63. In Eq. (17) G1 corresponds to the amount of
T3t and/or Nb** per Tip.gNbg 2 resulting from charge neutrality which is equal to
the number of d electrons per Tip.sNbg.2 and thus G; = 0.18.
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Fig.61. Inverse molar magnetic susceptibility in a field of H = 500 G of the signifi-
cantly oxygen-deficient n = 4 compound Lag.6Cag.4Tio.6 Nbg.4O3.40 , see also Figure 42.
)((T)f1 represents the as-measured curve. The temperature-independent diamagnetism
from closed electron shells was taken into account by using Ygia = —2 x 107° emu G~!
mol ™! which is the approximate experimental susceptibility of the diamagnetic insula-
tors LaTiOs.50 and CaNbOs.50 [127]. The Curie-Weiss behavior at high temperatures
indicates the presence of localized paramagnetic moments from Ti*™ and/or Nb**. For
T > 250 K the inverse corrected curve, (x(T) — Xu.) ' » was fitted linearly to the
inverse Curie-Weiss function (T' — 8)/C. R describes the goodness of the fit. pesp is
the experimentally determined effective magnetic moment after Eq. (15) and (16). pis
is the corresponding theoretical free-ion value resulting from Ti** and/or Nb*t after
Eq. (17) with N7ar = 1 and Table 63. In Eq. (17) G1 corresponds to the amount of
Ti*" and/or Nb*" per Tig.sNbog.4 resulting from charge neutrality which is equal to
the number of d electrons per Tip.¢Nbg.4 and thus Gi = 0.20.
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Fig.62. Inverse molar magnetic susceptibility in a field of H = 500 G of the n = 5
titanates LaTig.05Alo.0503.39 and LaTip s Alg.2O3.31. )((T)f1 represents the as-measured
curve. For LaTip.gAlp.203.31 the temperature-independent diamagnetism from closed
electron shells was taken into account by using Yaia = — 2x107° emu G~* mol~! which
is the approximate experimental susceptibility of the diamagnetic insulator LaTiOs3 50
[127]. At high temperatures the behavior of LaTio.sAlg.20s3.31 is approximately linear
which suggests the presence of localized paramagnetic moments from Ti**. Above 200
K the corrected curve, (x(T) — %g.) > was fitted linearly to the inverse Curie-Weiss
function (T — 0)/C. The resulting values are R ~ 0.996, C' ~ 0.13 emu G~ K mol™*
and 6 ~ — 900 K whereby R describes the goodness of the fit. pesp is the experimentally
determined effective magnetic moment after Eq. (15) and (16). pyp, is the corresponding
theoretical free-ion value resulting from Ti** after Eq. (17) and Table 63. In Eq. (17)
G corresponds to the amount of Ti®T resulting from charge neutrality which is equal
to the number of 3d electrons per Tip.sAlp.2 and thus G1 = 0.18.
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Fig. 63. Inverse molar magnetic susceptibility in a field of H = 500 G of the n = 5 com-
pounds LaTio.95Vo0.0503.41 and LaTio.sVo.203.31. x(T) ™" represents the as-measured
curve. The temperature-independent diamagnetism from closed electron shells was
taken into account by using Yaia = —2 x 107° emu G~! mol™! which is the approx-
imate experimental susceptibility of the diamagnetic insulator LaTiOs.50 [127]. The
Curie-Weiss behavior at high temperatures indicates the presence of localized para-
magnetic moments, probably from V3T and Ti**. For T > 290 K and T > 210 K,
respectively, the corrected curve, (X(T) — Xu4.)  , Was fitted linearly to the inverse
Curie-Weiss function (7' —6)/C. The resulting values are R = 0.9997 and 0.9984, C' =
(0.13 and 0.40) emu G~ K mol™!, 8 = —392 K and — 528 K, respectively, whereby
R describes the goodness of the fit. pesp is the experimentally determined effective
magnetic moment after Eq. (15) and (16). For the estimation of the corresponding
theoretical free-ion value p¢, see Eq. (22) — (25) and text.
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Fig. 64. Inverse molar magnetic susceptibility x(7") ' in a field of H = 500 G of the
n = 5 insulator LaTip.sMng.2Os3. 4 prepared by floating zone melting in Ar, air and Os ,
respectively. The (T) ! curves were fitted linearly to the inverse Curie-Weiss function
(T'—6)/C in the range 220 K < T < 380 K where all curves are strictly linear. This
resulted in the 6 values shown in the Figure, C = (0.73, 0.65 and 0.63) emu G~! K
mol ™!, respectively, and R = 0.9999 for all fits. R describes the goodness of the fit.
Pexp is the experimentally determined effective magnetic moment after Eq. (15) and
(16). p¢n is the corresponding theoretical free-ion value resulting from Mn®*t after Eq.
(17) and Table 63. Also presented is the unit cell volume V' from Table 37. Compared
to the samples synthesized in Ar, the samples grown in air and Oz display a smaller
value of V' and pesp. This suggests the presence of a small amount of Mn**,
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Fig.65. Log-linear plot of the molar magnetic susceptibility % (7)

in a field of H =

500 G of the n = 5 insulators LaTip.sMng.203.4 , LaTio.67Mng.3303.33 and, for the
sake of comparison, LaTig.gFeo.203.40 . All samples were prepared by floating zone
melting in air. Note that the composition LaTip.¢7Mng.3303.33 did not result in an
n = 6 structure but emerged as an oxygen-deficient n = 5 type. The inverse molar
magnetic susceptibility (7)™ of LaTipsMng.203.4 is shown in Fig 64 and 66. For

LaTip.sFeo.203.40 see also Fig. 67 — 69.
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Fig. 66. Inverse molar magnetic susceptibility x(7") ' in a field of H = 500 G of the
n = 5 insulators LaTip.sMng.2Os.4 and LaTip.sFep.203.4. Both samples were prepared

by floating zone melting in air. For LaTip.sMng203.4 the
linearly to the inverse Curie-Weiss function (7'—0)/C in the r

x(T)™! curve was fitted
ange 220 K < T < 380 K.

This resulted in C' = 0.65 emu G™' K mol™!, 8 = +72 K and R = 0.9999 whereby
R describes the goodness of the fit. peqsp is the experimentally determined effective
magnetic moment after Eq. (15) and (16). p:, is the corresponding theoretical free-ion
value resulting from Mn?t after Eq. (17) and Table 63. For LaTig.gsFeo.203.4 the values
presented in the Figure are those obtained from a fit for temperatures below 300 K,

see Figure 69.
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Fig. 67. Log-linear plot of the molar magnetic susceptibility x(7) in a field of H = 500
Gofthe j=1,n=05n=6and j =n = oo insulators LaSrFeO, , LaTip sFep.203.40 ,
LaTio.67Fe0.3303.33 and LaFeOs , respectively. All samples were prepared by floating
zone melting in air. The inverse molar susceptibility (7)™ of then =5 and n =5
compound is shown in Fig. 68 and 69. LaFeOs is as a canted antiferromagnet, i.e. a
weak ferromagnet, with a Neel temperature of Ty = 740 K [176] and LaSrFeO4 an
antiferromagnet with Tn = 350 K [95]. The specification of the dimensionality such as
1D or 2D refers to the Fe — O network constituted by corner-shared FeOg octahedra,
see text and Fig. 1, 5 and 16. It is reported by Titov et al. [227,228] that the Fe®" ions
in the n = 5 compound are exclusively located in the central octahedra.
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Fig. 68. Inverse molar magnetic susceptibility %(7) ' in a field H = 500 G of the
n =5 and n = 6 insulators LaTip.sFep 203 40 and LaTio.¢7Feo.3303.33 , respectively.
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Fig.69. Inverse molar magnetic susceptibility in a field H = 500 G of the n = 5
insulator LaTip.sFeo.203.40. The open circles represents the as-measured curve x(T)_l.
The solid and the dotted line was obtained by a linear fit in two different temperature
ranges of (T) ! to the inverse Curie-Weiss function (T' — 0)/C and its extrapolation
to x ! = 0. R describes the goodness of the fit. pesp is the experimentally determined
effective magnetic moment after Eq. (15) and (16). pyp, is the corresponding theoretical
free-ion value resulting from Fe® after Eq. (17) and Table 63. The curve y(7)~"
displays a change of the slope at 7" = 300 K. This and the result from the linear fit in the
lower and higher temperature range suggests a crossover from an antiferromagnetic (6
=—69 K) to a ferromagnetic interaction (8 =+ 35 K) between the magnetic moments
of Fe3t.



Published in Prog. Solid State Chem. 36 (2008) 253—387 189

E . 0.23
10_?@ Lao.7scao.2Tlos.z1 3d0 ”
ﬁ """"" Lao.7sBao.2T|03.23193d |
] —B— Lao'%TIOS'33 3d™ o
T 84 VT Lao.sscaonT'Czs;.ge 3d”
O: — LaTlOa_41 3d™ .
i:‘; - —0O— LaT|0_9503_31 3d™ .
<(\l 6- —v— Lao.gcao.1T|03.38 3d™
©
é 4 EEE%@%@’@
L A S
- 4 DDDDDDD
e 5
LO(D | E 7—v i n=>%5
o b%ﬁ.;ﬁﬂm
A ale = A
= 27 %Eﬁvaw YrY vvwvvvvvvv"m
0 T T T T T T T T
0 100 200 300 400
T [K]

Fig. 70. Molar magnetic susceptibility ¥ (7) in low fields H < 1000 G of monoclinic
n = 5 titanates: five significantly non-stoichiometric compounds A;_,Tii—, O, with
0<y<0.05, w=0or0.05 and 3.21 < x < 3.33 as well as two nearly stoichiometric
materials LaTiOgz.41 and Lag.9Cag.1 TiO3.38. The two latter were investigated by resis-
tivity and/or optical measurements and are reported as quasi-1D metals, see Table 35.
The ideal n = 5 composition is ATiO3.40.
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Fig. 71. Illustration how quasi-1D metals of the type n = 4.5 and n = 5 of A, BrO3n+2
= ABOQO, can be viewed from the perspective of the hypothetical excitonic type of super-
conductivity. This view refers to the original proposal by Ginzburg to realize excitonic
superconductivity in quasi-2D systems, namely a metallic layer which is surrounded
by two dielectric sheets [58]. Sketched in the same way as in Fig. 4 — 6 is the idealized
structure of the layers. The n = 4.5 member represents the ordered stacking sequence
n =4, 5,4, 5, ... Ideal compositional examples are taken from SrNbO, . (a) Viewing
the n = 4.5 type as a heterostructure of dielectric and metallic layers. The specified
allocation of the nominal 0.11 4d electrons per Nb in 4d° for the n = 4 layers and
in an average of 4d%? for the n = 5 layers corresponds to the extreme case where
all 4d electrons are located in the metallic n = 5 layers. This picture or its approxi-
mate realization is supported by the experimental finding that the metallic character
in conducting (Sr,La)NbO, is relatively weak for n = 4 whereas it is relatively high
for n = 4.5 and n = 5 [113]. (b) Even a single n = 5 layer or an n = 5 material
can approximately be considered as a metallic sublayer surrounded by two dielectric
sublayers. This picture is supported by results from band structure calculations on
SrNbOs3.41: The major contribution to the electronic density of states (DOS) at the
Fermi energy Er comes from those Nb atoms which are located in the central octahe-
dra of the layers [110,244]. The displayed representative values of octahedra distortion
are from SrNbOs 41 (Fig. 15). The view resulting from the band structure calculations
is qualitatively in accordance with the distribution of the Nb valence / 4d electron
count. Their specified values are from CaNbOs.41 (Fig. 15) and should be considered
as an approximate scenario.
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Fig. 72. Powder XRD pattern of hexagonal LaSrsNbsO12 (m = 4), SrsNbsO15 (m =
5), SI‘11Nb9033,09 (m =5 + 6) and SI‘GNb5018_07 (m = 6) All observed peaks fit to a
hexagonal A, Bn,—103., structure, in the case of m = 5+ 6 to a hexagonal A5B4015
+ AsB501s8 = A11B90O33 type. For clarity only the low-angle peak, which indicates the
structure type m, is indexed.
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Fig. 73. Molar magnetic susceptibility x(7) in low fields H < 1000 G of several

Ay Br—103,, niobates. The increase at low temperatures is most probably due to
paramagnetic impurities. x(T) fits well to D 4+ C/T in the full temperature range for
the diamagnetic insulator SrsNbsO15 (m = 5) and in the range 7" < 25 K for the
electrical conductors Sr11NbgOss.09 (m =5+ 6) and SreNbsO1s.07 (m = 6), see Table
70. To facilitate a comparison, the molar susceptibility is normalized to 1 mol Nb;, i.e.
to the formula Sr,NbO,,.
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Compound | Fit D C R?
structure type , N |range | [107° emu G™' |[107° emu G™' K
T [K] |(mol Sry,NbO,,) "] |(mol SryNbO,) ']
Sr5Nb5017.04 | < 30 -1.92 2.09 0.9992
n=>5 , 4d0.18
SI‘ng9031_05 < 20 -2.29 6.18 0.9989
n=45,4d°%"°
SrsNb5015.07 | < 25 -2.69 46.5 0.9997
m=6,4d"""
SI‘11Nb9033,09 < 20 -3.39 6.21 0.9990
m=>5+6,4d""
Sr;Nby O35 (< 390 -3.78 9.17 0.9950
m=75,4d°
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Table 70. Results of fitting the molar magnetic susceptibility x(7") of some niobates,
see Fig. 73, 74, 76 and 78, to the function D 4+ C/T. The as-measured y(7T') of the
n = 4.5 and n = 5 niobates is shown in Fig. 26 in Ref. [127]. D represents a temperature-
independent diamagnetic contribution and C/T the Curie term from paramagnetic
impurities. R? describes the goodness of the fit. To facilitate a comparison, the molar
susceptibility is normalized to 1 mol Nb, i.e. to the formula Sr,NbO,,.
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Fig. 74. Molar magnetic susceptibility x(7") in low fields H < 1000 G of SrsNb4O15
(m =5), Sr11NbgOass.09 and (m = 5+ 6) and SrgNbsO1g.07 (m = 6) without the Curie
contribution C'/T from paramagnetic impurities which dominate the low temperature
behavior, see Fig. 73 and Table 70. To facilitate a comparison, the molar susceptibility
is normalized to 1 mol Nb, i.e. to the formula Sr,NbO,,.
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Fig. 75. Log-linear plot of the resistivity p(7") of hexagonal Sr¢NbsO1s.07 (m = 6)
along the a- and c-axis. The linear-linear type inset displays the presence of metallic
behavior along the a-axis more clearly. Also shown in the inset is a part of p(T") along
the [110] direction obtained from another crystal of the same batch.
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Fig. 76. Molar magnetic susceptibility x(7") in low fields H < 1000 G of the quasi-2D
metal SreNbsO1s8.07 (m = 6 of ApBm—103m) and the quasi-1D metal SrsNbsO17.04 =
SrNbO3.41 (n =5 of Ay BpOsni2) without the Curie contribution C'/T from paramag-
netic impurities which dominate the low temperature behavior. The as-measured % (7T)
of the m = 6 niobate is shown in Fig. 73 in this work and that of the n = 5 niobate
in Fig. 26 in Ref. [127], see also Table 70 in this work. To facilitate a comparison, the
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Fig. 77. Log-linear plot of the resistivity p(7") of hexagonal SrsNbsO1s.07 (

. m = 6 of
A Bm—103) along the a- and c-axis and orthorhombic StNbOs.41 = SrsNbsO17.04
(n =5 of ApB;Ospnt2) along the a-, b- and c-axis. The linear-linear type inset displays
the presence of metallic behavior along the a-axis of the m = 6 niobate more clearly
The data of the n = 5 niobate StNbO3.41 = SrsNbsO17.04 are from Ref. [127]
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Fig. 78. Molar magnetic susceptibility ¥(7") in low fields H < 1000 G of Sr11NbgOs33.09
(m =546 of ApwBm—103m,) and the quasi-1D metal SrgNbgOs1.05 = SrNbOs3.45
(n = 4.5 of A,BnOsy,42) without the Curie contribution C//T from paramagnetic
impurities which dominate the low temperature behavior. The as-measured x(T') of
the m = 5+ 6 niobate is shown in Fig. 73 in this work and that of the n = 4.5 niobate
in Fig. 26 in Ref. [127], see also Table 70 in this work. To facilitate a comparison, the
molar susceptibility is normalized to 1 mol Nb, i.e. to the formula Sr,NbQO,,.
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10 Appendix: Tables of powder XRD data of some
compounds

In this appendix we provide the powder XRD data of the following compounds:

[ BaCao.gLaOANbQOTOO (k} =2 of A/Ak_lBkO3k+1)

Bacang3010.07 (k =3 of A/AklekOBkJrl)

C€5Ti5017.00 = CeT103_40 (n =5 of AanO3n+2 = ABO;E)

PI‘5T15017.06 = PI‘TiO3.41 (n =5 of AanO3n+2 = ABO;C)

Sm5Ti5016,85 = SmTi03,37 (TL =5 of Aan03n+2 = ABOI)

La5Ti4Mn017 = LaTiO.gMn0.203_4 (n =5 of AanOBn—i-Q = ABOx)

LagTi4F62020 = LaTio,67Fe0.3303,33 (TL =6 of AanO?,nJrQ = ABOI)

SI"GNb5018.07 (m = 6 Of AmBm,lOgm)
e Sr11NbgOs33.09 (m =546 of AmBm_logvm)

The following tables present the observed (obs) and calculated (calc) peak po-
sitions as 20 and d-values, their difference (diff), and the observed (obs) Inten-
sities I. The calculated values were obtained by lattice parameter refinement.
Also provided are the refined lattice parameters.
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20 (°) d (A) I

No. h k 1 calc obs diff calc obs diff | obs
1 /0 0 2 8.854 8.913 -0.059 (9.9793 9.9136 0.0657 58
2 |0 1 3 |17.506 17.534 -0.027 [5.0618 5.0540 0.0078 17
3 |0 0 4 |17.762 17.795 -0.033 |4.9896 4.9804 0.0092 25
4 |1 0 1 |22.676 22.724 -0.048 |3.9181 3.9099 0.0082 23
5 10 2 2 |24.486 24.523 -0.037 [3.6325 3.6271 0.0054 60
6 |0 1 5 |25.039 25.061 -0.022 |3.5534 3.5504 0.0031 35
7 |1 0 3 (25991 26.017 -0.027 |(3.4255 3.4221 0.0035 73
8 |0 0 6 |26.779 26.785 -0.006 |3.3264 3.3257 0.0007 {1000
9 |0 2 4 ]29.036 29.046 -0.010 [3.0728 3.0717 0.0010 547
10 {1 1 4 |[30.851 30.859 -0.008 |2.8961 2.8953 0.0007 53
11 |1 0 5 |[31.658 31.682 -0.025 |2.8240 2.8219 0.0021 216
12 |1 2 1 |32.362 32.400 -0.038 [2.7641 2.7610 0.0032 107
13 [0 1 7 |[33.434 33.438 -0.004 |2.6779 2.6776 0.0003 142
14 [0 2 6 (35439 35.422 0.017 |2.5309 2.5321 -0.0012 72
15 |0 0 8 [35.969 35.964 0.005 [2.4948 2.4952 -0.0004 966
16 |1 1 6 |36.973 37.008 -0.035 [2.4294 2.4271 0.0022 57
17 |1 0 7 |[38.767 38.788 -0.021 |2.3210 2.3197 0.0012 24
18 |1 2 5 [39.360 39.411 -0.052 [2.2874 2.2845 0.0029 7
19 |0 3 5 |41.411 41.425 -0.014 [2.1786 2.1780 0.0007 25
20 |1 3 2 [42.420 42.404 0.016 |(2.1291 2.1299 -0.0008 98
21 |0 2 8 [43.003 42979 0.025 |(2.1016 2.1028 -0.0012 110
22 |1 1 8 [44.315 44.332 -0.017 |2.0424 2.0417 0.0007 139
23 [0 0 10 [45.405 45.395 0.010 |1.9959 1.9963 -0.0004 760
24 |0 4 0 [46.534 46.504 0.030 ([1.9500 1.9513 -0.0012 175
25 |0 3 7 [47.275 47.331 -0.056 |1.9212 1.9190 0.0022 15
26 (1 3 6 [49.993 50.024 -0.031 |1.8229 1.8219 0.0011 24
27 |0 2 10 [51.386 51.392 -0.005 [1.7767 1.7766 0.0002 279
28 |1 2 9 [52.674 52.669 0.005 [1.7363 1.7364 -0.0002 460
29 (2 0 6 [b3.454 53.454 0.000 |1.7128 1.7128 0.0000 45
30 |1 4 3 [54.070 54.070 0.000 |[1.6947 1.6947 0.0000 36
31 |2 2 4 [54.758 54.729 0.029 |[1.6750 1.6758 -0.0008 148
32 |0 0 12 [55.180 55.156 0.024 [1.6632 1.6639 -0.0007 | 258
33 |1 0 11 [55.584 55.575 0.009 [1.6521 1.6523 -0.0002 107
34 |1 4 5 |57.376 57.349 0.027 |[1.6047 1.6054 -0.0007 93
35 |2 0 8 [59.200 59.191 0.009 [1.5595 1.5597 -0.0002 115

Table 71. BaCag.¢Lag.4NboOr.00 (kK = 2 of A’Ax_1BrOsk+1, Dion-Jacobson type

without any alkali metal). The calculated values refer to a primitive orthorhombic cell

with a =4.00 A, b=7.80 A and ¢ = 19.96 A.



20 (°) d (A) U
calc obs diff calc obs diff | obs

Z
°

1 2 16284 6.315 -0.031 [14.0535 13.9851 0.0684 12
2 4 |12.587 12,576 0.012 | 7.0267 7.0332 -0.0064 16
3 6 |18.929 18.958 -0.029 | 4.6845 4.6774 0.0071 | 101
4 0 |22.877 22.847 0.030 | 3.8842  3.8892 -0.0050 62
5 2 |23.747 23.743 0.004 | 3.7439 3.7444 -0.0006 14
6 8 125.330 25.344 -0.014 | 3.5134 3.5114 0.0019 |1000
7 0 |25.686 25.723 -0.037 | 3.4654 3.4606 0.0049 | 730
8 4 126.194 26.209 -0.015 | 3.3994 3.3975 0.0020 31
9 3 |27.604 27.692 -0.089 | 3.2289 3.2188 0.0101 33
10 6 129.858 29.821 0.037 | 2.9901 2.9937 -0.0036 | 134
11 6 |30.085 30.001 0.084 | 2.9680 2.9761 -0.0082 78
5

[
[\]

30.274 30.348 -0.074 | 2.9499 2.9429 0.0071 | 104
31.812 31.833 -0.021 | 2.8107 2.8089 0.0018 | 524
32.262 32.278 -0.016 | 2.7725 2.7712 0.0013 | 197
33.940 33.993 -0.053 | 2.6392 2.6352 0.0040 53
34.391 34.374 0.017 | 2.6056  2.6069 -0.0013 76
37.006 37.012 -0.006 | 2.4273 2.4269 0.0004 11
37.390 37.458 -0.068 | 2.4032  2.3990 0.0042 11
38.401 38.403 -0.002 | 2.3423 2.3421 0.0001 | 632
38.921 38.983 -0.063 | 2.3122  2.3086 0.0036 | 100
42,473  42.485 -0.012 | 2.1266 2.1261  0.0006 47

—
w
—
o

I = = =
S © S Ot
— —
O N co O O

[\V]
—_
—_
—_

22 7 143.507 43.487 0.020 | 2.0784 2.0794 -0.0009 90
23 11 |44.116 44.145 -0.028 | 2.0512 2.0499 0.0013 58
24 13 |45.065 45.080 -0.015 | 2.0102 2.0095 0.0006 | 397
25 12 |45.168 45.171 -0.003 | 2.0058 2.0057 0.0001 | 500
26 9 145.823 45.770 0.052 | 1.9786 1.9808 -0.0021 | 215
27 6 |46.700 46.700 0.000 | 1.9435 1.9435 0.0000 51
28 7 148.028 47.958 0.070 | 1.8928 1.8954 -0.0026 38
29 1 |48.417 48456 -0.039 | 1.8785 1.8771 0.0014 31
30 15 |50.033 50.018 0.015 | 1.8216  1.8221 -0.0005 26

w
—

14 |51.177 51.182 -0.005 | 1.7835 1.7833 0.0002 | 107
9 151.813 51.783 0.030 | 1.7631 1.7640 -0.0010 | 145
16 [52.016 52.049 -0.033 | 1.7567 1.7557 0.0010 | 175
5 152.841 52.827 0.014 | 1.7312 1.7316 -0.0004 31
35 3 153.757 53.762 -0.005 | 1.7038 1.7037 0.0001 | 141

Table 72. BaCa2Nb3O10.07 (k = 3 of A’ Ax_1BrOsr41, Dion-Jacobson type without
any alkali metal). The calculated values refer to a primitive orthorhombic cell with
a=777A,b=767 A and ¢ = 28.11 A. Continuation in Table 73.
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20 (°) d (A) I
No. (h k 1 calc obs diff calc obs diff |obs
36 (4 2 3 |54.179 54.183 -0.005 [1.6916 1.6914 0.0001 |238
37 |1 1 16 |54.857 54.828 0.029 [1.6722 1.6731 -0.0008 | 54
38 (2 3 11 |55.902 55.893 0.009 [1.6434 1.6437 -0.0002 |108
39 (4 1 9 |57.582 57.594 -0.012 [1.5994 1.5991 0.0003 | 68
40 |0 O 18 |59.116 59.102 0.014 |1.5615 1.5618 -0.0003 |189
Table 73. Continuation from Table 72.
20 (°) d (A) !
No. (h k 1 calc obs diff calc obs diff | obs
1 (0 0 2 | 5.696 5.716 -0.020 [15.5039 15.4501 0.0538 9
2 10 0 4 |11.406 11.384 0.021 7.7520 7.7664 -0.0145 6
311 0 4 |17.069 17.088 -0.019 | 5.1906  5.1847 0.0059 18
4 |10 1 4 119.722 19.723 -0.001 4.4978  4.4976  0.0002 10
5 |0 1 5 |21.529 21.546 -0.017 4.1242 4.1211 0.0032 55
6 |12 0 0 |22.806 22.806 0.000 | 3.8961 3.8961 0.0000 15
710 0 8 122.926 22.983 -0.057 | 3.8760 3.8665 0.0094 21
8 |1 1 -5 |23.562 23571 -0.009 | 3.7728 3.7714 0.0015 10
9 |0 1 -7 |25.762 25.708 0.054 | 3.4554 3.4625 -0.0071 11
10 |1 1 -7 (27.204 27.221 -0.017 3.2754  3.2734  0.0020 9
11 (2 1 -2 |28.027 28.037 -0.010 3.1811  3.1799 0.0012 23
12 |2 0 -7 |28.600 28.608 -0.008 | 3.1187 3.1178 0.0008 {1000
13 |2 0 6 (30.331 30.298 0.032 | 2.9445 2.9476 -0.0031 | 127
14 |2 0 -8 |30.475 30.456 0.020 | 2.9309 2.9327 -0.0018 | 145
15 |2 0 -9 |32.516 32.503 0.012 | 2.7515 2.7525 -0.0010 | 124
16 |2 1 -7 |32.958 32978 -0.020 | 2.7156 2.7139 0.0016 | 187
17 (2 1 34.492  34.490 0.002 2.5982  2.5984 -0.0001 119
18 |3 0 1 (34.985 35.000 -0.015 | 2.5627 2.5616 0.0011 19
19 |0 2 -5 [35.562 35.587 -0.026 | 2.5225 2.5207 0.0018 40
20 (1 1 -11 |36.363 36.381 -0.017 | 2.4687 2.4675 0.0011 5

Table 74.

209

CesTi5017_00 = CeTi03_40 (n =5o0f Aan03n+2 = ABOy) The calculated
values refer to a primitive monoclinic cell with a = 7.85 A, b = 5.52 A, ¢ = 31.24 A
and B = 97.0°. Continuation in Table 75.
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20 (°) d (A) I

No. |h k 1 calc obs diff calc obs diff |obs
21 |3 O 4 (37.806 37.831 -0.025 |2.3777 2.3762 0.0015 | 12
22 |13 1 0 (38.262 38.261 0.001 |2.3504 2.3505 -0.0001 | 22
23 |2 0 10 |39.229 39.253 -0.023 |2.2947 2.2933 0.0013 | 33
24 |13 1 3 |40.237 40.164 0.073 |2.2395 2.2434 -0.0039 | 47
25 |2 1 9 |40.400 40.445 -0.045 |2.2308 2.2284 0.0024 |151
26 (2 0 11 |41.727 41.768 -0.041 |2.1629 2.1609 0.0020 | 22
27 |1 2 -9 |42.648 42.676 -0.027 |2.1183 2.1170 0.0013 17
28 |0 2 -10 |43.869 43.830 0.039 |2.0621 2.0639 -0.0018 (128
29 (1 1 -14 |44.253 44.271 -0.018 |2.0451 2.0443 0.0008 | 62
30 |2 1 11 |44.975 44978 -0.003 |2.0139 2.0138 0.0001 | 58
31 |1 2 -11 |46.486 46.518 -0.032 |1.9520 1.9507 0.0013 |328
32 (1 0 15 |46.771 46.785 -0.015 |1.9407 1.9402 0.0006 | 47
33 |3 2 -3 |48.084 48.096 -0.012 |1.8907 1.8903 0.0005 (112
34 14 1 0 [49.581 49.598 -0.017 |1.8371 1.8365 0.0006 | 28
35 (1 0 -17 |49.912 49.911 0.001 |1.8257 1.8257 -0.0001 | 98
36 |0 3 5 |51.762 51.791 -0.028 |1.7647 1.7638 0.0009 | 86
37 14 1 4 152.439 52415 0.024 |1.7435 1.7443 -0.0008 | 54
38 [0 3 -7 |53.893 53.887 0.006 |1.6999 1.7000 -0.0002 | 20
39 |0 3 8 155.195 55.187 0.008 |1.6628 1.6630 -0.0002 |153
40 |1 2 14 |[55.511 55.502 0.010 |1.6541 1.6543 -0.0003 |[160
41 |10 3 9 |56.646 56.616 0.031 |1.6236 1.6244 -0.0008 | 97
42 |4 2 0 |57.884 57.882 0.002 |1.5918 1.5918 -0.0001 |122
43 |2 1 -18 |[58.278 58.267 0.011 |[1.5820 1.5822 -0.0003 |103
44 |11 1 18 [58.651 58.623 0.029 |1.5728 1.5735 -0.0007 (104
45 (2 3 6 |59.143 59.148 -0.005 |1.5609 1.5608 0.0001 | 41
46 |4 1 -13 [59.894 59.893 0.001 |[1.5431 1.5431 0.0000 | 26

Table 75. Continuation from Table 74.
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20 (°) d (A) U
calc obs diff calc obs diff | obs

Z
°

[\V]

5.729 5708 0.021 |(15.4145 15.4705 -0.0560 7
11.372 11.404 -0.033 | 7.7750 7.7529 0.0222 15

|
—_

1

2

3 4 |17.056 17.075 -0.019 | 5.1944 5.1886  0.0058 33

4 5 |21.586 21.591 -0.005 | 4.1135 4.1125 0.0010 87

5 0 |22.784 22.815 -0.031 | 3.8999 3.8946 0.0053 9

6 8 (23.061 23.127 -0.066 | 3.8536  3.8428 0.0109 15

7 6 (23.633 23.607 0.026 | 3.7616 3.7658 -0.0042

8 7 |25.855 25.828 0.027 | 3.4432  3.4467 -0.0036 6

9 -9 (27.193  27.249 -0.057 | 3.2768  3.2701  0.0067 14
10 8 128.216 28.190 0.026 | 3.1602 3.1631 -0.0029 97
11 -3 ]28.530 28.609 -0.078 | 3.1261  3.1177 0.0084 {1000

29.300 29.372 -0.072 | 3.0457 3.0384 0.0073 18

13 -5 130.335 30.456 -0.120 | 2.9441 2.9327 0.0114 | 150
14 4 |31.342 31.324 0.018 | 2.8518 2.8534 -0.0016 17
15 -11 132.671  32.669 0.003 | 2.7387  2.7389 -0.0002 72
16 -7 (33.111  33.094 0.017 | 2.7033 2.7047 -0.0013 | 199
17 9 133.869 33.798 0.071 | 2.6446 2.6499 -0.0054 9
18 4 134477 34.485 -0.007 | 2.5993  2.5987  0.0006 83
19 1 134.669 34.682 -0.013 | 2.5853 2.5844  0.0009 59

[\~
o
1
—
o

34.955  35.007 -0.052 | 2.5648 2.5611 0.0037 34
35.640 35.632 0.008 | 2.5171 2.5176 -0.0005 39
37.909 37.860 0.049 | 2.3715 2.3744 -0.0030 13
38.265 38.287 -0.022 | 2.3502 2.3489 0.0013 13
39.306 39.324 -0.018 | 2.2904 2.2894 0.0010 27

25 -6 [40.464 40.464 0.001 2.2274  2.2275  0.0000 124
Table 76. Pr5TisO17.06 = PrTiO3.41 (n =5 of A, B, Osnt2 = ABO,). The calculated

values refer to a primitive monoclinic cell with a = 7.85 A, b = 5.52 A, ¢ = 31.03 A
and B = 96.5°. Continuation in Table 77.
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20 (°) d (A) I

No. |h k 1 calc obs diff calc obs diff |obs
26 (3 1 4 141.232 41.233 -0.001 |2.1877 2.1876 0.0001 26
27 |1 1 -13 |41.826 41.870 -0.044 |2.1580 2.1559 0.0022 24
28 (1 2 -9 |42.794 42,776 0.018 |2.1114 2.1123 -0.0008 17
29 (1 0 14 |43.944 43936 0.008 |2.0588 2.0591 -0.0003 |100
30 |2 0 12 |44.342 44.327 0.014 |2.0412 2.0419 -0.0006 27
31 |2 1 11 |44.990 45.081 -0.092 |2.0133 2.0094 0.0039 | 55
32 (2 1 -13 |45.471 45.418 0.052 |1.9931 1.9953 -0.0022 13
33 (4 O 0 [46.537 46.540 -0.003 |1.9499 1.9498 0.0001 |[126
34 |1 2 -11 |46.677 46.674 0.003 |1.9444 1.9445 -0.0001 | 99
35 |3 0 -12 |46.755 46.778 -0.023 |1.9413 1.9404 0.0009 |116
36 |3 0 10 |48.253 48.224 0.029 |1.8845 1.8856 -0.0011 |105
37 (0 3 1 (49.572 49.594 -0.022 (1.8374 1.8367 0.0008 | 32
38 (2 1 13 |49.999 50.000 -0.001 |1.8227 1.8227 0.0000 | 44
39 (1 2 12 |50.837 50.815 0.022 |1.7946 1.7953 -0.0007 | 27
40 |1 3 -4 [52.066 52.047 0.020 |1.7551 1.7557 -0.0006 | 32
41 |4 0 -10 [52.555 52492 0.063 |1.7399 1.7419 -0.0019 | 87
42 |4 0 -11 |[54.106 54.065 0.041 |1.6936 1.6948 -0.0012 19
43 |10 3 8 |55.262 55.258 0.004 |1.6609 1.6611 -0.0001 | 94
44 12 3 -3 |[55.443 55435 0.008 |1.6559 1.6562 -0.0002 | 92
45 |0 2 15 [55.709 55.707 0.002 |1.6487 1.6487 -0.0001 (163
46 (4 1 -11 |[56.814 56.843 -0.029 |1.6192 1.6184 0.0008 34
47 |1 2 15 |[58.196 58.201 -0.005 |[1.5840 1.5839 0.0001 82
48 |3 0 -17 |[58.605 58.628 -0.023 |1.5739 1.5733 0.0006 | 92
49 |1 1 -19 ([59.190 59.191 -0.001 |[1.5597 1.5597 0.0000 | 28

Table 77. Continuation from Table 76.
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20 (°) d (A) U

No. (h k 1 calc obs diff calc obs diff | obs
1 (0 O 2 | 5.743  5.728 0.015 [15.3767 15.4176 -0.0409 11
2 (1 0 0 |11.402 11.365 0.036 | 7.7547  7.7792 -0.0246 21
310 0 5 |14.389 14.445 -0.056 | 6.1507 6.1271 0.0235 45
4 10 1 2 |17.067 17.094 -0.027 | 5.1913 5.1831 0.0081 26
511 0 5 119.330 19.334 -0.004 | 4.5883 4.5872 0.0010 24
6 |1 0 6 |21.756 21.697 0.059 | 4.0818 4.0928 -0.0109 54
712 0 1 (23.408 23.416 -0.008 | 3.7973 3.7960 0.0013 7
8 12 0 2 |24.241 24.134 0.107 | 3.6687 3.6847 -0.0160 35
9 |1 1 -6 |25.525 25541 -0.016 | 3.4869 3.4847 0.0022 35
10 |1 0 -9 |27.363 27.348 0.016 | 3.2567 3.2585 -0.0018 32
1 (2 1 1 (28516 28.591 -0.075 | 3.1276 3.1196 0.0081 |1000
12 |2 0 -7 |29.035 29.037 -0.002 | 3.0729 3.0727 0.0002 | 746
13 |2 1 -4 |29.495 29475 0.020 | 3.0260 3.0280 -0.0020 85
14 |0 1 9 130.757 30.778 -0.021 | 2.9047 2.9028 0.0019 | 407
15 |0 0 11 |31.987 31.946 0.040 | 2.7958 2.7992 -0.0034 40
16 |0 2 0 |32.442 32.469 -0.027 | 2.7575 2.7553 0.0023 88
17 |2 0 -9 |33.030 33.046 -0.016 | 2.7098 2.7085 0.0013 | 125
18 |2 1 -7 |33.352 33.362 -0.011 | 2.6844 2.6835 0.0008 | 486
19 |1 1 9 |33.888 33.990 -0.102 | 2.6431 2.6354 0.0077 75
20 (3 0 -1 |34.483 34.463 0.020 | 2.5989 2.6003 -0.0014 | 110
21 (3 0 -3 |34.857 34.840 0.017 | 2.5718 2.5730 -0.0012 | 197
22 (3 0 -4 35417 35.509 -0.092 | 2.5324 2.5261 0.0063 66
23 |1 0 -12 |35.687 35.685 0.002 | 2.5139 2.5140 -0.0001 44
24 |3 0 -6 |37.233 37.255 -0.022 2.4130 24116 0.0014 44
25 (3 0 4 |37.845 37.905 -0.060 | 2.3754 2.3717 0.0036 48
26 (3 1 0 |38.429 38.371 0.059 | 2.3406 2.3440 -0.0035 21
27 |2 1 -10 |38.955 39.009 -0.054 | 2.3102 2.3071 0.0031 56
28 (3 1 2 139.463 39.470 -0.007 | 2.2816 2.2812 0.0004 94
29 12 1 9 (40.408 40.422 -0.014 2.2304  2.2297 0.0008 84
30 (3 1 -6 |40.785 40.799 -0.014 | 2.2106 2.2099 0.0007 | 100

213

Table 78. Sm5Ti5015,85 = SmT103_37 (n =5 Of Aan03n+2 = ABOI) The calcu-
lated values refer to a primitive monoclinic cell with a = 7.80 A, b =5.52 A, ¢ = 30.93
A and B = 96.1°. Continuation in Table 79.
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20 (°) d (A) I

No. |h k 1 calc obs diff calc obs diff |obs
31 |3 1 4 141.353 41.303 0.049 |2.1816 2.1841 -0.0025 15
32 (0 2 9 142.072 42.139 -0.067 |2.1459 2.1427 0.0033 18
33 (1 2 -9 |42.942 42967 -0.025 |2.1045 2.1033 0.0012 89
34 (3 0 8 [44.209 44.190 0.019 (2.0471 2.0479 -0.0008 |148
35 (1 2 9 |44.514 44.496 0.017 |2.0338 2.0345 -0.0008 |249
36 |2 0 -14 |45.201 45.260 -0.059 |2.0044 2.0019 0.0025 | 85
37 |2 1 -13 |45.783 45.794 -0.011 |1.9803 1.9798 0.0005 | 34
38 |1 2 10 |46.513 46.495 0.018 |1.9509 1.9516 -0.0007 | 75
39 |2 2 -9 |46.975 46.978 -0.003 |1.9328 1.9327 0.0001 |108
40 |2 1 12 (47462 47.417 0.045 |1.9141 1.9158 -0.0017 (855
41 (2 2 8 [48.100 48.094 0.005 (1.8902 1.8904 -0.0002 | 82
42 |0 2 -12 |(48.452 48.444 0.008 |1.8772 1.8775 -0.0003 |[104
43 |3 2 -4 |[48.785 48.784 0.001 |[1.8652 1.8653 0.0000 (147
44 14 0 -7 [49.288 49.313 -0.025 |1.8473 1.8465 0.0009 | 68
45 |14 1 -3 [49.716 49.730 -0.014 |1.8324 1.8320 0.0005 (120
46 |3 2 -6 [50.200 50.204 -0.004 |1.8159 1.8158 0.0001 (151
47 |0 3 -4 |[51.040 51.085 -0.045 |1.7880 1.7865 0.0015 | 36
48 14 1 4 (52.533 52,548 -0.015 |(1.7406 1.7402 0.0005 (191
49 12 1 14 [52.655 52.697 -0.043 |1.7369 1.7356 0.0013 |222
50 (3 2 -10 |55.079 55.013 0.066 |1.6660 1.6679 -0.0018 | 46
51 (2 3 1 |55.490 55.455 0.035 |1.6547 1.6556 -0.0010 (272
52 |3 1 12 |55.614 55.625 -0.011 |1.6513 1.6510 0.0003 |208
53 |2 1 -17 |56.273 56.234 0.039 |1.6335 1.6345 -0.0011 |138
54 |3 0 -16 |56.514 56.516 -0.001 |1.6271 1.6270 0.0000 | 60
55 (3 2 9 |57.571 57.586 -0.014 |1.5997 1.5993 0.0004 (112
56 |1 2 -16 |58.679 58.639 0.040 |1.5721 1.5731 -0.0010 | 99
57 |1 1 18 |58.953 58951 0.001 |1.5654 1.5655 0.0000 |256
58 [5 0 -3 [59.260 59.235 0.025 |1.5581 1.5587 -0.0006 |159
59 |3 2 10 [59.386 59.373 0.014 |1.5551 1.5554 -0.0003 | 87

Table 79. Continuation from Table 78.
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20 (°) d (A) U

No. (h k 1 calc obs diff calc obs diff | obs
1 (0 O 2 | 5.647  5.697 -0.050 [15.6367 15.4994 0.1374 17
2 11 0 0 |11.353 11.384 -0.031 | 7.7878  7.7665 0.0213 11
310 0 6 [16.997 17.027 -0.030 | 5.2123 5.2033  0.0090 42
4 |1 1 0 [19.656 19.710 -0.054 4.5128 4.5007 0.0121 28
5 |0 1 5 (21.415 21.473 -0.058 4.1460 4.1348 0.0111 109
6 |2 0 -1 |22.623 22595 0.028 | 3.9273 3.9320 -0.0047 24
712 0 0 |22.819 22.921 -0.102 | 3.8939 3.8768 0.0171 55
8 (1 1 4 123.475 23.478 -0.004 | 3.7866  3.7861 0.0006 21
9 |10 0 9 |25.615 25.679 -0.064 | 3.4748 3.4663 0.0085 29
10 (2 0 4 126.854 26.884 -0.030 | 3.3173  3.3137 0.0036 18
1 (0 1 8 |27.916 27.885 0.030 | 3.1935 3.1970 -0.0034 78
12 |2 0 5 |28.514 28.513 0.001 | 3.1279 3.1279 -0.0001 {1000
13 |1 0 -10 |29.333 29.262 0.071 | 3.0424 3.0496 -0.0072 31
14 |2 0 -8 |30.187 30.198 -0.011 | 2.9582 2.9571 0.0011 | 641
15 |1 0 -11 |32.051 32.097 -0.046 | 2.7903 2.7864 0.0039 | 198
16 |0 2 0 |32.309 32.330 -0.021 | 2.7686 2.7668 0.0018 | 269
17 |0 1 10 |32.864 32.871 -0.007 | 2.7231 2.7225 0.0005 | 598
18 |3 0 -3 [34.472 34.456 0.016 | 2.5997 2.6008 -0.0011 | 200
19 |0 2 -5 |35.428 35438 -0.010 | 2.5317 2.5310 0.0007 | 190
20 ([0 1 -12 |38.134 38.163 -0.029 | 2.3580 2.3563 0.0017 47
21 (3 0 -8 |39.040 39.078 -0.038 | 2.3054 2.3032 0.0022 69
22 (2 2 0 [39.923 39.979 -0.057 | 2.2564 2.2533 0.0031 | 165
23 |3 1 3 140.284 40.282 0.002 | 2.2370 2.2371 -0.0001 | 137
24 |2 2 3 |41.550 41.573 -0.022 2.1717  2.1706 0.0011 32

215

Table 80. La5Ti4MnOl7 = LaTio,gMno,QO3,4 (n =5 Of AanO3n+2 = ABOI) The
calculated values refer to a primitive monoclinic cell with a = 7.86 A, b = 5.54 A,
c=31.54 A and B = 97.5°. Continuation in Table 81.
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20 (°) d (A) I

No. |h k 1 calc obs diff calc obs diff |obs
25 (2 2 4 142.495 42,509 -0.014 |2.1256 2.1249 0.0007 52
26 |1 0 14 |43.545 43.544 0.001 |2.0767 2.0768 0.0000 (194
27 (2 2 5 [43.624 43.624 0.000 (2.0731 2.0731 0.0000 |246
28 (1 2 -10 |44.195 44.132 0.063 |2.0477 2.0504 -0.0028 69
29 |2 2 -8 |44.800 44.767 0.033 |2.0214 2.0228 -0.0014 78
30 |3 0 -12 |45.983 45.987 -0.004 |1.9721 1.9720 0.0002 (110
31 (4 0 -3 |46.271 46.277 -0.006 |1.9605 1.9603 0.0002 |310
32 |0 0 16 |46.419 46.424 -0.005 |1.9546 1.9544 0.0002 |236
33 |2 2 -10 |47.858 47.867 -0.009 |1.8991 1.8988 0.0003 |169
34 (3 2 -3 |47.965 47978 -0.012 |1.8952 1.8947 0.0005 (171
35 (0 3 2 149.699 49.700 -0.001 (1.8330 1.8330 0.0000 |156
36 |3 2 -8 |51.546 51.558 -0.012 |1.7716 1.7712 0.0004 |189
37 |1 3 -5 |52.548 52.550 -0.003 |1.7402 1.7401 0.0001 | 81
38 (4 1 5 [53.665 53.589 0.076 |[1.7065 1.7088 -0.0023 | 45
39 |2 3 -1 |54.921 54.930 -0.009 |1.6705 1.6702 0.0003 |324
40 |1 2 14 ([55.249 55.256 -0.007 |1.6613 1.6611 0.0002 (191
41 (2 3 3 156.300 56.299 0.001 (1.6328 1.6328 0.0000 |152
42 |14 0 9 |57.116 57.142 -0.026 |1.6114 1.6107 0.0007 |204
43 |2 1 -18 [57.616 57.607 0.009 |1.5986 1.5988 -0.0002 (412
44 12 3 -7 [57.879 57.895 -0.015 |[1.5919 1.5915 0.0004 (240
45 |1 3 -10 |[58.436 58.394 0.042 (1.5780 1.5791 -0.0010 (107
46 |4 2 2 |58.862 58.850 0.012 |1.5676 1.5679 -0.0003 | 79
47 14 2 3 159.605 59.609 -0.004 (1.5499 1.5498 0.0001 80

Table 81. Continuation from Table 80.
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20 (°) d (A) U
No. h k 1 calc obs diff calc obs diff | obs
1 10 0 2 | 4.788 4.869 -0.081 |18.4414 18.1345 0.3069 23
2 |0 0 6 (14397 14436 -0.039 | 6.1471 6.1308 0.0163 47
3 |0 1 2 |16.680 16.650 0.029 | 5.3108 5.3201 -0.0093 13
4 |0 0 8 [19.236 19.216 0.020 | 4.6104 4.6150 -0.0047 13
5 (0 0 9 |21.668 21.650 0.018 | 4.0981 4.1015 -0.0034 138
6 (2 0 1 |22901 22.902 -0.001 | 3.8802 3.8801 0.0001 61
7 (0 0 10 |24.110 24.165 -0.055 | 3.6883 3.6800 0.0083 34
8 [0 1 8 [25.098 25.107 -0.009 | 3.5453 3.5441 0.0012 16
9 |1 0 10 |26.712 26.755 -0.043 | 3.3346  3.3293 0.0053 21
10 |2 1 1 |(28.043 28.003 0.041 | 3.1793 3.1838 -0.0045 34
11 (2 0 7 |(28.442 28416 0.026 | 3.1357 3.1384 -0.0028 52
12 |0 1 10 |29.052 29.073 -0.020 | 3.0711 3.0690 0.0021 |1000
13 |12 1 5 (30.497 30.475 0.022 | 2.9288  2.9309 -0.0021 | 533
14 (2 0 9 (31.637 31.651 -0.014 | 2.8258 2.8246 0.0013 111
15 [0 2 1 |32.351 32.331 0.020 | 2.7651 2.7667 -0.0017 | 752
16 (2 1 7 |32.784 32.764 0.020 | 2.7296 2.7311 -0.0016 | 491
17 |10 1 12 (33.302 33.329 -0.028 | 2.6883 2.6861 0.0022 63
18 |0 0 14 |34.002 34.042 -0.040 | 2.6345 2.6315 0.0030 | 267
19 |2 0 11 |35.265 35.259 0.006 | 2.5430 2.5434 -0.0004 53
20 |2 0 12 |37.210 37.181 0.029 | 2.4144 2.4162 -0.0018 12
21 (0 1 14 (37774 37.770 0.004 | 2.3796  2.3799 -0.0002 42
22 (0 0 16 [39.043 39.062 -0.019 | 2.3052 2.3041 0.0011 57
23 |2 0 13 |39.229 39.226 0.003 | 2.2947  2.2948 -0.0002 131
24 12 2 1 (39.930 39.922 0.008 | 2.2560 2.2564 -0.0004 | 184
Table 82. La6T14Fe2020 = LaTio_67F60_3303_33 (n =6 of Aan03n+2 = ABOI)

The calculated values refer to a primitive orthorhombic cell with a = 7.80 A, b = 5.55

A and ¢ = 36.88 A. Continuation in Table 83.
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20 (°) d (A) I

No. h k 1 calc obs diff calc obs diff |obs
25 (0 2 10 [40.675 40.671 0.004 |2.2164 2.2166 -0.0002 | 35
26 |1 1 15 |41.786 41.781 0.004 |(2.1600 2.1602 -0.0002 20
27 |2 2 6 [42.583 42.568 0.014 |2.1214 2.1221 -0.0007 51
28 (2 2 7 [43.535 43.537 -0.002 |2.0772 2.0771 0.0001 (154
29 |0 2 12 |43.943 43.942 0.001 |2.0588 2.0589 0.0000 (187
30 |2 2 9 |45.810 45.829 -0.019 |1.9792 1.9784 0.0008 | 50
31 (1 1 17 |46.385 46.387 -0.002 |[1.9560 1.9559 0.0001 (457
32 |1 2 13 |47.255 47.281 -0.026 |(1.9220 1.9210 0.0010 (101
33 |0 2 14 |47.571 47.572 -0.001 |1.9099 1.9099 0.0000 (190
34 (2 2 11 [48.536 48.548 -0.012 |1.8742 1.8738 0.0004 64
35 (4 1 0 [49.488 49.477 0.010 |1.8404 1.8407 -0.0004 | 37
36 |2 2 12 |50.053 49.993 0.059 |1.8209 1.8229 -0.0020 | 24
37 (1 0 20 [50.834 50.833 0.001 |[1.7947 1.7948 0.0000 | 70
38 (2 2 13 [51.664 51.680 -0.016 |1.7678 1.7673 0.0005 (121
39 |1 3 5 [52.307 52.300 0.007 |1.7476 1.7478 -0.0002 (108
40 |4 1 7 |52.637 52.653 -0.016 (1.7374 1.7369 0.0005 | 85
41 |1 0 21 |53.431 53.450 -0.019 |[1.7135 1.7129 0.0006 | 27
42 |12 1 19 |55.352 55.331 0.020 (1.6585 1.6590 -0.0006 (216
43 |3 2 11 |55.618 55.641 -0.023 (1.6512 1.6505 0.0006 (132
44 12 3 5 [56.429 56.378 0.052 [1.6293 1.6307 -0.0014 | 81
45 12 1 20 |57.689 57.643 0.046 [1.5967 1.5979 -0.0012 |264
46 |4 2 1 |57.793 57.812 -0.020 (1.5941 1.5936 0.0005 [338
47 |12 3 8 |58.739 58.795 -0.056 (1.5706 1.5693 0.0014 | 39

Table 83. Continuation from Table 82.
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20 (°) d (A) U

No. (h k 1 calc obs diff calc obs diff | obs
1 {0 0 3 | 6412 6470 -0.057 |13.7728 13.6507 0.1221 12
2 |0 0 6 [12.845 12912 -0.067 | 6.8864 6.8509 0.0356 4
310 0 9 [19.318 19.357 -0.038 | 4.5909 4.5819 0.0090 8
4 |1 0 4 |20.021 20.056 -0.035 4.4314  4.4237 0.0077 2
5 11 0 7 [23.562 23.588 -0.026 | 3.7728 3.7687 0.0041 22
6 |1 0 8 [25.014 25.053 -0.039 | 3.5570 3.5515 0.0055 4
7 10 0 12 |25.855 25.886 -0.031 | 3.4432 3.4391 0.0041 4
8 |1 0 11 [29.936 29.959 -0.023 | 2.9824 29802 0.0022 (1000
9 |1 1 0 [31.563 31.581 -0.018 | 2.8323 2.8308 0.0016 | 464
10 |1 0 14 (35467 35.477 -0.009 | 2.5289 2.5283 0.0006 17
11 |1 1 9 [37.272 37.266 0.006 | 2.4105 2.4109 -0.0004 8
12 |2 0 4 |(37.661 37.713 -0.051 | 2.3865 2.3834 0.0031 8
13 |0 0 18 [39.215 39.231 -0.016 | 2.2955 2.2946 0.0009 80
14 |2 0 7 [39.763 39.763 0.000 | 2.2651 2.2651 0.0000 9
15 |2 0 8 |40.688 40.682 0.006 | 2.2157 2.2160 -0.0003 9
16 |2 0 11 |44.057 44.056 0.001 | 2.0538 2.0538 -0.0001 | 587
17 |1 0 19 [45.593 45.597 -0.004 | 1.9881 1.9879 0.0002 35
18 |2 0 14 |48.201 48.205 -0.004 | 1.8864 1.8863 0.0001 34
19 |1 1 18 |[51.182 51.189 -0.007 | 1.7833 1.7831 0.0002 24
20 (1 0 22 |52.102 52.110 -0.007 | 1.7540 1.7537 0.0002 | 940
21 (1 1 19 |53.049 53.088 -0.039 | 1.7249 1.7237 0.0012 7
22 (2 1 11 |55.200 55.174 0.026 | 1.6627 1.6634 -0.0007 | 287
23 [3 0 0 |56.206 56.194 0.012 | 1.6353 1.6356 -0.0003 | 164
24 (1 0 25 |58.920 58.922 -0.002 | 1.5662 1.5662 0.0001 51
25 |0 0 27 |60.445 60.429 0.016 | 1.5303 1.5307 -0.0004 3
26 (1 0 26 [61.263 61.248 0.015 1.5118 1.5122 -0.0003 11
27 |2 0 22 [62.204 62.193 0.012 1.4912 1.4915 -0.0003 187
28 |1 1 24 [63.149 63.143 0.006 1.4712 1.4713 -0.0001 5
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Table 84. SrgNbsO1s.07 (m = 6 of Ay, Bm—103m). The calculated values refer to a
primitive hexagonal cell with ¢ = 5.67 A and ¢ = 41.32 A.
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20 (°) d (A) U
No. (h k 1 calc obs diff calc obs diff | obs
1 {0 0 6 | 7.003 7.050 -0.047 [12.6119 12.5283 0.0836 4
2 |10 0 9 [10.513 10.574 -0.061 | 8.4079 8.3597 0.0483 1
3 10 0 12 [14.033 14.059 -0.026 | 6.3059 6.2941 0.0118 3
4 |11 0 7 [19.863 19.877 -0.014 | 4.4664 4.4633 0.0031 4
5 |1 0 13 [23.703 23.735 -0.032 | 3.7507 3.7456 0.0050 22
6 |1 0 14 [24.488 24.488 0.000 | 3.6321 3.6322 -0.0001 3
7 |1 0 17 |27.030 27.024 0.006 | 3.2961  3.2968 -0.0007 2
8 |1 0 20 [29.800 29.817 -0.017 | 2.9957 2.9940 0.0017 (1000
9 |1 1 1 [31.593 31.594 -0.001 | 2.8297 2.8296 0.0001 | 432
10 |1 0 23 [32.751 32.800 -0.049 | 2.7322 2.7283 0.0040 3
11 |1 0 26 [35.849 35.871 -0.022 | 2.5029 2.5014 0.0015 7
12 |2 0 6 |(37.326 37.293 0.033 | 2.4072 2.4092 -0.0020 8
13 |0 0 33 [39.258 39.255 0.003 | 2.2931 2.2932 -0.0002 29
14 |2 0 13 [39.858 39.878 -0.020 | 2.2599 2.2588 0.0011 12
15 |2 0 14 |40.356 40.357 -0.001 | 2.2332 2.2331 0.0001 7
16 |1 1 23 |42.067 42.083 -0.016 2.1462  2.1454  0.0008 2
17 |2 0 20 [43.965 43.973 -0.008 | 2.0578 2.0575 0.0004 | 623
18 |1 0 34 |44.677 44.671 0.005 | 2.0267 2.0269 -0.0002 14
19 |1 0 37 |48.168 48.163 0.006 | 1.8876  1.8878 -0.0002 6
20 |2 0 26 |48.504 48.526 -0.021 | 1.8753 1.8746 0.0008 38
21 [0 0 41 |49.336 49.314 0.023 | 1.8456 1.8464 -0.0008 5
22 (1 1 33 [51.222 51.227 -0.004 1.7820 1.7819 0.0001 28
23 |1 0 40 |51.752 51.758 -0.006 | 1.7650 1.7648 0.0002 | 564
24 |2 1 20 [55.127 55.143 -0.016 1.6647 1.6642 0.0005 435
25 (3 0 1 [56.236 56.236 0.000 | 1.6345 1.6345 0.0000 | 155
26 (1 0 46 |59.194 59.197 -0.003 | 1.5596 1.5596 0.0001 16
27 |2 1 28 |60.516 60.474 0.042 | 1.5287 1.5296 -0.0010 3
0

28 40 161.896 61.895 0.001 | 1.4979 1.4979 0.0000 | 213

Table 85. Sr11NbgOsz.09 (m =5+ 6 of Ay Brm—103m). The calculated values refer
to a primitive hexagonal cell with a = 5.66 A and ¢ = 75.67 A.
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