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ABSTRACT: Hexagonal oxide perovskites, in contrast to the more familiar perovskites, allow for face-sharing of metal-oxygen
octahedra or trigonal prisms within their structural frameworks. This results in dimers, trimers, tetramers, or longer frag-
ments of chains of face-sharing octahedra in the crystal structures, and consequently in much shorter metal-metal distances
and lower metal-oxygen-metal bond angles than are seen in the more familiar perovskites. The presence of the face-sharing
octahedra can have a dramatic impact on magnetic properties of these compounds, and dimer-based materials, in particular,
have been the subjects of many quantum-materials-directed studies in materials physics. Hexagonal oxide perovskites are of
contemporary interest due to their potential for geometrical frustration of the ordering of magnetic moments or orbital oc-
cupancies at low temperatures, which is especially relevant to their significance as quantum materials. As such, several hex-
agonal oxide perovskites have been identified as potential candidates for hosting the quantum spin liquid state at low tem-
peratures. In our view, hexagonal oxide perovskites are fertile ground for finding new quantum materials. This review briefly
describes the solid state chemistry of many of these materials.
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other to create a MOs framework structure. The d orbitals on



Figure 1. The different polymorphs of BaRuOs. Color: Ba (green), Ru (gray octahedra) and O (red). In the 6H drawing, the two kinds
of Ru - blue in the dimers and yellow in the perovskite-like layers - are shown. BaRuOs at ambient pressure is found in the 9R or
4H structure types, SrRuOs is found in a distortion of the 3C structure type, as is BaRuO3s prepared at high pressures.

the M ions hybridize in different degrees with the oxygen p or-
bitals. The quantum-like properties can arise for dnions (where
the d states are partly filled, and n is between 1 and 9) and even
for dO or d10 ions (e.g. Ti** or Pb#+) in the octahedra in the MO3
framework.

Structurally, the octahedra are often considered as rigid
entities that tilt around their shared corners to accommodate
different size A site ions and an overall cell size that is also de-
termined by temperature or pressure. A rich set of symmetry
variants is possible due to the tilting, and too many interesting
combinations of atoms, physical properties and structural dis-
tortions have been studied to even list generally?213, The tilting,
from a chemical and quantum materials perspective, changes
the degree of overlap between the oxygen p and metal d orbit-
als at the connections between the corner-sharing MOg octahe-
dra in the perovskite framework, with a significant impact on
the electronic and magnetic properties displayed. Even a rela-
tively simple oxide perovskite like SrTiO3 can display profound
quantum mechanical properties such as superconductivity at
sub-Kelvin temperatures when doped with a very small num-
ber of electrons!4-16, Even though the tilt system in classical
perovskites can sometimes yield a rhombohedral symmetry
crystal structure, such materials are in general not the subjects
of this review. Ruddlesden Popper and Dion Jacobsen series
materials are celebrated layered oxide perovskites where dif-
ferent ratios and relative sizes of A to B site ions result in the
break-up of the MO3 perovskite network into layers of different
thicknesses. Electrons and magnetic moments, when confined
to layers, or largely confined to layers, can display quite unex-
pected quantum-derived properties, such as superconductiv-
ity17-19, The structural break-up of the normally three-dimen-
sional MOs array into layers can lead to dramatically different
physical properties for some of these materials, which have
also been the subjects of many reviews. Double perovskites in
oxides are also well known and have been the subjects of re-
search in halide perovskites as well67.20-26, Perovskites are a
well for research that never seems to run dry.

This review, however, is about a currently lesser known
class of oxide perovskite quantum materials, based on hexago-
nal symmetry rather than cubic symmetry. These materials are
also based on AMOs stoichiometries but, in contrast to the more
familiar perovskites, admit for face sharing of MO¢ octahedra
or A- or M- centered trigonal prisms in the structural frame-
work rather than the corner-sharing geometries found in the
framework of conventional perovskites. This can result in di-
mers, trimers, tetramers or longer fragments of chains of face-
sharing octahedra in the structure. The face sharing of the oc-
tahedra within the dimers trimers tetramers and chains leads
to much shorter metal-metal distances and lower metal-oxy-
gen-metal bond angles than are seen in more familiar perov-
skites. It has been argued that hexagonal perovskites can best
happen for selected A site ions in oxides because their ionic ra-
dii and that of oxygen are such that it is possible for them to mix
in an ordered arrangement to form a closest-packed plane. Ba2+
and 0% seem to be a perfect pair for engendering this kind of
structural stability. A Ba2*ionreplacing one of the oxygen ions
in a close packed oxygen plane appears to be happily sur-
rounded by the 6 near neighbor 02 ions that it acquires in the
plane. The fact that face sharing is present has a dramatic im-
pact on the transition metal oxygen d orbital oxygen p orbital
overlap and the direct d-d overlap of the transition metals, and,
consequently on the quantum properties.

Symmetry matters when it comes to physical properties,
and the 3 or 6 fold rotational symmetries of the structural com-
ponents in the hexagonal perovskites are of contemporary in-
terest due to the potential that such geometries have to engen-
der the geometrical frustration of the ordering of the magnetic
moments or orbital occupancies of the framework ions into a
single lowest energy state at low temperatures. Thus such ma-
terials are good candidates for the quantum-spin-liquid state,
as described briefly here. (In quantum spin liquids, the spin
state of the magnetic ions continues to fluctuate down to very
low temperatures compared to the strength of the magnetic in-
teractions as measured by the Curie-Weiss temperature.)



Further, their properties frequently challenge our current un-
derstanding of when a chemistry (i.e. an orbital based) vs. a
physics (i.e., a Fermi Surface based) description is most appro-
priate for interpretation and prediction of the properties of a
material, which is good fun27-29 (see e.g. the review by D.
Khomskii and S.V. Streltsov in this issue). Many hexagonal ox-
ide perovskites based on face-sharing of magnetic octahedra
have been studied due to their potential for hosting the quan-
tum spin liquid state at low temperature.

As is found in the more familiar cubic-symmetry-based
AMOs3 perovskites, structural distortions, chemical disorder,
and non-AMOs stoichiometries are also found in the hexagonal
perovskites. Structurally layered variants are also known. The
basic crystal structures and, in some cases, the known struc-
tural complexities are the focus of this review. Although metal-
lic, semiconducting, and dielectric hexagonal perovskites are
known, the physical properties of this class of materials have
so far not turned out to be of as wide interest in the materials
physics community as those of their cubic-symmetry-based
cousins. The properties of the materials whose chemistry and
structure are the primary focus of this review are also generally
summarized here when known.

This organization of this review is based on the solid state
chemistry of the hexagonal perovskites, and is based primarily
on their crystal structures. A reader particularly interested in
the crystal structures of such materials can find alternative
presentations in books on perovskites1-13. Qur intention is to
present a structural description of as many of them as we can,
although some interesting materials may be omitted by acci-
dent. On the other hand, occasionally we may describe variants
that are be considered by some researchers to be “not-really-
hexagonal-perovskites”, or better classified in a different way,
and we apologize to people whose views are stricter than ours
if our classification appears to include too many materials; we
do not mean to exclude other classifications for such materials.
In our view, hexagonal perovskites are fertile ground for find-
ing interesting quantum materials and we hope that the de-
scriptions presented in this review will be accessible to a wide
range of scientists who may be interested in such things.

2. Mixtures of cubic plus hexagonal packing

Let's start with the SrRu0Os-BaRuOs perovskites as our ini-
tial example. SrRuOs is a slightly distorted conventional cubic
perovskite due to a small tilt of the RuOs octahedra in the RuOs
framework, while, at conventional pressures, the Ba2+ion is not
a good fit for the cubic perovskite cavity. It is a better fit when
inserted into a close packed plane of oxygen, however, and
thus, the crystal structures of the ambient pressure BaRuOs
polymorphs are hexagonal perovskites.

For A site ions of size between Sr and Ba, the resulting
crystal structure is an ordered mixture of cubic perovskite plus
hexagonal perovskite. There is no electropositive divalent ion
with a size intermediate between Sr and Ba, but as is often
found in solid state chemistry, such an ion can be simulated by
mixing Sr and Ba together. Although any individual position in
one unit cell is occupied by either Ba or Sr, their average radius
is what impacts the long range average crystal structure ob-
served. The (111) plane of conventional cubic perovskites has
three fold rotational symmetry. When used as a building block

a small section of the (111) plane is a layer of isolated MOs oc-
tahedra lying on their faces in a triangular array. The A ions are
found between these layers. When the (111) layers are in-
cluded in a structure, the octahedra share corners with others.
When this layer is used as a structural building block in the cre-
ation of a new material and mixed with hexagonal symmetry
AMO3 layers that consist of face-shared octahedra, then mate-
rials with overall hexagonal symmetry are the result.

The compounds in the SrRu03-BaRuOs system allow us to
introduce the simple short-hand nomenclature that is used to
describe hexagonal perovskites. In this nomenclature, a num-
ber is first, which indicates the number of structural layers
within a unit cell. The designation then ends with a letter, an R,
an H or a C, which indicates whether the material is based on
rhombohedral, hexagonal or cubic layer stacking (like in all
perovskites, small distortions are possible, typically due to oc-
tahedral tilting) Using this nomenclature, classic cubic-sym-
metry-based SrRuOs has a 3C structure (three cubic layers per
cell stacked along (111) and BaRuOs has three polymorphs, one
with a 4H structure, one with a 6H structure and one with a 9R
structure3? (Figure 1). (In rhombohedral symmetry hexagonal
perovskite crystal structures the number of layers is always a
multiple of 3). At high pressures, BaRuOs is stable in a different
crystal structure, transforming to a conventional 3C perovskite
(Figure 1). This cubic BaRuOs perovskite is metallic and shows
a ferromagnetic transition at Tc = 60 K, significantly lower than
the Tc = 160 K of SrRuOs3, as shown in Figure 2. A related des-
ignation is when a layer of MO¢ octahedra is connected by cor-
ner sharing to the next layer, as is found in cubic perovskites,
then that connection is designated by a lowercase c, when the
octahedra are connected by sharing faces then that kind of con-
nection has 3 or 6 fold symmetry and is designated by a lower-
case h. Thus the structure of many 9-layer hexagonal perov-
skites may be designated as 9R or (chh)s.

05 . .
(a) SrRu0O;,
04k H =10 Qe
o))
O. 03}
k)
3
E o2}
L
=
0.1
00 50 100 150.'
T(K
0.8 . K) v
(b) BaRuOj; (cubic)
o6} H = 5kOe
© v FC
£ O ZFC
S 04
£
DL,
=02
0.0
0 100 200 300
T (K)

Figure 2. The ferromagnetic transitions in (a) orthorhombic
SrRuOs31and (b) cubic BaRuOs conventional perovskites 30.



In the case of the Ba1xSrxRuOs solid solution, the resulting
crystal structure is clearly determined by the average radius of
the A site ions; an on-average-smaller A site ion yields a crystal
structure with a larger fraction of cubic-like perovskite charac-
ter, while a larger A site ion yields a hexagonal-like perovskite
structure32-34. The same may be the case for other (Bai-
xSrx)MO3 perovskites where the Ba end member (x=0) is a hex-
agonal perovskite and the Sr end member (x=1) is a cubic per-
ovskite. In solid solutions of the type BazxSryRuOs, when in-
creasing the values of x, the nine-layer structure with stacking
sequence (chh)s (9R) transforms to the four-layer structure
(ch)2 (4H) and finally to the classical perovskite type structure
(c)3 (3C) at x is about 1/6 and 1/3, respectively33. The 4H and
9R forms of BaRuOs have substantially different electronic
properties3S, and even the Sri.xCaxRuOs3 perovskites in the more
familiar cubic perovskite structure types are famously enig-
matic quantum materials36-38, In the event that readers are not
familiar with magnetism we point out that the A ions in perov-
skites, with the exceptions of the rare earths, are not magnetic
(i.e. Baz+, Sr2+ and Ca2*) nor are the oxygen ions.
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Figure 3. The crystal structures of distorted monoclinic SrlrOs
(left), the ambient pressure phase, and cubic SrirOs, a stable
high pressure phase (right). The former is a distorted variation
of a 6H hexagonal perovskite.

Iridium oxides are of special interest in the study of quan-
tum materials because, for these materials, spin-orbit-coupling
can have a dramatic effect on the energies of the valence elec-
trons associated with the M ions and consequently the materi-
als’ electronic and magnetic properties. The strong influence of
spin-orbit-coupling can explain some of the properties of irida-
tes such as their widely insulating behavior. SrirOs and BalrOs
are quantum materials closely related to the ruthenate perov-
sKites. In this series, however, SrlrOz and BalrOs are both mon-
oclinic C2/c distortions of the 6H-BaTiOs hexagonal (chc)2
structure3940 (former: a = 5.604 A, b=9.618 A, c=14.17 A, beta
= 93.26°). These structural distortions have not yet been theo-
retically modeled to our knowledge, but they may well be re-
lated to the influence of the strong spin orbit coupling in Ir,
which is widely known to be influential in determining the
magnetic and electrical properties of iridium oxide based quan-
tum materials41-47. The monoclinic and cubic crystal structures

of SrlrOs are shown in Figure 3. Both SrIrOs and BalrOs are
non-magnetic electrical insulators394849 and adopt the ideal cu-
bic Pm-3m perovskite structure at high pressure. A substitution
of Zn or Li for Ir in the 6H-SrIrOs polymorph destabilizes the
face-sharing octahedra, and hence Srlri-xZnx03 is found to be
an orthorhombic distortion of the classical cubic perovskite for
0.25 < x <0.33 and Srlr1-xLixO3 has that type of crystal structure
for x = 0.25 only>%. The reason for the destabilization of the hex-
agonal perovskite structure for Zn and Li substitutions has not
been proven theoretically.

3. Dimers and trimers. Relation to classic double
perovskites.

In classical double perovskites, there are two different “M
type” ions in an ordered array or a partially ordered array
within the MO3 framework. Double perovskites can be written
in the form A2MM’Os, where M and M’ can be differentions such
as in Sr2FeWOs, a material that has a particularly high magne-
toresistanceS! or even the same M metal with different oxida-
tion states, such as is seen in BaBiO3 (BazBi3*Bi>*0¢ formally)52-
57, the basis for superconductivity in several perovskite ox-
ides5859. Disordered and partially ordered M-M’ double perov-
skites are known. “Double perovskites” are also known for ra-
tios of M to M’ that are not 1:1, for example also 2:1, where the
formula is A2Ms/3M’2/306 i.e. A2{M[M1/3M’2/3]}0¢, with M and
M’ selected to yield charge neutrality. An example of this kind
of double perovskite is CasNbz09 6061, Of further interest are
oxide double perovskites where one of the ions does not dis-
play octahedral coordination5262,

Double hexagonal perovskites are also known - when
there is more than one chemically distinct type of M site ion
present. The materials can have ordered M-M’ or disordered M-
M’ structures. Many ordered materials and disordered materi-
als are known and briefly described in this review. Consider the
6H structure shown in Figure 1 as the basis. There are two dis-
tinctly different octahedral sites for the M ions present. One
(yellow in the figure) shares only corners with other octahedra,
making a separate triangular plane (seen in the figure at levels
0, %4, and 1 along the crystallographic c axis, and the other
shares corners with one set of (M,M")0s octahedra but a face
with another set (blue in the figure). When there are two octa-
hedra in the face sharing sub-structure, the basic formula is
A3MM’209. Occasionally M and M’ can be the same ion (as in
some of the polymorphs of BaRuO3) but much more frequently
they are two distinctly different ions. While the M ions form tri-
angular planar lattices of potentially isolated MOs octahedra,
the M’ ions form a dimer array on a triangular lattice. When ei-
ther M or M’ has unpaired electrons, the magnetism can make
these quite interesting quantum materials due to the triangular
lattice and the localized vs. delocalized character of unpaired
electrons in the dimers*’. For consistency with more complex
structures, we refer to these materials simply as dimer-based
hexagonal perovskites.

3.1. Dimer-based hexagonal perovskites

Dimer-based hexagonal oxide perovskites are by far the
most frequently studied quantum materials in this family. The
most common dimer-based hexagonal double perovskite fam-
ily of quantum materials is found when the M’-site is occupied
by Ru or Ir, making the formula BasMRu209 or BazMIr209. For
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Figure 4. The reported crystal structures of “BazCuSb209”.

purposes of organization in this group, which consists of many
frequently studied materials, we consider the generic formula
to be BasMM’209, and we classify the materials into subgroups
that differ in the total number of electrons on the M’209 dimer.
The formal oxidation state of M can range from 1+ to 4+ - as the
formal charge on the M site ion increases, to maintain neutral-
ity, the formal oxidation state of the M’ ion, and thus the total
number of electrons on the M’209 dimer, decreases. (For formal
electron counts, the electropositive Ba ion is always taken to be
Ba2+and the oxygen ion is taken to be 02-.) As in many quantum
materials, determination of the physical properties is not re-
lated in a trivial way to the formal electron count, as how the
electrons are distributed on the M’209 dimers depends on some
important chemical characteristics of how the orbitals on M’
and oxygen overlap, discussed in the review by Khomskii and
Streltsov in this issue.

In BazMRu209, when M is a non-magnetic monovalent cat-
ion (eg. Li or Na), the total number of electrons donated by the
Ru to the oxygens in a Ru209 dimer is 11 63-65, (The Ru can be
considered formally as a 1:1 mixture of Ru5* and Rus*, but
“where’s the charge, really?” is a good question that has been
asked by some for decades for such highly charged transition
metal ions in oxides.) Both of these compounds crystallize in
the hexagonal space group P63/mmc. While the hexagonal
structure of BasLiRuz209 remains stable down to 100 K,
BasNaRu209 undergoes a structural transition at 225 K to a
lower symmetry space group, Cmcm, a simple dimensional dis-
tortion of the hexagonal perovskite. This has been attributed to
a well-known phenomenon in materials physics and solid state
chemistry known as charge ordering; in this case where the
Ru5* ions are said to occupy one of the sites in the dimer and
the Rué* ions to occupy the other site in the dimer, in an or-
dered array. BasNaRuz0¢, which, in contrast has not been
shown to undergo charge ordering transition, has a negative
Curie-Weiss temperature, indicating antiferromagnetic inter-
actions between the Ru spins, but remains paramagnetic down
to 1.7 K. Its magnetic effective moment is calculated to be about
0.91uB/mol-f.u, and the conductivity activation gap is about 0.1
eV. Why the Lil* material behaves so differently from the Nal*
material is a potentially interesting puzzle to address in future
research. These are excellent examples of quantum materials.

When M is clearly a divalent cation in BasMRuz0y, the hex-
agonal 6H crystal structure that we have been discussing has
been reported for in the cases of Ni2+, Ca+, Mg2*, and Zn2*. For
these materials there would be 10 electrons donated to the
Ru209 dimer by its constituent metal atoms, for a formal charge
on both Ru of 5+. For the cases above when M is a transition
metal (i.e. Niz+, which is an S=1 ion), there must be an internal
equilibrium within the compound between the formal valence
of the M ion and the formal valence of the Ru in the dimers.
Thus dimer-based hexagonal perovskites such as BazCoRu209
and BasFeRu209 would be interesting if studied in this context
because Fe3+ or Co3* may more likely be in equilibrium with a
formally Ru#*-Ru>+ mixture than a Co?+ or Fe2* mixture would
be with Ru5*. Some of the divalent ions listed above are non-
magnetic (i.e. Ca, Mg and Zn), an important characteristic for M
ions that results in the magnetism, and the resulting quantum
properties, arising from transition metal ions in the dimers and
their orbital overlap with the oxygens.

Sbis a common 5+ ion in octahedral coordination in oxides
and is an important constituent in some hexagonal perovskites.
It is non-magnetic, so when it is present, the magnetism arises
from the other ions present. The dimer-based hexagonal per-
ovskite which mixes Cu and Sb as the M and M’ ions is both im-
portant and unusual. An ordered 6H hexagonal perovskite
crystal structure for BasCuSb209 was reported in 1978¢¢. This
structure consists of ordered face-sharing of SbOs octahedra
and isolated CuOs octahedra, in a normal hexagonal perovskite
type structure as shown in Figure 4. If this is the crystal struc-
ture of the phase, then the Cu2+ spin % ions are in triangular
layers, a nice ordered triangular plane spin % configuration,
the canonical arrangement for a quantum material67-69. Recent
powder and single crystal XRD structural analysis conforms
that the material is hexagonal (the senior author wonders what
happened to the Jahn-Teller distortion virtually always seen for
Cu?+ in octahedral coordination), but that it is something more
like an inverse spinel than an ordered 6H perovskite, with the
Cu and Sb randomly occupying positions in the dimers and Sb
found on the individual octahedral layers (Figure 4), a
Bas(Sb)(SbCu)09 configuration in spite of the fact that the for-
mula suggests otherwise. In this structure, the magnetic spin %
Cu?* ion is disordered in the dimers with a nonmagnetic ion,



Sb5+, This material has been proposed to be a quantum spin lig-
uid candidate with an S = % triangular lattice, tested by mag-
netic susceptibility and neutron scattering experiments down
to 0.2 K. There is no magnetic ordering observed, while the Cu-
rie-Weiss temperature is calculated to be -55 K. The specific
heat shows a T-linear dependence, and a relatively large Som-
merfeld constant was found, 43.4 m]/mol-K2 below 1.4 K79, alt-
hough the material is insulating (which should lead to a Som-
merfeld constant near 0). A study of BazCuSb209 single crystals,
which also have disordered Cu and Sb in the dimers, showed
that the hexagonal symmetry and the presence of dynamical
Jahn-Teller distortions remain down to 3.5 K. There is a very
big investment in the “quantum materials” properties of this
material by the materials physics community, a community
that does not appear to be disturbed by the extensive Cu/Sb
disorder present in the dimers. When the Sb/Cu ratio is slightly
different from 2/1, a distorted orthorhombic structure is ob-
served. Further, the stoichiometry and symmetry of the phase
appear to be dependent on the synthesis temperature’?!. A par-
ticularly interesting set of materials of this type are the
BaszCu0s209 double hexagonal perovskites, for which both the
structural symmetry and the magnetic properties depend pro-
foundly on whether the material is prepared with an ordered
M’'M: array or one where an inverse hexagonal perovskite of
the type Bas(0s)(CuOs)09 is made?2.

In the same structural vein, we also have Ba3CoSb209, an-
other dimer-based quantum material that crystallizes in the
hexagonal space group P63/mmc. That is, it is another classical
dimer hexagonal perovskite, with the lattice parameters a =
5.857 A and ¢ = 14.459 A73-77, This material, nominally consist-
ing of Co2* and Sb5* in an ordered array is an ideal effective spin
=1 (that is, when the orbital and spin contributions to the mo-
ment are both considered, the effective spin of the Co2* turns
out to be %, Co is unique among the 3d transition metals in that
the orbital contribution to the magnetic moment is not
quenched) triangular lattice antiferromagnet. The extensive
continuum of available energies seen for the spin system above
the spin wave excitations by neutron scattering, is claimed to
be clear evidence that BazCoSb20s is close to the proximity of a
quantum spin liquid state in a 2D triangular lattice system?73-82,
As for BasCuSb20y, there is a big investment in this material by
the materials physics community.

Much more obscure, but none-the-less chemically inter-
esting, with substantially different magnetic properties, are
BasMoCrz09 and BasWCr20983. These materials are fun from a
chemical perspective because Cr, Mo and W are in the same col-
umn in the periodic table and yet Cr is in a nominally 3+ state,
while Mo and W are formally in a 6+ (d9) state. (Cr3* is arguably
the mother of all strongly Hund’s rule coupled ions, and is
therefore quite stable, but when combined with Ba and O, Cr
can be in more highly oxidized valence states. These materials
appear to require an extremely reducing ambient for synthe-
sis). The crystal structures are classical dimerized hexagonal
perovskites like we have been describing here, and while the W
variant is argued to be chemically ordered with Cr in the di-
mers, displaying a “dimer like” magnetic susceptibility, the Mo
variant is said to be disordered, with Cr in an oxidation state
greater than 3+, displaying a classical Curie-Weiss magnetic be-
havior. Further work on the chemistry, structures and proper-
ties of these materials would be of interest.

We now consider the group of compounds where the iso-
lated M octahedra are occupied by 3+ ions. The only distorted
hexagonal perovskite having the M formal valence = 3 in the 6H
family of ruthenates is monoclinic BazScRuz09. (Sc is an elec-
tropositive, non-magnetic, 3+ ion in oxides.) Some structures
can also be stabilized in the orthorhombic space group Cmcm,
such as BasCuRuz09 or the low temperature phase of
BasCoRu20984-89, but the most studied 6H hexagonal perov-
skites are those where M is a rare earth element. Chemically,
this is presumably because they are relatively easy to make, but
from the point of view of magnetic properties they are interest-
ing because the rare earth ions are found in a triangular planar
lattice, and all the rare earths behave magnetically differently
due to their felectron count. The crystal structures adopt the
usual hexagonal space group P63/mmc for all compounds in the
series (M =Y, La to Lu). The magnetic ordering temperatures
are summarized in Table 1.

In the M = M3+ group, M = In3* BasInRu20s is reported to
be hexagonal. For this material, researchers claim that due to
the strong hybridization of Ru and O orbitals, the Ru209 dimers
are better explained as being molecular units, where an s = %
moment is delocalized in the dimers. This kind of consideration
- whether the face sharing units are best considered as “mole-
cules” with distinct molecular orbitals, or simply should be
thought of as the sum of the electron configurations of the tran-
sition metals that often occupy them - is one of the fundamental
interesting aspects of the hexagonal perovskites. A spin glass
transition was observed at 3.5 K, which can either be due to ge-
ometric frustration or disorder on the magnetic lattice (i.e.
some so-far undetected structural mixing of In and Ru the hex-
agonal perovskite M+M’ sites). In addition, the static magnetic
“ground state” (Theoretically a T = 0 Kelvin state but from a
practical perspective materials physicists mean the lowest
temperature state that they can attain in their measurements.)
in this material, studied by uSR, has been said by the research-
ers involved to indicate that BasInRuz09 is more complicated
than a conventional spin glass?0-92,

In the case of M#+ cations, there are several reported com-
pounds, such as BasBiRuz09, BasTiRuz09 and BasZrRuzOo.
BasBiRu209 is particularly unusual, in that although the aver-
age formal valence of Bi is claimed to be 4+, charge dispropor-
tionation of 2Bi4+ to Bi3+ + Bi5* is said to be present, similar to
what is seen in BaBiOs. The evidence for this exotic state (said
to be a “negative U” state in materials physics) is Bi L3-edge X-
ray absorption near-edge (XANES) spectroscopy. This com-
pound also undergoes a spin gap opening at T*=176 K, meaning
that above 176 K, BasBiRuz09 is a S=1 magnetic dimer system,
and a spin gap state (in other words that there is a distinct en-
ergy range of forbidden spin excitations, which are usually con-
tinuously available through “magnons”) emerges below 176 K.
The effect on magnetoelastic transitions in BasBiRu209 by ex-
ternal physical or internal chemical pressure has also been
studied. It is claimed to reduce the spin gap opening tempera-
ture93.94, Moreover, a small amount of La-doping (~10%) on
the Bi-site suppresses the spin gap and also eliminates the
sharp structural and magnetic transitions that accompany it,
suggesting that the spin-gap behavior is strongly associated
with the unstable charge of Bi4* in this material95.9¢. (Ba3Bilr209
also shows the opening of a spin gap, at 74 K. Magnetoelastic
transitions induced by external physical or internal chemical
pressure reduce the gap opening temperature?3.94). More con-
ventional in this group is BasTiRuz209, which shows structural



disorder between Ti and Ru in both the corner-sharing octahe-
dra and face-sharing dimers97.98. The system is magnetically
disturbed by a substantial amount of Ti/Ru chemical disorder,
with the Curie-Weiss temperature of -29.5 K and the effective
magnetic moment of 1.82 uB/f.u. A bifurcation of the zero field
cooled and field cooled magnetic susceptibility is observed be-
low 4.7 K, which, along with the structural disorder, indicates
that BasTiRuz09 is a compositionally-disordered spin-glass
system. The material is a semiconductor with an activation en-
ergy for charge transport of approximately 0.14 eV98.

6H hexagonal oxide perovskites are not the only
Ba3MM’209 materials known in this family. Materials with di-
mers can also have rhombohedral (9R) rather than hexagonal
(6H) stacking along c. BasMnRuz09 (Mn has the formal valence
of Mn2+, apparently) adopts a 9R structure while the majority
of the BasMRu209 phases form the 6H structure. When the A
site ion is too small, hexagonal perovskites are not stable, and
CasMnRuz209 for example adopts the standard Pbnm space
group seen often for orthorhombically distorted conventional
perovskites. In this material, Mn and Ru are randomly distrib-
uted over the M-sites. BasMnRuz09, unsurprisingly due to its
magnetic disorder, shows a short range spin glass transition at
30 K while for the orthorhombically distorted conventional
perovskite CasMnRu209 a glass transition is seen at 150 K 99
also a likely indication of Mn-Ru disorder. Similarly,
Sr3CaRuz09 and SrzCalrz09 have monoclinic structures, distor-
tions of the conventional perovskite structure, with space
group P21/c 100,101,

Moving now to iridates, of particular interest as quantum
materials due to the fact that Ir is a 5d ion and therefore its or-
bital energies are known to be influenced spin orbit coupling,
the materials and crystal structures are similar to what is seen
in the BasMRu209 system. Again, the oxidation state of M in the
BaszMIr209 series of dimer-based hexagonal perovskites can
range from 1+ to 4+, resulting in the total number of electrons
donated by Ir to the Ir209 dimer ranging from 11 to 8, respec-
tively. For monovalent M ions, both BasNalr209 and BasLilr209
compounds crystallize in the hexagonal space group P63/mmc,
however, only BasNalr209 undergoes a structural transition to
a monoclinic of a hexagonal perovskite, space group C2/c, be-
low 100 K. For divalent M ions, hexagonal structures are stabi-
lized when M = Mg, Zn and Ni, and distorted monoclinic struc-
tures are observed in the cases of M = Ca and Sr. While all rare
earth M elements result in structures in the hexagonal space
group P63/mmc in the BasMRu209 ruthenates, the structural
trends in the BasMIrz09 system are quite different, in that the
small rare earth ions (M = Sm-Lu) result in hexagonal struc-
tures, while the larger rare earth ions (eg. La and Nd) lead to
structures in the distorted monoclinic space group C2/c. Fi-
nally, analogous to BasBiRu209, BasBilr209also adopts a mono-
clinic structure. This material displays a spin gap opening at a
lower temperature of 74 K, as described briefly above.

In the Ir209 dimers, pure Ir5+ is expected to have a non-
magnetic ground state. For Ir#+ dimers, small the observed ef-
fective moments in a localized spin picture can be taken to in-
dicate the presence of strong AFM interactions between the Ir4+
ions within the dimers. For the case of the mix between Ir4+ and
Ir5+, magnetic ordering of Ir#+ is reported to occur at 10 K in
BasSclr209 and Baslnlr209102, BasMIr209 compounds with M =
Rare Earth (RE)) adopt the usual ordered hexagonal perovskite
P63/mmc space group, except for RE= La and Nd (which have

the monoclinically distorted C2/c space group) as demon-
strated in Figure 5. BasMIr209 shows antiferromagnetic order-
ingat4 KforM =Y, at5.1 Kfor M = Lu and 2.0 K for M = Th103,
The fact that the 6H iridates are studied less frequently in the
materials physics community than the 6H ruthenates are is
very likely due to the difficulty in growing single crystals of eas-
ily accessible size for iridates.

The BasInlr209 hexagonal perovskite has been proposed
to be a quantum spin liquid, where the unpaired electrons are
localized on a mixed valence state between Ir4+and Ir5* within
the Ir209 dimers. The gapless ground state and persistent spin
dynamics that remain active down to 20 mK, probed by mag-
netic susceptibility, heat capacity, neutron diffraction, NMR
and pSR, are cited as evidence. As shown in Figure 6, no long
range magnetic ordering or spin freezing down to 20mKis seen
in this S = %2 dimer Ir209 compound104,

BasLulr,0,
(P62/mmc)

Ba,lalr,0,
(C2/c)
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Figure 5. The crystal structures of the BasLulr209 and mono-
clinic BasLalr209 “hexagonal perovskites”. The Ir209 dimers are
shaded. The rare earth ions are shown by teal or blue balls.

BasIrTi209, where the magnetism comes from Ir#+, a spin
¥ ion, reportedly in the isolated triangular layers, (the Ti 4+ is
non-magnetic) crystallizes in the hexagonal space group
P63/mmc, has been proposed to be an embodiment of the tri-
angular Heisenberg-Kitaev model, and has been used to study
the interplay between geometric and exchange frustra-
tion105.106, Materials physicists argue that BasIrTi209is a spin %2
Mott insulator107 and that Kitaev exchange (Usually a weak
kind of magnetic exchange that loses out to ordinary antiferro-
magnetic-exchange derived ordering. Materials physicists use
the term Mott insulator to explain cases where the electrons
are largely confined to their individual atomic orbitals, e.g. that
they are localized in solids, rather freely from the perspective
of the senior author of this paper, because such a classification
seems to him to ignore the necessity for M-0-M orbital overlap
extending through a whole network for the appearance of me-
tallic conductivity. He would not classify many double perov-
skites that physicists believe to be Mott insulators, as actually
being Mott insulators for example. ) destabilizes the 120 order-
ing expected for Heisenberg spins on a triangular lattice, and
thus leads to the formation of a Z2-vortex quantum spin liquid
state, tested by spherical neutron polarimetry106-108. Magnetic
susceptibility displays a very strong antiferromagnetic interac-
tion with the Curie-Weiss temperature of -130 K, but according
to the researchers involved, no magnetic ordering is observed
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Figure 6. (a) Temperature-dependent magnetic susceptibility in the Quantum Spin Liquid candidate BasInlr209 and (b) heat ca-
pacity measurements and magnetic entropy calculation in this BazInlrz09 material 104.

down to 23 mK. The frustration index is (= Ocw/Tm where Ocw
is the Curie Weiss theta and Twm is the temperature of the mag-
netic ordering. Materials are expected to magnetically order at
aratio between 1 and 10) therefore calculated to be larger than
5000, strongly implying the presence of a quantum spin liquid
ground state105-107,109-111Although there may be Ir/Ti chemi-
cal disorder in both the MOs octahedra and the M’209 dimers,
the researchers involved claim that the material is not a spin
glass due to the absence of spin freezing in magnetic suscepti-
bility measurements, heat capacity, and puSR measurements.
Further, DFT calculation based researchers report that a Dirac-
type nodal line should be present along the A-L direction in k-
space (i.e. reciprocal space), and is “symmetry-protected”,
meaning that it absolutely has to be there due to the material’s
symmetry, suggesting the possible existence of emerging quan-
tum phenomenal%8112 (j.e. a novel spin-orbital singlet state).
The senior author of this paper believes none of this by the way,
because such predications in complex materials are always
“within the model calculated” in his view, although he is happy
to defer to the views of the large number of researchers in-
volved in the study of this material.

The reader can easily see from what we summarize here
that the dimer-based hexagonal perovskites are a mainstay of
quantum materials research. Structural disorder is sometimes
detected for these materials and sometimes not, and as fre-
quently is the case in materials physics, disorder is not univer-
sally believed to be a bad thing when it comes to quantum ma-
terials. It is only considered significant when its influence on
the quantum properties can be clearly detected through phys-
ics characterization113-115,

We now briefly consider a few complex dimer-based hex-
agonal perovskites. The first of these is very highly structurally
disordered, but in an interesting way. The complex disordered
dimer material BasFe1s6lr1.4409 116 adopts the hexagonal space
group P3m1, with the lattice parameters a = 5.740 A and ¢ =
14.160 A as shown in Figure 7. Interestingly, the site disorder
between the Fe and Ir occurs within the dimers, where the di-
merized sites are said to be unequally occupied by Fe and Ir,
and in one of the triangular layers of octahedra but not the
other. This kind of crazy uneven occupancy is what reduces the
symmetry from the usual space group for 6H perovskites. The

symmetry of this material is such that the complicated chemi-
cal disorder results in a non-centrosymmetric polar structure.
The valence states of Fe3+ and Ir5* were confirmed by X-ray ab-
sorption near edge spectroscopy (XANES). BaszFe1s6lr1.4409 is
semiconducting and it has a near room temperature antiferro-
magnetic ordering transition of 270 K.

Table 1. The magnetic ordering temperatures (in degrees Kel-
vin) of the BasMRu209 and BasMIr209 (M =Y, La-Lu) hexagonal
perovskites. 47.84117-121 PM: paramagnetic.

M ions Tc or Tnof Tc or Tnof
BasMRuz09 BasMIr209
Y 4.5 4

La 6.0 14.6
Ce PM PM
Pr PM PM
Nd 24.0 17.4
Sm 12.5 14.4
Eu 9.5 8.2
Gd 14.8 10.2
Tb 9.5 2.0
Dy 27.8 8.9
Ho 10.2 5.6
Er 6.0 6.0
Tm 8.3 55
Yb 4.5 5.3
Lu 9.5 51

The 6-layer hexagonal structure of BagRh233Yb2Al1.67015
122 s said to adopt the non-standard 6H space group P-6m2,
with lattice parameters a = 5.854 A and ¢ = 14.660 A, as dis-
played in Figure 8. Unlike the “usual” 6H hexagonal



perovskites, this material has tbret? differept types of M-M’ ior}s BagRh, 5,Yb,Al, (,0,.
present. The crystal structure is slightly different from what is ' ’
seen in the 6H-BasMRuz209¢ family, in that the face-sharing
Rh209 dimers, which are reported to contain only Rh, while a
second dimerized layer is said to be occupied by a disordered
mix of Al plus Rh. The YbOs octahedra are confined to the iso-
lated octahedra. To balance the charge, there appear to be ox-
ygens missing in a random way in certain sites in the crystal
structure. Given that some of the dimers are heavily Al-rich, the
structure may be even more complex that this, with the missing
oxygens associated with AlO4 tetrahedra. This is definitely a
challenging structural problem to figure out.

BasFe, 56l 440,
(P3m1)

——Fel full occupancy

Figure 9. The crystal structure of BasRh233Yb2Al1670x The

0.14 Fe6: 0.86 Ir6 Rh209 dimers are shown in light gray, the mixed (Al,Rh)209 di-

0.48 FeS: 0.52 IS mers in dark gray and the YbO¢ octahedra shown in light blue.
The oxygens are shown in Red, with partially occupied sites
| ———0.71Fe2:0.29Ir2 shown as mixtures of red and white spheres. The Ba ions are

shown in green.

0.66 Fed: 0.34 Ir4 . .
3.2. Trimer-based hexagonal perovskites

c 0.11 Fe3: 0.89 I3 _ o _
When the ratio of M to M’ ions is 1:3 instead of 1:2 then
variations of hexagonal double perovskites can form with for-
ag—>b mulas AsMM’3012. In these materials, there are three M’O¢ octa-

hedra sharing faces with each other and corners with a trian-
gular lattice of MOg octahedra. These trimer materials are much
more rare than the hexagonal perovskite oxides based on di-
mers, and have been studied proportionally much less

Figure 7. The crystal structure of BasFe15s6lr1.4409
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Figure 8. (a) Temperature-dependent magnetic susceptibility of BasNbMn3012, (b) The two magnetic models account for
the observed magnetic moment of 4.82 uB/Mn3012 per trimer, (c) Magnetic hysteresis loops above and below the ferrimag-
netic transition temperature T = 42 K, and (d) The heat capacity measurement that shows the partial entropy released at
the ordering temperature at T = 42 K 126,
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Figure 10. Temperature-dependent magnetic susceptibility of (a) BasNbRu3012127and (b) BasTbRu3012129.

frequently. The site in the middle of the M’ trimer is crystallo-
graphically distinct from that of the two outer octahedra (The
central octahedron shares only faces with other octahedra
while the two peripheral ones share a face on one side and cor-
ners on the other side). Thus it is occasionally noted that the
central octahedron can have a different ion in it, described fur-
ther below, making such materials hexagonal triple perovskites
(AsMM’2M”012).

From a property perspective, the trimer-based materials
can be interesting magnetically, as the electrons in the trimer
are either localized on the ions, as they are when M’ is a 3d ele-
ment, or confused about whether they are localized or delocal-
ized within the trimer, as has been proposed when M’ is a 4d or
a 5d element?’. This is particularly of interest to spectrosco-
pists, who have most frequently studied this issue in dimers123
and theorists (see the review by S.V. Streltsov and D. Khomskii
in this journal). The “where are the electrons” question in these
trimer perovskites can make them interesting as quantum ma-
terials.

In this section, we focus our attention mostly on the three
trimer systems BasNbM3012 (M = Mn, Ru, Ir), which have been
investigated in the context of whether the unpaired electrons
are localized or delocalized within the M3012 trimer clusters
and whether spin orbit coupling can play an important role in
the magnetism of face-sharing hexagonal perovskites. There
are only three Mn3012 trimer compounds reported in the liter-
ature in this group so far, BasMMn3012 (M = Nb, Ce and Pr), all
of which crystallize in the hexagonal space group R-3m. The lat-
ter two materials were only structurally reported without any
magnetic analysis. This can be due to the multi-valent states of
Ce and Pr, causing complicated magnetic properties, or that the
phases are not pure enough for the magnetic study. Ce is 4+
(with no d electrons an no f electrons) in the BaCeO3 conven-
tional perovskite, so there may be no interference of rare earth
magnetism in that case, but Pr is a notorious nightmare to deal
with in the more familiar oxide perovskites121.124125 Thus, we
will discuss in detail the magnetic properties of BaaNbMn3012
instead, where the Nb is 5+ and non-magnetic26, There are two
Mn3*+ and one Mn* present. As shown in Figure 9a,
BasNbMn3012 shows an effective moment of 4.82 pB/Mn3012
trimer and competing antiferromagnetic and ferromagnetic
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interactions between Mn ions are inferred from the Curie-
Weiss temperature of -4 K and the ferrimagnetic ordering
transition temperature of approximately 42 K. With the effec-
tive moment of 4.82 pB/Mn3012, two potential magnetic order-
ing schemes for this material are displayed in Figure 9b. Neu-
tron diffraction is necessary in order to solve the magnetic
structure and determine the actual magnetic spin configura-
tion. From this magnetic picture, we can see that the mag-
netism of the Mn3012 trimer can be well explained by a local-
ized electron model, meaning that the unpaired electrons re-
side locally at each ion site, instead of being delocalized within
the Mn3012 trimer unit. The magnetic hysteresis loops above
and below the transition temperature are shown in Figure 9c.
Finally, the heat capacity measurement in Figure 9d demon-
strates the presence of an entropy loss at the around 42 K, how-
ever, only a small amount of the total magnetic entropy ex-
pected for an S = 2 Heisenberg system is recovered. So, it is fair
to ask, where is the missing entropy?

Moving to a 4d transition metal based material, the
BasMRu3012 system for example, Bas:NbRuzO1z and
BasTaRu3012 are reported to adopt the hexagonal space group
R-3m. The crystal structures consist of a trimer-based Ruz012
cluster. The exchange interaction between Ru3* and Ru** is
claimed to be the origin of the magnetic ground state127.128, A
few other compounds in this trimer family have been structur-
ally reported, but the magnetic properties are not yet investi-
gated. A comprehensive study of BasLnRus012 - type materials
has been reported, however. In the case of non-magnetic rare
earth ions (Ln = Y, La, Lu), the magnetism comes purely from
the magnetic RuzO12 trimers. But for other rare earth ions, the
observed magnetic moments must arise from both the mag-
netic rare earth ions and the Ru3O12 trimers. The magnetic or-
dering temperatures of the BasLnRu3O12 series are summa-
rized in Table 2. If the trimers could be made fully nonmag-
netic, then these compounds would have nicely separated tri-
angular layers of rare earth ions, and be good candidates for
low temperature quantum magnets.

The magnetic properties of isolated Ru3Oi12 trimers in
BasNbRus012 have been compared with the combined mag-
netic moments of the magnetic rare earth Th*+ and the Ru3012
trimer in Bas4TbRu3012. The temperature-dependent magnetic



susceptibilities of both compounds are shown in Figure 10.
The Curie-Weiss fitting of the data from 200-400 K in
BasTbRu3012 results in a Curie-Weiss temperature of -57 K and
an effective moment of 8.78 pB/f.u. This large magnetic mo-
ment has been attributed to the magnetic sum of Tb#+ (7.94 uB)
plus three individual Ru#* (S = 1, peff = 2.83 uB), which should
be about 9.33 uB/mol-f.u. The observed moment is argued to
be within experimental error of the expected moments from lo-
calized spins. From neutron diffraction, the magnetic structure
of Ba«TbRu3s012 was solved. It is displayed in Figure 11.

Figure 11. The magnetic structure of Ba4TbRu3012 at 2.5 K,
solved from neutron diffraction29. Arrows show the directions
of the ordered magnetic spins at low temperatures.

Table 2. The summary of the magnetic ordering temperatures
in BasMRu3012 and BasMIr3012 129-131 (M =Y, La-Lu) systems.
DM: diamagnetic, CW: Curie-Weiss, VV: Van-Vleck.

M Tc or Tn of Tc or Tn of
ions BasMRu3z012 BasMIr3012
La 6.0 DM
Ce#+ CW 10.5
Pr4+ 2.4 35
Nd 11.5 CW
Sm 3.5 \'A%
Eu 4.0 \'A%
Gd 2.5 CW
Tb4+ 24 16
Dy 30 W
Ho 8.5 CW
Er 8.0 CW
Tm 8.5 CW
Yb 13 CW
Lu 8.0 DM

In the case of BasNbRu3012, since Nb5* is non-magnetic, the
only magnetic moments come from the isolated Ru3zO12 trimer.
Analysis of the magnetic susceptibility leads to a Curie-Weiss
temperature of -155 K and an effective moment of 2.59
uB/mol-f.u. This observed moment is between the value of spin
% (1.73 pB) and spin 1 (2.83 pB) per trimer, and cannot
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therefore be due to free-ion-like localized magnetic moments.
The Curie-Weiss temperature is relatively large and negative,
indicating the presence of strong antiferromagnetic interac-
tions between the Ru ions. A freezing temperature to a glassy
state was observed at around 4 K. The corresponding frustra-
tion index is calculated to be larger than 30, implying that
BasNbRus012 is a strongly frustrated magnet. A recent neutron
study employing both elastic and inelastic neutron scattering
(in preparation by T. Halloran et. al) shows that only 1/3 of the
spins freeze below 4 K, with the remaining spins still fluctuat-
ing. Hence, BasNbRu3012 is proposed to be a spin liquid or even
a quantum spin liquid candidate. As shown in Figure 12, both
the trimer energy level diagram, 1, and the molecular orbital
diagram, 2, result in the overall spin %2 in each Ruz012 trimer.

Spin-orbit coupling is the interaction of a non-zero elec-
tron spin with its orbital motion. This is a relativistic effect, and
is proportional to the fourth power of the atomic number
7132133, Thus, it has the strongest effect in 5d transition metals
(eg. Ir) compared to 3d ions (e.g. Mn) and 4d ions (e.g. Ru).
BasBilrs012, which crystalizes in the distorted monoclinic space
group C2/c, has Ir3012 trimers bridged by corner-sharing BiOs
octahedra%.134, It contains an unusual Bi*+ formal oxidation
state, but actually has charge disproportionation of the Bi#+ into
Bi3* and Bi5+. This material shows an anomaly at T* = 215 K.
This transition is not seen at the spin gap opening temperature,
as is seen in BasBiRu209 or BasBilr209¢. The Curie-Weiss tem-
perature is found to be -15 K and the effective moment is 0.22
uB/Ir. The relatively low effective moment comes from strong
spin orbit coupling for the 5d Ir transition metal. Antiferromag-
netic interactions within the Ir3012 trimer are claimed to lead
to the formation of an S = % doublet. The change in the mag-
netic state at T* is claimed to result in a structural distortion to
balance the amount of energy for the formation of the S = %
doublet. The Ir-Ir distance within the trimers is relatively short,

2.6 A, implying the possibility of direct metal-metal bond-
ing#096,135,136,
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Figure 12. 1 The possible energy level diagram of a trimer137
and 2 the alternative molecular orbital diagram 7. The electron
counting shown is taken from the example of BasNbRu3O12,
which has a total of 13 electrons in each RuzO12 trimer. Dia-
grams are redrawn from the references.

While BasRERu3012 (RE3+) compounds show magnetic or-
dering at low temperatures, Ba4REIr3s012 compounds fre-
quently remain paramagnetic down to 1.8 K. The exception is
the case where the RE is Ce**. BasCelrs012 magnetically orders
at 10.5 K, while BasCeRu30O12 is paramagnetic down to 1.8
K131138139, The ordering temperature and effective magnetic
moments of the two trimer-based series, BasRERu3012 and
BasREIr;012 (RE3+), are summarized in Table 2.



3.3. A structure based on both trimers and dimers

There is one example that we can find of a material that
has both trimers and dimers in its hexagonal oxide perovskite
structure. This material is 10H- BasFesNiO13s, synthesized by
the decomposition of nitrate salts, which crystallizes in the hex-
agonal space group P63/mmc with lattice parameters a = 5.771
A and c = 24.581 A. The crystal structure consists of the stack-
ing of clusters of three face-sharing octahedra (trimers) cor-
ner-sharing with clusters of two face-sharing octahedra (di-
mers). Structural refinement shows that the Ni ions (in gray in
Figure 13) preferentially occupy the central octahedron of the
trimer and Fe ions (in brown in Figure 13) occupy the other
sites. Fitting of the temperature-dependent magnetic suscepti-
bility results in a Curie-Weiss temperature of -255 K and an ef-
fective moment of 5.45 uB per formula unit. [tis not known how
the magnetic moments are distributed. The ordering of the Ni
and Fe in different octahedral sites implies that new phases
with this kind of unusual stacking might be stabilized for other
transition metal combinations as well40, We note that if the ox-
ygen content of this material is really 13.5 per formula unit
then it is quite oxygen deficient. The missing oxygen, which is
on the order of 10% of the total, is either missing randomly in
the structure, or the coordination in one or more of the layers
of ions is not actually octahedral, which is definitely a possibil-
ity for Fe3+. More on this concept can be found in subsequent
sections of this summary.
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Figure 13. (a) The crystal structure of 10H- BasFe4NiO13s, (b)

Inverse magnetic susceptibility of BasFesNiO135 under the ap-
plied magnetic field of 1 kOe 140,

3.4. 12R structures based on trimers

An example of this kind of structure is BasFe3NiO12. In this
material the transition metals are ordered and there does not
appear to be an issue with the oxygen content. While the two
end members BaNiO3 and BaFeOs crystallize in the 2H and 6H
hexagonal perovskite structures, a composition in between,
BasFe3NiO12, adopts the 12R hexagonal structure, space group
R-3m with lattice parameters a = 5.66564(7) A and ¢ =
27.8416(3) A)141, Similar to other trimers discussed above, the
crystal structure of BasFesNiO12 consists of three face-sharing
octahedra (the trimers) separated by a layer of single FeOs oc-
tahedra, as shown in Figure 14a. A combination of synchrotron
and neutron diffraction data refinements shows that the Fe3*
ions (in brown) occupy the layer of corner-sharing octahedra
while Fe4* (again in brown) and Ni4* (in gray) occupy the face-
sharing octahedra. The Ni occupy the octahedron in the middle
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of the trimer. A small amount of oxygen vacancies (~5%) were
found at the intersections of the corner-sharing octahedra only.
The magnetic susceptibility is claimed to show a weak
ferro/ferrimagnetic transition that couples Fe3+ and Fe#* at
around 200 K, confirmed by magnetic hysteresis loops, as
shown in Figures 14b-c.

Similar to BasFe3NiO12, BasNizIr2012 also crystallizes in a
hexagonal 12R perovskite structure, space group R-3m, with
the lattice parameters a = 5.7309(2) A and ¢ = 28.6318(12) A,
as shown in Figure 15a. The crystal structure consists of face-
sharing Ir2NiO12 trimers and layers of single NiOs octahedra.
This material is claimed to have the unusual mix of Ni2* and Ni**
in its structure, according to XANES measurements42 (Figure
15b). Fitting of the magnetic susceptibility data yields a Curie-
Weiss temperature of -33 K and the effective moment of 4.40
uB/f.u, with data as shown in Figure 15c. This observed mag-
netic moment is consistent with the oxidation states of Ni seen
in the XANES measurements, namely that the Ni2+ ions occupy
the sites within the layer of single NiOs octahedra while the
Ir2NiO12 trimers consist of an alternating face-sharing Ir5+Oe-
Ni*+*O6-Ir3*06 arrangement. Thus, the magnetism has been at-
tributed to the contributions of both the Ir2NiO12 trimer and the
two unpaired electrons from the Ni2* ions.
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Figure 14. (a) The crystal structure of 12R- BasFe3NiO12, (b)
Temperature-dependent FC/ZFC magnetic susceptibility of
BasFe3NiO12 under the applied magnetic field of 100 Oe, and (c)
The field-dependent magnetic hysteresis loops of BasFe3NiO12
at 300 Kand 5 K 141,

A polycrystalline sample of BasNblr3012 has been synthe-
sized by the solid state method. The material also has a 12R-
type structure. It crystalizes in the rhombohedral space group
R-3m, with lattice parameters a = 5.7827(2) A and ¢ =
28.7725(9) A. The structure of BasNblr3;01; is based on a trian-
gular planar geometry of Ir3012 trimers. The material displays
a very low effective moment of 0.80 uB/f.u, reported to be due
to the strong spin-orbit coupling effect of the 5d Ir-ions. The
Curie-Weiss temperature is -13 K, taken to indicate antiferro-
magnetic interactions between Ir ions. However, there is no
magnetic ordering down to 0.35 K, confirmed by heat capacity
measurements. The heat capacity of BasNblrs012 shows a linear
upturn in Cp/T below 2 K under applied magnetic fields of 0
and 1 T. The upturn is suppressed under 2 and 3 T, as previ-
ously observed in the reported spin liquid material



HsLilr206143. The heat capacity data for BasNblr3O12 below 2 K
fits the power law Cp(T) = kT¢, where k = 0.1 and o = %4. The
power being smaller than 1 is taken to suggest a possible spin
liquid state in this materiall43. The crystal growth of this mate-
rial with slight off-stoichiometry and disorder has been re-
ported144145, As shown in Figure 16, BasNboslrs 2012 experi-
ences site disorder between Nb and Ir in the isolated octahedra
only. A recently reported crystal growth method produces
large 3mm size crystals. Magnetic measurements on these sin-
gle crystals has been found to be consistent with a possible spin
liquid state, and is also consistent with the report on the stoi-
chiometric polycrystalline samples. With the availability of
large crystals, the potential quantum spin liquid state in this
material can be studied by thermal conductivity, uSR, inelastic
neutron scattering and heat capacity down to 50 mK.
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Figure 15. (a) The crystal structure of 12R- BasNizIr2012, (b)
XANES characterization of BasNizIr2012 and other standards,
Ni, NiO, BaNiO3 employed to confirm the coexistence of Ni2+and
Ni4*in this material. (c) Temperature-dependent FC/ZFC mag-
netic susceptibility of BasFesNiO12 under the applied magnetic
field of 1 T 142,
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Figure 16. (a) The rhombohedral crystal structure of
BasNboslrs 2012 144, Ba are light green and oxygens are red. The
brown trimers contain only Ir and the isolated octahedra con-
tain disordered mixtures of Nb and Ir. (b) Heat capacity data in
BasY2Rh2Ti2017 under different magnetic fields. (c) Tempera-
ture-dependent magnetic susceptibility of BasNb0.sMn32012
crystals. The inset shows the large size crystals up to 3mm.
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3.5, AgnA'MM01: Missing an octahedron in a tri-
mer

This is a derivative of the BasMRu3012 family. The crystal
structure is very similar to the 12L-BasNbRu3012 hexagonal
perovskite, except that there is a missing M'O¢ octahedron in
the middle of the trimers. The crystal structure of Sr4CoRe2012,
an example of a material in this A4-nA’"MM’2012 family,146.147 is
shown in Figure 17a. (n can range from 0 to 2, with the differ-
ent A site ions chosen to accommodate the charge on the M,M’
sublattice.) The inverse DC magnetic susceptibility and the AC
susceptibility for Sr4CoRe2012 are displayed in Figures 17b-c.
The magnetic ordering temperature, Curie-Weiss temperature
and effective moment of a few compounds in this series are
known; they are summarized in Table 3. Two general observa-
tions can be made about such phases: (1) the missing octahe-
dron results in a material that has only corner shared octahe-
dra and thus can also be considered as a layered oxide perov-
skite based on (111) cubic rather than (100) cubic layers, and
(2) if the magnetism is really acting as described in the publi-
cation, then the Co?* present is undergoing a spin state transi-
tion on cooling and in addition the magnetic ordering is not
frustrated (Tm and Ocw are nearly equal).
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Figure 17. (a) The crystal structure of Sr4CoRe2012, (b) Inverse
DC magnetic susceptibility of Sr4CoRe2012 under the applied
field of 5 kOe, and (c) AC susceptibility of Sr4CoRe2012 under
the 2 Oe-excitation field146

Table 3. The magnetic ordering temperatures, Curie-Weiss
temperature and effective magnetic moment per formula unit
for some examples of materials in the A4.nA'"MM’2012 series.

Compounds Tm (K) Ocw (K) | peff (uB)
SraCoRe2012 1.0 1.0 391
Sr2La2CoW2012 1.26 1.5 3.95
BazLa2CoW2012 1.28 1.6 4.01
BaszLaCoReWO12 0.83 0.78 3.89
BasCoRe2012 0.87 0.61 3.87
BazLa2NiW2012 6.2 25.5 3.19
BazLazMnW;012 1.7 -10.7 5.73
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Figure 18. (a) The crystal structure of 10H- BasSb1-xMns+x01s-5, (b) and (c) Two proposed magnetic structures for BasSb1-

xMn4+x015-5 148,

3.6. Tetramers

Very few tetramer-based materials are known; we de-
scribe one here and another in a later section where we con-
sider the presence of tetrahedral in the crystal structures. The
return of Sb>+* to our systems allows for the formation of BasSb1-
xMna+xO15-5, which is a 10 layer, 10H-hexagonal perovskite
based on tetramers. It crystallizes in the space group P63/mmc
with lattice parameters a = 5.7095(1) A, and ¢ = 23.4866(3) A.
It has different stacking from BasFesNiO13.s. The crystal struc-
ture of BasSb1-xMna+x01s-s consists of four face-sharing MnOs
octahedra (tetramers) and a layer of corner-sharing disordered
(Sb/Mn)Os octahedra, as shown in Figure 18. The magnetic
properties of BasSb1-xMn4+x01s-s (0.24 < x < 0.36) solid solu-
tions show two distinct magnetic transitions. For example,
when x = 0.24, the upper transition at 129 K corresponds to the
formation of ferro/ferrimagnetic interactions within the te-
tramers, and the lower transition at 13 K is the freezing tem-
perature of a glassy state, this latter transition evidenced by the
bifurcation of FC/ZFC magnetic susceptibility at low applied
magnetic field. This material has an antiferromagnetic Curie-
Weiss temperature of -133 K and an effective moment of 3.55
uB/f.ul4s,

4. Materials with MOy tetrahedra in the framework

The crystal structure of BasAllr2011 was first reported in
1989, but its quantum magnetism has only recently been inves-
tigated. BasAllrz011 crystallizes in the orthorhombic space
group Pnma, with the lattice parameters a = 18.8360 A, b =
5.7887 A and ¢ = 11.1030 4, it is a distorted version of a hexag-
onal perovskite. The crystal structure consists of two face-shar-
ing IrOe octahedra (Ir209 dimers), corner-sharing with AlOa tet-
rahedra. However, within the Ir209 dimers, there are two in-
equivalent Ir sites, as shown in Figure 19a, one that could
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contain Ir4* (5d°) and the other one containing Ir5+ (5d%). In
contrast to this local charge picture, the formation of Ir209 di-
mer orbitals in this material has been detected by Resonant In-
elastic x-ray scattering (RIXS). Sharp excitations of electrons
within the dimer orbitals were observed by this method, and
analyzed by using Density Functional Theory (DFT) and theo-
retical simulations. The spin-orbit coupling present for the Ir-
5d transition metal is said to play an important role in the com-
peting interaction between intra-atomic exchange and covalent
bonding in this material. The researchers involved argue that
Ir-Ir metal-metal bonds are present, causing a substantial re-
duction of the magnetic moment. This material undergoes a
structural phase transition at 210 K, which is supported by
temperature-dependent electrical resistivity measurements
(Figure 19b). The material is very highly resistive, so it is basi-
cally an insulator. A clear magnetic transition is at 4.5 K, ob-
served in the magnetic susceptibility, where a clear field de-
pendence to the susceptibility even above the ordering temper-
ature is seen. (Figure 19c¢) 149-153,

The 10L-BasInzAl2ZrO13 hexagonal perovskite is another
example of a material with MOa4 tetrahedra in the structural
framework. The crystal structure is shown in Figure 20. It
adopts the space group P63/mmc with lattice parameters a =
5.8707(7) A and ¢ = 24.445(3) A. In this case the hexagonal
symmetry is maintained. A special feature in the crystal struc-
ture of this material is where AlO4 tetrahedra share corners
with InO¢ octahedra, separated by a triangular layer of ZrO¢ oc-
tahedra. This remarkable crystal structure is the result of the
intergrowth along the c-axis of BazInAlOs and BaZrOs
blocks.154155 For this material, ALL ions are in their usually
highest formal oxidation states and no unpaired d electrons are
present, it is thus non-magnetic and therefore no quantum
properties are expected.



(a) BaAlIr,0,,
(Pnma) =

fog p, (2 cm)

‘& £
% N ]
=" 6| <
v ;

9 (b) BaAllr,0,

0 100 200 300 400 500 600 700
T (K)

o
§

(c) BasAllr,O,4

g

I—> o

o
1
3{0
Ip{emu/mol)
g

° (] o 5 10 15 20
T(K)

Figure 19. (a) The crystal structure of BasAllr2011, with the
Ir209 dimers and AlO4 tetrahedra (blue polyhedra); (b) Resis-
tivity measurement to show a subtle structural transition at
210K, and (c¢) Temperature dependent magnetic susceptibility
showing the magnetic transition at 4.5 K. The symmetry of the
crystal structure is low compared to standard hexagonal per-
ovskites 149,

Ba;In,Al,ZrO,,
(P65/mmc)

Figure 20. The crystal structure of BasInzAl2ZrO13. Ba ions are
green, oxygens are red, Al3+O4 tetrahedra are shown in blue,
In3+ octahedra as purple and Zr#+ octahedra as orange.

In another structure type consisting of octahedra plus tet-
rahedra of M ions, 12H-BasNazRuzV2017 crystalizes in a hexag-
onal structure, space group P63/mmc, with the lattice parame-
ters a =5.8506(1) A and ¢ = 29.6241(4) A. This crystal structure
contains a Ruz09 dimer, which is corner-sharing with layers of
NaOs octahedra, separated by double sheets of VO4 tetrahedra
(Figure 21). This nominally complex BasNazM2X2017 structure
type can be stabilized for many possible cation combinations,
for example for M = Ru, Nb, Ta and Sb and X =V, Cr, Mn, P, and
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V 156, The magnetic properties of many of these materials re-
main unreported.

Recently, two additional compounds with this crystal
structure have reported, with formulas BasR2Tis017 (R = Nd
and Y)157. In these materials, the triangular layers of NaO¢ octa-
hedra are replaced by octahedra of rare earth ions (Nd or Y).
Furthermore, the Ti cations occupy both the TiO4 tetrahedra
and the face-sharing Tiz09 dimers. This is one of the very rare
oxides where Ti cations adopt both tetrahedral and octahedral
sites in the same structure.

In this complex yet somehow flexible structure, we
successfully synthesized the new compound BagY2Rh2Ti2017. In
this material, the only magnetic ion is Rh** (4d5) in the Rh209
dimers, which helps simplify a potentially complex magnetic
picture (Figure 22a). Preliminary magnetic analysis shows
that the material displays a small effective magnetic moment,
which must arise from the Rh ions present, and a negative Cu-
rie-Weiss temperature. The transport band gap and optical
band gaps are very similar, at 0.16(1) eV, and thus
BasY2Rh2Ti2017is a small band gap semiconductor. As shown in
Figure 22, a large upturn in the heat capacity at temperatures
below 1 K, suppressed by magnetic fields larger than 2 Tesla, is
observed. A very large Sommerfeld-like T-linear term in the
specific heat (y=166 m]/mol f.u-K2), as is often observed for
Heavy Fermion metals, is seen although the material is highly
insulating at low temperatures!58. These results suggest the
possibility that a spin liquid state exists at low temperatures in
BaeY2Rh2Ti2017.

Ba;Na,Ru,V,0,,
(P65/mmc)

Figure 21. The crystal structure of BasNazRu2V2017. Ba = green
spheres, oxygen =red spheres, AlO4 tetrahedra depicted in red,
Ruz209 dimers in brown and individual layers of NaOg octahedra
in yellow.

For another example of a material with mixed tetrahedra
and octahedra, 21R-Ba7MnsCr2020 crystalizes in a rhombohe-
dral structure, space group R-3m, with the lattice parameters a
=5.7401(1) A and ¢ = 50.597(1) A. The c axis is large for this
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Figure 22. (a) The crystal structure of BasY2Rh2Ti2017, (b) Triangular layer of Rh#+(d>) along the c-axis, (c) The Rh-0O, and Rh-Rh
distances within the Rh209 dimer, (d) Temperature dependent magnetic susceptibility of BagY2Rh2Ti2017 under different applied
magnetic fields, and (e) Heat capacity data in BagY2Rh2Ti2017 under different magnetic fields158.

structure, which consists of three shifted structural blocks. In
Figure 23a, the crystal structure is shown. It consists of an or-
dered array of CrOs4 tetrahedra (when Cr is formally highly
charged, then its radius is small), MnO¢ octahedra and face-
sharing Mn3012 trimers. Below 50 K, the material undergoes 2D
magnetic ordering, attributed to ferromagnetic super-ex-
change between the “isolated” MnO¢ octahedra and the Mn3012
trimers159-161 Under moderate applied magnetic fields, the ma-
terial converts to 3D magnetic ordering. Magnetic susceptibil-
ity measurements reveal a Curie-Weiss temperature of 38 K
and an effective moment of 9.69 uB/f.u., as shown in Figure
23b. The presence of ferromagnetism at 5 K is confirmed by the
presence of a magnetic hysteresis loop, seen in Figure 23c.
However, the magnetic behavior in this material is quite com-
plex since it contains different magnetic ions with different ox-
idation states, such as Cr5+, Mn2+ and Mn#+.

Finally, we end this section of this summary by describing
one more multi-layered structure in the hexagonal perovskite
family is 16L-BasCa1-xMn3+x012-s (Figure 24a). This material
crystallizes in the hexagonal space group P-6m2 with the lattice
parameters a = 5.8003(3) A and ¢ = 38.958(1) A, with the large
c axis arising because there are 8 layers in each of two building
blocks. . It is one of the very first hexagonal perovskites known
that contains Mn in tetrahedral sites, with Mn charge dispro-
portionation. The crystal structure consists of Mn-tetramers (a
cluster of four face-sharing MnOs octahedra), corner-sharing
with MnOe octahedra and MnOs tetrahedra. Infrared spectros-
copy study of BasCa1-xMns+xO12-5, comparing the results with
KMnOs and BaMnO4 standards, has been said to confirm the
possible coexistence of Mné* and Mn’+ ions in the structure, as
shown Figure 24b. Temperature-dependent magnetic suscep-
tibility measurements do not show any magnetic ordering
down to 10 K, and high temperature inverse magnetic suscep-
tibility fitting results in a Curie-Weiss temperature of -288 K
and an effective moment of 6.7 pB/f.u (Figure 24c). The large
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negative Curie-Weiss temperature indicates the presence of
strong antiferromagnetic interactions; however, the determi-
nation of Mn oxidation states and the magnetic configuration
requires careful XANES and neutron diffraction study?62.
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Figure 23. (a) The crystal structure of 21R-Ba7MnsCr2020, (b)
Temperature dependent FC/ZFC magnetic susceptibility of
BazMnsCrz2020 and (c) Magnetic hysteresis loop at 5 K in
BazMnsCr2020 159.
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Figure 24. (a) The crystal structure of 16L-BasCa1-xMn3+x012-5,
(b) FTIR spectrum of BasCai1-xMns3.«x012-s and the standards,
KMnO4 and BaMnOa. (c) The inverse magnetic susceptibility of
BasCa1xMn3+x012-s under the applied magnetic field of 3 kOe 162,

5. Oxygen deficiency: vacancies both random and
ordered

Nominally simple hexagonal oxide perovskites that actu-
ally have oxygen deficiency can form complex structures when
the vacancies are ordered, especially for multi-valent transition
3d metal cations such as Mn, Fe and Co. Even randomly distrib-
uted vacancies can lead to a wide variety of structures, presum-
ably to accommodate the different oxidation states if the M site

metals. BaMnOs., for example, can adopt different types of
structures depending on the fraction of oxygen vacancies pre-
sent. The published structures have randomly distributed oxy-
gen vacancies, although structural probes that are sensitive to
the local structures of the ions may eventually reveal that the
structures are more complex. A similar phenomenon is also ob-
served in BaFeO3.x and BaCoOs-xsystems. In some cases, for ex-
ample for the Cobalt compound BaCoOzs, the oxygens appear
to be largely missing in an ordered fashion, resulting in the
presence of CoO4 tetrahedra. This is also seen for some materi-
als in the BaFeOs.xsystem.

Different polytypes can be stabilized by the ionic size of
the central atom and its valence state. Without the oxygen va-
cancy, BaCoOs, with a typical hexagonal perovskite formula,
displays infinite linear chains of face-sharing CoOs in the ideal
hexagonal space group P63/mmc, with the lattice parameters a
=5.645(3) A and ¢ = 4.752(3) A163, When the oxygen content is
less than 3 in a formula unit, a variety of octahedral stackings
occur, and the crystal structures adopt different space groups
as shown in Figure 25 164-169, [n the 12H-BaCo0Oz structure,
the tetramers consisting of four face-sharing CoOs octahedra
are bridged by two layers of CoO4 tetrahedra. The presence of
tetrahedral Co in the structure may come from the small ionic
size of Co ions in the tetrahedra compared to those in the octa-
hedra. Curiously, it is reported that structures based on hexag-
onal perovskites convert to an ideal cubic perovskite for the
very oxygen deficient material BaCo02.23. The most reduced
form of this structure type results in another hexagonal com-
pound, BaCoOz2, a material where all the Co is in the formal 2+
state. However, the crystal structure of BaCoOz2 consists of cor-
ner-sharing CoOas tetrahedra instead of the CoOs octahedra
commonly found in the perovskite structures. Cobalt-oxide
based perovskites have been intensively studied for many dec-
ades, by many different methods, and the issue of whether and
how high-spin, intermediate-spin and low-spin in Co3* ions

2H-BaCoO,
(P63/mmc)

5H'Bac°02.74
(P-3m1)

(P63/mmc)

BaCoO,

(Pm-3m) (P3121)

Figure 25. Different types of BaCoOs-x polymorphs, containing CoO¢ octahedra and CoO4 tetrahedra. The materials with oxygen
contents between those of BaCoO3 and BaCoOz2 as a rule display randomly distributed oxygen vacancies, even in the case where
the oxygen efficiency compared to the ideal BaCoO3 formula is largely accommodated by CoO4 octahedra.
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10H-BaFeO, 4
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Figure 26. Different types of BaFeOsx structures.

existin the “simple” LaCoOs perovskite as a function of temper-
ature is still controversiall70-174, Similarly the spin state of Co2*
in oxides can also be enigmatic.

Similarly, BaFeOsx also adopts different structures at dif-
ferent oxygen contents. This family of materials displayed in
Figure 26 . Although similar globally to the Co based materials,
some interesting differences are reported. In 10H-BaFeOz.ss,
the appearance of FeOu tetrahedra is similar to the case of 12H-
BaCoO2.6. Moreover, a further reduced form of BaFeOs-x leads
to the transformation to the monoclinic structure BaFeOzs,
space group P21/c. In BaFeOzs, the coordination of Fe ions
ranges from 4 to 6, and the crystal structure is very highly dis-
torted. A unique feature of this structure is that within an indi-
vidual layer, both octahedra and tetrahedra are found.

For the BaMnOs.x system, there is a systematic trend in the
number of face-sharing MnOs octahedra in the chains. The sys-
tem goes from an infinite chain of MnO¢ octahedra in 2H-
BaMnOs to a dimer consisting of two face-sharing MnOs octa-
hedra in 4H-BaMnOz5s9 as seen in Figure 27175-178, The crystal
structure and the oxygen vacancies in BaMnOs.x are closely re-
lated to interesting properties in manganates, such as metal-
insulator transitions and colossal magnetoresistancel79-182,
Although there are a larger number of structures observed in
this manganite system over a smaller range of oxygen defi-
ciency than is seen in the Co and Fe - based oxygen deficient
double perovskite, in a sense their structures appear to be sim-
pler, and thus potentially easier to understand. To the senior
author of this manuscript the oxygen deficient hexagonal per-
ovskites for the transition metals Co, Fe and Mn literally scream

2H-BaMnO; 15R-BaMnO, 438H-BaMnO, 4 6H-BaMnO, 4, 10H-BaMnO, g, 4H-BaMnO, 54

(P&3/mmc) (R-3m) (P63/mmc)

(P-6m2) (P63/mmc) (P63/mmc)

Figure 27. Different types of BaMnOs.x structures.



Figure 28. Schematic representation of some of the crystal structures of materials with complex stacking in hexagonal perovskites.

for analysis through local structural methods. It does not seem
to be something for impatient people to tackle.

6. Polymorphism

We briefly specifically point out that hexagonal perov-
skites, even at a fixed AMOs formula, are not free from the kind
of polymorphism that is seen in many other kinds of materials
systems. Although this has been described previously in the
case of BaRuOs, it is seen in other hexagonal perovskites as
well. A nice example is shown in Figure 28, which shows two
different polymorphs of BaFeOs. The first of these isa 3R 111-
type rhombohedral distortion of a classical cubic perovskite,
while the second is a 6H hexagonal perovskite with Fez209 di-
mers and layers of isolated FeOs octahedra. In the other way of
looking at these materials, the first is (ccc)2 type and the second
is a (cch)z type. Pressure is a typical way of generating different
polytypes, and he same is the case for hexagonal perovskites.

BaFeO,
(P65/mmc)

Figure 29. Two different polymorphs of BaFeOs.
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7. Summary of some of the complex variations in
stacking

Figure 29 displays, in the form of a summary image, of
some of the complex stacking sequences possible in hexagonal
perovskites. In most structures, the sequences of face-sharing
octahedra share corners with each other (4H, 8H and 9R) or are
bridged by layers of single octahedra (5H, 6H, 10H, 12R and
21R). Moreover, layers of tetrahedra in between the face-shar-
ing octahedral blocks are found in 12H, 16H and 21R struc-
tures. Although both form 12-layer structures, the 12H struc-
ture includes tetrahedra while the 12R structure only contains
octahedra. The 21R structure is an interesting and complicated
structure type that has both tetrahedral and octahedral layers
in between trimer building blocks. There are many materials
with chains of face sharing octahedra or octahedra and trian-
gular prisms. They are described briefly in a later section of this
review.

8. Hexagonal Perovskites with Ba-Cl or Ba-Br layers
in addition to Ba-O layers

Oxyhalide perovskites have sometimes been found as
new phases in the crystal growth of oxide perovskites in a hal-
ide flux. In these materials, in addition to the Ba-0 layers, Ba-X
(X =F, Cl, Br, I) layers can also be stabilized between the face-
sharing magnetic building blocks. Oxychlorides are the most
frequently reported of this group. As shown in Figure 30, the
crystal structure of BagRuzPtO12Clz contains Ba-Cl layers sand-
wiched between (RuzPt)O12 trimers. With both suitable elec-
tronegativities and ionic radii, oxychloride and oxybromide
perovskites are commonly reported. The space groups and lat-
tice parameters of some selected materials in this family are
summarized in

Table 4. Their magnetic properties have notyet been thor-
oughly studied, although they are likely to be as interesting as



those of the purely oxide hexagonal perovskites. Their poten-
tial applications as photocatalysts and cathode materials have,
however, recently been investigated183-188, When materials
physicists figure out that some of them can be grown as nice
single crystals, then more detailed studies can be expected.

Table 4. Summary of the space groups and lattice parameters
of some of the hexagonal perovskites with Ba-Cl layers in addi-
tion to Ba-0 layers.

Compounds Space Lattice param- Ref-
group eters er-
ence
Ba2C0407Cl R-3m a= 57164A 189
c=45.010 A
BasRuzPt012Cl2 P-3m1 a= 5.805A 190
c=15.006 A
BasRu3012Cl2 P-3m1 a= 58154 191
c=149154
BasCo60155Cl P-6m2 a= 567384 192
c=14.5237 A
Ba7Ru4015Cl2 R-3m a=5.7785A 193
(and Br analog) c=51.6730 A
BasRu209Cl2 Pnma a=153104 194
(and Br analog) b= 59454
c=14.197A
BasCos013Cl P63/mmc | a= 5.669A 195
c=24304A
Bas(MnO04)3Cl P63/m a=10.469 A 196
c=7.760 A
KBa2V-07Cl P63/mmc | a= 5.7688A 197
c=15.0762 A
BaZn2(Se03)2Cl2 R-3m a= 55156 A 198
c=24.5840 A
BasCo2Mne022Cl P-6m2 a= 57207 A 199
c=19.4099 A
BasRusz33Ta1.67018Cl2 R-3m a= 5947 A 200
c=59.760 A
BaioFesPt2Cl2025 P63/mmc | a= 5.8034A 201
c=24.9970 A
Ba,Ru,PtO,,Cl,

Figure 30. The crystal structure of Bag(RuzPt012)Cl2 190.

9. Chains

One of the very nice structural aspects of hexagonal per-
ovskites is that chain fragments of different lengths can be
formed from face centered transition metal octahedra. These
chains can be interrupted by face sharing with triangular
prisms, which have some leeway along their prismatic lengths
to shrink or stretch to accommodate ions of different preferred
M-O bond lengths. This leads to some very interesting com-
pounds. In a hexagonal perovskite structure type, materials of
the type SraMOs (M = Pt, Rh, and Ir), for example, crystallize in
a rhombohedral structure, space group R-3c, as shown in Fig-
ure 31. Along the c-axis, the magnetic MOg octahedra are linked
by non-magnetic SrOs trigonal prisms to form 1D-chains,
where the magnetic octahedra and non-magnetic triangular
prisms alternate. In some of these materials, the Sr4MQg 202,203
formula (Sr4MOs = Sr3(SrM)O0s), because it results in a non- 1:1
A site to Chain site ratio, can lead to incommensurability of the
chain periodicity and the A site periodicity.

From the quantum materials perspective, a few materials
of this type have been studied. The analysis of magnetic suscep-
tibility in Sr4aRhOe204 results in an effective moment of 2.03
uB/f.u and a Curie-Weiss temperature of -10 K. The authors of
that study argue that Sr4RhOe is the first clear example of a
magnetically ordered Rh** compound. The antiferromagnetic
ordering temperatures of Sr4RhO¢ and the related SrsIrOs chain
compounds are 7 K and 12 K, respectively, which has been in-
terpreted as reflecting a greater degree of covalency in the
Ir5d-0 than the Rh 4d-0 system?204205, Although in this review
we have encountered several compounds in which “Rh4+” dis-
plays a magnetic moment, that is by far not the usual case in
oxides, which, when based on the 4d transition metal Rh, are
generally non-magnetic.

In this K4+CdCle-type structure, a series of 2H-related per-
ovskites (As-xNax)NaBOe¢ (A = La, Pr, Nd; B = Rh, Pt) has also
been reported, made through synthesis by carbonate and hy-
droxide flux techniques. These materials are different in that
the ions on the A site are mixed to yield charge neutrality. All of
the materials crystallize in the rhombohedral space group R-3c.
The temperature dependent magnetic susceptibility of a se-
lected material in this family, (Nd2Na)NaPtOs shows no mag-
netic ordering down to 2 K. The observed effective moment is
found to be 5.06 uB/f.u, which agrees well with the expected
moment of non-interacting Nd3+ ions, 5.12 pB/f.u.206, In fact
many rare earth oxides do not magnetically order above 2K,
and thus with Pt4*and Na* being non-magnetic ions, these hex-
agonal perovskite materials can be considered as rare-earth-
based paramagnets. Further study may or may not reveal mag-
netic ordering of the rare earth moments in these materials at
lower temperatures.

In the same Asn+3mA'uB3m+nOom+6n family, the compound
SreRhs015207 with m = 1 and n = 1, grown by a molten K2COs3 flux
technique, has been reported. It crystallizes in the hexagonal
space group R32, with the lattice parameters a = 9.6517(5) A
and c = 13.0480(5) A. The crystal structure consists of 1D-
chains parallel to the c-axis of four face-sharing RhOs octahedra
a single RhOe trigonal prism. This material differs from the ones
we have described so far because the atom in the triangular
prism is the same as the atom in the octahedra. Magnetic sus-
ceptibility measurements shows an antiferromagnetic



transition at 11 K, and thus that this material is another exam-
ple of a magnetic Rh-based hexagonal oxide perovskite. The
material is reported to have a large magnetic anisotropy, with
the magnetic susceptibility when the applied field is parallel to
the crystal’s c-axis being many orders of magnitude larger than
the case when the applied field is perpendicular to the crystal’s
c-axis.

Figure 31. The crystal structure of SraMO¢ (M = Pt, Rh, Ir).

Another example of a chain-structure variation is found
for Sr4Culr209, whose crystal structure consists of Ir209 dimers
face-sharing with CuOs trigonal prisms, to form 1 D chains
along the c-axis (Figure 32). An alternative view is that the
continuous chains are made of IrO¢ octahedra interrupted after
only two share faces by sharing faces with a Cu triangular prism
or a vacant prism. The crystal structure of this material, which
has Cu/Ir ordering in the M site chains, is very sensitive to the
conditions of synthesis: prolonged heating of a commensu-
rately ordered trigonal material leads to the transformation to
an incommensurate structure, which can be described as a mix-
ture of two substructures with the same lattice parameter q,
but with different lattice parameters c1 and c2 (c~2c1~3c¢2)2%8,
The incommensurability, as is seen in this type of compound
and for other materials in the hexagonal perovskite family,
comes from the difference in periodicities of the A-site and M-
site chains, from which one can infer that the atoms in the
chains are more strongly interacting along their lengths than
with other chains. In contrast, in the BasCulrsO1s crystal struc-
ture, a disordered distribution of Cu and Ir, rather than an or-
dered distribution, is seen in both the trigonal prismatic and
the octahedral sites. The incommensurate structure of this ma-
terial can be considered as a combination of trigonal and rhom-
bohedral substructures, similarly to the incommensurate hex-
agonal perovskites SrMn1-xC0x03-y209.210,

Along the same line of study is a material where Cu and Ir
are mixed in triangular prisms but there are three octahedra
before the chains are interrupted by a triangular prism. The
crystal structure of BasCulrzO12 was determined by a combina-
tion of both X-ray and neutron diffraction in 1999 211, As shown
in Figure 33, its structure consists of three face-sharing IrOe
octahedra forming a quasi 1D chain along the c-axis. DFT calcu-
lations for this material show that the localized j = % picture
cannot fully explain the electronic and magnetic properties of
BasCulrsO12, attributed by the authors of that study to strong

covalency among the atoms that is not captured by the calcula-
tions. In other words, the very short Ir-Ir distance present
within the Ir3012 trimers results in strong uncaptured metal-
metal interactions that may lead to the formation of molecular
orbitals?12. Recently, a spin liquid ground state in BasCulr3O12
has been tested by thermodynamic and high magnetic field
measurements. Although weak antiferromagnetic interactions
were seen in the magnetic susceptibility and heat capacity
measurements, the magnetization did not saturate, even up to
a 59 T applied magnetic field. This implies the existence of a
random single state, which can fully explain the experimental
data?13,

Sr,Culr,0,
(P321)

Figure 32. The crystal structure of SraCulrz0s.

Ba.Culr,0,,
(P3cl)

Figure 33. The crystal structure of BasCulr3O12.



In contrast to the other materials described here, the crys-
tal structure of Cazlr04214 displays a pure 1D chain of edge-
sharing (not face-sharing) IrOe octahedra, but nonetheless has
hexagonal symmetry, as shown in Figure 34. DFT calculations
have been performed for this material and they argue that the
material should be an antiferromagnetic insulator with a band
gap of 0.64 eV and an effective moment of 0.68 uB/f.u. The band
gap has been attributed to the long range antiferromagnetic in-
teractions of Ir#+ spins. Moreover, attributed to the inherent,
strong spin orbit coupling present for the 5d Ir transition metal,
large magnetic anisotropy has been observed in this system.
The crystal structure of a more traditional hexagonal perov-
skite based on chains, 2H BaCoOs3, is shown in the figure for
comparison. The Co-Co bond length in 2H-BaCoO3 is even
shorter than that in the metal; the distances being 2.38 A and
2.50 A along the chain, respectively170,

Ca,lrO, BaCoO,

(P-62m) (P63/mmc)
o Ca/Ba
° Co
O Ir
[ ]

Figure 34. The crystal structure of CazlrOsand 2H-BaCoOs.

Sticking with continuous chains of octahedra for the mo-
ment, a continuous 1D chain of face-sharing IrOs octahedra has
been observed recently reported material, K3Ir206 215. This ma-
terial is an electrical insulator, but DFT calculations show no
band gap near the Fermi level. This has been interpreted to in-
dicate that KsIr20s is a Mott insulator. More interestingly, “flat
bands” (that is, electronic bands that show no dispersion of
electron energy versus electron wave vector) along the I'-F di-
rection in the Brillouin zone in the electronic band structure
suggest that the electrons are localized along certain momen-
tum vectors in the unit call. This material may also prove to be
of interest from the quantum materials perspective on further
study.

A few more crystal structures of materials with 1D chains
are outlined in Figure 35. They are obviously complex struc-
tures, because the chain fragments are quite long and have dif-
ferent lengths. RhOs octahedra seem to be a fertile constituent
of such systems. BagRhs024216 crystallizes in the hexagonal
space group R-3c with the lattice parameters a = 10.0899(4) A,
and ¢ = 41.462(2) A. A chain of seven face-sharing RhOs octa-
hedra is sandwiched by RhOs trigonal prisms in this material.
The directional magnetic susceptibility shows divergence be-
low 100 K, implying the onset of the magnetic anisotropy in this
material. Its high temperature magnetic susceptibility does not
follow the Curie-Weiss law, and it is too complex to allow the
assignment of the oxidation states of Rh ions along the chain.
The next two materials, Ba11Rh10030 and Ba32Rh290s7 217, both
crystallize in the hexagonal space group R-3m. Ba1iRhi10030
contains chains of nine face-sharing RhO¢ octahedra while
Bas2Rh290s7 has eight repeated face-sharing RhO¢ octahedra
followed by a RhOs trigonal prism. The longest chain of face-
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sharing octahedra is seen in 12R-Bai2Rho2slr175033218, for
which Ir is mixed with the Rh in a disordered fashion The chain
consists of ten face-sharing (Rh/Ir)Os octahedra, connected to
single (Rh/Ir)Oe trigonal prism. This material adopts a hexago-
nal structure, space group R32, with lattice parameters a =
10.0492(2) A and ¢ = 28.386(3) A. Magnetic susceptibility
measurements yield a Curie-Weiss temperature of -1 K, and a
very low effective moment of 1.08 uB/f.u. This very low ob-
served effective moment has been attributed to a strong spin
orbit coupling effect in both the Rh and Ir ions and strong
metal-metal interactions along the chains. The continuous se-
quence of face-sharing octahedra displays very short metal-
metal bond lengths (2.5-2.6 A) in this material, which indicates
the presence of direct metal-metal bonding along the 1D chain.
This apparent bonding would not lead to a preference of one
type of magnetic model over any other. If these compounds
could be made in quantities sufficient for detailed study, or as
large enough single crystals, then they would certainly chal-
lenge theorist’s understanding of quantum materials

10. Some unusual derivatives of hexagonal perov-
skites

But the crystal structures can sometimes be even more
complex than these. PbsRh7015 219 for example crystallizes in a
hexagonal structure, space group P63/mmc with lattice param-
eters a = 10.3537(2) A and ¢ = 13.2837(5) A. The crystal struc-
ture of PbsRh701s is shown in Figure 36a. It is a variant of a
“dimer” type hexagonal perovskite. The electrical resistivity is
low and isotropic, about 1mQcm at room temperature. As seen
in Figures 36b-c, there exists a clear transition at 185 K in both
magnetic susceptibility and heat capacity measurements. This
comes from a structural phase transition at 185 K that has been
attributed to the charge modulation of Rh3+ and Rh#+. The sub-
stitution of Bi for Pb leads to the disappearance of the struc-
tural transition at 185 K, which the authors argue confirms that
the transition in PbsRh701s is due to Rh3+-Rh#+ charge modula-
tion.

The crystal structure of a recently described rhodate
Bi14CuORhs010220 is shown in Figure 37. This material crystal-
lizes in a monoclinic space group, C2/m, with the lattice param-
etersa=17.310(3) A, b =3.0775(9) &, ¢ = 16.009(3) A and B =
95.903(15]J, with a more severe distortion of a hexagonal per-
ovskite structure then the Pb rhodate described above. The
crystal structure contains undulating layers of both edge-shar-
ing and corner-sharing RhOs octahedra, with Cu ions occupying
square planar coordinate sites. This type of octahedral frame-
work with channels is commonly known in rhodates, such as
rutile RhOz, hollandite Ba1.72Rhg016, and todorokite BisRh12029.

As shown in Figure 38, Sr7Mn4015221 is a distorted dimer-
based perovskite. Studied by neutron diffraction, this material
crystallizes in the monoclinic space group, P21/c, with the lat-
tice parameters a = 6.81825(9) A, b = 9.6228(1) &, ¢ =
10.3801(1) A, and B = 91.8771(9) . The crystal structure con-
sists of dimers of face-sharing MnOs octahedra that are then
corner shared with other dimers, but the crystal structure is
highly distorted, with an unusual ratio of seven Sr2+ions to four
Mn ions, which in the end remarkably yields a uniform formal
charge state of Mn*+, a 3d3 electron configuration to accompany
the highly distorted crystal structure that accommodates the
7:4 metal ion ratio. Magnetic susceptibility measurements



show the presence of three different magnetically ordered
states in this material as a function of temperature at ambient
temperature and below. Above 150 K, intradimer ordering is
observed. 2D-magnetic clusters are formed in the temperature
range of 150-75 K, and finally, full 3D antiferromagnetic order-
ing among the Mn** spins is established below 75 K. The mag-
netic structure of Sr7Mn401s, determined by using neutron dif-
fraction, was interpreted as showing the presence of those
three different magnetic phases. Mn seems to be highest among
royalty in its ability to couple lattice and electronic and mag-
netic states in oxides.
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The ternary Ba-Ru-O and Ba-Ir-O hexagonal perovskite
chemical systems display many unusual derivatives, largely
based on different Ba:M ratios, with interesting quantum prop-
erties. First of all, BasRu2010 222 crystallizes in the hexagonal
space group P63/mmc, and its crystal structure shown in Fig-
ure 39 consists of two face-sharing RuOs octahedra forming
Ruz09 dimers. The Ru-Ru distance in the dimer is 2.071 4, and
the Ru in this material has a formal charge of 5+. The magnetic
susceptibility of BasRuz2010 has a large maximum at around 280
K, which has been ascribed to the antiferromagnetic interac-
tions of the Ru moments within the Ru209 dimers, and the cou-
pling exchange is calculated to be -116 K. With the same syn-
thesis conditions in an Oz rich environment, BasRuz011 is
formed instead. The only difference in the crystal structures be-
tween BasRuz2010and BasRuz011is that peroxide groups 022-are
stabilized in the Baz0: layers in BasRuz011 while only isolated
oxygen ions are found in the unit cell in BasRuz010. The high
stability of the peroxide 022- group has been said to limit re-
versible electrochemical reactions of the 022-/02- redox couples
used in oxygen evolution reaction catalysts and Li-ion battery
materials223. In the mind of the senior author of this manu-
script, the fact that peroxide ions are actually observed in the
crystal structure of BasRuz011really raises the question of how
to think about the distribution of electrons in materials like
these that have high rations of electropositive ions (i.e. Ba2+) to
highly oxidized transition elements (i.e. Ru); he realizes of
course that people who do DFT calculations will say that they
know where the charges are, but for his generation at least,
proposed charge distributions are best determined experimen-
tally not through DFT calculations. A famous case of this is
found in cuprate superconductors such as Laz-xSrxCuOa. As Sr is
substituted for La, do the electrons come out of Cu orbitals,
making the actual number of electrons that can be associated
with the Cu go down, or is the charge actually removed from
oxygen p states? Much of the observed phenomenology is not
sensitive to this. BasRuz010 by the way appears to be a simple
example of relatively isolated Ru209 dimers on a layered hex-
agonal lattice.

Ba3,Rhy50g;

(R-3m)

Bay;,Rhg 55Ir; 75033

Figure 35. The crystal structures of BasRhs024, Ba11Rh10030, BaszRh290s7 and Bai12Rho.251r1.75033.

23



Bi, ,CuORh,0,,
(c2/m)

Figure 37. The crystal structure of Bi1.4«CuORhs01o.
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Figure 38. (a) The crystal structure of Sr7Mn40Oss, (b) FC/ZFC
magnetic susceptibility of Sr7Mn401s under the applied mag-
netic field of 100 Oe 221,

BasRu3010224 is a distorted monoclinic material based on
the 9R-BaRuOs hexagonal perovskite. It crystallizes in the
space group P21/a with the lattice parameters a = 5.776 A, b =
13.076 A, c = 7.234 &, and B = 113.53. Its crystal structure, as
shown in Figure 40, consists of three face-sharing RuOs octa-
hedra making RuzO12 trimers, corner-sharing with each other
to form zig-zag layers parallel to the (001) plane. The crystal
structure is skewed away from simple hexagonal symmetry by
the presence of the 4:3 Ba to Ru ratio and the trimer formation.
The intra-atomic Ru-Ru distance within a trimer is shorter than
that in Ru metal, 2.57 A compared to 2.65 A, which the authors
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interpret as implying the presence of strong metal-metal
bonds, as commonly seen in face-sharing octahedra. The tem-
perature dependent magnetic susceptibility of BasRu30O10 dis-
plays a broad peak at 200 K, taken by the authors to be charac-
teristic of a 2D-antiferromagentic transition. Further, the effec-
tive moment was calculated to be 3.0 pB/ f.u, which would yield
an S =1 for every Ru#+-based trimer in Ba4Ru3O10. The DFT-
based calculations that the authors performed on BasRuzO10
were interpreted as indicating the presence of a nonmagnetic
ground state for one-third of the Ru#+ ions and a different
charge distribution between different Ru sites in the trimer and
molecular orbital formation in the trimer.225 Readers inter-
ested in the question of “where’s the charge” in this and other
materials in the hexagonal perovskite family are referred to the
theoretical contribution in this issue by Streltsov and
Khomskii.

Continuing along this line of structural complexity,
BasRu3012226 adopts the orthorhombic space group Pnma with
lattice parameters a = 10.862 A, b=5.893 4, and ¢ = 19.790 A.
As shown in Figure 39, the crystal structure also contains the
Ruz012 trimers, similar to the case of BasRuz010. However, for
this material, the trimers are isolated from each other and sep-
arated by Ba atoms. In BasRu3012, there exists a formal mix of
Ru#* and Ru5+in a1 to 2 ratio. The material displays antiferro-
magnetic ordering at 60 K. Fitting of the high temperature mag-
netic susceptibility results in a Curie-Weiss temperature of -
320 K, indicating a relatively strong antiferromagnetic interac-
tion between Ru ions.

BasRu,0,,
(P6y/mmc)

Ba;Ru;0,,
(Pnma)

Figure 39. The crystal structures of BasRu2010 and BasRu3012.

We move on now to barium iridates. Quantum spin liquids
are often found in strongly frustrated magnetic systems. Typi-
cally, the magnetic ions are arranged in simple triangular, hon-
eycomb, and kagome lattices. Ba4lr3O10 is proposed to be a
quantum spin liquid candidate, but has the Ir ions arranged in
a nominally unfrustrated lattice due to its structural complex-
ity, which is based on zig-zag corner-sharing of RuzO12 trimers
Figure 40. The temperature-dependent magnetic susceptibil-
ity has been interpreted as yielding a very large negative Curie-
Weiss temperature of -766 K, which would indicate the pres-
ence of very strong antiferromagnetic interactions in this



material. The authors report that no magnetic ordering is ob-
served down to 0.2 K in this material, interpreted as meaning
that a quantum spin liquid state exists down to that tempera-
ture. The authors further report that only 2% doping of Sr on
the Ba sites kills the QSL state and uncovers antiferromagnetic
ordering at 130 K. Further, although there is strong intra-tri-
mer magnetic exchange present due to short the Ir-Ir distances
present, inter-trimer coupling also plays an important role in
fully explaining the low temperature magnetic properties in
this quantum magnet.

Barlre019 227 adopts a distorted monoclinic structure in
space group C2/m with the lattice parameters a = 14.913 4, b =
5.778 A, ¢=10.979 A and B = 99.58. As shown in Figure 40, the
crystal structure consists of three-face-sharing IrO¢ octahedra,
forming Ir3O12 trimers, corner-shared to each other. Its mag-
netic properties have not yet been investigated.
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Figure 40. The crystal structures of Baslr3Oio (left) and
Bazlrs019 (right).

11. Conclusions

In a way, the hexagonal oxide perovskites and their
distorted derivatives are much richer materials than the cubic
perovskites and their derivatives because the crystal struc-
tures are more widely varied. Their properties are not studied
as much because the hexagonal perovskites are not as jaw-
dropping when considered as quantum materials as the classi-
cal perovskites are. There are no known superconductors in
this family for example. Growing crystals by the optical floating
zone method for the simple ones is not often done, presumably
due to the volatility of the constituents and relatively little mo-
tivation by the physical properties. However, the study of quan-
tum spin liquids is a topic of considerable interest nowadays,
especially in the neutron scattering community, and thus single
crystals of some of the dimer-based materials have been stud-
ied extensively. Quite a few hexagonal-perovskite-based mate-
rials have been identified as potential candidates for the quan-
tum spin liquid state at low temperatures (i.e. BazCuSb20o,
BazCoSb209, Bazlnlr209, BazlrTi209, BasNblr3012, Baslrz010 and
BazY2Rh2Ti2017), but so far the field remains “dynamic”; and at
the time of this writing there appears to be no community-wide
accepted hexagonal perovskite quantum spin liquid, although
as described above there are many candidates. Perhaps the
problem is that there are too many contenders and different re-
searchers have different favorites among them. Several ferro-
magnetic hexagonal perovskites have recently been reported,
such as BasNdRus012 ordering at 11.5 K or BasNbMn3012 order-
ing at 42 K. There may be worth further study.
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Most of the hexagonal perovskite derivatives are materials
in the BasMM209 family (based on dimers) and next the
BasMM’3012 family (based on trimers). The ferroelectric and di-
electric properties of these materials have not generally been
reported, though BasNd2Ti4017, a material that includes layers
of both tetrahedra and octahedra, is a well-known dielectric. In
the near future, in our view, comprehensive studies will reveal
more interesting quantum properties in the hexagonal oxide
perovskite family. The family does seem to have an excellent
chance for hosting the exotic quantum spin liquid state, and
that may turn out after several more years of study, to be its
primary “claim to fame”.
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