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Introduction & Summary 1/13

In a paper from 1985 K. Schuckel and Hk. Muller-Buschbaum report about the reduced
and mixed valence niobate Sr;Nb:O,; [1]. Small amounts of small crystals were
obtained by a special technique which comprises the use of a H, / H plasma. The
crystals were studied by single crystal x-ray diffraction and energy-dispersive x-ray
spectroscopy. The crystal structure of Sr;Nb;O.; is perovskite-related, layered,
orthorhombic, and non-centrosymmetric. Physical properties are not reported.

In a paper from 2008 F. Lichtenberg et al. present the realization that

SrsNb:;O,5 2 SrNbO, , represents an oxygen-deficient variant of Sr:.Nb:O,, 2 SrNbO, ,
with fully ordered oxygen vacancies [2]. The crystal structure of Sr;Nb;O,, 2 SrNbO, ,
IS perovskite-related, layered, orthorhombic, and centrosymmetric [3].

Sr:Nb:;O,, 2 SrNbO, , is an n = 5 type member of the homologous series

A B O, ., 2 ABO, and a quasi-1D metal, see Refs. [2 — 5] and references therein.

A B, O,,.., 2 ABO, represent a homologous series of perovskite-related layered oxides
and are meanwhile called Carpy-Galy phases. The layers comprise an arrangement of
BOg octahedra which are [110] ,¢,ovsite Oriented along the c-axis.
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The index or structure type n describes the thickness of the layers which are n BO,4 octahedra
thick along the c-axis. For n = « the non-layered perovskite structure ABO, is obtained.
A sketch of their crystal structure and compositional examples are presented on pages 10 - 15.

The following items are examples why oxides of the type A, B,O,,.,, 2 ABO, are interesting,
see Refs. [2 — 8] and references therein:

e |n contrast to most layered materials they display a pronounced structural anisotropy also
within the layers which extend along the ab-plane

e They comprise the highest-T_ ferroelectrics such as the n = 4 type
La,Ti,O,, 2 La,Ti,0O, & LaTiO4 ; with T,=1770 K

e They comprise quasi-1D metals in which the delocalized electrons are embedded in a
ferroelectric-like environment such as the n = 5 type Sr;Nb;0O,, 2 SrNbO, , and some
of the quasi-1D metals are most probably polar or ferroelectric quasi-1D metals

e Many compounds can be synthesized in a single phase and crystalline form via a
solidification from the melt by using the floating zone technique

e They might have a potential to create superconductors and / or multiferroics
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e There are many possible chemical compositions including non-stoichiometric compounds

e The quasi-1D metals SrNbO, ,- (n = 4.5) and Sr- and O-deficient Sry o:NbO; 5, (n = 5)
were studied by special optical techniques which revealed the presence of photoinduced
metastable dd-exciton-driven metal-to-insulator transitions

e The Sr- and O-deficient n = 5 type qausi-1D metal Sr, 4sNbO;, 5, was studied by resonant
soft x-ray scattering which revealed the presence of two distinct and simultaneous charge
density waves along the non-metallic c-axis

The already mentioned Sr,;Nb,;,Og4 2 Sr:Nb;O,, 2 SrNbO, , and

SrygNb,Og, = SrsNb:O,5 2 SINbO; , represent another interesting topic and associated
comments and open questions are presented on pages 225 — 227 in part 6.7 of Ref. [5]. The
quasi-1D metal Sr;Nb;O,, 2 SrNbO, , can be prepared via the melt by using the floating
zone technique but attempts to prepare Sr;Nb:O,; 2 SrNbO; , in the same way were not
successful [2, 5]. Meanwhile, however, the synthesis of related materials in a single phase
and crystalline form via the melt by using the floating zone technique is reported in a paper
from 2020, namely Sr,,CaBaNb,;WOQO,, and Sr,;,Ca,Nb,;WOg, [5]. They are called Sr- and
O-deficient n = 5 type Carpy-Galy phases of the Schuckel-Muller-Buschbaum type.
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The availability of melt-grown Sr,,CaBaNb,,WO,, and Sr,,Ca,Nb,;WO,, leads to
several comments and open questions which are presented in part 6.9.8 of Ref. [5].
The topic of this work is Sr,;CaBaNb,;WO,, and here we present from Ref. [5]
some pictures of the melt-grown material:

, 5 mm

5 mm , - n—— . 5 mm

The magnetic susceptibility x(T) of melt-grown Sr,,CaBaNb,;\WO,, and
Sr,,Ca,Nb,sWO,, indicates that they are quasi-1D metals like Sr,;Nb,,O44 [5]. The
reported non-centrosymmetric space group for Sr,y,Nb,;,Og, = Sr:Nb:O,4 [1] suggests
that Sr,,CaBaNb,,WO;, and Sr,,Ca,Nb,,WO, are likewise non-centrosymmetric.
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If a non-centrosymmetric crystal structure can be experimentally confirmed, then
Sr,,CaBaNb,,WO;, and Sr;,Ca,Nb,,WO,, are most probably polar or ferroelectric
quasi-1D metals. Sr;CaBaNb,;WOQO, was studied with respect to the question if its
crystal structure is non-centrosymmetric or centrosymmetric and this paper presents
the results.

The following pages 10 — 14 present some sketches of the crystal structure of
Carpy-Galy phases A, B, O,,., = ABO, , compositional examples from the system
SrNbO, , and sketches of the crystal structure of Sr,gNb,;Ogg 2 Sr:Nb:;O,, 2 SrNbO, ,
and Sr,,Nb,;Og, 2 SrsNb:O,5 2 SrNbO;
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Sketch of the perovskite-related layered
structure of A, B, 0,,,., 2 ABO,
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= BOg octahedra (O located at corners, B hidden in center)

B — O and BOg chains along a-axis, i.e. L drawing plane
Compositional examples from the system SrNbO, with Nb°* (4d°) and / or Nb** (4d ")

For Refs. see [1 - 5] and references therein
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The crystal
structure of the
n =25 (ll) type
SraND2oOg4
and the
n=25(l)type
SrND2Ogg

SrNbO; , £ SrgNb;O 5 £ Sry,oNb,;Og,
Non-centrosymmetric ! ¢ Space Group No 31
Probably also a quasi-1D metal

K. Schuckel and Hk. Muller-Buschbaum  F. Lichtenberg et al., Progress in
Z. Anorg. Allg. Chem. 528 (1985) 91
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The crystal
structure of the
n =25 (ll) type
SrND2oOg4
and the
n=>5(l)type
SrND2Ogg
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Non-centrosymmetric ! ¢ Space Group No 31
Probably also a quasi-1D metal

K. Schuckel and Hk. Muller-Buschbaum
Z. Anorg. Allg. Chem. 528 (1985) 91
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Three-dimensional representation of the
non-centrosymmetric crystal structure of

SrNbO; , £ SrgNb;O,5 £ Sr,,Nb,,0O4, from the paper
of K. Schuckel and Hk. Miller-Buschbaum [1].

The O ions are depicted as small open balls, the Nb ions
as small black balls, and the Sr ions as large open balls.
The hatched objects represent the NbO4 octahedra.

The definition of the specified a-, b-, and c-axis

is not the same as in the paper from

K. Schickel and Hk. Muller-Buschbaum but in agreement
with the used definition on the previous pages.

Image source:
[1] Ein weiteres gemischtvalentes Oxoniobat: Sr;Nb,** Nb,** O,
K. Schuckel and Hk. Muller-Buschbaum
Zeitschrift fr anorganische und allgemeine Chemie
528 (1985) 91 — 97
Paper in German but title and abstract also in English
https://doi.org/10.1002/zaac.19855280909
© Copyright (1985) Wiley-VCH GmbH. All rights reserved.
15
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First it was intended to study the melt-grown Sr,,CaBaNb,,WO,, (sample No. 838) by
single crystal x-ray diffraction. However, it was not possible to prepare from the melt-grown
material small crystals with a suitable size and shape because the material displays a
pronounced cleavage behavior. It suggests the presence of a particular weak bond strength
between the layers that might result from the Sr- and O vacancies which are most probably
located at the boundary of the layers.

Then it was tried to study the melt-grown Sr,,CaBaNb, WO, by electron diffraction.

An analysis of melt-grown Sr,;CaBaNb,,WOg, by Scanning Electron Microscopy (SEM),
Energy-Dispersive x-ray Spectroscopy (EDS), and Transmission Electron Microscopy (TEM)
indicates the presence of a single phase material. This is in accordance with the results from
an analysis by powder x-ray diffraction [5].

The similarity of the non-centrosymmetric structure (space group Pmn2, / No. 31) and
centrosymmetric structure (space group Pnnm / No. 58) makes a symmetry analysis difficult.

16
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The simulation of the powder x-ray diffraction pattern of the parent compounds

Sry,oNb,;Ogg (centrosymmetric, space group Pnnm / No. 58) and

Sry,oNb,;Og, (NON-centrosymmetric, space group Pmn2, / No. 31) indicates the presence of
peaks in the non-centrosymmetric phase which do not appear in the centrosymmetric phase.
Based on those reflections a lamella was prepared with an [100] orientation by using the
Focused lon Beam (FIB) technique. That allows the detection of those specific peaks in the
low symmetry phase by comparing the results of simulated and experimental of the electron
diffraction patterns of the respective structures acquired by TEM.

Both experimental and simulated diffraction results show that the (050) peak, a characteristic
Bragg peak of the non-centrosymmetric structure, which is absent in the centrosymmetric
structure, can be observed in the experimental electron diffraction pattern. It indicates that the
melt-grown material Sr,;CaBaNb,;\WOg, displays a non-centrosymmetric structure. The magnetic
susceptibility ¢ (T) of Sr,,CaBaNb,,WOg, suggests it is a quasi-1D metal [5] and because of its
non-centrosymmetric structure it is most probably a polar or ferroelectric quasi-1D metal.

Note: On this page and in part 3 the above-mentioned (050) peak refers to a definition where the b-axis is the

longest axis, whereas on pages 5, 6, and 10 — 15 and in Refs. [2, 4 — 8] the c-axis is defined as the longest axis
17
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Experimental

From a piece of the melt-grown material some lamellae for

TEM investigations were prepared by the Focused lon Beam (FIB)
technique using a dual beam Gallium FIB-SEM of the type

FEI Helios 600i. The Energy-dispersive X-ray Spectroscopy (EDS)
was performed in another SEM.

Transmission Electron Microscopy (TEM) and Scanning Transmission
Electron Microscopy (STEM) experiments were performed with a
JEOL F200 STEM / TEM at 200 kV. Simulation of TEM images were
performed with the JEMS simulation package, and STEM images with
the Dr. Probe software.

JEMS: https://www.jems-swiss.ch/default.htm
Dr. Probe: https://er-c.org/barthel/drprobe

19
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Study of melt-grown Sr,,CaBaNb,,WO,, (sample No. 838) with respect to
the structure of Sr.Nb;0,; 2 Sr,,Nb,,0,; and Sr:.Nb:O,, 2 Sr,,Nb,,0¢,

Sr;Nb;O,, Sr;Nb;O,,
ICSD database code 54058 ICSD database code 48207
Centrosymmetric Non- centrosymmetric
a = 32.4560(50) A a=23.992(1) A
b=5.674(2) A b =32.476(10) A
c 3.995(2) A c=5.677(2) A
o=90° o=90°
B=90° B=90°
y=90 ° y=90 °
V=7357A° V =735.99 A3
Number of unit cells per formula unit: Z = 2 Number of unit cells per formula unit: Z = 2
Space group P n n m (No. 58) Space group P m n 2, (No. 31)

Note: The definition of the a-, b-, and c-axis in the left and right column is different. It is the same which is used in

Ref. [3] and [1], respectively. On pages 5, 6 and 10 — 15 and in Refs. [2, 4 — 8] the c-axis is defined as the longest axis
21



SEM image and the area for an Electron Back Scatter Diffraction (EBSD) analysis

Area of EBSD analysis

SU5000 20.0kV 55.3mm L-x50 SE(L)
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Pole Figure Set
{100} - 5r5 (NbS O16) {010} - 5r5 (Nb5 O16) {0013} - 5r5 (Nb5 O16) 175.56

Measurement Count: 6740

Entire Dataset

Half wWidth: 10.0°

Sample Symm.: Triclinic
Use Sample Symmetry: Mo
Projection Type: Equal Area
Projection Plane: XY

Hemisphare: Upper

a.00

Top: From pole figure

analysis with space group
Left: SEM image with No. 31 the normal to the
enhanced resolution surface of the melt-grown

when compared to that material is along the

on the previous page b-axis. In this case the
b-axis is defined as the

longest axis.
23
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a

Two ways to prepare a FIB lamella with a direction of [001] or [100]

C
Access to
the a- and
) b-axis
N Lamella
09; ;90
.ea 36.
Oea 568
03040,
?0%0%0?
893594
.00 c§.
°?° °?°
TR Yt It 8
: cQ¢0

% HFW WD HV curr det mode tilt ~ 4/3/2023 —
o 746 pm 4.2 mm 3.00 kV 0.17 nA ICE SE 0.0 ° 4:52:32 PM Helios 600i | ScopeM | ETH Zirich

SEM image and the FIB lamella position
in the sample

Access to ¢

the b- and
c-axis

Lamella



TEM images of the lamella after FIB preparation

\

The left image is a normal bright field image and the right one is the lower magnification
bright field image with an introduced contrast aperture to enhance the contrast of the image

for better visibility of potential defects or lattice distortions in the structure of the crystal -



High-resolution TEM images of the sample display
a nearly uniform lattice and only a few dislocations




What is the difference between the centrosymmetric and non-centrosymmetric unit cell ?

The Wyckoff positions of the two unit cells from the ICSD crystallography database

Space group P n n m (No. 58) Space group P m n 2, (No. 31)

Nb1 Nb4+ 2 a 0.5 0.5 0.5 0.0038(1) 1 Nb1 Nb4+ 2 a 0  0.0747(3) 0.1055(25) 0.42(14) 1

Nb2 Nb4-+ 4 g  0.32264(1) 0.53323(8) 0.5 0.0054(1) T Nb2 Nb4-+ 2 a 0  0.1569(3) 0.5759(24) 0.15(14) 1

Nb3 Nb4+ 4 g  0.40931(1)  0.00527(7) 0.5 0.0040(1) i Nbdr ) i B T e [, 1
Sr1 Sr2+ 4 g 0.21466(2)  0.5632(1) 0.5 0.0152(1) 1 ' '

Sr2 Sr2+ 2 d 0.5 0 0 0.0085(1) 1 Nb4 Nb5+ 2 a 0 0.3379(3) 0.5674(27) 0.78(18) 1

Sr3 Sr2+ 4 g 041129(2)  0.4996(1) 0 0.0083(1) 1 Nb5 Nb5+ 2 a 0 0.4295(3) 0.0367(25) 0.66(17) 1

O e 4 9 0.5374(1) 0.2269(7) 0.5 LIRS, T e Sr2+ 2 a 0.5  0.0404(3) 0.6263(17) 1.22(17) 1

02 02- 4 g 0.4522(1) 0.2691(6) 0.5 0.0088(6) 1

03 02- 2 b 0.5 05 0 0.0149(11) 1 Sr2 Sr2+ 2 a 0.5 0.1578(3) 0.0783(28) 1.21(19) 1

04 02- 4 g 0.2091(2) 0.2975(7) 0 0.0141(8) 1  sr3 Sr2+ 2 a 0.5  0.2463(4) 0.5639(29) 0.76(13) 1

85 o 4 9 Lo 2% L2007 (7) L WEIES (D) T s Sr2+ 2 a 0.5  0.3361(3) 0.0777(24) 0.23(14) 1

06 02- 4 g 0.1328(2) 0.7233(8) 0 0.0195(10) 1 sr5 Sr2+ 2 a 05 04687(33) 05 0. 57(13) 1

o7 02- 4 g 0.2799(1) 0.3159(7) 0.5 0.0102(6) 1 o1 02- 2 a 0 0.128(2) 0.259(9)  0.2(6) 1

08 02- 4 g  0.3308(1) 05047(11) 0 0.0177(9) 1 8§ 82' g d 8 8?‘3‘1‘2 ; 83‘7‘52 ; g; 1
= a o .

09 02- 4 g 0.4165(1) -.0104(9) 0 0.0146(8) 1 o 02- 5 a 0 0207(2) 0.867(8) 1.9(8) -

. . 05 02- 2 a 0 0.218(2) 0.362(8)  0.2(6) 1

Centrosymmetrlc unit cell 06 02- 2 a 0 0.036(2) 0.901(8)  0.6(6) 1

o7 02- 2 a 0 0.471(2) 0.251(9) 1.0(7) 1

08 02- 2 a 0 0.295(2) 0.815(9) 1.3(7) 1

09 02- 2 a 0 0.377(2) 0.322(8)  1.5(7) 1

010 02- 2 a 0 0.451(2) 0.772(8) 8(8) 1

o11 02- 2 a 0 0.298(2) 0.310(9) 0.3(6) 1

012 02- 2 a 0 0.370(2) 0.860(9)  1.4(8) 1

013 02- 2 a 0.5  0.246(2) 0.104(8) 1.2(7) 1

014 02- 2 a 05  0.163(2) 0.562(9) 0.0(5) 1

015 02- 2 a 05  0.324(1) 0.582(9) 0.5(6) 1

016 02- 2 a 0.5  0.079(1) 0.076(9) 0.5(6) 1

Non-centrosymmetric unit cell



Multiplicity

R T T T S A NG Y NG e’

The general Wyckoff positions of the two unit cells calculated from space group *

Space group P n n m (No. 58)

h

g

o o —h

(@)

Wyckoff
letter

Site

symmetry

1
..m
.2
.2

..2/m
.2/m
..2lm
..2lm

Coordinates

(x.2)  (X,7,2) (-x+1/2,y+1/2,-z+1/2) (x+1/2,-y+1/2,-z+1/2)

(=%X,-Y,-2) (X,¥,-z) (x+1/2,-y+1/2,z+1/2) (-x+1/2,y+1/2,z+1/2)

(X,¥.0) (-x,-y,0) (-x+1/2,y+1/2,1/2) (x+1/2,-y+1/2,1/2)

(0,1/2,2) (1/2,0,-z+1/2) (0,1/2,-z) (1/2,0,z+1/2)

(0,0,z) (1/2,1/2,-z+1/2) (0,0,-z) (1/2,1/2,z+1/2)

(0,1/2,1/2) (1/2,0,0)

(0,1/2,0) (1/2,0,1/2)

(0,0,1/2) (1/2,1/2,0)

(0,0,0) (1/2,1/2,1/2)

Multiplicity

4
2

Space group P m n 2, (No. 31)

Wyckoff
letter

b

a

Site
symmetry

1

m..

Coordinates

(x,v.z) (-x+1/2,-y,z+1/2) (x+1/2,-y,z+1/2) (-X,V,Z)

(0,v,2) (1/2,-y,z+1/2)

Red colors show the Wyckoff positions which are not in our unit cell.

* Calculated from https://www.cryst.ehu.es/cgi-bin/cryst/programs/symm_modes
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Wyckoff positions continued ...

Wyckoff Positions Splitting for group - subgroup pair Pnnm(58)>Pmn2,(31)
The group subgroup chain you want to consider is characterized by:
e anindex 2;

« a transformation matrix which relates the coordinate system of the subgroup
to that of the supergroup:

Wyckoff positions of group Pnnm(58) e I 0 0 L1 0]
Only bold Wyckoff positions are considered according to unit cell e 0 1 01 I 1/4]
[ -1 0 01 I 0]
WP Representatives
8h X,Y,Z el
4g X,,0 Result from splitting
4f 0,12,z
4e 0,0,z N Wyckoff position(s)
2d 0,1/2,1/2 ——p 0 Group Subgroup
2c 0,1/2,0
2b 0,0,1/2 1 49 2a 2a
2a 0,0,0 2 2d 2a
3 2b 2a
4 2a 2a

— From a symmetry analysis of the parent-child groups it is difficult to draw a conclusion
on which specific Wyckoff position we should look at because the low symmetry
structure (space group No. 31) has only the Wyckoff position 2a for all elements
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Simulation of the powder x-ray diffraction pattern by VESTA Version 3.5.8 *

100

80

60

” o | ‘

O

T T T T
5 10 15 20 25 30 35 40 45 50
2 theta (degree)

|ICSD database code 54058: Sr;Nb;O,-

* VESTA: https://jp-minerals.org/vesta/en

|
“ ;_,M,L\ C o e \”'a.__u. y “‘%7 o M A L

55

Let’'s have a look at missing reflections in the two unit cells.
The simulation was done with respect to

SrsNb;0O,; 2 Sr,gNb,;Ogg and SrgNb;O,4 2 Sr,oNb,;Og, ,
i.e. without Ca, Ba, W, and the Sr-deficiencies in the
studied sample Sr,,CaBaNb,,WO,

According to
ICSD 48207
the first peak
at 20 = 2.71°
Is indexed with
(hkl)=(010)

|

\ W Mt A

|CSD database code 48207: SrzNb;O,4
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Intensity

100

80 —

60

40

20—

-20

Simulation of the powder x-ray diffraction pattern by VESTA Version 3.5.8 *

|ICSD database code 54058: Sr;Nb;0O,-

; ) . . ;
10 12 14 16 18 20 22 24
2 theta (degree)

* VESTA: https://jp-minerals.org/vesta/en

26

I | According to

ICSD 48207

the second peak
at 20 = 13.62°
is indexed with
(hkl)=(050)

; . , ,
28 30 32 34

30—

» |ICSD database code 48207: Sr:Nb:O .,

28 30 32 34



Simulation of the powder x-ray diffraction pattern by VESTA Version 3.5.8 *

|CSD database code 54058: Sr;Nb;0O,-

According to
ICSD 48207

the peak at

20 =40.22°

is indexed with
(hkl)=(1 12 0)

* VESTA: https://jp-minerals.org/vesta/en

Intensity

1.75
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w

394
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2 theta (degree)

40

|ICSD database code 48207: Sr;Nb;O 4
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Comparison of the electron diffraction patterns and if the missing peaks are observed or not

The same but magnified diffraction patterns to see the details. The (050) reflection is only observed for
the non-centrosymmetric space group No. 31 as it was simulated and predicted by the XRD pattern

Space group P n n m (No. 58) Space group P m n 2, (No. 31)
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Experimental electron diffraction patterns obtained from two different areas of the lamella

The observations from XRD and electron diffraction pattern simulations match well with the [100]
or [001] direction, even if the intensities in the second image are slightly different. Based on EBSD
the lamella was prepared with an electron beam parallel to the a-axis, i.e. along the [100] direction




Experimental (left) and simulated (right) electron diffraction pattern

They show the match of the diffraction spots. As expected the intensities in the experimental
pattern is slightly different from that in the simulated pattern because of the additional
elements Ca, Ba, W and the Sr-deficiencies in the lattice and the slight tilt of the sample.
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