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Tetragonal crystal structure (space group P42/mnm (No 136)) of the isovalently substituted BaGd2Sc2xInxO7

phase with x = 0.5 was determined by X-ray powder diffraction methods. The crystal structure of BaGd2Sc1.51no.s07
consists of two-dimensional perovskite-like blocks with a thickness of two slabs of (Sc,In)Os octahedra connected
by vertices. A slab of GdOs polyhedra is located between the blocks. There are no direct (Sc,In) — O — (Sc,In)
connections  between the octahedra of adjacent blocks. They are "stitched" to each other with the help of
— O - Gd - O - bonds. Ba atoms are arranged only in the cubooctahedral voids of the perovskite-like block and
their coordination number is 12. Analysis of the crystal chemical characteristics of BaGd.Sc.O7 and
BaGd>Sc1.51n0.s07 showed that upon the isovalent substitution of Sc atoms by large In atoms in slab perovskite-like
structure leads to increase of the deformation degree of (Sc,In)Os octahedra, GdOy interblock polyhedra, increase
in average (Sc,In) — O bond length and a decrease the degree deformation of BaO12 cuboctahedrons. Such changes
lead to the destabilization of the slab perovskite-like structure and determine the limitation of the area of

BaGd2Sc2-xInxO7 solid solutions and the absence of BaGdzIn20O7 compound.
Keywords: compounds of An+1BnOzn+1 — type, slab perovskite-like structure, isomorphism, X-ray powder

diffraction.
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Introduction

The presence of complex of structurally sensitive
properties in compounds of the An+1BnOsns1 family
(A =Ba, Sr, Ca, Ln, Na, K; B = Al, Ga, Fe, Ni, Cr, Sc, In,
Ti, Sn, Zr, Hf, Pb, Mn; n is the number of BOg octahedra
in the perovskite-like block (n = 1-3)), due to the features
of their slab perovskite-like structure (SPS) [1-6], makes
relevant and important the study of isomorphic
substitutions impact on the structure and characteristics of
phases on their basis.

Ceramic  oxide materials with  oxygen-ion
conductivity, which include pure oxygen-ion conductors
and mixed oxygen-ion and electronic or hole conductors
attract considerable attention because of their potential
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application for oxygen membranes, oxygen sensors and
solid oxide fuel cells.

The oxygen ion conductivity was found in indates and
scandates of An+1BnOsns1  type (A = Sr, Ba, Ln,
B = Sc, In) with a single- slab (n = 1) SPS and was studied
in detail in [7-11]. Since the oxygen-ion conductivity is
strongly dependent on crystal structure, the synthesis and
definition of the structure features of novel isomorphically
substituted scandates and indates of An+1BnOsn+1 type with
two-slab (n = 2) SPS seems to be a relevant and important
scientific task.

In previous works the effect of isovalent substitution
of atoms in single- and two-slab strontium-containing
scandates Sro7CapsLaScOs [12], SrLai«GdxScOs [13],
Sr1xCaxLazSc,07 [14], SrLaz«DyxSc,07 [15],
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SrLazSca«InO7 [16] and in two-slab barium-containing
scandate Bala,xDy,Sc,0O7 [17] on the structure of their
SPS were established. However, studies of the effect of Sc
atoms substitution on the structure of two-slab SPS of
Bal.n,Sc,07 scandates have not been carried out yet.

The aim of this work was to study the effect of Sc
atoms substitution with bigger In atoms on the structure of
the  original  two-slab  BaLn,ScoO;  scandates
(Ln = La— Gd), in particular, the extreme member of this
series with the greatest degree of SPS deformation —
BaGd;Sc,07 [18]. The BaGd,ScislngsO; phase with a
composition close to the maximum substitution limit of Sc
atoms in the SPS of samples of the BaGd,Sc;..In.O7
system (x = 0.6 + 0.7) [19] was selected as the object of
the study.

I. Materials and methods

The synthesis of BaGd,Sc1 51ngs07 was carried out by
simultaneous crystallization (evaporation with intensive
stirring) of a mixture of aqueous solutions of Ba acetate,
nitrates of Gd, Sc and In with the ratio
Ba:Gd:Sc:In=1:2:15:0.5 with subsequent heat
treatment of the obtained product on a gas burner to
remove the main mass of nitrogen oxides. The charge
obtained in this way was grinded, pressed in the form of
discs and subjected to successive three-stage (with
grinding and re-pressing of the samples after each stage of
heat treatment) annealing at 1173 K (5 hours) and 1573 K
(2 hours + 2 hours). Chemically pure Ba acetate and Gd,
Sc, and In nitrates were used as raw materials.

X-ray diffraction spectra of polycrystalline samples
were collected on Shimadzu XRD-6000 diffractometer in
a discrete mode (scan step 0.02°, point exposure 7
seconds, angle interval 26 = 19 - 68°) on copper filtered
(arc graphite monochromator in front of the counter)
CuK, radation. The crystal structure of the samples
obtained was determined by the Rietveld method. Primary
processing of diffraction spectra and structural
calculations were performed using the software complex,
as described in [20].

Signal intensity of the second optical harmonic 12,, of
laser radiation was measured on polycrystalline samples
according to the procedure described in Ref. [21] using a
Nd:YAG laser in Q-modulation mode (peak power density
of laser radiation at wavelength
Ao 1064nm 20 MWi/cm?, pulse duration
15 nanoseconds, beam cross-sectional area 0.9 mm?).

Il. Experimental results

The diffraction pattern of BaGd,Sc1 51N 507 (Fig. 1) is
similar to that of two-slab BaGd,Sc,07 (P42/mnm) [18].
Its indexing have revealed that BaGd;ScislngsO7 SPS
belongs to the tetragonal syngony. Systematics of
extinction of reflections on the BaGd;ScislngsO7
diffraction pattern corresponds to the following possible
space groups: centrosymmetric P4/mnm and non-
centrosymmetric P4,nm or P4n,.

Signal generation of the second optical harmonic of
laser radiation showed that 15, for BaGd;Sc15IngsO7 has
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the same order as for centrosymmetric unsubstituted
BaGd,Sc,0;. This provides the basis for an unambiguous
conclusion that the crystal structure of BaGd,Sc1 51no 507
phases belongs to the centrosymmetric space group of
P4,/mnm.
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Fig. 1. Experimental (circles), calculated (solid) and
difference (the lowest line) diffraction patterns of
BaGd;Sci 51ngs07 (CuKe, radiation).

Preliminary estimation of atomic coordinates for the
initial BaGd,Sc1 51ng 507 structure model was carried out
based on known structural data for unsubstituted
BaGd;Sc,07 compound (P42/mnm) [18]. A comparison of
experimental and calculated intensities for this structural
model showed their satisfactory convergence. The results
of model refinement are given in table 1, 2. The defined
substance composition corresponds to the experimentally
determined within the error of calculations.

BaGd,Sc151no507 SPS is formed by two-dimensional
(infinite in the XY plane) perovskite-like blocks, which
consist of two slabs of (Sc,In)Os octahedra connected by
vertices (Fig. 2a) with a slab of GdOg polyhedra in
between.

(Sc,In)O¢ octahedra are connected in blocks only by
vertices, and each octahedron has five common vertices
with adjacent octahedra of the same block. Adjacent
blocks are offset relative to each other by half-edges of the
perovskite cube in the direction of the diagonal of the XY
plane and alternate along the Z axis.

There is no direct connection between the octahedra
of adjacent blocks, they are connected by bonds
— O - Gd - O —. Of the nine oxygen atoms of the GdOq
polyhedron, eight (402, 203, 104, 105) helong to one
perovskite-like block, and the ninth oxygen atom (O2)
belongs to an adjacent block (Fig. 2b). The length of this
Gd — 02 interblock bond (0.207(1) nm) is significantly
shorter than the known Ba — O distances, which indicates
the ordered localization of large Ba atoms only in the 4f
position in the cuboctahedral voids inside the perovskite-
like block and correlates with the data of authors [18] on
the distribution of Ba and Gd atoms in BaGd,Sc,O7 SPS.

Determination of the nature of the distribution of Ba
and Gd atoms on the 4f and 8j crystallographic positions
in BaGd,Sci5lngsO7; SPS was also carried out by
calculating the values of the bond valence sums (BVS) of
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Table 1.
Crystallographic data of BaGd,Sc,«InkO7 (x =0 and 0.5)
.. Atom BaGd,Sc,07 [18] BaGd,Sc51ng 507

Position = X v Z = X Y Z
4f Ba |1 ]0.2673(4)|0.2673(4) 0 1 ]0.2564(3)]0.25643(3) 0
8j Gd |10.2713(3)|0.2713(3)|0.1865(2)| 1 |0.2761(3)| 0.2761(3) | 0.1856(2)
8j Sc 1 ]0.2624(3)|0.2624(3)|0.3917(2) | 0.75]0.2625(3) | 0.2625(3) |0.3960(3)
8j In - - - - 0.25/0.2625(2) | 0.2625(2) | 0.3960(3)
49 01 |1]0.780(2) | 0.220(2) 0 1 ]0.780(2) | 0.220(2) 0
8j 02 |1)0.198(3) | 0.198(3) | 0.286(2) | 1 | 0.198(2) | 0.198(2) | 0.284(3)
8h 03 |1 0 0.5 0.110(2) | 1 0 0.5 0.114(2)
4e 04 |1 0 0 0.1503) | 1 0 0 0.146(2)
4e 05 |1 0 0 0.40133) | 1 0 0 0.400(3)
Space group P4s/mnm (Ne 136) P4,/mnm (Ne 136)
Parameters of a=0.5776(1) a=0.57970(5)

crystal lattice (nm) ¢ =1.9941(6) ¢ =1.9998(2)

Independent reflections 127 85
Total isotropic factor B (nm?) 0.39(3) - 102 1.50(4) - 10 2
Reliability factor, Rw Rw = 0.053 Rw = 0.052
Note: * - position filling.
Table 2.

Interatomic distances (d), deformation degree (A) of polyhedra BaO12, GdOy, and (Sc,In)Os in SPS BaGd,Sc,07 and
BaGd2501,5| I’lo,507

Atoms BaGd2802O7 [18] BaGdzsC1,5|no,5O7 Atoms BaGd2802O7 [18] BaGd2501,5|n0,5O7
d, nm d, nm d, nm d, nm
Ba- 201 0.283(1) 0.277(2) Gd - 105 0.256(1) 0.251(2)
Ba_ 205 0.274(1) 0.283(1) Gd— 202 0.336(2 0.341(3)
Ba_ 201 0.297(2) 0.304(2) Gd — Oaver 0.265 0.265
Ba—403 0.300(2) 0.307(2) A GdOg 237-10% 259-10*
Ba - 204 0.370(3) 0.360(3) B'"_203 0.205(1) 0.206(1)
Ba — Oaver 0.304 0.306 B 101 0.216(2) 0.209(2)
A BaOy2 103-10* 76-10" B"' - 104 0.211(2) 0.212(1)
Gd — 102* 0.207(1) 0.207(1) B'M—105 0.215(2) 0.215(2)
Gd - 104 0.233(2) 0.240(2) BM—102 0.217(3) 0.230(3)
Gd— 202 0.253(2) 0.253(1) B" — Ouver 0.211 0.213
Gd -203 0.256(3) 0.251(2) AB"Os 7-10% 15.10*

Notes: *- is the interblock distance; for BaGd,Sc,0; B"' = Sc, for BaGd,ScyslngsO; B'"' = (Sc, In); the
calculation of the deformation degree of MeOy polyhedra is performed by the formula: A = 1/nX[(Ri —R )/ RY? (Ri is the
distance Me — O, R is the average distance Me — O, n is the coordination number) [22].

Fig. 2. Crystal structure of BaGd,Sc151no507 in the form of (Sc,In)Os octahedra, Gd atoms (gray circles) and
Ba atoms (dark circles) (a) and the structure of the interblock boundary in BaGd;Sc151no507 with SPS in the form of
(Sc,In)O¢ octahedra and Gd atoms (gray circle) (b).

these atoms in the probable BaO12, BaOg and GdO12, GdOg experimental value of a bond length (nm), and B (0.037
polyhedra. The bond valence (s) was calculated by the nm) is the tabulated value of a dispersion of bond lengths,
formula s = exp((Ro - R)/B) [23], where Ry is the tabulated which was applied for Ry estimation.

value of a monovalent bond length (nm), R is the BVS was calculated by summing up the valences of
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all Me - O bonds: BVS = Xs-n, where n is the number of
bonds of this type. Analysis of the values obtained for
BVS of Ba and Gd atoms in MeO12 (position 4f) and MeOg
(position 8j) polyhedra (Table 3) showed that, unlike the
location of Ba atoms in the 4f position and Gd atoms in the
8j position, BVS of Ba and Gd atoms in the hypothetical
BaOg and GdO:, polyhedra differ significantly from their
chemical valences.

Table 3.
The calculated values of bond valence sums for Ba and
Gd atoms in MeO;, polyhedra of SPS BaGd,Sc,07 and
BaGd25C1,5|ﬂo,507.

BVS
Composition Position 4f Position 8j
Polyhedron Polyhedron
BaOy; Gdolz BaOg GdOg
BaGd»Sc,07 [18] 198 | 1.09 | 524 | 2.89
BaGd,Sc151nes07 179 | 099 | 528 | 291

Note. The value of Ry for the Ba — O bond is 0.2285 nm,
for the Gd — O bond Rg=0.2065 nm [23].

Results of the calculations confirm the conclusion
made from analysis of Me — O bond lengths on the
completely ordered placement of Ba and Gd atoms in
BaGd,Sc151no507 SPS with the localization of Ba atoms
only in intrablock voids of the perovskite-like block, and
Gd atoms placement only in the GdOg polyhedra at the
edges of blocks.

Analysis of the data obtained in this work on the
structure of BaGd,ScislngsO7; and  structure  of
BaGd,Sc,07 [18] showed that the inclusion of In atoms in
BaGd,Sc,07 SPS leads to a number of changes in its
structure. Thus, in BaGd,ScislngsO; SPS there is an
increase (~ by two times) in the degree of deformation of
(Sc,In)O¢ octahedra, GdOg interblock polyhedra, the
average (Sc,In) — O bond length and a decrease in the
deformation degree of BaO1, cuboctahedra (table 2). The
nature of such changes is apparently caused by bigger size
of In®* cation (0.094 nm) compared to Sc®* cation (0.0885
nm) [22].

Therefore, an increase in the deformation of
intrablock octahedra (Sc,In)Og leads results in an increase
in the deformation of GdOg interblock polyhedra
connected to them (Table 2). It should be noted that
AGdOg value is the maximum among Baln;Sc;0;
scandates even for unsubstituted BaGd,Sc,O7 and is one
of the largest among compounds of the An+1BnOzn+1 family.

An increase in the deformation degree of GdOg
interblock polyhedra with In atoms inclusion into
BaGd,Sc,07 SPS leads to an increase in the tension in the
interblock space of the SPS, destabilizes it and makes it
possible to conclude that it is this factor that determines
the limitation of the region of BaGd.Sc,«InxO; solid
solutions with SPS and the absence of BaGd:In;O;
compound with SPS.

Apparently, a rather significant decrease in
deformation degree of BaO:» polyhedra (Table 2) is
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caused by an increase in the size of the intrablock
cuboctahedral voids in a two-slab perovskite-like block
with an increase in the size of (Sc,In)Os octahedra
connected by vertices.

The inclusion of big In atoms in BaGd»Sc,07 SPS did
not lead to a change in the length of the Gd — O interblock
distance (Table 2), although in the
SrLazScaxInO7 SPS it decreases with an increase in the
substitution degree of of Sc atoms [16]. The probable
reason for this is the fact that the length of the Gd — O
interblock distance for BaGd,Sc,0y is already the smallest
among all known Baln,Sc,07 scandates
(Ln = La — Gd) with SPS [18]. Further decrease in the
length of the interblock distance is impossible, as it results
in the destruction of BaLn,Sc.O7 (Lh = Th, Dy) SPS due
to connection of adjacent two-slab perovskite-like blocks
with the formation of a three-dimensional perovskite
structure [18].

Conclusions

Thus, in this paper, the structure of the isovalently
substituted barium-gadolinium scandatoindate
BaGd;Sc,«InkO7 with x = 0.5 is determined. Analysis of
the structural data obtained has shown that this type of
substitution leads to an increase in the deformability of the
main elements of the SPS, which can be used for further
controlled regulation of the functional (electrophysical,
optical, and other) structurally dependent properties of
BaGd,Sc,«InkO7 phases.
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Effect of scandium atoms substitution on the two-slab structure of scandate BaGd.Sc,07
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Mero10M PEHTIeHIBChKOT MOPOIMIKOBOT Audpakilii BU3HaUeHa TeTparoHanbHa (mpocroposa rpyma P4z/mnm
(Ne 136)) kpucraniyHa cTpyKTypa i3oBasieHTHO3aMmiteHol ¢a3u BaGd2Sc2-.In:07 3 x =0,5. Kpucraniyna ctpykrypa
BaGd>Sc1,51n0507 ckitamaerbest 3 ABOBUMIPHUX MEPOBCHKITONOMIOHUX OJIOKIB TOBIIMHOK B JIBA IIAPH 3B’ I3aHUX
BepiunHamu oktaenpiB (Sc,IN)Os. Mix Gimokamu posramroBanuii map nomienpiB GdOg. Besnocepenni 38’s13ku
(Sc,In) — O — (Sc,In) mix okTaeapamu CyMiKHHX OJIOKIiB BifcyTHi. BoHH ,,3mMTi” MK COGOMO 3a JOMOMOTOO
— O — Gd — O — 3p’s3xiB. AToMH Ba BHOpSIIKOBAHO PO3MIllleHI JIMIIE B KyOOOKTAGAPHYHHX IMYCTOTAX
MIePOBCHKITONOAIOHOTO ONOKY, a IX KoOpAWHamifiHe dHCIO MmopiBHIOE 12. AHam3 KpUCTAIOXIMIYHHX
xapakrepuctuk BaGd2Sc.07 ta BaGd2Scy,51ngs07 mokasas, 1mo npu i30BajJeHTHOMY 3aMillleHHI aToMiB SC Ha
Oinpi atomu IN B mapyBaTiii IEpOBCHKITONOAIOHIH CTPYKTYpi BiOyBaeThCs 301bIIEHHS CTYyTEHIB AedopMartii
okraenpis (Sc,In)Oe, Mix6aokoBux momienpiB GdOy, cepenunboi nomxunuu 38°s13ky (Sc,In) — O Ta 3MeHIIEHHS
cryneHs paedopmanii kybooktaenpis BaOia. Taki 3MiHM mnpu3BomdTh 10 JecTalimisanii IapyBartoi
MePOBCHKITOMOAIOHOI CTPYKTYpH i 00yMOBITIOIOTh 0OMEKEHICTh 00acTi TBepaux po3unniB BaGd2Scz-xIn,O7 ta
BizcyTHicTh conykn BaGdzIn207.

KurouoBi cioBa: cronyku Tuny An+1BnOsn+1, ImapyBara mepoBcbkiTomonioHa crpykrypa, isomopdism,
PEHTTEeHIBChKA ITOPOIIKOBA TH(HPAKTOMETPIsL.
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