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ABSTRACT 

The structural investigation of Ba6_3XSm8+2xTi18054, using the correct (doubled) 

unit cell, corresponding to space group Pnma (number 62), resulted in an Rl = 5.36%. 

The structure is made up of a network of corner sharing Ti06 octahedra creating 

pentagonal and rhombic (perovskite-like) channels. The pentagonal channels are fully 

occupied by Ba atoms, one rhombic channel is fully occupied by Sm atoms, one rhombic 

channel is partially occupied by Sm atoms, and one rhombic channel is shared by Ba/Sm 

atoms. Based on the above site occupancies, the disorders (vacancies and substitutions) 

were calculated for 0 < x < 0.667. Refinements in space group Pna2} (number 33) were 

conducted and single phase powders were examined for second harmonic signal 

generation to support the choice of the centrosymmetric space group Pnma. The solution 

of the Sm-analogue allowed for a comparison to the previously solved crystal structures 

of the Pr- and Nd-analogues. The crystal structure determinations of the Pr- and Nd-

analogues did not take into account the superstructure reflections that doubled the unit cell 

and changed the space group. 

The changes of the dielectric characteristics E', Q, and Tf, by varying the x and/or 

Ln, of the solid solution Ba6.3xLn8+2xTi18054 (Ln = La, Pr, Nd, Sm, and Eu) will be 

reviewed. The focus of this dissertation has been to address: 1) What structural elements 

cause E', Q, and Tf to change when Ln = Pr, Nd, or Sm and x is varied along the solid 

solution. 2) What structural elements cause E', Q, and Tf to change when x = 0.5 and 



13 

Ln is varied. Previous studies established a correlation between Tf and the occurrence 

of octahedral tilts for the solid solution BaxSrl.x(Zn1/3Nb%)03 (a perovskite structure with 

only four-sided channels). The octahedral tilts for the Pr-, Nd-, and Sm-analogues are 

compared for the Ba6_3XLn8+2xTij8054 solid solution where there are three-, four- and 

five-sided channels. 
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1. INTRODUCTION 

Microwave circuits that operate in the 0.4-30 GHz band are a critical component 

in cellular telephones, various satellite communications, and frequency sensors. In the 

future these devices hold the promise for enabling personal global positioning and for 

high separation digital communications. These developments are possible due to oxide 

ceramics that have: 1) High dielectric constants (E') that enable the miniaturization of 

devices. 2) High Q factors that transport, filter, and/or store electromagnetic energy with 

minimal losses (Q = l/tan8). 3) Low temperature coefficient of dielectric constant (TE>), 

resonant frequency (Tf), and capacitance (Tc) that minimizes frequency drift due to 

temperature fluctuations attributed to the environment and/or circuit heating. 

Two technical developments, the network analyzer and closed cavity/coaxial 

techniques, were the catalyst for the wireless communications technologies initiated in the 

1970's. The network analyzer allowed rapid, reliable measurements of the electrical 

performance of circuits. Closed cavity/coaxial techniques allowed intrinsic properties of 

materials (E\ Q, and Tf) to be accurately measured. New filters and oscillators were 

designed to replace the high Q air cavities and waveguides, low Q capacitor-coil 

assemblies, and circuit supports that rendered devices as too large, too expensive, and too 

difficult to integrate. One of the first materials to be investigated was Ti02, which was 

inexpensive, with an excellent Q ( > 15K at 3 GHz), and high E' (~ 100 for the 

ceramics). The reduction in size of coaxial filters, inductors, air cavities, and substrates, 

calculated by: 
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l(air)/E'/2 (1), 

resulted in a size reduction of 1/10 for these Ti02 devices. Despite the promise of these 

TiOz devices, once built they failed due to frequency drift (Ti02 has a Tf near 400 

ppm/°C in the range of -50 to 100°C). It became apparent that system requirements were 

high E' and Q, and a Tf no greater than 0 ± 6 ppm/°C. Most high E', nearly temperature 

stable, ferroelectric/piezoelectric ceramics known at this time had Q's orders of magnitude 

too low to maintain small insertion losses. 

O'Bryan et al. [1] showed that the compound Ba2Ti9O20 has a reasonable E' (= 

38, reducing the size by about 1/6), good Q (6-7K at 4 GHz) and small Tf (« 4ppm/°C). 

In the late 1970's and earlier 1980's French, German, and Japanese researchers [2] 

developed (Zr,Sn)Ti04 ceramics with similar E' (35-40), higher Q ( > 10K at 4.5 GHz) 

and low Tf. In the early to mid 1980's Japanese researchers developed and patented 

ceramic materials having a higher E' (80-90, reducing the size by 1/9), modest Q (3-4K 

at 3 GHz) and Tf near zero. The composition they reported as exhibiting these dielectric 

characteristics was close to 1:1:5 in the BaO:Ln203:Ti02 system (Ln = Nd, Sm). 

Section 2.2 of this work will follow the elucidation of the composition, once 

thought to be a compound close to 1:1:5, but what is actually one member of a solid 

solution series that is expressed as, Ba6_3XLn8+2xTi18054 (Ln = La, Pr, Nd, Sm). In this 

present work the structure-property relations of Ba6_3XLn8+2xTii8054, where the properties 

change by varying x and/or Ln, are investigated. In the future, by understanding what 

special combinations of structural elements and associated mechanisms (ion displacement 



16 

and/or polyhedral tilting) contribute to the high E', high Q, and temperature stability, it 

may be possible to predict favorable chemistries/structures for higher E' materials that do 

not compromise Q and Tf. 
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2. THEORY AND LITERATURE REVIEW 

The focus of this dissertation is to relate the structure to the properties. The 

questions that need to be answered are: 1) What structural elements cause E', Q, and 

Tf to change when Ln is held constant (Ln = Pr, Nd, or Sm) and x is varied along the 

solid solution Ba6_3XLn8+2xTi18054? 2) What structural elements cause E', Q, and Tf to 

change when x is held constant and Ln is varied (Ln = Pr, Nd, or Sm)? 

The dielectric characteristics (E\ Q, and Tf) for the Pr-, Nd-, and Sm-analogues, 

where x is varied for the solid solution Ba6_3XLn8+2xTij8054, can be found in the 

literature and are reviewed in sections 2.4.1, 2.4.2, and 2.4.3, respectively. The dielectric 

characteristics (E\ Q, and Tf) for Ba4 5Ln9Ti18054 (x = 0.5) where Ln is varied (Ln = La, 

Pr, Nd, Sm, or Eu) can also be found in the literature and are reviewed in section 2.4.4. 

Sections 2.4.1, 2.4.2, and 2.4.3 reveal E' decreases, Q dramatically increases, and Tf 

decreases as x increases along Ba6_3XLn8+2xTi18054 (for Pr, Nd, and Sm). The structural 

changes that can be correlated to these trends, especially the increase in Q, will be 

discussed in section 4.5. Section 2.4.4 reveals E' decreases, Q increases, and Tf 

dramatically decreases (for Nd Tf > 0 and for Sm Tf < 0) as the Ln substitution goes 

from La to Eu, while x is held constant. The structural changes that can be correlated to 

these trends, especially the decrease in Tf, will be discussed in section 4.5. 

The crystal structures of the Pr- and Nd- analogues have previously been solved 

in space group Pba2 (number 32) and are reviewed in sections 2.3.1 and 2.3.2. These 

crystal structure determinations did not account for superstructure reflections that would 
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double the unit cell in the short axis direction and create systematic absences that describe 

space group Pna21 (number 33) or Pnma (number 62). The structure of the Sm-analogue, 

using the superstructure reflections, in space group Pnma, is reported here for the first 

time in section 4.1.1. 

Colla et al. [3,4] established a correlation between Tc (and consequently TE- and 

Tf) and the occurrence of octahedral tilts for the solid solution BaxSrj_x(Zn1/3Nb%)03. 

This dissertation will examine if this correlation, found for a perovskite structure (only 

four-sided channels), holds true for the structures examined here that are a combination 

of perovskite and bronze type structures (three-, four-, and five-sided channels). 

2.1 Dielectric Properties 

The Clausius-Mosotti (CM) equation relates the net molecular polarizability, AD, 

composed of both ionic and electronic terms (the latter is usually very small), to the 

measured dielectric constant E' by: 

E' = 3 Vm + 87tAD/3Vm - 47tAD (2) 

o O 

where Vm is the molar volume in A . By differentiating the CM equation with respect 

to temperature the temperature coefficient of dielectric constant, TE., is obtained. TE- is 

related to the temperature coefficient of resonant frequency Tf by: 

TE, = -2(Tf+oO (3) 

where a is the linear thermal expansion coefficient. The temperature coefficient of 

capacitance Tc is related to TE. by: 
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TE. = Tc - a (4) 

and to Tf by: 

Tf = -(a + Tc)/2 (5). 

AD is the sum of the polarizabilities, aD, of the constituent ions that make up a 

composition. Shannon [5] derived 61 ionic polarizabilities (58 cations and the anions 

F"1, O"2, and OH"1) from the dielectric constants of 129 oxides and 25 fluorides using a 

least squares refinement technique in combination with the CM equation. Negas [6,7] 

has used the ionic polarizabilties derived by Shannon [5] in combination with Vm, from 

x-ray diffraction data, to predict E' with a relatively good agreement between E'calc and 

E'obs for numerous ceramics. Negas cautions [2] that certain assumptions must be made 

for aD, of the oxygen anion, to account for Eobs when E' is greater than 50 and that using 

fixed aD values is hard to justify, especially when a crystal is highly anisotropic and 

displays large property variations as a function of crystallographic axis. It is interesting 

to note that all high E' (> 38), high Q, temperature stable materials have highly 

anisotropic physical, electrical, and crystallochemical properties. Most importantly, the 

CM equation reveals that high E' can be achieved only when AD/Vm is large. 

2.2 Phase Equilibria/Composition of the BaO:Ln203:Ti02 System 

The BaTi03-Ln203-Ti02 system was first studied by Bolton [8]. Bolton reported 

two new compounds, phase X (located at BaO:Nd203:Ti02 3:2:9, Ba6NdgTij8054) and 

phase Y, and a sample composed of a mixture of phases X and Y that displayed high E' 
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and negative Tc. Subsequent studies in the BaO-Nd203-Ti02 system reported high E' 

samples with low TE> [9] and high E' samples with modest Q and near-zero Tf by 

substituting some Pb for Ba [10]. 

Kolar et al. [11] studied the phase relations in the system BaO-Nd203-Ti02 and 

located two new compounds at BaO:Nd203:Ti02 1:1:3 (Ba4Nd8Tij204o) and 

BaO:Nd203:Ti02 "1:1:5" (Ba4Nd8Ti20O56). In a later work Kolar et al. [12] reported 

the indexed x-ray powder diffraction patterns of both compounds and detennined their 

stability relations in the subsystem BaTi03-Nd2Ti207-Ti02. The "1:1:5" compound was 

indexed on an orthorhombic unit cell, space group Pba2 (number 32) or Pbam (number 

55), with refined unit cell parameters of a = 22.346(2), b = 12.201(1), and c = 3.8404(3). 

Gens et al. [13] studied crystals of Ba4Pr8Ti16048 and determined an orthorhombic unit 

cell, space group Pba2 or Pbam and lattice parameters of a = 22.30, b = 12.33, and c = 

3.86 A. The authors also report a homogeneity range along the pseudo-binary section 

Ti02-BaLn204 (Ln = La and Nd) from 80 to 85 mol% Ti02. Several years later 

Matveeva et al. [14], using single crystal x-ray analysis of the Pr-analogue, determined 

an orthorhombic unit cell, space group Pba2, lattice parameters of a = 22.360, b = 

12.181, and c = 3.832 A, and a composition of Ba375Pr95Ti]8054 . The authors also 

reported weak superstructure reflections that corresponded to a doubling of the c-axis. 

Details of Matveeva crystal structure will be discussed in section 2.3.1. Jaakola et al. 

[15] used x-ray powder diffraction to examine the compositions Ba4Nd8Ti20O56 and 

Ba3 7 5Nd9 5Ti ] 805 4 and reported that both were composed of two phases. The authors 
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confirmed these results by microstructural analysis and estimated « 15% of secondary 

phases in the Ba4Nd8Ti20O56 sample and = 3% of secondary phases in the 

Ba3 75Nd9 5Ti1 805 4 sample. Microanalysis of the secondary phases in the Ba4Nd8Ti2o056 

sample showed compositions near BaTi409 and Ti02 and microanalysis of the secondary 

phases in the Ba3 7 5Nd9 5Ti1 805 4 sample showed compositions near Nd2Ti207 and 

Nd4Ti9024. Microanalysis of the matrix of both samples corresponded to the formula 

Ba4Ndj0Tij8O54. The next year Beech et al. [16] studied the compositions 

Ba4Nd8Ti2o056 and Ba4Nd933Ti18054 by single crystal x-ray diffraction and neutron 

powder diffraction and reported that the Ba4Nd8Ti20O56 sample was not a single phase. 

The authors reported the true composition as A4A'8A"2B18054 with the A" sites only 

partially occupied. Beech commented [17] that for the Nd-analogue neutron powder 

diffraction studies were tricky due to the major diffraction peak containing a large percent 

of the total scattering for the entire pattern making a least squares Rietveld analysis 

biased. Beech also commented that the unit cell was too large for the refinement program 

only allowing the refinement to 60° in 20. Beech further stated that the Sm-analogue 

could not be studied using neutron powder diffraction since Sm was a "brilliant" neutron 

absorber. A crystal structure of the Nd-analogue, reported in an unpublished work by 

Kolar [18], differs from Matveeva's [14] crystal structure in the site occupancies of 

some Ba and Ln positions. The composition that results from Kolar's reported site 

occupancies, Ba4Nd933Tij8054, agrees with the formula, A4A'8A"2B18054 with the A" 
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sites %'s occupied, reported by Beech [16]. Kolar's crystal structure will be discussed in 

detail in section 2.3.2. 

Varfolomeev et al. [19] described what was formerly thought of as the "1:1:5" 

compound as Ba6.3xLn8+2XTi18054, where x is in the range between 0 and 0.75. This 

agrees closely with the ternary BaTi03-Nd2Ti05-Ti02 phase diagram, shown Figure 1, 

exhibiting a solid solution region (cross hatched on Figure 1) extending from 

Ba6Nd8Ti18054 to Ba4Nd933Ti18054 (x = 0 to x = 0.667 or BaO:Nd203:Ti02 3:2:9 to 

2:2.33:9). This solid solution passes through the BaO:Nd203:Ti02 1:1:4 

(Ba45Nd9Ti18054) composition explaining the crystal structure determinations assigning 

the composition of the compound as Ba45Nd9Tij8054 [13,20]. This agrees with the 

work of Takahashi et al. [21,22] reporting a single phase x-ray powder diffraction 

pattern for the specimen located at BaO:La203:4Ti02 but multiphase x-ray powder 

diffraction patterns for specimens with higher Ti02 content. Kutty and Murugaraj [23] 

studied specimens along (l-x)BaTi03 + xNd2Ti309 and reported no evidence of the 

"BaNd2Ti5014" compound. Guha [24] disagrees with [13-22] and reports x-ray powder 

diffraction and SEM/EDX analysis showing only one phase at BaO:La203:Ti02 1:1:4.25 

(Ba4La8Ti17O50) and two phases at BaO:La203:Ti02 1:1:4. Guha [24] also reports solid 

solubility of La2Ti207 and Ti02 in "Ba4La8Ti17O50" above 1300°C. 
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Figure 1. Phase diagram for the BaTi03 :Nd2Ti05 :Ti02 system. 
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Fukuda et al. [25] examined the solid solution formulas Ba6_3xLn8+2xTiig054 

and BaPr2Ti4+yOj2+2y for the Pr-analogue. The first formula examines the solid solution 

as outlined by Varfolomeev et al. [19] and the second formula examines compositions 

that would lie along the tie line between Ti02 and the BaO:Ln203:Ti02 1:1:4 

composition. Lattice parameters from x-ray powder diffraction data, for the series 

Ba6-3xPr8+2xTi18°54 (x = °-°> 0 J ' ° ' 2 ' ° ' 4 ' °-5 ' ° - 6 ' °-65> °- 7 ' °-75> °- 8 ' 0 9 > a n d L 0 ) a n d 

BaPr2Ti4+y012+2y (y = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) were given. For 

Ba6-3xPr8+2x^h8^54tne a u t n o r s reported the single phase solid solution to be in the range 

of 0 < x < 0.75 or Ba6Pr8Ti18054 to Ba3 75Pr9 5Ti18054 according to the linear variation 

of the lattice parameters. Pr2Ti207 and an unknown phase were reported as the secondary 

phases for x = 1.0. The a, b, and c lattice parameters and volume are plotted against x 

in Figure 2. If the Pr4Ti9024 compound is stable then according to the phase diagram 

(refer to Figure 1) the specimens above x = 0.75 should be in the three phase field 

Pr4Ti9024, Pr2Ti207, and the high x end member of the Ba6_3XPr8+2xTi]8054 solid 

solution. For BaPr2Ti4+ 012+2y the authors report Ti02 present in specimens of y > 0.6, 

and Ti02 and BaTi409 present in the specimen of y = 1.0. According to the phase 

diagram, Figure 1, the only second phase should be Ti02 and this should be present in 

specimens with y > 0.0. The a, b, and c lattice parameters and volume are plotted against 

y in Figure 3, this time no linearity is seen indicating no solid solution. The authors 

conducted x-ray microanalysis (XMA) to confirm their x-ray powder diffraction results 

of the series BaPr2Ti4+y012+2y at y = 0.0, 0.6, and 1.0. The specimen at y = 0.0 shows 
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Figure 2. The a, b, and c lattice parameters, and volume plotted against x of the 
series Ba6.3xPr8+2XTi18054. Lattice parameters are from Fukuda et al. [25]. 



P 
T3 

t o ' 

H *>• 
+ 
O 

K> 

+ 
>< ' 
r 
P 

«-* 
o 
n 
p 

p 

3 
n> 
CD 

05 

P 
3 
i? 
o 
3 
T1 
C 
?r 
c D . 
P 

« i 

*-* 
5.1 
^̂  

i — i 

to 

*—* 

OP" 

n 3 
U ) 

H 
3" 
CD 

& 
<3-

P 
3 
C L 

P I 

P 

o CD 
T J 
P 

P 

3 
CD 
i—»• 
CD 
CY1 

P 
3 
D . 

<• O 

c 
3 CD 

T J 

O 
i—^ 

CD 
D. 
P 

(TQ 
P 
3 
v> 
r ^ 

«< 
o 
•-•» r-f 
3 * 
CD 
Ol 
CD 
- 1 

n VI 

CO 

O 
U1 
O 

,r-
/ 

volume (A"3) 
0 o o 
01 Wl CJl 
- t ro co 

S 
y 

' 
/ s' 

o 
171 

• / 

o 
en 

c(A) 
CO CO CO CO 
09 CB CO 00 

b(A) 
ro ro to ro 

ro * • en cs en ro + 

: : : : : : : : : : : : z 
^ ' ' 

s 
- r 
T 

- \ 
. —\ 

__._ 

:::::::EI::I: 
[____ 

7 
7 
L 

\ 
7 

'"7 

r o - * r o r o r o r o - * r o i o 
M !° M M M M N N M 
O M - * - - » - ' | \ 3 M | \ ) 
C D - 1 l \ ) A a i C D I O M & 

. . , 

: : ; : : : ; ; : : : ; 
_ j 

/ 
/ 

/ 
7 

_7 

i 

to 
ON 



27 

a single phase backscattered electron image compositional micrograph while the specimen 

where y = 0.6 shows the three component phase and BaTi409 (according to the phase 

diagram the second phase should be Ba2Ti9O20), and y = 1.0 shows the three component 

phase, Ti02, and BaTi409. From the XMA results the authors report that the three 

component phase has a composition around Ba3 9Pr9 4Ti1 805 4 and that BaPr2Ti5014 

ceramics are composed of 83.8 vol% of this three component phase, 10.7 vol% of 

BaTi409 and 5.5 vol% of Ti02. 

Ohsato et al. [26] grew single crystals from a starting composition of 

BaLn2TigOj4 (Ln = La, Nd, and Sm) and published an oscillation photograph that 

displayed the superlattice reflections along the [001] doubling the c-axis and identifying 

the space group, Pna2j (number 33) or Pbnm (a non-standard setting of Pnma, number 

62). The authors report single phase x-ray powder diffraction patterns for both 

BaSm2Ti4Oj2 and Ba3 75Ln9 5Ti18054. For specimens of BaSm2Ti5014 the solid solution 

phase was identified along with Ti02, Sm2Ti207, and Ba2Ti9O20- According to the phase 

diagram (Figure 1) BaSm2Ti5014 should be located on the tie line between the solid 

solution and Ti02. 

Recently a new crystal structure has been reported by Azough et al. [27] with 

a composition of Ba375Nd95Tij8054 . The authors claim to use space group Pnam (a 

non-standard setting of Pnma, number 62) which takes into consideration the 

superstructure reflections seen in the c direction. Azough's structure will be discussed 

in detail in section 2.3.3. 
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The phase diagrams of the different rare earth substitutions (Ln = La, Pr, Nd, Sm) 

will have differences, as shown in Figure 4 where Ln = La, Nd, and Sm. Figure 4a, 4b, 

and 4c incorrectly show a point compound at 1:1:4. The important point in Figure 4 is 

the stability of the Ln4Ti9024 compound for the different Ln substitutions. Sm4Ti9024 

is not stable compared to Nd4Ti9024 [22,28]. For the Sm system (Figure 4d) an 

equilibrium assemblage of Ti02, SmTi205, and the high x end member of the 

Ba6-3x^m8+2x^l8(->54 s o^^ solution can exist while for the Nd system (Figure 1) an 

equilibrium assemblage of Ti02, Nd4Ti9024, and the high x end member of the 

Ba6_3xSm8+2XTi18054 solid solution can exist. The range of the solid solution for the 

various rare earth substitutions, from La to Eu, will differ. This can be explained by the 

crystal structure of Ba6.3xSm8+2xTi]8054 presented in section 4.1.1 and will be discussed 

in detail in section 4.1.3. Negas and Davies [6] report that the extent of the solid solution 

region, on both ends (high and low x) differs for each Ln substitution. 

2.3 Reported Crystal Structures 

The crystal structures of Ba375Pr95Ti]8054 by Matveeva et al. [14], 

Ba4Nd933Ti18054 by Kolar [18], and Ba375Nd95Ti18054 by Azough et al. [27] are 

reviewed in the following sections. The first two crystal structures are refined without 
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T " NIT9 NT2 

(b) 

Figure 4. Phase diagrams of the Ti02 rich portion of BaO:Ln203:Ti02 systems from 
Takahashi et al. [22] (a) Ln = La, (b) Ln = Nd, and (c) Ln = Sm, and from Negas et al. 
[28] (d) Ln = Sm. 
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accounting for the superstructure reflections that result from a doubled c-axis. The third 

crystal structure assigns the space group Pnam and claims refinement using this space 

group. However, the atomic positions correspond to space group Pbam, a non-doubled 

space group. The first two crystal structures present reasonable coordinates and will later 

be used in comparison to the structure of the Sm-analogue reported in section 4.1.1. 

2.3.1 Crystal Structure of Ba3 75Pr9 5Ti1 805 4 

Matveeva et al. [14] obtained acicular pale-green single crystals from a bulk 

specimen of BaO:Pr203:Ti02 1:1:4. The bulk specimen was sintered in air at 

1400-1500°C and crystals formed on the surface of the pellet. X-Ray spectral 

micro-analysis of the crystals resulted in a formula of 15BaO-19Pr203-72Ti02 or 

Ba3 7 5Pr9 5Ti1 805 4 . Ceramic specimens were synthesized with the stoichiometry 

BaO:Pr203:Ti02 15:19:72 and the observed (5.68 g/cm3) and calculated (5.73 g/cm3) 

densities were compared. 

The x-ray diffraction data collected from the single crystal revealed an 

orthorhombic cell with lattice parameters a = 22.360(7), b = 12.181(4) and c = 3.832(4) 

A. The systematic absences corresponded to either space group Pba2 (number 32) or 

Pbam (number 55). The authors report observing approximately 400 weak superstructure 

reflections with I > 3rj(I), where I is the intensity and rj is the standard deviation. 

Accounting for these superstructure reflections would double the c-axis and change the 

systematic absences to correspond to either space group Pna2} (number 33) or Pnma 
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(number 62). The authors did not include these superstructure reflections in their 

refinement. Statistical analysis of the intensity distribution resulted in the choice of the 

non-centrosymmetric space group, Pba2. The structure was determined by direct methods 

locating the heavier Ba and Pr atoms. Fourier syntheses and least squares refinements 

were used in locating the lighter Ti and O atoms. 

The resulting structure is shown in Figure 5 and the atomic coordinates are given 

in Table 1. The thermal vibrations of all atoms were refined isotropically and given by 

B:. The structure is made up of corner sharing Ti06 octahedra that extend in the [001]. 

Figure 5, the projection of the xy plane shows, corner sharing octahedra forming a 

network of rhombic and pentagonal channels also extending in the [001]. These patterns 

are characteristic of perovskite and bronze type structures, respectively. Refinement on 

the site occupancies revealed the Ba atoms occupying the pentagonal channels (to the 

extent of 80%) and the Pr (80%) and remaining Ba (20%) atoms occupying the rhombic 

channels. The formula calculated from these reported site occupancies corresponds to 

Ba4Pr9 3Ti1 805 4 which differs from the formula of Ba3 75Pr9 5Ti1 805 4 determined from 

the x-ray spectral micro-analysis. Interestingly, the formula Ba375Ln95Ti18054 

corresponds to x = 0.75 along the solid solution Ba6.3xLn8+2XTi18054. For 

Ba4Pr9 3Ti18054 x for the Ba component would be 6 - 3x = 4 or 0.67 and x for the Sm 

component would be 8 + 2x = 9.3 or 0.65. Averaging the x values and plugging 0.66 

back into the solid solution would result in a formula of Ba402Pr9 32Tii8054. The 
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Figure 5. ORTEP generated from the coordinates in Table 1 generating the xy projection 
of Ba3 75Pr9 5Ti18054 as detennined by Matveeva et al. [14] in space group Pba2. 
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Table 1. Atomic coordinates for Ba3 7 5Pr9 5Ti1 805 4 using space group Pba2 given by 
Matveeva et al. [14]. 

Atom 

Ba 

Pr/Bal 

Pr/Ba2 

Pr/Ba3 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

Ol 

02 

03 

04 

05 

06 

07 

08 

09 

010 

Oil 

012 

013 

014 

X 

0.307 

0.049 

0.5 

0.379 

0.5 

0.434 

0.109 

0.165 

0.262 

0.153 

0.193 

0.241 

0.277 

0.018 

0.443 

0.115 

0.5 

0.081 

0.361 

0.477 

0.404 

0.313 

0.104 

y 

0.092 

0.201 

0.0 

0.406 

0.5 

0.197 

0.398 

0.117 

0.338 

0.107 

0.419 

0.179 

0.326 

0.372 

0.223 

0.244 

0.5 

0.041 

0.265 

0.345 

0.056 

0.463 

0.485 

z 

0.547 

0.530 

0.585 

0.561 

0.077 

0.056 

0.042 

0.048 

0.066 

0.536 

0.083 

-0.002 

0.0504 

0.022 

0.519 

0.021 

0.486 

-0.053 

0.041 

-0.015 

-0.025 

0.009 

0.487 

B, 

0.56 

0.79 

0.81 

0.52 

0.40 

0.21 

0.66 

0.30 

0.55 

1.23 

0.57 

0.53 

0.35 

0.76 

1.80 

1.00 

1.71 

0.32 

0.56 

0.57 

0.30 

0.43 

2.04 
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formula of Ba4Q2Pr932Ti18054, calculated from the site occupancies, is very close to the 

formula reported by Kolar [18]in the next section. A final R of 9.0% was obtained for 

the refinement. 

2.3.2 Crystal Structure of Ba4Nd9 3 3Ti1 805 4 

Kolar [18] obtained long needle like single crystals from a starting mixture with 

a stoichiometry of BaO:Nd203:Ti02 1:1:5. The bulk powder was fired at 1350°C for 60 

h then at 1375°C for 12 h with intermittent grindings and repelletizings. The resulting 

calcined powder was fired in a Pt tube, sealed at both ends, at 1400°C for 25 h and 

quenched in H20. 

The x-ray diffraction data collected from the single crystal revealed an 

orthorhombic cell with lattice parameters a = 22.349, b = 12.2198 and c = 3.8340 A. The 

authors chose space group Pba2, but no evidence was presented to support the choice of 

the acentric space group. The resulting structure is shown in Figure 6 and the atomic 

coordinates are give in Table 2. The thermal vibration of all atoms were originally 

reported in terms of U and are converted to B for comparison to Tables 1, 3, and 11. 

No values are reported for U^, where Uy's are the thermal parameters expressed in terms 

of mean-square amplitudes of vibrations in A2. The structure of the Nd-analogue is made 

up of the same network of corner sharing Ti06 octahedra, creating rhombic and 

pentagonal channels extending in the [001] where the Nd and Ba atoms are located, 
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Figure 6. ORTEP generated from the coordinates in Table 2 generating the xy projection 
of Ba5Nd9 33Ti 18054 as determined by Kolar et al. [18] in space group Pba2. 
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Table 2. Atomic coordinates for Ba4Nd933Ti ]8054 using space group Pba2 given by 
Kolar [18]. 

Atom 

Ndl 

Nd2 

Nd3 

Ba 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

Ol 

02 

03 

04 

05 

06 

07 

08 

09 

010 

Oil 

012 

013 

014 

X 

0.5000 

0.1220(2) 

0.4509(2) 

0.1935(2) 

0.0000 

0.0644(7) 

0.2389(6) 

0.3354(6) 

0.3930(7) 

0.0000 

0.0240(38) 

0.0782(37) 

0.0573(50) 

0.1413(30) 

0.0975(29) 

-0.0203(27) 

0.2227(26) 

0.3090(27) 

0.2621(31) 

0.1870(31) 

0.3494(33) 

0.3875(28) 

0.4020(39) 

y 

0.0000 

0.0944(4) 

0.2974(4) 

0.4086(5) 

0.0000 

0.3066(15) 

0.1643(12) 

0.3824(12) 

0.1023(12) 

0.0000 

0.1507(76) 

-0.0388(68) 

0.2981(101) 

0.2436(59) 

0.4531(54) 

0.3783(50) 

0.1636(51) 

0.0794(53) 

0.3168(59) 

0.0443(60) 

0.3991(62) 

0.2555(53) 

0.1044(72) 

z 

0.5131(58) 

0.5201(40) 

0.4966(49) 

0.5000 

0.0461(107) 

0.0054(126) 

-0.0344(68) 

-0.0066(97) 

-0.0281(73) 

0.5671(1547) 

-0.0906(246) 

-0.1019(240) 

0.4649(740) 

-0.0193(328) 

-0.0663(204) 

-0.0568(201) 

0.4387(180) 

0.0747(214) 

0.0204(538) 

-0.0504(256) 

0.5576(315) 

0.0553(280) 

0.4642(444) 

Bea 

9.55 

0.71 

6.39 

11.37 

0 

7.90 

0 

0 

0 

1313.92 

28.50 

20.21 

323.41 

1.97 

0 

0 

0 

0 

25.58 

9.55 

11.37 

0.08 

75.88 
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respectively. The most significant difference between this structure and the structure 

proposed by Matveeva et al. [14] exist in the site occupancies. Kolar reports the 

pentagonal Ba atoms as fully occupied compared to the structure by Matveeva et al. 

where the pentagonal Ba atoms are only 80% occupied. The structure by Kolar shows 

the rare earth atoms, located in the special 2b position (Vt, 0, z), as only %'s occupied 

compared to the structure by Matveeva et al. where all the rhombic channels are occupied 

by the rare earth atoms and the remainder of the Ba atoms. The formula calculated from 

Kolar's reported site occupancies is Ba4Nd933Ti18054. It is not reported if the site 

occupancies were refined to give %'s or if the bond lengths were misbehaving, possibly 

indicating partial occupancy and/or shared sites. For the latter case %'s corresponds to 

Beech's formula of A4A'8A"2B18054 with %'s of the A" sites occupied. A final R factor 

for this structure was not reported. 

2.3.3 Crystal Structure of Ba3 75Nd9 5Ti18Os4 

Azough et al. [27] state "In spite of the potential importance of 1-1-4 type and 

related compounds, there has been considerable ambiguity concerning the detailed 

structure and space group." Unfortunately their work does not resolve the confusion. 

TEM electron diffraction patterns of ceramics with a starting composition of 

Ba3 7 5Nd9 5Ti1 805 4 show that the c-axis is doubled and the lattice parameters are 

approximately a = 22.2, b = 12.2, and c = 7.6 A. These electron diffraction patterns are 

almost identical to electron diffraction patterns of Ba45Pr9Ti18054 (1:1:4), obtained in an 
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earlier study [29], where Pnam (a non-standard setting of number 62) was confirmed 

as the space group. The authors mention [27] that space group Pnam is related to space 

groups Pba2 (number 32) and Pbam (number 55), but do not explain the relation. 

The structural data were collected using synchrotron radiation on samples of 

Ba3 75Nd9 5Ti18054 . It is not stated if the samples were powders or single crystals, and 

no details are given for crystal growth experiments. Data were collected using radiation 

with wavelengths of 1.3997 and 1.999241 A for periods of 10 h. 

It was stated that refinements were attempted in terms of "all the available space 

groups" but full refinement could only be achieved using space group Pnam. The 

reported refined lattice parameters are a = 22.3475(2), b = 12.1938(1), and c = 7.6771(1) 

A. The resulting structure is shown in Figure 7, the atomic coordinates are given in 

Table 3, and the occupancy parameters are given in Table 4. The authors label Ba/Ndl 

and Ba/Nd2 as occupying 8/ general positions and Ba/Nd3 as occupying a 4/ special 

position. In space group Pnma (the standard setting of Pnam) there are only Sd, Ac, 4b, 

and Aa positions. The only orthorhombic space group containing 8/ and 4/ positions is 

Pbam. The Ba/Ndl and Ba/Nd3 mixed sites do not total up to the multiplicities of the 

sites indicating the presence of vacancies. The formula, calculated from these site 

occupancies in space group Pnma corresponds to Ba2 96Sm6 05^21 13O54 (z = 3.41) while 

the formula, calculated from these site occupancies in space group Pbam, corresponds to 

Ba4 22Sm9 3 9Ti1 805 4 (z = 2). For Ba4 22Sm9 3 9Ti1 805 4 x for the Ba component would be 

6 - 3x = 4.22 or 0.59 and x for the Sm component would be 8 + 2x or 0.70, 
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Figure 7. XY projection of Ba3 75Nd95Ti18054 as determined by Azough et al. [27]. 
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Table 3. Atomic coordinates for Ba3 75Nd95Ti]8054 given by Azough [27] (see text for 
discussion concerning space group). 

Atom 

Ba/Ndl 

Ba/Nd2 

Ba/Nd3 

Nd4 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

Ti6 

Ti7 

Ti8 

Ti9 

TilO 

01 

02 

03 

04 

05 

06 

07 

08 

09 

X 

0.3068(1) 

0.0490(1) 

0.5000 

0.3779(1) 

0.5000 

0.4377(9) 

0.111(1) 

0.1633(9) 

0.263(1) 

0.5000 

0.434(9) 

0.107(1) 

0.1647(8) 

0.260(1) 

0.1579(9) 

0.195(1) 

0.236(2) 

0.191(1) 

0.239(2) 

0.2776(8) 

0.020(1) 

0.020(2) 

0.4430(9) 

y 

0.0910(2) 

0.2011(2) 

0.0000 

0.4070(2) 

0.5000 

0.198(2) 

0.400(2) 

0.110(2) 

0.335(2) 

0.5000 

0.199(1) 

0.401(2) 

0.115(2) 

0.336(2) 

0.105(2) 

0.412(4) 

0.179(3) 

0.411(4) 

0.178(3) 

0.321(2) 

0.377(5) 

0.359(6) 

0.216(2) 

z 

0.2383(8) 

0.2429(9) 

0.2360(10) 

0.2532(9) 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.5000 

0.5000 

0.5000 

0.5000 

0.5000 

0.251(1) 

0.0000 

0.0000 

0.5000 

0.5000 

0.251(1) 

0.0000 

0.5000 

0.250(1) 

Biso 

0.68(3) 

0.68(3) 

0.68(3) 

0.68(3) 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 
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Table 3 (continued). Atomic coordinates for Ba3 75Nd95Ti18054 given by Azough [27]. 

Atom 

O10 

Oil 

012 

013 

014 

015 

016 

017 

018 

019 

020 

021 

022 

023 

X 

0.117(3) 

0.115(3) 

0.5000 

0.0839(6) 

0.361(2) 

0.484(2) 

0.421(2) 

0.322(2) 

0.075(1) 

0.363(2) 

0.470(3) 

0.403(2) 

0.306(2) 

0.0985(9) 

y 

0.243(2) 

0.244(3) 

0.5000 

0.015(3) 

0.249(5) 

0.344(1) 

0.048(2) 

0.451(3) 

0.064(4) 

0.273(5) 

0.352(2) 

0.059(2) 

0.467(3) 

0.398(2) 

z 

0.0000 

0.5000 

0.250(1) 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.5000 

0.5000 

0.5000 

0.5000 

0.5000 

0.250(1) 

Biso 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5.7(1) 

5-7(1) 

Table 4. Site occupancies reported by Azough [27] for the Ba and Nd sites. 

site 

(1) 

(2) 

(3) 

(3) 

Ba 

4.7 

2.2 

1.6 

0.0 

Nd 

2.8 

5.8 

2.0 

8.0 

% occupied 

93.75 

100 

90.00 

100 
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corresponding to a composition considerably off the solid solution line. The formula 

Ba3 7 5Nd9 5Tii805 4 is the starting formula and does not reflect the determined site 

occupancies. Since Negas and Davies report [6] for Ln = Nd and x = 0.75 a multiphase 

x-ray powder diffraction pattern it appears that the specimen under examination is not a 

single phase. Private communication with A. Bell [30], who was acknowledged in the 

manuscript for help with the structural refinement, confirmed that the refinement was 

conducted in space group Pbam (number 55). When asked about the choice of the 

centrosymmetric space group, Pbam, Bell responded that he had kept the same space 

group as used by Matveeva et al. [14]. However, Matveeva's refinement was done using 

the non-centrosymmetric space group, Pba.2 (number 32). 

The Ti atomic coordinates listed in Table 3 have approximately the same x and 

y values as Matveeva's coordinates, repeated twice with z = 0.0 and 0.5. This splits the 

4c and 2a positions in Pba2 into Ah and Ag positions and 2b and 2a positions in Pbam, 

totaling 18 Ti atoms in Pba2 and 36 Ti atoms in Pbam. The O atomic coordinates listed 

in Table 3 also have approximately the same x and y values as Matveeva's x and y 

coordinates. When Matveeva's O z atomic coordinate was close to 0.500 the new atomic 

coordinate became x, y, 0.25, going from a 4c or 2a position to a 8/ or Ae position, 

respectively. When Matveeva's O z atomic coordinate was close to 0.000 the x and y 

values were repeated twice with z = 0.0 and 0.5, going from 4c to Ah and Ag positions, 

respectively. These site symmetries total to 54 O atoms in Pba2 and 108 O atoms in 

Pbam. 
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2.4 Reported Dielectric Characteristics 

This section reviews the dielectric characteristics, E', Q, TE-, Tf, and/or Tc for 

Ba6_3xLn8+2xTij8054 (Ln = Pr, Nd, and Sm) ceramics that are reported in the literature. 

Of most interest are the trends that are observable as x and Ln change. The only data 

available for the variation of x for Ln = Pr is from Fukuda et al. [25]. Negas [6,7] 

studied variation of x for both Ln = Nd and Sm as well as trends that occur for varying 

Ln between La and Eu. A few other studies have reported dielectric characteristics for 

samples located along the solid solution (mostly x = 0.5 or BaO:Ln203:Ti02 1:1:4) for 

Ln = Nd [9,10,11,26,27] or Sm [26,31,32,33]. These values are reported for 

completeness and to compare data from several sources. In most cases details concerning 

the experimental conditions are given. However, the experimental procedures used by 

Negas [7] have not been released at this time. 

Although only single phase samples, located on the Ba6_3XLn8+2xTi18054 (Ln = 

Pr, Nd, and Sm) are of interest in this study the dielectric characteristics can be calculated 

for two phase samples using the mixing relations, outlined by Paladino [34]. The 

dielectric characteristics using volume fractions, Vj and V2, of each component are given 

by: 

InE' = VjlnE', + V2lnE'2 (6) 

1/Q = V,/Q! + V2/Q2 (7) 

Tx = V,Txl + V2Tx2 (8) 

where x = E', f, or c. 
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For three component systems the equations listed above should be modified by adding the 

appropriate additional term multiplied by V3. 

2.4.1 Ba6.3xLn8+2xTi18Os4 where Ln = Pr 

Fukuda et al. [25] examined the microwave dielectric characteristics (E\ Q, and 

Tf) of the series Ba6.3xPr8+2xTi18054 using a resonant cavity method in TE015 mode. The 

authors report that the temperature response of Tf was not linear between 0 - 50°C so 

temperature coefficients are reported from between 20 - 50°C. 

Their results for the Ba6.3xPr8+2xTi18054 series are shown in Figure 8. For 

Ba6-3xPf8+2x^ 18^54' *n m e s o ^^ solution range (0 < x < 0.75), E' and Tf decrease with 

increasing x while Q increases with increasing x. For x > 0.75 (two or three phase 

regions) the mixing relations, as discussed in section 2.4, for calculating the microwave 

dielectric characteristics apply. 

2.4.2 Ba6.3xLn8+2xTi18054 where Ln = Nd 

Negas [6,7] studied Ba6.3xNd8+2xTi18054, where 0 < x < 1.0, and 20 (for the (002) 

reflection), E', Q, and Tf, are shown in Figure 9. The (002) increases linearly in the 

range 0.2 < x < 0.7 indicating single phase specimens. E' decreases slightly from 95 to 

81, Q dramatically increases from = 400 to = 2900, and Tf decreases from = 120 to = 15 

ppm/°C in the solid solution range. For multiphase specimens, x > 0.7, E' continues to 

decrease, Q begins to decrease, and Tf rises and plateaus. 
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Ohsato et al. [26] measured the microwave characteristics (E' and Q) on a disk 

of Ba3 75Nd95Ti18054 , sintered for 2 h at 1350°C. The dielectric measurements were 

made in the microwave frequency using Hakki and Coleman's method [35] on the 

TEQH
 m°de. E'= 86.00 was approximated using the resonant frequency and the size of 

the disk. Unloaded Q = 2,996K was measured by placing the disk in a resonant cavity 

on the TE0i5 mode. According to Negas and Davies [6] this is a multiphase composition. 

The phase diagram, shown in Figure 1, predicts that this sample should have minor 

amounts of Nd4Ti9024 and Nd2Ti207, indicating that the dielectric characteristics should 

be calculated using the mixing relations given in section 2.4. The reported E' and Q are 

higher than indicated in Figure 9 for x = 0.75. 

Azough etal. [27] studied Bi-substitutions and Bi-additions in Ba3 75Nd9 5Ti18054 . 

Starting powders of BaC03, Nd203 and Ti02 (40 g) were ball milled with zirconia media 

in isopropyl for 8 h. The powders were calcined at 1275°C for 4 h then milled again for 

8 h, dried and pressed into pellets 10 mm in diameter and 3-6 mm thick. The pellets 

were sintered in air between 1350 - 1500°C for 4 hours and cooled at a rate of 120°C/h. 

The dielectric characteristics were measured at 3 GHz using Hakki and Coleman's method 

[35]. Capacitance measurements were performed at 100 kHz between 20 - 100°C for Tc. 

Their results, for an undoped sample of Ba375Nd95Ti ]8054, are E' = 78, Q = 

2400, and Tc = -80 ppm/°C (using equation 5 and an approximate a = 9 ppm/°C this 

converts to Tf = 35.5 ppm/°C). As discussed above, in the review of the dielectric 

measurements by Ohsato et al. [26], this composition is not single phase, in which case 
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the reported values should reflect the rules of mixing. Azough's reported E', Q, and 

calculated Tf agree with E', Q, and Tf values shown in Figure 9 for x = 0.75. 

In the first study by Kolar et al. [11] samples with greater than 50 mol% Ti02 

were studied. Samples located in the vicinity of BaO:Nd203:Ti02 1:1:5 were noted as 

having E' in the range of 70 - 90, Q above 2000 (at 1 MHz), and TE. of approximately 

-100 ppm/K. The next study by Kolar [9] examined the effects of Bi203 additions to 

specimens in the BaO:Nd203:Ti02 system located close to 1:1:5. A recent work by Kolar 

et al. [36] reports dielectric characteristics, measured at 1 GHz, of E' = 86, Q > 6000, 

and Tf ± 3 ppm/°C for BaO:Nd203:Ti02 1:1:4. This E' is similar to what is reported by 

Negas [6,7], however the values for Q and Tf vary considerably. 

Wakino et al. [10] studied PbO additions to the BaO-Nd203-Ti02 system. Only 

one sample was made without PbO addition in this study. Its composition was located 

within a three phase field equilibrium assemblage and will not be considered here since 

only samples of the Ba6.3xLn8+2XTi18054 (Ln = Pr, Nd, and Sm) solid solution are the 

focus. 

2.4.3 Ba6.3xLn8+2xTi18054 where Ln = Sm 

Negas studied Ba6.3xSm8+2xTii8054, where 0 < x < 1.0 [6,7], and 26 (for the 

(002) reflection), E', Q, and Tf are shown in Figure 10. The (002) increases linearly in 

the range 0.3 < x < 0.7 indicating single phase specimens. E' decreases slightly from 84 

to 81 in the single phase region and multiphase specimens (x > 0.7) have E' values 
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remaining at 81. Q dramatically increases from = 300 to ~ 3300 between 0.3 < x < 0.6, 

above 0.6, and into the multiphase region, Q begins to decrease. Tf remains steady at ~ 

-15 ppm/°C between 0.4 < x < 0.6, and then decreases to = -20 ppm/°C between 0.6 < 

x < 0.7, and above 0.7 Tf begins to rise. For multiphase specimens, x > 0.7, E' remains 

constant. 

Ohsato et al. [26] measured E' and Q on samples of Ba45Sm9Ti,8054, 

Ba3 7 5Sm9 5Ti1 805 4 , and BaSm2Ti5014 (see above Ln = Nd section, 2.4.2, for the 

experimental techniques). For the single phase specimen, Ba45Sm9Ti15054, E' = 78.91 

and Q = 2289, both considerable lower than the values reported by Negas [6,7] for the 

same composition. The other two specimens were located off the solid solution line and 

the mixing relations for calculating dielectric characteristics for multiphase specimens 

apply. 

Nishigaki et al. [31] studied the series 0.15(Ba,_xSrx)O»0.15Sm2O3«0.70TiO2 and 

0.17(Ba1.xSrx)O»0.13Sm2O3»0.70TiO2 where 0 < x < 0.2. The best properties were found 

for x = 0.05 or 0.15(Ba095Sr005)O«0.15Sm2O3«0.70TiO2. Wu et al. [32] later varied the 

calcination and sintering parameters to study these effects on 

0.15(Bao95Sr0 05)0*0.15Sm2O3»0.70TiO2. Sun et al. [33] carried these experiments 

further by examining the series 0.15(Ba,.xSrx)O»0.15(Sm1.yLay)2O3»0.70TiO2 where 0 

< x < 0.25 and 0 < y < 0.6. For all cases, even when x = 0.0, the specimens were 

multiphase and will not be considered here since only single phase specimens are the 

focus. 
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2.4.4 Ba6.3xLn8+2xTi18054 where x = 0.5 and Ln = La - Eu 

Negas has studied Ba4 5Ln9Ti18054, where Ln = La, Pr, Nd, Sm, and Eu [6,7] and 

26 (for for the (002) reflection), Vm, and the microwave dielectric characteristics E', Q, 

and Tf are shown in Figure 11. The x-axis represents aD for the various substitutions into 

Ba6.3xLn8+2XTi18054, where x = 0.5, or Ba45Ln9Ti18054. Negas divided the formula by 

four to get Ba} 125^225^450235 and calculated aD by multiplying Shannon's [5] ionic 

polarizabilities (given in Table 5 as a D for various Ln3+) by 2.25. The net dielectric 

polarizability, AD, the sum of the individual ions, was then calculated by 1.125aDBa2+ + 

2.25 ocDLn3+, and is given in the last column of Table 5. 

Table 5. Shannon's [5] ocD, aD (2.25 x aD), and AD for Baj 125^225 (where ocDBa2+ = 
6.40). 

Ion 

La3+ 

pr3+ 

Nd3+ 

Sm3+ 

Eu3+ 

Gd3+ 

ccD [5] 

6.03 

5.31 

5.01 

4.74 

4.53 

4.38 

aD (2.25 x aD) 

13.56 

11.95 

11.27 

10.67 

10.19 

9.86 

AD (IaD) 

20.76 

19.15 

18.47 

17.87 

17.39 

17.06 



52 

258 

350 

300 

a 0-10.75 | A 0-18 
J I I I 

-47.5 

—47.3 

280—47.1 

—46.9 
200 

- 4 6 . 7 
150 k 

26(002) 
100 

50 

-50 

Tf (ppm/'Cl 

I 
10 A 10.54 11 A 11.5 tt «T» tt 13.SA 14 

Eu Sm Nd La 

aD (A3) of Ln3+ in BaMMLnM$TUB01M 

Figure 11. 26 (for the (002) reflection), Vm and the microwave dielectric characteristics, 
E', Q, and Tf versus aD (A3) of Ln3+ for BaO:Ln203:Ti02 1:1:4 [6]. 
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Figure 11 shows that as aD decreases, from the larger La atom to the smaller Eu 

atom, Vm, E', and Tf decrease while Q increases. Tf shows the greatest variation being 

very positive for La3+, slightly positive for Nd3+, and negative for Sm3+ and Eu3+. 

2.5 Polyhedral Tilting 

Onoda et al. [37] examined the dielectric properties of the 

Ba(Zni/3Nb%)03-Sr(Zn1/3Nb%)03 (BZN-SZN) solid solution. Tc was measured, at various 

compositions along xBZN-(l-x)SZN and Tf, calculated from Tc and a, was found to 

steadily increase in the range 1 > x > 0.7. Between 0.7 > x > 0.5 Tf remained relatively 

constant, between 0.5 > x > 0.3 Tf decreased, and at x ~ 0.3 Tf crossed over from 

positive to negative, and remained negative all the way to x = 0 or SZN. 

Colla et al. [3,4] confirmed Onoda's [37] curve of Tc versus composition and 

examined the structural changes that occurred over the solid solution by transmission 

electron microscopy (TEM) and neutron and x-ray diffraction. Electron diffraction 

patterns showed intense maxima, indexed according to the fundamental perovskite 

structure, and two types of superlattice reflections at {h+ViJi+VzJ+Vi} and {h±V3,k±V3,l±V3}. 

The {h±V3,k±V3,l±V3} reflections are attributed to the stoichiometric ordering between Nb 

and Zn2+ while the {h+V2,k+V2,l+l/2} reflections could arise from either octahedral tilting 

[38,39] or non-stoichiometric ordering [40]. To determine which mechanism was 

responsible for the [h+V2,k+V2,l+V2} reflections Colla et al. [3,4] fixed the composition at 

0.4BZN-0.6SZN and varied the temperature between -180 and 57°C. The 
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{h+V2,k+V2,l+V2} superlattice reflections increased in intensity and became more discrete 

as the temperature decreased. The authors feel that the intensity contribution from B-site 

cation ordering should be independent of temperature thus making the octahedral tilting 

the most likely explanation for the superlattice reflections. 

Table 6 summarizes the preliminary structural refinements by Colla et al. [A] 

(obtained by using the Rietveld technique on neutron-scattering data) for xBZN-(l-x)SZN 

where x = 0.6, 0.5, 0.4, and 0.0 for temperatures between -253 and 107°C. Each entry 

in Table 6 includes the space group symbol, refined lattice parameters, Glazer's tilt 

notation [38,39], and the magnitude of the tilt angle. In Glazer's notation abc would 

indicate unequal tilts about the [100], [010], [001]. When tilts are equal the appropriate 

letter is repeated, e.g. aac describes equal tilts about the [100] and [010] and a different 

tilt about the [001]. The superscript + represents a tilt in the same direction, the 

superscript - represents a tilt in the opposite direction, and the superscript 0 represents no 

tilt about the axis. It is not discussed in the work by Colla et al. [3,4] how the magnitude 

of the tilt angle is calculated. 

Colla et al. [3,4] conclude there is a distinct correlation between the magnitude 

of Tc and the tilting of the octahedra. The authors reason that in the cubic structure an 

increase in temperature causes a decrease of the strength of the dipoles while the 

distortion (tilting of the octahedra) inhibits a decrease of the strength of the dipoles. 
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Table 6. Preliminary structural results, from Rietveld refinements on neutron-scattering 
data, from Colla et al. [4]. 

T(°C) 

107 

77 

27 

17 

-73 

-253 

x = 0.6 

P3m3 
0=4.0660 A 

no tilting 

• 

P3m3 
0=4.0554 A 

no tilting 

x = 0.5 

P3m3 
o=4.0587 A 

no titling 

I4/mcm 
o=5.7243 A 
c=8.094 A 
(AV) 

of = 2.15° 

x = 0.4 

I4/mcm 
o=5.7246 A 
c=8.096 A 

(a°a°c) 
of= 1.05° 

14/mcm 
a=5.7174 A 
c=8.092 A 

(a°a°c) 
a= 1.05° 

Imma 
a=5.7197 A 
6=8.0750 A 
c=5.7202 A 

(6"o°6-) 
a" = 3.66° 

Imma 
o=5.7195 A 
6=8.0682 A 
c=5.7195 A 

(6-a°6-) 
a = 4.32° 

x = 0.0 

Pnma 
o=5.6619 A 
6=8.0035 A 
c=5.6745 A 

(o"6V) 
a = 7°, a+ = 5° 

Pnma 
o=5.6532 A 
6=7.9918 A 
c=5.6628 A 

(o"6V) 
a = 7.5°, a+ = 5.8° 
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It should be noted that the work of Glazer [38,39] classifies octahedra tilt in 

perovskites and the structures that Colla et al. [3,4] are examining are also perovskites. 

This is in contrast to the structures examined in sections 2.3 and 4.1 which are a 

combination of perovskite and bronze type structures. 
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3. EXPERIMENTAL 

3.1 Crystal Growth 

Bulk powder was prepared at a stoichiometry of BaO:Sm203:Ti02 1:1:5 by mixing 

starting oxides and carbonates, in the correct ratios, under acetone in an agate mortar and 

pestle. The powder was pressed in a stainless steel die and fired at 1350°C (-18 h) and 

then at 1375°C three times (- 18 h each) with intermittent dry grindings followed by 

pelletizing. The resulting powder was examined by x-ray powder diffraction to ensure 

that it had equilibrated. Single crystals of approximately Ba4SmioTi18054 were prepared 

by heating a portion of the equilibrated powder in a Pt tube, sealed at both ends, to 

1450°C and then slow cooling at a rate of 6°C/h to 1350°C. At 1350°C the tube was 

quenched by dropping it into a Ni crucible which was cooled by He flowing through a 

copper tube immersed in liquid N2. The resulting pale green, acicular, single crystals 

were used for the structure determination. No twinning was observed by examining the 

crystals under a polarizing microscope. 

A second batch of single crystals were grown from a stoichiometry of 

BaO:Ln203:Ti02 1:1.55:7.45 where Ln = La, Pr, Nd, Sm, or Gd. The same solid state 

synthesis techniques, used for the processing of the BaO:Sm203:Ti02 1:1:5 bulk powder 

specimen, were followed. Small amounts of the various equilibrated powders were placed 

in different Pt tubes. The tubes, sealed at both ends, were heated to 1450°C, where they 

remained for 16 h after which the tubes were cooled to 1300°C at a rate of 3°C/h. The 

tubes were maintained at 1300°C for 2 h, furnace cooled (200°C/h) to 750°C, and then 
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removed from the furnace. The La, Pr, and Nd batches contained large amounts of the 

acicular pale green crystals while the Sm and Gd batches contained orange boulder-like 

crystals. The lack of Ba6_3XLn8+2xTi18054 crystals in the Sm and Gd batches is further 

evidence of the solid solution not extending to as high an x for the smaller rare earth 

elements. The crystals in the La, Pr, and Nd batches were much smaller then the 

previous crystals obtained from the BaO:Sm203:Ti02 1:1:5 stoichiometry. A crystal of 

the Nd-analogue was mounted and examined on the Syntex P2j diffractometer but only 

faint diffraction spots could be observed. Since the data from the weak superstructure 

reflections are pivotal to the correct understanding of the crystal structure these crystals 

were unsuitable for data collection. 

3.2 Data Collection, Processing, and Refinement 

Experimental parameters, crystal data, and refinement details are given in Table 

7. 

Single crystal x-ray diffraction data were collected on an Enraf-Nonius CAD-4 

computer controlled kappa axis diffractometer, equipped with a graphite crystal incident 

beam monochromator and a rotating anode, run at 50kV and 100mA, using MoKa 

radiation (^ = 0.71073 A). 

An orthorhombic unit cell with cell parameters o = 22.289(1), 6 = 12.133(1), and 

c = 7.642(1) A were determined from 25 reflections 10° < 6 < 23°. By examining the 

systematic extinctions, given in Table 8, it was found that the majority of the systematic 
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Table 7. Summary of single crystal x-ray diffraction data and refinement parameters for 
Ba6-3xSm8+2xTi 18°54 

Data Collection 
diffractometer 
radiation 
data collected 
min, max 20, deg 
|A| 
1*1 
I ' l 
data octants, hkl 
scan method 
min, max absorption correction 
unique data (I > 4.0a(I)) 
temperature 
software 
computer 

Crystal Data 
color 
size, mm 
crystal system 
space group 
a, A 
b,A a 
vol, A3 

formula 
Z 
formula wt 
calc p, g/cm3 

u, cm"1 

Refinement 
Refinement on F 
R(F) = 0.0536 for 1410 F0 > 4a 
R(F) = 0.0709 for all 1960 data 
wR(F2) = .1614 for all 1960 data 
124 parameters 
software 
computer 

Enraf-Nonius CAD4 
Mo Kcc, X=0.71073 A 
5695 
0,50 
30 
10 
20 
+++, —, -++, -+-, --+ 
co-29 scans 
0.2412, 0.0667 
1410 
19±1°C 
MolEN 
VAX station 3100 running VMS 

pale green 
0.18x0.04x0.04 
orthorhombic 
Pnma (No. 62) 
22.289(1) 
7.642(1) 
12.133(1) 
2066.6(4) 
B a l 0.38Sm 17.08T'36° 104 
1 
7446.65 
5.931 
200.21 

Atomic scattering factors 
from International 
Tables for Crystallography 
Vol. C, Tables 4.2.6.8 
and 6.1.1.4, 1992 
SHELXL-93 
IBM RISC6000-590 running AIX 
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Table 8. Observed systematic absences corresponding to space groups Pna2jlPnma and 
systematic absences for space groups PballPbam. 

hkl 

Okl 

hOl 

hkO 

hOO 

OkO 

001 

space group 

condition for absence 

observed for the 
doubled cell 

no condition 

no condition 

1 = 2n + 1 

h + k = 2n + 1 

h = 2n + 1 

k = 2n + 1 

1 = 2n + 1 

P2jcn* (33) or 
Pmcn* (62) 

for the half cell 

no condition 

no condition 

1 = 2n + 1 

k = 2n + 1 

no condition 

k = 2n + 1 

1 = 2n + 1 

P2c6 (32) or Pmcb (55) 

*Non-standard settings for as collected data, the standard setting of space group number 
32 is Pba2, the standard setting of space group number 33 is Pna2}, the standard setting 
of space group number 55 is Pbam, and the standard setting of space group number 62 
is Pnma. 

absences were indicative of a primitive cell, space group Pna2j or Pnma. The 

preliminary solution was attempted using the direct methods programs MULT AN 11/82 

[41] and SHELXS-86 [42]. MULT AN showed the intensity data best fit the 

centrosymmetric statistics, indicating that the correct space group was Pnma. Subsequent 

refinements in space group Pna2j were conducted to confirm the adequacy of the choice 

of the centric space group (see section 4.1.1). 
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Acentric structures show large second-order nonlinear optical susceptibility. Single 

phase powders of Ba6_3xSmg+2xTi18054 x = 0.5 and Ba6.3xLa8+2XTi18054 x = 0.3 were 

examined for second harmonic signal generation. The second harmonic generation (SHG) 

measurements showed a negligible signal of 0.05 for the Ba6.3XSm8+2xTij8054 x = 0.5 

powder and stronger signal of 0.34 for the Ba6_3XLa8+2xTij8054 x = 0.3 powder. A signal 

of 0.05 for the Sm-analogue is consistent with our choice of the centrosymmetric space 

group (the absence of a signal does not necessarily mean that the structure is centric only 

that it is consistent with a centric structure) and the result for the La-analogue implies that 

it is weakly acentric. 

A total of 5695 reflections were collected, in the hkl, hkl, hkl, hkl, and hkl 

octants. For the refinements in space group Pnma 1960 refections (Friedel opposites 

merged) were unique and not systematically absent and for refinements in space group 

Pna2j 3188 reflections were unique and not systematically absent. Three standard 

reflections were measured every 97 reflections. The intensities of the standard reflections 

showed a -3.8% decay during the 68.7 h of data collection. No decay correction was 

applied. 

The reflections were corrected for Lorentz and polarization effects. The crystal 

faces were well defined making an analytic absorption correction a suitable choice. The 

lengths of the crystal faces were measured allowing for the incident (t;) and diffracted (td) 

beam path lengths to be calculated. The transmission of the x-ray beam through the 

crystal can then be calculated by: 
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T = I/I0 = exp[-u(ti + td)] (9) 

where I is the diffracted beam intensity, I0 is the incident beam intensity, and u is the 

linear absorption coefficient (u = 200.21 cm"1). Once the composition was determined 

(after refinement on the site occupancies) the data were reprocessed using approximately 

the corrected composition (MolEN [43] would not allow fractional compositional 

values, u was inserted manually) to be applied to the absorption correction. 

Due to the weak superlattice reflections, responsible for the cell doubling, the 

solution of the structure was unobtainable using conventional direct methods or Patterson 

techniques (parity groups with odd k resulted in |E|2 « 1). The correct solution was 

provided by G.M. Sheldrick using a new approach which expands the data to space group 

PI [AA]. The structure was refined using SHELXL-93 [45] against the structure 

factor, F. The reliability index (R) based on F is given by: 

R(F) = ( E | | F 0 | - | F C | | ) / ( I | F 0 | ) (10) 

where F0 is the observed structure factor and Fc is the calculated structure factor. The 

reliability index based on F2 is given by: 

wR(F2) = [ I [w(F0
2-Fc

2)2] / I [w(F0
2)2] t (11) 

where the weight, w is given by: 

w = 1/[C2(F0
2) + (0.0934P)2] (12) 

and P is given by: 

P = (F0
2 + 2Fc

2)/3 (13). 
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Neutral atomic scattering factors (al5 bj, a2, b2, a3, b3, a4, b4, c) were taken from 

Cromer and Waber [46] and the real and imaginary terms, Af and Af", describing the 

dispersion effects, were taken from Cromer [47]. Refinements were also attempted 

using the scattering factors and Af and Af for the charged species of the atoms (Ba , 

Sm3+, Ti4+, and O2"). All of the cations were included in [46,47] but the scattering 

factors and Af and Af" for O2" had to be calculated by the fitting the scattering factor 

curve for O2" included in Smith's POWD12 program [48]. The use of the ionic 

scattering factors and Af and Af did not effect R. 

The difference map, a substraction of the Fc Fourier from the F0 Fourier, 

calculated with the same phases (AF = |F0 | - |FC|), places a peak everywhere the Fc 

model does not account for the electron density of the |F0 | data and a hole everywhere 

the Fc model accounts for too much electron density. This corresponds to correctly 

placed atoms not appearing in the difference map, incorrectly placed atoms will be holes, 

and missing atoms will appear as peaks. Since AF is related to the errors in the proposed 

structure compared to the true structure, the difference map is valuable for locating new 

atoms and for correcting the positions of those present [49]. 

3.3 Calculations 

3.3.1 Thermal Motion 

Thermal parameters in Tables 1, 2, 3, and 11 are reported as B. The conversion 

from B to U is give by: 
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Beq = 8rc2<Ueq
2> (14) 

2V where <Ue > is the mean square amplitude of the atomic vibration. Anisotropic Uy's 

are converted to Ueq by: 

Ueq = y3XiXjUijai*aj*ai.aj. (15). 

3.3.2 Bond-Valence Sums 

Bond-Valence sums, as outlined by Brese and O'Keeffe [50], can be used as a 

check on the reliability of the crystal structure determination. The valence, Vy, of a bond 

between atoms i (oxygen anion) and j (metal cation) can be estimated by: 

vy = exp [(Ry - djjj/b] (16) 

where dy is the bond length, b is a constant equal to 0.37 A [51], and Ry is the bond 

valence parameter. Rjj's (from Table 2 of Brese and O'Keeffe [50]) for Ba2+, Ti , and 

Ln3+ (Ln = Pr, Nd, and Sm) are given in Table 9. The bond-valence sum, V:, is given 

by: 

Vj = S j v u (17) 

and should approximately equal the valence of the cation being examined. O'Keeffe 

[52] calculates the bond valence parameter, Rs, for sites that are shared by two cation 

species by: 

Rs = xRA + (l-x)RB (18) 

where x is the fractional site occupancy of species A. The expected value of V: is: 

v j = VA
XVB

(1-X) (19) 
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where VA is the valence of cation A and VB is the valence of cation B. To estimate site 

occupancies from observed bond lengths rearranging the above equations and solving for 

x the equation becomes: 

x = (log(V/Q))/(log(VA/Q)) (20) 

where V is calculated using Ry for species A and Q is given by: 

Q = VB exp[(RA-RB)/b] (21). 

Table 9. R: for cations in Ba6.3xLn8+2xTi18054 (Ln = Pr, Nd, or Sm) taken from Brese 
and O'Keeffe [50]. 

Cation 

Ba2+ 

Ti4+ 

Pr3+ 

Nd3+ 

Sm3+ 

Rj, i = O 

2.29 

1.815 

2.135 

2.117 

2.088 

For the bond-valence sums calculations the bond lengths of the eight closest O 

atoms were used for the Ln atoms (Pr, Nd, and Sm), the bond lengths of the ten closest 

O atoms were used for the Ba atoms, and the bond lengths of the six closest O atoms 

were used for the Ti atoms. The above numbers of bond lengths for each calculation 

indicate the coordination number of each site and does not reflect a specific cutoff limit 

of the bond length. 
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3.3.3 Tilt Angles 

Input files containing the atomic coordinates of the Ba6_x3Ln8+2xTi18054 structure 

for the Sm-, Pr- [14], and Nd-analogues [18] were prepared for ORTEP (Oak Ridge 

Thermal Ellipsoid Program) [53] calculations. ORTEP generated all the possible 

positions, for the cell(s) of interest, from the atomic coordinates by applying the 

symmetry operations. For the Sm structure, in Pnma, only one cell was studied. For 

comparison to the Sm structure the Pr and Nd structures, in P6o2, needed two unit cells, 

stacked in the short axis direction. Once all the positions were identified the Ti06 

octahedra were grouped. For the Sm structure the positions were independently checked 

using the VOLCAL program [54] which generated bond lengths, O-Ti-O angles, 

octahedral volume, quadratic elongation (<j>), and bond angle variance (a2) (<7> and a 

describe distortions in the octahedra). For the Pr, Nd, and Sm structures the positions 

were independently checked using the DINT 12 program [55] which generated bond 

lengths and angles. 

The tilt angle or the angle between the vector j , where j = <oAx, 6Ay, cAz> (A 

is the difference between coordinates) and the direction of interest (one of the three axes) 

i, where i = <1,0,0>, <0,1,0>, or <0,0,1> was calculated by: 

cos9 = ( j - i ) / | j | | i | (22) 

where j • i, the dot product, is calculated by: 

J * • = Jlil +J2 i2+J3 i3 (23) 

|j I is calculated by: 
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|j | = (o2Ax2 + 62Ay2 + c2Az2)'/2 (24) 

and |i | = 1. 

The angles were calculated all for all the octahedra in the structure and then like 

octahedra were grouped together and the magnitudes averaged (the differences were very 

small). As verification some of the tilt angles were measured using a protractor. The 

angles measured for the Sm structure were the equatorial, x, O atoms with respect to the 

[100] and the equatorial, z, O atoms with respect to the [001]. For the Pr and Nd 

structures the angles measured were the equatorial, x, O atoms with respect to the [100] 

and the equatorial, y, O atoms with respect to the [010] (see section 4.1.1 for the 

relationship between space groups Pba.2 and Pnma). The protractor measurements were 

made to the nearest 1° and then the measurements for the group of like octahedra were 

averaged together and rounded to the nearest whole number. The measurements do not 

reflect the effect of the tilt in the other two directions compared to the angles calculated 

using Equation (22). 

The tilt angles reported for the Pr and Nd structures have been constrained by the 

necessity of stacking two unit cells to compare to the Sm structure. The stacking of the 

two unit cells requires that the apical O atoms have the coordinates (x, y, z) and (x, y, 

1+z). This makes Ax and Ay both equal to 0 and Az equal to 1. This results in angles 

of 90° for both the [100] and [010] directions and an angle of 0° to the [001]. These 

conditions describe no tilt. 
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4. RESULTS AND DISCUSSION 

4 1 B a6-3xS m8+2xT i18054 

4.1.1 Crystal Structure of Ba6.3xSm8+2XTi18054 

The basic framework of the Ba6_3XSm8+2xTi18054 crystal structure is made up of 

corner sharing Ti06 octahedra (equatorial oxygens are corner sharing with stacking of the 

apical oxygens atoms in the [010]) linking to produce pentagonal and rhombic channels 

(perovskite-like columns) as shown in Figure 12. The pentagonal channels are fully 

occupied with Ba atoms. One rhombic channel is fully occupied by Sm atoms, one 

rhombic channel is partially occupied by Sm atoms, and one rhombic channel is shared 

by Ba/Sm. The basic framework agrees with the framework of Matveeva et al. [14] and 

Kolar [18] for the Pr- and Nd-analogues, respectively. All three differ from the crystal 

structure presented by Azough et al. [27]. Space group Pba2 (number 32) is related to 

space group Pnma (number 62) by the transformation matrix: 

I 1 0 0 | 
I 0 0 2 j 

|0 1 0| 

and a translation of half a unit cell in the [100]. 

Refinement of the data collected from the Ba6.3xSm8+2xTi18054 in space group 

Pna2j, using 211 parameters, resulted in a Rl = 6.43%, wR2 = 0.2006, goodness of fit 

(GoF) = 1.086, and a formula of Ba5095Sm8565Ti]8O54 (z = 2). Refinement of the 

enantiomorphic structure (atomic coordinates were set to xyz values from the previous 

Pna2j coordinates), in Pna2j, resulted in a Rl = 6.39%, wR2 = 0.1982, GoF = 1.084, and 
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Figure 12. Basic structure of Ba6_3xSm8+2xTi18054 made up of corner sharing TiO( 

octahedral, creating pentagonal and rhombic channels. 
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a formula of Ba5 j isSmg 550Ti]8O54 (z = 2). For both cases the heavier Ba and Sm atoms 

were refined anisotropically and the lighter Ti and O atoms were refined isotropically. 

Refinement in space group Pnma, using 124 parameters, resulted in Rl = 5.36%, wR2 

= 0.1614, GoF = 1.061, and a formula of Ba5 19Sm8 54Ti18054 (z = 2). These results are 

summarized in Table 10 and are consistent with the SHG results favouring the 

centrosymmetric space group, Pnma. 

Table 10. The number of parameters, Rl, wR2, goodness of fit, and Ba/Sm contents for 
refinements of Ba6_3XSmg+2xTij8054 in space groups Pna2j and Pnma. 

Pna2j 

Pna2j 
enantimorph 

Pnma 

parameters 

211 

211 

124 

Rl 

6.46 

6.39 

5.36% 

wR2 

0.2006 

0.1982 

0.1614 

GoF 

1.086 

1.084 

1.061 

Ba/Sm 

Ba10.19 
S m17.13 

Ba10.23 
S m17.10 

Ba10.38 
S m17.08 

Table 11 gives the fractional coordinates and thermal parameters for the 

refinement in space group Pnma and Figure 13 shows the ORTEP, of the xz projection, 

generated from the atomic coordinates. The Uy's describing the anisotropic motion of the 

Sm and Ba atoms thermal vibrations are given in Table 12. Ti and O atoms were refined 

isotropically, attempts to refine the Ti and/or O atoms anisotropically resulted in some of 

the atoms becoming nonpositive definite (when U n , U22, or U33, which describes the 
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Table 11. Fractional coordinates and isotropic thermal parameters (x 10) for 
Ba10.38Sm17.08T*36°108-

Atom 

Sml 

Sm2/Ba3 

Sm3 

Sm4 

Sm5 

Bal 

Ba2 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

01 

02 

03 

04 

05 

06 

07 

08 

09 

010 

Oil 

X 

0.9484(5) 

0.4940(5) 

1.1245(5) 

0.3772(4) 

0.0445(6) 

0.8005(6) 

0.6867(6) 

0.5000 

0.3365(11) 

0.3936(13) 

0.4353(11) 

0.2615(11) 

0.4039(44) 

0.4807(45) 

0.4192(52) 

0.3632(47) 

0.3115(41) 

0.3872(46) 

0.4813(43) 

0.1926(47) 

0.2627(42) 

0.3265(60) 

0.4029(52) 

y 

0.2500 

0.2500 

0.2500 

0.2500 

0.2500 

0.2500 

0.2500 

0.5000 

0.5027(31) 

0.5059(32) 

0.4998(30) 

0.4981(33) 

0.4555(151) 

0.5387(146) 

0.5508(168) 

0.5146(119) 

0.4774(129) 

0.5207(124) 

0.5162(126) 

0.4948(129) 

0.4789(123) 

0.7500 

0.2500 

z 

0.2939(9) 

0.4993(80) 

0.4099(8) 

0.9042(8) 

0.6928(10) 

0.9146(10) 

0.4040(11) 

0.0000 

0.1169(22) 

0.3985(21) 

-0.3012(20) 

-0.1622(21) 

0.5584(88) 

-0.1563(82) 

0.0366(99) 

-0.2303(89) 

-0.0355(81) 

0.2408(87) 

0.3759(89) 

-0.0811(85) 

0.1842(80) 

0.0972(109) 

0.3793(110) 

Biso 

6.11 

3.42 

4.66 

3.14 

7.48 

9.36 

12.06 

1.47 

1.00 

1.98 

0.69 

0.95 

7.96 

7.37 

36.74 

6.35 

2.29 

5.73 

3.80 

6.33 

0.41 

1.52 

0.03 
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Table 11 (continued). Fractional coordinates and isotropic thermal parameters (x 10 ) for 
Ba10.38Sm17.08T'36°108-

Atom 

012 

013 

014 

015 

016 

017 

018 

x 

0.3584(59) 

0.5222(56) 

0.4426(72) 

0.2763(58) 

0.2764(58) 

0.4436(65) 

0.3996(56) 

y 

0.2500 

0.7500 

0.2500 

0.7500 

0.2500 

0.7500 

0.7500 

z 

0.1040(112) 

0.0161(96) 

-0.2638(141) 

-0.1559(104) 

-0.1896(105) 

0.6732(126) 

0.4260(103) 

Biso 

3.12 

0.01 

35.37 

0.32 

0.58 

10.79 

0.01 

Sm and Ba atom sites were refined with anisotropic thermal parameters and B is given 
for these atoms (see Table 12). 

Table 12. Anisotropic thermal parameters for Sm and Ba atomic sites (xlO ). U ] 2 and 
U0o = 0 for all Sm and Ba atoms. 

Atom 

Sml 

Sm2/Ba3 

Sm3 

Sm4 

Sm5 

Bal 

Ba2 

u„ 
6.6(5) 

7.4(6) 

9.7(6) 

3.7(5) 

6.9(6) 

9.3(6) 

15.4(7) 

u 2 2 

10.4(7) 

8.4(7) 

9.7(7) 

12.1(7) 

14.0(8) 

10.8(7) 

13.3(8) 

U33 

9.4(7) 

3.9(7) 

3.7(7) 

3.1(7) 

8.3(8) 

12.6(7) 

8.4(8) 

Ui3 

-1.7(4) 

-1.7(4) 

2.4(4) 

-0.5(4) 

0.6(5) 

-1.3(5) 

4.9(5) 
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Figure 13. ORTEP from the coordinates in Table 11 generating the xz projection of 
Ba10.38Sm17.08Ti36°108 i n s P a c e g rouP Pnma-
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amplitude of the atomic thermal vibration, is negative the resulting error is termed 

nonpositive definite). 

If all the heavy metal sites were fully occupied then the structure would have 8 

Ba atoms and 20 Sm atoms requiring 110 O atoms. The fact that only 108 O atoms were 

identified discloses that defects must be present. After initial refinements on the atomic 

coordinates it was observed that the Sm5 site had a thermal ellipsoid larger than the other 

Sm thermal ellipsoids. Refinement on the site occupancy of Sm5 suggested that the site 

was only partially occupied. While two of the perovskite-like columns were shared by 

different Sm atoms (Sml and Sm5 alternately stacked in one channel and Sm3 and Sm4 

alternately stacked in another channel) only Sm2 filled the third perovskite-like channel. 

A Ba atom (Ba3), with the same atomic coordinates as Sm2, was established and further 

refinements indicate that the site was randomly shared by Ba3 and Sm2. The formula 

calculated from the resulting site occupancies would have been located slightly off the 

solid solution line. Therefore, the number of Ba atoms was set to equal the Ba portion 

of the solid solution and the number of Sm atoms was set to equal the Sm portion of the 

solid solution or: 

Ba atoms = (12 - 6x) 

Sm atoms = (16 + 4x). 

Solving these equations and averaging the x's (xBa = 0.26 and xSm = 0.28) resulted in a 

new x of 0.27 which was plugged back into the equations for 10.38 Ba atoms and 17.08 

Sm atoms. With sites Bal and Ba2 fully occupied (4 atoms/site or a total of 8 atoms) 
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then the Sm2 site must contain the excess 2.38 Ba3 atoms. The Ba3/Sm2 site was 

constrained to contain a total of 4 atoms leaving the remainder of the site randomly 

occupied by 1.62 Sm2 atoms. Sml, Sm2, Sm3, and Sm4 contributed a total of 13.62 Sm 

atoms to the structure, by subtracting this from the total number of Sm atoms (17.08 -

13.62) 3.46 Sm atoms are left to occupy Sm5. The above number of atoms correspond 

to Sm5 being 86.5% occupied (13.5% vacancies) and the Ba3/Sm2 site being 59.5% 

occupied by Ba3 and 40.5% occupied by Sm2 for a formula of Ba5 19Sm8 5 4Ti ] 805 4 (z 

= 2). Once these site occupancies were determined, they were held fixed and subsequent 

refinements did not result in a significant change in Rl (Rl = 5.52 refining on the 

composition, Rl = 5.36 with the composition held at Ba5 1 9Sm8 5 4Ti ] 805 4 (z = 2)). 

4.1.2 Bond-Valence sums 

Metal-Oxygen interatomic distances and bond-valence sums for 

Ba6-3x^m8+2x^h8^54 (x = 0-27) are given in Table 13. The bond-valence sum for 

Sm2/Ba3 was calculated using an R of 2.208 (0.595x2.29 + 0.405x2.088) resulting in Vj 

= 3.59 compared to the expected bond-valence sum of 2 a 5 9 530-4 0 5 or 3.07. If the 

substitution of Ba3 in the Sm2 site is ignored, the bond valence sum for Sm2 would be 

2.59. The bond-valence sums of Sm2 (ignoring the Ba3 substitution), Sm4, and Sm5 are 

nearly equal to each other suggesting that they are all chemically similar. However, 

refinements on the site occupancy of Sm4 did not reveal any disorder. Bal and Ba2 have 

bond-valence sums similar to each other and Til, Ti2, Ti3, and Ti4 have bond-valence 
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Table 13. Metal-Oxygen interatomic distances (A) and bond-valence sums for 
Ba6-3xSm8+2xTi18054 (x = 0.27). 

Sm(l)-0(11) 2.33(1) 
Sm(l ) -0(2) 2.34(1) 
Sm( l ) -0(2) 2.34(1) 
Sm(l) - 0(12) 2.36(1) 
Sm( l ) -0(6) 2.51(1) 
Sm(l) - 0(6) 2.51(1) 
Sm(l) - 0(13) 2.77(1) 
Sm(l) - 0(17) 2.82(2) 
BVS 2.94 

Sm(2)/Ba(3) - 0(7) 2.41(1) 
Sm(2)/Ba(3) - 0(7) 2.41(1) 
Sm(2)/Ba(3)-0(11)2.50(1) 
Sm(2)/Ba(3) - 0(17) 2.51(2) 
Sm(2)/Ba(3) - 0(18) 2.54(1) 
Sm(2)/Ba(3) - 0(7) 2.54(1) 
Sm(2)/Ba(3) - 0(7) 2.54(1) 
Sm(2)/Ba(3) - 0(1) 2.65(1) 
BVS 3.59 - 3.07 expected 

Sm(3) - 0(15) 2.36(1) 
Sm(3)-0(3) 2.37(1) 
Sm(3) - 0(3) 2.37(1) 
Sm(3)-0(4) 2.49(1) 
Sm(3) - 0(4) 2.49(1) 
Sm(3) - 0(10) 2.53(1) 
Sm(3)-0(5) 2.61(1) 
Sm(3)-0(5) 2.61(1) 
BVS 2.87 

Sm(5) 
Sm(5) 
Sm(5) 
Sm(5) • 
Sm(5) • 
Sm(5) • 
Sm(5) • 
Sm(5) • 
BVS 

-0(6) 2.39(1) 
-0(6) 2.39(1) 
-0(14) 2.43(2) 
-0(3) 2.56(1) 
-0(3) 2.56(1) 
- 0(13) 2.61(1) 
-0(2) 2.66(1) 
-0(2) 2.66(1) 

2.49 

for mixed valence site 

Sm(4) -
Sm(4) • 
Sm(4) • 
Sm(4) • 
Sm(4) -
Sm(4) • 
Sm(4) -
Sm(4) -
BVS 

•0(5) 2.39(1) 
•0(5) 2.39(1) 
•0(13) 2.44(1) 
•0(12) 2.46(1) 
•0(16) 2.52(1) 
•0(4) 2.62(1) 
•0(4) 2.62(1) 
•0(3) 2.96(1) 

2.53 



Table 13 (Continued). Metal-Oxygen interatomic distances (A) and bond-valence 
for Ba6.3xSm8+2xTi18054 (x = 0.27). 

Ba(l 
Ba(l 
Ba(i; 
Ba(i; 
Ba(i; 
Ba(i; 
Ba(i; 
Ba(l] 
Ba(l) 
Ba(l) 
BVS 

) - 0(16) 2.78(1) 
) - 0 ( 9 ) 2.78(1) 
) - 0(9) 2.78(1) 
) - 0 ( 8 ) 2.81(1) 
1-0(8) 2.81(1) 

- O ( l ) 2.81(1) 
- 0 ( 1 ) 2.81(1) 
- 0(10) 2.83(1) 
- 0 ( 4 ) 3.32(1) 
- 0 ( 4 ) 3.32(1) 

2.12 

Ti(l) 
Ti(l) 
Ti(l) 
Ti(l) 
Ti(l) 
Ti(l) 
BVS 

Ti(3) • 
Ti(3) • 
Ti(3) • 
Ti(3) -
Ti(3) • 
Ti(3) • 
BVS 

Ti(5) -
Ti(5) • 
Ti(5) • 
Ti(5) -
Ti(5) • 
Ti(5) • 
BVS 

- 0 ( 3 ) 1.90(1) 
- 0 ( 3 ) 1.90(1) 
- 0 ( 2 ) 1.97(1) 
- 0 ( 2 ) 1.97(1) 
-0 (13) 1.984(3) 
- 0(13) 1.984(3) 

4.20 

-0 (18) 1.900(3) 
- 0 ( 6 ) 1.92(1) 
•0 (8 ) 1.94(1) 
- 0 ( 7 ) 1.98(1) 
-0(11) 1.981(3) 
- O ( l ) 1.99(1) 

4.16 

- 0 ( 8 ) 1.82(1) 
- 0 ( 5 ) 1.91(1) 
- 0 ( 9 ) 1.95(1) 
-0 (15) 1.955(3) 
-0(16) 1.954(4) 
- 0 ( 4 ) 2.42(1) 

4.02 

Ba(2)-0(9) 2.66(1) 
Ba(2)-0(9) 2.66(1) 
Ba(2) - 0(18) 2.82(1) 
Ba(2)-0(8) 2.85(1) 
Ba(2)-0(8) 2.85(1) 
Ba(2)-0(4) 2.99(1) 
Ba(2)-0(4) 2.99(1) 
Ba(2) - 0(17) 3.05(2) 
Ba(2)-0(1) 3.06(1) 
Ba(2)-0(1) 3.06(1) 
BVS 2.09 

Ti(2) 
Ti(2) 
Ti(2) 
Ti(2) 
Ti(2) 
Ti(2) 
BVS 

Ti(4) • 
Ti(4) • 
Ti(4) • 
Ti(4) -
Ti(4) -
Ti(4) -
BVS 

- 0 ( 9 ) 1.85(1) 
- 0 ( 6 ) 1.89(1) 
- 0(10) 1.918(3) 
- 0 ( 5 ) 1.94(1) 
-0 (12) 1.999(4) 
- 0(3) 2.12(1) 

4.26 

-0 (4 ) 1.83(1) 
-0 (1 ) 1.87(1) 
-0(17) 1.947(4) 
-0 (2 ) 2.05(1) 
-0 (7 ) 2.07(1) 
- 0(14) 1.969(5) 

4.21 
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sums similar to each other. The bond-valence sum for Ti5 is much lower than the other 

Ti's, suggesting that an O atom has refined at the wrong atomic coordinates. The 

coordinates of the O atoms connected to Ti5 (08, 05, 09, 015, 016, and 04) were 

moved to positions suggested by the difference map, but the atoms always shifted back 

to their original position upon subsequent refinements. The coordinates of O atoms with 

comparatively large thermal ellipsoids (03 and 014) were also moved to coordinates 

suggested by the difference map, but they too shifted back to their original coordinates 

upon subsequent refinements. 

4.1.3 Physical description of the Ba6.3xLn8+2xTi18054 solid solution based on 

the Ba6_3XSm8+2XTi18054 (x = 0.27) structure 

Based on the Ba6_3xSm8+2xTi18054 (x = 0.27) crystal structure the extra Ba atoms 

(above the eight total located in Bal and Ba2 sites) are located in the Sm2 perovskite-like 

column. The amount of Sm2, in the same perovskite column, can be calculated by 4 -

Ba3. The amount of Sm5 atoms occupying the Sm perovskite position can be calculated 

by Sm5 = total number of Sm atoms present - the number of Sm atoms in sites 1, 2, 3, 

and 4. The Sm5 site totals up to fewer atoms then allowed by the 4c position indicating 

vacancies. This is summarized in Table 14 where the total number of Ba atoms is 

calculated by 12 - 6x and the total number of Sm atoms is calculated by 16 + 4x. As x 

increases the amount of Ba3 in the "Sm2" perovskite-like column decreases linearly. In 

the range 0 < x < 0.33 the site is mostly occupied by Ba3, in the range 0.33 < x < 0.67 
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the site is mostly occupied by Sm2, and at x = 0.67 the site becomes completely occupied 

by Sm2. As x increases the vacancies in the Sm5 perovskite-like column increases 

linearly. 

It seems unlikely that the Ln2 perovskite-like column would be content completely 

filled with Ba3 atoms given the size and charge difference between Ln3+ and Ba2+. In 

fact Negas' work [6,7] confirms this for the Nd- and Sm-analogues where powder x-ray 

diffraction patterns reveal that the solid solution starts after x = 0.1 and x = 0.2, 

respectively. Negas also reports that for both series the solid solution terminates near x 

= 0.7, very close to the limit of x = 0.67 (the composition where the Ln2 channel is 

completely filled with Ln2) as derived above. The reported range for the Eu-analogue 

is 0.4 < x < 0.5 while for the La-analogue x = 0 is approached. This supports the fact 

that it is harder to stuff the larger Ba3 atoms into the smaller Ln2 channels. 

As the size of the Ln3+ atoms decreases the octahedra will have more space to tilt. 

As more tilting occurs the molar volume will decrease as shown in Figure 11. As x 

increases the Ln vacancies increase and the Ln2 channel is dominated by the smaller 

Ln3+ atom (compared to Ba2+). This too creates more space for the octahedra to tilt 

again decreasing the volume. The decreasing lattice parameters and molar volume for the 

Nd- and Sm- analogues are shown in Figure 14 and the lattice parameters and volume for 

the Pr-analogue are shown in Figure 2. 
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Table 14. Percentages of Ba3 and Sm2 occupying the "Sm2" perovskite column and the 
percent of Sm5 for a given x based on the Ba6.3xSm8+2xTi18054 (x = 0.27) structure. 

X 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.667 

0.7 

12-6x 

12.0 

11.4 

10.8 

10.2 

9.6 

9.0 

8.4 

8.0 

7.8 

16+4x 

16.0 

16.4 

16.8 

17.2 

17.6 

18.0 

18.4 

18.68 

18.8 

Ba3 

4 (100%) 

3.4 (85%) 

2.8 (70%) 

2.2 (55%) 

1.6(40%) 

1.0 (25%) 

0.4 (10%) 

0.0 (0%) 

-0.2 (-5%) 

Sm2 

0.0 (0%) 

0.6 (15%) 

1.2 (30%) 

1.8 (45%) 

2.4 (60%) 

3 (75%) 

3.6 (90%) 

4.0 (100%) • 

4.2 (105%) 

Sm5 

4 (100%) 

3.8 (95%) 

3.6 (90%) 

3.4 (85%) 

3.2 (80%) 

3 (75%) 

2.8 (70%) 

2.68 (67%) 

2.6 (65%) 
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Eu Sm Sm 8m Nd Nd 

Figure 14. Lattice parameters and Vm for the Nd- and Sm-analogues from Negas and 
Davies [6], 
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4.1.4 Tilt angles 

The magnitudes of the calculated and measured tilt angles for 

Ba6_3xSm8+2XTi18054 are given in Table 15. The measured tilt angles, given in the 

parenthesis, agree well with the calculated angles. Some difference between the 

calculated and measured angles is to be expected as discussed in section 3.3.3. Out of 

the ten angles measured only one was larger than the calculated angle (08-07 for Ti3). 

In general, of the three angles calculated for the same vector (with respect to the [100], 

[010], and [001]) two of the angles were often very close in magnitude. The Ti3 

octahedron shows the smallest tilt angles while the Ti2, Ti4, and Ti5 octahedra all have 

larger tilt angles of about the same magnitudes. 

4.2 Ba6.3xPr8+2xTi18Os4 x = 0.75 (Matveeva et al. [14]) 

4.2.1 Bond-Valence sums 

Metal-Oxygen interatomic distances and bond-valence sums for 

Ba6-3x^r8+2x^ 18^54 (x = 0-75) are given in Table 16. The bond-valence sum for Prl 

(this is the equivalent of the "Sm2" site in the Ba6.3xSm8+2xTi18054 (x = 0.27) structure) 

is much larger than for Pr2 or Pr3. According to the structure by Matveeva et. al. [14] 

20% of the Ba atoms should be shared by all three Pr sites and should be reflected by 

similar bond-valence sums for all three Pr sites. The bond-valence sum for the Ba atom 

is much larger than the expected 2.0 (compare to the Ba bond-valences of = 2.11 for the 

Sm structure), this supports the disorder (vacancies) reported by Matveeva et al. [14]. 



Table 15. Tilt angles for Ba6.3xSm8+2xTi,8054 (x = 0.27). 
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with respect to 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

03-03 (a) 

013-013 (b) 

02-02 (c) 

09-03 (a) 

010-012 (b) 

06-05 (c) 

08-07 (a) 

Ol 1-018 (b) 

01-06 (c) 

04-07 (a) 

017-014 (b) 

02-01(c) 

08-04 (a) 

015-016 (b) 

05-09 (c) 

[100] 

18.13 
(14)* 

14.45 

12.64 

28.23 
(27) 

10.53 

26.60 

7.76 
(9) 

1.11 

5.47 

27.21 
(27) 

0.34 

25.94 

25.83 
(26) 

0.04 

25.84 

[010] 

11.82 

15.57 

9.65 

7.98 

10.60 

5.04 

1.23 

8.46 

7.33 

3.45 

11.32 

9.35 

2.05 

6.11 

5.05 

[001] 

13.55 

5.65 

15.65 
(13) 

26.89 

1.22 

27.15 
(27) 

7.66 

8.38 

9.17 
(6) 

26.95 

11.31 

27.82 
(26) 

25.44 

6.11 

26.40 
(26) 

*Protractor measurements in parenthesis. 
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The bond-valence sums for the Ti2 and Ti5 are behaved, but the bond-valence sums for 

Til, Ti3, and Ti4 are much different than expected (4.0). 

The Til-08 bond of 1.567 A is much shorter than the average Ti-0 bond distance 

of 1.98 A (this short bond has a large effect upon the bond-valence sum). Due to the 

constraint of stacking one cell on top of another, the Ti atoms in Table 16 are bonded to 

two different occurances of a specific O atom. These are the apical atoms (in the [001]) 

one in the bottom unit cell and one in the top unit cell. It is interesting to note that (due 

to the constraint) the bond lengths are usually quite different causing a distortion of the 

octahedron. 

According to the trend in Table 14 for x = 0.75 the Pr3 perovskite column (this 

is the Sml/Sm5 column in the Sm structure) should contain 37.5% vacancies and the Prl 

column should be filled and have extra an 12.5% of atoms. Most likely these extra atoms 

would occupy the Pr3 column resulting in a partial occupancy of 75%. The bond-valence 

sum for Prl is close to the expected 3.0 suggesting little disorder. The bond-valence sum 

for Pr3 is higher then the bond-valence sum for Sm5 (both are lower then the expected 

3.0) supporting the possibility of vacancies. The bond-valence for Pr2 is comparable to 

the bond-valence sum for Sm3, both are lower than expected suggesting some disorder 

(substitutions or vacancies). 



Table 16. Metal-Oxygen interatomic distances (A) and bond-valence 
Ba6-3xPr8+2xTi18054 (X = 0.75). 

Pr(l) 
Pr(l) 
Pr(l) 
Pr(l) 
Pr(l) 
Pr(l) 
Pr(l) 
Pr(l) 

Pr(3) 
Pr(3) 
Pr(3) 
Pr(3) 
Pr(3) 
Pr(3) 
Pr(3) 
Pr(3) 

Ti(l) 
Ti(l) 
Ti(l) 
Ti(l) 
Ti(l) 
Ti(l) 

Ti(3) 
Ti(3) 
Ti(3) 
Ti(3) 
Ti(3) 
Ti(3) 

Ti(5) 
Ti(5) 
Ti(5) 
Ti(5) 
Ti(5) 
Ti(5) 

-0(5) 2.323 
- 0(5) 2.323 Sm2 
- 0(14) 2.363 
-0(14) 2.363 BVS 
-0(5) 2.692 
- 0(5) 2.692 
- 0(12) 2.703 
-0(12) 2.703 

-0(11)2.438 
- 0(7) 2.448 Sml, 
-0(7) 2.501 
- 0(6) 2.545 BVS 
-0(1) 2.592 
-0(9) 2.620 
- 0(8) 2.688 
-0(11)2.696 

-0(8) 1.567 
-0(9) 1.944 
- 0(9) 1.944 
-O( l l ) 1.988 
-O( l l ) 1.988 BVS 
-0(8) 2.265 

-0(7) 1.882 
-0(2) 1.902 
-0(12) 1.963 
-0(14)2.011 
- 0(5) 2.061 BVS 
- 0(14) 2.379 

-0(4) 1.718 
-0(2) 1.833 
-0(13) 1.915 
-0(3) 2.010 
-0(4) 2.184 BVS 
- 0(10) 2.387 

= 3.16 

Sm5 

= 2.80 

= 4.92 

= 3.62 

= 4.19 

Pr(2) - 0(13) 2.368 
Pr(2) - 0(9) 2.386 Sm3, Sm4 
Pr(2)-0(4) 2.490 
Pr(2) - 0(10) 2.549 BVS = 2.8( 
Pr(2)-0(1) 2.553 
Pr(2)-0(6) 2.654 
Pr(2) - 0(10) 2.661 
Pr(2) - 0(13) 2.671 

Ba(l) - 0(14) 2.782 
Ba(l)-0(3) 2.777 
Ba(l) - 0(12) 2.777 
Ba(l)-0(2) 2.813 BVS = 2.8: 
Ba(l)-0(3) 2.813 
Ba(l)-0(4) 2.811 
Ba(l)-0(2) 2.811 
Ba(l) - 0(10) 2.834 
Ba(l)-0(10)3.324 
Ba(l) - 0(12) 3.324 

Ti(2)-0(3) 1.869 
Ti(2)-0(1) 1.893 
Ti(2)-0(7) 1.911 BVS =4.21 
Ti(2)-0(13) 1.945 
Ti(2)-0(1) 1.984 
Ti(2)-0(5) 2.129 

Ti(4)-0(6) 1.813 
Ti(4) - 0(10) 1.831 
Ti(4) - 0(12) 1.870 BVS = 4.33 
Ti(4)- 0(11)2.061 
Ti(4)-0(5) 2.062 
Ti(4)-0(6) 2.092 
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4.2.2 Tilt angles 

The magnitudes of the calculated and measured tilt angles for Ba6.3xPr8+2xTi 1 8 0 5 4 

(x = 0.75) are given in Table 17. The measured tilt angles, given in the parenthesis agree 

well with the calculated angles. In fact, the measured and calculated angles are closer for 

the Pr structure than for the Sm structure (this is due to the constraint for the apical O 

atoms). In general, two of the three angles calculated for the same vector (with respect 

to the [100], [010], and [001]) were often very close in magnitude. The difference 

between these two angles is smaller than for the Sm structure. As with the Sm structure, 

the Ti3 octahedron shows the smallest tilt angles while the Ti2, Ti4, and Ti5 octahedra 

all have larger tilt angles of about the same magnitudes. 

4.3 Ba6.3xNd8+2xTi18054 x = 0.67 (Kolar [18]) 

4.3.1 Bond-Valence sums 

Metal-Oxygen interatomic distances and bond-valence sums for 

Ba6-3x^8+2x^ 18^54 (x = 0-67) are given in Table 18. The bond-valence sum for all of 

the Nd atoms are similar and slightly higher than the Sm2 (without accounting for the Ba 

substitution), Sm4, and Sm5 atoms of the Sm structure. This suggest that all three Nd 

sites are similarly disordered. There is no evidence here that the %'s occupancy of the 

Ndl site was chosen due to "misbehaved" bonds (see section 2.4.2). The Ba 

bond-valence sum was close to the expected 2.0. Similar to the Pr structure's Ti atoms, 

the Ti atoms for this structure showed a great deal of variance indicating something 
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Table 17. Tilt angles for Ba6.3xPr8+2xTi]8054 (x = 0.75). Calculated from the atomic 
coordinates from Matveeva et al. [14]. 

with respect to 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

09-09 (a) 

011-011 (b) 

08-08 (c) 

09-03 (a) 

07-013 (b) 

01-01 (c) 

05-02 (a) 

012-07 (b) 

014-014 (c) 

05-010 (a) 

011-012(b) 

06-06 (c) 

02-010 (a) 

013-03 (b) 

04-04 (c) 

[100] 

15.42 
(15)* 

15.24 

constrained 

25.32 
(25) 

25.19 

constrained 

8.98 
(9) 

6.37 

constrained 

25.45 
(26) 

24.87 

constrained 

26.62 
(27) 

24.95 

constrained 

[010] 

15.42 

15.24 
(15) 

constrained 

25.13 

25.20 
(25) 

constrained 

8.31 

6.90 
(7) 

constrained 

25.42 

24.88 
(25) 

constrained 

26.52 

24.96 
(25) 

constrained 

[001] 

0 

0 

constrained 

2.83 

0.70 

constrained 

3.38 

2.64 

constrained 

1.07 

0.57 

constrained 

2.20 

0.63 

constrained 
*Protractor measurements in parenthesis. 
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wrong with the structure. Only Ti2 had a bond-valence sum comparable to the "well 

behaved" Til, Ti2, Ti3, and Ti4 bond-valence sums for the Sm structure. 

According to the trend in Table 14 for x = 0.667 the Nd3 perovskite column (this 

is the Sml/Sm5 column in the Sm structure) should contain 33% vacancies and the Ndl 

perovskite column (this is the Sm2 column in the Sm structure) should completely filled 

with Nd. In this case we would expect to see a low bond-valence sum for Nd3 but 

bond-valence sums closer to 3.0 for Ndl and Nd2. 

4.3.2 Tilt angles 

The magnitudes of the calculated and measured tilt angles for 

Ba6-3x^8+2x^ 18^54 (x = 0.67) are given in Table 19. The measured tilt angles, given 

in the parenthesis agree well with the calculated angles. In general, two of the three 

angles calculated for the same vector (with respect to the [100], [010], and [001]) were 

often very close in magnitude. Similar to the Pr structure the difference between these 

two angles is very small. Similar to the Sm and Pr structures, the Ti3 octahedron shows 

the smallest tilt angles (while the Ti2, Ti4, and Ti5 octahedra all have larger tilt angles 

of about the same magnitudes. 



Table 18. Metal-Oxygen interatomic distances (A) and bond-valence 
B a 6-3x N d 8+2x T i 18°54 

Nd(l) - 0(7) 2.267 
Nd(l)-0(7) 2.267 Sm2 
Nd(l)-0(14)2.540 
Nd(l)-0(14) 2.540 BVS 
Nd(l)-0(7) 2.683 
Nd(l) - 0(7) 2.683 
Nd(l)-0(6) 2.772 
Nd(l)-0(6) 2.772 

Nd(3) - 0(13) 2.267 
Nd(3) - 0(2) 2.363 Sml, 
Nd(3) - 0(12) 2.596 
Nd(3) - 0(14) 2.599 BVS 
Nd(3) - 0(3) 2.607 
Nd(3) - 0(13) 2.621 
Nd(3)-0(4) 2.651 
Nd(3)-0(1) 2.718 

Ti(l) - 0(1) 1.840 
Ti(l)-0(3) 1.898 
Ti(l)-0(3) 1.898 BVS = 
Ti(l) - 0(2) 1.986 
Ti( l)-0(2) 1.986 
Ti( l)-0(1) 2.001 

Ti(3)-0(6) 1.839 
Ti(3)-0(13) 1.900 
Ti(3)-0(14) 1.901 BVS = 
Ti(3)-0(9) 1.938 
Ti(3) - 0(7) 1.955 
Ti(3)-0(14) 1.960 

Ti(5)-0(8) 1.853 
Ti(5)-0(11) 1.869 
Ti(5) - 0(9) 1.924 
Ti(5)-O(10) 1.943 
Ti(5) - 0(8) 2.056 
Ti(5) - 0(5) 2.387 BVS = 

(x = 0.67). 

= 2.75 

Sm5 

= 2.68 

4.40 

= 4.60 

3.95 

Nd(2)-0(11) 2.281 
Nd(2)-0(3) 2.389 Sm3, Sm4 
Nd(2)-0(8) 2.424 
Nd(2) - 0(12) 2.471 BVS = 2.79 
Nd(2)-0(5) 2.575 
Nd(2)-0(11) 2.699 
Nd(2)-0(2) 2.739 
Nd(2)-0(5) 2.791 

Ba(l) - 0(10) 2.645 
Ba(l)-0(9) 2.648 
Ba(l) - 0(10) 2.757 
Ba(l)-0(6) 2.770 BVS = 2.05 
Ba(l)-0(5) 2.970 
Ba(l)-0(9) 3.036 
Ba(l)-0(5) 3.064 
Ba(l)-0(8) 3.069 
Ba(l)-0(6) 3.103 
Ba(l) - 0(14) 3.206 

Ti(2)-0(12) 1.715 
Ti(2) - 0(10) 1.826 
Ti(2)-0(13) 1.952 
Ti(2) - 0(11) 2.045 BVS = 4.23 
Ti(2) - 0(3) 2.188 
Ti(2) - 0(12) 2.199 

Ti(4)-0(4) 1.772 
Ti(4)-0(5) 1.856 
Ti(4) - 0(6) 2.021 BVS = 4.00 
Ti(4)-0(2) 2.073 
Ti(4)-0(4) 2.082 
Ti(4)-0(7) 2.130 
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4.4 Refinements in Space Groups Pba2 and Pbam 

Refinements, using collected data, were performed for space groups Pba2 (number 

32) and Pbam (number 55). 

4.4.1 Space Group Pba2 

4.4.1.1 Crystal Structure 

Using the atomic coordinates from Matveeva et al. [14] as a starting point the data 

collected for the Sm-analogue was refined in space group Pba2. Table 20 gives the 

fractional coordinates and thermal parameters for the refinement in space group Pba2. 

The Uy's describing the anisotropic motion of the Sm and Ba atoms thermal vibration are 

given in Table 21. Attempts to refine the Ti and/or O atoms anisotropically resulted in 

some of the atoms becoming nonpositive definite. The large thermal parameters for Ol, 

06, 08, and 014, are apparently due to the neglect of the superstructure reflections. 

The refinement, using 106 parameters, resulted in a Rl = 6.71%. Refining on the 

site occupancies indicated partial occupancy of Sml site and shared occupancy of the 

Sm's and Ba's in the Sm2 site, this agrees with the partial and shared occupancy positions 

for the structure refined in Pnma (see section 4.1.1). The site occupancies resulted in a 

formula of Ba5 04Sm8 5 9Ti1 805 4 (xBa = 0.32 and xSm = 0.30) and by averaging the x's 

a new x of 0.31 was plugged back into the equations for 5.07 Ba atoms and 8.62 Sm 

atoms. The 1.07 excess Ba atoms were placed in Ba2, a shared site with Sm2. The 
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Table 19. Tilt angles for Ba6.3xNd8+2xTi18054 (x = 0.67). Calculated from the atomic 
coordinates from Kolar [18]. 

with respect to 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

03-03 (a) 

02-02 (b) 

01-01 (c) 

010-03 (a) 

Ol 1-013 (b) 

012-012 (c) 

07-09 (a) 

013-06 (b) 

014-014 (c) 

07-05 (a) 

06-02 (b) 

04-04 (c) 

05-09 (a) 

010-011 (b) 

08-08 (c) 

[100] 

15.15 
(15)* 

16.27 

constrained 

27.05 
(26) 

25.28 

constrained 

10.71 
(8) 

5.15 

constrained 

24.55 
(25) 

24.00 

constrained 

28.50 
(29) 

26.71 

constrained 

[010] 

15.15 

16.27 
(17) 

constrained 

26.07 

25.46 
(25) 

constrained 

7.64 

8.85 
(6) 

constrained 

24.45 

24.04 
(24) 

constrained 

28.01 

27.09 
(27) 

constrained 

[001] 

0 

0 

constrained 

6.72 

5.94 

constrained 

7.46 

7.17 

constrained 

2.08 

1.32 

constrained 

4.85 

4.17 

constrained 

*Protractor measurement in parenthesis. 
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Table 20. Fractional coordinates and isotropic thermal parameters (x 10 ) for 
Ba5.07Sm8.62Ti18°54 i n Pba2-

Atom 

Sml 

Sm2/Ba2 

Sm3 

Bal 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

01 

02 

03 

04 

05 

06 

07 

08 

09 

010 

Oil 

012 

013 

014 

X 

0.0484(1) 

0.5000 

0.3765(0) 

0.3065(1) 

0.5000 

0.4353(1) 

0.1061(2) 

0.1639(1) 

0.2615(1) 

0.1525(12) 

0.1931(6) 

0.2376(6) 

0.2769(7) 

0.0187(6) 

0.4432(12) 

0.1126(6) 

0.5000 

0.0813(9) 

0.3634(6) 

0.4807(8) 

0.4046(8) 

0.3119(6) 

0.0986(9) 

y 

0.1999(1) 

0.0000 

0.4069(1) 

0.0906(1) 

0.5000 

0.1984(3) 

0.3986(3) 

0.1167(3) 

0.3379(3) 

0.1040(22) 

0.4192(12) 

0.1843(12) 

0.3266(13) 

0.3749(13) 

0.2121(22) 

0.2404(12) 

0.5000 

0.0349(19) 

0.2697(12) 

0.3435(15) 

0.0592(16) 

0.4635(13) 

0.4054(17) 

z 

0.5628(8) 

0.5628(9) 

0.5639(6) 

0.5632(9) 

0.0655(35) 

0.0609(26) 

0.0649(22) 

0.0620(22) 

0.0567(23) 

0.5737(179) 

0.0627(104) 

0.0185(48) 

0.5565(102) 

0.0392(75) 

0.5883(228) 

0.0356(64) 

0.6137(494) 

-0.0300(48) 

0.09067(66) 

0.1411(42) 

-0.0214(43) 

0.0221(54) 

0.5586(143) 

Biso 

9.45 

10.14 

2.88 

29.47 

1.06 

0.36 

2.08 

0.54 

0.67 

244.17 

9.09 

0.57 

26.30 

12.24 

247.25 

5.19 

1267.89 

40.51 

2.43 

16.40 

14.07 

6.90 

92.95 

Sm and Ba atom sites were refined with anisotropic thermal parameters and B is given for these atoms (see 
Table 21). 
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Table 21. Anisotropic thermal parameters for Sm and Ba atomic sites Pba2 (xlO ). 

Atom 

Sml 

Sm2/Ba2 

Sm3 

Bal 

u,, 
11.4(7) 

25.8(10) 

5.7(6) 

34.5(9) 

u 2 2 

14.0(7) 

2.4(8) 

4.2(7) 

13.8(9) 

U33 

7.5(6) 

5.9(8) 

8.3(6) 

9.7(7) 

U23 

0.3(11) 

0.00 

0.8(12) 

-1.9(14) 

U,3 

11.5(13) 

0.00 

-1.7(11) 

-3.9(16) 

U12 

7.1(4) 

-1.3(6) 

-2.3(3) 

14.4(6) 

Ba2/Sm2 site was constrained to contain a total of 2 atoms leaving the remainder of the 

site occupied 0.93 Sm atoms. Sm2 and Sm3 contributed a total of 4.93 Sm atoms to the 

structure, by subtracting this from the total number of Sm atoms (8.62 - 4.93) 3.69 Sm 

atoms were left to occupy the Sml. The above number of atoms corresponds to Sml 

being 92.3% occupied (7.7% vacancies) and the Ba2/Sm2 site being 53.5% occupied by 

Ba2 and 46.5% occupied by Sm2 for a formula of Ba5 07Sm8 62Tii8054 . Once these site 

occupancies were determined they were held fixed and subsequent refinements did not 

change Rl. 

4.4.1.2 Bond-Valence Sums 

Metal-Oxygen interatomic distances and bond-valence sums for 

Ba6-3x^m8+2x^ 18^54 (x = 0.31), refined in space group Pba2, are given in Table 22. The 

bond-valence sums for the Sm atoms are lower than the bond-valence sums for the Pr-

and Nd-analogues in the same space group. The bond-valence sum for the Ba atom is 

close to the expected value of 2.0, similar to the Nd-analogue. Comparable to both the 
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Pr- and Nd-analogues the Ti bond-valence sums vary greatly. A much more reasonable 

Til-08 bond length of 1.726 A is reported compared to the Til-08 bond length of 1.567 

A for the Pr-analogue. The Ti5-O10 bond length of 2.422 A is longer than expected. 

However, the Ti5-O10 bond length of 2.387 A, for the Pr-analogue is also longer than 

expected. Once again the bond valence sum for Ti5 is lower than the bond-valence sums 

for the other Ti atoms suggesting something is wrong. Ti2 is bonded to 03 , Ol, 07, 

013, 0 1 , and 09 while Ti2 for the Pr-analogue is bonded to 03,01, 07, 013, 0 1 , and 

05. 09 is now closer to Ti2 than 05. 

4.4.2 Space Group Pbam 

4.4.2.1 Crystal Structure 

The atomic coordinates, from the refinement of the collected data in Pba2, were 

converted into space group Pbam. When the z coordinate in Pba2 was close to 0.5 the 

z coordinate in Pbam was set to the special Ah (x,y,'/2), 2d (V2,0,V2), or 2b (Vi^Vi) 

positions. When the z coordinate in Pba2 was close to 0.0 the z coordinate in Pbam was 

set to the special Ag (x,y,0) or 2a (V^'/^O) positions. Table 23 gives the fractional 

coordinates and thermal parameters for the refinement in space group Pbam (compare to 

the atomic coordinates given by Azough et al. [27] in Table 3). The Uy's describing the 

anisotropic motion of the Sm and Ba atoms thermal vibration are given in Table 24. The 

large thermal parameters for 0 1 , 06, 08, 09, Oi l , 012 and 014, are apparently due to 



Table 22. Metal-Oxygen interatomic distances (A) and bond valence 
B a 6-3x S m 8+2x T i 18°54 i n Pba2-

Sm(l) - 0(5) 2.41(2) 
Sm(l)-0(5) 2.41(2) 
Sm(l) - 0(14) 2.48(2) 
Sm(l) - 0(14) 2.48(2) BVS = 2.46 
Sm(l) - 0(5) 2.55(3) 
Sm(l)-0(5) 2.55(3) 
Sm(l)-0(12) 2.75(2) 
Sm(l)- 0(12) 2.75(2) 

Sm(2) - 0(13) 2.37(2) 
Sm(2)-0(9) 2.39(2) 
Sm(2)-0(4) 2.43(2) 
Sm(2) - 0(10) 2.48(2) BVS = 2.64 
Sm(2)-0(1) 2.48(3) 
Sm(2) - 0(13) 2.61(2) 
Sm(2) - 0(10) 2.63(2) 
Sm(2) - 0(6) 2.79(3) 

Sm(3)-0(11) 2.27(2) 
Sm(3)-0(7) 2.36(2) 
Sm(3)-0(7) 2.52(2) 
Sm(3) - 0(6) 2.58(3) BVS = 2.54 
Sm(3)-0(1) 2.60(3) 
Sm(3)-0(9) 2.64(2) 
Sm(3) - 0(8) 2.66(1) 
Sm(3)-0(11) 2.73(2) 

Ti(l) - 0(8) 1.7(2) 

Ba(l)-0(3) 2.59(2) 
Ba(l) - 0(12) 2.73(2) 
Ba(l)-0(2) 2.82(3) 
Ba(l) - 0(2) 2.83(3) BVS = 2.05 
Ba(l)-0(3) 2.83(2) 
Ba(l)-0(4) 2.94(2) 
Ba(l) - 0(14) 3.09(2) 
Ba(l) - 0(10) 3.10(2) 
Ba(l) - 0(12) 3.15(2) 
Ba(l)-O(10) 3.22(2) 

Ti(l) - 0(9) 1.90(2) 
Ti( l)-0(9) 1.90(2) 
Ti(l)-0(11) 1.97(2) 
Ti(l) - O(ll) 1.97(2) BVS = 4.67 
Ti( l)-0(8) 2.10(2) 

Ti(3)-0(14) 1.90(6) 
Ti(3)-0(7) 1.93(2) 
Ti(3) - 0(14) 1.94(6) 
Ti(3)-0(2) 1.96(2) 
Ti(3)-0(5) 1.97(2) BVS =4.21 
Ti(3)-0(12) 1.99(2) 

Ti(5)-0(2) 1.82(2) 
Ti(5)-0(13) 1.90(2) 
Ti(5)-0(3) 1.94(1) 
Ti(5)-0(4) 1.95(4) 
Ti(5)-0(4) 1.95(4) BVS =4.10 
Ti(5) - 0(10) 2.42(1) 

Ti(2)-0(3) 1.84(1) 
Ti(2)-0(1) 1.89(7) 
Ti(2)-0(7) 1.89(2) BVS = 4.36 
Ti(2)-0(13) 1.94(2) 
Ti(2)-0(1) 1.98(7) 
Ti(2)-0(9) 2.12(2) 

Ti(4)-0(6) 1.82(9) 
Ti(4)-O(10) 1.82(1) 
Ti(4) - 0(12) 1.85(2) BVS = 4.47 
Ti(4)-0(6) 2.03(9) 
Ti(4)-0(11)2.05(2) 
Ti(4)-0(5) 2.062 
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the neglect of the superstructure reflections. Attempts to refine the Ti and/or O atoms 

anisotropically resulted in some of the atoms becoming nonpositive definite. 

The refinement, using 77 parameters, resulted in a Rl = 6.56%. Refining on the 

site occupancies indicated partial occupancy of Sml site and shared occupancy of the 

Sm's and Ba's in the Sm2 site, this agrees with the partial and shared occupancy positions 

for the structure refined in Pnma (see section 4.1.1) and Pba.2 (see section 4.4.1.1). The 

site occupancies resulted in a formula of Ba499Sm863Tij8054 (xBa = 0.34 and xSm = 

0.32) and by averaging the x's a new x of 0.33 was plugged back into the equations for 

5.01 Ba atoms and 8.66 Sm atoms. The 1.01 excess Ba atoms were placed in Ba2, a 

shared site with Sm2. The Ba2/Sm2 site was constrained to contain a total of 2 atoms 

leaving the remainder of the site occupied 0.99 Sm atoms. Sm2 and Sm3 contributed a 

total of 4.99 Sm atoms to the structure, by subtracting this from the total number of Sm 

atoms (8.66 - 4.99) 3.67 Sm atoms were left to occupy the Sml. The above number of 

atoms corresponds to Sml being 91.8% occupied (8.3% vacancies) and the Ba2/Sm2 site 

being 50.5% occupied by Ba2 and 49.5% occupied by Sm2 for a formula of 

Ba5 QiSm8 66Ti18054. Once these site occupancies were determined they were held fixed 

and subsequent refinements resulted in a Rl = 6.57%. 
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Table 23. Fractional coordinates and isotropic thermal parameters (x 10 ) for 
B a 5.01 S m 8.66 T i 18°54 i n Pbam-

Atom 

Sml 

Sm2/Ba2 

Sm3 

Bal 

Til 

Ti2 

Ti3 

Ti4 

Ti5 

01 

02 

03 

04 

05 

06 

07 

08 

09 

O10 

Oil 

012 

013 

014 

X 

0.0484(1) 

0.5000 

0.3765(1) 

0.3066(1) 

0.5000 

0.4353(2) 

0.1062(2) 

0.1637(2) 

0.2615(2) 

0.1504(14) 

0.1932(7) 

0.2374(7) 

0.2776(9) 

0.0183(7) 

0.4436(15) 

0.1129(7) 

0.5000 

0.0803(13) 

0.3632(7) 

0.4813(10) 

0.4038(10) 

0.3117(7) 

0.0977(11) 

y 

0.2000(1) 

0.0000 

0.4069(1) 

0.0906(1) 

0.5000 

0.1985(3) 

0.3984(3) 

0.1166(3) 

0.3379(3) 

0.1037(24) 

0.4195(12) 

0.1843(13) 

0.3252(16) 

0.3753(14) 

0.2074(27) 

0.2409(14) 

0.5000 

0.0352(27) 

0.2696(13) 

0.3420(18) 

0.0579(20) 

0.4633(14) 

0.4030(19) 

z 

0.5000 

0.5000 

0.5000 

0.5000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.5000 

0.0000 

0.0000 

0.5000 

0.0000 

0.5000 

0.0000 

0.5000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.5000 

Biso 

12.64 

15.45 

4.77 

34.46 

1.43 

0.79 

3.71 

1.03 

1.12 

275.69 

6.65 

7.77 

47.51 

12.58 

425.73 

14.14 

1594.55 

354.23 

3.60 

95.02 

124.01 

16.67 

119.36 

Sm and Ba atom sites were refined with anisotropic thermal parameters and Be is given for these atoms (see 
Table 24). 
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4.4.2.2 Bond-Valence Sums 

Metal-Oxygen interatomic distances and bond-valence sums for 

Ba6-3x^m8+2x^ 18^54 (x = 0.31), refined in space group Pbam, are given in Table 25. 

The bond-valence sums reported here are very close to the bond valence sums for the Sm-

analogue solved in space group Pba2 (see section 4.4.1.2). The Ti5-O10 bond length of 

2.413 A is longer than expected but comparable to the Ti5-O10 bond lengths reported for 

the Pr- and Sm-analogues solved using space group Pba2. 

Table 24. Anisotropic thermal parameters for Sm and Ba atomic sites Pbam (xlO ). U23 

and U,o = 0 for all Sm and Ba atoms. 

Atom 

Sml 

Sm2/Ba2 

Sm3 

Bal 

Uil 

12.6(8) 

27.9(11) 

7.3(7) 

36.2(10) 

u 2 2 

14.8(8) 

4.2(9) 

4.9(7) 

14.2(9) 

U33 

10.6(8) 

9.9(11) 

11.1(8) 

12.2(9) 

TJ,2 

' 7.2(5) 

-0.9(7) 

-1.9(4) 

14.3(6) 

4.5 Structure and Properties of Ba6.3xLn8+2xTi18054 

This section returns to the questions asked in section 2: 1) What structural 

elements cause E', Q, and Tf to change when Ln is held constant (Ln = Pr, Nd, or Sm) 

and x is varied along the solid solution Ba6.3xLn8+2xTi18054? 2) What structural 
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Table 25. Metal-Oxygen interatomic distances (A) and bond valence sums for 
Ba6-3xSm8+2xTi18°54 i n Pbam-

Sm(l)-0(5) 2.47(1) 
Sm(l)-0(5) 2.47(1) 
Sm(l)-0(5) 2.47(1) 
Sm(l) - 0(5) 2.47(1) BVS = 2.40 
Sm(l) - 0(14) 2.48(2) 
Sm(l) - 0(14) 2.48(2) 
Sm(l)-0(6) 2.81(3) 
Sm(l)-0(6) 2.81(3) 

Sm(3) - 0(7) 2.44(1) 
Sm(3)-0(7) 2.44(1) 
Sm(3)-0(11) 2.48(1) 
Sm(3) - 0(11) 2.48(1) BVS = 2.41 
Sm(3)-0(1) 2.56(3) 
Sm(3)-0(6) 2.59(3) 
Sm(3) - 0(8) 2.656(1) 
Sm(3) - 0(14) 2.70(2) 

Ti( l)-0(9) 1.84(3) 
Ti(l) - 0(9) 1.84(3) 
Ti(l) - 0(8) 1.910(1) 
Ti(l) - 0(8) 1.910(1) 
Ti(l) - 0(11) 1.96(2) BVS = 4.76 
Ti(l) - 0(11) 1.96(2) 

Ti(3)-0(7) 1.92(2) 
Ti(3)-0(14) 1.920(3) 
Ti(3)-0(14) 1.920(3) 
Ti(3) - 0(12) 1.95(3) 
Ti(3)-0(2) 1.96(2) BVS =4.29 
Ti(3)-0(5) 1.98(2) 

Ti(5) - 0(2) 1.82(2) 
Ti(5) - 0(13) 1.89(2) 
Ti(5)-0(3) 1.94(2) 
Ti(5) - 0(4) 1.950(4) 
Ti(5) - 0(4) 1.950(4) BVS =4.12 
Ti(5) - 0(10) 2.41(2) 

Sm(2)-0(4) 2.417 
Sm(2)-0(1) 2.461 
Sm(2)-0(13) 2.491 
Sm(2) - 0(13) 2.492 BVS = 2.46 
Sm(2) - 0(10) 2.553 
Sm(2) - 0(10) 2.553 
Sm(2)-0(9) 2.646 
Sm(2) - 0(9) 2.646 

Ba(l)-0(3) 2.71(1) 
Ba(l)-0(3) 2.71(1) 
Ba(l)-0(2) 2.82(1) 
Ba(l)-0(2) 2.82(1) BVS = 1.98 
Ba(l) - 0(12) 2.92(2) 
Ba(l) - 0(12) 2.92(2) 
Ba(l)-0(4) 2.92(2) 
Ba(l) - 0(14) 3.12(2) 
Ba(l) - 0(10) 3.16(1) 
Ba(l) - 0(10) 3.16(1) 

Ti(2)-0(3) 1.84(2) 
Ti(2)-0(7) 1.89(2) 
Ti(2) - 0(13) 1.94(2) BVS = 4.37 
Ti(2)-0(1) 1.940(5) 
Ti(2)-0(1) 1.940(5) 
Ti(2)-0(9) 2.10(3) 

Ti(4)-O(10) 1.82(2) 
Ti(4)-0(12) 1.85(3) 
Ti(4)-0(6) 1.922(4) BVS =4.49 
Ti(4)-0(6) 1.922(4) 
Ti(4)- 0(11) 2.02(2) 
Ti(4)-0(5) 2.06(2) 



Table 26. Comparison of tilt angles for the Pr, Nd, and Sm structures. 

Til 

a 

b 

c 

Ti2 

a 

b 

c 

Ti3 

a 

b 

c 

Ti4 

a 

b 

c 

Ti5 

a 

b 

c 

with respect to [100] 

Pr 

15.42 

c 

15.24 

25.32 

c 

25.19 

8.98 

c 

6.37 

25.45 

c 

24.87 

26.62 

c 

24.95 

Nd 

15.15 

c 

16.27 

27.05 

c 

25.15 

10.71 

c 

5.15 

24.55 

c 

24.00 

28.50 

c 

26.71 

Sm 

18.13 

14.45 

12.64 

28.23 

10.53 

26.60 

7.76 

1.11 

5.47 

27.21 

0.34 

25.94 

25.83 

0.04 

25.84 

with respect 

Pr 

0 

c 

0 

2.83 

c 

0.70 

3.38 

c 

2.64 

1.07 

c 

0.57 

2.20 

c 

0.63 

Nd 

0 

c 

0 

6.72 

c 

5.94 

7.46 

c 

7.17 

2.08 

c 

1.32 

4.85 

c 

4.17 

[010] 

Sm 

11.82 

15.57 

9.65 

7.98 

10.60 

5.04 

1.23 

8.46 

7.33 

3.45 

11.32 

9.35 

2.05 

6.11 

5.05 

with respect to [001] 

Pr 

15.42 

c 

15.24 

25.13 

c 

25.20 

8.31 

c 

6.90 

25.42 

c 

24.88 

26.52 

c 

24.96 

Nd 

15.15 

c 

16.27 

26.07 

c 

25.94 

7.64 

c 

8.85 

24.45 

c 

24.04 

28.01 

c 

27.09 

Sm 

13.55 

5.65 

15.65 

26.89 

1.22 

27.15 

7.66 

8.38 

9.17 

26.95 

11.31 

27.82 

25.44 

6.11 

26.40 
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elements cause E', Q, and Tf to change when x is held constant and Ln is varied (Ln = 

Pr, Nd, or Sm)? 

4.5.1 The Tilt Angles 

Table 26 compares the tilt angles for the Pr- and Nd-analogues (solved using the 

half cell in space group Pba2 (number 32)) and the Sm-analogue (solved in space group 

Pnma (number 62)). The tilt angles reported here, for the [100] and [001] are much 

larger than those reported by Colla et al. [3,4] (see Table 6). The differences in the tilt 

angles, in these directions, most likely arises from the odd numbered channels, found in 

the structure reported here (five and three sided), compared to only the rhombic channels 

for the perovskite structure. The tilt angles reported here, for the [010], the direction of 

octahedra stacking, are similar to the tilt angles reported by Colla et al [3,4]. The 

expected trend of the tilt angle increasing for the smaller Ln atom is not always seen. 

The reasons for this are 1) The tilt angles calculated for the Pr- and Nd- analogues are 

constrained as discussed in section 3.3.3. 2) According to the compositions reported for 

the three crystal structures, x = 0.75 for the Pr-analogue (or 0.66 according to the site 

occupancies), x = 0.667 for the Nd-analogue (no experimental evidence is given to 

support this), and x = 0.27 for the Sm-analogue are different. Table 14 demonstrates that 

as x increases there is more room to tilt (see section 4.1.3) and this is supported by a 

decrease in volume as x increases (shown in Figures 2 and 14). For a direct comparison 
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of the tilt angles the space groups must be the same and the compositions must be the 

same. 

4.5.2 E' 

Figures 8, 9, and 10 reveal that E' decreases as x increases. More specifically the 

question now becomes: What structural element causes E' to decrease as x increases? 

Since E' values are related to AD/Vm (as discussed in section 2.1) the question can be 

answered by examining what happens to AD and Vm as x increases. As x increases the 

amount of Ba decreases and the amount of Ln increases causing AD to decrease. Table 

14 reveals that as x increases there is more room to tilt. This is reflected by the structure 

flexing in and the volume of the unit cell decreasing (see Figures 2 and 14). With both 

AD and Vm decreasing, E' is decreasing. The structural element of larger tilt angles 

combined with a decrease of Ba content and increase of Ln content as x is increased 

corresponds to a decrease in E'. 

Figure 11 reveals that E' decreases as aD and the size of the Ln decreases (as x 

is held constant). More specifically the question now becomes: What structural element 

causes E' to decrease as the size of the Ln is decreased? The smaller atoms being placed 

in the Sml/Sm5 and Sm3/Sm4 are allowing the octahedra to tilt more and the volume to 

decrease. With both AD (see Table 5) and Vm decreasing (see Figure 11) E' is 

decreasing. The structural element of large tilt angles can be correlated to a decrease in 
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E'. Primarily attempts to calculate E' from Equation 2, for the Pr-analogue were 

unsucessful. 

4.5.3 Q 

In ceramic resonators the energy dissipation is determined by the dielectric loss, 

tan8, of the material. High Q (l/tan8) is usually seen for low loss materials. Atomic 

vibrations often contribute to the energy dissipation of the materials resulting in higher 

loss and lower Q's. According to Negas and Davies, [6] Q maximizes in the range of 0.5 

< x < 0.7 for the Sm-analogue and in the range of 0.6 < x < 0.8 for the Nd-analogue. 

For these ranges the crystal structures should have increasing vacancies in Sm5 and a 

high Sm2/Ba3 ratio inferring more space for atomic vibrations. The Q is very high in this 

range indicating that some other factor must be working to curb the atomic vibrations. 

As discussed in section 4.1.3 as x increases (introducing vacancies and smaller atoms into 

the "Sm2" column) and as the size of Ln decreases, the octahedra have more room to tilt 

and the volume decreases. This flexing of the unit cell is most likely curbing the atomic 

vibrations. The Q starts to drop for the Sm and Nd series at = 0.6 and = 0.7 this about 

where the "Sm2" are fully occupied by the smaller atom. Above this the extra Sm atoms 

will probably start to fill up some of the Sm5 vacancies causing the tilt angles to decrease 

and the lattice parameters to slightly increase and the unit cell to slightly increase. 
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4.5.4 Tf 

For a correlation between Tf and the tilt angles, for the Ba6_3XLn8+2xTi,8054 solid 

solution, where Ln = Pr, Nd, or Sm, the crystal structures must be solved using a doubled 

unit cell corresponding to space group Pnma or Pna2j, and must have approximately the 

same x. 

The tilt angles, in the [010], for the Ba6_3XSm8+2xTi18054 structure, determined 

here, are comparable to the tilt angles reported by Colla et al [3,4]. The differences in 

the tilt anlges in the other two directions probably arise from the odd shaped channels 

(five and three sided), for the structure reported here, as compared to only the rhombic 

channels in the perovskite structure. These tilts are very important to understanding Tf, 

the ablility of the structure to flex with temperature changes. 
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5. CONCLUSIONS 

The crystal structure determination of Ba6.3xSm8+2xTi18054, using the correct 

(doubled) unit cell, corresponding to space group Pnma (number 62), resulted in an Rl 

= 5.36%. The Sm and Ba thermal parameters have been refined isotropically. 

Refinements in space group Pna2l and a second harmonic signal of 0.05, for single phase 

powder of Ba45Sm9Ti ]8054, support the choice of the centrosymmetric space group. 

The structure is made up of a network of corner sharing Ti06 octahedra creating 

pentagonal and rhombic (perovskite-like) channels. The pentagonal channels are fully 

occupied by Ba atoms, one rhombic channel is fully occupied by Sm atoms (Sm3/Sm4), 

one rhombic channel is partially occupied by Sm atoms (Sml/Sm5 100%/86.5%), and one 

rhombic channel is shared by Ba/Sm atoms (Ba3/Sm2 59.5%/40.5%). The above site 

occupancies correspond to an x = 0.27 and a formula of Ba5 19Sm854Ti18054 (z = 2). 

Based on the above site occupancies, the disorders (vacancies and substitutions) were 

calculated for 0 < x < 0.667. As x increases the number of vacancies in the Sm5 channel 

increases and the amount of Ba3 substituted in the Sm2 channel decreases. The increase 

of vacancies and the decrease of Ba3 in the Sm2 channel allows the octahedra to tilt 

more. The increasing tilting is supported by Vm decreasing as x increases and the size 

of the Ln atoms decreases. 

An increase in x decreases the amount of Ba and increases the amount of Ln 

resulting in a decrease of AD. A decreasing AD coupled with the decreasing Vm, as x 

increases, results in a decreasing of E'. When x is held constant and the size of the Ln 
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atom decreases, both AD and Vm decrease, resulting in a decrease in E'. The decrease 

in Vm, as x increases or the size of the Ln atom decreases, curbs the atomic vibrations 

and Q increases in both cases. In order to correlate the tilt angles to the decrease in Tf, 

for the Ba6.3xLn8+2xTi18054 solid solution, where Ln = Pr, Nd, or Sm, the crystal 

structures must be solved using the doubled unit cell corresponding to space group Pnma 

or Pna2], and must have approximately the same x. 

The bond-valence sums indicate that small amounts of Ba/Sm substitutions 

exist. 
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