Chapter 5

Characterisation of Ba ,LnSn,B'; ,Og.s(LNn = Pr or
Tb and B'= Nb °* or Sb>")

5.1 Introduction

The presence of cations capable of exhibiting iplelt valencies and oxygen
vacancies in perovskites is of significant interéstresearchers because of the
potential for high electronic and ionic conductyvassociated with these respective
feature§8™. As highlighted in Chapter 1 in perovskites withtions capable of
adopting mixed valencies there is competition betwne oxidation of such a cation
to a higher oxidation state and the formation ofgen vacancies in the perovskite
structure. This competition will have a strong effen the ionic conducting properties
of these materials, as those oxides with highegléeof anion vacancies are likely to
have higher proton and oxygen anion conductivity. t®e other hand the electronic
conductivity of such materials is also likely to affected by the precise oxidation
states of the cations present since this will affee occupancies of the valence and
conduction bands in these compounds.

In this chapter the structures of perovskite conmgs belonging to the series
BaLnSnB'1.x0s5 (LN = Pr or Tb and B' = NB or Sb*) are explored with an
emphasis on determining the valencies of the csitiand particularly the lanthanides,
contained therein. This series of compounds wasearhbecause of their similarity to
BaYSn(Q;5, which is known to have good ionic, and particularhroton,
conductivity®. Prand Tb, however, are different t6*¥in that they can adopt either a
trivalent or tetravalent oxidation state. This s the possibility that rather than
having a large number of oxygen vacancies a¥ 8aQ; s does, PY and/or TH* may
be present in the compounds ;BESNQ s and BaTbSnQs. This presents the
potential for an insight into the relative stalyildf oxygen vacancies in the perovskite
structure compared to the oxidation of a catiorabégp of adopting a higher valency.
The doping of the S site with either SB or N&** allows for a fine-tuning of the
valence state of the lanthanide cations and/oatheunt of oxygen vacancies present
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in the structure. Sb and NB* cations were selected because of their similaicion
radius to Sf (cf. 0.60 and 0.64 A for Sband NB* and 0.69 A for SH®) and the
high chemical stability of the BanB'Os (B' = Nb** or SB™) serie&" &,

In Chapter 3 of this thesis the structures of coomals in the series BlanB'Og were
studied thoroughly using synchrotron X-ray and rautdiffraction. BaPrSbQ and
Ba,PrNbQ; were found to adopR3, rhombohedral, ant®/m, monoclinic, structures
while BaTbhSbQ and BaTbNbQ; were established as belonging to tRen3m,
cubic, and4/m, tetragonal, structures respectively. Thereforevals as providing an
excellent opportunity to study the relative stabilof oxygen vacancies in these
structures, the series BaSnB'1 «Os5 also allows the effects of oxygen vacancies
and/or a change in the valence state of the laidbam the subtly different structures
adopted by the BanB'Og family of compounds to be studied. Where oxidatbthe
lanthanide cations occurs cation ordering may ksé doie to the smaller charge and
size difference between the {'rcations and S, Nb°* and SB!,

To explore the structural and chemical featureshef BaLnSnB'1.xOs5 family of
compounds four series have been synthesised; nanBahPrSnSh; xOg.s,
BaThSnSh;«Os.5, BaePrSnNb;.Os.5 and BaTbSnNb;.,Os.5. These series were then
structurally characterised using a combinationyatthrotron X-ray diffraction and, in
selected cases, neutron diffraction both at anderevhappropriate, above room
temperature. Additionally to more clearly elucidéte oxidation states of the cations
present in these compounds they have also beenime@msing X-ray Absorption
Near-Edge Structure (XANES), Ultra-Violet, Visibknd Near-Infrared (UV-Vis-
NIR) spectroscopies and Thermogravimetric Anal¢&(SA).

5.2 Synthesis

5.2.1 Synthesis of Ba ,LhSn,Sb;,0s.5

Samples of B&nSnSh «Oss5 (Ln = Pr or Tb and x = 0, 0.1, 0.2,..., 1) were
prepared from stoichiometric mixtures of Ba§GnQ, SOz and either RO,; or

Th,O;. The samples were finely ground as an acetoneystnd after being allowed
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to dry were heated at 800 °C for 24 hrs. After geieground the samples were
sequentially heated at 1000, 1100, 1150, 1200 800 iC for periods of 24 hrs with
samples being reground between each heating paibdre required samples were
then heated at 1350 °C for 48 hrs, 1400 °C forra4and 1450 °C for 24 hrs.

5.2.2 Synthesis of Ba ,LnSnNb;,O¢5

Samples of B&nSnNb;,Oss (LN = Pr or Tb and x = 0, 0.1, 0.2,..., 1) were
prepared from stoichiometric mixtures of Ba§;SnQ, Nb,Os and either RO;; or
Th4O;. The samples were finely ground as an acetoneyshmd after being allowed
to dry were heated at 1200 °C for 24 hrs. The samplere then heated again at
1300 °C for 24 hrs, reground, pelleted and thendaeat 1350 °C for a total of 48 hrs.
Where necessary the samples were then reheatee)léted form, at 1400 °C and

1450 °C for periods of 24 hrs. Samples were regtdagiween all heating periods.

5.2.3 Synthesis of Oxidation State Standards

Samples of LgbnO; and BaLn@ (Ln = Pr or Tb) were synthesised to use as
oxidation state standards for Pr and Tb in thealemt and tetravalent states
respectively. The synthesis of these four compowmals done by methods found in

the literature as detailed in the following secsion

5.2.3.1 Ln,Sn,04
Approximately 3 g samples of k8,07 (Ln = Pr* or TB*") were synthesised using

ceramic methods according to a modification of leating schedule developed by
Kennedyet al'®. This involved preparing finely ground stoichiometmixtures of
SnG and either RO;; or ThwO; and heating these samples at 1000 °C for 48 hrs
followed by the sample being reground and reheattdd00 °C for 48 hrs.

5.2.3.2 BaLnO3

Samples of BaLn®(Ln = P#* or TH") were synthesised using ceramic methods

according to a modification of the heating schedigeeloped by Yoshimuret al.*!
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and Hinatst¥. This involved heating a finely ground stoichion@tmixture of
BaCGQ; and either R1; or ThyO7 at 1150 °C for two periods of 24 hrs and then at
1300 °C for 24 hrs with the sample being regrouetiveen each heating period. The
samples were then heated at 1000 °C for 48 hrsruiweing oxygen and slowly
cooled to room temperature in order to form compisuthat were stoichiometric with

respect to oxygen content.

5.3 Experimental Method

Synchrotron X-ray diffraction patterns were colégt using the Debye-Scherrer
diffractometer at the ANBF, beamline 20B, at theot®h Factory as described in
Section 2.2.2.1. Diffraction patterns of all sanspheere collected at room temperature
using 0.80088(1), 0.80123(1), 0.80286(1) or 0.826p& X-rays. Following this
diffraction patterns of selected samples B&nQs BaPrSn . ShOss,
BaPrSny sShy 065, BaPrSn Nby¢Os5, BaTbNbO; and BaPr@ were collected
above ambient temperature up to a maximum temperaflB00 °C using the custom
built furnace employing X-rays with a wavelength 0f79823(1), 0.80088(1),
0.80155(1), 0.80286(1) or 0.9999(1) A.

Neutron powder diffraction patterns were collectefdselected samples at room
temperature using either the HRPD, at the HIFARlifgor BT-1 at the NIST Centre
for Neutron Research. The diffraction patterns edFBSnShxOs5 (x = 0, 0.3, 0.4,
0.7, 1.0), BarbSnSh xOs5(x = 0, 0.8 and 1.0) and BEbNbQ; were collected at
HIFAR using a wavelength of either 1.4918(1) or924(1) A as described in Section
2.2.3.1. The diffraction patterns of BaSnNb;Os5 (X = 0, 0.6 and 0.7) and
Ba,TbhSnNb; xOs5 (x = 0.3, 0.6 and 0.7) were collected using BT-1lising a
wavelength of 1.5403(1) A as described in Seci@3.3.

XANES spectra were collected of the L-edge of aasi cations in the four
BaLnSnB'1xOs.5 Series using either beamline 16A1 at the NSRRBeamline 20B

at the ANBF, Photon Factory (see Section 2.4). Be@16A1l was used to collect
spectra of all three L-edges of the Sn and Sb rsiilo selected samples in the series
BaLnSnSh.xOss (Ln = Pr or Th) and the |k and L,-edges of Prcations in
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BaPrSnSh «Os5. Due to the Sn and Sb edges occurring in similargy regions the
L-edges of both these cations were typically cedldan a single scan over the energy
range of 3.779-4.998 keV while the spectra of Brel,- and Ly,-edges were

collected using an energy scan over the regiord56/840 keV.

Beamline 20B was used to collect spectra at jpeetige of Tb cations in the series
Ba,ThSnB'1,Os5(B' = SB* or NB’) and Pr cations in the series,;BeSyNb;Os.s.
Data were collected over the range of 7.295-7.809 &nd 5.745-6.110 keV for the
Tb and Pr ly-edges respectively.

5.4 Results and Discussion

The discussion of the structures and the oxidasiate of the cations in the series
BaLnSnB'1xOs.5 Will be presented in two sections. The first ofsdewill consider
the praseodymium and terbium antimonate compouthnie whe second will examine
the niobate series. Both of these sections willirbegith the discussion of the
structures adopted by these compounds, as detetnbpesynchrotron X-ray and
neutron diffraction, with the examination of theidation states of the various cations

in these compounds, particularly the lanthanides)dosubsequently discussed.

5.4.1 Characterisation of Ba ,L.nSn,Sb;,0¢.5

The discussion of the characterisation of theB&nSh;.xOs.5 Series will consist of
three sections. The first two of these will detag structures adopted by the Pr and
Tb series. The final section will examine the oxiola state of the cations present in
these two series in more depth, using a combinatibrXANES, UV-Vis-NIR
spectroscopies and TGA. These techniques provmtelze of the relative stability of
oxygen vacancies compared to cation oxidation@séthseries. The oxidation states of
Sn and Sb in BAnSnSh.xOs5 are assumed to be tetravalent and pentavalent
respectively in Sections 5.4.1.1 and 5.4.1.2, whghsubsequently confirmed by
XANES spectra in section 5.4.1.4.
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5.4.1.1 Structures of Ba ,PrSnySb;40s¢.5
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Figure5.1: Synchrotron X-ray diffraction pattern of B&aSbQ. The crosses,

upper and lower continuous lines represent therebdeand calculated intensities and
the difference between these respectively. Thacatnnarkers show the positions of
the allowed Bragg reflections. The insert illustsathe low angl&-point super-lattice
reflections for BaPrSnQ.s and BaPrSbQ. The peak at ~ 18° is present in diffraction
patterns of both samples as it is caused by octahélfing and/or cation ordering
while the lowest angle reflection is not presenthe case of B®rSnQ; as it is

caused by cation ordering alone, which is absetitisncompound.

As established in Chapter 3 PaSbQ adopts the rhombohedr&®3 structure (tilt
system aaal™® ) with refinements of synchrotron X-ray diffractiopatterns
indicating that the cations are fully ordered imstbompound (see Figure 5.1). The
sample of BgPrSnQs used throughout this work was also found to benthahedral
(see Figure 5.2). X-ray diffraction patterns ofktlid not, however, exhibit the lowest
angle R-point (100) and (111) Bragg reflections indicatiok cation ordering that
were observed at ~ 9.5°§2ngle) in X-ray diffraction patterns of the BaSbQ
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sample (see Figure 5.1). This reveals that thenBrSat* cations in B&#rSnQ.s do

not order and that it adopts tfR8c (@aa’) space group.
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Figure5.2: Selected portions of synchrotron X-ray diffractiopatterns of
compounds in the series BaSRSh «Os5 indicating the different structures adopted.
The black crosses and the red line are the obseamddcalculated intensities. The
patterns have been rescaled to better illustragecttanges, with the parent (444)
reflection near @ = 38.0° being ~ 1/5 as intense as the cubic (400) reflection near
20 = 21.6°.

The unit cell of BaPrSnQ is considerably smaller than that of ,BeSbQ (cf. a
unit cell volume of 153.68(6) to 157.06(1)% Aor BaPrSnQ@s and BaPrSbhQ
respectively)This is an interesting observation as"Smas a larger ionic radius than
Sb** (cf. 0.69 and 0.60 A for Shand SB* respectivel{!) and therefore, assuming all
other cations remain the same size in both stresiuihe unit cell of B#rSnQ;
would be expected to be larger than that offB&8bQ. One possible reason for the
contraction in unit cell size is that some, or aflthe Pr cations in BRrSnQ_s may

be tetravalent. The difference between the ionitusaof Pf* and Pt* is larger than
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that of SA" and SB" (the ionic radius of Bf and Pf" are 0.85 and 0.99 A
respectivel{)) and consequently the formation of Pin BaPrSn@s would explain
the smaller unit cell size. The loss of cation ordgis consistent with this hypothesis
as the smaller size (cf. a size difference of @d®.39 A for the P{/Sr"* and
PPY/SE* pairing®®) and charge difference betweeriPand SA* would reduce the
tendency of the B-site cations to order. The plantaupancy of the oxygen anion site
in BaPrSnQ; refines as being 99.6(6) % occupied indicating tih@re is not a
significant quantity of oxygen vacancies in ;BESnQs. This indicates that
essentially all (95(8) %) of the Pr in BaSnQ; is tetravalent. Similarly refinement
of a suitable model against a neutron diffractiatgrn of BaPrSbQ@ yields an
oxygen site occupancy of 101.5(6) % indicating ,thassuming all Shn this

compound is pentavalent, the Pr in this antimorsaséd! trivalent.

Refinements yield a Pr-O bond length of 2.130(2JoA BaPrSnQs compared to
2.312(2) A in BaPrSbQ, a difference of approximately 0.18 A (see Tablds dnd
5.2 for crystallographic details, and selected bdislances, respectively). This is
comparable to the 0.14 A difference between thieicadius of P and Pt (cf. an
ionic radius of 0.99 A for Bfto 0.85 A for P¥!®) and is consistent with a valency
change from Pf to Pf* when Sf" is substituted for SB. As noted in Chapter 3 for
all BaLnB'Os compounds (Ln = lanthanide andB= Nb°*, T&* or SB*) the Pr-O
bond lengths are shorter in both these structinas would be expected from the sum
of their ionic radii (which is 2.39 and 2.25 A fer’**-O and P}-O respectivel§).
This leads to Pr having a bond valency of 3.72 @08 (based on the bond valence
parameter for Bf-O) for the SB" and SA* compounds respectively. This is unusually
high, especially for B#rSnQ., which adopts the B-cation disorderB8c structure.

In contrast the S cations in BgPrSnQs, which share the same site as the Pr
cations, are significantly underbonded with a boakknce sum of 3.27. The apparent
overbonding of the Pf cation and the underbonding of the*Seation is, at least in
part, a result of their sharing the same crystadiphic site and may suggest that the
local environment around these cations is distoftecth the average environment
determined from the refinement. This is a remintthet local distortions can occur

that can not be readily revealed by Rietveld refiaat and these may be particularly
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important when two cations with significantly diféat size or charge occupy the

same crystallographic site.

Tableb5.1: Crystallographic details for members of the seBesPrSnShxOs5
determined using neutron diffraction. The phaseBaPrSn ,Shy¢0s5 have larger
errors due to the refinement requiring more paramsdiecause of the presence of two
phases. In thE2/m structure of BgPrSny sShy 6055 the partial occupancy of the 2ite

is fixed as 0.82 as determined using synchrotraayXdiffraction with the remainder
consisting of, in the appropriate stoichiometriicaSr'* and SB*. The B' site is

occupied in the opposite manner to maintain nonst@thiometry.

Compound | BgPrShQ BaPrSn 4Shy 6065 BaPrsSnQ;
Space Group R3 [2/m R3c R3c
a(A) 6.0529(1) 6.0557(8) 6.0158 (22) 6.0099(3
b (A) =a 6.0393(6) a =a
c(R) =a 8.5393(11) 2 =a
a(°) 60.147(2) 90 60.506(45) 60.056(4)
£(°) =q 89.991(18) —q =a
y(°) =a 90 =qa =q
Ba X (X,X,X) 4i (x,0,2) A (YaYaVa) | 2a (Ya,Ya,Ya)
X 0.2505(4) 0.5016(22) Yy Yy
z =X 0.2492(32) Yy Yy
B (A? 0.66(3) 0.63(5) 2.76(56) 0.91(3)
Pr 1a (0,0,0) 2(0,0,0) D (0,0,0) D (0,0,0)
B (A? 0.66(7) 0.38(10) 0.68(42) 0.47(3)
B' 1b (%,%,%)|  2d(0,0,%) 2b (0,0,0) D (0,0,0)
B (A% 0.12(5) 0.17(9) = PB = PrB
o1 & (x,y,2) 4i (x,0,2) 6e (X,%2-X,%) | 6e (X,%2-X,%4)
X 0.7309(4) -0.0350(20) 0.7839(26 0.7270(2
y 0.2390(3) 0 0.7161(26) 0.7730(2)
z 0.2988(2) 0.2591(20) Yy Yy
B (A% 1.15(2) 0.57(12) 2.28(28) 1.60(2)
02 g (x,y,z)
X 0.2770(15)
y 0.2521(20)
z 0.0110(15)
B (A% 1.83(11)
R, % 6.2 4.4 6.7
Rup % 7.3 5.2 8.1
NG 1.5 1.6 1.8
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Tableb.2:

Bond distances and bond valence sums (BVS) foctsglenembers of

the series B#rSpSh,.,Oss as determined by neutron diffraction. Thé* R bond

valence parameter was used for the calculatiohefRr-O BVS as the appropriate

value for P is not known. In the mixed $hand SB" samples the BVS of $his
listed above that of Sh

X Space Ba-O Pr-O B'-O
Group Bond Length (A) BVS Bond Length (A)| BVS | Bond Length (A)| BVS
— X X
0| R3 % X2?;§052695(g) 33>< eﬁff:o((?) 1.69| 6x2312(2) | 3.72 6 x 1.989(2) 5.28
1 x 2.808(12)
o/ | 2% 2.882(10) g ' 2'23288 L73| 2%222207) | , o, | 2x206817) | 4.23
2x3.008(12) 3 . 3500015 4x2268(13) | * 4 x 2.018(20) | 4.68
0.4 2 x 3.0272(9) '
i 3 x 2.825(1) 313
R3c 6 x 3.015(15) 1.78| 6x2.145(22)| 5.84 =PrO | 373
3 x 3.237(1) :
3 x 2.8691(1)
R3c 6 x 3.008(1) 1.79| 6x2.130(2) | 6.08 = Pr-O 3.1
3 x 3.1459(1)

It is worth mentioning at this point that a symainon X-ray diffraction pattern of a
second sample of BRrSnQ; (~ 2 g in size cf. to the ~ 15 g sample used llasther
analysis) showed that this sample was metricallgiccuSimilarly to the case of
BalLaTaQ; (see Chapter 3) this suggests that the thermabririof samples is
important in determining the precise nature of shreicture adopted. In the case of
BaPrSnQ the larger size of the sample used throughoutwioik may have either
slightly restricted the oxidation of Brto Pf* during the reaction by limiting the air
flow through the sample or, alternatively, redutled surface area of the sample in
contact with the crucible and thereby decreasedrehetion of Pr with the vessel
resulting in the larger sample having a higher Bntent. The full oxygen
stoichiometry determined from the refinement of nleatron diffraction pattern would
appear to suggest that the latter of these is mialy. Either of these effects would,
however, increase the average B-site cation radmusthe larger sample of
BaPrSnQ, thereby resulting in the adoption of the lowemsyetry rhombohedral
structure at room temperature while the smallerpdans cubic. A diffraction pattern
of the rhombohedral sample of BaSnQs obtained at 100 °C reveals that this

sample adoptsPm3m cubic symmetry and that, particularly given thema#
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rhombohedral distortion of this sample at ambiemigeratured = 60.0551(9)°), the

difference between the two samples is most likely\small.

Having established that the two end-member oxaldbe series B#rSnSh O,
Ba,PrSbQ and BaPrSnQ.s, adoptR3 and R3c symmetry and most likely contain

Pr in the trivalent and tetravalent state respettjvthe structure of the intermediate
compounds was then investigated. The x = 0.1 aBds@mples had splitting and
super-lattice reflections consistent wit8 symmetry and were well fitted by models
in this space group. The splitting of the x = 0.9-Gamples were, however,
significantly different from that of B®rSbQ (see Figure 5.2). The diffraction pattern
of the x = 0.3 sample was, initially, successfditied using a model consisting of a
single phasel2/m (aac®) structure. Variable temperature diffraction patse
however, appeared to indicate that this structues w&dopted up to 760 °C, the
maximum temperature investigated. This was unerpecind led to careful
re-examination of the variable temperature difii@cipatterns. This revealed that the
data were slightly better fitted by models conag®f two cubic phases (cf. ap &1d
Rwp Of 3.7 and 5.1 % for the two phase cubic modelganad to 4.7 and 6.5 % for the
monoclinic model fitted to the 760 °C diffractiomtpern). That Ba&PrSny sShy /065
consists of two phases over the range of 100 to “TG®uggests that the sample
features some sort of cation segregation, similahat found in the B&nNb; ,SbOs
series in Chapter 4. Therefore the room tempergbatéern should also be two
phases. The fit of the two phase model to theatiffon pattern collected at 760 °C
suggests that the major phase makes up approxintiéf of the sample (see Figure
5.3) explaining why the initial investigation ofettsample at ambient temperature
failed to detect the second minor phase. Subsedittng of the room temperature
diffraction pattern with a two phase mixture 2/m monoclinic and R3c
rhombohedral structures, the later selected becdusethe symmetry adopted by
Ba,PrSnQ., provided a better fit than tH&/m monoclinic structure alone (cf. an, R
and Ry, of 3.2 and 4.5 % for the two phase model to 4.6 @&® % for the single

phase monoclinic model).

Similar two phase models consisting I&fm monoclinic andR3c rhombohedral

structures provided the best fit to diffractiontpats of samples with x = 0.4-0.9. It
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should be noted that attempts to fit the pattefns ® 0.3-0.9 compounds with two
cubic phases, as was suitable for fitting pattefrBa,PrSn ;Shy 7055 Obtained above
ambient temperature, were unsuccessful. Such ifitsat model sufficient intensity
in the R-point super-lattice reflections of neutron diffiaa patterns obtained of
selected two phase samples (x = 0.3, 0.4 and @d’jaaled to account for significant
peak broadening that was consistent with the sgitbf the monoclinic phase (see
Figure 5.2). Attempts to fit the two phase regioithviwo rhombohedral phases, as
would be the case if these two phase samples teds$ the structures belonging to
the x = 0 and 1.0 end-members, were also unsucte¥siriable temperature X-ray
diffraction patterns of B#rSn sShy ¢Os-5 indicate that similar to B&rSny sShy 7065

it consists of two phases up to the maximum tentperaexamined, in this case

800 °C, where it is well fitted by two cubic phases

Intensity

20 (9
Figure5.3:  Synchrotron X-ray diffraction pattern of B&rSny sShy /065 at 760 °C.

The format is the same as for Figure 5.1. The trdepicts the calculated intensities

of the two cubic phases in the sample and the teaaulated intensity.
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The large two phase region in this series ang@atsistence to high temperature, as
seen in BgPrSn sShy 7065 and BaPrSny sShy 6065, suggests that these two structures
form as a result of phase segregation into phagastvfferent chemical composition.
A combination of Energy Dispersive X-ray (EDX) aysb and backscattered electron
images collected using Scanning Electron Microsd&iM) was, therefore, used to
investigate if any cation segregation was presdiiere were no significantly
contrasting regions in the backscattered images Fsgure 5.4) indicating that the
samples are reasonably homogenous and the EDX saafyd not find any
significant variation in the cation concentrationsthe regions studied across the
sample. It should, however, be noted that becan$ea®d SB" have similar atomic
numbers (50 and 51 respectively) and have X-rays&ion spectra that overlap to a
significant extent, there is some correlation betwéhe amount of Shand SB*
estimated by EDX analysis. The variation of"'Sand SB* concentrations between
regions, while larger than that found for’Band Pr, is much smaller than that found
in the BaLnNbsSh,.xOs series. This suggests that while there may be smedl
amount of Sf" and SB* segregation between the two phases this is nge kanough

to be detectable due to the overlap of th& &ind SB* X-ray emission spectra.
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Figure5.4: Secondary (left) and backscattered (rlght) electriomages of

BaPrSn sShy0s5.  The lack of contrast in the backscattered imagggests the

sample is relatively homogeneous.

An explanation of why EDX analysis and SEM did fiad any significant cation

segregation in the two phase ;B&SnSh «Os.5 samples is required to explain the
phase segregation in these. It is possible thatdihgre to detect significant cation
segregation is a result of either a small amountiwtg or it happening on a length
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scale smaller than can be resolved by these taabsid he structural parameters for
these compounds may, however, suggest at alteemptanation. Examination of the
lattice parameters of the monoclinic and rhombaohlgplnases shows that the unit cell
of the monoclinic phase is significantly largerritthat of the rhombohedral phase in
each sample (see Table 5.3 and Figure 5.5). Preifigreoncentration of the Brand
P into the monoclinic and rhombohedral phases rés@ég, would seem to be a
likely cause of the different unit cell sizes okttwo structures given the significant
size difference between ¥rand Pt". Segregation of different oxidation states of the
same element would not be detectable by EDX arsalgsibackscattered electron
images explaining why these techniques suggeststmples to be chemically
homogeneous. Refinement of a neutron diffractiottepa of BaPrSmn 4Shy ¢0s.5
reveals that the bond length of the Pr site inmle@oclinic phase is much longer than
the mixed Pr/Sn/Sb site in the rhombohedral phese Table 5.2). This is consistent
with the above hypothesis, which is also suppobgdhe increase in mol % of the

rhombohedral phase present in samples with ingrgasi Similarly to BaPrSnQ s

the lack of B-site cation order in tHR3c phase of B#rSn sShy ¢Os.s leads to the Pr
occupying a site where it is apparently very ovedes while the St and SB*
cations are very underbonded suggesting that tta tyder environment around each
of these cations may be different from the avestgecture.

Refinements using the synchrotron X-ray diffractjmatterns reveal that the double

perovskite phasesR3 for x = 0-0.2 and2/m monoclinic for x = 0.3-0.6, generally
feature increasing B-site cation disorder with @&sing x. There is, however, a
significant increase in the amount of ordering prédbetween the single phase x =
0.2 sample and the monoclinic phase of the x =s@rple (cf. 77(3) % of Pr on the
lasite in x = 0.2 to 92(2) % on tha& 8ite in the x = 0.3 sample). This may reflect the

partial segregation of the Prcations into the disordere®3c phase in the x = 0.3

sample. This would leave a smaller amount &f Rr the monoclinic phase thereby
leading to increased ordering compared to the x2=s@mple. The degree of B-site
cation ordering appears to increase again betweenx £ 0.6 and 0.7 samples. That
the monoclinic phase makes up less than 15 mol #heofwo phase mixture in the x

= 0.7-0.9 samples, however, suggests that thisredtsen regarding B-site ordering

must be treated with caution.
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Table5.3: Phase composition and unit cell parameters foB&®€rSRSh.xOs5 Series of compounds determined using synchrotraayX
diffraction. In the case of th&/m phases in the x = 0.7-0.9 samples the monoclimigeawas very close to 90° and unstable in theeefient

and was therefore set to 90°.

gfj‘lj’s a(A) b (A) ¢ (A) a (°) B()  Volume (&) Phas(emco‘l’%’os'“o k

0 R3  6.04912(1) = a2 601522(2)  =a 157.056(13) 100
01 R3  6.04792(2) = —a  601277(4)  =a 156.878(30) 100
02 R3  6.04328(6) = —a  60.1081(10) =a 156.414(70) 100
o5 12/m  6.04268(11) 6.06053(12) 8.54974(1%) 90 90.0779(24)  313.105(11) 81.9(2)
S R3c 6.02493(25) =a —a  601319(51) =aq 155.105(344) 18.1(4)
o4 |2/ 6.04149(14) 6.05938(15) 8.54950(29) 90 90.0681(43) 312.980(15) 51.0(2)
4 R3c 6.02040(14) =a —a  60.1039(26) =aq 154.601(144) 49.0(3)
o5 |2/m 6.04013(11) 6.06012(10) 8.54356(22) 90 90.0571(45) 312.728(11) 34.5(1)
©  R3c 6.02021(12) =a —a  60.052322) =a 154.464(143) 65.5(3)
o |2/m 6.03978(18) 6.06065(14) 8.54245(36) 90 90.0198(244) 312.696(18) 17.3(1)

©  R3c 6.02324(13) =a —a  60.0423(22) =aq 154.661(144) 82.7(4)
o |2/ 6.03760(17) 6.05958(13) 8.53771(29) 90 90 312.355(15) 14.5(1)
T R3c  6.01974(7) = —a  60.0057(20) =aq 154.282(130) 85.5(3)
o |2/ 603547(21) 6.06002(13) 8.53504(30) 90 90 312.202(17) 7.5(1)

©  Rac  6.01657(7) 2 -—a  60.0088(19) =aq 154.029(128) 92.5(3)
0o |2/m  6.03066(40) 6.05252(26) 8.52788(63) 90 90 311.273(34) 2.8(1)

Y R3c  6.01320(6) = —a  60.0104(17) =a 153.848(110) 97.2(3)
10 R3c  6.00990(6) = —a  600551(9)  =a 153.683(58) 100
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Figureb5.5: Lattice parameters for compounds in the serie®EnSh; Os5 “a
oxidised” corresponds to the rhombohedral phaseothgsised to contain
predominately Pf. Unit cell lengths have been reduced to the sfzéne primitive

cubic perovskite for ease of comparison.

5.4.1.2 Structures of Ba ,TbSn4Sb;40s.5

As observed in Chapter 3 synchrotron X-ray diftiat patterns of BabSbQ reveal
that it adopts a fully B-site cation ordered stanetbelonging to the untilte&fm3m
space group. B&bSnQ ;5 is also found to be metrically cubic but lacks Bpoint
super-lattice reflections that, in the untilted icubtructure, indicate the presence of
B-site cation ordering (see Figure 5.6 and 5.7er&fore, similarly to B&#rSnQ s,
the Tb and SH cations in BaTbSnQs share the same site in Bm3m cubic

perovskite structure.

The peaks in both the synchrotron X-ray and meutdiffraction patterns of
BaTbSnQs are notably asymmetric, especially in the highesofution X-ray
diffraction data, with this asymmetry increasindnaher angles (see Figure 5.7). This
asymmetry is not consistent with subtle unresolsptitting of a lower symmetry
structure. Rather it is similar to the asymmetriedan the peak shapes of the related
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compound BgnNbOs by Tinget al.!**, which adopts thém3m cubic structure with
a high degree of B-site cation disorder. These astlconcluded that this unusual
peak shape was caused by strain induced by twiramdgstacking faults arising from
the disorder of the B-site cations. Since the B-siaitions in BaAbSnQ;s are
completely disordered it is likely that the pealagh observed in this compound is

caused by a similar effect.
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Figure5.6:  Synchrotron X-ray diffraction pattern of BebSnQs The format is
the same as for Figure 5.1. The insert displays tthe@ lowest angleR-point
super-lattice reflections of BBbSbQ and the same region of the diffraction pattern
of BaThSnQ 5 indicating that the former features B-site catmudering while the

B-site cations in the later are completely disoeder

Ting et al."*! utilised a second “phasé4/mmm model to account for the observed
peak asymmetry and application of a similar moadethe synchrotron X-ray and
neutron diffraction patterns of BEbSnQ s results in a significant improvement in the

quality of the fits. This can be clearly seen bg tfast improvement of fand Ry,
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factors from 9.3 and 13.4 % to 4.9 and 6.2 % fdit 4o the synchrotron X-ray
diffraction data upon application of the secdfmmm “phase” while a significant
improvement in the quality of the fit to the neutrdiffraction pattern is also obtained
(Rp and Ry, of 6.2 and 7.7 % cf. to 5.6 and 6.8 % upon thdiegion of the second
“phase”). It is possible that the asymmetric pebfipe of the diffraction pattern of
BaTbSnQs may be caused by the sample containing a smaluamaf another
perovskite impurity. This seems unlikely since #symmetry does not resolve into
split peaks even at high angles in the synchrotferay diffraction pattern.
Additionally refinement of the peak shape paransetérithe second phase against the
synchrotron X-ray diffraction pattern yields a vdmpad peak shape rather than the
sharp features that would be expected for a genperevskite impurity “phase”

indicating it is more likely that this peak asymnyas a result of strain in the sample.
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Figure5.7: Selected regions of diffraction patterns of membersthe series
BaTbSnSh.xOs5 indicating the lack of peak splitting revealingaththese

compounds are all cubic. The format is the sanfé@sge 5.2.
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The smaller unit cell volume of BEbSNnQjs compared to BAbSbQG (cf.
73.8778(7) to 75.3947(8)%*4or BaThSnQs and BaTbSbQ respectively) and the
lack of cation order in BAbSnQ s suggest that, similarly to BArSnQ., while Tb**

is present in BAbSbQ the Thb in BaTbSnQ; is tetravalent. The change in bond
lengths between B&bSbQ and BaTbSnQ is also consistent with an oxidation
state change from Tbto Th"™. Refinement of models against neutron diffraction
patterns show that the Tb-O bond length shortesrs 2.2449(8) A in BaIbSbQ to
2.09963(4) A in BaTbSnQ.5, which is a change of approximately 0.15 A (sekl@s
5.4 and 5.5 for crystallographic information anchtddengths respectively). This is
very close to the 0.16 A difference between thécioadii of T and TH*, 0.92 and
0.76 A respectivel§). Similarly to the analogous Pr compounds Tb isroerded in
both structures with a bond valence sum of 3.53 &8 for BaTbSbQ and
BaTbSnQs The bond valence sums were determined using dnanmeter for a
Tb**-O bond since the appropriate parameter fdf ‘unknown.

Table5.4: Lattice parameters, atomic positions and displacemarameters for
compounds in the series B&dSnSh.xOs5 as determined using neutron diffraction.
In the case of the partially disordered, BaSny sShy 205 Structure the d site refines

as containing 56(4) % Tb cations.

Compound, BaThSbQ | Ba,ThSn Sk 0Oss | B&TbSNQ s
gfgf IC? Fm3m Fm3m Pm3m
a(A) 8.4494(2) 8.4097(2) 4.19925(7

Ba & (Va,Ya,Ya) 8¢ (Ya,Ya,Y4) 1b (Y2,%,Y%)
B (A% 0.49(2) 0.64(3) 0.57(2)
Tb 4a (0,0,0) 4(0,0,0) 1 (0,0,0)
B (A% 0.32(4) 0.40(3) 0.32(1)
B' 4 (Y2,Y%,%5) 4b (Ys,%2,%) £(0,0,0)
B (A% 0.20(4) 0.40(3) =TiB
o} 24 (x,0,0) 24e (x,0,0) 3d (+2,0,0)
X 0.2657(1) 0.2534(5) Y
B (A% 0.82(2) 1.00(2) 0.83(2)

Occupancy 0.995(5) 0.976(6) 0.986(7)
R, % 5.9 6.1 5.6
Rup % 7.1 7.3 6.8

NG 1.8 1.4 1.6
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Refinements from neutron diffraction patterns ef BoSbQ and BaTbSnQ s have
oxygen anion sites that are 99.5(5) and 98.6(7)f%ulb occupancy. While this is
consistent with all Tb in BEAbSbQ being trivalent it equates to a stoichiometry of
Ba,ThSnQ 924 for BaaTbSNQs. This is equivalent to 83(8) % of the Tb in this
compound being tetravalent with the remainder béivglent. This is slightly lower
than the average valency of Pr in,BESnQ ., which neutron diffraction suggests is
effectively all (95(8) %) tetravalent. Determinatiof oxygen occupancy by Rietveld
refinement against neutron diffraction patternswéner, suffers from the strong
cross-correlation between the occupancy and dispiant parameters of a site
particularly in data that do not cover an extensiaege ofd-spacing. An oxygen
occupancy that is lower than the true value candmepensated for in the refinement
by a smaller atomic displacement parameter. Torghéte a more accurate estimate
of the oxidation state of cations, and thereby el of oxygen vacancies, in
compounds in the series BaSnSh.xOs5 (LN = Pr or Tb), samples were probed by

other techniques as discussed in Section 5.4.1.4.

Table5.5: Bond lengths and bond valence sums (BVS) for sedecompounds in
the BaTbSnSh xOs5 series determined from refinements using neutiéfradtion
patterns. The BVS for Tb is based on the’'T® parameter since the appropriate
value for TH* is not known. In the case of the mixed"Sand SB' structure the BVS

for S is listed above Sb.

Ba-O Th-O B'-O

* | 'Bond Length (A) BVS | Bond Length (A)| BVS Bond Length (A)] BVS

0 | 12x29903(1)| 1.81 6x22449(8) 353 6x1.98p8| 5.42

0.8 | 12x29734(1)| 1.89 6 x 2.131(4) 4.80 6 x 2.073(4)2.31
1.0 12 x2.9693(1) | 1.91 6 x 2.0996(1) 503 — Tb-O 355

It has been determined that bothBaSbQ and BaTbSnQ s are cubic and that the
Tb exists primarily as TH in the former and TH in the latter, causing the loss of
B-site cation ordering and a change of symmetrynfm3m to Pm3m. Having
established this, the series BaSnSh .xOss Was investigated using synchrotron
X-ray and neutron diffraction to determine the pan which the transition occurs.
Refinements reveal a gradual increase in B-siterdés with increased $Shdoping

and that the transition occurs between x = 0.8 @®d This is accompanied by a
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gradual shortening of the Th-O bond lengths anehgthening of the Sn/Sb-O bonds
such that the Tb-O and Sn/Sb-O bond lengths yTIBam sShy 2065, the last ordered
structure before the symmetry changes, are veriasifsee Table 5.5). It should be
mentioned that these refinements are carried odh whe constraint that any
disordering of the B-site cations involves botH*Sand SB* replacing Tb in a ratio
consistent with the composition of the compoune. @ partial occupancy of 0.2 of
the Si* and SB" cation on the Tb sittn BaThSn Sh.4Oss denotes a partial
occupancy of 0.12 and 0.08 for“Srmnd SB"). This constraint is necessary because
Sri** and SB' have similar neutron scattering lengths (cf. aeceht neutron
scattering length of 6.225(2) fm for Bnto 5.57(3) fm for SH™®) and the same
number of electrons, leading to very weak or notremh in neutron and X-ray

diffraction.
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Figure5.8: Reduced unit cell length and volume of members he teries
Ba,ThSnSh; «Oe-5.

The gradual change in B-site bond distances witlieasing x suggests that the
oxidation state change from ¥tto TH" occurs gradually across the series rather than
suddenly at a specific composition. This is comsistvith the gradual decrease in unit
cell length and volume observed with increasingee(Figure 5.8 and Table 5.6). The

peak asymmetry observed in BaSnQ is also noticeable in a number of other
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compounds in this series. In compositions where@x2=to 0.4 the longer sloping tail
of the asymmetric peaks, is on the higher angledtal-spacing) side of the peak,
while in x = 0.8-1.0 the longer tail is on the lavangle (highed-spacing) side of the
peak (see Figure 5.7). Consequently in the x =t®.@.4 range of compositions the
lattice parameters of the secondary “phase” ardlantaan that of the main phase
while in the 0.8-1.0 range they are larger. Inxthe 0.5 to 0.7 range the peaks do not
have a significantly asymmetric shape. The asymmegak shape found in these
samples may provide an insight into the stressesept in these materials. The
observation that the lattice parameters of the reay “phase” are smaller than that
of the main phase for the x = 0.2 to 0.4 samplggests that the stress is most likely
compressive. On the other hand the nature of tgewragtry in the x = 0.8-1.0
compounds suggests that tensile stress is domimdnke in the x = 0.5 to 0.7
samples, where there is no obvious peak asymma&togmparable mix of the two
appears to be present. Why this should be theisas® obvious, although it may be
related to the changing quantities of the fouredi#ht sized B-site cations, ¥bTb*,
S and SB', throughout the series. The existence of stresisese complex oxides

is not surprising either for the same reason.

Tableb.6:

determined using synchrotron X-ray diffraction.

Unit cell parameters of compounds in the seriesTB&NSh.xOs.5

X 2?:5; a (A) Volume (A%
0 Fm3m 8.44909(5) 603.157(7)
0.1 Fm3m 8.44361(6) 601.983(7)
0.2 Fm3m 8.44181(3) 601.599(4)
0.3 Fm3m 8.43707(4) 600.586(4)
0.4 Fm3m 8.43112(4) 599.316(6)
0.5 Fm3m 8.42509(5) 598.031(7)
0.6 Fm3m 8.41840(8) 596.608(10)
0.7 Fm3m 8.41375(6) 595.620(7)
0.8 Fm3m 8.40886(5) 594.582(6)
0.9 Pm3m 4.20034(7) 74.106(2)
1.0 Pm3m 4.19602(2) 73.878(1)
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5.4.1.3 Structural Analysis of XANES Standards
X-ray Absorption Near-Edge Structure (XANES) spestopy is an excellent probe

for examining the oxidation state of ions in a cannpd independently of each other.
This is done by determining the precise energyefabsorption edge of an element in
a compound and then comparing this energy with dhan appropriate oxidation
state standard, which ideally should have a sinaitaordination environment. In this
work the L-edges of Pr, Tb, Sn and Sb are probedhasprincipal method for
determining the oxidation states of these catiés.Sn SnO and Sn@ere used as
standards for S and SA" and similarly SBO; and SbOs were employed as
standards for S and SB". These compounds are all commercially availablé an

were bought from Sigma Aldrich.

For Pr and Tb, however, there were no suitablenceruially available standards for
the trivalent and tetravalent oxidation states sdable compounds had to be
synthesised. In the case of the trivalent oxidasiates PSn0O; and ThSnO; were

selected. These compounds have the cubic pyrocétiareture in space groupd3m
where the Pf and TB* cations occupy an eight-fold co-ordination site the
channels between the Sp®©ctahedral framewolR. While the eight-fold site is
different from the octahedral co-ordination envirent the B-site cations occupy in
the perovskite structure it was the closest enwremt for a trivalent lanthanide that
could be readily synthesised, which was suitable Use as an oxidation state
standard. Refinements using synchrotron X-ray afion patterns confirm that
Pr,SnO; and ThSnO; were obtained in pure form and have a unit celftlerof
10.6072(10) and 10.42684(3) A respectively. InSRO; Pr* is bonded to six
oxygen anions with a bond length of 2.618(4) A aw with a bond length of
2.29652(2) A while in TESnO; there are six Th-O bonds with a length of 2.52%(3)
and two that are 2.25748(1) A in length. The boakkrce sums are 2.92 and 2.81 for

Pr* and TB*, respectively, in good agreement with the expeotédation state.
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Tableb.7:

BaTbQ; at ambient temperature. The larger standard demgtin the I4/mcm

Lattice parameters, atomic positions and displacemarameters for

tetragonal part of the two phase mixture are altre$it being the minor component.

Compound BaTbG
Space [bmm [4/mcm
Group
a(A) 6.07212(4)| 6.04512(5)
b (A) 6.05410(4) a
c(A) 8.54580(5)| 8.59824(9)
Ba Ze (x,0,%) | 4 (¥2,0,%)
X 0.5002(7) Y
B (A% 0.64(2) 0.73(4)
Tb 4a (0,0,0) £ (0,0,0)
B (A% 0.29(1) 0.39(3)
o1 Ze(x,0,%) | 4a(0,0,%)
X 0.0550(21) 0
B (A% 0.72(18) 0.21(20)
02 & (V4,Y4,2) | 8h (X,x+%2,0)
X Yy 0.2654(60)
y Yy 0.7654(60)
z 0.9736(14) 0
B (A% 0.85(13) 1.99(40)
R, % 3.9
Rup % 5.2
NG 355

The perovskites BaPgGind BaTb@ were selected for use as standards fof &md
Tb** respectively. They were the ideal standards folNES since the tetravalent
lanthanides occupy the same octahedral environnetitese standards as they do in
the BalLnSnSh,,Oss compounds. A synchrotron X-ray diffraction patteoh
BaTbG; was best fitted by a model using a combinatiomboim orthorhombic (tilt
system aac’) and l4/mcm tetragonal (tilt systema’@’c) structures where the
orthorhombic phase was the most abundant. Thidtnssaonsistent with the recent
study carried out by Fet al.*®, which reported the presence of a two phase nextur
in BaTbQ just below ambient temperature as a result optiese transition between
orthorhombic and tetragonal symmetries. The refer@mevealed an average bond
distance of 2.16(2) and 2.144(1) A for the orthonbic and tetragonal structures
respectively (see Tables 5.7 and 5.8 for crystediolgic information and selected
bond distances respectively) very close to theevali2.16 A expected from the sum
of the ionic radii for a TH-O bond®. The co-existence of these two phases is not

believed to impact upon the use of this as an ¢dxidsstate standard since in both
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phases the TH environment is essentially identical. The struatuparameters
determined in this work are very similar to thatfafet al.l'® although they found
that BaTbQ had completed its phase transition to the tetragsinucture at ambient
temperature. This minor discrepancy is most likihg to the sample used in the work
of Fuet al.*® being synthesised in air while the sample usetienvork presented in
this thesis was annealed in flowing oxygen durlmglast stage of the heating process

to ensure that it was stoichiometric with respeatstygen conteff" **!

Tableb5.8: Selected bond distances and bond valence sums (BY&aThQ at

ambient temperature.

Ba-O Th-O
Bond Length (A) BVS Bond Length (A)| BVS

Phase

1x2.7082(1) 4 , 5 190(24) 2 x 2.1624(1)

lbmm 4 x 2.871(27) 1.82 447
2 x 3.0456(1) + * 3-3689(2) 4 x 2.155(4)
4 x 2.940(35)
1 4/mem 4 x 3.0226(1) 166| 2%2:1496(2) | , o4

4 x 2.141(3)

4 x 3.126(37)

A synchrotron X-ray diffraction pattern of BaPy@Gbtained at room temperature was
well fitted using a model with orthorhnombRbnm symmetry (tilt systemaac’).
There was clear evidence fbl-, R- and X-point super-lattice reflections confirming
that it adoptsPbnm symmetry consistent with earlier rep&rts™® (see Figure 5.9).
The structure of BaPr{above room temperature, however, was unknown. Blbstr
A%*B*0O; perovskiteS?, including BaTb@'® adopt the series of phase transitions
from Pbnm orthorhombic tdbmm orthorhombic td4/mcm tetragonal to the untilted
Pm3m cubic structure although not all are known tomdbe Ibmm intermediate
phase. The only ZB*'0; perovskite known to adopt a different series ofiggh
transitions is BaCewhich adopts theR3c rhombohedral space group (tilt system
aaa) betweenlbmm and Pm3m symmetry instead of the tetragonal strudttire
Since Pt has a very similar size, electronegativity anctteteic configuration to
Ce" it is worth investigating the phase transitionsdemaken by BaPrwith
increasing temperature to determine if it adopts tetragonal or rhombohedral

intermediate.
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Figure5.9: Synchrotron X-ray diffraction pattern of BaRrOat ambient
temperature. The insert displays a region of twibratition patterns of BaPr)Done
collected at ambient temperature and the other2&t °€, revealing the different
super-lattice reflections present at these tempegst The format is the same as in

Figure 5.1.

Above 200 °C the diffraction patterns of BaRr@b longer contained any- or
X-point super-lattice reflections (see Figure 53Bhis denotes a phase transition
occurs near 200 °C frofabnm to Ibmm symmetry. There is a change in slope of the
lattice parameters with increasing temperature his tregion consistent with a
continuous phase transition. As can be seen inr&igLl0 the rate of increase in the
length of thea-axis decreases significantly in this region whitat of thec-axis
increases confirming the temperature range ofghase transition has been assigned
correctly. At 400 °C there is evidence for the dstnce of a second phase with the
Ibmm orthorhombic phase. This two phase region existthé range of 400-475 °C
with a gradual decrease in the amount of orthorhompbase present with increasing
temperature until at 500 °C only the second phaseains. Peak splitting in this

second phase is consistent with a rhombohedrattatas indicating that this phase
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adopts R3c symmetry. Excellent fits are achieved using stisicture, both as a
single phase model above 500 °C and as part ofcapfmase fit with anlbmm
orthorhombic structure in the two phase region egare 5.11).R3c rhombohedral
symmetry is maintained up to 800 °C, which is thexmmum temperature available

for this work.
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Figure5.10: Reduced unit cell parameters for BaRP@yer a temperature range of
150-800 °C.

BaPrQ undergoes the same series of phase transitio®a@sQ changing from

Pnma to Ibmm to R3c and, presumably, t®m3m with increasing temperature.
BaPrQ is only the second example of arf'B**O; perovskite found to adopt
rhombohedral symmetry as an intermediate betwe#moriombic symmetries and
the ideal cubic perovskite structure. The ioniciuacbf PF*, while slightly smaller
than C&" (cf. an ionic radii of 0.85 A for Pt to 0.87 A for C&™) is significantly
larger than any of the B-site cations if"B**Os perovskites that adopt the tetragonal
intermediate. The electronegativity of “Pron the other hand is larger than bottf'Ce
and Zf*, which adopt the two alternate intermediates bnaller than that of other
B** cations found in tetragonal perovskit&s This suggests that it is the larger size of
Ce"" and Pt* that causes perovskites with these cations totatieprhombohedral,
rather than the alternate tetragonal, structures iBha similar result to that presented
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in Chapter 3 for the double perovskites,B&8B'Os (Ln = lanthanide and B' = Nbor

Ta"), which found that compounds in the seriesLB8'Og that contain the larger

lanthanides, L and PP, adopt a R3 rhombohedral intermediate between
monoclinic and cubic symmetries while the resthaf series adopt dd/m tetragonal
phase. The rhombohedral and tetragonal space gnougagh the ternary and double
perovskites correspond to the same two tilt systafas anda’a’c’ respectively, and
the results from both these two studies providiang indication that the ionic radius
of the B-site cation plays a role in determiningietthof these two tilt systems is

adopted.
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Figureb5.11: Selected regions of diffraction patterns of BafcOllected at different

temperatures indicating the various phases it adopt

Refinements show that the average Pr-O bond letdgéis not change significantly
over the large temperature range examined andrisclese to the value of 2.25 A
expected for a PO bond (see Tables 5.9 and 5.10 for crystallograghtails and
selected bond lengths respectively). The Pr-O eci@hdoes not distort significantly
in eitherPbnm or Ibmm symmetry, although these space groups do notneguio
have @ symmetry. On the other hand while the average Blae®@d length also
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remains approximately the same with temperaturdh@®ctahedral tilting decreases
the B&" bond valence sum appears to decrease significérthy 1.76 at room
temperature to 1.45 at 800 °C. This apparent dseré@a Ba-O bonding strength
occurs because of the exponential relationshipooiding strength with distance. It
should, however, be noted these bond valenciesl@emined based on the bond
valence parameters determined for a cation andnan@mbination at ambient
temperature, as is routinely done in the litergtaral are likely to not be applicable at
higher temperatures. Indeed using the method deeeldy Brownet al.*? to
calculate bond valence parameters above ambiergetature it was found that the
bond valence sum of the Ba-O bond is approximafe® at all temperatures
examined. Thus while the bonding environment of & cation changes
significantly with increasing temperature the oWelbanding strength, despite initial

appearances, appears to remain the same.

Table5.9: Crystallographic details for the various structuadsepted by BaPrgat

different temperatures.

Temperature Ambient 375 °C 500 °C 800 °C
gfgfg Pbnm lbmm R3c R3c
a(A) 6.21318(2) | 6.22862(3) 6.20069(2)  6.2245(2)
b (A) 6.18120(2)| 6.19776(3 & =a
c(A) 8.72859(3)| 8.74819(4 & =a
a(°) 90 90 60.2241(4)| 60.1015(4
Ba 4 (x,y,1/4) 4 (X,O,1/4) 2a (1/4,1/4,1/4) 2a (1/4,1/4,1/4)
X 0.0040(2) | 0.5022(3) Yy Yy
y 0.5133(1) 0 Yy Yy
B (A% 0.76(1) 1.23(1) 1.45(2) 2.20(1)
Pr 42(0,0,0) | 4(0,0,0) | 2(0,0,0) D (0,0,0)
B (A% 0.36(1) 0.28(1) 0.43(1) 0.73(1)
o1 A (X,y,Ya) | 4e(x,0,%) | 6e(X,Y2-X,%4) | 6e (X,Y2-X,Ya)
X -0.0684(9) | 0.0590(15)  0.6944(9 0.7071(8)
y 0.9886(12) 0 0.8056(9) 0.7929(8
B (A% 0.89(8) 1.48(21) 2.47(14) 3.90(12)
02 & (x,y,2) | 89 (Ya,Ys,z)
X 0.2271(9) Yy
y 0.2778(9) Yy
z 0.0392(5) | -0.0346(8)
B (A% 0.74(6) 1.86(16)
R, % 3.7 6.3 6.4 4.3
Rup % 4.3 8.0 8.9 6.1
NG 213 205 329 217
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Table5.10:

Bond distances and bond valence sums (BVS) for Ba&trvarious

temperatures. The corrected BVS values are cagmibtcording to the methodology

of Brownet al %%,
Ba-O Pr-O
Temperatur d
(°C) Bond Length (A) BVS CoI;(?;te Bond Length (A)| BVS
1x2.711(6) | 2 x 3.178(4) > x 2.209(6)
Ambient | 2X272505)| 1x3.274(1) | 4 27| 177 | 2x2224(1) | 4.68
1x2.972(7)| 1 x 3.510(6) 5 x 2248(6)
2 x 2.975(5) | 2 x 3.545(5) '
1x2.760(10) 4 , 5 306(5) 2 x 2.231(3)
X
375 g " gig;gg 1 x 346800 57| 178 4x 20508 | 480
3 x 2.7649 (1)
500 6 x 3.120(5) 159| 1.83 6x2223(7) | 47
3 x 3.4568(1)
3 x 2.8492(1)
800 6 x 3.124(5) 145| 1.80 6x2218(7) | 4.7
3 x 3.3845(1)

It has been shown in this section that suitaldadsdrds for trivalent and tetravalent

Pr and Tb have been synthesised and then chasatteuwsing synchrotron X-ray

diffraction. Results from this have shown that tlaeg high quality samples and have

structures consistent with the expected oxidatitetes. These standards were

therefore suitable be used for XANES analysis o thxidation states of the

lanthanide cations.

5.4.1.4 Analysis of Oxygen Vacancies and Oxidation

Ba,LnSn bel—xO6—6

States of Cations in

The structural analysis of compounds in the s@8@EnSnSh, «Os5 (LN = Pr or Th)

carried out using a combination of synchrotron }-aad neutron diffraction provided

a strong indication that as x increases the lamdlearations change from the trivalent

to tetravalent states reducing or eliminating tkeechfor oxygen vacancies to form.

Diffraction techniques, however, are not reliableetihods for quantifying the

oxidation states of cations in complex materialgerE when an accurate structural

model of the compound has been determined estinmditegidation states rely on

calculating bond lengths in a compound and thenpeawing these to “average” values

that are based on a wide range of materials. Sirceaature of the bonding between a
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specific cation and anion combination can vary ificgntly between different
compounds, due to different co-ordination environteeand competing bonding
interactions, use of average bond lengths and kalehce sums are not accurate and
precise measures of the oxidation state of a cattonthermore while, when high
quality neutron diffraction patterns are availakiteis possible to quantify oxygen
occupancy and thereby directly determine the oxygeithiometry of a compound,
the cross-correlation between occupancy and dieplant parameters may result in a

measurement with poor accuracy.

In the work presented in this section the oxidastates, and thereby the amount of
oxygen vacancies, in the series,B#nSh «Os.5s have been analysised using three
techniques that are applicable for use on a latgeber of samples and provide an
estimate of oxidation states independently of stma¢ modelling. The first of these
techniques to be utilised was UV-Vis-NIR spectrggco These measurements
afforded a rapid qualitative examination of the vilag oxidation states of Pr and Th
change with increased Sndoping. The 1200-1900 nm region of the Near-Irfdar
spectra of BePrSnSh;.Os.5 reveals that the many sharp peaks present jRriBaQ
are replaced in the spectrum of,BeESnQ; by fewer, broader and more intense
features (see Figure 5.12). These features comdspto low lying transitions
between the f4orbitals, and the sharp features in theM8&bQ spectrum and the
broad features in the BRrSnQ; were well established as being typical of'Rmd
PP respectivel?®?°. The Near-Infrared spectra of,Bn,O; and BaPr@ were also
found to be similar to those of B&aSbQ and BaPrSnQs respectively. This
confirms the oxidation states of Pr in these compisualthough the intensity and
precise energy of some features vary significabndijween spectra of the BaSbQ
and BaPrSnQs compounds and the Prand Pt standards. The change in the
intensity of these features between the two end{peesnof the B#rSnSh.xOs-s
series appears to be gradual, providing a strodgation that the oxidation state
changes from Bfto P#* smoothly across the series. Unfortunately a sutéage in
the energy of some of the features associated Rithand particularly Pf with
increased SH doping prevents a least squared fit of the tworaedhbers being used
to obtain a quantitative estimate of the amounPBf and Pf*in the intermediate

compounds.
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Figure5.12: Near-Infrared spectra of selected compounds in theries

BaPrsSnSh, «Os.5 in the region 1150-1900 nm.

There were also significant changes in the 300-B00region of the spectra of
compounds in the series BaSnSh «Os5 With the absorption feature in this region
increasing in intensity as x increases (see Figui&). Absorption in this energy
range is likely to be caused by a combination dff > —. 4f'5d* and band gap
transitions making it difficult to use this regiemprobe the oxidation state of "
The 4f2 _ 4f'5d! transitions of Pf are known to be lower in energy than those of
Pr* so the broadening of the absorption features i réigion with increased $h
doping is consistent with a change in oxidatiortestiom Pr* to Pf*1?4, Weak
absorption features are also noticeable at appatei;n 450 nm and 600 nm in the
spectrum of B#PrSbQ@. These are in the appropriate region for transstibetween
low lying and high energyf-orbitals and are not seen in the spectra of other
compounds in the BBrSnpSh.Oss serie¥> ! This is most likely due to the
broadening of the main absorption feature in taggan leading to it overlapping with

these peaks and, due to its much greater intemmdisguring these weaker features.
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Figureb5.13: UV-Vis spectra of selected compounds in the sé8@®rSnSh Og5
in the region 250-700 nm.

Examination of the 1500-2200 nm region of thectijgeof compounds in the series
BaTbSnSh.xOs5 reveals a significant loss in the intensity ofe $harp features in
Ba,ThSbQ with S doping, with these features being almost indistisigable from
the background at intermediate compositions (sgar€i5.14). These sharp features
are consistent with those found in the Near-Inftaregion of ThSnO; and are
typical of those of TH?® 2l The loss of intensity of these features is caestswith
the transition from TH to TH*" across the series, although it is unclear whydbe of
these features occurs suddenly witf*Stoping while the structural data and XANES
spectra, which are subsequently presented, sugggstdual change in the oxidation
state. Unlike BgPrSnQ, BaTbSnQ s appears to have no spectral features in this
region that are distinguishable from the backgrouBdTbQ does not have any
significant spectral features in this region eitheonfirming that TB" is virtually

featureless in the Near-Infrared.
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Figure5.14: Near-Infrared spectra of compounds in the serie3 BN Sh «Os.5 iN
the region of 1500-2250 nm.

As was found for B#rSnShOss spectra of compounds in the series
BaTbhSnSh.xOs5 also have a broad peak in the region of 300-500thah widens
with increased ST doping. It is known that TH 4f 2 — 4f!5d* transitions occur in
the near UV regidf®. Since it would be expected that, similarly t¢*Pthe TH*
4f2 _, 4f'5d* transitions would be lower in energy than®Tie broadening of the

absorption features in this region with increased’ Sloping is consistent with b

oxidising to TH*, thereby reducing the amount of oxygen vacandiesamt.

Having utilised UV-Vis-NIR spectroscopy to qualitely confirm the change in
oxidation state of Bf and TB" to Pf* and TH* with increased St doping,attempts
were made to use Thermogravimetric Analysis (TGAuantitatively determine the
oxygen stoichiometry of compounds in the series;LB&nSh..Os5 These
measurements were conducted by David Cassidy afTANIS association with this

work. Examining the oxygen stoichiometry of compdsirusing this approach relies
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on being able to fully reduce all the cations pnése either a metallic state or, when
this is not possible under the conditions availatdea stable lower oxidation state.
The success of this technique relies on havingrgéeature region where there is a
significant weight loss followed by a plateau. lothb BaPrSnQ.s and BaTbSnQ 5
while there was significant weight loss between 45@ 800 °C the samples never
reached a constant weight, thus making it diffitoltise this technique to estimate the
oxygen stoichiometry of these compounds (see Figurg). If it is assumed that the
slope in the weight loss in this post-edge regisremtirely caused by buoyancy
effects, the validity of which may be questionaldeyeight loss can be determined
that is approximately consistent with the reductodrall the Pr in BgPrSnQ.s from
PP to PF* consistent with the diffraction and spectroscajrta. A similar analysis
of the weight change in B&BbSnQ s, however, leads to a loss that is too high to be
consistent with the reduction of 4bto TH** but is too low for the full reduction of

any other cation to its next lowest stable oxidastate.

0.0

Weight Loss (%)

Ba PrsnO,_,
Ba,TbSnO_,

T T T
400 600 800

Temperature ()

|
200
Figure5.15: Weight loss versus temperature plots fosEB&nQ s and BaTbSnQ 5
in an atmosphere of 3.5 % th N,. The weight loss between 450 and 800 °C is 1.65

and 2.30 % of initial weight for BRrSnQ_s and BaTbSnQ s respectively.
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Given the problems with utilising TGA to examiretcompounds of interest it was
necessary to use another technigue to quantitatasdess the oxygen stoichiometry
and the oxidation state of elements in,IBe&nSh «Os.5. X-ray Absorption and
Near-Edge Structure (XANES) spectroscopy was usquidbe the oxidation state of
the various cations present. Since in metal oxBi@sations are almost invariably
divalent it was not necessary to investigate Bagi${ANES spectroscopy leaving
Sn, Sb, Pr and Tb to be examilid The L-edges of these cations were selected for
examination because of the high sensitivity of éhieansitions to the oxidation state
of these cations. Additionally the energy of theedges is more easily accessible
using the available synchrotrons than that of thedi§es, particularly in the case of
the lanthanide cations which have K-edges at apmrately 42 and 52 keV for Pr and
Tb respectively.

The analysis of the L-edges of Sn and Sb is caatgd as a result of all six edges of
these elements occurring in the narrow energy rafi@9-4.7 keW?. This leads to
extensive overlap of the SnyLand Sb l,-edges, which occur at 4.156 and
4.132 keV respectively, making analysis of thesgesdin mixed Sn and Sb
compounds very difficult. More importantly the Sp Bnd Sb L-edges (present at
4.465 and 4.380 keV) overlap, although not to &ergean extent. This is particularly
problematic in the case of the Spddge as this is the edge that is ideally suited fo
analysis of the oxidation state of Sn. This is beea similar to the SbiLedge, it is
the simplest and most sensitive L-edge to any ahamgxidation stat€ 3. The high
sensitivity of the l-edge to the oxidation state of Sn and Sb is altreguthis
transition occurring between the @nd the p states whose energy depends on the

presence or absence aféectrons.

The problem of using thededge to determine the oxidation state of Sn, hewev
was overcome by examining a combination of the $nahd L, -edges; the later
being free from overlap with any Sb L-edge. TheLgnredge spectra of compounds
in the series B#rSnSh; «Os.5 and of the three Sn doped BaSnSh; «Os.5 (x = 0.3,
0.7 and 1.0) samples investigated were very sinsil@gesting that Sn has the same
oxidation state in all of these compounds (see reigul6). These spectra were,

however, quite different from those of SnO and S(Which were selected to be used
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as SA" and Sfi* oxidation state standards). The main peak in thé Sabsorption
edge (also known as a white line) occurred at apprately 4.471 keV in all samples
(see Figure 5.17). This edge energy is similarh@ tmeasured for SnpCand no
features were observed corresponding to SnO. Twasg however, another feature
that increased in intensity with Sb doping at agppnately 4.46 keV. This feature
corresponds to a peak in the Sp post-edge spectra. Since all Sp-edges appear
the same and the energy of the $redge does not change with increased Sn doping
it would seem unlikely that there are any significeeatures in the Sndedge that are
obscured by this interference. It is concluded fribi@ Sn L-edges XANES that Sn
adopts a tetravalent oxidation state in these teroyskite series, with no indication
of any fraction of S being present. The disparity between the perowsiiectra
and that of Sn@reflects the different co-ordination environmemt $ri* in these two
structures. This illustrates the high degree ofk#imity of XANES to co-ordination
environment since Shis 6-fold co-ordinate in both the perovskite antile SnQ
structur&?. It is somewhat surprising that subtle differenbesveen the octahedral
environment in the perovskite and rutile structuaes sufficient to cause such a

significant difference in the XANES spectra of g@mnples and the SpaGtandard.
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Figure5.16: Sn Ly -edges of selected samples in the serie®EmSh; 05 and,
the SA* and SA" standards, SnO and SpO
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Figure5.17: Sn L-edges of selected samples in the serief? B Sh . «Os5 and,
the SA" and SA" standards, SnO and Sn@ rescaled spectrum of BrSbQ is also
included as a reference for the features of the,Stost-edge region.

The Sn l-edge of samples of BRrSnQs and BaTbSnQ s that were heated in an
atmosphere of 5 % Hn Ar have an additional shoulder at the low egesgle of
Sn-edge (see Figure 5.18). This feature occurs .4644 keV, which is at
approximately the same energy as the SnO edge. sligigests that these reduced
compounds contain a significant amount of 'Si least squares fit of the SnO and
SnQ edges to the edges of these reduced sampleshevearige of 4.450- 4.480 keV
was carried out to determine what fraction of thé"$ these samples was reduced to
Srf*. The results from this analysis reveal that sampté BaPrSnQs and
BaTbSnQ s that were heated up to 800 °C under reducing tondi at a rate of
5 °/min, analogous to the conditions used for tkATand then immediately cooled
contained approximately 15 % ‘rand 85 % SH. The analysis also showed that
continued heating of a sample of .BaSNQ at 800 °C for 24 hrs resulted in a’5n
content of about 20 %. Evidently reduction of*'Sim these samples initially occurs

rapidly but decreases significantly over time. Aigtively more Sfi may form under
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these conditions than suggested by the XANES spécir then rapidly re-oxidise on
exposure to air. The unexplained magnitude of tbht loss indicated by TGA for
BaTbhSnQ s would appear to consistent with the hypothesis sbene, but not all, of
the Sf* is reduced after 24 hrs of reduction and this eatgthat TGA is not a valid
technique for examining oxygen stoichiometry insihngwo perovskite series. It
should be noted that a similar least squared fithm XANES region of the as
synthesised B®rSnQ_s and BaTbSnQ_s compounds does not point to the presence

of any SA" in these compounds confirming that they only ciongaf**.
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Figure5.18: Sn L-edge of as synthesised and reduced samples,Bfr&a3.s and
BaThSnQs and the Sfi and Sfi* standards SnO and Sx@f particular interest is

the shoulder in the peak of the samples heatedruedecing conditions at about

4464 eV indicating the presence of5n

Examination of the Sbtedge of compounds in the seriesB&RSh; «Os5 and the
Sb containing samples studied in,BBSnSh.Os5 (X = 0, 0.3 and 0.7) indicates that
the shape and position of the edge is constantiginaut these two series (see Figure
5.19). The energy of the white line in the samp¥as found to be at 4.705 keV. This
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is slightly higher than the energy of the edge lie SB" standard Si©Ds and
significantly higher than that of the 8bstandard SiDs. This can be interpreted as
indicating that the Sb in these two series addpgspentavalent oxidation state with

no SB* being present.
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Figure5.19: Sb Li-edge for selected compounds in the serie® BB Sh;.Os.5 and,
the SB* and SB' standards, St and ShOs.

Having confirmed that Sn and Sb adopt the tetemtadnd pentavalent oxidation

states in the as synthesised samples oPERSh Os5 and BaTbSnShxOs-5

attention was then turned to quantifying the wawlimch the oxidation state of Pr and

Tb changes throughout the series. In order to aehileis the Pr and Th,|-edges

were examined because of their higher sensititythie oxidation state of these

lanthanides. This transition is between tpead the 8 states, the energy of which is

particularly dependant on the éccupancy because of the decrease in effective

nuclear charge that occurs with an increased nuofotrelectron§ 34
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The energy and shape of the near-edge regiored®thy, spectrum of B&rSbQ is

very similar to that of the P8n,O; edge (see Figure 5.20). There is, however, some

difference in the shape of the edge and the pagt-eegions of these two spectra.

This can most likely be attributed to the differenn the co-ordination environment

of Pr in these two samples. As there is no eviddaceny features in the edge of

Ba,PrSbQ diagnostic of Pf it can be concluded that only®Pris present in this

compound. The Prj-edge in BaPrSnQ.;, on the other hand, is very similar to that

measured for BaPe) with the white line associated with this edge usdag at

5.972 keV (see Figure 5.20).
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Figure5.20: Pr Ly-edge spectra of BRrSbQ and an as synthesised and reduced
sample of BgPrSnQs. The Lj-edges of RSnO; and BaPr@ are plotted for

comparison. The drop in absorbance near 5985 e¥used by a glitch in the spectra.
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Figure5.21: Pr Ly-edge spectra of selected compounds in the series
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BaPrsSnSh, «Os.5 indicating the change in the energy and shapbaeottige between
5960-5985 eV with increasing x.

Spectra of the |L-edges of intermediate compounds in the series
BaPrSnShy.«Os5 show that as x increases the*'Rike features of B#rSbQ
gradually decrease in intensity while theé''Rike features of B#rSnQs slowly
increase (see Figure 5.21). Principal Componentlyaisa (PCA), which involves
investigating a series of unknown related spectrdetermine the common significant
components they consist of, was carried out oninkermediate members of the
BaPrsnSh Os.5 series. This was done over the energy range @256200 keV
using the PCA program belonging to the EXAFSPAKetI. This analysis revealed
that there were only two significant componentshia spectra of all the intermediate
members of the series. Target transformation aisbarried out using TARGEF
which tests whether the components found by PCAcim#tose of sample spectra,
demonstrated that these two components were weatthad by the B#rSbQ and
BaPrSnQ;s end members. This indicates that the two compenahrihe intermediate

compounds in B#rSnSh.xOss are most likely the spectra of the end member
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compounds of this series. The end members wereerbéts for the target
transformation analysis than the,#1n0; and BaPr@ standards principally because
the different co-ordination environment of Pin PLSnO; means that shape of the
post-edge region of BBn,O; is significantly different from that of the Prin the

perovskite series.
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Figure5.22: Plot of the l-edge of BaPrSn«Shy.4Os5 and the model spectrum
fitted to it including the B&PrSbQ and BaPrSnQ_s components of the fit.

The structural analysis carried out using synebroiX-ray and neutron diffraction,
UV-Vis-NIR spectroscopy and the qualitative anaysi the Pr -edge XANES all
suggest that the Pr in B&SbQ and BaPrSnQ is purely trivalent and tetravalent
respectively. Therefore these two compounds coeldded as Ptand Pt* standards
and thereby accurately determine the oxidationest#t Pr in the intermediate
members of the BRrSnSh «Os5 series. This was done by carrying out a multiple
linear regression of the Py kedge spectra of the two end member compoundssigain
the spectra for each of the individual intermed@eapounds over the energy range
of the 5.950-6.050 keV using the DATFIT programe($egure 5.22 for an example
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of the quality of the fits obtained)*". Such a quantitative analysis is possible using
XANES spectra since, unlike the UV-Vis-NIR spectwaly the intensity of the P
and Pf" like-features change with increased*Sdoping with the energy of these
features remaining constant. This analysis fouadl te ratio of P to P#* gradually
changes across the series with the amount f iRcreasing with increasing $n

concentration (see Figure 5.23).

Oxidation State Fraction

0.0 0.2 0.4 O!6 0.8 1.0
BazPrSnbel_XOs_a
Figure5.23: Plot of the oxidation state fraction of*Pand Pt* in each compound
examined in the B®rSnSh;.,Os5 Series. The black line indicates the amount 8t Pr
required at each composition for there to be ngeryacancies present and is drawn
as a guide to the eye. The x = 0.2 sample wasnvesstigated due to experimental

constraints.

Having established that Sn and Sb cations adapttetravalent and pentavalent
oxidation states and assuming Ba always adoptslittadent state in perovskite-type
materials the amount of oxygen vacancies in eacmpoond could then be
determined from the amount of*Pand Pt found via the regression analysis. As can

be seen in Table 5.11, there is not a significambunt of oxygen vacancies in any
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member of the B#rSnSh..Oss Series, with the oxidation state change of o
PP fully compensating for the charge loss of 'Ssubstituting for SH. It should be
noted that a similar least squares analysis ofg¢daced sample of BArSnQ_s found
that this sample contains only*Prinspection of the edge of this reduced sample,
however, reveals that the energy of this edgeigbtyy lower than that of B&#rSbQ
suggesting that the presence of oxygen vacancieSror instead of SH in
neighbouring octahedra has a small effect on tleeggrof the edge (see Figure 5.20).

Table5.11: Oxygen stoichiometry as determined by the multlpiear regression
of the Pr and Tb L-edges for perovskites in the seriesIBe&nSh;Os5 (LN = Pr or
Tb).

Ba,LnSnSh.,Os5 | Oxygen Stoichiometry|

X Pr Tb

0 6.00(1) 6.00(1)
0.1 6.03(2) 5.95(1)
0.2 N/A 5.95(1)
0.3 5.97(1) 5.95(1)
0.4 6.00(2) 5.96(1)
0.5 5.97(2) 5.97(1)
0.6 5.96(1) 5.97(1)
0.7 5.99(1) 5.97(1)
0.8 6.00(1) 5.99(1)
0.9 6.00(2) 5.99(2)
1.0 6.00(1) 6.00(1)

The Tb Ly-edge of BalbSbQ shows that the white line occurs at approximately
7.512 keV very close to that of the *fIstandard, T&8nO;. This strongly suggests
that Tb in this compound is trivalent (see Figurg4}. Similarly to PiSnO; and
BaPrSbQ, the post-edge region of these two Tb edges mfgigntly different, an
observation that can be attributed to the diffeeantironment of Tb in the pyrochlore
and perovskite structure. Since there is no eviedocany feature in thel-edge of
Ba,ThSbQ at the energy of the Thstandard, BaThg) it can be concluded that all
Tb in this compound is trivalent consistent witle tther techniques used to probe the
oxidation state of Th. On the other hand theddge spectrum of BAbSnQ s has
both a similar shape and position to that of Bafln@licating that all Tb in this
compound is tetravalent (see Figure 5.24). Thisossistent with the majority of
structural data and the UV-Vis-NIR spectra. Sinoeh8s also been established to be
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tetravalent in this compound this implies that #ealysis by neutron diffraction
suggesting that about 15 % of*Ths present in BAbSnQ s is incorrect. As stated
previously this error could arise from cross-catiein between the site occupancy
and atomic displacement parameters and highlidgigsativantage of using multiple
analytical methods.

Ba, ThSbO,
Ba,ThSnO,
Ba, ThSnO,  reduced

——Tb,Sn,0,
BaTbO3

Absorbance

L) I L) I L) I L) I L)
7500 7520 7540 7560 7580

Energy (eV)
Figure5.24: Tb L;-edge spectra of B&8bSbQ and an as synthesised and reduced
sample of BalbSnQ;s. The Lj-edges of TESnO; and BaTbQ@ are plotted for

comparison.

Qualitatively examination of the XANES region dfet spectra of the intermediate
compounds shows that as x increases th& Tke features of BAbSbQ lose
intensity while the TH like features in B&bSnQ 5 gain intensity (see Figure 5.25).
Having established that the Tb in BaSbQ is all trivalent while BarbSnQ s
contains only TH' the intermediate compounds in the seriesTB&nSh;.,Og.5 can be
analysed in a similar manner as was done for taégaus Pr series. PCA carried out
over the energy range of 7.425-7.800 keV indicdked all the intermediate spectra

consist of only two common components, which targansformation analysis
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confirmed were good matches to the spectra ofTB&bQ and BaTbSnQ..
Multiple linear regression analysis was then ugefit the region 7.475-7.675 keV to
determine what fraction of Thand TB" was present. Again, the end members of the
series were selected to be used a¥ @hd TH* standards for this analysis because
their oxidation state had been well established bgmbination of several techniques.
Furthermore the different co-ordination environminthe TB* pyrochlore reduces

the accuracy of the analysis if Hn,0O;and BaTbQ@ were used.

Ba,TbSbO,
Ba,TbSn_Sh O

0.9 " 6-

BaszSnme O

0.7 ~ 6-

BaZTbSnO'SSb O

0.5 6-3

Ba,TbSn__Sb_.O

0.3 7 6-3

Ba,ThSn Sb, O,
Ba,ThSnO,_

Absorbance

T T T T T T T T T T
7500 7520 7540 7560 7580

Energy (eV)

Figure525: Tb Lj-edge spectra of selected compounds in the series
BaTbhSnSh,.Os.5 indicating the change in the energy and shapbeoétige between
7485-7585 eV with increasing x.

The least squares analysis of the intermediatepoands reveals that the rate at
which TB"* changes to T8 as SA" substitutes for SB is not sufficient in the samples
with a small amount of Sfito totally prevent the formation of oxygen vacasciln
the series BaAbSnSh; «Os5 the x = 0.1-0.3 samples were found to hawe0.05 (see
Figure 5.26 and Table 5.11 for the oxidation stedetion of Tb and the amount of
oxygen vacancy in each compound respectively) xF010.4 and greater, the amount
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of oxygen vacancies present appears to decreaseviacha fully stoichiometric
perovskite with respect to oxygen for BaSnQ . This contrasts with the results for
BaPrSnSh «Os5 Where there was no consistent evidence for oxygerancies.
Although the number of oxygen vacancies found, mlysis of the XANES spectra,
in intermediate compounds in the series, B&®NSh.xOs5 is small, and is not
significantly larger than that suggested to be gmesn some samples in the Pr series,
it is the apparent persistence of these oxygennezes in all intermediate samples
that leads to the conclusion that they are pre3dm.amount of variability of oxygen
vacancies found in samples across the seriePrBgSh;.xOs5 prevents a similar
conclusion in that case. A similar regression asialgf the Tb l,-edge spectrum of a
reduced sample of B&bSnSh..,Oss suggested that all the thad been reduced to
Tb** upon heating to 800 °C in 5 %, i Ar (see Figure 5.24 for XANES spectra).
This confirms that the anomalously large weightslasvealed by TGA, under

reducing conditions, is caused by the partial rédoof Sri™.

Oxidation State Fraction

0.0 0.2 0.4 0.6 0.8 1.0
Ba,ThSn Sb_O__

Figure5.26: Plot of the oxidation state fraction of tand TH* in each compound
examined in the BAbSnSh,.Os5 series. The black line is drawn as a guide to the

amount of TB required for there to be no oxygen vacancies ptese
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5.4.2 Characterisation of Ba ,LnSn,Nb.,Os.5

Characterisation of the compounds in the seriet&nNb; xOs.5 (Ln = Pr or Th)
will be presented in three sections. The first wilb detail the structures of the Pr and
Tb series respectively while the final section ekxss the oxidation states of the

lanthanides in these two series using a combinatiol/V-Vis-NIR and XANES
spectroscopies.

5.4.2.1 Structures of Ba ,PrSnyNb,4Oe¢.5

/L
/7 /
Ba PrsnO_ 400

R3c jﬁq4 440

BaZPrSnO'SNb @]

- 0.5~ 6-3
R3 400
s 444

440

BaZPrS_nO'ZNbo'soe_eS
12/m R3
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12/m 404404 [}
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Figure5.27: Selected regions of the diffraction patterns of poands in the series

BaPrSnNb; xOs-5 highlighting the different symmetry structures pkal. The format
Is the same as for Figure 5.2.

As established in Chapter 3 and Section 5.4.1;PBdb(Q; and BaPrSnQ_s adopt
the fully B-site ordered2/m monoclinic and the disordere®3c rhombohedral
structures respectively (see Figure 5.27). ThaPBanQ_ has a smaller unit cell than
Ba,PrNbQ; (see Table 5.12), despite the larger ionic raflisid" compared to NB
(cf. 0.69 to 0.64 R!) suggests that the dominant oxidation state f BaPrNbQ; is
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trivalent. This is consistent with the B-site casobeing ordered in BArNbG; but

not in BaPrSnQ;s. Refinement against a neutron diffraction pattefrBaPrNbG;

yields an occupancy of the axial and equatorialgexysites of 99(2) and 102(1) %

respectively consistent with a fully stoichiometdempound with respect to oxygen

(see Figure 5.28 for the quality of the fit). Assogithat Nb in this compound is

pentavalent, which is consistent with the use ofQdbas a starting material and

synthesis being under oxidising conditions, it éasonable to conclude that Pr in

Ba,PrNbQ; adopts the trivalent oxidation state.

Table5.12;

Unit cell parameters and volume for compounds ie theries

BaPrSnNb; «Os5. In the x = 0.4 sampl@ was unstable and was therefore set to 90°.

gfjlj’s a(A) b (A) c(A) a (°) B()  Volume (&)

0 12/m 6.09269(6) 6.05523(6) 8.55218(9) 90 90.1668(5) .GIEH®6)

0.1 12/m  6.09096(3) 6.05502(3) 8.55208(4) 90 90.1604(5) .&IK3)
o, |2/m 6.08488(12) 6.05097(11) 8.54955(18) 90 90.1287(11) 314.788(10
° R3 6.04432(15) =a —a  602347(28) =aq 156.920(189
o5 12/m 6.08032(19) 6.04861(15) 8.564293(20) 90 90.0914(43) 314.187(18
3 R3 6.04579(10) =a —a  602178(15) =aq 157.038(99)
o 12/m 6.08027(40) 6.04659(33) 8.54436(7) 90 90 314.130(4C
4 R3 6.04019026) =a —a  60.2005(35) =a 156.532(233
05 R3 6.03908(10) =a —a _ 60.160017)  =a 156.303(117
06 R3 6.03629(25) =-a —a 60098239 =a 155.867(262
0.7 R3 60310533 =a —a_ 600700651  =ua 155.367(341
0.8 R3c 6.02087(19) =a —a_ 60.0523(31) a 154.516(210
09 R3c 601629(11) =a —a  60.0824(17) =a 154.270(116
1.0 R3c  6.00990(6) = —a  600551(9)  =a 153.683(58)

The synchrotron X-ray diffraction patterns of mediate compounds in the series

BaPrSnNb; «Os5 revealed a series of phases. While the diffractiattern of

Ba,PrSny.1Nbp 6065 was well fitted by a model witt2/m symmetry (Rand R, of 6.3

and 6.0 % respectively) attempts to fit moré*Sith samples with such a model were

unsuccessful. Diffraction patterns of samples with0.2 to 0.4 revealed the presence

of a two phase mixture (see Figure 5.27). Theabtion patterns of samples with x =

0.5-0.7 featured splitting consistent with rhomldiaé symmetry (see Figure 5.27)

and these also had the lowest ariglgoint super-lattice peaks, the overlapping (111)

and (100) Bragg reflections, at ~9.3° indicatingsif& cation ordering. This shows
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that compounds with x = 0.5-0.7 adoR8 rhombohedral symmetry and these three
diffraction patterns were satisfactorily fitted mgi models with this structure.
Diffraction patterns of compounds x = 0.8 and Gif featured splitting consistent
with rhombohedral symmetry but no longer had ardication of the lowest angle

R-point reflections indicative of cation orderinghdse compounds adopt the same

symmetry as B#rSnQ.s, R3c rhombohedral.

Intensity

T - T T T 1 | LA L
20 40 60 80 100 120 140 160

26 (9

Figure5.28: Neutron diffraction pattern of BRrNbG; collected using BT-1. The

format is the same as for Figure 5.1.

Having established that the structures on eitid® of the two phase region were
I2/m monoclinic andR3 rhombohedral a combination of these two models weasi

to fit the x = 0.2-0.4 samples. Good fits were oled to the diffraction patterns of
these samples using this approach. The existentheofwo phase region can be
interpreted in two ways. The first possibility st it is a result of the discontinuous
phase transition that is required to occur betwstarctures adopting these two space
groups. On the other hand it could be interpret®dhdicating that, similarly to the

two phase region in the series ;:BeSnSh; Os5 there is some type of cation
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segregation occurring between these two phases.cardirm which of these
possibilities was correct a sample of ;BeSny Nbys0s5 was examined between
150-300 °C using synchrotron X-ray diffraction. Skediffraction patterns showed
that at 150 °C the sample is single phase and sdbpmbohedral symmetry. This
confirms that the two phase co-existence of monachnd rhombohedral symmetries
in the x = 0.2-0.4 samples of BaSnNb;.4Os 5 is caused by the discontinuous phase

transition between these two symmetries, and naibipn segregation.
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Figure5.29: Unit cell parameters of BRrSny 2Nbg s0s5 Versus temperature.

The decrease in the rhombohedral angle ofPB2 NbysOss with increasing

temperature implies that the phase transitionFtn3m cubic symmetry would be
expected to occur slightly above 300 °C (see Figbui29). The square of the
rhombohedral distortionaf60) versus temperature is linear (see Figure 5Sbice
the rhombohedral distortion is proportional to gugiare of the order parameter)Q
of the Landau free energy expansion the transitietween the rhombohedral and
cubic phases in this compound must be tricritinatatur&®. An extrapolation of the
square of the rhombohedral distortion to zero ssigginat the phase transition should
occur at approximately 302(4) °C, just slightly ebothe maximum temperature

investigated. That the phase transition is tricaitiis not surprising since such
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transitions often occur between two structures wtiere is an additional nearby
phase that is statfé “° As discussed in Chapter 3, in the,BaNbOs series of
compounds there is competition between Ithen tetragonal andR3 rhombohedral
structures to be the intermediate phase adoptedebat monoclinic and cubic
symmetries. It is reasonable to conclude that ammitompetition occurs in

BaPrSny 2Nbo.¢0s.5, Causing the observed transition to be tricritical
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Figure5.30: Plot of the square of rhombohedral strain versumpggature for

Ba,PrSny JNby §0s.5. The linear fit to the plot confirms that the tséion is tricritical.

Refinements against synchrotron X-ray diffractig@atterns indicate that the
Ba,PrSnNb; «Os5 compounds with x = 0-0.5 have a high degree dit8-cation
ordering with a minimum of approximately 90 % Pr the 2 or la site, in the
monoclinic or rhombohedral structure respectivalith the other 10 % being made
up of S and NB* in a ratio fixed to the stoichiometry of the corapd (the B' site
is fixed to have the opposite Pr and B' ratio sashto maintain the nominal
stoichiometry). Unfortunately, due to unusuallytigoise in the diffraction patterns
of x = 0.6-0.7 samples it was not possible to bjiaefine the degree of cation
ordering for these using X-ray diffraction. Thigghibackground was caused by air
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scattering due to instrumental failure and occumedpite two attempts to collect
each pattern. Neutron diffraction is, however,ha tase of this combination of B-site
cations relatively sensitive to the degree of B-sifation (the coherent neutron
scattering lengths of Nb, Sn and Pr are 7.14(322%2) and 4.58(5) fm
respectivel}®). Refinement of neutron diffraction patterns oé th = 0.6 and 0.7

samples suggest that these samples also have ddggee of B-site cation ordering.

In contrast with the high degree of B-site catwdering exhibited by the x = 0-0.7
samples, B#rSn dNby 0.5 adopts R3c symmetry and therefore has no B-site
cation ordering. This sudden loss of order betwberx = 0.7 and 0.8 samples is very
different from that found for the B&bSnSh«Os.5 series where the loss of cation
ordering occurs gradually with increased"Sdoping. The Pr-O and Sn/Nb-O bond
lengths in the compounds in the seriesHB&nNb;.xOs5 increase and decrease,
respectively, in a gradual fashion with increasingsee Table 5.13 and 5.14 for
crystallographic positions and cation bond distan@spectively). This occurs such
that the Pr-O and Sn/Nb-O bond lengths have a sifigrence in length, ~ 0.06 A,
in the x = 0.7 sample before order is lost andsardiered structure adopted for x =
0.8.

The evolution of Pr-O bond length is consisterthviihe gradual change in oxidation
state from P to Pf* across the series with the difference in Pr-O blEmgjths
between the B#rNbQ; and BaPrSnQs end members being 0.20 A. This change in
Pr-O bond length is larger than the differencetia tonic radii of Pf" and Pt
(0.14 A®ly and this additional shortening of the Pr-O boralyrbe related to the Pr
and SA* cations sharing the same site in ,B&nQs Similarly to the
BaPrsnSh, «Os5 compounds the Pr cation are overbonded througtimitseries.
This is in contrast to the significant underbondafgsri* and NB* particularly in the

x = 0.8-1.0 samples where Pr,*Sand NB* all occupy the same crystallographic site.
This suggests that there may some local distorteosind each of these different
cations in the disordered structures to satisfyr té#ferent bonding requirements.
Lattice parameters and unit cell volumes for conmasu in the series
Ba,PrSnNb; «Os 5 are illustrated in Figure 5.31 and tabulated iblé&.12.
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Table5.13:

Crystallographic

information for

the series ,B&SRND;,Os.s.

Structures have been determined using either newtroin the case of the x = 0.8

sample, synchrotron X-ray diffraction. In the cadethe x = 0.6 and 0.7 samples

refinement of the 4 site gives a Pr occupancy of 0.99(4) and 1.02¢Spectively

with the remainder of the site consisting of Bimatg.

Compound BaPrNbQ; | BaPrSm gNbg40s5 | BaoPrSmy Nbg:0s5 | BaPrSn gNbg 2065
gfgfg 12/m R3 R3 R3c
a(A) 6.0940(1) 6.0336(3) 6.0278(3) 6.0209(2)
b (A) 6.0546(2) =a =¥} =a
c(A) 8.5521(2) =a =a =a
a(°) 90 60.127(4) 60.110(5) 60.052(3)
B©) 90.178(2) =a =a =a

y(o) 90 =a - a =4
Ba 4 (x,0,2) Z (X,X,X) 2¢C (X,X,X) 2a (Ya,Y4,%4)
X 0.5023(5) 0.2503(11) Ya Ya
z 0.2476(5) =X =X Ya
B (A% 0.81(2) 0.86(2) 0.86(2) 1.06(4)
Pr 2a (0,0,0) h(0,0,0) 1 (0,0,0) D (0,0,0)
B (A% 0.72(5) 0.43(2) 0.50(2) 0.51(4)
B' 2d (0,0,%2) 1b (Y2,%,%) b (Y2,%,Y%2) » (0,0,0)
B (A% 0.21(4) 0.45(2) 0.48(2) =B
o1 4 (x,0,2) 6f (X,y,2) 6f (X,Y,2) 6e (X,%2-X,%4)
X 0.0537(4) 0.7385(11) 0.7433(16) 0.7858(10)
y 0 0.2247(5) 0.2240(5) 0.7142(10)
z 0.2698(3) 0.2876(5) 0.2827(7) Ya
B (A% 1.01(7) 1.82(2) 1.81(2) 0.88(9)
Occupancy 0.988(16) 0.998(4) 0.995(5) 1
02 g (x,y,2)
X 0.2702(3)
y 0.2669(4)
z 0.9718(2)
B (A% 1.51(5)

Occupancy 1.015(10)

Ry, % 53 54 5.7 4.6
Rwp % 6.4 6.7 7.0 4.1
NG 1.0 1.6 1.9 46
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Table5.14: Bond lengths and bond valence sums (BVS) for sedecompounds in
the BaPrSnNb; Os.5 series. Structures have been determined usingr gidutron or,

in the case of the x = 0.8 sample, synchrotron YKei#fraction. The BVS for Pr is

based on the PrO parameter since the appropriate value f8f Rrnot known. In
the case of the mixed $rand NB* structures the BVS for $his listed above NB.

X Ba-O Pr-O B'-O
Bond Length (A) BVS| Bond Length (A)| BVS Bond Length (A)| BVS
1 x 2.741(4)
2 x 3.187(4)
2 x 2.840(3) 2 x 2.329(2) 2 x 1.997(2)
O | 2x2.884(4) i - g'ggggg L1 4x23202) | 3%t ax20032) | 470
2 x 3.0500(5) '
3 x 2.833(1) | 3 x 3.059(10) ] 3.62
06 | 30 087(10) 3x32130)| L77| 6x2196(4) | 509  6x2092(4) g7
3 x2.842(1) | 3 x 3.039(11) . 3.43
07 | 3 0000(11) 3x3106()| L77| ©x2169() | 547  6x2.112(5) 37q
3 x 2.7974(1) 318
6 x 3.018(6) 1.84| 6x2.1408) | 5.91 =Pr-0 | 351
3 x 3.2283(1) '
v v T T 90.2
R 4 | | [ o~
1 | v ! ! 900
i L e 4 : vV BTeoo
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Figure5.31: Reduced wunit cell parameters for compounds in tleies

Bao,PrSnNb;.4Os.s.
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5.4.2.2 Structures of Ba ,TbSnyNb140O¢.5
Table5.15:

Unit cell parameters, atomic positions, displaceimand oxygen

occupancy parameters as determined using neutfibaction for compounds in the

series BalbSnNb; «Os5. In the partially ordered x = 0.3 and 0.6 struetuthe

occupancy of the @site refines to 74(15) % in the case of x = 0.8 the 4 site is

set as 67 % for x = 0.6 based on the refinemettesynchrotron X-ray diffraction

pattern of this sample.

Compound| BaTbNbQs | BaTbSm aNbg70es | BaThSmeNbg4Oss | BaxTbSn :Shy 2065
gf’j‘:s 14/m 14/m Fmam PM3m
a(A) 5.9816(1) 5.9796(3) 8.4364(2) 4.21390(8)
c(A) 8.4757(2) 8.4588(10) a =a

Ba 4 (0,%2,Y4) 4 (0,%2,%4) 8¢ (Ya,Ya,Ya) 1b (Y2,Y%2,%)
B (A? 0.94(3) 0.69(2) 0.67(2) 0.71(2)
Tb 2a (0,0,0) 24 (0,0,0) 4 (0,0,0) 51 (0,0,0)
B (A? 0.61(5) 0.23(6) 0.37(2) 0.40(2)
B' 2b (0,0,%%) 2b (0,0,%%2) 4b (Y2,%2,%2) 1a(0,0,0)
B (A? 0.49(5) 0.44(6) 0.37(2) =TB
01 4e(0,0,2) 4e (0,0,2) 24e (x,0,0) 3d (%2,0,0)
X 0 0 0.2539(2) Ya
z 0.2665(5) 0.2674(26) 0 0
B (A? 1.33(14) 1.02* 1.34(2) 1.25(2)
Occupancy 1.024(36) 1 0.984(4) 0.978(4)

02 & (x,y,0) 8h (x,y,0)

X 0.2441(4) 0.2626(37)
y 0.2821(4) 0.2470(9)
z 0 0

B (A% 1.44(8) 1.12*

Occupancy 1.002(18) 0.986(6)

Rp % 55 5.2 5.6 55
Rup % 6.5 6.6 6.9 7.2
NG 2.5 1.8 2.1 2.2

* Oxygen displacement parameters refined anisatedlyi : Ol B; = By =

0.0142(27) and & = -0.0001(7); O2 B = 0.0077(35), B, = 0.0099(33), Bs

0.0067(15) and B = -0.0001(21).

As established, in Chapter 3, using synchrotramayediffraction BaTbNbQ;, adopts

an 14/m tetragonal structure with full B-site cation order and this has a larger unit

cell than BaTbSnQ.s. Refinement of a model against a neutron diffactpattern

gives an occupancy of the oxygen anion equatondl axial sites of 102(4) and

100(2) % of full occupancy respectively, indicatitigat Tb adopts the trivalent
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oxidation state in this compound (see Table 5.16 drystallographic details).

Apparently the loss of B-site cation ordering beaw®aTbNbGOs; and BaTbhSnQ 5 is

a consequence of the oxidation off T TH**. The degree of tetragonal splitting in
BaTbNbG; is quite small and a synchrotron X-ray diffractipattern collected at

100 °C no longer contains any peak splitting sutjggghat Fm3m cubic symmetry

is adopted.
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Figure5.32: Selected regions of diffraction patterns of conmmmtsiin the series

Ba,TbSnNb; Oss. The format is the same as for Figure 5.2.

The synchrotron X-ray diffraction patterns of campds in the series
Ba,TbSnNb; Os5 With x = 0.1-0.3 feature splitting consistent widim symmetry.
Subsequent refinements of models with this symmgtoyide good fits to the data
(see Figure 5.32). The x = 0.4-0.9 members of #rees do not exhibit any peak
splitting indicating that they adopt cubic symmesge Figure 5.32). The x = 0.4-0.6
compounds, however, feature wdapoint super-lattice reflections. Since these have
cubic symmetry and lack any octahedral tilting, Rpoint reflections arise from
ordering of the B-site cations. Therefore these mmumds adoptFm3m cubic
symmetry. The more Shrich compounds (x = 0.7-0.9) do not show dRpoint
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reflections confirming that they adopt thBm3m structure also displayed by
BaTbSnQ.s.

The synchrotron X-ray diffraction patterns of the 0.7-0.9 compounds feature peak
asymmetry similar to that observed in, BaSnSh;.Os5 consequently a second
P4/mmm “phase” was also used to improve the quality effthto diffraction patterns
of these members of the niobate series. The pegbesparameters of this secondary
phase are very broad confirming that the peak asstmynis caused by strain in this
compound, and not by the presence of a genuinendgatase. Lattice parameters and
unit cell volumes for compounds in the seriesTRé&nNb; xOs.5 are plotted in Figure
5.33 and tabulated in Table 5.16.
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Figure5.33: Reduced unit cell lengths and volumes for compoundihe series
BaQTbSI'}(Nb]_-XOG@
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Table5.16: Unit cell lengths and volumes for compounds in tkeries
Ba,TbSnNb;_,Os.s.

Space Volume
Gf’oup a(A) c(A) A3
0 I4m 5.98382(5) 8.47854(6) 303.584(3)
0.1 I4/m 5.98364(4) 8.47719(6) 303.516(3)
0.2 I4/m 5.98154(4) 8.46900(9) 303.011(%)
0.3 14/m 5.97820(6) 8.46339(12)302.472(6)

X

0.4 Fm3m 8.45083(8) a 603.530(10)
0.5 Fm3m 8.44407(8) a 602.082(10)
0.6 Fm3m 8.43374(11) =a 599.875(14)
0.7 Pm3m 4.21290(2) a 74.7726(7)
0.8 Pm3m 4.20912(3) a 74.5716(8)
0.9 Pm3m 4.20484(3) a 74.3447(10)
1.0 Pm3m 4.19830(1) 2 73.9980(8)

Table5.17: Bond lengths and bond valence sums (BVS) for sefecompounds in
the BaTbSnNb; O series determined using neutron diffraction. TMSBor Tb is
based on the TB-O parameter since the appropriate value fdf ®unknown. In the
case of the mixed B' compounds the BVS fot'$slisted above N.

. Ba-O Tb-O B-O

Bond Length (A)] BVS| Bond Length (A) BVSBond Length (A)| BVS
4 x 2.884(1)

2 x 2.259(4) 2 x 1.979(4)
0 4 x2.9941(2) | 1.84 3.57 4.73

4 x 3.111(2) 4% 2.231(3) 4 x 2.011(3)
0.3 j i g'ggg% 181 | 2%2262(22) | , 5| 2x1967(22) | 4.22
4 x 3.038(9) 4 x 2.156(20) 4 x 2.075(19) | 4.29
0.6 | 12x29829(1)| 1.84 6x2142(2) 47 6 2DY6 g'gj
0.7 | 12x29797(1)| 1.86 6x21070(1) 5/13 ~ Tb-O g-gg

Refinement of the structures in the,BaSnNb;.xOs5 Series against synchrotron
X-ray diffraction patterns shows that the B-sitéiaraordering is lost gradually from
full ordering in BaTbNbGs to only 67.1(1) % of thealsite being occupied by Tb in x
= 0.6. It should be noted that refinements of theiglly ordered structures were done
in a similar manner as for the analogous Pr sariesrder to maintain nominal
stoichiometry. This result is similar to the analog antimonate series but contrasts

with the BaPrSnNb;.,Os5 series, which loses cation ordering suddenly betwbe
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x = 0.7 and 0.8 compounds. Consistent with thegahlibss of B-site cation ordering
the Tb-O and Sn/Nb-O bonds gradually contract ardaed respectively with
increasing x. There is only a small difference,.830A, between the B-site cation
bonds in the disordered structure of the x = 0./hier of the series and the Th-O and
Sn/Nb-O bonds of the last B-site ordered compourdOx6 (see Table 5.15 and 5.17
for refined structures and selected cation distamespectively). Similar to the other
series examined in this chapter the Tb cationsseymificantly overbonded and the
Sri™* and NB* cations are significantly underbonded in the $tmes where these

cations occupy the same site.

Interestingly refinements using a neutron diffiact pattern of the tetragonal
BaThSny3Nby 7055 sample consistently suggest an unusually largéerdiice
between the axial and equatorial Th-O bond lengftis an axial and equatorial bond
length of 2.26(2) and 2.16(2) A respectively. Tétietching of the axial Tb-O bond is
reversed in the Sn/Nb octahedra where the axial Isignificantly shorter than the
equatorial bond (cf. 1.97(2) A to 2.07(2) A). Theuse of these unusually distorted
octahedra is not clear although it may be relatedrisotropic peak broadening
observed for (O Bragg reflections in the synchrotron X-ray difftan pattern in
both the x = 0.2 and 0.3 samples. The larger tpeated standard deviations of the
oxygen atomic positions, and therefore of the btenbths in this structure, are
caused by cross-correlation between the oxygeniatpasitions and the anisotropic
displacement parameters used in this model. Wik grecision in the atomic
positions can be greatly increased by using isatrdsplacement parameters this
also results in noticeably less stable refinemevits significantly higher R-values
(cf. an R and R, of 5.2 and 6.6 % for a fit to the pattern usingsatropic
displacement parameters to apddd R, of 5.7 and 7.3 % for a fit using isotropic

displacement parameters).

5.4.2.3 Analysis of Oxygen Vacancies and Oxidation States of Cations in
Ba,LnSn XNbl_XOG_5

The structures of compounds in the seriesLBa&nNb;Os5 (LN = Pr or Th)
determined in the previous two sections impliest, tisamilarly to the analogous

antimonate series, as x increases the trivalethdarde cations undergo a transition
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to the tetravalent state. In order to determinepiteeise way in which this oxidation
state change occurs and, therefore, if there isemyficant level of oxygen vacancies
in these compounds UV-Vis-NIR and XANES spectrose®pvere used to probe the

oxidation state of the lanthanide cations in eashmound.

Ba,PrNbO, Ba,Prsn Nb O, Ba,PrSn _Nb O, Ba,PrSnoO,,
BaZPrSno'lNbo'goe_6 BaZPrSnO.SNbO.SOG_6 BaZPrSno'ngMOG_6
o |
o
c
©
o
| —
o
%)
Ne)
<
T I T I T I T I T
1200 1400 1600 1800 2000 2200

Wavelength (nm)
Figure5.34: Selected spectra of compounds in the serie®iEmNb; «Os.5 in the
region 1200-2200 nm. The peaks marked by arrowsthe spectrum of
BaPrSny sNbo 065 at approximately 1415 and 1775 nm are at theirtnmiense in

the intermediate compounds.

The 1200-2200 nm region of the Near-Infrared gpeat BaPrSnNb;.xOs.5 exhibits

sharp features associated witi'Pn BaPrNbQ;, that lose intensity with increasing x
while the broader features associated with Pr Ba,PrSnQ.s become more intense
(see Figure 5.34). This is similar to the trendewstsd in BaPrSnSh;,Os5. There

are, however, numerous weak features, most notabl§415 and 1775 nm, in
BaPrNb(Q that increase significantly in intensity towardi® tmidpoint of the series
before losing most, or all, of their intensity inaBrSnQs The cause of the

behaviour of these features is uncertain. Thesdiaal bands are not observed in
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the analogous antimonate series, which may sudbestthey occur in the niobate
compounds because they contain botti @&nd Pt in the same structure. This in turn
suggests that these bands may be related to clramgfer between Prand Pt
cations. The behaviour of the 250-700 nm UV-Visioagof the BaPrSnNb; xOs.5
spectra is similar to that in BRrSRSh; «Os5 With the main peak observed in this

region increasing in intensity and broadening tedoenergy with increasing x.

Ba, TbNbO, Ba,ThSn Nb O, . Ba,ThSnO_
BaszSI’lolleoigos_a BaszS”mNbo.sO@a
BaszSnosNbOJOG_a _— Ba\ZTbSnO_QNbo_lOB_6
\
—\\______"\

- 4"~‘v~\\\‘_—\"‘""'-‘—"—'—’—”‘_\“\___
-

Absorbance

T T T T T T T
1600 1800 2000 2200

Wavelength (nm)
Figure5.35: Selected spectra of compounds in the serieS 2 Nb;.O¢5 in the
region 1500-2300 nm.

The 1500-2300 nm region of the spectra ofTBR&NNb;Os5 exhibit a slightly
different change than that found for the analogmtgnonate series (see Figure 5.35).
The features found in B&8bNbG;, while not as strong or sharp as those found in
Ba,ThSbQ, suggest the presence of *TbThese features gradually decrease in
intensity with increasing x leading to a featurslepectrum for BEbSnQ . This
indicates that there is a continuous oxidationestatange from T8 to Tb* with
increased SH doping although why the change in spectra is ngoaglual than that

found for BaThSnSh;.,Os5 is unclear. The behaviour of the main featurehis t
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series in the region of 250-600 nm is similar tattfound for the other three series
examined, the broadening of this peak to 500 nmgoebnsistent with a transition
from Tb®" to TB*

BaZPrNbO6
BaZPrSnoile @)

0.9 " 6-

BaZPrSnO_SNb O

0.7 ~ 6-5

BaZPrSnO.SNb @)

0.5 " 6-

BaZPrSnO_7Nb O

0.3 " 6-5

Ba, PrSn Nb O, .
Ba,PrsnO_,

Absorbance

L) I L) I L)
5950 5975 6000 6025

Energy (eV)

Figure5.36: Pr Lj-edge spectra of selected compounds in the series
BaPrSnNb;.xOs.5 indicating the change in the energy and shapbeoétige between
5960-5985 eV with increased Smioping.

Having used UV-Vis-NIR spectroscopy to confirm tthar* and TB* cations
undergo a valency change td"Pand TH" in the series B&nSnNb;,Os5 XANES

of the Pr and Tb L-edges were collected in-order to quantify the ati@h states of
the cations in each compound. The white line ofRhéy;-edge in BaPrNbQ; occurs

at 5.969 keV, which is only 1 eV higher in energgr that of PiSnO;, confirming
that Pr is trivalent in this compound. Thesé"Rike features decrease in intensity
with increased Sh doping while features similar to those found INB&NQ5
increase in intensity (see Figure 5.36). Sincea#t hlready been established that the

spectrum of B#PrSnQs is consistent with this containing only*Prthis change
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demonstrates the oxidation state change frofi ®r Pf* occurs gradually with

increasing X.

a000 B050
-t

T
ey

Figure5.37: Target transformation fit of the BRrNbQ; spectrum to the appropriate
component of the PCA analysis. The green, white reddlines are the BRrNbQ
and the PCA component spectra and the differentselea the two respectively.
Note the extra feature at approximately 5975 ethenBaPrNbQ; spectra that is not
in the component spectra.

Principal component analysis (PCA), carried ougrothe region 5.902-6.200 keV,
indicates that the intermediate compounds in thies®aPrSnNb; xOs5 consist of
two common components. Target transformation arsaksggests that while one of
these is an excellent match to the spectrum ePEENQ; the other is not quite as
well fitted by BaPrNbQ; (see Figure 5.37). This is principally because gieak in
the spectra of B&rNbQ; that is at approximately 5.975 keV. This featw@at in the
spectra of any of the intermediate compounds insiiges nor does it match the
energy of any Pf features in either BRrSnQs or BaPrQ. It is believed that is
caused by either an instrumental “glitéf"*? or from the presence of a very small
amount of an impurity phase, possibly¥MoO;, identified in the sample by X-ray
diffraction. As detailed in Chapter 3, Rietveldineiment suggests that this phase
makes up approximately 1 mole % of the compounditasgems unlikely that such a
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small impurity could contribute such a significé@ature to the spectra. Regardless of
the cause of this extra feature, thq,-&dge spectrum of BBrNbQ; was a
significantly better fit to the second componertrthhe PiSnO; spectrum. Therefore
this was selected to be used as component of éisé dgquares fit of the spectra of the

intermediate samples.

Oxidation State Fraction

0.0 0.2 0.4 0.6 0.8 1.0
Ba,PrSn Nb, O,

Figure5.38: Plot of the oxidation state fraction of’Pand Pt* in each compound
examined in the B®rSnNby.,Oss series. The black line depicts the amount 8t Pr
required at each composition for there to be n@erywacancies present and is drawn

as a guide to the eye.

The least squares fit of the spectra of intermtedtampounds in the series, carried
out over the range 5.950-6.050 keV, showed th#t dxidises gradually to Prwith

increased SH doping. There is no evidence for a significantelewf oxygen

vacancies in these compounds (see Figure 5.38 abtk .18 for oxidation state
fractions and oxygen stoichiometry respectively)sHould be noted, however, that
the fraction of Pr in each oxidation state charmgigsificantly between samples with
similar x. This is similar to, but more significattian, the variation found in the
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analogous antimonate series. This extra variabibtymost likely related to the
additional feature in the BBrNbQ; spectrum causing complications in the fitting
process and decreases the accuracy of the resttdtimed. This is consistent with a
significant increase in the standard deviatiorhefrelative abundances determined by

the least squares refinement.

Table5.18: Oxygen stoichiometry as determined by the leastsyl fit of the Pr
and Tb Ly,-edges for perovskites in the seriesIBesnNb; xOs5 (Ln = Pr or Th).

Ba,LnSnSh.,Os5 | Oxygen Stoichiometry

X Pr Tb

0 6.00(1) 6.00(1)
0.1 5.99(1) 5.98(1)
0.2 6.05(3) 5.98(1)
0.3 5.96(1) 5.99(2)
0.4 6.02(2) 5.98(1)
0.5 6.03(2) 5.98(1)
0.6 5.97(1) 5.97(1)
0.7 5.98(1) 5.98(1)
0.8 5.97(1) 5.97(1)
0.9 5.98(1) 5.97(1)
1.0 6.00(1) 6.00(1)

The edge in the Thl-edge spectrum of B&bNbQOs; occurs at a very similar energy
to that of the TH standard, TsSn.O;. The edge does not have any features in the
range of the TH standard showing that only his present in this sample. This is
consistent with observations from UV-Vis-NIR spestopy and the structural
models derived from Rietveld refinement. Since d@svestablished in Section 5.4.1.4
that only TH" is present in BEbSnQ s this illustrates the full oxidation state change
from Tb** to TB* occurs with increasing $hdoping in the series BBbSnNb;,Og.s.

The spectra of the intermediate compounds sighdy this change occurs gradually
(see Figure 5.39).
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Figure539: Tb Lj-edge spectra for selected compounds in the series
BaTbSnNb; xOg 5 indicating the change in shape and energy of the edge with

increasing X.

A combination of PCA and target transformationlgsia, carried out over the range
7.425-7.800 keV, showed that the intermediate camg@s in the series
BaTbSnNb; «Os5 consist of only two common components, which aeebent fits
for the spectra of the two end member compoundslB¥O; and BaTbSnQ 5. A
least squared fit of each of these intermediatesguthese two component spectra,
was carried out over the region 7.475-7.675 ke\Ms Bmalysis indicates that the rate
at which the Tb oxidation state changes a$'Stoping increases suggests the
presence of a very small amount of oxygen vacan®es0.02, in each of the
intermediate compounds (see Figure 5.40 and Talk for oxidation state fraction
and oxygen stoichiometry respectively). This isiEmto the observation of oxygen
vacancies in compounds in the seriesTB&nSh;.xOs-5 although the lightly doped
Sr** compounds in the antimonate series were founge Imore oxygen vacancies.
The analysis of the two Pr series on the other thahahot reveal any significant level

of oxygen vacancies through a significant parthef $eries. In the BRrSnNb; xOs.5
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series, however, this may be a result of the laeger in the least squares analysis

obscuring the presence of such vacancies.

Oxidation State Fraction

0.0 0.2 0.4 0.6 0.8 1.0
Ba,ThSn Nb, O, .

Figure5.40: Plot of the oxidation state fraction of tand TH* in each compound
examined in the BEbSnNb,.,Oss series. The black line depicts the amount of Th
required at each composition for there to be n@erywacancies present and is drawn

as a guide to the eye.

5.5 Conclusions

The structures adopted by compounds in the sBagsn\SnB'1.xOs5 (LN = Pr or Th
and B' = NB" or SB™") have been determined using synchrotron X-ray reewtron
diffraction. UV-Vis-NIR and XANES spectroscopies neghen used to determine the
oxidation states of the cations present. In all &mries it was shown than the trivalent
lanthanide cation undergoes an oxidation state gehda the tetravalent oxidation
state with increased $ndoping. In the series BarSpSh,.«Oss it was found that
there was a large two phase region from x = 0.3ah&h is likely to be associated

with the segregation of Prand Pt into two different phases. By contrast in the
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other three series there is no indication of catiegregation with the two Tb series
remaining single phase for all compositions whilee ttwo phase region in

BaPrSnNb; xOss was found to be caused by a discontinuous phasesition

between 12/m monoclinic and R3 rhombohedral structures. Oxidation of the
lanthanide cation with increased*Sdoping leads to a loss of B-site cation ordering
in all four series. The fashion in which the Th @&hrdseries manifest this loss of order
is, however, different. The Tb series lose ordeaigradual fashion while in the Pr

series it occurs suddenly or is associated witls@lsagregation.

The XANES analysis suggests that the oxidatiote sthange of the lanthanide cation
occurs with increasing $hdoping so that there are apparently no oxygennaes

in the Pr compounds and only a small quantity iea Tib containing compounds.
Clearly oxidation of the Pr and Tb cations is stjigrfavoured over the formation of
oxygen vacancies in these four series. This sugghstt while these compounds
might be good electrical conductors they are uhlike be good oxygen anion or
proton conductors as required for fuel cell appices. Therefore in Chapter 6
another series BBASRSh.«Oss is examined in which the N# cations cannot

oxidise to the tetravalent state forcing oxygenaveies to form with increased Sn

doping. Attention will be focused on the structuoéshese compounds particularly in

regards to the presence of oxygen vacancy orderitigeir structures.
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