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Abstract

Samples of calcium stannate perovskite (CaSnO;) doped with a variable Nd content were synthesized by solid-state reaction
in the system (1 —x)CaSnO; —xNd,0;. The synthesized compounds were characterized by means of electron microprobe,
powder X-ray diffraction, single-crystal X-ray diffraction and p-Raman spectroscopy. The incorporation of Nd in the CaSnO4
Pbnm structure leads to the formation of a complex (Ca, _,, Nd,,)(Sn; _ Ca,)O; perovskite. The A sublattice contains a
random distribution of Ca and Nd in the whole range of composition of this system. For x <0.28, the structure is Pbnm with
Ca and Sn randomly distributed in the B sublattice. For x> 0.28 a symmetry change occurs; the structure turns into rock salt
type P2,/n. In this latter case half of the octahedral sites are fully occupied by Sn and the other half is randomly occupied
by Sn and Ca. For x=0.28, both structures are present in the sample. The presence of a Raman two modes behavior of A,
symmetry located near 700 cm™! coupled with the continuous linear evolution of the lattice parameters with Nd incorpora-

tion supports the proposed substitution mechanism.
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Introduction

Calcium stannate CaSnQO;, a dielectric material, has been
extensively investigated for its potential use as capacitor
(Azad et al. 1999), anode for Li-ion batteries (Zhao et al.
2010; Mouyane et al. 2011), gas and humidity sensors (Seiy-
ama et al. 1983; Cerda et al. 2002; Cheng and Lu 2008) and
analogue for the Earth mantle perovskite (Zhao et al. 2004;
Redfern et al. 2011; Maul et al. 2015). When doped with
trivalent rare earth elements, CaSnO; may exhibit interest-
ing luminescence properties, as for example, long afterglow
luminescence (Lei et al. 2007; Pang et al. 2011; Canimoglu
et al. 2015; Xie et al. 2016). The calcium stannate perovskite
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is also considered as an analogue (same Pbnm structure)
to the calcium titanate and calcium zirconate perovskites
that have been proposed as hosts for the disposal of long
term radioactive wastes (Ringwood 1985). In these two lat-
ter structures, the incorporation of large REE** is widely
reported in the literature (Hanajiri et al. 1998; Davies et al.
2000; Larguem 2006; Zhang et al. 2007). However, the
incorporation of a large amount of large REE** in the cal-
cium stannate perovskite has not been investigated to our
knowledge. ABOj; perovskites are in general flexible and can
incorporate in their structure more than half of the elements
of the Mendeleiev table (Mitchell 2002). Incorporation of
trivalent cations in the ABO; perovskite structure results in
an intricacy of the structure with various substitution mecha-
nisms to assume charge balance. Large REE®* such as Nd,
with an ionic radii of 1.27 A in 12-fold coordination state
(Shannon and Prewitt 1970), are supposed to replace A%*
cation in A>*B**0, perovskite and then behave as electron
donors (Buscaglia et al. 2000).

In the case of an A site incorporation of REE** in CaTiO;,
the following potential compensation charge mechanisms are
reported in the literature (Kroger-Vink notations):
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1. Substitution at calcium site with calcium vacancies com-
pensation (Larson et al. 1988; Bassoli et al. 2008; Fu
et al. 2008; Lowndes et al. 2012):

i CaTiO, N ”
Ln,0; +3TiO, —  3CaTiO;+ 2Ln,, + V.,

2. Substitution at calcium site with titanium vacancies
compensation (Larson et al. 1988; Bassoli et al. 2008):

3 CaTiOy ) ' 1.
Ln,0O; + 5 TiO, —  2CaTiO;+2Ln,, + 3 Vi

3. Substitution at calcium site with electron conduction
(i.e., titanium reduction compensation) (Vance et al.
1996):

. CaTiO, ) 1
Ln,O; + 2TiO, — 2CaTiO; +2Ln, + 502 +2e”

The aim of this study is to explore the substitution mecha-
nisms involved in the system (1 —x) CaSnO; —xNd,O5 while
incorporating Nd, by solid-state reaction, in an already
formed CaSnO; perovskite structure. These potential mecha-
nisms were investigated by means of electron microprobe
(EMPA), X-ray diffraction and -Raman spectroscopy.

Experimental
Synthesis

(1 —x)CaSnO; —xNd,O5 samples with different amount of
neodymium oxide ranging from x=0 to x=0.56 were syn-
thetized by a solid-state reaction route in two steps: CaSnO;
synthesis followed by a Nd doping. The different precursors
were CaCOj; (Alfa Aesar, 99%), SnO, (Alfa Aesar, 99.9%)
and Nd(OH); formed by hydration of Nd,0O; (Alfa Aesar,
99%). The initial powders were first dried at 100 °C during
at least 1 day. The CaSnO; synthesis was made starting from
stoichiometric amounts of CaCO; and SnO,. The mixture
was ground in an agate mortar with a pestle before being
calcined at 900 °C during 2 h and sintered in a Pt—Rh cruci-
ble at 1300 °C during 1 day. The obtained solids were then
crushed and sintered again for another day. The Nd-doped
samples were prepared by mixing the CaSnO; powder with
neodymium hydroxide in an agate mortar. The mixtures
were first sintered in Pt-Rh crucible at 1550 °C during one
day, reground and sintered again at 1550 °C during 3 days.
The obtained solids were reduced into powder to be analyzed
by XRD.

In parallel, pellets of 3 mm in diameter with similar com-
positions were prepared to follow microstructural evolution
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upon Nd incorporation. In the latter case, appropriate mix-
ture of CaSnO; and Nd(OH); were ground in an agate mor-
tar. The mixtures were then pressed and sintered in a Pt-Rh
crucible during 3 days at 1550 °C.

To clarify notations, powdered and pelletized samples
are named as x(value)pow and x(value)pel, respectively,
with value standing for the molar % concentration of initial
Nd,0;.

For electron microprobe and p-Raman analyses, pow-
dered and pelletized samples were embedded into resin and
polished successively with 1200, 2400, 4000 grade SiC. The
final polishing step was obtained using successively 3 and
1 um diamond paste. For single-crystal XRD, two single-
crystals of dimension 0.10 mm X 0.08 mm X 0.07 mm and
0.08 mm x0.09 mm X 0.12 mm were extracted from samples
X35 pel and x44 pel, respectively.

Microprobe analysis and SEM imaging

Analysis and SEM imaging were done with a microprobe
CAMECA SX-Five of the CAMPARIS facility in Paris.
The accelerated electron beam was set to 15 keV, 40 nA
for both analysis and imaging. The beam size for analysis
was approximately 3 um in diameter. LTAP (Si K ), PET
(Ca K, Sn K, La K ), LPET (Nd L,) were used as dif-
fracting crystals. Standards used, for calibration purposes,
were: grossular for Si and Ca, cassiterite for Sn, Nd,CuO,
for Nd, LaReO, for La. Si and La were present in the form of
impurities originating from the initial powders (Nd,O;, Alfa
Aesar 99%). Analyses were done on ten different perovskite
grains larger than 5 um for each sample to characterize the
perovskite compositions. Only one analysis was done per
secondary phases observed in some samples.

Powder XRD measurements

Powder XRD measurements were performed with a
D8 Advance diffractometer equipped with a Lynx Eye detec-
tor (Bruker) operating at 40 keV and 40 mA in Bragg—Bren-
tano geometry. The patterns were obtained with Co K, radia-
tion (A=1.7889 A) in the 20 range from 10° to 110° using
a step of 0.009° during 2 h. The Soller slits were set at an
aperture of 2.5°. The divergence and anti-diffusion slits were
fixed, respectively, at 0.3° and 6.42° apertures. The lattice
parameters were obtained by Le Bail refinement using the
Fullprof suite (Carvajal 1990).

Single-crystal XRD

Single-crystal X-ray structural study was carried out on a
Rigaku Excalibur four-circle diffractometer with a Mo K,
radiation source (1=0.71073 A) and equipped with an EOS
CCD-area detector. Grains of X35 pel and x44 pel samples
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were sufficiently coarse and optically free of defects. One
grain of each sample was subjected to single-crystal dif-
fraction analyses.

Frames with a 1° spatial resolution were collected
by the /@ scan technique, with a counting time of 10 s
per frame, in the range 8.55 <26 <57.95° (X35 pel) and
4.88 <260<58.04° (x44 pel). A total of 1804 (%35 pel) and
2135 (x44 pel) reflections were extracted from these frames,
corresponding to 631 (°35pel) and 656 (°44 pel) unique
reflections. Data were corrected for Lorentz-polarisation
and absorption effects, the latter with an analytical method
using the SCALE3 ABSPACK scaling algorithm included in
the CrysAlisRED package (Oxford Diffraction 2007). More
details on data collection, reduction, and structure refine-
ment procedures are given in Table 1.

For each cationic crystallographic site, RSP (Refined
Site Population) were refined using SHELL X 93 (Sheldrick
1993). The refinements were completed using anisotropic
displacement parameters for all atoms.

The space group was determined using the most intense
reflections and confirmed using the absent reflections.

Raman spectroscopy

The Raman spectra were collected on the powdered and
pelletized polished samples at room temperature with a
p-Raman Renishaw InVia equipped with a Leika DM2700M
microscope. A Nd: YAG laser (A=532 nm) powered at 5 mW
was used as incident monochromatic source. The set-up
is further composed of a grating of 1800 lines/mm and a
short distance objective lense X100 (NA =0.95) leading to
a theoretical spot diameter of 0.7 um. Calibration on silicon
standard was done previous to acquisition. All the acquisi-
tions were performed on ten different single grains for each
sample to obtain standard deviation values. For each acqui-
sition, spectra were collected 30 times during 1 s each. The
scans were acquired from 60 to 1840 cm™ ! The A e modes,
modeled as gaussians, were fitted using the Wire™ software.

Table 1 Experimental details for the single-crystal X-ray structure refinements

%35 pel

X44 pel

Crystal dimensions (mm)

0.10x0.08x0.07

0.08x0.09%x0.12

a(d) 5.6468 (3) 5.6586 (3)

b(A) 5.8796 (3) 59171 (3)

c(A) 8.1426 (4) 8.1874 (5)

Q) 90.071 (5) 90.140 (5)

Space group P2,/n P2,/n

VA 4 4

Diftractometer and operating conditions Rigaku Xcalibur with EOS detector, 40 kV and 40 mA, Mo Ka radiation,

A=0.71073 A

Scan mode ® scan ® scan

0,ins Omax 4.28°,28.97° 2.44°,29.02°

Range of indices -T7<h<17 -3<h<7
-7<k<6 -7<k<8
-10<1<10 -10<1<10

Measured intensities 1804 2135

Unique reflections 631 656

Independent non-zero [I>2 s(I)] reflections 583 604

Absorption correction Numeric, using a multifaceted crystal model

u (mm~1h 19.616 22.371

Structure solution program SHELXS-97 (Sheldrick 2008)

Ls. refinement program SHELXL-93 (Sheldrick 1993)

Refined parameters 51 51

R, (F,> 20 (F,)) 0.0428 0.0383

R, (all) 0.0455 0.0408

WR, (all) 0.1171 0.1019

S (goodness of fit) 0.984 1.120

Max A/o in the last Ls. cycle 0.000 0.000

Max peak and hole in the final AF map (e//&3)

+1.63 and —6.19

+1.60 and —5.24
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Results and discussion
Microprobe analyses and SEM imaging

Microprobe analyses and SEM imaging were performed
on the powdered and the pelletized samples. The major
phase compositions for the powdered and the pelletized
samples are reported in Table 2. We can remark the pres-
ence of Si and La impurities originating from the Nd,0;
precursor material.

The powdered and pelletized samples are mostly com-
posed of the expected perovskite (CaSnO;:Nd) although
secondary minor phases were observed (see Table 3 for
powdered samples).

Regarding the secondary phases, at low Nd values
(below x=0.19), the formation of a Ca,SnO, phase con-
taining a very low amount of Nd was evidenced in both

powdered (Table 3) and pelletized samples (not shown).
In the samples x5 pel and X8 pel, this phase is present as
automorph lozenge or rectangular grains of several dec-
ades to hundreds of micrometers (Fig. 1), whereas grains
of this phase are smaller and pseudomorphic in X12 pel
and x16 pel. The concentration of this phase is decreasing
with Nd incorporation as evidenced for the pelletized sam-
ples by the electron-backscattered images (Fig. 1). Beyond
x=0.23, this phase is not present.

At higher Nd values, in powdered samples (X37 pow,
x45 pow, xX56 pow), an exsolved phase rich in Nd, and con-
taining Ca and Sn appears (for x56 pow see Table 3). This
phase is chemically heterogeneous and its composition var-
ies within the samples (not shown). This exsolved phase
appears to be visually more significant in X56 pow.

Nevertheless, the major part of Nd is incorporated in
the perovskite structure. According to the low calculated
standard deviations, the perovskite compositions can be

Table 2 Microprobe analysis

. : ; Sample X Si(at %) Ca(at %) Sn (at %) Nd (at %) La (at %)  Ca/Sn

of the samples given in atomic

percentage X4 pow 0.043 (1) 0.12 (5) 18.75 (7) 19.28 (8) 1.72 (5) 0.01 (1) 0.972 (5)
X9 pow 0.091 (4) 0.11 (1) 17.79 (6) 18.31 (11)  3.62(14) 0.04 (1) 0.969 (6)
x12pow  0.123 (4) 0.13(2) 17.18 (10)  17.65(11)  4.88(15) 0.05 (1) 0.970 (5)
x19pow  0.186 (8) 0.20 (3) 1593 (19) 16.28(17)  7.40 (33) 0.09 (1) 0.976 (5)
x23pow  0.233(19) 0.23(2) 15.07 (38)  15.30(40)  9.21 (76) 0.10 (2) 0.983 (6)
x28pow 0279 (14)  0.27 (1) 14.09 (23) 143635 11.04(57) 0.13(2) 0.981 (9)
x33pow  0.327 (6) 0.29 (2) 13.20(14) 13.36(12) 12.89(23) 0.17(1) 0.986 (3)
Xx37pow  0.371 (6) 0.33 (1) 1230 (11) 1248 (15) 1461 (25 0.17(2) 0.983 (10)
x45pow  0.450 (2) 041 (1) 11.06 (22)  10.62 (10)  17.70 (7) 0.20 (2) 1.032 (19)
X56pow  0.451 (9) 0.42 (1) 11.34 (67) 10.37(22) 1776 (29) 0.21(3) 1.093 (87)
X5 pel 0.047 (3) 0.07 (1) 18.74 (12) 19.16(12) 191(11) 0.02 (1) 0.982 (5)
x8pel 0.084 (5) 0.09 (1) 18.07 (13)  18.37(13) 3.35(21) 0.03 (1) 0.984 (7)
x12pel 0.123 (1) 0.11 (1) 17.27 (8) 17.60 (5) 4.88 (3) 0.06 (1) 0.981 (6)
Xx16pel 0.160 (3) 0.15 (1) 16.53 (8) 16.82 (9) 6.35 (12) 0.07 (2) 0.982 (7)
x22pel 0.219 (7) 0.19 (1) 1530 (11)  15.61(18)  8.67 (28) 0.10 (2) 0.979 (7)
%28 pel 0.276 (13)  0.25(5) 1436 (28) 14.30(29) 1091(50) 0.12(2) 1.004 (15)
%29 pel 0.285 (3) 0.24 (1) 14.04 (8) 14.21 (9) 11.28 (12)  0.14 (1) 0.989 (7)
X35 pel 0.349 (2) 0.30 (1) 12.74 (7) 12.90 (8) 13.78 (11)  0.16 (1) 0.988 (7)
Xx44 pel 0.438 (3) 0.38 (1) 1096 (11)  11.11(10)  17.21(11)  0.19(1) 0.986 (16)

Measurements were performed on ten points. Each calculated value is given in the form: mean (standard
deviation). x is the molar concentration of Nd,O5

Table 3 Microprobe analyses of

Sample Si (at %) Ca (at %) Sn (at %) Nd (at%) La (at%) O (at %) Formula

the secondary phases observed

in the powdered samples given x4pow 005 28.06 14.35 0.29 <DL 57.27 Ca,Sn0,:Nd

in atomic percentage of element g\ 4 27.90 14.18 0.63 <DL 57.26 Ca,Sn0,:Nd
x45pow  0.88 433 1.31 33.41 0.38 59.55 Unknown
x56pow  0.87 2.04 1.91 34.56 0.39 59.88 Unknown

Measurements were performed on single points
DL detection limit
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Fig. 1 Backscattered electron images of the pelletized samples. Red arrows are pointing automorphic grains of Ca,SnO,

considered as homogeneous (Table 2). A quasi exponential
increase of the grain size of the perovskite is observed with
addition of Nd until x35 pel (Fig. 2). A high-porosity of the
samples, at low Nd concentration is observed and could be
linked to the use of a hydroxide as precursor. However, a
global decrease in the porosity occurs with increasing Nd
content suggesting that grain growth is the main densifica-
tion process. Grains do not present domain boundaries such
as twins which are frequently observed in stannate perovs-
kite (Vegas et al. 1986). The absence of this kind of defect
could at least partially explain the high-grain growth rate
(Fig. 1).

Besides, Ca/Sn ratios for all samples are given in Table 2.
They are slightly lower than one at low Nd values and
increase from x =0.45 to x=0.56. This increase could be
related to the exsolution phenomenon.

XRD measurements

The XRD patterns of the powdered samples (1 —x)
CaSnO; — xNd,O; are shown in Fig. 3. For the ini-
tial CaSnO; sample, all the peaks were attributed to the
orthorhombic phase CaSnOj;, as confirmed by comparison

80

70

60 L]

50

40 !

30

Mean grain size (um)

20

10

Fig.2 Mean grain size of the pelletized samples (x value taken
from Table 2) the standard deviation values were calculated from
the measurements of the mean grain size on three different optical
images (approximately 200 grains measured per image)
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Fig.3 XRD patterns of the powdered samples

with PDF 31-0312. The refinement of the lattice parameters
are consistent with those reported in the literature a=5.5142
(2), b=5.6634 (2), c=7.8816 (2) (Zhao et al. 2004).

As observed in Fig. 3, the Nd incorporation induces a
shift of the major peaks, corresponding to the perovskite
phase, to lower 20° values. Besides, the secondary phases
observed by EMPA, are detected by XRD when their con-
centration is sufficient. Indeed, Ca,SnO, was observed in
the samples x4 pow, X9 pow and x19 pow. Reflections of the
Ca,SnO, phase are slightly shifted compared to the reference
(PDF 20-0241) in accordance with incorporation of a small
amount of Nd into this phase (Table 3).

The Nd rich exsolved phase was only detected in the sam-
ple x56 pow. Although EMPA showed its presence in the
x45 pow and x37 pow samples, its low amount might have
prevented its detection by conventional powder XRD. The
major reflections superposition of this phase with the per-
ovskite ones makes their distinction challenging and, there-
fore, its lattice parameters could not be refined.

Regarding the perovskite phase, from X28 pow, two new
superlattice reflections are observed at small angles signing
a symmetry change. They were indexed as (011) and (101).
These reflections are due to the loss of the b glide plane
present in the Pbnm symmetry. These new refections can be
indexed as ¥2(111) and ¥2(1-11) in a simplified pseudo cubic
lattice with a~a, \/2, bra, \/2 and c¢~2a,.. They arise
from A or B site cation ordering along k =1/2<111>, i.e.,
1:1 rock salt ordering (Howard et al. 2003; King and Wood-
ward 2010). However, rock salt ordering of the A sublattice
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is very uncommon in perovskites (Knapp and Woodward
2006). Thus competition of two different chemical species
on B site is to consider.

To get more information about symmetry change in our
perovskite system, the classification of perovskite with octa-
hedral tilting given by Glazer (Glazer 1972) and by How-
ard and co-authors (Howard et al. 2003) for ordered double
perovskites can be used. For the Pbnm space group, the tilt
system is denoted as a"a c™.

The space group after symmetry change should respect
the following conditions:

Exhibit an a”a~c? tilt system, as no reflections associ-
ated with octahedral tilting appeared or disappeared;
2. Should necessarily be a subgroup of Pbnm (loss of the
b glide plane);
Should allow ordering along k=1/2<111> .

et

Those conditions are satisfied for the space group P2,/n
(regular setting P2,/.) which is a maximal isomorphic sub-
group of Pbnm and which is frequently adopted by rock salt
ordered A,B'B"O4 double perovskite (Vasala and Karp-
pinen 2015). These conditions are also satisfied by the space
group P2, which only occurs very rarely in doubly ordered
A'A"B'B"Og perovskites (King and Woodward 2010).

Thus, the lattice parameters were refined in the Pbnm and
P2,/n systems before and after the symmetry change, respec-
tively (Table 4). At the transition, the f angle is slightly devi-
ated from 90° and increase with the Nd incorporation. Le
Bail refinements plots for the samples X23 pow and X37 pow
are given in Fig. 4. These refinements (Bragg R Factors: 6.59
and 4.75) suggests that the space groups Pbnm and P2,/n
are the right ones. As can be observed in Fig. 5, the lattice
parameters increase linearly, showing the continuous expan-
sion of the initial unit-cell even after the symmetry change.

In addition, the duplication of the hkl reflections for the
sample X28 pow suggests the coexistence of two structures
(before and after symmetry change) in this sample. Figure 6
shows this duplication for the (112) reflection. Thus, two
phases were considered in the Le Bail refinement for this
sample (see Table 4).

Single-crystal X-ray diffraction

The space group deduced from the systematic absences
observed in samples X35 pel and x44 pel, is P2,/n, which
is in agreement with the discussion on the powdered XRD
results. Thus, the crystal structures of those samples were
refined in the P2,/n space group and further details on inten-
sity data collection and refinement are reported in Table 1.

The refined unit-cell parameters and their standard
deviations are given in Table 1. They fit the linear behav-
ior obtained from powdered XRD. The R, values given in
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Table 4 Lattice parameters

1 1
and unit-cell volume of the Sample “ b ¢ p Volume Space group
powdered samples CaSnO,  551627(5)  5.66148(5)  7.88316(7) 90 246193 (4)  Pbnm
X4 pow 5.53421 (5) 5.68556 (5) 7.91613 (7) 90 249.082 (4)
x9pow  5.55479(8) 571413 (7)  7.95325(11) 90 252.442 (6)
X12 pow 5.56641 (5) 5.73367 (5) 7.97497 (7) 90 254.529 (4)
X19 pow 5.58686 (11) 5.76759 (11) 8.01521 (17) 90 258.272 (9)
x23pow  5.60081 (11) 579321 (11)  8.04471 (16) 90 261.024 (9)
X28 pow 5.61851 (15) 5.81156 (15) 8.06738 (23) 90 263.418 (20)
X28 pow 5.61825 (22) 5.82639 (14) 8.08359 (27) 90.054 (5) 264.609 (38)  P2,/n
x33pow  5.62854 (7) 5.85049 (8) 8.10561 (14) 90.068 (2) 266.916 (7)
x37pow  5.64180 (12) 5.87666 (10) 8.14657 (20)  90.080 (2) 270.099 (10)
x45 pow 5.66030 (8) 5.92389 (7) 8.18665 (9) 90.082 (1) 274.507 (6)
8000 8000
b: d b
xzdpow ¥ oalclladed x37pow } calciatna
y residue Y residue
6000 6000
4000 _. 4000
£} S
s S
z =
£ 2000 2 2000
-~ [}
- \l.L_}u_,l ‘ A \ E \'LJ-JLHML«LJLJ \
. | ) b . N TV PR
i N i n JA heralidl A }
-2000 ' T e 2000 v e
0 20 40 60 80 100 120 0 20 40 60 80 100 120

2 théta (°)

Fig.4 Le Bail refinements of the samples X23 pow and x37 pow

Table 1 are lower than 0.05 demonstrating a good structural
determination for both samples. The high absolute value of
holes in the final electron density map (Table 1) is induced
by the presence of heavy atoms in these structures. In the
P2,/n structure, A site atoms are in the 4e Wyckoff posi-
tions presenting the same multiplicity as the 4c Wyckoff
position in the parent Pbnm structure, whereas B site (4b
Wyckoff positions) of the Pbnm structure are splitted into
2a and 2b Wyckoff positions in the P2,/n structure, leading
to the appearance of two distinctive B sites, denoted as B’
and B”. During the first step of the refinements, structures
were refined with Nd and vacancies in the A site, Sn in the
B’ (2a) site and Sn and vacancies in the B”(2b) site. Oxygens
sites occupancies were fixed. The results of this first step
are presented in the left column of Table 5. The detailed
cationic distributions have been established by taking into
account both the results of the chemical analyses and of the
single-crystal structure refinements (Table 5). The obtained

2 tétha (°)

stoichiometry (EMPA) shows that the presence of vacan-
cies is unexpected in this structure. Considering atomic
numbers and the ionic radii of the principal cations (Nd,
Sn and Ca) in our samples, the presence of Ca in A and B”
sites is mandatory. Indeed, the RSS value obtained for the
B" site implies that this latter is also occupied by an atom
presenting a lower Z value. Moreoverer, the difference of
ionic radii between Ca (100 pm) and Sn (69 pm) in six-
fold coordination state is significant (Shannon and Prewitt
1970) and explains the increase of the lattice volume with
Nd incorporation observed by powdered XRD. Besides, as
low amounts of Si and La are present in our samples, they
have been attributed to B” and A sites respectively according
to their valences and their ionic radii. The cationic distribu-
tion assigned to the A, B’ and B” sites is reported in the
right column of Table 5. These results, are supported by
the good agreement of the refined site populations (RSP),
obtained from the single-crystal structure refinements, with
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Fig.5 Lattice parameters obtained from the powdered samples. x
values are determined from microprobe analysis (Table 2). The y esd
values are within the marks

the assigned site populations (ASP). Moreover, the refined
site-scattering values (RSS) and the mean bond lengths
(MBL), obtained from the structure refinements are very
close to the calculated site-scattering values (CSS) and to
the calculated bond lengths (CBL), respectively (Table 5).
Finally, bond-valence sums (BVS), calculated, according to
the expression s =exp[(R, — R)/0.37], using the R, values of
Brown and Altermatt (1985) and the cation—oxygen bond
lengths (Table 7), are close to the ideal bond-valence sums
(IBVS) calculated from the assigned site population and
cation valences.

To optimize these results, a second step with site occu-
pancy factors refinement of Nd/Ca (A site) and Sn/Ca (B”
site) was performed.

Final atomic positions and nature, Wyckoff positions,
equivalent displacement parameters and site occupancy
factors (SOF) are given in Table 6. These final results are in
very good accordance with the different results obtained in
the first refinement step.
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Fig.6 (112) reflection for the samples %23 pow, X28pow and
%33 pow. The duplication of this reflection for the sample X28 pow
indicates the coexistence of two structures (before and after symme-
try change). (*) Reflection of the phase after the symmetry change

As a consequence of these findings, the following mecha-
nism of substitution in X35 pel and x44 pel samples can be
proposed:

(1 = x)CaSnO; + xNd,0; — (Ca,_,,Nd,)(Sn,_,Ca,)O;

A crystallographic model representing this mechanism is
presented in Fig. 7.

The bond length distortions (BLD) of a polyhedron can
be determined using the following equation (Hatert et al.
2004):

_ 100 o |di—d,
BLD = —= x ,Z‘T

where n is the number of interatomic distances, d; are the
values of interatomic distances and d,, is the mean value of
the interatomic distances. The BLD deduced from the B'-O
lengths (Table 7) are 0.68 and 0.63 for x35 pel and x44 pel
respectively. For B"-O, they are of 0.20 and 0.66 for x35 pel
and x44 pel respectively. These BLD are approximately 20
times superior to the Sn—O BLD of the CaSnO; structure
reported by Zhao and co-authors (Zhao et al. 2004). These
results mean that a distortion of the octahedral sites in addi-
tion with the a~a"c? tilting are necessary to accommodate
the new substituted cations in the structure.
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Table5 Refined site populations (RSP, APFU), refined site-scattering calculated site-scattering values (CSS, EPFU), calculated bond
values (RSS, EPFU), mean bond lengths (MBL, A), bond-valence lengths (CBL, A), and ideal bond-valence sums (IBVS, valence units)
sums (BVS, valence units), assigned site populations (ASP, APFU),

Site RSP RSS MBL? BVS ASP CSS CBL® IBVS
%35 pel

A 0.790 (4) Nd+0.21 474 2.585 2.27 0.301 Ca+0.691 Nd+0.008 La 479 2.533 2.68
B’ 0.500 Sn 50.0 2.072 3.83 0.500 Sn 50.0 2.090 4.00
B” 0.269 (3) Sn+0.231 26.9 2.233 2.71 0.147 Sn+0.338 Ca+0.015 Si 28.6 2.297 2.65
Xx44 pel

A 0.903 (4) Nd+0.097 54.2 2.589 2.58 0.126 Ca+0.864 Nd+0.010 La 54.9 2.531 2.87
B’ 0.500 Sn 50.0 2.069 3.86 0.500 Sn 50.0 2.090 4.00
B” 0.230 (3) Sn+0.270 23.0 2.277 2.46 0.058 Sn+0.424 Ca+0.018 Si 23.3 2.350 2.30

*The MBL have been determined considering eightfold and sixfold coordination state for the A and B site, respectively

®The CBL values have been calculated from the ASP with the effective ionic radii of Shannon and Prewitt (1970) considering eightfold and six-
fold coordination state for the A and B site, respectively

Table 6 Final atomic
coordinates (x, y, z), Wyckoft
positions, equivalent
displacement parameter (U,) x35 pel
and site occupancy factor of the

Site Atoms X y z Wyckoft U, SOF
position

. . A Nd 0.01572 (11) 0.55709 (14) 0.74853 (7) 4e 0.0093 (3) 0.702
different atoms in the sample
%35 pel and x45 pel A Ca 0.01572(11)  0.55709 (14)  0.74853 (7)  4e 0.0093(3)  0.298
B’ Sn 0 1 1 2a 0.0072 (3) 1
B” Ca 0 1 0.5 2b 0.0045 (6) 0.729
B” Sn 0 1 0.5 2b 0.0045 (6) 0.271
o1 (0] 0.2020 (12) 0.3160 (13) 0.5555 (9) 4e 0.0162 (15) 1
02 O —0.1166 (12) 0.9488 (12) 0.7602 (8) 4e 0.0131 (14) 1
03 (0] 0.1807 (12) 0.2938 (13) 0.9342 (9) 4e 0.0170 (15) 1
X44 pel
A Nd 0.01661 (9) 0.55769 (11) 0.74799 (6) 4e 0.0091 (3) 0.864
A Ca 0.01661 (9) 0.55769 (11) 0.74799 (6) 4e 0.0091 (3) 0.136
B’ Sn 0 1 1 2a 0.0059 (3) 1
B” Ca 0 1 0.5 2b 0.0060 (7) 0.85
B” Sn 0 1 0.5 2b 0.0060 (7) 0.15
(0)} (0] 0.2026 (11) 0.3189 (12) 0.5566 (8) 4e 0.0110 (13) 1
02 (0] —0.1229 (12) 0.9433 (10) 0.7645 (8) 4e 0.0138 (13) 1
03 (0] 0.1768 (11) 0.2928 (11) 0.9299 (8) 4e 0.0143 (13) 1
Raman spectroscopy octahedral rotation or tilt modes. The eight other modes are
associated with the calcium cations (Redfern et al. 2011).
The CaSnO; Pbnm unit-cell is composed of 20 atoms giving Raman spectra are reproduced in Fig. 8. For CaSnO;,

54 points vibrational modes. Factor group analysis was done ~ only 12 modes are experimentally observed (Fig. 8) in
using the crystallographic Bilbao server (Aroyo et al. 2006,  agreement with previous studies (McMillan and Ross
2011) and leads to the following modes: 1988; Tarrida et al. 2009; Maul et al. 2015). The incorpo-

[(Pbnm) = 8A, + 10B, + 8B, + 10By, +7A_ + 5B, + 7B, + 5B,

24 are Raman active: 7A,+ 5B, +7B,, 4+ 5B;,. Among  ration of Nd into the structure induces major changes in
these modes there are four antisymmetric and two symmet-  the spectra. As photoluminescence signal is overlapping
ric octahedral stretching modes, four bending modes and six ~ the Raman signal at low frequencies (Orsi Gordo et al.
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Fig.7 Crystallographic representation of the samples X35pel and x44pel along the 3 crystallographic directions. Graphics obtained using

VESTA (Momma and Izummi 2011)

Table 7 Final refined and mean cation—oxygen bond lengths (A)

%35 pel Xx44 pel
A-O1* 2.862 (8) 2.877 (7)
A-O1* 2.720 (8) 2.731 (7)
A-O1* 2.364 (8) 2.360 (7)
A-02° 2.423 (8) 2418 (7)
A-02° 2.343 (7) 2.330 (7)
A-0O3*% 2.946 (8) 2.992 (7)
A-0O3*? 2.664 (8) 2.661 (7)
A-0O3*% 2.355 (8) 2.343 (7)
A-02 3.453 (7) 3.499 (7)
A-O1 3.769 (8) 3.812 (7)
A-02 3.655 (8) 3.723 (6)
A-03 3.791 (8) 3.841 (7)
Mean* 2.585(2) 2.589 (2)
B'-01 (x2) 2.051 (8) 2.049(7)
B'-02 (x2) 2.082 (7) 2.075 (7)
B'-03 (x2) 2.077(8) 2.082 (7)
Mean 2.073 (3) 2.069 (2)
B"-01 (x2) 2.226 (8) 2.255(7)
B"-02 (x2) 2.240 (7) 2.301 (7)
B"-03 (x2) 2.237 (8) 2.274 (7)
Mean 2.234 (3) 2.277 (2)

#Mean bond length of the A site are given for the eight A—O shortest
distances

2015), this Raman study focuses on the high-frequency
modes. As can be observed in Fig. 8, a broad band appears
at approximately 700 cm™! as soon as Nd is incorporated.
This band is frequently reported in complex perovskites,
and is ascribed to an A, octahedral breathing like mode
of the oxygens. According to the literature, this band
appears either when two cations of different size/valence
are competing on the B site (Cairns et al. 2005), or in

@ Springer
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Fig.8 Raman spectra of the powdered samples. (*) indicate new
bands appearing after exsolution

some A site doped perovskites presenting either A site
vacancies (Lowndes et al. 2013), B site vacancies (Moraes
et al. 2011) or oxygen vacancies (Animitsa et al. 2016). In
any of the A site doping cases, the mode arises from local
octahedral distortion and thus disruption of the long range
ordering in the B sublattice.

Since the lattice parameters are following a continuous
linear variation, we suggest that the mechanism proposed
for sample X35 pel and x45 pel is also valid before the sym-
metry change. Therefore, in this study, the most probable
explanation of this mode is the competition of Sn and Ca
in the B site. In fully A(B'B")O; disordered structures, this
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mode corresponds to the vibration of the two different B site
chemical species. Levin et al. (2006) reported this behavior
for the Ca(Zr, _,Ti,)O5 system. Thus, the A, mode in our
system was deconvoluted as a doublet of Gaussian curves
representing the octahedral breathing modes of the [CaOg]
and of their surrounding [SnOg] octahedra. The Gaussian
distribution shape of the peaks can be due to structural/
chemical disorder (e.g., distribution of local environment
for the two types of octahedra). The obtained fits for the
A, band (X18 pow before and X37 pow after symmetry
change) are reported in Fig. 9 and variation of the frequency
of the two modes as a function of Nd content are reported
in Fig. 10. Before the symmetry change, the two frequen-
cies exhibit the same trend, i.e., a parallel decrease with the
Nd incorporation. However, after the symmetry change, the
two frequencies become close. The two modes have almost
the same frequency when the x content reached 0.45 in the
perovskite. For this x value, the ratio Ca/Sn in the B site is
almost 1. The proximity of the two bands might suggest a
coupling of the [CaOg] and the [SnOg¢] octahedral breathing
modes.

The results for the samples X28 pow and X28 pel show
a greater dispersion over the ten measurements leading to
greater error bars. This is due to the simultaneous presence
of both Pbnm and P2,/n structures as shown by X-ray pow-
der diffraction on x28 pow sample.

Too insure that the A, octahedral breathing modes were
entirely due to a chemical effect, the intensity ratio of the
two bands versus the Nd concentration was plotted (Fig. 11).
Before symmetry change, intensity ratio versus X content is
approximately following a linear trend. This is supporting
the two modes behavior (i.e., two phonons modes with the

x18pow

Intensity (a.u.)

600 650 700 750 800
Raman shift (cm™)

Fig.9 A,, modes fits of the samples X18 pow and X37 pow

740

720

700 I

680 L
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660 a *
640 [ ] o '
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Fig. 10 Frequencies of the A;, modes around the [CaOg] octahedra
(squares) and their surrounding [SnOg¢] octahedra (circles). The x
content (Table 2) is given by the EMPA results for the pelletized sam-
ples (white) and for the powdered samples (black). Standard devia-
tions are calculated from ten spectra

same symmetry, but corresponding to two different chemi-
cal species). The increase of the intensity ratio is due to the
increase of Ca content in the B site. Thus the contribution of
the [CaO,] breathing mode increases with Nd incorporation.
At symmetry change, intensity ratio drops abruptly. This can
be attributed to the partial ordering of the B sublattice and
so to the coupling of the two modes. Again, the coexistence

x37pow

— — baseline
--c
-—-c2
——exp

550 600 650 700 750
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Fig. 11 Intensity ratio of the A, modes around the [CaOg4] octahedra
and their surrounding [SnOg] octahedra. The x content (Table 2) is
given by the EMPA results for the pelletized samples (white circles)
and for the powdered samples (black circles). Standard deviations are
calculated from ten spectra

of two different structures in the X28 pel and xX28 pow sam-
ples leads to a wide dispersion of the intensity ratio for this
x value. An increase of the intensity ratio is observed after
the exsolution phenomenon.

Hence, both frequency and intensity evolutions suggest
that the A, mode is entirely linked to the Ca and Sn compe-
tition on the B site. Furthermore, this is consistent with the
substitution mechanism which is not involving vacancies.
Besides, the proximity between the charge and size of Nd
and Ca on the A site would lead to a very weak local distor-
tion of the [SnOg¢] octahedra compared to the one induced
by the replacement of Sn by Ca in the B sublattice. Those
evolutions are also suggesting the absence of clustering in
the B sublattice in the structure before the symmetry change.

Conclusion

This study shows that a large amount of Nd, up to 17%
atomic (Table 2) can be hosted in the calcium stannate per-
ovskite structure. In the frame of our synthesis protocol,
we showed that trivalent Nd can be incorporated inside the
perovskite structure without the need to create vacancies to
counterbalance the excess of charges. The following mecha-
nism of incorporation of Nd in CaSnO; can be proposed:

(1 — x)CaSnO; + xNd,0; — (Ca,_,,Nd,,)(Sn,_,Ca,)O;

@ Springer

It was supported by powder XRD, single-crystal XRD,
EMPA and Raman spectroscopy.

This mechanism reveals an heterovalent coupled substi-
tution of two Nd>* replacing two Ca®" in the A site while
one Ca’" replaces one Sn** in the B site. From x~0.28,
a symmetry change occurs; the structure turns from Pbnm
to P2,/n. After the symmetry change, the migration of Ca
into the B site leads to a splitting of the B site into B’ and
B”, leading to a double perovskite with a P2,/n structure.
Single-crystal XRD supported the proposed mechanism
for x> 0.28, while a continuous linear evolution of the lat-
tice parameters and p-Raman spectroscopy supported it for
x<0.28. Indeed, the high frequency A,, mode was assigned
to the two different chemical types of octahedra. The fre-
quencies and intensities behavior associated with the con-
tinuous linear evolution of the lattice parameters comfort
this substitution mechanism before the symmetry change.
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