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Abstract

The term hexagonal perovskite has been widely used in literature to discuss the structure of
perovskite-type compounds with composition ABXs., with partial h-type stacking of AXs layers.
Though the local surrounding of these AX3 layers resembles a hexagonal close packing, the
space group symmetries reported for some of these materials are not belonging to the
hexagonal crystal system, but are trigonal or orthorhombic instead. Though reports and books
with lists of hexagonal perovskites exist which assign stacking sequences and list a
corresponding space group together with them, a concise guideline on how the symmetry of
the perovskite type material is related to the stacking sequence has not been reported. Clearly,
such a systematization of space group symmetry and stacking notations would be desirable —
for distortion or ordering variants of the cubic perovskite, the whole research community
benefits from concepts of group-subgroup relations or classification of tilting via the Glazer

notation.

In this article, we derive a fully consistent guideline on how the aristotype space group
symmetry can be determined for any stacking sequence (e.g., cchhchcch...) in the Jagodzinski
notation and provide a computer program which can do this analysis. By this, one can narrow
down the possible aristotype space group symmetries for any perovskite stacking sequence
with h-type layers to seven space groups in total (R-3m, P-3m, P6s/mmc, P-6m2, R3m, P3m,
and P6zmc), and the space groups can be directly derived from the Jagodzinski sequence.
Remarkably, the possibility to obtain polar perovskites with h-type layers by stacking has not
been recognized in literature so far, and provides the opportunity to develop new multiferroic

materials by design of stacking.
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1 Introduction

The term “perovskite” was introduced in 1839 by the German mineralogist Gustave Rose to
denote the mineral CaTiOs. It was named after Lew Alexejewitsch Perowski, a russian
politician and mineralogist. Meanwhile, the term “perovskite” is more widely used for the
structure type family with the general sum formula ABXs. Perovskites are renowned for their
structural and compositional flexibility which exhibits variations on both the cation A 2 and B
cation #°, as well as on the anion sublattice ¢!, The huge variety of possible chemical
compositions within these materials enables to customize chemical properties for specific
applications such as oxygen permeable membranes, cathode materials for intermediate
temperature solid oxide fuel cells (BaxSri1-xCo1-yFeyOs-5) 2, solar cells 3, light emitting diodes

(LED) 4, transistors 1°, and as catalyst ¢, to name only a few.

Due to the high diversity within the perovskite structure type family, numerous different crystal
structures have been reported, which are well-summarized in the book from Tilley 1’. The most
well-known perovskite-type structure ABXs is cubic and crystalizes in the space group Pm-3m
with a lattice parameter ~ 3.9 (SrTiOs 8) - 4.5 A °, In this cubic perovskite, the octahedra [BXe]
share corners with 180 ° X-B-X bond angles, while A is surrounded by 12 X anions, forming a
cuboctahedron [AXi2]. As an alternative, the [BXs] octahedra chains can also be connected via
face-sharing, resulting in a so-called “hexagonal” perovskite with symmetry P6s/mmc. In
addition, a combination of both, corner- and face-sharing between the octahedra is possible.
The different connectivity results from a different stacking of AXs layers and the underlying
filling of octahedral sites by B therein. These perovskites with at least partial face sharing of
BXs octahedra are then also often referred to as “hexagonal” perovskites, though some of them
do not appear to crystallize in the hexagonal crystal system with space groups such as P-3m
20 or R-3m © or even orthorhombic 2 compounds; thus the naming is referring more to the fact
that some building blocks resemble the situation in a hexagonal close packing, and do not

relate to the crystal symmetry directly.

Since such “hexagonal” perovskites can also be described by a stacking sequence in
Jagodzinski notation (e.g., chcch; these notations will be explained in the course of manuscript
for the reader unfamiliar with it), it is common to refer to certain hexagonal perovskites by a
combination of a number and a capital letter. The number refers to the number of ABX3
stacking folds required to describe the length of the unit cell along the stacking direction, and
the letter somehow refers to the crystal system or Bravais Lattice. For example, the hexagonal
perovskite with hh stacking sequence, two stacks of ABXs within the unit cell and a symmetry
of P6s/mmc is referred to as 2H perovskite; the cubic perovskite with space group Pm-3m
contains three stacking folds along the [1 1 1]cw direction and is thus referred to as 3C
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perovskite. In many instances, when hexagonal and cubic stacking sequences are combined,
the space group P6s/mmc is obtained (4H, 6H, 8H, etc.) or the space group R-3m (9R, 15R,
etc.). However, these labels are not always used consistently in literature, and compounds
with a symmetry of P-3m have also been referred to as 5H perovskites or hexagonal

perovskites 2, though they are described in the trigonal crystal system.

On inspecting lists of “hexagonal perovskite” materials as e.g. given in the book of Tilley 7, it
remains rather non-intuitive which space group must be assigned to a specific stacking
sequence and why this is the case. From reading through many textbooks on perovskites and
structural chemistry, this aspect did not become clear to the authors of this article either way.
Thus, we think it is worth developing a more intuitive and conceptional understanding on these
stacking sequences and what symmetry must / can result from them. Such symmetry
considerations are well developed for perovskite materials related to the cubic aristotype (tilting
variants and ordering variants) and very helpful, and next to space group analysis with group-
subgroup relations 22 there are also concepts easier to visualize in someone’s mind, e.g., the

Glazer notation 2.

In the present work we will show that the aristotype symmetry of different stacking sequences
can be easily derived following a few very simple rules, which can be derived from
considerations of local symmetry on A- and B-site cations and how these local site symmetries
can be arranged in space to obtain a final space group. This requires a rather long
argumentation chain, which we proceed through step by step. To make the article
understandable to readers not entirely familiar with concepts of stacking notation, we tried to
explain the notations used whenever we thought this could be helpful to avoid confusions.
From the rules derived, we will provide insights on which perovskite materials with h-type layers
are already known and which are yet to be explored, which materials possess aristotype
symmetry and for which the maximum symmetry of the stacking is further broken. We will show
that polar materials with related potential multiferroic properties could become possible within
polarly stacked sequences (similar to other layered perovskites with Dion-Jacobson-type
structure 24), highlighting a pathway for making new multiferroic materials with exciting new

functionalities 2°.

2 Results and Discussions

2.1 Perovskite compositions ABX3, close packing of AXsz layers and occupation

of octahedral sites by B cations

The term “perovskite” has been used to describe various materials with similar structural
arrangements and compositions. For the considerations described below, it is important to
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define what we will consider as a perovskite-type compound / material. Let us begin our
discussion by defining the structural motif that unites all perovskite-type compounds mentioned
in the following sections. For this we define a perovskite-type compound as a crystalline solid
material with a composition ABX3 where X is an anion, A is a large cation approximately the
size as the X anion, and B is a smaller cation that fits into an octahedron formed by the six X
anions. In every perovskite material, one finds a substructure which is derived from a close
packing of AXs. Distinguishable sequences of stacking result in different aristotype structures
of perovskite materials. In this close packing, the B cations fill all the octahedral sites only
connected to X anions, forming [BXe] octahedra. Further, the A cations are surrounded by
twelve X anions, arranged either in a cuboctahedron or an anti-cuboctahedron coordination
[AX12].

In the following, we will explain how the maximum symmetry of the individual aristotypes can
be derived based on the stacking sequence. This requires a long chain of reasoning, which we
will develop in the following sections.

This chain of reasoning includes the derivation of maximum point group symmetry of the A-
and B- site cations based on their position within the stacking sequence, the determination of
a suitable unit cell depending on (or independent of) the stacking sequence, the importance of
centering and screw axes in relation to the stacking sequence, and the identification of space

groups compatible with the maximum point group symmetry.

To obtain the maximum symmetry, we simplify our perovskite model to the hypothetical (but
useful) scenario where A and X are hard spheres of identical radii, r(A) = r(X), and that the B
cations are hard spheres that fit perfectly into the octahedral gaps formed by the X-anions, i.e.,
r(B) = ((N2)-1) r(X). In this scenario, the construction of the unit cell can be done to maximize
the density of the compound. For this the atomic nuclei of the atoms within an AX3 layer must
align within a plane. Further, if we draw normals perpendicular to these planes, one can only
find either cations (A- and B-site) or X anions lying on the respective lines. In addition, the
maximization of density by packing hard spheres automatically results in high symmetry of
AXi2 and BXs polyhedra of the first coordination sphere (as we will discuss later). This high

symmetry will only be broken considering the higher order coordination spheres.

One can now derive structural scenarios, which agree with the definition of “perovskite” given
above. First, let us examine the structure of a single close packed AXs layer. To achieve a
layer composition of AXz without any A-A contacts, lines of composition X must be alternated
with lines of A1>X1» (See Figure 1). In this arrangement, every A cation is surrounded by 6 X

anions; likewise, every X anion is surrounded by 4 X anions and 2 A cations.
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Figure 1. Derivation of a close packed layer of composition AXs from a close packed layer of spheres.

To ensure the A cation is only surrounded by the X anions, one can consider how a second
close packed AXs layer can be positioned on top of our original AXs layer. Hence, one can
identify triangles within the AXs layers formed by 3 X anions, as shown in Figure 2. In this
figure, some triangles (green) point “upwards”, while other (blue) point “downwards”. Each
pattern of triangles has the same orientation as the A sublattice of the AX; layer; therefore, a
second layer can either be placed on top of either the blue triangles or the green triangles.
These orientations are indicated by “recoloring” the corresponding atoms of the AX3 layers

stacked onto the original layer.

possible orientations for stacking a second layer (green or blue A cations)
onto the original layer (orange A cations) to ensure that the A cation is only in contact with X anions
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Figure 2. Possible orientations for stacking a second layer (green or blue A cations)
onto the original layer (orange A cations) to ensure that the A cation is only in contact with X anions.

Now, to achieve the 12-fold coordination of A cations by X anions as described in the above
definition, a third close-packed layer is placed below the original layer of the double stacks.
Since the A cations of this third layer are only directly interacting with the X anions of the
original layer, this third layer can be placed below either the blue or the green triangles. This
results in triple stacks, as indicated Figure 3. The resulting coordination environments of the A
cations of the original layer are a cuboctahedron when sandwiched between a green and a

blue layer, or an anti-cuboctahedron when sandwiched between two green or between two
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blue layers. The fact that we performed the stacking under the condition of maximum density
with r(A) = r(X) implies that the symmetry of the first coordination sphere is the highest
symmetry possible for this individual coordination polyhedron, again see Figure 3).

possible orientations for stacking a third layer (green or blue A cations) below the original layer (orange A cations)
to ensure that the A cations of the original layer are surrounded by 12 X anions
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Figure 3. Possible orientations for stacking a third layer (green or blue A cations) below the original layer (orange
A cations) to ensure that the A cations of the original layer are surrounded by 12 X anions.

The stacking can also be represented using the well-known description of stacking sequences
A, B, and C, as there are only three possible orientations of the AXs layers along the direction
of stacking. Thus, the green-orange-blue scenario is described by the three-letter sequence
ABC (or one of the permutations CBA, BAC, CAB, BCA, ACB), and the blue-orange-blue or
green-orange-green scenarios are described by the sequence ABA (or one of the permutations
CBC, BAB, CAC, ACA, BCB). For our later discussion, it will also be relevant to introduce a
different notation for describing the stacking sequence using only two letters: ¢ (for cubic) and
h (for hexagonal). This notation is called Jagodzinski notation, and is easily derived from the
aforementioned sequence based on the letters A, B, and C. If a layer is surrounded by two

Manuscript

Page 7 of 37

https://doi.org/10.26434/chemrxiv-2024-3z367 ORCID: https://orcid.org/0000-0002-0860-0911 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-3z367
https://orcid.org/0000-0002-0860-0911
https://creativecommons.org/licenses/by-nc/4.0/

identical letters, it is described as “h”, whereas if it is surrounded by two different letters, it is
described as “c”. Figure 4 shows an example of an arbitrary excerpt of a sequence of layers

along with the Jagodzinski notation derived from it.

stacking
sequence B B B B B

. BR 7B BR 7B BR 2B BR 7B BR 7B
surrounding
letters are...
different | identical | identical | identical | different | different | different | identical | identical | different | identical
Jagodzinski
o h h h c o o h h o h

notation

Figure 4. Scheme illustrating how to derive the corresponding Jagodzinski notation from an excerpt of a randomly
chosen stacking sequence in ABC notation.

The Jagodzinski notation is well-suited for easily describing all possible stacking patterns of
AXs layers in perovskite materials. For any crystal as a 3-dimensional periodic arrangement, it

is necessary for the stacking sequence to repeat after a certain length.

We therefore note at this state: every distinguishable and unique stacking pattern
(which cannot be transformed into another one by changing the choice of the origin)
results in an individual aristotype perovskite compound. We emphasize that this is a
difference to the many lower symmetry tilt modifications 26 or ordering variants of the cubic
perovskite, which can all be related to the cubic aristotype compound via less or more complex

group-subgroup relations 2.

For instance, the stacking sequence (chc)- is equivalent to the stacking sequences (cch). and
(hce)-, but it differs from the stacking sequences (ccch). and (hhc).. We can further add the
rather trivial statement that any stacking other than the pure c. stacking will contain h-type

layers. The pure c. stacking sequence results in the cubic perovskite.

Let us now examine the orientation of the different symmetry elements of the first coordination
sphere of the A-cations. These symmetry elements are shown in Figure 5. We note that the
anti-cuboctahedron only possesses symmetry elements which are perpendicular to or along
the direction of stacking. This has a very important implication: all symmetry elements for the
cuboctahedron that are not perpendicular to or along the direction of stacking or contain the
direction of stacking, will be lost if an h-type layer exists within the stacking sequence. One
can visualize this by understanding that the 4-fold rotational axes are forbidden to penetrate h-
type layers (since there is no position within the plane which is compatible with this symmetry
operation), while the 3-fold rotational axes run perpendicular to h-type layers. In other words:
only the c. infinity stacking sequence corresponding to the cubic aristotype perovskite will
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permit the highest symmetry of the cuboctahedron, which will then be 4/m -3 2/m. All stacking
sequences of the other aristotypes containing c- and h-type layers will induce a maximum
symmetry of the cubocotahedron of -3 2/m. Additionally, since the symmetry of the anti-
cuboctahedron is not affected by the presence of a c-type layer in general (3-fold rotation axes
within a single AX; layer are not only running through the A cations, but also through the center
of gravity of the triangles formed by X anions), and thus the maximum possible symmetry of

the anti-cuboctahedron remains -6 m 2 (again, see Figure 5).

-6
3/m
-6 roto-inversion axis (= 3/m) three 2-fold rotation axes

along the c-axis (stacking along the [2 1 0] and
direction) equivalent directions

2 -

& B ©

anti-
cuboctahedron

anti-
cuboctahedron

maximum symmetry if
h-type layers present

»

-3
3+ v

symmetry
elements which
can exist for
perovskite-type
materials with
partial h-type
stacking of AX;
layers

L)
cuboctahedronxb

cuboctahedron

Figure 5. From highest polyhedron symmetry of the A-cations to the maximum polyhedron symmetry on the
presence of h-type layers.

We also observe from Figure 5 that while the cuboctahedron has a center of symmetry /
inversion center at the A cation of the original layer, it does not possess a mirror plane
perpendicular to the stacking direction. In contrast, the anti-cuboctahedron does not have a
center of symmetry. However, in this case, a mirror plane exists perpendicular to the stacking
direction, containing A- and X-type ions. This is implicitly given by the -6 roto-inversion axis
perpendicular to the layer stack, which does not contain a center of symmetry but implies a 3-
fold rotation axis running perpendicular to the mirror stack and a mirror plane within the central

layer of the layer stack (3/m)).

To achieve our goal of determining the maximum space group symmetry for individual non-
equivalent stacking sequences representing the different aristotypes, it is not sufficient to focus
only on the A cations of the close packed AX; layers. We further need to consider the position
of the B cations between two layers. We begin by examining a two-layer stack (see Figure 6),
and identify octahedrally coordinated sites in the middle between the two layers formed by 6
X anions; these can be filled by the B cations. Since we observe that the areal number density
of such sites is % of the areal number density of close packed spheres within one layer (or
equivalently, identical to the areal density of AXs units within a close packed layer), stacking
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AXs layers and filling the Xs octahedral gaps between the layers by B cations yields an overall
composition of ABXs, consistent with the definition provided earlier. The highest symmetry of
an octahedron is 4/m -3 2/m; the 4-fold rotational axes are oriented at an angle of ~ 35.26 °
with respect to the AX; layers, the -3 axis is oriented perpendicular to the AXs layers along the
direction of stacking and the 2-fold axis lies parallel to the AXs layers and runs through two
opposite edges of the octahedron. For maximized density, the symmetry of the first
coordination sphere of the ocrtahedron is 4/m -3 2/m, but the 4-fold symmetry must again be
lost if a single h-type layer will be present. Taking this into account the maximum symmetry
when considering higher order coordination spheres in the presence of a single h-type layer

will be reduced to at least -3 2/m.

For the later discussion, special attention must be given to the 3-fold roto-inversion axis “-3”,
which runs along the stacking direction (all other -3 axes cannot exist in the presence of a
single h-type layer, basically for the same reason as 4-fold symmetry cannot exist any more)
and perpendicular to the AX; layers. This symmetry operation implies the existence of a proper

3-fold rotation axis running through the B cation and a center of symmetry at the position of

the B cation.
*2e v2%¢ %%
v S S
o6 voe voe e
el 2N N N
X o o v e v2e sCe voe e
SSAIEIEI L
BC © © LR R AR
T Kt K¥ Ke?
JQ e v ‘.\/'; 92,
34 o 3f 2L 23
o e e Ve

Figure 6. Orientation of the B cation sites within Xs octahedral gaps between two close packed AXs layers.

Now, let us take a closer look at the position of the B cations. By examining Figure 6, we find
that the B cations occupy the position in the center of the green triangles. This can be
transferred to the ABC notation of our stacking sequence, by assigning the Greek letters a, S8,
and y to these octahedral sites, to relate their positions to the orientation of the close packed
layers A, B, and C, respectively. Since the octahedral sites are only occupied by one quarter,
their position and filling in any stacking sequence can now be described according to the
scheme shown in Figure 7. It is also worth noting that the B cations, for example in a yvs layer,
have the same orientation within the layer as the A cations do in a C layer. This observation
will become important later when we want to derive the maximum rotational symmetry
(existence of rotation, roto inversion or screw axes). Furthermore, we note that the BXe
octahedra within one layer are isolated from each other; they do not share a common face,

edge or corner of the octahedron.
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speciej:f:;jr"ed M ax | B |AX | B | A% | B |AX | B |A% | B |AX | B |A% | B |AX | B |AX | B |AX | B |AX | B |AX | B | AX
Jagodzinski notation | - c h h h c c c h h (o} h
Roman Letter by
which the B cation site C C B C C
is not surrounded by
corresponding Greek
letter V1/4 1/4 1/4 1/4 1/4 V1/4 B1/4 1/4 1/4 1/4 V1/4 V1/4

Full Stacking
Sequence V1/4 B 1/4 C 1/4 B 1/4 C 1/4] B V1/4 Bm C 1/4] B 1/4 C 1/4 B V1/4 V1/4

Figure 7. Scheme on how to derive the positions of the B cations within an excerpt of the randomly chosen
stacking sequence given in Figure 4.

Now, we examine how the BXs octahedra are connected via an h-type or a c-type layer (see
Figure 8). Though the BXs octahedra are isolated from each other within a bilayer stack of two
AXs layers, they are connected to other octahedra in a different bilayer stack. While c-type
layers result in a corner sharing of the octahedra with B-X-B angles of 180°, h-type layers
connect ideal octahedra via faces with B-X-B angles of approximately 70.53°. By examining
the structure perpendicular to the stacking direction, we observe that none of these double
stackings disrupt the 3-fold rotational symmetry running through either the A or the B cations.
Consequently, every individual orientation of the cations A/B/C/a/B/y must always possess

local 3-fold rotational symmetry at the respective Wyckoff site.

connectivity of BXg octahedra via a

h-type AX; layer

view
perpendicular
to the stacking
direction

A@ C ¢

X ® o @
C B..
BO © © cle.

C

B..

view direction
slightly tilted
from within the
close packed
AX, layers

the layer /. connects the octhedra the layer /. connects the octhedra
In y4,, and B4,4 viaa common corner In B4,, and B, via a common face

Figure 8. Connectivity of BXs octahedra via c-type and h-type layers.

Now, we need to examine if stacking can have an impact on the inversion symmetry, which is
fundamentally present in an ideal cuboctahedron (observed for the A cations within a c-type

AXsz layer) as well as an ideal octahedron. Similarly, we need to examine the potential impact
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on stacking on the mirror symmetry of an anti-cuboctahedron around the A cation within an h-

type AXs layer.

We will start with the octahedron, examining various stacking scenarios as illustrated in Figure

9, and discuss the three individual scenarios:

- Scenario 1 (Figure 9, left): The octahedron is connected to the octahedra of the two
neighboring layers by a shared face to one side via an h-type AXz layer, and by sharing
three corners to another side via a c-type AXs layer. The different connectivity to the
opposite layers automatically results in the loss of the center of inversion on the B
cation, with the only remaining symmetry element being the 3-fold rotation axis passing
through the B cation perpendicular to the direction of stacking and the mirror planes
perpendicular to the AXs layers. Put simply, when the B cation is situated between a c-
type and an h-type layer, it cannot exhibit inversion symmetry. The resulting local
symmetry on the B cations in the middle layer of the three octahedra layer stack is 3 m,
and is consequently the maximum symmetry which a B-site cation in a ch local
environment can have.

- Scenario 2 (Figure 9, middle): The octahedron is connected to the octahedra of the two
neighboring layers by sharing of two opposite faces via two h-type AXs layers. This
scenario can now in principle maintain the inversion symmetry on the B cation locally
(further, the stacking sequence in one direction of stacking must also be invertible to
the other direction, see later in this article). The resulting local symmetry on the B
cations in the middle layer of the three octahedra layer stack is -3 2/m, and is
consequently the maximum symmetry which a B-site cation in a “hh” local environment
can have.

- Scenario 3 (Figure 9, right): The octahedron is connected to the octahedra of the two
neighboring layers via corner sharing via two c-type AXs layers. In this scenario, it is
theoretically possible to maintain inversion symmetry on the B cation locally.
Additionally, the stacking sequence in one direction of stacking must also be invertible
to the other direction, as we will explore later in this article. The resulting local symmetry
on the B cations in the middle layer of the three octahedra layer stack is -3 2/m, and
this is consequently the maximum symmetry which a B-site cation in a “cc” local

environment can have.
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connectivity of BXg octahedron via a

1 c-type and 1 h-type and 1 c-type and
1 h-type layer 1 h-type layer 1 c-type layer

3-fold rotation axis without local center of inversion on a 3-fold rotation
center of inversion & 3 m axis = -3 2/m (short: -3m)

Figure 9. Local symmetry of octahedron connected via h-type and c-type layer (left), two h-type layers (middle),
and two c-type layers (right).

Next, let us consider in an analogous way the conditions necessary to keep a center of
symmetry on the A cation in a c-type layer (cuboctahedral coordination) or a mirror plane
perpendicular to the 3-fold rotation axis on the A site cation in an h-type layer (anti-
cuboctahedral coordination). It is evident that these symmetries are automatically broken if the
layer is sandwiched between layers with different Jagodzinski symbols (see Figure 10). Thus,
the above-mentioned symmetry elements do not exist for a cuboctahedron on a c-type layer
between an h- and a c-type layer, as well as for an anti-cuboctahedron on an h-type layer
between an h-type and a c-type layer. The resulting maximum local symmetry for both
polyhedra is 3 m, if the other viewing directions within the layer are also taken into account.
Without further discussion, we emphasize that the oxygen ions in a c- or h-type layer, for which

the cation possesses local 3 m symmetry, will possess a local site symmetry of “. m .”.

break of local Q
inversion symmetry

e .
{ ‘— break of local

. mirroring symmetry

cuboctaedron \‘ v ! ©
Jocal sequence: hec 4

anti-cuboctahedron

local site symmetry ‘ local sequence: hhc
of A-cation:
3m e local site symmetry
‘ of A-cation:
i € g 3m
€ & (5 ¢

Figure 10. Loss of inversion of a cuboctahedron on a c-type layer between an h- and a c-type layer as well as loss
of mirroring symmetry perpendicular to the direction of stacking for an anti-cuboctahedron on a h-type layer
between an h-type and a c-type layer.
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We increase the thickness of layer stacks to a five layer stack to see how a high symmetry on
the A cations can be maintained. Similar as for the octahedron, we can visualize that it is
possible to maintain the inversion symmetry for a cuboctahedron (which occurs in a c-type
layer), if it is sandwiched within a five layer stack between two c-type layers (ccc) or between
two h-type layers (hch), see Figure 11, upper part. We note that these cuboctahedra in the
middle of the five layer stack possess a local symmetry of -3 2/m (short -3 m), if viewing
directions within the plane are also being considered. Without further discussion (we do not
need to consider it further for the following discussions), we note that the oxygen ions in this
c-type layer, for which the cation possesses local -3 m symmetry, will possess a local site

symmetry of “. 2/m .”.

Likewise, the anti-cuboctahedron can also maintain the mirroring symmetry perpendicular to
the stacking direction, if it is sandwiched within a five layer stack between two c-type layers
(chc) or between two h-type layers (hhh), see Figure 11, lower part. Then, these anti-
cuboctahedra in the middle of the five layer stack possess a local symmetry of -6 m 2
(reminder: -6 can be alternatively represented as 3/m), if the additional viewing directions are
included. Without further discussion (we do not need to consider it further for the following
discussions), we note that the oxygen ions in a h-type layer, for which the cation possesses

local -6 m 2 symmetry, will possess a local site symmetry of “m m 2”.

cuboctaedron: cuboctaedron:
local sequence: ccc local sequence: hch

||oca| center of inversion on a 3-fold rotation axis = -3 2/m (short: -3m)|

anti-cuboctaedron: anti-cuboctaedron:
local sequence: chc local sequence: hhh

local mirror symmetry perpendicular to a 3-fold rotation axis
= -6 m 2 (equivalent to 3/m m 2)

Figure 11. Local symmetries of cuboctahedron and anti-cuboctahedron surrounded by two h-type or two c-type
layers.
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So far, we have considered a more or less local picture for the symmetry of the A-site and B-
site cations, since we have not considered the full stacking sequence and limited our
considerations to the second (third) coordination spheres along the stacking direction.
However, the understanding derived makes it now fairly straightforward to inspect the overall
stacking sequence, which can destroy the inversion centers within a cuboctahedron /
octahedron and lower the symmetry from -3 2/m to 3 m, or destroy the mirror plane within the
anti-cuboctahedron perpendicular to the stacking direction, lowering the symmetry from -6 m 2
to 3 m. For this, we could inspect the full stacking sequence derivation of how to inspect the
stacking sequence in the A/B/C/a/B/y or Jagodzinski notation. The scheme on how to insect it

is summarized and conceptionalized in Figure 12.

Which conditions must be met for the Which conditions must be met for the
stacking sequence to obtain inversion stacking sequence to obtain inversion
symmetry on a BX; octahedron ... symmetry on a AX,, cuboctahedron?
... between two h—type |aye|‘s? "original” sequence _1 "inverted" sequence
"original" sequence | - 1 “inverted" sequence 1 B,/, 1 B 11 Bw ﬂm e B "
c c h c Li} < c
B C 0 B G C |01 B [V oot [ | I
- 1 c [ o C | [ I | I I I | I
romen e = resh
i st | yes T ‘ ‘ rule: the same letter must exist at the equal distance away from the center of symmetry
rule:  the same lelter must exist at the equal distance away from the center ‘ ‘ | ‘ ‘
of symmetry ves ‘ ‘ : ‘ i
yes .
< | rule: the: same greek letter must exist at the equal distance away from the center of symmaetry
the same greek letter must exist at the equal distance away from the L I I} [}
center of symmetry pr— oS —— ]
e e
- —— yes D —
es gl
’ - .
the roman letter must be converted to the remaining roman letter, i the greek letter must be converted to the remaining greek letter, i. e., the ane not correspanding
e., the one not corresponding to the layer of the inversion center and rule ta the layer of the inversion center and not being the letter of the original sequence. This
rule: not being the letter of the original sequence. This remaining letter ° remaining letter must then exist at the equal distance away from the center of symmetry along
must then exist at the equal distance away from the center of the stacking direction
symmetry along the stacking direction yes = - ! " i :
L T — ‘ ‘
yes | IEE— yes g
| | | | | the roman letter must be converted to the remaining roman letter, i. e., the one not
the greek letter must be converted to the remaining greek letter, i e. rule: corresponding to the layer of the inversion center and not being the letter of the original
the one not corresponding to the layer of the inversion center and not " sequence. This remaining letter must then exist at the equal distance away from the center of
rule: being the letter of the original sequence. This remaining letter must symmetry along the stacking direction
then exist at the equal distance away from the center of symmetry - ey .
along the stacking direction Which conditions must be met for the stacking sequence

to obtain a mirror plane on a AX,, anti-cuboctahedron

-+ between two c-type layers? perpendicular to the direction of stacking?

“original” sequence -1 ‘ "inverted” sequence “original” sequence )  “"mirrored” sequence
14 B 14 /4 B 14 Bm Bm 174 ) m B " 1 B m 14|
c h c c h [ h < h ¢ h

the same rules apply as for the octahedron between two h-type layers .
PRl type layt general the same greek or roman letter must exist at the equal

rule: distance away from the center of symmetry

Figure 12. Conditions of the stacking sequence which must be met to maintain highest possible symmetry on A-
site and B-site cations.

We note that the A/B/C/a/f/y notation is not convenient to inspect this symmetry. From
inspecting the Jagodzinski notation, we can immediately derive a much simpler rule: The
inversion symmetry (A cation in c-type layer or B cation) or mirroring symmetry perpendicular
to the mirror plane (A cation in h-type layer) is pertained whenever the Jagodzinski notation
can be mirrored / inverted at one letter or between two letters — since the stacking sequence
in Jagodzinski notation is one-dimensional, both operations are in principle identical. One can
now summarize and simplify the rules and considerations derived so far within four simple

statements (and one exception), by inspecting if the stacking sequence in the Jagodzinski
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notation can be mirrored/inverted at some point (which is not to be confused with

mirror/inversion symmetry within the crystal structure):

- The A-site cations within an h-type layer possess local symmetry of -6 m 2, if the whole

stacking sequence given in the Jagodzinski notation can be mirrored at this layer.
Example: ...chchhceehehhheheeehhehe. ..

- The A-site cations within a c-type layer possess a local symmetry of -3 2/m, if the whole
stacking sequence given in the Jagodzinski notation can be mirrored at this layer.

Example: ...chchhccchechChcehecchhehe...

- The B-site cations between two c-type layers or between two h-type layers possess a
local symmetry of -3 2/m, if the whole stacking sequence given in the Jagodzinski
notation can be mirrored between these two layers.

Examples: ...cchchchC Chchchee...  or ...cchchchh hhchehee. ..

- For any other case, the maximum symmetry of the A-site cation or the B-site cation is

3m.
Examples: ...chCch... or ...chhch... or ...chC Cch... or ...chh hech...

- The only exemption to these rules is the simple case of only c-type layers (...ccc...).
This results in a higher symmetry on both, the A-site and the B-site cations of
4/m -3 2/m.

We can now return to our previous statement and summary: The Jagodzinski notation is one-
dimensional and every aristotype perovskite which contains at least one h-type layer can be
described via a unique sequence of h and ¢ with a length of n units of h and/or ¢ symbols.
What symmetries are allowed for a sequence of two letters? To understand this, we simply
need to imagine this unique sequence of two letters as one of two different type of arrows as
shown in Figure 13. We conclude: along a single unique stacking sequence, we can either find
two symmetries (inversion and/or mirroring) for the double arrow (in the middle of the arrow or
between the double arrows, see Figure 13a). Alternatively, one can find no symmetry of the

unique stacking sequence, as indicated by the singe arrow, see Figure 13b.
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(— — (-

@ ¢hcchchcchchcchg

) Eaan)

(b) chcchhichcchhlchcchh

Figure 13. Scheme on how symmetry operations can be distributed within a unique Jagodzinski stacking
sequence. Only two scenarios are possible: (a) The stacking sequence, indicated by a double arrow, has
mirroring / inversion symmetry in the middle of the arrow and between the arrows in a pattern of repetition of the
unique sequence. (b) The Jagodzinski notation cannot be mirrorred / inverted and is thus represented by a single
arrow.

2.2 From local symmetry to space group symmetry

The local symmetry considerations derived above are sufficient to describe the size, the local
site symmetry as well as the overall space group symmetry, if the stacking sequence is given.
To move over from a local site symmetry to space group symmetry, one must include the
translational symmetry included in each lattice. This translational symmetry is not only given
by the size of the unit cell but can also be included in the centering of the space group (in our
case: the R-centering). Further, translation can be combined with symmetry operations,

resulting in screw axes (e.g., the 63 screw axis) or glide planes (e. g., the c glide plane).

First, we want to derive the size of the unit cell required to describe the stacking sequence. To
do so, we write down the sequence in both, ABC notation, and Jagodzinski notation. By this,
we can derive the number of layers that must be given after which both notations repeat. This
is exemplified in Figure 14 for the three sequences ch, cch, and chcch, which show that
inspecting the stacking sequence in the Jagodzinski notation is not sufficient to determine the
length of the unit cell along the stacking direction. We conclude that the stacking sequence in
A/B/Cla/Bly is required to describe the length of the unit cell and number of AX3 layers found
within a unit cell correctly. The number of layers in A/B/C/a/B/y notation required to obtain
repetition can thus be used to label perovskite material (e.g., 3C, 6H, 15R, ...). So far it does
not tell us about the letter that follows after, nor we could derive the space group from this

symbol.
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repeats
after ...
units

Jagodzinski notation 2 ch I ch c-axis length ==>
stacking sequence 4 ABAC 2 x layer thickness
Jagodzinski notation 3 cch | cch c-axis length ==>
stacking sequence 6 ABCBAC 6 x layer thickness
Jagodzinski notation 5 chcec h‘C hcc h|C hcch c-axis length ==>
stacking sequence 15 ABACBCACBABCBAC 15 x layer thickness

Figure 14. Examples on how to derive the length of the unit cell axis from the stacking sequence. The axis of
stacking will become the crystallographic c-axis.

For the following discussion, we can neglect the positions of the B-site cations and their Greek
letters and focus on the main stacking sequence A/B/C entirely. First, we determine a suitable
two-dimensional cell size within the close packed AXs layers, which we place within the ab-
plane. By this, the direction of stacking perpendicular to the plane becomes the c-axis. It is
simple to derive the positioning of atoms within differently oriented AX; or B layers within it. To
get these positions of cations and anions within the cell, we remind on our definition from
before: the layers of composition AX; are described as close packed spheres with r(A) = r(X),
and the B cations have a radius to fit exactly into an octahedron formed by an X cation, i.e.,
r(B) = (2°%-1) r(X). The stacking along the c-direction is done in such a way to maximize space
filling efficiency. From these conditions, we can derive the shape and the size of the unit cell
perpendicular to the stacking direction as shown in Figure 15. Due to this maximum density
approach, this two-dimensional cell contains only one AXs unit or one B atom. For simplicity,
we put either the A or the B cation on the origin of the cell (within the International Tables of
Crystallography, the highest symmetric sites are usually placed at the origin). The cell size can
be calculated according to a = b = 4 r(X) with an angle y = 120° between the a-axis and the b-

axis.

Manuscript

Page 18 of 37

https://doi.org/10.26434/chemrxiv-2024-3z367 ORCID: https://orcid.org/0000-0002-0860-0911 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-3z367
https://orcid.org/0000-0002-0860-0911
https://creativecommons.org/licenses/by-nc/4.0/

a “ 2
A 0 0
X 0 v
I:I : 1 B 0 0
e v 0
X v %

mnn

O ¢ o B
X Zfs A B 2/, 1,
X 1, 1,
X

Yo mnn

Y1/ 1, 2,

X X X »
& &
& o

Figure 15. Derivation of idealized positions of atoms under the condition that AXs form close packed layers of
spheres with r(A) =r(X), and the B cation fits exactly into the octahedral site formed by 6 X anions with
r(B) = (2°5-1) r(X).

We easily note from Figure 15 that a mirroring symmetry can exist perpendicular to the [1 1 O]
direction. In addition, the 3 m symmetry, which is the minimal symmetry maintained for the A-
site and the B-site cations independent on the detailed stacking direction, must be present
along the stacking direction running through [0 0], [1/3 2/3], and [2/3 1/3]; alternatively, -3 2/m
or -6 2 m symmetry can also found at these positions, since they contain the 3 m symmetry as
a subgroup. We can inspect the International Tables for Crystallography for space groups
within the trigonal or hexagonal crystal systems, which possess these site symmetries in a
suitable pattern. These space groups are R-3m, R3m, P6s/mmc, P6smc, P-6m2, P-3m and
P3m (see Figure S 1). It will be derived in the following which conditions must be met for a
perovskite-type material with at least partial h-type stacking of AXs layers to crystallize in one
of these space groups. We recognize that the first four space groups have additional
translational symmetry (R-centering or 63 screw axes (in addition to a c-glide plane)), and we
will see that these space groups are relevant, whenever the unique stacking sequence in
Jagodzinski notation has to be repeated three (R) or two (63) times to obtain a repetition of the
A/B/Cla/B/y notation.

We also note from Figure 15 that we can transform the two dimensional layers between each
other by adding the translational vector [+1/3 +2/3] once or twice. This translational component
is of principle importance for the R-centering within the trigonal crystal system, for which we
require additional translation along the stacking direction. The 3D condition for R-centering is
that the vectors [+2/3 +1/3 +1/3] and [+1/3 +2/3 +2/3] can be added (within a cell of a=b # c,
a=p=90° y=120°) to find symmetry equivalent points. We can ask ourselves now what

condition must be met for the stacking sequence to find an R-centering of the trigonal cell.
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Since the R-centering requires translation of 1/3 along the c-direction, this condition can only
be met if 3n (with n € N* being the length of the unique Jagodzinski notation) layers form the
repetitive pattern of the stacking sequence A/B/C/a/B/y notation. Consequently, the stacking

sequence follows a permutation pattern as shown in Figure 16.

c lal =2 r(X) + 2 r(4) = 4r(X)
/b |c|=3N-\/%-(Zr(X)JrZr(A))=\/§-4-n-r(X)
.

+2[ + 1, +1, +2f, + Y, +1,

+1f, + 2, 42,

n AX; layers

Figure 16. Permutation pattern of AXs layers within a unit cell containing 3N close-packed AXs layers to fulfill the
condition of R-centering within the trigonal crystal system.

Since the R-centering can only be found in the trigonal crystal system, we can further conclude
that this stacking must result in the lowering of the -6 = 3/m symmetry on any h-type layer to
3-fold rotational symmetry; in other words: h-type layers must be sandwiched in such a way
that the mirroring symmetry will be broken. However, it is possible to maintain inversion
symmetry on A-site cations in c-type layers or on the octahedrally coordinated B-site cations
(see Figure 17a), e. g., as found for the (chcch)s stacking sequence which has an inversion
center on both, A- and B-site cations. We also note that the h-type layers do not necessarily
need to be found on a local chh surrounding, but that different numbers cx / ¢; (with k # j) on
both sides of h can also break the mirroring symmetry. The perovskite material corresponding
to a unique stacking sequence of length n should be described as a (3n)R-type perovskite
compound with inversion symmetry, and the resulting space group is R-3m. This symmetry is

indeed found for certain perovskite-type materials, e. g., 15R-BaFeQO;F ©.

For this example, we have seen that the inversion or mirroring symmetry can in principle be
broken by the stacking sequence, although the local coordination from the next nearest layers
(e. g. ...chc...) would not break the corresponding symmetry per se. Therefore, we can also

search for examples, for which a non-symmetric unique Jagodzinski notation must be repeated
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three times to describe the unit cell. This can be obtained for the sequence (chcchccchecech)s,
which fulfills the R-centering condition, but does not allow inversion symmetry or mirroring
symmetry perpendicular to the stacking direction on any of the A-site or B-site cations (see
Figure 17b). The highest local symmetry is 3m for both cation types, resulting in an overall
maximum space group symmetry of R3m. We note that it might require a comparably long
unique Jagodzinski unit to break the inversion symmetry, and this most likely explains why this
stacking and space group has not been observed experimentally so far for perovskite-type

materials to the best of our knowledge.

Given that R-centering within the trigonal crystal system can result in two different space
groups, we suggest indicating this with an additional superscript. For this purpose, we propose
to use “i / I” as superscripts to indicate a center of symmetry found either on an A-site cation
(i) or on a B-site cation (I) for R-3m. Alternatively, once could use the symbol “*” to indicate the
absence of inversion symmetry AND a mirror plane perpendicular to the direction of stacking.
Thus, the examples given in Figure 17 could be described as 15R" and 42R* perovskite-type

modifications.
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(a) stacking sequence (chcch); with N =5
- 3 repetitions of Jagodzinski notation required AND maximum local site symmetry is -3m; resulting
maximum space group symmetry: R-3m - 15R"

3m -3m permutation scheme for R-centering
(1 ¢ | (o] h c c h - repeat no. of stacking unitwilhin | AX, layer B, layer
C Yy By C ; ) (3) {1
U S D @ o) @) C v
: -am 3m
! M lor|@|or|@|C | or vy |or
(2) v---¢ h ¢ ¢ h -
C C i (2) 3 (1
________________________ YAy | ® M @ c Y
i " - o permutation between three greek or three roman letters
3 Lo
) c I c c h | © :E_________ solid line > boarder of the

C Y C y | unit cell

-3m found on c-type layers (A, B, and C), which are in a local ...cchehce... surrounding
3m found on c-type layers in local ....hcc... surrounding

3m found on h-type layers surrounded by different numbers of
c-type layers, i.e., ...hchcch... breaks mirroring symmetry perpendicular to stacking direction

-3m found on q, B, and y between ...hc ch...

3m found on &, B, and y between ...h c... due to breaking of inversion symmetry

(b) stacking sequence (chccheccchecoch); with N =14
- 3 repetitions of Jagodzinski notation required AND maximum local site symmetry is 3m;
resulting maximum space group symmetry: R3m = 42R*

M h ¢ h ¢ ¢ h ¢ ¢ ¢ h ¢ ¢ ¢ ¢ h -

3)

C CaByAyBaCBAYBYABCuaBYABCBAY

3m found on c-type layers in local ....hec... surrounding due to breaking of inversion symmetry

3m found on h-type layers surrounded by different numbers of c-type layers, i.e., ...c hc,... breaks mirroring symmetry
perpendicular to stacking direction since n # m

3m found on c-type layers in surroundings such as...c.cc,,... / ...c;hehc,,... / ...cohcechc,,... ; n # m breaks inversion
symmetry

3m found on a, B, and y between ...c he; che,,... /...he, cyh... [ ; n # m breaks inversion symmetry

3m found on q, 3, and y between ...h c... due to breaking of inversion symmetry

Figure 17. Deriving possible space group symmetries for R-centered perovskite materials with partial h-type AXs
layers.
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The R-centering is the only centered Bravais lattice for the trigonal crystal system. In the
hexagonal crystal system, centering does not exist. To understand how to create additional
translational symmetry in the hexagonal crystal system, we need to understand how translation
can be combined with 6-fold rotational symmetry for the highly symmetric polyhedra of
perovskite type compositions. Neither the octahedron, nor the cuboctahedron nor the anti-
cuboctahedron contain a proper 6-fold rotational axis. If we apply a hypothetical 6-fold rotation
along to the stacking direction to either of these polyhedra, we observe that the central layer
(i.e., either the layer containing the respective A-site or B-site cation) maintains its original
orientation, while the layers on top or on bottom switch their respective orientation (i.e., B
(green) seems to transform to C (blue) and vice versa, see Figure 18). Thus, it is possible to
combine 6-fold rotation with translational symmetry within a 63 screw axis, which requires that
the unique stacking sequence in the Jagodzinski notation with length n repeats twice within
the length of the unit cell. The corresponding perovskite materials should be described as
(2n)H perovskite materials.

axis along which rotation

by 60° is performed

cub-
octahedron

anti-cub-
octahedron

octahedron

&!F&L

Figure 18. Application of a hypothetical 6-fold rotation axis along the stacking direction to the different polyhedra
which can be found for A-site or B-site cations.

Further, if we write out the stacking sequence fully, it must contain

- one unique greek letter representing the layer containing the B-site cation which is
found again after translating half distance along the stacking direction (see Figure 19a)

- one unique roman letter representing the AXs layer which is found again after
translating half distance along the stacking direction (see Figure 19b)

- one unique roman letter representing the AXz layer and the corresponding greek letter
representing the layer contain the B-site cation which are both found again after
translating half distance along the stacking direction (see Figure 19c)
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(a) stacking sequence w2 ow | w2 o (b) stacking sequence |, o 2

{h),with N =1 E (ch), with N =2
2 repetitions of Jagodzinski '"i 2 repetitions of Jagodzinski | Cc h ==
notation required; Yy Y ' nptatlon r_equwred C
resulting maximum space 1 resulting maximum space

group symmetry: group symmetry,  jTc-c------------
P6,/mmc Smz om [%m2 m P8,/mmc

-
-

! 1
9 2H|m i % 4H|m E -3m ‘m2 am
Ml ] e h ]
YAY C \
(c) stacking sequence o n an
(cch)z withN=3 r = i 6, screw axis on B-site cation
2 repetitiops of ‘JagOdZi”Ski & & 1 6, screw axis on A-site cation
notation required, C Y C H permutation between two greek or two roman
4

resulting maximum space

group symmetry: PR R fetters
P6,/mmc ' 3 m2 am
2> 6H™ !
L-- C C h |<—-—._____ solid line - boarder of
the unit cell
y C y
(d) StaCking sequence Im Jm m 3m 3 3w 3m
(chcchecch),
withN=9 c h C C h C C c h -
I
2 repetitions of Jagodzinski C C C C !
notation required V_ _____ V_ ____________________________ Y _______________ !
resulting maximum space !
group symmetry: ! am am am am am am om
P6;mc !
> 18H* --¢c h ¢ ¢ h ¢ ¢ ¢ h
YAY C C Y C Y

Figure 19. Conditions on the stacking sequence to obtain a 63 rotation axis and maintain a center of symmetry. The
possible space group symmetries are P6a/mmc and P6smc. The same rules apply for assigning local symmetries
3m, -3m, -6m2 as shown in Figure 17.

Without further proof, it is found that the 6; screw axis also results in a c-glide plane
perpendicular to the [2 1 0] direction. If the unigue stacking sequence in Jagodzinski notation
contains one A-site cation on an h-type layer with high symmetry -6 m 2, and one A-site cation
in a c-type layer or a B-site cation with -3 m symmetry between two h-type layers or a B-site
cation with -3 m symmetry between two h-type layers, the highest possible symmetry of these
sequences is P6:/mmc (remember: the 6s/m axis contains 3/m, and generates a mirror plane
perpendicular to the 63 axis along the stacking direction). All these compounds will contain one
A- or B-cation with -3m symmetry and one A-cation with -6 m 2 symmetry within their unique

Jagodzinski notation.

As shown in Figure 19d, obtaining the condition for a 6s; axis is decoupled from having
local -3 m or -6 m 2 site symmetries, and one can also obtain stacking sequences which
possess a 63 rotation axis, but do not contain high symmetry A- or B-cations. These stacking
sequences will result in a space group of P6smc, see Figure 19d. Their unique Jagodzinski

sequence is repeated twice to obtain the unit cell in A/B/C/a/B/y notation. In that case, the
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perovskite compound would become polar, and these aristotype stacking sequences have not

been observed for perovskite-type materials so far (see also later in this article).

Since the presence of a 63 screw axis within the hexagonal crystal system can result in two
different hexagonal space groups, we again would recommend that this could be indicated by
an additional superscript. For this we again suggest to use “i/lI” to indicate a center of symmetry
found for P6s/mmc on A-site or B-site cations in addition to “m” to indicate the presence of a
mirror plane perpendicular to the stacking direction (which will always be on the A-site cation

k)

in h-type layers) or to use “*” to indicate the absence of inversion symmetry AND a mirror plane
perpendicular to the direction of stacking as found for P6smc. Thus, the examples given in

Figure 19 could be described as 2H'™, 4H™, 6H'™ and 18H* perovskite-type modifications.

The R-centering and the 63 rotational axis are the only centering operation or symmetry
elements with translational symmetry which can exist for aristotype structures of perovskite
materials with h-type layers. If the unique Jagodzinski notation does not have to be repeated
to obtain the size of the unit cell in the A/B/C/a/B/y notation (n = 1), there are three further
possibilities for symmetries which can be found. They have in common that they can be
determined from the maximum symmetry found for the A- or B-site cation in combination with

P-centering.

- If two A-site cations are located on h-type layers and possess a local symmetry of -6m2
within the unique Jagodzinski sequence, the resulting space group symmetry will be
P-6m2 (see Figure 20a)

- If two A-site cations on c-type layers and/or B-type cations possess a local symmetry
of -3m, the resulting space group symmetry will be P-3m (see Figure 20b)

- If the highest symmetry for any of the A- and B-site cations is 3m, the resulting space

group symmetry will be P3m (see Figure 20c)
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(a) stacking sequence (b stacking sequence

(hchhhe), with N =6 (ccchh),with N =5
Jagodzinski notation does not repeat within unit cell Jagodzinski notation does not repeat within unit cell
AND maximum local site symmetry is -6m2 AND maximum local site symmetry is -6m2
resulting maximum space group symmetry resulting maximum space group symmetry
P-6m2 P-3m
- 6HmMm > 5Ti

“m2 “m2 -6m2 3 =3
lh ¢ h h h c | lc ¢ ¢ h h |
YAY C C YAY C y C C Y
(c) stacking sequence
(chhcchcech), with N =10
Jagodzinski notation does not repeat within unit cell
AND maximum local site symmetry is 3m |'-——--_.__ solid line = boarder of
resulting maximum space group symmetry the unit cell
Pim
> 10T*

C vBy Ay C C Y C Y

Figure 20. Stacking sequences with Jagodzinski notations which do not repeat within a single unit cell. Resulting
space groups are P-6m2, P-3m, and P3m. The same rules apply for assigning local symmetries 3m, -3m, -6m2 as
shown in Figure 17.

We note that P-3m and P3m are space groups within the trigonal primitive crystal system. We
also note that P-6m2 is another possible hexagonal symmetry. Thus, the periodicity of a unique
Jagodzinski sequence with length of n after one repetition (1n) results in trigonal or hexagonal
perovskite modifications. Since P-6m2 contains mirroring symmetry perpendicular to the
direction of stacking, but does not contain a center of symmetry, the stacking sequence
(hchhhc): shown in Figure 20a could be described as 6H™ perovskite-type compound. This
would make the material clearly distinguishable from the 6H'™ perovskite-type material with
stacking sequence (cch), described in Figure 19c¢, and could allow easy assignment of the
maximum space group symmetry from the commonly used notification. Further, we also think
that the notation should be extended to the trigonal primitive crystal system by using the letter
T and indicating if they possess (i’ or ‘') or do not possess (*’) a center of symmetry. Therefore,
the perovskite materials depicted in Figure 20b,c would be denoted as 5T" and 5T* materials.
With the notation proposed here, it becomes feasible to assign the maximum symmetry of the

material based on the stacking notation and relate the material to an aristotype easily.

2.3 Reduction of the aristotype symmetry in perovskites with h-type AXz layers
Occasionally, also orthorhombic symmetries can be found for “hexagonal” perovskite
materials, e.g., for 10H'™ compounds (mirror plane and inversion perpendicular to lattice

parameter c). However, in this case, the orthorhombic crystal system is not related to the
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stacking of the material but originates from the presence of vacancies and their ordering for
example in BaslnessMn4O14.4 ?7; in absence of the vacancies, the material could have a higher
symmetry. We thus note: Any orthorhombic, monoclinic, or triclinic symmetry can never
be the aristotype symmetry corresponding to a unique Jagodzinski sequence of
perovskites with h-type layers. These symmetry changes are related to what has been found
for structures deriving from the cubic aristotype, and can originate from anion ordering,
distortions due to size mismatches, electronic effects, etc. 7. We can also formulate a trivial
statement: Cubic and tetragonal crystal systems cannot be obtained for perovskite materials

with h-type AXs layers.

A couple of perovskite materials with h-type layers and polar space group symmetry have been
reported. Mainly, the symmetry lowering originates from a combination of cation ordering of
mixed occupied B-site cations in combination with electronic effects, e.g., BaisMn17sTa105042
28 For none of these compounds the polar symmetry originates from the aristotype symmetry
of the corresponding stacking sequence. In addition, there was a recent example of a polar
hexagonal perovskite BaWON (cch), and space group P6smc 2°. Similarly, the polar space
group does not result from the stacking, but from electronic effects of the tungsten atoms,
causing individual off-center shifts. Hence, the aristotype symmetry of AXs layers in this
material would formally be described as 6H™, and the symmetry lowering results from a
translationengleiche symmetry transition (t2) from P6s/mmc to P6smc. Thus, we would also
like to emphasize that group-subgroup relations 3° between the seven possible aristotype
space group symmetries of perovskites with h-type layers exist in principle (as shown in Figure
21). Thus, we point out that symmetries lower than the aristotype symmetries could be formed
if further reasons (electronic effects, ion sizes, etc.) for symmetry breaking exist. The reduced
subgroup symmetries should not be confused as the aristotype symmetry of the material, but
are clearly hettotype structures; however, so far there are onlyfew examples with symmetry

reductions of the aristotype symmetry.
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Possible symmetry lowerings of the aristotype symmetries of perovskites with h-type layers,
which result in trigonal or hexagonal space group symmetries but do not change the stacking sequence

R-3m R3m P6,;/mmc P-6m2  P6s;mc P-3m P3m
% & k3| {2 i2 2 t2 {2 t2 i3
R3m P-3m P3m P-3m P—61m2 P6;mc  P3m P3m P3m  P3m
R t2 t2 12 12
F3m P3m

Figure 21. Possible symmetry lowerings of the aristotype symmetries of perovskites with h-type layers, which
result in trigonal or hexagonal space group symmetries but do not change the stacking sequence.

2.4 PerovGen — A computer program for analyzing Jagodzinski stacking

sequences of perovskites with mixed h-type and c-type layers
The strategy for achieving the highest symmetry possible by only considering the stacking
sequence along the lattice parameter c is effective, provided there are no other chemical or
structural effects causing a symmetry reduction. We have developed a program called
PerovGen (details on the programming are provided in the supplementary material), which can
determine the highest possible symmetry of a perovskite material ABXs of any unique stacking
sequence CnhmChk... (n,m € N*; k,l.etc. € Ng). The program is freely available from 3. It
analyses perovskite stacking sequences, determines the number of repetitions of Jagodzinski
notations to describe the unit cell in the A/B/C/a/B/y notation and determines the symmetry
positions of the Jagodzinski notation. This procedure is related to the flow chart shown in
Figure 22, from which the space group can be assigned. Additionally, it generates a CIF file of
the specified Jagodzinski sequence by using the atomic positions as shown in Figure 15,
determining a necessary shift of origin as required from the position of the special sites

according to the International Tables of Crystallography A (also see summary in Table S 1).

Manuscript

Page 28 of 37

https://doi.org/10.26434/chemrxiv-2024-3z367 ORCID: https://orcid.org/0000-0002-0860-0911 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-3z367
https://orcid.org/0000-0002-0860-0911
https://creativecommons.org/licenses/by-nc/4.0/

Write down the stacking

Write down the stacking
sequence in Jagodzinski (c/h)
notation, which you want to
repeat continously!

Does this notation contain letters or
positions between letters (c/h) at

which it can be mirrored?

You did sth. wrong!
Count again!

How many per your
defined sequence?

—

Your stacking sequence was
not translational unique!
Reduce it! (e.g.,
[hchechehee] >
[chech][chech])

More than
two!

‘ Where are they located? |

sequence in
(A/B/C/alBly) notation!

One is located on an h-type Either on c-type layers (i.e.,

Both are located on h- layer (i. e., one A-site cation A-cation(s) with -3m - "

. i Write down the stackin,
type layers! (i.e., two has -6m2 symmetry), the symmetry) or between sequence in 9
How often does the (c/h) A-site cations have - second one is located either layers (between hh or cc; (A/B/ClalBly) notation!
notation have to be repeated 6m2 symmetry) on a c-type layer (i.e., an i.e., B-site cation(s) have - Y .
in (A/B/Cla/Bly) to start at the A-site cation has -3m 3m symmetry)
same letter (A/B/C) again? symmetry) or between two
. layers (b?tweep hh or cc; Are the former positions with symmetry now one of the following?:
i.e., a B-site cation has -3m A+A, B+B, C+C, a+A, B+B, y+C, a+a, B+B, y+y
symmetry).
[ oncet | [ Twice! | [ Thricel | [ More No!
than Yes!
thrice! The (c/h) notation will have to The (c/h) notation will have to
repeated twice! repeated thrice!
You did —
sth.
[P | [Pome] [rom | [ = [Fom]  [Rém]

Figure 22. Flow chart which can be used to determine the symmetry of a Jagodzinski notation describing perovskite
type materials with at least one h-type layer. The red boxes will help the reader to identify if a mistake was made,
and or not integrated within PerovGen 31,

2.5 Applying PerovGen

We can now use the program PerovGen or the flow chart from Figure 22 to analyze, which
unique stacking sequences in the Jagodzinski notation are possible up to a length of 8 c/h
symbols. These possibilities are listed in Table 1 giving reference to examples of materials
which are already reported in literature from a search of the ICSD database 2. We find that for
lengths smaller or equal than five c/h symbols, only centrosymmetric aristotype symmetries
can be obtained (i. e., Pm-3m, R-3m, P-3m or P6z/mmc) as depicted in Table 1. Starting from
six c/h units within the unique Jagodzinski pattern, the polar space group P6smc becomes
possible for the sequence chcchh, and the non-centrosymmetric space group P-6m2 can be
found for chchhh. The longer the sequence, the more often we can find the polar space groups,
and this lack of periodicity might explain why such polarity originating from stacking only has
not been found yet. Also, the number of possible unique Jagodzinski sequences also increases
with the number of n. An overview on the distribution of space group symmetries on the length

of the Jagodzinski notation is shown in Figure 23.
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Table 1. Overview of possible unique stacking sequences in Jagodzinski notation (unJag) with a length of upto n =
8 c/h symbols and resulting space group symmetry including modified notation (modNot) for perovskite-type
materials with h-type layers. symJag = Symmetrical representation of the stacking sequence with inversion on A-
cation (c), inversion on B-cation (), mirror plane on A-cation perpendicular to stacking direction (); K =
multiplication factor required to obtain unit cell size in A/B/C/aiBly natification; unJag = unique Jagodzinski notation;
symCat = Symmetry found on the A-/B-cations with inversion on A-cation (i) in c-type layer, mirror symmetry
perpendicular to stacking direction on A-cation (m), and inversion symmetry on B-cation (I); maxSGS = maximum
aristotype space group symmetry; * := Pm-3m is a supergroup of R-3m.

n unJag symJag K symCat | maxSGS modNot examples
n*Ki/I/m/*
1 |c (Cos5Cos)- 3 il Pm-3m* 3C! Srvo; %
1 |h (- 2 Im P6s/mmc 2H™ BaNiO; ¥
2 | ch (CodliCos)- 2 im P6s/mmc 4H™ 0-SrMnO; ¥
3 | cch (clc)- 2 Im P6s/mmc 4Hm BaFeO; %
hhc (hch). 3 il R-3m 9R! BaMnO; ¥
4 | ccch (CosCHCCos)- 2 im P6s/mmc 8H™ Ba,CrTaO; *®
chhh (CoshBinCos)- 2 im P63s/mmc 8H™ BaMnOs *°
cchh (chhe). 3 I R-3m 12R" Ba,Ti;Mn,0y;, ¥
5 | cccch (cclice)- 2 Im P6s/mmc 10H™ Sr(Mno.724F€0.27602.868) *°
cchhh (chlinc)- 2 Im P6s/mmc 10H™ BasInggaMnyO14.42 %’
chchh (hclich)- 2 Im P6s/mmc 10H™ Ba(Iro3C007)O2.828 **
cchech (chehc ). 3 il R-3m 15R! BaFeO,F ¢
chhhh (hhchh). 3 il R-3m 15R! BaMnO, g 4
ccchh (hceeh). 1 il P-3m1 5T BavO; %
6 | ccccch (coscclicceos)- 2 im P6s/mmc 12Hm -
ccchhh (Coschlince os)- 2 im P63s/mmc 12H™ -
chhhhh (c 0_5hhlhhc0_5)» 2 im P63s/mmc 12H™
chchhh (A8EchRnchas)- 1 mm P-6m2 GH™™ BasCos016F *
cchhch 2 * P6smc 12H* -
cchchh 2 * P6smc 12H* -
cccheh (coschchccps)- 3 ii R-3m 18R -
cccchh (hee cch ). 3 Il R-3m 18R" -
cchhhh ( hhc chh). 3 I R-3m 18R" -
7 | ccceech (ccclicee ). 2 Im P6s/mmc 14H™ BasMny 75Tai05042 28
cccchhh (cchiihce)- 2 Im P6s/mmc 14HM -
cchhhhh ( chhlhhc )eo 2 Im P6s/mmc 14H™ -
ccheehh (hos cclicch hos)- 2 Im P63/mmc 14H™ -
cchchch (chclichc)- 2 Im P6s/mmc 14H™ -
chchhhh (hhclichh). 2 Im P6s/mmc 14H™ -
chhchhh (hchlihch).. 2 Im P6s/mmc 14H'™ -
ccchhch 2 * P6smc 14H* -
ccchechh 2 * P6:mc 14H* -
ccecchh (hceeeeh ). 3 il R-3m 21R! -
ccchech (coschc checps)w 3 il R-3m 21R"
chhhhhh (coshhh hhhcgs). 3 il R-3m 21R! BaMnOy g5 *°
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chchehh (hcheheh ). 3 il R-3m 21R! -
ccccheh (cchehee ). 1 il P-3m1 77! -
ccchhhh (hhcechh). 1 il P-3m1 77! -
cchhchh (chhchhc ). 1 il P-3m1 77! -
cchchhh 3 * R3m 21R*
cchhhch 3 * R3m 21R* -
8 ccccecch (co_sccclcccco_t;)w 2 im P6s/mmc 16H™ -
cceechhh (Coscchlincecos)- 2 im P6s/mmc 16H™ -
ccchhhhh (co_SCthhhcco_t;)w 2 im P6s/mmc 16H™ -
ccchcheh (co_schclchcco_s)w 2 im P6s/mmc 16H™ -
ccheheeh (coshcclicchcoss) 2 im P6s/mmc 16H™ -
chhhhhhh (coshhhlihhhcoss)- 2 im P6s/mmc 16H™ -
chchchhh (co,shchlhchco,s)m 2 im P6s/mmc 16H™ -
chhchchh (co_shhclchhco_s) 2 im P6s/mmc 16H™ -
cchhhech mﬁ-)m 1 mm P-6m2 8H™™ -
chchhhhh (AEnhchRchnigs)- 1 mm P-6m2 gHmM 2
cccchehh 2 * P6smc 16H* -
cccchheh 2 * P6smc 16H* -
ccchechh 2 * P6;mc 14H* -
ccchhech 2 * P6smc 16H* -
cchhchhh 2 * P6smc 16H* -
cchhhhch 2 * P6smc 14H* -
cchhhchh 2 * P6smc 16H* -
cchchhhh 2 * P6:mc 16H* -
cccecheh (cosccheheccos)- 3 i R-3m 24R' -
ccchhchh (coschhchhecg s)- 3 ii R-3m 24R" -
cccchech (chce cche )» 3 I R-3m 24R" -
cccchhhh ( cchh hhcee ). 3 I R-3m 24R" -
cchhhhhh ( chhh hhhc ). 3 I R-3m 24R" -
chhchhhh ( hchh hheh ). 3 I R-3m 24R" -
cchchhch (‘hche cheh ). 1 ii P-3m1 8T" -
ccceechh (hcee cech )» 1 I P-3m1 8T -
cchchhch (chch hehe ). 1 I P-3m1 8T -
ccchehhh 3 * R3m 24R* -
ccchhhch 3 * R3m 24R* -
cchchehh 3 * R3m 24R* -
Manuscript
Page 31 of 37

https://doi.org/10.26434/chemrxiv-2024-3z367 ORCID: https://orcid.org/0000-0002-0860-0911 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-3z367
https://orcid.org/0000-0002-0860-0911
https://creativecommons.org/licenses/by-nc/4.0/

BPm3m P3m1 " R3m P6m2 R3m  P6s/mmc M P6;mc

Figure 23. Distribution of space group symmetries for different lengths n of the unique Jagodzinski stacking
sequence.

3 Conclusions

In the present work, we have provided a systematic guideline on how to inspect stacking
sequences and derive the corresponding aristotype space group symmetry. We have shown
that for perovskites with at least partial h-type stacking of AXs layers, every unique stacking
sequence corresponds to a single aristotype structure, which will adopt one of seven possible

space group symmetries.

Similar to Glazer notation, an extension of the commonly used notation to describe the size of
the unit cell could be helpful in order to derive the underlying maximum space group symmetry
immediately. Thus, extending the symbols by letters such as “i” and “m” will make it possible
to distinguish perovskites with aristotype symmetry P-6m2 (6H™™) from those with aristotype
symmetry P6s/mmc (6H™) immediately. Further H™ and H'™H™ would immediately give
information on the length of the unique Jagodzinski notation: for XH™/XH'™/XH*, the length
would be */2, for YR"/YR/YR!/YR* the length would be Y/3 and for ZH™/ZT/ZT* the length
would be #/1. However, the longer the unique stacking sequence becomes, it is possible that
two different aristotype materials will still be assigned the same notation (e.g., 16H™ for
chccheche and chechhheh). Thus, authors should be aware that they can only avoid ambiguity
by giving the stacking sequence in Jagodzinski notation in addition. The program PerovGen 3!

or the flow chart from Figure 22will help to assign this notation correctly.

Further, we have shown that similar to other layered perovskites, stacking of c- and h-type

layers provides in principle a synthetic design tool 2* in order to make new perovskite materials

without inversion symmetry. However, experimental ways must be explored to induce layer-

by-layer growth of perovskite materials in order to create such materials in the future.
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Criteria which must be fulfilled for having the space group Criteria used for classifying the space group within
describing the maximum symmetry of the stacking sequence | the notation used for perovskite with h-type layers
Does the space group

symbol contain the
point group symmetry
of A- or B-site cations

which can be

achieved after
combining h-type and

c-type layers in
stacking sequences
after the centering? |

Does the space group have three fold
rotational axes parallel to the the c-axis
running through [0 0], [1/3 2/3], and [2/3 | Does the space group
1/3]? (These symmetry operations can | have an R -centering?
also exist within couplings or
combinations.)

Does the space
group have a 63
screw axis (which
contains a 3-fold
rotation axis)?

Does the space group have a mirror
plane perpendicular to the [1 1 0]
direction?

A (in part)

P 64,22 P 6522 P6cc P6;cm P -6

At least one of the "must
criterions" is not fulfilled

P 6/mmm P 6mm

R-3m R3m yes no yes
P6s/mmc P 6;mc no yes no
P-6m2 P-3m1 P3m1 no no yes

Figure S 1. Selection criteria which must be fulfilled for a space group symmetry to be a possible maximum
symmetry for a perovskite-type material with h-type layers.
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space
group

Orien-
tation
A/BICI
alBly

A in c-type
layer

with -3m
symmetry

X in c-type layer
with .2/m.
symmetry

R-3m

Ala

3b
©0#)

R3m

Ala

P6s/mmc

Ala
B/B
Cly

9 9d
©020) 321

2a(0,0,0) 6g (0, 2, 0)

P-6m2

Ala
B/B
Cly

P6;mc

Ala
B/B
Cly

P-3m

Ala
B/B
Cly

P3m

Ala
B/B
Cly

1a
000) (©0, m) (a 120) ©2)

Ji

J

A in h-type layer Xin h-type layer A in c/h-type X in c/h-type B with -3m B with 3m
with -6m2 with mm2. layers  with layer with .m. symmetry symmetry
symmetry Symmetry 3m symmetry
A =2 x =0.5000 symmetry A =2 x =0.5000
B 2 x =0.1667 B 2 x=0.1667
C = x=0.8333 C 2 x=0.8333
3 Y
6c (0, 0, 2) 18h (x, -x, z) 000 00 6c (0, 0, 2)
3a(0,0,2) 9b (x, X, 2) 3a(0,0,2)
2b (0, 0, /4) 6h (x, -X, 4e (0, 0, z) 12k (x, X, z) 2a(0,0.0) 4e (0, 0, 2)
2¢ (M3, s, Ma) 6h (x, -X, Af (M3, %3, Z) 12k (x, X, z) Af (M3, s, Z)
2d (%, Y3, ') 6h (x, -x, Af (s, U5, Z) 12k (x, -X, z) Af (%13, Y5, 7)
29(0,0,2) 6n (X, X, Z) 29(0,0,2)
2h (Y5, 213, 2) 6n (x, -X, z) 2h (Y3, %, 2)
2i (%3, Y13, 2) 6n (x, -X, z) 2i (%, Y5, 2)
(@13, 15,0) @I, MsM2)
2a(0,0,2) 6¢ (X, -X, Z) 2a(0,0,2)
2b (Y5, 213, 7) 6¢ (X, -X, Z) 2b (Y3, %5, 2)
2b (3, Y5, 2) 6c (x, -x, 2) 2b (s, 15, 2)
2c(0,0,2) 6i (x, X, 2) 2¢(0,0,2)
2d (s, %5, 2) 6i (x, X, 2) 2d (Y3, 23, 2)
2d (s, Y5, 2) 6i (x, -x, 2) 2d (%5, 15, )
1la (0, 0, z) 3d (x, -X, z) la (0, 0, 2)
1b (s, s, 2) 3d (x, x, 2) 1b (s, %15, 2)
1c (s, Ys, 2) 3d (x, -X, z) 1c (%, Vs, 2)

Table S 1. Overview of Wyckoff sites relevant to construct the aristotype symmetries of different Jagodzinski
notations. Note that for R-centered space groups only the postion A/alpha is given, since every symmetry
independent atom will appear in each orientation.
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Details on the programming of the PerovGen computer programm

The only input required for the program PerovGen is a Jagodzinski sequence consisting of “c
and “h”, denoting a cubic and hexagonal ordering in the stacking sequence of the perovskite.
The program automatically reduces and transforms the sequence to generate the smallest
valid output structure. Using that sequence, it determines the space group, the stacking
sequence in terms of layers A, B, and C and interlayers a, 3, and y, and which layers contain
symmetry centers (inversion center or mirror plane perpendicular to stacking axis) of the
associated perovskite. This information can be obtained with the “Info Structure” button. With
the “Save Structure” button, the structure of the generated perovskite is standardized, using
spglib 1, and saved as a CIF file with all relevant symmetry information for further processing

with other programs.

In addition, the elements that comprise the perovskite can be customized according to the
generalized perovskite formula ABXs, where A indicates the A-site cation which formest he
close packing together with the X anion, and B indicates the B-site cation in octahedral

coordination by the X anions.

The source code and a compiled binary for Windows systems is available at

https://github.com/mhaefner-chem/PerovGen 2.
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