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Comprehensive understanding of the crystal
structure of perovskite-type Ba3Y4O9 with Zr substi-
tution: a theoretical and experimental study†

Katsuhiro Ueno, *a Atsunori Hashimoto,a Kazuaki Toyoura, *a Naoyuki Hatada, a

Shigeo Sato b and Tetsuya Uda a

We previously reported that Zr substitution improves the chemical stability of Ba3Y4O9 and nominally

20 mol% Zr-substituted Ba3Y4O9 is an oxide-ion conductor at intermediate temperatures (500–700 °C).

However, the influence of Zr substitution on the structural properties of Ba3Y4O9 was poorly understood.

This paper aims to comprehensively understand the crystal structure of Ba3Y4O9 with Zr substitution by

powder X-ray diffraction (XRD), extended X-ray absorption fine structure (EXAFS) measurements, and

first-principles calculations. From the results, firstly we found that the hexagonal unit cell of Ba3Y4O9

reported in the database should be revised as doubled along the c-axis in terms of the periodicity of

oxide-ion positions. The revised unit cell of Ba3Y4O9 consists of 18 layers of BaO3 and 24 layers of Y

which periodically stack along the c-axis. In this work, we focused on the cationic lattice and noticed that

the periodical stacking of Ba and Y layers comprises a similar sequence to that in the body-centered

cubic (BCC) structure. There are two regions in the Ba3Y4O9 structure: one is a hetero-stacking region of

Ba and Y layers (Ba–Y–Ba–Y–Ba) and the other is a homo-stacking region (Ba–Y–Y–Ba). It is noteworthy

that the former region is similar to a cubic perovskite. In Zr-substituted Ba3Y4O9, Zr ions preferentially

substitute for Y ions in the hetero-stacking region, and therefore the local environment of Zr ions in

Ba3Y4O9 is quite similar to that in BaZrO3. Besides, the Zr substitution for Y in Ba3Y4O9 increases the frac-

tion of the cubic-perovskite-like region in the stacking sequences. The structural change in the long-

range order strongly affects the other material properties such as chemical stability and the ionic-conduc-

tion mechanism. Our adopted description of perovskite-related compounds based on the stacking

sequence of the BCC structure should help in understanding the complex structure and developing new

perovskite-related materials.

1 Introduction

Ba3Y4O9 is a potential host compound for ionic, optic, and
catalytic applications.1–10 As for the ionic conductor, in the
1990s, Ba3Y4O9 was reported to be an oxide-ion conductor with
conductivity beyond 10−2 S cm−1 at 500 °C.11,12 However, the
high conductivity was found to be caused by liquid phases
formed in the reaction between Ba3Y4O9 and CO2 and/or H2O.

13

Recently, we have found that Zr substitution on Y sites enhances
the chemical stability of Ba3Y4O9, and nominally 20 mol% Zr-

substituted Ba3Y4O9 exhibits oxide-ion conductivity at intermedi-
ate temperatures (500–700 °C).14 The solubility limit of Zr ions
on Y sites is as much as ∼47 mol%, and Ba deficiency is often
seen in sintered samples at 1600 °C.15 The excess charge due to
the Zr substitution is possibly compensated by the following: (i)
the generation of interstitial oxide ions.

V�
i þ 2Y�

Y þ 2ZrO2 ! 2Zr•Y þ O′ ′ i þ Y2O3 ð1Þ

(ii) The consumption of oxide-ion vacancies derived from
the generation of Ba vacancies.

Ba�Ba þ O�
O ! V′ ′ Ba þ V••

O þ BaO ð2Þ

V••
O þ 2Y�

Y þ 2ZrO2 ! 2Zr•Y þ O�
O þ Y2O3 ð3Þ

Therefore, information about the structural properties and
the chemical composition is important for understanding the
mechanism of oxide-ion conduction. However, in our previous
work, the powder X-ray diffraction (XRD) patterns of Zr-substi-

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3dt03544a

aDepartment of Materials Science and Engineering, Kyoto University, Yoshida

Honmachi, Sakyo-ku, Kyoto, 606-8501, Japan.

E-mail: ueno.katsuhiro.5z@kyoto-u.ac.jp, toyoura.kazuaki.5r@kyoto-u.ac.jp;

Fax: +81-75-753-5284; Tel: +81-75-753-5445
bGraduate School of Science and Engineering, Ibaraki University, 4-12-1

Nakanarusawa, Hitachi, Ibaraki, 316-8511, Japan

6070 | Dalton Trans., 2024, 53, 6070–6086 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 9

/2
3/

20
25

 8
:2

0:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/dalton
http://orcid.org/0000-0002-2717-0742
http://orcid.org/0000-0001-8964-0511
http://orcid.org/0000-0003-2889-2242
http://orcid.org/0000-0003-3294-3348
http://orcid.org/0000-0002-2484-4297
https://doi.org/10.1039/d3dt03544a
https://doi.org/10.1039/d3dt03544a
https://doi.org/10.1039/d3dt03544a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3dt03544a&domain=pdf&date_stamp=2024-03-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt03544a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053013


tuted Ba3Y4O9 could not be explained only by the change in
the lattice parameters of the unit cell from pristine Ba3Y4O9.
This suggests the need for the reconsideration of powder
pattern indexing for Zr-substituted Ba3Y4O9.

The crystal structure of unsubstituted Ba3Y4O9 has a rhom-
bohedral symmetry with the space group R3 as shown in
Fig. 1(a).16,17 Darriet et al. focused on the stacking sequence of
BaO3 layers in the Ba3M4O9 (M = Sc, Y and Ln3+ = Gd to Lu)
structure, and pointed out the relationship with hexagonal per-
ovskite BaRuO3 (space group R3̄m) in terms of the nine-layer
stacking sequence.18

In general, two types of conventional descriptions for per-
ovskite structures are employed, which are shown hereafter
taking cubic perovskite ABO3 as a model system. Fig. 2 shows
the crystal structure of the cubic perovskite (space group
Pm3̄m), in which A atoms form a cubic lattice, and B and O
atoms are located at the body-centered and face-centered posi-
tions of the cubic lattice, respectively. Hence, the oxygen-co-
ordinated numbers are 12 for A atoms and 6 for B atoms. The
first type of conventional description for perovskite structures
is based on the network of octahedral BO6 units. In the cubic
phase, all BO6 units are regular octahedra, which are corner-

Fig. 1 Crystal structure of Ba3Y4O9 reported in the ICDD database (PDF #04-012-0214, space group R3). Half of the Y ions (Y2 and Y4) occupy the
octahedral sites in the hetero-stacking regions, while the others (Y1 and Y3) occupy the trigonal-prismatic sites in the homo-stacking regions. (a)
and (b) is an overview and a view from the [100] direction, respectively. For the description of the crystal structure, we used the VESTA software.19
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shared to form a three-dimensional (3D) BO6 network. In
general, the BO6 units can be distorted and tilted/rotated in
the crystal, leading to lower symmetry. In hexagonal perovs-
kite-related structures such as BaRuO3, some of the BO6 units
are not corner-shared but face-shared. Hence, this description
method clarifies how the 3D BO6 network spreads and visual-
izes the distortion and tilt of the BO6 units in the structures.

The other conventional description is based on the stacking
sequences of AO3 layers and was originally proposed by Katz
and Ward.20 In the cubic perovskite structure, A atoms and O

atoms form an ordered face-centered cubic (FCC) lattice, and B
atoms are located at the body-centered positions in the lattice.
Consequently, AO3 layers are periodically stacked as –A–B–C–
sequences (from top to bottom) along the 〈111〉 directions in
the cubic unit cell as shown in Fig. 2(c). Such a type of stacking
sequence is often labeled as “c” (derived from cubic) in con-
trast to the stacking sequence of –A–B– which is labeled as “h”
(derived from hexagonal) in the Ramsdell notation.21,22 This
method is often used for hexagonal perovskite-related com-
pounds. This is because the stacking sequences of “c” and “h”

Fig. 2 Crystal structure of cubic perovskite ABO3.
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are periodically mixed in many of the perovskite-related
structures.

Fig. 1(b) shows the crystal structure of Ba3Y4O9 (space
group R3) viewed from the [100] direction. In the unit cell,
there are three types of Ba sites, four types of Y sites, and three
types of O sites. Based on the first description, YO6 units are
classified into two types: octahedral units (Y2O6 and Y4O6)
and triangular-prismatic units (Y1O6 and Y3O6) as shown in
Fig. S1.† As seen in Fig. 2(b), an octahedral unit is corner-
shared with three octahedral units and face-shared with a pris-
matic unit. In contrast, a prismatic unit is edge-shared by
three prismatic units and face-shared with an octahedral unit.
The Ba3Y4O9 structure is more understandable using the
second description method based on the BaO3 stacking
sequence. Similar to the cubic perovskite structure, nine of the
BaO3 layers are stacked in the 〈001〉 direction in the unit cell
of Ba3Y4O9. However, unlike BaZrO3, O sites in Ba1O3 and
Ba2O3 layers are slightly shifted to Y3 and Y1 sites, respect-
ively. Besides, note that the periodical stacking sequence of
Ba3Y4O9 is –C–A–B–B–C–A–A–B–C– from top to bottom, which
is not only composed of the –A–B–C– stacking sequence but
also includes those of the same type of BaO3 layer as –A–A–.
Therefore, the crystal structure cannot be described by the
Ramsdell notation using “c” and “h”. Hereafter, the –A–B–C–
stacking region is called a hetero-stacking region. On the other
hand, the –A–A– stacking region is called a homo-stacking
region. Half of the Y ions (Y2 and Y4) occupy the octahedral
sites in the hetero-stacking regions, while the others (Y1 and
Y3) occupy the trigonal-prismatic sites in the homo-stacking
regions.

In this study, the crystal structure of Ba3Y4O9 and the struc-
tural change by Zr substitution have been revisited for a com-
prehensive understanding of the crystal structure of Zr-substi-
tuted Ba3Y4O9. For this purpose, we performed first-principles
molecular dynamics (FPMD) simulations to determine the
stable structure of pristine Ba3Y4O9 and the Zr substitution
site. The local environment of Zr ions was experimentally eval-
uated by the extended X-ray absorption fine structure (EXAFS)
measurement with synchrotron radiation. In addition, we
carried out powder XRD analysis with laboratory CuKα1 radi-
ation for consistent indexing of Zr-substituted Ba3Y4O9, and
we propose another description for the Ba3Y4O9 crystal struc-
ture based on the cationic stacking sequence of the body-cen-
tered cubic (BCC) structure.

2 Experiments and calculations
2.1 Experimental procedure

2.1.1 Materials preparation. Samples with nominal compo-
sitions of Ba2.67(Y1−x/100Zrx/100)4O8.67+2x/100 (x = 0, 10, 20, and
30) were prepared by the solid-state reaction method as shown
in Fig. 3. Based on the previous study, the nominal compo-
sitions of the samples were set to be about 10% Ba-deficient
(Ba : (Y + Zr) = 2.67 : 4 = 4 : 6) compared to the stoichiometric
composition (Ba : (Y + Zr) = 3 : 4).14 In the following, the

samples are called “Ba-def Ba3Y4-Zrx” where x means the Zr
substitution level.

BaCO3 (Wako Pure Chemical Industries, Ltd, Japan, 99.9%),
Y2O3 (Shin-Etsu Chemical Industries, Ltd, Japan, 99.9%), and
ZrO2 (Tosoh Corporation, Japan, 97.031%) powder were used
as starting materials. The reagents mixed at the desired ratios
were put into polyvinyl bottles with yttria-stabilized zirconia
(YSZ) balls and 2-propanol and ball-milled for 24 h. After the
YSZ balls were removed, 2-propanol was evaporated by the
vacuum drying method at 75 °C. Notably, we did not use sili-
cone grease to ensure the airtightness of the recovery flask in
this drying method because the usage of the grease caused the
contamination of Si in the sample powder. Detailed infor-
mation on the investigation of the cause of the Si contami-
nation is explained in the subsection “Investigation of the
cause of the Si contamination” in the ESI.† The obtained
powder was pressed into a pellet with a diameter of 19 mm
under an uniaxial pressure of 14 MPa and then calcined at
1300 °C for 10 hours under a dry Ar–0.1% H2 atmosphere for x
= 0 and dry Ar–20% O2 atmospheres for x = 10, 20, and 30,
respectively.‡ Then the pellets were ground, ball-milled for

Fig. 3 Sample preparation procedure by the solid-state reaction
method in this work. All powder samples were synthesized at 1600 °C
for 24 hours.

‡The attempts to synthesise of a single-phase sample of Ba-def Ba3Y4-Zr0 at
1600 °C often were not successful under either dry reducing atmospheres or dry
oxidizing atmospheres. The low repeatability of the synthesis of the sample
without the Zr substitution (Ba-def Ba3Y4-Zr0) is probably due to its chemical
instability. In fact, Ba3Y4O9 is thermodynamically stable at 985–2140 °C and is
expected to be decomposed into other oxides of barium and yttrium (e.g.,
BaY2O4) and/or barium (per)oxide below 985 °C.40,41 However, some groups
reported their success in the preparation of the polycrystalline sample of
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100 h, and vacuum-dried as per the above procedure.
Subsequently, the powder samples were pressed into a pellet
with a diameter of 19 mm again under an uniaxial pressure of
140 MPa. The pelletized samples were synthesized at 1600 °C
for 24 hours under a dry Ar–0.1% H2 atmosphere for x = 0 and
dry Ar–20% O2 atmospheres for x = 10, 20, and 30, respect-
ively.‡ Then, the pellet samples were ground and ball-milled
for 100 h again and the powder samples were obtained. For
the evaluation of the Zr substitution levels in the Ba3Y4O9

phase in the samples with x = 10, 20, and 30, we prepared
pellet samples using the synthesized powder mixed with an
organic binder (NCB-166, DIC Corporation, Japan). The syn-
thesized powder was pressed into a pellet with a diameter of
11 mm under an uniaxial pressure of about 400 MPa and then
heat-treated at 600 °C for 10 hours to remove the binder. The
pellet samples were subsequently heat-treated at 1600 °C for
24 hours under dry Ar–20% O2 atmospheres. It is noted that
for the suppression of BaO evaporation at high temperatures,
the pellets were embedded in sacrificial powder which had the
same composition and heat-treatment history as the sample in
all heat-treatment processes in the sample preparation.23

2.1.2 Characterization. Phases were identified by the
powder XRD measurements in ambient air at room tempera-
ture with CuKα1 radiation using an X’Pert-Pro Alpha1
(PANalytical, Netherlands). For the powder XRD analysis
(Rietveld refinement,24 Pawley refinement,25 and the charge
flipping method26), we used the GSAS II software.27 The Zr
substitution levels in the Ba3Y4O9 phase were evaluated using
the Wavelength Dispersive X-ray Spectrometer (WDS) attached
to a field emission Electron Prove Micro Analyzer (EPMA) with
JXA-8530F (JEOL, Japan). The results of WDS measurements
are summarized in Table 1.

EXAFS measurements were performed using the BL14B2
beam line at the SPring-8 synchrotron radiation facility
(Hyogo, Japan). The measurement was performed on Ba-def
B3Y4-Zx (x = 0, 10, 20, and 30), diluted to a suitable concen-
tration using boron nitride (BN) and pressed into pellets with
a diameter of 11 mm. EXAFS spectra were collected at the Y
K-edge (17 045.0 eV) and Zr K-edge (18 005.6 eV). A trans-

mission geometry was selected and a Si(311) double-crystal
monochromator was used. The samples were cooled down to
about 30 K in a vacuum with a cryostat. Data processing and
curve fitting were performed using Athena and Artemis,
respectively.28 ZrO2 and Y2O3 were used for the determination
of the reduced amplitude due to many body effects as well as
the absorption energies of the Y K-edge and Zr K-edge, respect-
ively. All the fittings were performed with the Debye–Waller
factor and the atomic distance as fitting parameters and the
coordination number as a fixed parameter. The curve fittings
were performed in the q space which is the reverse Fourier
transform of the radial distribution function.

2.2 Computational methodology

All computational studies were performed based on the projec-
tor augmented wave (PAW) method29,30 as implemented in the
VASP code.31–33 The 5s, 5p, and 6s orbitals for Ba atoms, 4s,
4p, 5s, and 4d orbitals for Y and Zr atoms, and 2s and 2p orbi-
tals for O atoms were treated as valence states. The generalized
gradient approximation parameterized by Perdew, Burke, and
Ernzerhof (PBE_GGA) was used for the exchange–correlation
term.34 The plane wave cutoff energy was set to 500 or 400 eV
depending on whether optimization of the lattice vectors was
required or not. For total energy calculations, the unit cell
reported in ICDD (PDF #04-012-0214, space group: R3) was
used with a 4 × 4 × 1 mesh for the k-point sampling. The
k-point mesh was changed inversely with the cell size when
calculating the total energy of a supercell constructed by
expanding the R3 ICDD unit cell.

For verifying the structural stability of the R3 ICDD crystal
structure, the MD simulation was performed using a 2 × 2 × 1
supercell with a single k-point sampling at the Γ point. The
NVT ensemble was employed at a constant temperature of
1000 K controlled by the Nose–Hoover thermostat.35 The time
step was set to 1 fs and the total simulation time was 50 ps
corresponding to 50 000 steps. The pre-simulation was prelimi-
narily carried out for 10 ps (10 000 steps) as thermal equili-
bration steps. Subsequently, structural optimizations were per-
formed using fifty initial structures, which were the time-aver-
aged structures at intervals of 1 ps in the MD simulations, to
explore lower-energy structures around the crystal structure
reported in ICDD.

As for Zr substitution, exhaustive structural optimizations
were performed for all Y sites in the most stable Ba3Y4O9 struc-

Table 1 Summary of chemical composition analysis of the Ba-def Ba3Y4-Zrx (x = 0, 10, 20, and 30) samples by WDS measurements

Sample name

Nominal composition
(mol%)

Average composition
(WDS) (mol%)

The point analysis result
of the main phase (WDS)
(mol%)

Subphase coexisting with
the Ba3Y4O9 phaseBaO ZrO2 YO1.5 BaO ZrO2 YO1.5 BaO ZrO2 YO1.5

Ba-def Ba3Y4-Zr0 40.0 0.0 60.0 Not measured Not measured None (XRD)
Ba-def Ba3Y4-Zr10 40.0 6.0 54.0 38.6 6.0 55.4 Not measured None (XRD and WDS)
Ba-def Ba3Y4-Zr20 40.0 12.0 48.0 37.4 11.9 49.0 Not measured None (XRD and WDS)
Ba-def Ba3Y4-Zr30 40.0 18.0 42.0 38.9 18.0 43.0 39.2 18.7 42.2 Y2O3 (XRD and WDS)

Ba3Y4O9 by the solid-state reaction method similar to us.13,17 Therefore, the poly-
crystalline Ba3Y4O9 sample is considered to be kinetically metastable even at
room temperature. In this work, we adopt only the Ba-def Ba3Y4-Zr0 sample
which was successfully synthesized in this investigation.
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ture determined in this study. All structural optimizations in
the present study were performed until the residual forces of
all atoms became less than 0.01 eV Å−1.

3 Results and discussion
3.1 Phase identification of Ba-def Ba3Y4-Zrx (x = 0, 10, 20,
and 30) samples

Fig. 4(a) shows powder XRD patterns of Ba-def Ba3Y4-Zrx
samples heat-treated at 1600 °C for 24 hours. Firstly focusing
on subphases, a small amount of Y2O3 existed only in the Ba-
def Ba3Y4-Zr30 sample. On the other hand, no Si-contami-
nated impurities (e.g., Ba2SiO4) were confirmed in the patterns
of any samples, unlike our previous work.14 Hence, the modi-

fied procedure as described in the subsection “Material prepa-
ration” was effective in suppressing the Si contamination.
From the WDS elemental mapping analysis as shown in
Fig. S2–S4,† the same results of phase identification for sub-
phases were obtained as the powder XRD pattern for Ba-def
Ba3Y4-Zrx (x = 10, 20, and 30) samples.

In the pattern of the Ba-def Ba3Y4-Zr0 sample, it was poss-
ible to index the diffraction peaks except for the one at 2θ =
33.3° based on the crystal structure of Ba3Y4O9 (space group
R3) reported in the ICDD database (PDF #04-012-0214).
Besides, the peaks, except for those attributed to the Y2O3

phase in the Ba-def Ba3Y4-Zr30 sample, continuously shifted
with an increase in the Zr substitution level of the samples. It
suggests that the shifted peaks were attributed to Ba3Y4O9 and
the Zr substitution caused changes in structural properties of
Ba3Y4O9.

3.2 Revisit of the crystal structure of unsubstituted Ba3Y4O9

Fig. 4(b) shows the magnified view of the powder XRD pattern
of the samples around 2θ = 32–39°. As mentioned in the pre-
ceding subsection, we confirmed the existence of an unin-
dexed diffraction peak at 2θ = 33.3° (d = 2.683 Å) in the Ba-def
Ba3Y4-Zr0 sample. Szymanik et al. also reported the unindexed
peak with d = 2.6805 Å in the structural study of stoichiometric
Ba3Y4O9,

17 and the Ba3Y4O9 structures in the database (ICDD
PDF #01-089-5891 and #04-012-0214, LPF collection code:
1420451) are based on their study. However, the unindexed
peak shifted continuously with an increase in the Zr substi-
tution level of the samples as well as the indexed peaks (e.g.,
202 and 205), suggesting that the unindexed peak should be
explained with the Ba3Y4O9 structure, not the co-existence of
the subphase. In fact, there were no subphases except for the
Y2O3 phase in our samples. Therefore, it is necessary to revisit
the crystal structure of unsubstituted Ba3Y4O9 before investi-
gating the structural properties of Zr-substituted Ba3Y4O9.

3.2.1 Low energy structure found by first-principles calcu-
lations. Fig. S5† shows the relative energies of the fifty time-
averaged structures during the MD simulation at 1000 K,
which are the total energies after structural optimizations with
reference to that of the reported structure with the space group
R3 in ICDD (Fig. 1). These energies are almost constant at
−0.33 eV per f.u., meaning that a more stable structure than
the R3 structure had already been found during the thermal
equilibration pre-steps. The low energy structure has no crys-
tallographic symmetry except the translational symmetry,
corresponding to the space group P1. Fig. S6(a and b)† shows
the P1 structure (also see Ba3Y4O9_P1_predicted.cif in the
ESI†), in which the positions of Ba and Y ions are almost iden-
tical to those in the R3 structure. By contrast, the positions of
O ions in the P1 structure are largely displaced from those in
the R3 structure. Specifically, all YO6 triangular-prism units at
Y1 and Y3 sites in the homo-stacking regions change into YO6

octahedral units, resulting in the stabilization of the P1 struc-
ture. According to the conventional description of the perovs-
kite structure, the –A–A–, –B–B–, and –C–C– stacking of BaO3

Fig. 4 (a) The powder XRD patterns of the Ba-def Ba3Y4-Zrx (x = 0, 10,
20, and 30) samples collected at room temperature under ambient
atmospheres. The powder samples were synthesized at 1600 °C for 24 h
under a dry Ar–0.1% H2 atmosphere for x = 0 and dry Ar–20% O2 atmos-
pheres for x = 10, 20, and 30, respectively. The starred peaks were used
for re-indexing with the Pawley refinement. (b) The magnified view
around 2θ = 32–39° on an I0.5 scale. Szymanik et al. mentioned that the
diffraction peak with a symbol (◆) was an unindexed line in the structural
refinement of Ba3Y4O9.

17 However, in this work, the unindexed peak
shifted with an increase in the Zr substitution level as well as those
attributed to 202 and 205.
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layers form the trigonal prism sites, which misleads us to the
erroneous prediction of the Ba3Y4O9 crystal structure.§

Note that Ba and O ions do not exactly form the two-dimen-
sional closely-packed structure in the BaO3 layers. Fig. S6(c, d)
and S7† show the two types of O displacements in the BaO3

layers (types I and II). Focusing on the six O ions around a Ba
ion, three O ions are displaced from the hexagonal lattice
points to the Ba ion, while the other three are displaced away
from the Ba ion. The displacement directions of O ions are
opposite between the two types of O displacements. In the
homo-stacking regions, the two BaO3 layers with different
types of O displacements are stacked, leading to the octahedral
interstitial space but not the triangular prism.

In terms of the orientation of the BaO3 triangles, the orien-
tations are different by ∼60° between the two types. The alternate
orientation of BaO3 triangles along the c-axis is not limited only

to the hetero-stacking regions, which are the same also in the
hetero-stacking regions. However, the low-energy P1 structure
exhibits exceptional stacking concerning the alternate orientation,
which originates from the number of BaO3 layers in the unit cell.
Since the alternate orientation of BaO3 triangles along the c-axis
requires an even number of BaO3 layers in the unit cell, the MD
simulation in the employed supercell including nine BaO3 layers
found a low-symmetry P1 structure with the violation of the alter-
nate orientation as a low-energy structure.

From the above findings, we here reconstructed the most
likely stable structure. Specifically, the unit cell of the R3 structure
was doubled along the c-axis, and the BaO3 triangles in the BaO3

layers are alternately oriented along the c-axis. The offsets of the
Ba and O positions along the c-axis in each BaO3 layer were set
based on those in the R3 structure. After the structural optimiz-
ation, a R3̄c structure (see Fig. 5 and Ba3Y4O9_R3̄c_predicted.cif in
the ESI†) was obtained, whose calculated total energy is −0.39 eV
per f.u. vs. the R3 structure and −0.06 eV per f.u. vs. the P1 struc-
ture. This means that the R3̄c structure with a relatively high sym-
metry is energetically reasonable, in which there are two types of
Ba ions (Ba1 and Ba2), two types of Y ions (Y1 and Y2), and two
types of O ions (O1 and O2). The Y1 and Y2 ions are located in
the hetero-stacking and homo-stacking regions, respectively. In
the subsequent subsection, we examine the validity of the
obtained R3̄c structure by Rietveld analysis of the XRD pattern of
the Ba-def Ba3Y4-Zr0 sample.

3.2.2 Rietveld refinement of the Ba-def Ba3Y4-Zr0 sample
with the low-energy structure. For the validation of the

Fig. 5 Crystal structure of Ba3Y4O9 (space group R3̄c) obtained by first-principles calculations. While 9 layers of BaO3 are stacked along the c-axis
in the unit cell of the R3 structure reported in the database (Fig. 1), 18 layers of BaO3 are stacked along the c-axis in the unit cell of the R3̄c structure.
While there are both triangular-prismatic YO6 and octahedral YO6 in the R3 structure, there is only octahedral YO6 in the R3̄c structure.

§The structural information of Ba3Y4O9 in the database is based on the powder XRD
with neutron scattering measurements by Szymanik et al. in 1998,17 but the database
commented that “standardized atom coordinates of some site(s) differ by >0.1 from the

type-defining data set” in the Powder Diffraction File card. The structural model for
the fitting in the paper was Ba3Y2Yb2O9 whose structure was determined from
single-crystal XRD by H. K. Müller-Buschbaum and O. Schrandt in 1993.36 Besides,
before the crystallographic report of Ba3Y2Yb2O9, the crystal structure of Ba3Sc4O9

was reported by L. M. Kovba and M. V. Paromova in 1970 and that of Ba3Yb4O9 was
reported by J. Krüger and H. K. Müller-Buschbaum in 1983.37,38 Both of the groups
asserted the existence of Sc3+ and Yb3+ with trigonal-prismatic coordination by the
determination of the oxygen ion sites using only the X-ray measurement with
different Fourier synthesis, not the neutron diffraction measurement.
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obtained structure of Ba3Y4O9 in the preceding sub-subsection, we
carried out Rietveld refinement of the Ba-def Ba3Y4-Zr0 sample
with the Ba3Y4O9 structure reported in the database (Fig. 1, space
group R3) and obtained by first-principles calculations (Fig. 5,
space group R3̄c). The results of the refinement are shown in
Fig. 6, Table 2, and Table S1.† Rwp, Rexp, and GOF are the weighted
profile reliability factor (R-factor), the expected R-factor, and good-
ness of fit value (=Rwp/Rexp), respectively. Although the value of Rwp
was relatively high36 in both refinements with the R3 structure
and the R3c structure, Rwp and GOF slightly decreased using the
R3̄c structure instead of the R3 structure. Besides, the unindexed

diffraction peak at 2θ = 33.3° mentioned in the opening of this
subsection could be explained by the reflection of the (119) plane
in the R3̄c structure. As shown in Fig. S8,† the (119) plane reflec-
tion is considered to be attributed to oxygen atoms in the R3̄c
structure. The same reflection attributed to oxygen atoms could
not occur in the R3 structure due to the co-existence of a triangu-
lar-prismatic YO6 unit and an octahedral YO6 unit. Therefore, the
R3̄c structure consisting of 18 stacking of BaO3 layers is probably
more realistic for the unit cell of Ba3Y4O9 than the R3 structure
consisting of 9 stacking of BaO3 layers.¶

Fig. 6 Results of the Rietveld refinement of the Ba-def Ba3Y4-Zr0 sample with (a) the structure reported in the database (Fig. 1, space group R3)
and (b) the one obtained in this work (Fig. 5, space group R3̄c). The fitting parameters are summarized in Table 2 and Table S1.†

Table 2 Result of the Rietveld refinement of the Ba-def Ba3Y4-Zr0
sample with the R3̄c structure model (Fig. 5). The measurement was
carried out at room temperature. While the atomic positions of Ba1, Y1,
Y2, O1, and O2 in addition to the occupancies at Ba1 and Ba2 sites were
refined, the isotropic atomic displacement factor was set to 0.01 for all
atoms. The chemical composition was assumed to be the same as the
nominal composition (Ba2.67Y4.00O8.67). Because the occupancy at the
O2 site exceeded 1 when the value was used as a variable, the value was
set to be 1 in the refinement. Lattice parameters were refined to be a =
6.11492(19) Å and c = 50.4058(9) Å. Rwp, Rexp, and GOF were 20.36%,
7.72%, and 2.64, respectively

Atom x y z Occupancy
Wyckoff
position

Ba1 0 0 0.0410(2) 0.862(11) 12c
Ba2 0 0 0.25 0.942(22) 6a
Y1 0 0 0.1093(2) 1 12c
Y2 0 0 0.1723(2) 1 12c
O1 −0.018(5) 0.565(5) 0.4727(5) 0.9445 36f
O2 0 0.418(7) 0.75 1 18e

¶The structural refinements of the Ba-deficient Ba3Y4O9 samples with/without Zr
substitution were performed using the powder XRD patterns collected with a labora-
tory X-ray source (CuKα1). However, we could not obtain thermal displacement para-
meters in the refinements because some of the parameters were refined to be nega-
tive (even though the lower limits of the parameters were set to be 0). This possibly
suggests the necessity of the powder XRD patterns with higher S/N ratios and/or the
use of standard samples for the equipment. Hence, we set the thermal displacement
parameters to 0.01 for all atoms in the refinements in this work. Noteworthy,
Ba3Y4O9_R3̄c_predicted.cif in the ESI† is a predicted structure by first-principles cal-
culation, not an experimentally determined structure of Zr-unsubstituted Ba3Y4O9.
In particular, for the determination of the crystal structure of Ba3Y4O9 and the inves-
tigation of the influence of barium deficiency on its structural properties, the prepa-
ration of a high-purity (and, ideally, a single-crystal) sample with a stoichiometric
composition is needed. Besides, in order to determine the position and occupancy
of O ions more accurately, solid-state nuclear magnetic resonance (NMR) spec-
troscopy for 89Y and the powder neutron diffraction measurement are powerful
tools.42,43 Moreover, the usage of synchrotron radiation for the XRD measurement is
recommended in terms of the observation of diffraction peaks with quite low inten-
sities and the usage of anomalous X-ray scattering to distinguish between Y and Zr
ions.44,45
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From the structural refinement as summarized in Table 2,
barium vacancies (V″Ba) are preferably introduced on Ba1 sites
with generating O-ion vacancies V••

O

� �
on O1 sites. It suggests

that the deficit of BaO according to eqn (2) tends to form on a
BaO3 layer sandwiched between the homo-stacking region and
the hetero-stacking region.

3.3 Identification of Zr-substitution sites in Ba3Y4O9

3.3.1 First-principles calculations. For theoretically investi-
gating Zr substitution sites, structural optimizations were
performed for the two initial structures, which are the unit
cells of the R3̄c structure of Ba3Y4O9 with a Zr ion at a Y1
or Y2 ion. Zr substitution on the Y1 site is energetically
favorable compared to that at the Y2 site, where the differ-
ence in the calculated substitution energy is 0.35 eV per
site. The site selectivity of Zr ions is reasonable because the
local structure around the Y1 site in the hetero-stacking
region is similar to that around the Zr sites in BaZrO3 with
the cubic perovskite structure.

Note that we cannot discuss the trend of Zr substitution
sites in the high-concentration case based on the obtained
computational results because the Zr substitution energies
were calculated under the assumption of diluting Zr ions
without Zr–Zr interactions. The EXAFS analyses can reveal the

realistic site preference of Zr ions in densely Zr-substituted
samples.

3.3.2 EXAFS analysis. To experimentally investigate the
local environment of Zr ions in the Zr-substituted Ba3Y4O9,
EXAFS measurements were carried out. Fig. 7(A) and (B) show
the Fourier-transformed EXAFS (FT EXAFS) spectra of the Ba-
def Ba3Y4-Zrx (x = 0, 10, 20, and 30) samples collected at the Y
K-edge and Zr K-edge, respectively. The spectra were obviously
changed with the increase in the Zr substitution levels in the
samples. It suggests that the Zr substitution causes the change
in the local environments of Y as well as Zr.

The calculation results suggested that the neighboring con-
dition of Zr atoms in the Ba3Y4O9 was expected to be similar to
that in the BaZrO3 structure at least in the low Zr concentration.
Thereby, we evaluated the local environment of Zr in the Ba-def
Ba3Y4-Zrx samples by the curve fitting assuming Zr in BaZrO3 as
an absorption site. For the curve fitting of the EXAFS spectra col-
lected at Y K-edge, we assumed that Y which fully substituted for
Zr in BaZrO3 is an absorption site. Besides, as shown in Fig. S9
and S10,† we took account of the multiple-scattering paths with
relatively high contributions for the EXAFS spectra as well as the
single-scattering paths for the curve fittings.

The fitting results and the R-factors are shown in Fig. 7
(more detailed information such as the fitting parameters is

Fig. 7 Fourier-transformed EXAFS spectra of Ba-def Ba3Y4-Zrx (x = 0, 10, 20, and 30) samples collected in a vacuum at 30 K. Red lines show the
curve fitting results assuming Zr in BaZrO3 as an absorption site. For the curve fitting of the EXAFS spectra collected at the Y K-edge, we assumed
that Y which fully substituted for Zr in BaZrO3 is an absorption site.
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summarized in the ESI†). For reference, Fig. S10† shows the
simulated EXAFS spectrum of BaZrO3 with the assumption
that Zr is an absorption site. The R-factors of the curve fittings
for the EXAFS spectra collected at the Zr K-edge are sufficiently
small at any Zr-substitution level, while those at the Y K-edge
are relatively large and tend to increase with an increase in the
substitution level. This indicates that Zr ions predominantly
occupy Y ion sites in the hetero-stacking regions even though
the substitution level becomes high. In conclusion, it was
found that the local environment of Zr ions in Ba3Y4O9 is very
close to that in BaZrO3 even when the Zr substitution level is
relatively high.

3.4 Crystal structure of Zr-substituted Ba3Y4O9

3.4.1 Need for re-indexing of diffraction peaks attributed
to Zr-substituted Ba3Y4O9. As is the case with our previous
studies, there are some inconsistent shifts of the diffraction
peaks (Fig. 4(a)) with an increase in the Zr substitution level in
Ba3Y4O9.

14,15 For example, the d-spacing attributed to the
(0110) plane (d0110) in the hexagonal unit cell of Ba3Y4O9

(space group R3̄c) significantly increased with an increase in
the Zr substitution level in Ba3Y4O9, whereas the d-spacing of
the (1014) plane (d1014) was hardly changed. The d-spacing is
written as follows using a and c which are the lattice para-
meters of the hexagonal unit cell along the a-axis and the
c-axis, respectively.

1
d01102

¼ 4
3
12

a2
þ 102

c2
ð4Þ

1
d10142

¼ 4
3
12

a2
þ 142

c2
ð5Þ

Combining eqn (4) and (5), the following relationship is
obtained.

1
d10142

� 1
d01102

¼ 96
c2

ð6Þ

According to eqn (6), the lattice parameter c should
decrease with an increase in the Zr substitution level in
Ba3Y4O9. On the other hand, the d-spacing of (300) (d300)
decreased with an increase in the Zr substitution level, indicat-
ing a decrease in the lattice parameter a. Therefore, according
to eqn (4), the Zr substitution should cause an increase in the
lattice parameter c, which is inconsistent with eqn (6). It
suggests that the Zr substitution for Y in Ba3Y4O9 does not
only simply change the lattice parameter of the unit cell but
also the need for re-indexing the XRD patterns of Zr-substi-
tuted Ba3Y4O9.

3.4.2 Common lattice found using Pawley refinement and
the charge flipping method. Fig. S18–S20† show the results of
the Rietveld refinement of Ba-def Ba3Y4-Zr10, 20, and 30
samples with the Ba3Y4O9 structure (Fig. 5, space group
R3̄c). While diffraction peaks with weak intensities could
not be explained by the R3̄c structure as mentioned in the
previous sub-subsection, those with high intensities could
be relatively well fitted. It suggests that the strong diffrac-

tion peaks were derived from a common lattice among the
Zr-substituted Ba3Y4O9 samples. Therefore, in order to
obtain the common lattice among Ba-def Ba3Y4-Zrx (x = 0,
10, 20, and 30) samples, we carried out Pawley refinement
and the charge flipping method using the starred diffraction
peaks in Fig. 4(a).25,26

As a result, we obtained the common lattice (space group
R3̄m) as shown in Fig. 8(a). Because strong diffraction peaks in
oxides are usually attributed to cations, the common lattice is
considered to be composed of Ba2+, Y3+, and Zr4+. Using the
common lattice and the starred diffraction peaks in Fig. 4(a),
we carried out Rietveld refinement of Ba-def Ba3Y4-Zrx
samples. For the refinement, the diffraction peaks without
stars in Fig. 4(a) were included in the background. The fitting
results are shown in the ESI (Fig. S21–S24†) and the lattice
parameters (aelm and celm where the subscript “elm” corres-
ponds to a “cationic elementary unit” as described in the fol-
lowing sub-subsection) are summarized in Fig. 8(b) and
Table 3. With an increase in the Zr substitution level, aelm sig-
nificantly decreased while celm slightly increased, resulting in
the reduction of the volume of the common lattice. It is in
good agreement with the effective ionic radius relationship
between Y3+ (6-coordination) (0.90 Å) and Zr4+ (6-coordination)
(0.72 Å).34,35

For x = 0 in Fig. 8(b), aelm is almost the same as the a-axis
lattice parameter of the unit cell of the Ba3Y4O9 structure
obtained in this work. On the other hand, celm is almost equal to
one-fourteenth of the c-axis of Ba3Y4O9. This relationship between
the common lattice (Fig. 8(a)) and the unit cell of Ba3Y4O9 (Fig. 5)
is explained in Fig. 9(a). The hexagonal unit cell of Ba3Y4O9 is rep-
resented as fourteen stacks of the small unit defined by cationic
periodicity, and the stacks correspond to the common lattice. In
this work, the common lattice is defined as a “cationic elemen-
tary unit”. Because both the cation configurations (Ba and Y) and
the lengths along the c-axis are different between the fourteen
types of cationic elementary units, the major X-ray diffractions
and the lattice parameters (aelm and celm) of the Ba-def Ba3Y4-Zr0
sample are considered to be derived from the average structure of
the whole elementary units without a distinction of the cation
elements.

Therefore, regardless of the Zr substitution, the diffraction
peaks of Ba3Y4O9 in Fig. 4(a) can be grouped into two families
as follows. First, the starred peaks are attributed to the average
structure of the cationic elementary units while ignoring the
distinction between Ba ions and Y/Zr ions. Second, the other
diffraction peaks belong to scattering from O ions and/or the
long-range ordered structure from the view of the cationic
elementary unit with cation distinction.

3.4.3 Cationic elementary unit in a cubic perovskite: focus-
ing on the body-centered cubic structure. Similarly to Ba3Y4O9,
a cationic elementary unit can be defined in a cubic perovskite
structure. Fig. 9(b) shows the representation of the cationic
elementary unit in the BaZrO3 structure as an example of a
cubic perovskite. The cubic unit cell of BaZrO3 can be
explained by the periodical stacking of two types of cationic
elementary units, which are derived from the stacking
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sequence of Ba and Zr layers along the 〈111〉 direction as
shown in Fig. 10.

As mentioned in the section “Introduction”, BaO3 layers are
periodically stacked as –A–B–C– (–α–β–γ– from top to bottom

in Fig. 10) sequences. In contrast, Ba and Zr layers are alter-
nately stacked with another sequence as –α–γ–β– from top to
bottom, and one sequence is composed of one cationic
elementary unit. It indicates that, similarly to BaO3 layers,

Fig. 8 (a) A common lattice obtained by the Pawley refinement and the charge flipping method with the starred diffraction peaks in Fig. 4(a). (b)
The relationship between the lattice parameters of the common lattices and the Zr substitution levels in the samples. The parameters were obtained
by the Rietveld refinement of Ba-def Ba3Y4-Zrx (x = 0, 10, 20, and 30) samples with the common lattice. Error bars were not clearly visible because
of the small values compared to the lattice parameters.

Table 3 Results of the Rietveld refinement of Ba-def Ba3Y4-Zrx (x = 0, 10, 20, and 30) samples with the common lattice as shown in Fig. 8(a). For
the Rietveld refinement, the diffraction peaks without a star in Fig. 4(a) were included in the background. The fitting results are summarized in
Fig. S21–S24†

Sample name

Lattice parameters of the
common lattice (i.e.,
cationic elementary unit)

Rwp/% Rexp/% GOF

Diffraction peak near to the (1010) plane in Ba3Y4O9
(space group R3̄c) which consists of 14 stackings
of cationic elementary units

aelm/Å celm/Å d-Spacing/Å

l value in (10l) in the structure of N
stackings of cationic elementary
units along the c-axis

Ba-def Ba3Y4-Zr0 6.11426(26) 3.60020(7) 22.41 7.72 2.90 3.657 4.98 when N = 7
Ba-def Ba3Y4-Zr10 6.05875(28) 3.61697(8) 19.61 7.66 2.56 3.778 1.99 when N = 3
Ba-def Ba3Y4-Zr20 6.03593(20) 3.61888(5) 17.83 7.42 2.40 3.849 7.00 when N = 11
Ba-def Ba3Y4-Zr30 6.01455(26) 3.62109(7) 19.35 7.36 2.63 3.909 7.96 when N = 13
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both Ba and Zr layers are two-dimensional hexagonal (triangu-
lar) lattices.∥ Therefore, the stacking period of BaZrO3 is
written with six types of layers: –Ba layer (α)–Zr layer (γ)–Ba
layer (β)–Zr layer (α)–Ba layer (γ)–Zr layer (β)–. Ignoring oxygen

atoms in the BaZrO3 structure, such a stacking sequence is
considered to be equal to the description of a body-centered
cubic (BCC) lattice in which Ba atoms and Zr atoms are
ordered.

3.4.4 Another description of Ba3Y4O9 focusing on the
stacking sequences based on the BCC structure. According to
the preceding discussion, the Ba3Y4O9 structure consists of the
cationic elementary units consisting of a BCC-like structure
with a complex ordering of Ba and Y atoms. Fig. 11 shows the
Ba3Y4O9 structure from the [1̄00] direction. The Ba-ion and
Y-ion layers are stacked along the c-axis in the order Ba1–Y1–
Ba2–Y1–Ba1–Y2–Y2 forming the stacking sequences as α–γ–β
from top to bottom. Considering the periodicity of O ions on
BaO3 layers with forming octahedral YO6 units (as discussed in
the subsection “Low energy structure found by first-principles
calculations”), the number of cation layers in the unit cell of
Ba3Y4O9 is (7 × 3) × 2 = 42.

There are two kinds of stacking regions in the Ba3Y4O9

structure. One is the alternate stacking of Ba and Y atoms (e.g.,
Ba1 layer (α)–Y1 layer (γ)–Ba2 layer (β)–Y1 layer (α)–Ba1 layer
(γ)) along the c-axis, which corresponds to the hetero-stacking
region in Fig. 5. The other is the symmetrical stacking of Ba
and Y atoms (e.g., Ba1 layer (α)–Y2 layer (γ)–Y2 layer (β)–Ba1
layer (α)), which corresponds to the homo-stacking region in
Fig. 5. The former sequence is also confirmed in the BaZrO3

structure and, thus, is considered a cubic perovskite-like
region as pointed out in the subsection “Identification of Zr-
substitution sites in Ba3Y4O9”. If we were to describe it by
ignoring the charge neutrality, it would be written as BaYO3.

Conventionally, perovskite(-related) oxides are classified
according to the stacking sequences of only AO3 layers.22

While Ba3Y4O9 could be regarded as one of the layered perovs-
kites with partial deficits of AO3 layers, such complex oxides
are not sufficiently concerned possibly due to the lack of the
appropriate representation for the homo-stacking region in the
Ramsdell notation. Through the crystallographic investigation
of Ba3Y4O9 compared to BaZrO3 in this work, our adopted
description using cationic elementary units and stacking
sequences based on the BCC structure is very helpful in under-
standing the complex crystal structure of perovskite-related
oxides.

3.4.5 Change in the periodicity number in the crystal struc-
ture of Ba3Y4O9 by Zr substitution. While the starred diffrac-
tion peaks in Fig. 4(a) are derived from the cationic elementary
units, the long-range order of the cations (Ba2+ and Y3+/Zr4+) in
addition to O ions should be taken into account when explain-
ing the peaks without stars. In other words, an increase in the
Zr substitution level probably changes the periodicity of the
stacking sequences of cationic elementary units along the
c-axis from 7 in the unsubstituted Ba3Y4O9, which causes
changes in the plane index of the diffraction peaks with rela-
tively low intensities. When the Zr substitution changes the
stacking behavior of cationic elementary units only along the
c-axis, the values h and k in the plane index (hkl) are con-
sidered to be unchanged from the R3̄c structure. Therefore, we
first guessed the periodicity number N with the values of l in

Fig. 9 Crystal structures of (a) Ba3Y4O9 (space group: R3̄c) and (b)
BaZrO3 (space group: Pm3̄m) in hexagonal representation. For simplicity,
O ions are abbreviated. In (b), the cationic elementary unit without a dis-
tinction between Ba and Zr ions is obtained by the conversion from a
body-centered cubic (BCC) lattice to a hexagonal one. For drawing the
crystal structures, we used the Blender software.37

∥The periodic stackings of A-atom layers and B-atom layers in perovskite ABO3

along the 〈111〉 axis are not equal to the closest packing although both A-atom
layers and B-atom layers are a two-dimensional hexagonal (triangular) lattice.
The comparison of the stacking sequence between the BCC (e.g., α-Fe, ferrite)
and the FCC (e.g., γ-Fe, austenite) is shown in Fig. S25 in the ESI.† For the {111}
stacking sequence, the BCC unit cell is composed of the stacking of six layers
(–α–γ–β–α–γ–β–) while the FCC unit cell is composed of the stacking of three
layers (–A–B–C–).
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the indices using the diffraction peak at around 2θ = 23°. The
ratio of the l value and the periodic number N is obtained as
follows:

l
N

¼ celm �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

d01l2
� 3
4
02 þ 0� 1þ 12

aelm2

s
ð7Þ

where aelm and celm are the average lattice parameters of the
cationic elementary units obtained by the Rietveld refine-
ment (Fig. 8(b)), and d01l is the d-spacing corresponding to
the diffraction peak indexed as (01l). In this analysis, the
value N is defined as the smallest positive integer satisfying
eqn (7). The combinations of l and N for all samples are
summarized in Table 3, suggesting that the periodicity of
the cationic elementary units depends on the Zr substi-

Fig. 10 The stacking sequence of BaZrO3 (space group: Pm3̄m) focusing on cationic elementary units.

Fig. 11 The stacking sequence of Ba3Y4O9 (space group: R3̄c) focusing on cationic elementary units.
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tution level in Ba3Y4O9, and is not monotonically increased
or decreased.

Because Zr ions in the substituted Ba3Y4O9 samples are in
the hetero-stacking regions according to the subsection
“Identification of Zr-substitution sites in Ba3Y4O9”, the Zr sub-
stitution possibly decreases the frequency of the homo-stack-
ing region in the stacking sequence. From the N values in
Table 3, the stacking frequencies of the homo-stacking region
are presumed to be every 7, 9, 11, and 13 cationic layers in Ba-
def Ba3Y4-Zrx (x = 0, 10, 20, and 30) samples, respectively.
Hence, the minimum periodicities along the c-axis for Ba-def
Ba3Y4-Zrx (x = 0, 10, 20, and 30) samples are 21, 9, 33, and 39
layers, respectively, which are the lowest common multiples of
3 (the type of periodicity of cationic layers in the cationic
elementary unit (–α–γ–β–)) and the stacking frequencies of the
homo-stacking region. Considering the alternate coordination
of BaO3 triangles as explained in the sub-subsection “Low
energy structure found by first-principles calculations”, the
number of BaO3 layers in a unit cell must be an even number.
Therefore, the number of cationic layers along the c-axis in a
unit cell is 42, 9, 66, and 39 for Ba-def Ba3Y4-Zrx (x = 0, 10, 20,
and 30) samples, respectively.

For the validation of our proposed mechanism, we pre-
pared the structure models for the substituted Ba3Y4O9

samples for satisfying both the above cationic stacking
sequences and the formation of octahedral YO6 units.
Fig. 12 shows a comparison between the unsubstituted
Ba3Y4O9 structure (Fig. 12(a)) and the model structures for
Ba-def Ba3Y4-Zr10 (Fig. 12(b)), Ba-def Ba3Y4-Zr20
(Fig. 12(c)), and Ba-def Ba3Y4-Zr30 (Fig. 12(d)) samples.
Note that the charge neutrality is ignored when the three
structure models are constructed.

We carried out the Rietveld refinements of the substituted
Ba3Y4O9 samples with the model structures. The results are
summarized in Table 4 and detailed information such as
atomic displacement is shown in the ESI.† Both the weighted
R-factors (Rwp) and goodness of fit (GOF) of the substituted
samples dramatically decreased when using the model structures
instead of the structure of unsubstituted Ba3Y4O9, suggesting that
our proposed mechanism of the Zr substitution effect on the
Ba3Y4O9 structure is (at least qualitatively) probable.¶ A decrease
in a volume fraction of the homo-stacking region in the substi-
tuted Ba3Y4O9 structure is equal to an increase in the fraction of
the cubic perovskite-like region including locally-formed BaZrO3.

Fig. 12 (a–d) Structure models for the Rietveld refinements of Ba-def Ba3Y4-Zrx samples. For constructing the models in (b–d), we assumed that
the frequency of the homo-stacking region decreased with an increase in the Zr substitution level and ignored the charge neutrality in chemical
compositions.
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** This behavior possibly relates to the improvement of the
chemical stability of the substituted Ba3Y4O9 at intermediate
temperatures14 because BaZrO3 is relatively stable to H2O and
CO2 at those temperatures.38,39

Focusing on site occupancies in the substituted Ba3Y4O9

structure as shown in Tables S12–S14,† the occupancy of Ba
ions in the homo-stacking region tends to be smaller than that
in the hetero-stacking region. This indicates that the deficit of
Ba ions with O ions in BaO3 layers according to eqn (2)
occurred mainly in the homo-stacking regions. Besides, com-
paring the actual chemical compositions of the substituted
Ba3Y4O9 with the stoichiometric ones in the model structure,
O ions were deficient, not excess. Therefore, the generation of
interstitial O ions according to eqn (1) did not occur in the
substituted Ba3Y4O9 samples probably due to the deficit of

BaO. Moreover, based on this finding, the oxide-ion conduc-
tion in the substituted Ba3Y4O9 is probably mediated by oxide-
ion vacancies V••

O

� �
.

In conclusion, Ba3Y4O9 with Zr substitution is considered a
modular structure consisting of the homo-stacking region and
the hetero-stacking region (i.e., cubic-perovskite-like region).
In other words, Ba3Y4O9 is classified as a layered perovskite
compound. The stacking behavior is similar to other layered
perovskites such as Ruddlesden–Popper phases (e.g.,
Srn+1TinO3n+1 (n = 1, 2, 3, and ∞) which consists of the stacking
of a rock-salt structure region and a perovskite-structure
region).22 The stacking direction of cationic layers is different
between the Ruddlesden–Popper phase ((100) plane is stacked
along the c-axis) and the substituted Ba3Y4O9 phase ((111)
plane is stacked along the c-axis). However, as far as we know,
there was little attention paid to the stacking sequences of not
only AO3 layers but also B layers for describing the perovskite-
related structure (AxByOz) in the previous studies. As the target
material in this work, the substitution effect on the perovskite-
related structure is not always simple, and the methodology we
adopted in this work is very useful for understanding the diffr-
action peaks attributed to the long-range order (so-called
superlattice reflection) from a viewpoint of cationic elementary
units.

As mentioned above, the substitution effect on the structure
significantly influences other properties such as chemical
stability and ionic-conduction behavior. We believe that the
interpretation methodology for layered perovskites consisting
of bivalent and trivalent cations in this paper helps to design
and develop new perovskite-related materials.

Table 4 Summary of the Rietveld refinements of Ba-def Ba3Y4-Zrx (x = 0, 10, 20, and 30) with the structures of N-stackings of cationic elementary
units. For constructing the model structure, we assumed that the frequency of the homo-stacking region decreased with an increase in the Zr sub-
stitution level

Sample name Ba-def Ba3Y4-Zr0 Ba-def Ba3Y4-Zr10 Ba-def Ba3Y4-Zr20 Ba-def Ba3Y4-Zr30

Model structure Fig. 12(a) Fig. 12(b) Fig. 12(c) Fig. 12(d)
Stacking number
N

14 3 22 13

Space group R3̄c P3̄ R3̄c R3̄
Stoichiometric
composition of
the structure
ignoring the
charge neutrality

Ba3Y4O9 (Ba/Y = 0.75) Ba4Y5O12 (Ba/Y = 0.80) Ba5Y6O15 (Ba/Y = 0.83) Ba6Y7O18 (Ba/Y = 0.86)

Chemical
composition of
the sample

Ba2.67Y4.00O8.67
(nominal compo-
sition) (Ba/Y = 0.67)

Ba3.14(Y0.90Zr0.10)5.00O10.89 (WDS
analysis) (Ba/(Y + Zr) = 0.63)

Ba3.58(Y0.80Zr0.20)6.00O13.18 (WDS
analysis) (Ba/(Y + Zr) = 0.60)

Ba4.51(Y0.69Zr0.31)7.00O16.09 (WDS
analysis) (Ba/(Y + Zr) = 0.64)

Frequency of the
homo-stacking
region along the
c-axis

Every 7 cationic
layers

Every 9 cationic layers Every 11 cationic layers Every 13 cationic layers

Rwp of Rietveld
refinement

20.36% 18.09% (cf., 27.20% when fitted
with Fig. 12(a))

19.71% (cf., 31.47% when fitted
with Fig. 12(a))

15.73% (cf., 28.20% when fitted
with Fig. 12(a))

GOF of Rietveld
refinement

2.64 2.36 (cf., 3.55 when fitted with
Fig. 12(a))

2.65 (cf., 4.24 when fitted with
Fig. 12(a))

2.13 (cf., 3.83 when fitted with
Fig. 12(a))

Lattice
parameter

a
(Å)

6.11492(19) 6.05888(19) 6.03577(20) 6.01463(15)

c
(Å)

50.4058(9) 10.85161(22) 79.6139(14) 47.0744(8)

**To determine the Zr substitution site in the substituted Ba3Y4O9 structures
(Fig. 12(b)–(d)), the curve-fittings of FT EXAFS spectra collected at the Zr K-edge
seem to be useful. However, in fact, it is too difficult to discuss the stable site of
Zr in the substituted Ba3Y4O9 structure from the fittings because of the complex
structure of the substituted Ba3Y4O9. For example, Fig. S32 and Table S15 in the
ESI† show the fitting result of the Ba-def Ba3Y4-Zr30 sample by assuming a Y3
site in the substituted structure (Fig. 12(d)) as an absorption site. The R-factor of
the fitting was 0.0055, which is conventionally regarded as well-fitted. On the
other hand, the uncertainty of the fitting parameters was significantly large rela-
tive to that obtained in the fitting with the BaZrO3 structure (Table S4†). It is
probably because the number of parameters is too high for the curve fitting of
the spectra even though we used the bare minimum parameters to represent the
local environment of the Y3 site. Therefore, we adopted the fitting results with
the BaZrO3 structure for the identification of the local environment of Zr in the
substituted Ba3Y4O9.
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4 Conclusion

In this work, we investigated the structural properties of
Ba3Y4O9 with/without Zr substitution for Y. For a compre-
hensive understanding of the Ba3Y4O9 structure, we adopted
another description of perovskite(-related) structures based
on cationic stacking sequences from the viewpoint of the
BCC structure. In the description, the crystal structure of
Ba3Y4O9 consists of two regions: the hetero-stacking region
(Ba–Y–Ba–Y–Ba) and the homo-stacking region (Ba–Y–Y–Ba).
The hetero-stacking region is similar to the cubic perovskite
structure.

First, we revisited the crystal structure of Ba3Y4O9 by focus-
ing on the unindexed diffraction peak in a previous study. The
revised unit cell of Ba3Y4O9 is double along the c-axis com-
pared to the reported structure, and the BaO3 triangles in the
BaO3 layers are alternately oriented along the c-axis. Besides,
we theoretically and experimentally revealed that Zr tends to
substitute Y in the hetero-stacking region in the Ba3Y4O9 struc-
ture, and therefore the local environment of Zr in Ba3Y4O9 is
similar to that in BaZrO3. Moreover, an increase in the Zr sub-
stitution level causes a decrease in the frequency of the homo-
stacking region in the stacking sequences. This is why some of
the X-ray diffraction peaks exhibited irregular behavior that
cannot be explained only by the change in the lattice para-
meters of Ba3Y4O9.

In our previous work, the Zr substitution for Y in Ba3Y4O9

leads to the enhancement of chemical stability at intermediate
temperatures. Based on the present study, the structural
change induced by the Zr substitution is probably responsible
for the stability of the material. Now we are preparing a further
publication focusing on the conductivity behavior and the
chemical stability of Zr-substituted Ba3Y4O9.
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