&

i

e control

ur

t

by nano-struc

4
i

ket or 2k

Jr i

%



HERBRBIERFHELR
AEI2E5(RRBETICLD)
T2 2H3A23AEG




Functionality enhancement of low-dimensional
inorganic materials by nano-structure control

R TE BB LAY DT HERIEIC X 5 miEEe(t

January 2010

Tomoyuki IWATA
a=H mZ



Contents

Chapter 1 7
INtrOAUCHION .« o v vttt s e e e e e e ettt e e e e e e e

Chapter 2
Analysis of Unknown and Disordered Structures from Laboratory X-Ray Powder

Diffraction Data . . ... ..o oo e e e e
2.1 Crystal structure of Ca;Al;1403,Cl; and luminescence properties of

Ca12A114O32C12:Eu2+ ..............................................
2.2 Reinvestigation of crystal structure and structural disorder of BasMgSixOs . . .

Chapter 3

Syntheses, crystal structures and thermoelectric properties of new layered carbides . .

3.1 Synthesis and crystal structure of a new layered carbide ZrAl4Cy ...........
3.2 Synthesis and crystal structure of a new layered carbide ZrAlgC; ...........
3.3 Syntheses and crystal structures of Si-bearing layered carbides ZrAlsC,
and ZI‘A14C4 ....................................................
3.4 First discovery and structural characterization of a new compound in
Al-Si-O-C SYSIEIM . .\ vt v vttt ettt ie ettt ittt it
3.5 Thermoelectric properties of the layered carbides .......................

Chapter 4

Structural characterization of oxide-ion-conducting lanthanum silicates ..........

4.1 Structural change of oxide-ion-conducting lanthanum silicate on heating
from295t0 1073 K ... oot e

4.2 Lanthanum- and oxygen-deficient crystal structures of oxide-ion
conducting apatite-type silicates .......... ... ... i i il

Chapter 5
SUMMALY ..\ttt i e i i i e i

List of publications ... .......couuinteitiie i i e

Acknowledgments ........... .. i i e



Chapter 1

Introduction

1.1 Recent advances in the field of crystal structure analyses from X-ray powder
diffraction data

Recent advances in the field of crystal-structure analysis from X-ray powder diffraction
(XRPD) data have enabled us to investigate complex structures, including positional disordering of
atoms and orientational disordering of atomic groups. A combined use of the Rietveld method, the
maximum-entropy method (MEM) and the MEM-based pattern fitting (MPF) method has enabled us
to disclose new structural details. However, the Rietveld method and MEM have a drawback in
determining the electron density distributions because the observed structure factors, F,(Rietveld), are
biased toward the structural model assuming intensity partitioning. On the other hand, the MPF
method can minimize the structural bias. Thus, the MEM and MPF analyses are alternately repeated
(REMEDY cycle) until the reliability indices reach minima. Crystal structures can be seen clearly from
electron-density distributions (EDD) determined by MPF.

In Chapter 2, the author has applied the combied use of MEM and MPF to the structural
analyses of Ca;;Al;405,Cl, and Ba;MgSi,Og. The latter structural model was originated from that of
glaserite (K3Na(SO,),) and modified by a split-atom model. The EDD determined by MPF was used to
verify the split-atom model.

1.2 Syntheses, crystal structures and thermoelectric properties of new layered
carbides

In the system Zr-Al-C, there are two ternary carbides reported so far; they are (ZrC),Al;C, and
(ZrC);Al;C,. These carbides form a homologous series with the general formula of (ZrC),Al;C, (n =2
and 3). The crystals show the intergrowth structures with alternating layers of [Zr,C,.;] and [AC;]. In
the system U-AI-C, there are two types of ternary carbides (UC),Al;C, and (UC)AI;C,. The former
carbide is isostructural with (ZrC),A1;C,. The latter carbide, together with (ScC)Al;C,; and (YC)AL;C,,
can be regarded as the intergrowth structure consisting of the [RC,] slabs separated by the Al,Cs-type
[AL3C;] layers, where R = U, Sc and Y. Accordingly, these layered carbides are of the members with »n
=1 for the homologous series (RC),Al3C; (R=Zr, U, Scand Y, n=1, 2 and 3).

Recent efforts in our laboratory have aimed at defining a new homologous series of phases
(ZrC)(Al14,Cs),, (I, m = integers). Members of this series that have been confirmed so far include
(ZrCHALC; (=2, m= 1), (ZrC);ALLCs (=3, m = 1), (ZrCYALCs), (I = 1, m = 2) and (ZrC),(Al4,C3),
(! = 2, m = 2). These compounds exhibit a close structural and compositional relationship; the crystal
structures can be regarded as intergrowth structures consisting of the Al,Cs-type [Aly,Cspei1] layers
separated by the NaCl-type [Zr/C;,] layers. These two types of layers share the two-dimensional
networks of carbon atoms at their boundaries. The C-C distances of the networks, ranging from 0.3318
to 0.3328 nm, are comparable to those of ZrC and A14Cs crystals; the former distance is 0.3319 nm (=
a(ZrC)/N2) and that of the latter is 0.3335 nm (= a(A14Cy)), where a(ZrC) and a(Al4Cs) represent the
a-axis lengths. Fukuda et al. have therefore proposed that the closeness of the C-C distances between
ZrC and AL,C; crystals, being repressed by the equation a(ZrC)/N2 ~ a(Al4Cs), is the principal reason
for the formation of these layered carbides.

The [AlsnCsnm+1] layers were incorporated by several amounts of Si and/or Ge components,



whereas considerable amount of Y component dissolved into the [Zr,Cy] layers. Therefore the general
formula has to be expanded to (Zr; Y C){(Al,Si,Ge,)4C3}, where the maximum x-, y- and z-values
were 0.02, 0.07 and 0.02, respectively. After the publication of papers on Zry(AlSi)Cs and
Zr3(AL,Si)4Cs, the isomorphous crystal structures were reported in the Hf-Al-C system for Hf,AL,Cs
and Hf;A1,Cs. Accordingly, it would be relevant to further expand the solid-solution formula to
(MC)Y(T4C3)mm, where M= Zr, Y and Hf, T=Al, Si and Ge. ‘

In Chapter 3, the author has experimentally verified, in the system Zr-Al-Si-C, the formation
of ZrAl1,Cs, ZrAlzC;, Zr(Al,Si)C; and Zr(A1,Si)4Cs. In the course of developing new materials, a new
compound has been discovered in the Al-Si-O-C system. The author has also characterized the crystal
structure as well as the microtexture.

1.3 Structural characterization of oxide-ion-conducting lanthanum silicates from
X-ray powder diffraction data

Apatite-type rare-earth (RE) silicates, RE933(SiO4)sO,, are promising materials for
gas-sensing devices and electrolyte materials because of the relatively high oxide-ion conductivity at
moderate temperatures as well as at low oxygen partial pressures. The lanthanum silicate,
Lag 13(Si04)s0,, has exhibited much higher conductivity than the other RE silicates. The conductivity of
the former at 1073 K was ~13.5x10™ Scm'l, which is one order of magnitude larger than that of, for
example, neodymium silicate Ndo 33(SiO4)sO2 (~2.6><104 Scm™ at 1073 K). The crystal structures of
both lanthanum and neodymium silicates were isotypic at ambient temperature, belonging to the space
group P63/m. These two structural studies are reconciled with each other on the basis of the absence of
interstitial oxygen sites in the crystal lattices.

In Chapter 4, the author has investigated the crystal structure of lanthanum silicate at high
temperature. The structural change with increasing temperature has been compared with that of
neodymium silicate with a view to clarifying the structural details that should be peculiar to the highly
oxide-ion conducting apatite-type RE silicates. The author has also characterized the crystal structures
of lanthanum- and oxygen-deficient apatite-type silicates, the general formula of which is represented
by Lag33.2:(Si04)602.3r, (0 < x < 0.085). The crystal structures of x = 0.06 and 0.085 have been
compared with that of x = 0 with a view to clarifying the structural change with increasing x-value.



Chapter 2

Analysis of Unknown and Disordered Structures from Laboratory
X-Ray Powder Diffraction Data

2.1 Crystal structure of Ca;;Al1403,Cl; and luminescence properties of
C312A114O32C12:Ell2+

Abstract

The crystal structure of Ca;Al1403,Cl; was determined from laboratory X-ray powder diffraction data
(CuKa,) using the Rietveld method, with the anisotropic displacement parameters being assigned for
all atoms. The crystal structure is cubic (space group /43d, Z = 2) with lattice dimensions a =
1.200950(5) nm and ¥ = 1.73211(1) nm’. The reliability indices calculated from the Rietveld method
were Ry, = 8.48% (S = 1.21), R, = 6.05%, Rg = 1.27% and Rr = 1.01%. The validity of the structural
model was verified by the three-dimensional electron density distribution, the structural bias of which
was reduced as much as possible using the maximum-entropy methods-based pattern fitting (MPF).
The reliability indices calculated from the MPF were Rg = 0.75% and Rr = 0.56%. In the structural
model there are one Ca site, two Al sites, two O sites and one Cl site. This compound is isomorphous
with CajzAlj6Si3 403,Cls4. Europium doped sample Ca12A114O32C12:Eu2+ was prepared and the
photoluminescence properties were presented. The excitation spectrum consisted of two wide bands,
which were located at about 268 and 324 nm. The emission spectrum, when excited at 324 nm,
resulted in indigo light with a peak at about 442 nm.

Keywords: Calcium-chloro aluminate, Crystal structure, Powder diffraction, Rietveld refinement;
Maximum entropy method; Electron density distribution; Luminescence

2.1.1 Introduction

Compounds of the type Ca;;Al14035.X have been reported, where X = 2F [1], 2CI" [2], o
[3-7] and 20H [8]. All of these crystal structures are considered to be homeotypic to one another,
belonging to the same space group /43d. For the compound with X = 2F’, the crystal structure contained
positional disordering of Ca sites and occupational disordering of F site [1]. The Ca sites are split into
two positions, Ca(1) and Ca(2), with a separation of 0.05 nm. The interatomic distances are shorter for
Ca(2)-F (= 0.231 nm) than for Ca(1)-F (= 0.282 nm), hence the F site is only occupied, with the
occupancy of 1/3, when the Ca(2) position is also occupied.

The compound with X = 2CI" (Ca;3Al11403,CL) is one of the main constituents of a new type
of Portland cement, termed “Eco-cement” [9]. This cement has been recently developed in order to
solve the municipal waste problems caused by limited availability of landfill sites. The municipal waste
incinerator ash is used as a part of the raw materials. Because the incinerator ash normally contains Cl
components in relatively high concentrations, the resulting Eco-cement includes up to 20% of
Ca;2Al403,Cl, instead of CazAl,Og, Which is one of the main constitutes of normal Portland cement.
The crystal structure of Ca;3Al403,Cl, is, in spite of the importance in cement chemistry, still not
elucidated so far. On the other hand, the crystal structure of Cajp[Aljo6Siz4]03,Clss has been
determined by Feng et al. using single-crystal X-ray diffraction method [10]. In the structural model
there are two distinct types of Al/Si sites, Al/Si(1) and Al/Si(2). The significantly shorter Al/Si(1)-O



distances (average = 0.1715 nm) compared with Al/Si(2)-O (average = 0.1762 nm) can be related to the
distribution of Si in the Al/Si(1) site [10]. The incorporation of Si into Al sites led to an increase in CI
content to an extent that requires to maintain charge balance. The crystal structure is positionally
ordered in that there is one Ca site.

The compound with X = O” has recently received much attention as a room
temperature-stable electride [11]. This material, when activated with Eu?*, showed indigo-light
luminescence with a peak wavelength of about 440 nm under UV excitation [12]. The excitation and
emission spectra showed the characteristic broadband of the Eu®* ion. Co-doping of Eu?* and Nd** ions
resulted in long afterglow phosphorescence.

Recent advances in modern crystal-structure analyses have enabled us to readily determine
three-dimensional distribution of electron densities from X-ray powder diffraction (XRPD) data using
the maximum-entropy method (MEM) [13]. However, the Rietveld [14] and MEM analyses are
insufficient to derive charge densities because the observed structure factors, Fy(Rietveld), are biased
toward the structural models. The subsequent MEM-based pattern fitting (MPF) method [15] reduces
the bias as much as possible. Thus, the MEM and MPF analyses are alternately repeated (REMEDY
cycle) until the reliability indices no longer decrease. Crystal structures are represented not by structural
parameters but by electron densities in MPF.

In the present study, we have prepared the CajyAl;403,Cl, powder specimen to refine the
crystal structure from XRPD data using the MEM/Rietveld and MPF methods. The crystal has been
applied to a new host material for phosphors. We have reported the photoluminescence properties of
CaypAl1405,Cly:Eu’* to compare with those of Ca;Ali40s3:Eu”.

2.1.2 Experimental
(1) Structure refinement

A specimen of Ca;pAl;1403,Cl, for structural study was prepared from reagent-grade chemicals
CaCO0;, Al,0; and CaCl,-2H,0. Well-mixed chemicals with Ca: Al : C1=6:7 : 1 in molar ratio were
pressed into pellets (12 mm diameter and 3 mm thick), heated at 1273 K for 24 h, followed by
quenching in air. Experimental XRPD intensities were collected at 298 K on a PANalytical X'Pert PRO
Alpha-1 diffractometer equipped with a high-speed detector (X’Celerator) in the Bragg-Brentano
geometry using monochromatized CuKa; radiation (45 kV, 40 mA). Other experimental conditions
were: continuous scan, 26 range from 17.0032° to 148.4958°, total of 15738 datapoints, and total
experimental time of 11.0 h. The divergence slit of 0.25° was employed to collect the quantitative
profile intensities over the whole 26 range.

(2) Luminescence

A phosphor specimen with the formula Ca,1,76Eu2+0,24A114O32C12 was prepared by a solid-state
reaction. Well-mixed chemicals of CaCOs, Al,0;, CaCl,-2H,0 and Eu,O; were heated at 1423 K for 2
h in reducing atmosphere of N, (95 vol.%) and H, (5 vol.%), followed by cooling to ambient
temperature. The XRPD intensities were collected in a 26 range from 17.00° to 80.00°. Excitation and
emission spectra at 298 K were recorded with a Hitachi F-7000 fluorescence spectrometer.

2.1.3 Results and Discussion
(1) Structure refinement and description
Peak positions of the experimental diffraction pattern were first determined using the
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computer program PowderX [16]. The 26 values of 40 observed peak positions were then used as input
data to the automatic indexing program TREOR90 [17]. One cubic cell was found with satisfactory
figures of merit M,yy/Fy, = 65/69(0.004680,62) and Myo/Fqy = 58/59(0.003824,179) [18,19]. The
derived unit-cell parameter of a = 1.200779(9) nm could index all the observed reflections in the
experimental diffraction pattern. The observed diffraction peaks showed systematic absences A+k+/ #
2n for hkl and 2h+1 # 4n for hhl reflections, which are consistent with the space group /434.

Initial structural parameters were taken from Feng et al. [10] giving the occupancy of Cl site,
2(C)), to be 1/3, corresponding to the chemical formula of Ca;;Al;405,Cl,. The structural parameters
were refined by the Rietveld method using the program RIETAN-FP [20]. A Legendre polynomial was
fitted to background intensities with twelve adjustable parameters. The pseudo-Voigt function [21] was
used to fit the experimental peak profiles. Isotropic atomic displacement parameters were initially
assigned to all atoms. The refinement resulted in the reliability (R) indices [22] of Ry, = 8.65% (S =
1.23), R, = 6.19%, Rg = 1.58% and Rr = 1.03%. We subsequently assigned anisotropic atomic
displacement (U) parameters to obtain the lower R indices of Ry, = 8.48% (S = 1.21), R, = 6.05%, Rg =
1.27% and Rr = 1.01%. The number of reflections employed were 372, and the number of refined
parameters were 25 for the profile and 24 for the structure. The structure data were standardized using
the computer program STRUCTURE TIDY [23], which was implemented in the program RIETAN-FP.
The three-dimensional EDD and crystal-structure model were visualized using the software package
VESTA [24]. Crystal data are given in Table 2-2, and the final positional and U parameters of atoms are
given in Tables 2-3 and 2-4, respectively. A portion of the crystal structure is illustrated in Fig. 2-4.

The MPF method was subsequently applied in order to confirm the validity of the final
structural model. After one REMEDY cycle, Rg and Ry decreased to 0.75% and 0.56%, respectively.
The significant improvements of these R factors indicate that the crystal structure is represented more
adequately with electron densities than with the structural model. The EDD determined by MPF (Fig.
2-5) is explained satisfactorily by the present structural model (Fig. 2-4). We therefore concluded that,
as long as the crystal structure is expressed by a structural model, the present structural model would
be satisfactory. Observed, calculated, and difference XRPD patterns for the final MPF are plotted in
Fig. 2-6.

Selected interatomic distances and bond angles, together with their standard deviations, are
listed in Table 2-5. There are two Al sites in the structural model (Fig. 2-4), Al(1) and Al(2), in the
ratio of 4 : 3. The Al(1) atom is coordinated to one O(2) atom and three O(1) atoms, with bond
lengths ranging from 0.1723 to 0.1762 nm (the mean = 0.175 nm). The Al(2) atom is surrounded by
four O(1) atoms (the mean = 0.175 nm). Ionic radii of AI’* in the fourfold coordination [r(AI’") =
0.039 nm and r(02') = (0.138 nm] predict the interatomic distance of 0.177 nm for Al-O [25]. These
values are in good agreement with the mean interatomic distances of Al(1)-O and Al(2)-O. The shared
O(1) atoms connect alternating [Al(1)O4] and [Al(2)O4] tetrahedra to form boat-shaped
eight-membered rings. The Ca atom is seven-fold coordinated by one Cl, four O(1) and two O(2)
atoms. Linear units Ca-Cl-Ca lie on two-fold axis parallel to <100>. This compound has been found to
be isomorphous with Ca;;Alj06Si34035,Cls4 [10]. The average Al/Si(1)-O distance of
CapAl 06513 405,Cls 4 (<Al/Si(1)-O> = 0.1715 nm) is appreciably shorter than the corresponding
Al(1)-O distance of CajAl1403,Cly (<Al(1)-O> = 0.1752 nm), which should be related to the
preferential distribution of Si in the A/Si(1) site.

(2) Luminescence properties
The XRPD pat‘tem of Ca11‘76Eu2+0_24A114O32C12 was very similar to that of C3.12A114032C12,
indicating that the Eu®* ions are homogeneously dispersed in the host crystal to form a single phase.



The emission spectrum, when excited at a wavelength of the highest peak (= 324 nm) of the excitation
spectrum, resulted in indigo light with a single peak at 442 nm (Fig. 2-7). The emission spectrum has a
broadband character due to 4f-5d transitions of Eu*" ion. The excitation spectrum shows two wide
bands with their peaks at about 268 and 324 nm, which are most probably due to the crystal field
splitting of the Eu®" 4 orbitals. Both excitation and emission spectra were very similar to those of
CappAl;,033:Eu®* [12]. An attempt was made to synthesize the long afterglow phosphors by co-doping
of Eu’* and Nd*' ions into the host Ca;;Al;405,ClL. However, the obtained phosphors
CapAl05ClL:Eu®* Nd** did not show appreciable phosphorescence as compared with
CaypAl;,053:Eu’* ,Nd*" in a previous study [12].

2.1.4 Conclusion

_We determined the crystal structure of Ca;;Al;403,Cl,, which has a cubic unit cell with space
group /43d. The validity of the structural model was verified by the electron density distribution, the
structural bias of which was reduced as much as possible using the MPF method. This compound was
isomorphous with CajpAl;6Si3403,Clss. The photoluminescence properties of Ca12A114O32C12:Eu2+
were very similar to those of Ca12A112033:Eu2+.
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Table 2-2. Crystal data and structure refinement for Ca;;Al;403,Cl,.

Chemical composition

Space group

a/nm

Vinm®

VA

D,(/Mgm'3

Radiation and wavelength/nm

20 range/°

Number of reflections

Number of refined profile parameters
Number of refined structural parameters
Rup (S), Ry, Ry and Rr (Rietveld)

Rp and Ry (MPF)

Ca;5Al1403,Clh

I143d

1.200950(5)

1.73211(1)

2 .

2.74

CuKa,, 0.154059
17.0032 <26 <148.4958
372

25

24

8.48% (1.21), 6.05%, 1.27%, 1.01%
0.75%, 0.56%.

Table 2-3. Atomic coordinates and equivalent isotropic displacement parameters for Ca;,A1;403,Cl.

Atom  Position g X y z 10°x U(eq)/nm2

o(1) 48e 1 0.03457(10)  0.44602(11)  0.14940(11) 10
Ca 24d 1 0.13961(5) 0 1/4 10

0(2) 16¢ 1 0.18427(11) X x 9

Al(1) 16¢ 1 0.01713(5) x x

Al(2) 12b 1 7/8 0 1/4 6
Cl 12a 1/3 3/8 0 1/4 23

Uleq) is defined as one-third of the trace of the orthogonalized Uj; tensor.



Table 2-4. Anisotropic displacement parameters (105 X U/nmz) for Ca;,Al1403,Cl,.

Atom Ui Ua, Uss Un Ui Uss
o(1) 7.7(7) 11.4(9) 10.0(7) -2.7(6) -3.3(5) 0.1(6)
Ca 11.4(4) 11.403) 6.1(3) 0 0 2.4(3)
0(@2) 9.5(6) Un Un -2.3(6) Up U
Al(1) 6.9(2) o Un -0.102) Us U
Al2) 5.0(7) 6.6(4) Uny 0 0 0
cl 92) 29(1) Uns 0 0 0

The anisotropic displacement factor exponent takes the form —2n2[h2a*2*U” + kzb*z*U22 + lzc*2U33 +
2hka*b*U12 + 2hla*c*U13 + 2klb*C*U23].

Table 2-5. Selected interatomic distances (nm) and angles (°).

Ca-0(1)
Ca-0(2)
Ca-0(1)
Ca-Cl

0.2393(1) x 2
0.2410(1) x 2
0.2501(1) x 2
0.28269(6)

Al(1)-0(2)
Al(1)-0(1)
O(1)-Al(1)-0(1)

O(1)-Al(1)-0(2)

0.1723(2) Al(2)-0(1) 0.1749(1) x 4
0.1762(1) x3 | O(1)-Al(2)-O(1) 112.68(3) x 4

100.35(7) x 3
117.52(5) x 3

103.24(7) x 2




Figue Captions

Fig.2-4 A portion of the crystal structure of Ca;>Al 403,Cl; showing eight-membered AlQy rings and
Ca-Cl-Ca unit. Numbering of atoms corresponds to that given in Table II. Thermal ellipsoids represent
90% of probability.
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Fig.2-5 Electron-density distribution determined by MPF in the same portion as that of Fig.2-4.
Isosurfaces expressed in wireframe style for an equidensity level of 0.002 nm’”.
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Bragg reflections.

12



100

T

Relative Intensity
a
o
I

| |

1 | I

|

0
200 250 300

350 400 450

Wavelength / nm

500

|
550 600

Fig.2-7 Emission (£,,) and excitation (£,) spectra of C3.1,_76Eu2+0_24Al[4032C11 at 298 K.
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2.2. Reinvestigation of crystal structure and structural disorder of Ba;MgSi;Os

Abstract

Crystal structure and structural disorder of Ba;MgSi,Og were reinvestigated by laboratory X-ray
powder diffraction. The title compound was found to be trigonal with space group P3ml, Z =1,
unit-cell dimensions a = 0.561453(4) nm, ¢ = 0.727629(4) nm and V' = 0.198641(2) nm®. The initial
structural model used for structure refinement was taken from that of glaserite (K3;NaS;0g) and
modified by a split-atom model. In the split-atom model, one of the two types of Ba sites and SiO4
tetrahedra were, respectively, positionally and orientationally disordered. The new crystal structure and
structural disorder were refined by the Rietveld method. The maximum-entropy methods-based pattern
fitting (MPF) method was used to confirm the validity of the split-atom model, in which conventional
structure bias caused by assuming intensity partitioning was minimized. The final reliability indices
calculated from MPF were Ry, = 6.52%, S = 1.36, R, = 4.84%, Rg = 0.97% and Rr = 0.52%. Details of
the disorder structure of Ba;MgSi,Ogare shown in the 3D and 2D electron-density distribution maps
determined by MPF.

Keywords: barium magnesium silicate, X-ray powder diffraction, Rietveld method, maximum entropy
method, electron density distribution, disordered structure

2.2.1 Introduction

Barium magnesium silicate (Ba;MgSi,Oy) is a promising host material for white light emitting
phosphor, because, when co-doped with Eu’* and Mn?", it efficiently emits the blue and green bands of
Eu’" transitions, and the red band of Mn?" transition (Kim et al., 2007; Kim et al., 2005; Umetsu et al.,
2008). Recently, Aitasalo et al. (2007) investigated the crystal structure of Ba;MgSi,Og using X-ray
powder diffraction (XRPD) method. They proposed three structural models with space groups of P3,
P321 and P3m1. Each model had two crystallographically independent Ba sites, one Mg site and one
Si0, tetrahedron, one of the O atoms of which is positionally disordered. These three models are
essentially isostructural to one another and homeotypic to glaserite, K3NaS,03 (space group P3ml,
lattice dimensions of a = 0.56801 nm and ¢ = 0.7309 nm (Okada and Ossaka, 1980)). In order to
clarify the highly efficient luminescence mechanism and further improve the performance of the
phosphor, a more detailed structural study.

Recent advances in the field of crystal-structure analysis from XRPD data have enabled us to
investigate complex structures, including positional disordering of atoms and orientational disordering
of atomic groups. A combined use of the Rietveld method (Rietveld, 1967), the maximum-entropy
method (MEM) (Takata et al., 2001) and the MEM-based pattern fitting (MPF) method (Izumi et al.,
2001) has enabled us to disclose new structural details. The Rietveld method and MEM have a
drawback in determining the electron density distributions because the observed structure factors,
F,(Rietveld), are biased toward the structural model assuming intensity partitioning. On the other hand,
the MPF method can minimize the structural bias. Thus, the MEM and MPF analyses are alternately
repeated (REMEDY cycle) until the reliability indices reach minima. Crystal structures can be seen
clearly from electron-density distributions determined by MPF.

In the present study, we reinvestigated the structural disorder of Ba;MgSi,Os using the MPF
method. The structural model used in the study was originated from that of glaserite and modified-by a
split-atom model. Electron-density distributions (EDD) determined by MPF were used to verify the
split-atom model.
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2.2.2 Experimental

Ba;MgSi;Og was prepared from stoichiometric amounts of reagent-grade chemicals BaCOs,
MgO and SiO,. Well-mixed chemicals were pressed into pellets (12-mm diameter and 3-mm thick),
heated at 1523 K for 6 h, and followed by quenching in air. The sintered material-was finely ground to
obtain a powder specimen. A very small amount of BaMgSiO, crystalline phase was also detected, and
it was supposed to be formed by small deviation from stoichiometry in weighing chemicals.

A diffractometer (X'Pert PRO Alpha-1, PANalytical B.V., Almelo, the Netherlands), equipped
with an incident-beam Ge(111) Johansson monochromator to obtain CuKa, radiation and a high-speed
detector, was used in the Bragg-Brentano geometry. The X-ray generator was operated at 45 kV and 40
mA. An automatic divergence slit was used to keep a constant illuminated length of 5 mm on the
specimen surface. Other experimental conditions were: continuous scan, experimental 26 range from
10.0051° to 147.9900° (the accuracy in 26 of £0.0001°), 8258 total data points and 5.5 h total
experimental time. The entire experimental diffraction pattern was employed for the crystal-structure
analysis. The structure data were standardized according to rules formulated by Gelato and Parthé
(Gelato and Parthé, 1984) using the computer program STRUCTURE TIDY (Gelato and Parthé, 1987).
The crystal-structure models and equidensity isosurfaces of EDD were visualized with the computer
program VESTA (Momma and Izumi, 2008).

2.2.3 Results and Discussion
(1) Initial structural model

Peak positions of the experimental diffraction pattern were first determined by finding
minimums in the second derivatives using the computer program PowderX (Dong, 1999). The 268
values of 40 observed peak positions were then used as input data to the automatic indexing computer
program TREOR90 (Werner et al., 1985). One hexagonal unit cell was found with satisfactory figures
of merit: M40/F40=482/490 (0.001184, 69) (de Wolff, 1968; Smith and Snyder, 1979). The derived
unit-cell parameters of a = 0.561404(2) nm and ¢ = 0.727546(4) nm, which were approximately
identical to those of glaserite (Okada and Ossaka, 1980), could index all the observed reflections in the
experimental diffraction pattern. The observed diffraction peaks were examined to confirm the
presence or absence of reflections. No systematic absence for hkil reflections was found, and it was
consistent with the space group P3ml of glaserite.

Structural parameters of all atoms were refined by the Rietveld method using the computer
program RIETAN-FP (Izumi and Ikeda, 2000). Structural parameters of glaserite with two Ba sites at
Wyckoff positions 1a (Bal) and 2d (Ba2), one Mg site at 15, one Si site at 2d and two O sites at 2d
(O1) and 6/ (02) were used as initial structural parameters. The structural model of BaMgSiO; (space
group P63, Z = 6) was included in the refinement as a coexisting second phase (Liu and Barbier, 1993).
A Legendre polynomial with twelve adjustable parameters was fitted to background intensities. The
split pseudo-Voigt function (Toraya, 1990) was used to fit the peak profiles. The refinement results
showed relatively large isotropic displacement parameters (B) for Bal, Ol and O2 (B(Bal) =
1.09(2)x10% nm?, B(O1) = 4.6(2)x 102 nm® and B(02) = 1.27(5)x 107 nm®) with reliability (R)
indices (Young, 1993) of Ry, = 7.03%, S = 1.47 and R, = 5.27% (Rp = 2.11% and Rr = 1.23% for
BazMgSi,O0s). The Si-O1 bond length of 0.156(1) nm obtained by the refinement is significantly
shorter than the predicted value of 0.164 nm calculated from the ionic radii of Si*' in the four-fold
coordination (#(Si*") = 0.026 nm and #(O*) = 0.138 nm (Shannon, 1976)). These findings prompted us
to use a split-atom model for Bal, O1 and O2.
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(2) Split-atom model

In the split-atom model, the point symmetry for the Bal site was decreased from 3m
(Wyckoff position 1a) to 2 (6g), and the O1 site was displaced from its average 2d position (point
symmetry 3m) to three 6i sites (m) around the triad axis by splitting one oxygen atom (O1) into three
fractions. Because the number of positions was increased from 2 to 6, the site occupancy g(O1) was
reduced to one-third of its initial value (=1/3). Four oxygen atoms were assurmed to rigidly bond to a Si
atom, forming a solid SiOy tetrahedron in the crystal structure. If the Si-O1 bond is tilted from the triad
axis, one of the three basal oxygen atoms O2 will be lifted up and the remaining two O2 atoms will
remain almost at the same positions. If the SiOj tetrahedra are equally titled into three directions, one
third of O2 atom will be lifted up and the remaining two thirds will remain almost at the same
positions. Therefore, the O2 atom at 6 was split into two independent crystallographic sites (O2A and
02B) at two 6i sites. The site occupancies of O2A and O2B were refined under the constraint that the
total number of O atoms on these sites were unchanged; g(O2A) + g(O2B) = 1. Because the g and
corresponding B parameters were strongly correlated, they were refined alternately in least-squares
cycles. The g(O2A) and g(O2B) values converged to 0.67 (= 2/3) and 0.33 (= 1/3), respectively. These
refined occupancy parameter values were well in accordance with the orientationally disordered model
of SiO, tetrahedra, which are related by the rotation triad axis passing through the Si atom.
Accordingly, we have fixed these occupancies at g(O2A) =2/3 and g(O2B) = 1/3 in the subsequent
least-squares cycles. The Rietveld refinement with this split-atom model resulted in the lower
reliability indices of Ry, = 6.62%, S = 1.39, R, = 4.89%, Rp = 1.83% and Ry = 1.05% as compared
with the former Rietveld analysis. The crystal data are given in Table 2-6, and the final positional and
B parameters of atoms are given in Table 2-7. Quantitative X-ray analysis with correction for
microabsorption according to Brindley’s procedure (Brindley, 1949) was implemented in the program
RIETAN-FP. The phase composition was found to be 98.8 mass% BasMgSi,Og and 1.2 mass%

Figure 2-8 shows the refined structural model of Ba;MgSi,Os. The Bal site is split into six
positions, each of which is on the rotation diad axes parallel to <100> or <110>. The O1 site is divided
into three sites around the triad axis passing through the Si site, and hence the Si-O1 directions make
angles of 11.7(2)° with this axis (Fig. 2-9). This value is comparable to the O2A-Si-O2B angles of
7.4(9)°. In the refined crystal structure (Table 2-7), the O2B atom having the occupancy of 1/3 was
observed to lift upward caused by the tilt of the Si-O1 bond. Accordingly, the disordered SiO,4
tetrahedra can be regarded as a statistical average of the three different orientational configurations. In
Table 2-8, we reported only Si-O bonds and O-Si-O angles of SiO; tetrahedra belonging to one of the
three orientations, excluding the bonds and angles between atoms of different orientation states. The
average Si-O bond length agrees with the interatomic distance of 0.164 nm calculated from the ionic
radii of Si** and O in the four-fold coordination. The average value of the O-Si-O angles are 109.4°.
These interatomic distances and bond angles are in good agreement with those found in other silicates
(Baur, 1971).

The MPF method was subsequently used to confirm the validity of the split-atom model. After
two REMEDY cycles, Ry, S, Ry, Rp and Ry decreased to 6.52%, 1.36, 4.84%, 0.97% and 0.52%,
respectively. Subtle EDD changes as revealed by MPF significantly improve the Rp and Ry indices.
The decreases in R indices demonstrate that the present disordered structure can be seen more clearly
from electron-density distributions instead of from the conventional structural parameters reported in
Table 2-7. Observed, calculated, and difference XRPD patterns for the final MPF are plotted in Fig.
2-10. The EDD at the Bal, O1, O2A and O2B sites shows broadening, the equidensity isosurfaces of
which are in reasonably good agreement with the atom arrangements (Fig. 2-11). The two-dimensional
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map on (001) at the height of O1 sites (Fig. 2-12) clearly demonstrates that the equidensity isosurface
is related by the rotation triad axes.

We also tried to refine the disordered structural models with both space groups P3
(centrosymmetric) and P321 (non-centrosymmetric), and found that the standard deviations of O-atom
coordinates (general position 6g for both P3 and P321) were unusually large. Therefore, the most
conceivable space group for BasMgSi)Og is P3ml. The highly efficient luminescence properties of
Ba;MgSiZOg:EuZ"L,Mn2+ may be related to the structural disorder of host material.

2.2.4 Conclusion

The highly disordered crystal structure of Ba;MgSi,Os was successfully determined from
XRPD data. The structure was expressed by the split-atom model, in which one of the two types of Ba
atoms and SiO, tetrahedra were, respectively, positionally and orientationally disordered. EDD was
successfully determined by the MPF method. The results obtained in this study show that disordered
structure of Ba;MgSi,Og can be best illustrated by 3D and 2D EDD maps given in Figs. 2-11 and 2-12,
which is superior to that derived directly from conventional structure parameters listed in Table 2-7.
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Table 2-6. Crystal data for Ba;MgSi,Os.

Chemical composition
Space group

a/nm
¢/ nm
V/nm’
VA

D,/ Mgm'3

Ba3MgSi208
P3ml
0.561453(4)
0.727629(4)
0.198641(2)
1

5.19

Table 2-7. Structural parameters for Ba;MgSi,Os.

Site Wyckoff g x y z 100 x B/ nm®
position

Bal 6g 1/6  0.0219(6) 0 0 0.70(3)

Ba2 2d 1 13 213 0.6781(1) 0.70(1)

Mg 15 1 0 0 12 0.89(8)

Si 2d 1 13 2/3 0.2402(4) 0.64(3)

01 6i 13 0.367(1) x 0.020(1) 1.33(26)

02A  6i 23 0.179(1) x 0.330(1) 0.86(10)

O2B  6i 13 0.1712) x 0.302(2) 0.86

Table 2-8. Si-O bond lengths (nm) and O-Si-O angles (degrees) in Ba;MgSi;Os.

Si-01 0.1637(8)
Si-02A 0.164(1) x 2
Si-02B 0.164(2)
<Si-0> 0.164
01-Si-02A 107.2(4) x 2
01-Si-02B 117.7(7)
02A-Si-02A 105.3(4)
02A-Si-02B 109.4(2) x 2
<0-Si-0> 109.4
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Figure Captions
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Fig. 2-8. Crystal structure of Ba:MgSi,0x.
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Fig. 2-9. Coordination sphere of O atoms around a Si atom with the split-atom model.
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Fig. 2-10. Comparison of the observed diffraction pattern of Ba;MgSi,Og and BaMgSiOy
(symbol: +) with the corresponding calculated pattern (upper solid line). The difference curve is
shown in the lower part of the diagram. Vertical bars indicate the positions of possible Bragg
reflections.
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Fig. 2-11. Three-dimensional electron-density distributions determined by MPF with the
split-atom model. Isosurfaces expressed in wireframe style for an equidensity level of 0.005 nm”.
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Fig. 2-12. Two-dimensional electron-density distribution map parallel to (001) at the height of the
O1 sites, z=0.002.
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Chapter 3

Syntheses, crystal structures and thermoelectric properties of new
layered carbides

3.1 Synthesis and crystal structure of a new layered carbide ZrAl,Cy

Abstract

A new ternary layered carbide, ZrAl4,C,, has been synthesized and characterized by X-ray powder
diffraction. The crystal structure was successfully determined using direct methods, and further refined
by the Rietveld method. The crystal is trigonal (space group P3m1, Z = 2) with lattice dimensions a =
0.332471(3) nm, ¢ = 2.19717(2) nm and V' = 0.210330(3) nm’. The final reliability indices calculated
from the Rietveld refinement were Ry, = 6.56% (S = 1.58), R, = 4.92%, Rg = 1.90% and Rr = 0.98%.
The compound shows an intergrowth structure with NaCl-type [Zr,Cs] thin slabs separated by
AlLCs-type [AlgC/] layers.

Keywords: Crystal structure; X-ray diffraction; Rietveld method; Carbides

3.1.1 Introduction

In the system Zr-Al-C, there are two ternary carbides confirmed so far; Zr,Al;C, and
Zr;ALLCs [1, 2]. These compounds form a homologous series, the general formula of which is
(ZrC),,AIC, ( m = 2 and 3) [2]. The crystal structures, belonging to the same space group P6:mc
(non-centrosymmetric), can be regarded as intergrowth structures where the ALCs-type [Al;C;] layers
are the same, while the NaCl-type {Zr,C,+1] layers increase in thickness with increasing m value.
These two types of layers shear the carbon-atom network at their boundaries; the C-C distances are
~0.335 nm for both carbides with m = 2 and 3. On the other hand, the C-C distance of ZrC crystal is
0.330 nm (= a(ZrC)/N2) and that of Al,C; is 0.334 nm (= a(Al,Cs)), where a(ZrC) and a(Al,Cs)
represent the g-axis lengths of the ZrC and Al4C; crystals, respectively. These distances are close to
each other, and also to those of the carbon-atom networks in (ZrC),,Al;C,. Fukuda et al [2]. have
therefore concluded that the closeness of the C-C distances between the ZrC and Al4C; crystals, being
expressed by the equation a(ZrC)N2 ~ a(Al,Cs), is the principal reason for the formation of these
layered carbides.

From analogy with the existence of the homologous carbides (ZrC),,Al;C,, we have expected
the formation of new ternary carbides for the reaction products ZrC and Al4Cs. In the present study, we
have experimentally confirmed the existence of a new layered carbide in the Zr-Al-C system. The
crystal structure has been determined from XRPD data using direct methods, and described in relation
to those of ZrC, Al4Cs and (ZrC),,Al;C,. The intergrowth structure was composed of the NaCl-type
[Zr,C3] slabs separated by the Al,Cs-type [AlgC/] layers.

3.1.2 Experimental Procedure

The new quaternary carbide was initially recognized as unidentifiable diffraction lines in the
XRPD patterns of the reacted ZrC-Al;C; mixtures. We obtained the powder specimen that was mainly
consisting of the new carbide together with a very small amount of Zr,AC4 by the following
procedure. The reagent-grade chemicals of ZrC (99.9%, KCL Co., Ltd, Saitama, Japan) and Al4Cs
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(KCL, 99. 9%) were mixed in molar ratios of ZrC : Al4C3 = 1 : 1, which is equivalent to Zr : Al: C =
1: 4 : 4. The well-mixed chemicals were pressed into compacts (10 mm x 10 mm x 5 mm), heated at
2273 K for 1 h in inert gas atmosphere of Ar, followed by cooling to ambient temperature by cutting
furnace power. The reaction product was a slightly sintered polycrystalline material. It was finely
ground to obtain powder specimen. The density (D,) was measured by the pyknometric method and
found to be 3.78 Mgm™.

The XRPD intensities of the powder specimen were collected on a diffractometer (X'Pert
PRO Alpha-1, PANalytical B.V., Almelo, the Netherlands) equipped with a high speed detector in
Bragg-Brentano geometry using monochromatized CuKq,; radiation (45kV, 40mA) in a 20 range from
2.0094° to 148.9014° (the accuracy in 20 of £0.0001°). The automatic divergence slit was employed to
collect the quantitative profile intensities over the 20 range of 26 > 5°. Other experimental conditions
were: continuous scan, total of 8791 datapoints and total experimental time of 16.1 h. The
crystal-structure models were visualized with the computer program VESTA [3]. The structure data
were standardized using the computer program STRUCTURE TIDY [4].

3.1.3 Results and Discussion
(1) Crystal structure determination

The XRPD pattern in Fig. 3-1 showed the presence of very weak diffraction intensities
peculiar to Zr,Al3Cq4. All of the other diffraction peaks were successfully indexed with a hexagonal
unit cell. The unit-cell parameters and integrated intensities of the unknown phase were refined by the
Le Bail method using the computer program RIETAN-FP [5]. The unit-cell dimensions determined by
the method were a = 0.332473(3) nm, ¢ = 2.19706(2) nm and ¥ = 0.210323(6) nm’, which will be
further refined by the subsequent Rietveld method. The integrated intensities were examined to
confirm the presence or absence of reflections. There were no systematic absences, implying that the
possible gpace groups are P3, P3, P321, P3ml, P3ml, P312, P31m, P31m, P6, P6, P6/m, P622,
P6mm, P62m, P6m2 and P6/mmm.

In general, the number of formula units in the unit cell (Z) is determined from the unit-cell
volume ¥ (nm’), true density D, (Mgm'3 ) and molecular weight M (g) as follows:

Z=VDJ/(M x 1.660x107). (1)

Because the most probable molar ratios of Zr : Al:Care 1 : 4 : 4 for the unknown phase, the chemical
formula would be ZrAl,C; (M = 247.19 g). Substituting 247.19 g, 0.21032 nm’ and 3.78 Mg-m'3 =
D,) for, respectively, M-, V- and D-values in equation (1) yields 1.94 for an approximate value of Z.
Thus, the Z-value must be equal to 2, which indicates that the unit cell content is [2Zr 8Al 8C].

All of the possible space groups were tested using the EXPO2004 package [6] for crystal
structure determination. Although the profile intensities in the range 20 < 5° were not quantitatively
accurate, the strong reflection at 20 ~ 4.00° was essential for deriving the proper structural model. A
promising structural model with the reliability index .Rg [7] of 7.20% was successfully obtained for the
space group P3m1 (non-centrosymmetric). There were 18 independent atoms in the unit cell; two Zr
atoms, eight Al atoms and eight C atoms.

The structural parameters as well as the unit-cell dimensions were refined by the Rietveld
method using the computer program RIETAN-FP [5] in a 20 range of 5.00° to 148.90° (Fig. 3-1). A
Legendre polynomial was fitted to background intensities with twelve adjustable parameters. The
pseudo-Voigt function [8] was used to fit the peak profile. The isotropic atomic displacement
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parameters (B) of the C sites were constrained to have the same value. The preferred orientation
parameter of March-Dollase function [9], r, was refined to be r = 0.8928(8) with the
preferred-orientation vector [001], suggesting that the crystal was fractured along the cleavage planes
parallel to (001). Reliability indices’ for a final result were Ryp = 6.56% (S = 1.58), R, = 4.92%, Rg =
1.90% and Ry = 0.98%. Crystal data are given in Table 3-1, and the final atomic positional and B
parameters are given in Table 3-2. The selected interatomic distances, together with their standard
deviations, are given in Table 3-3. Quantitative X-ray analysis with correction for microabsorption
according to Brindley’s procedure [10] was implemented in the program RIETAN-FP. The phase
composition of the sample was found to be 96.9 mass% ZrAl,C, and 3.1 mass% Zr,Al;Cy.

We also carried out the refinement in the space group P3m1 (centrosymmetric). In the
structural model, there are 10 independent atoms in the unit cell; one Zr atom (Wyckoff position 2d),
four Al atoms (Al(1) and Al(2) on 2c, Al(3) and Al(4) on 2d) and five C atoms (C(1) on 1a, C(2) on 15,
C(3) on 2c, and C(4) and C(5) on 2d). The refinement resulted in a large B parameter (= 1.42(3) x 102
nm?) for the Al(4) position (1/3, 2/3, 0.23502(6)) with the less satisfactory reliability indices of Ry, =
6.74% (S = 1.62), R, = 5.10%, Rg = 2.16% and Rr = 1.08%. Since such a large B parameter was
considered unrealistic, we split this atom into two fractions as (1/3, 2/3, 0.2327(5)) and (1/3, 2/3,
0.2379(5)). This refinement resulted in the lower reliability indices of Ry, = 6.70% (S = 1.61), R, =
5.05%, Ry = 2.09% and Rr = 1.05%. This structure is describable in the lower symmetry space group
P3m1, where the Al atoms of the split positions fully occupy the positions 1c and 15, assuming that
the crystal is composed of two twin domains related by the inversion symmetry. Thus we concluded
that the structural model with the space group P3m1 would be adequate for the new carbide.

(2) Structure description

The crystal structure of ZrAl,C, can be regarded as intergrowth structure, which consists of
the [Zr,Cs] layers with thickness of ~0.557 nm separated by the [AlsC;] layers of ~1.640 nm thickness
(Fig. 3-2). The mean interatomic distances in ZrAL4C4 compare well with those of ZrC, AlC;,
Zr,Al;C4 and Zr;Al;Cs. The Zr atoms are octahedrally coordinated by C atoms with the mean Zr-C
distance of 0.237 nm (Table 3-3), which is comparable to those of the [ZrCs] polyhedra in NaCl-type
ZrC (0.235 nm), Zr,Al;C4 (0.241 nm) [2] and Zr;Al;Cs (0.239 nm) [1]. The Zr-Zr distance of 0.3325
nm in ZrAl,C4 is comparable to those of ZrC (0.332 nm), Zr,Al;C4 (0.335 nm) and Zr;A13C4 (0.331
nm). The Al atoms are tetrahedrally coordinated with the mean distances of 0.199 nm for Al(1)-C,
0.209 nm for Al(2)-C, 0.209 nm for Al(3)-C, 0.206 nm for Al(4)-C, 0.199 nm for Al(5)-C, 0.204 nm
for Al(6)-C, 0.205 nm for Al(7)-C and 0.205 nm for Al(8)-C. Accordingly, the Al-C distances are
comparable to the Al-C distances of the [A1C,] tetrahedra in Al,C;, ranging from 0.199 to 0.209 nm
(the mean = 0.205 nm) [11]. In Fig. 3-3, the atomic configurations are shown for ZrAl,C4 and Al4Cs.
The [AlgC/] layer of the former is clearly demonstrated to be structurally comparable to the latter, with
the atom arrangement in the [Zr,C;] layer being very similar to that of the NaCl structure.

3.1.4. Conclusion

In the Zr-Al-C system, we have successfully synthesized the new carbide ZrAl;C4. The
crystal structure was determined from XRPD data and described in relation to those of ZrC, ALC;,
Zr,Al;C,4 and Zr;Al;Cs. The crystal structure was considered to be composed of the NaCl-type [Zr,Cs]
slabs separated by the AL,Cs-type [AlgC/] layers.
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Table 3-1. Crystal data for ZrAl,Cy

Chemical composition ZrA1,Cy
Space group P3m1

a/nm 0.332471(3)
c/nm 2.19717(2)
V/nm’ 0.210330(3)
VA 2
D/Mgm™ 3.90

Table 3-2. Structural parameters for ZrAl,C,

Site Wyckoff  x y z 100xB/nm>
position

Zr(1) lc 23 13 0.6823(6) 0.43(5)
Zr(2) 1b 13 23 0.8027(6) 0.46(5)
Al(1) lc 23 13 0.0138(6) 0.70(9)
Al(2) lc 23 13 0.1988(7) 0.78(23)
Al(3) 15 13 23 0.2882(7) 0.74(24)
Al(4) 16 13 23 0.4838(6) 0.79(9)
Al(5) la 0 0 0.0953(6) 0.77(23)
Al(6) la 0 0 0.3935(6) 0.73(24)
Al(7) la 0 0 0.5814(8) 0.73(16)
Al(8) la 0 0 0.9099(8) 0.69(15)
c(1) lc 23 13 0.1114(13) 0.30(4)
C(2) lc 23 13 0.8737(7) 0.30
CcQ3) 15 13 23 03731(13) 030
C(4) 16 13 23 0.6203(6) 0.30
) la 0 0 0 0.30
C(6) la 0 0 0.2432(18)  0.30
C(7) la 0 0 0.4954(5) 0.30
C(8) la 0 0 0.7404(11)  0.30

"z of C(5) atom is fixed.
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Table 3-3. Interatomic distances (nm) in ZrAlLCy

Zx(1)-C(8) 0.231(1) x 3
Zr(1)-C(4) 0.235(2) x 3
Zr(1)-Al(7) 0.293(2) x 3
Zr(1)-Zr(2) 0.327(1) x 3
Zr(2)-C(8) 0.236(2) x 3
Zr(2)-C(2) 0.247(1) x 3
Zr(2)-AL(8) 0.304(2) x 3
Al(1)-C(5) 0.1943(2) x 3
Al(1)-C(1) 0.214(3)
Al(1)-Al(5) 0.262(1) x 3
Al(1)-AL(8) 0.298(2) x 3
Al(2)-C(1) 0.192(3)
Al(2)-C(6) 0.215(2) x 3
Al(2)-Al(3) 0.275(2) x 3
Al(2)-Al(5) 0.298(2) x 3
Al(3)-C(3) 0.187(3)
Al(3)-C(6) 0.216(2) x 3
Al(3)-Al(6) 0.301(2) x 3
Al(4)-C(7) 0.1936(2) x 3
Al(4)-C(3) 0.243(3)
Al(4)-Al(6) 0.276(1) x 3
Al(4)-Al(7) 0.288(2) x 3
Al(5)-C(1) 0.1952(6) x 3
Al(5)-C(5) 0.209(1)
Al(6)-C(3) 0.1971(7) x 3
Al(6)-C(7) 0.224(2)
Al(7)-C(7) 0.189(2)
Al(7)-C(4) 0.2101(9) x 3
Al(8)-C(5) 0.198(2)
Al(8)-C(2) 0.2078(9) x 3

*All distances shorter than 0.33 nm (metal-metal) and 0.25 nm (metal-carbon) are given.
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Fig.3-1. Comparison of observed diffraction pattern of ZrAl;Cs and Zr,Al;Cy4 (symbol: +)
with the corresponding calculated pattern (upper solid line). The difference curve is shown in
the lower part of the diagram. Upper vertical bars indicate the positions of possible Bragg
reflections for ZrAl4C4 and those of the lower for ZrAl;Cy.
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Fig.3-2. Crystal structure of ZrAl4C,.
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Fig.3-3. Atomic configurations in (a) ZrAlC4; and (b) Al;Cs;. The unit cells are
represented by solid lines. The atom numbering in (b) referred to the original
manuscript. i
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3.2 Synthesis and crystal structure of a new layered carbide ZrAlsC,

Abstract

A new ternary layered carbide, ZrAlsCs, has been synthesized and characterized by X-ray powder
diffraction. The crystal structure was determined using direct methods, and further refined by the
Rietveld method. The crystal is trigonal (space group R3m, Z = 3) with lattice dimensions a =
0.332842(2) nm, ¢ = 5.78221(2) nm and V = 0.554754(4) nm’. The sample prepared was composed
mainly of ZrAlgC; with a small amount of ZrAl,C,. These two types of carbides have been found to
form a homologous series with the general formula (ZrC),AlgCs, where m = 1 and 2. They show
comparable intergrowth structures consisting of [Zr,,Cy+1] layers separated by [AlC;] layers.

Keywords: Crystal structure; X-ray diffraction; Rietveld method; Carbides

3.2.1 Introduction

In the system Zr-Al-C, there are three ternary carbides established so far; Zr,Al;Cs, Zr;Al;Cs
and ZrAl,C, [1-3]. The former two compounds form a homologous series, the general formula of
which is (ZrC),,Al;C, ( m = 2 and 3) [2]. The crystal structures, belonging to the same space group
P63mc, can be regarded as intergrowth structures where the Al4Cs-type [Al;Cs] layers are the same,
while the NaCl-type [Zr,,Cp,+1] layers increase in thickness with increasing m value. The compound
ZrAl,C, (space group P3m1) also shows the intergrowth structure with the NaCl-type [Zr,C3] (m = 2)
thin slabs separated by the Al,Cs-type [AlC/] layers [3].

The [Zr,Cn+1] and [ALC;] layers in (ZrC),Al;C, share the two-dimensional networks of
carbon atoms at their boundaries [2]. The distances (0.3347 nm for m = 2 and 0.3346 nm for m = 3) are
comparable to each other, and also to the C-C distances of the ZrC and Al4C; crystals; the former
distance is 0.330 nm (= a(ZrC)/V2).and that of the latter is 0.334 nm (= a(AL,C3)), where a(ZrC) and
a(Al4C;) represent the a-axis lengths. In our previous study, we have proposed that the closeness of the
C-C distances between ZrC and Al4C; crystals, being repressed by the equation a(ZrC)/ V2 ~ a(Al1,C3),
is the principal reason for the formation of the homologous series (ZrC),Al;C; [2]. This principle is
applicable also to ZrAl4C, since the C-C distance at the layer boundary is 0.3325 nm.

In the present study, we have expected the further application of the principle to the Zr-Al-C
system and actually confirmed the existence of a new layered carbide. The crystal structure has been
determined from X-ray powder diffraction (XRPD) data using direct methods, and described in
relation to that of ZrAl,Cy.

3.2.2 Experimental Procedure

The new ternary carbide was initially recognized as unidentifiable diffraction lines in the
XRPD patterns of the reacted ZrC-Al4C; mixtures. We obtained the powder specimen that was mainly
consisting of the new carbide together with a small amount of ZrAl4,C4 by the following procedure.
The reagent-grade chemicals of ZrC (99.9%, KCL Co., Ltd, Saitama, Japan) and Al4,C; (KCL, 99. 9%)
were mixed in molar ratios of ZrC : AL,C; =1 : 2, which is equivalent to [Zr : Al: C]=[1:8:7]. The
well-mixed chemicals were pressed into compacts (10 mm x 10 mm x 5 mm), heated at 2273 K for 3 h
in inert gas atmosphere of Ar, followed by cooling to ambient temperature by cutting furnace power.
The reaction product was a slightly sintered polycrystalline material. It was finely ground to obtain
powder specimen.
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The XRPD intensities of the powder specimen were collected on a diffractometer (X'Pert PRO
Alpha-1, PANalytical B.V., Almelo, the Netherlands) equipped with a high speed detector in
Bragg-Brentano geometry using monochromatized CuKa; radiation (45kV, 40mA) in a 20 range from
2.0052° to 148.9056° (the accuracy in 26 of £0.0001°). The automatic divergence slit was employed to
collect the quantitative profile intensities over the 26 range of 26 > 5°. Other experimental conditions
were: continuous scan, total of 17582 datapoints and total experimental time of 11.7 h. The structure
data were standardized using the computer program STRUCTURE TIDY [4]. The crystal-structure
models were visualized with the computer program VESTA [5].

3.2.3 Results and Discussion
(1) Crystal structure determination

The XRPD pattern in Fig. 3-4 showed the presence of weak diffraction intensities peculiar to
ZrAl,Cq. All of the other diffraction peaks were successfully indexed with a hexagonal unit cell. The
unit-cell parameters and integrated intensities of the unknown phase were exclusively refined by the
Le Bail method [6] using the computer program RIETAN-FP [7]. The refined unit-cell dimensions
were a = 0.332854 nm and ¢ = 5.78215 nm. The integrated intensities were examined to confirm the
presence or absence of reflections. There were systematic absences /4 - k+ 1 # 3n for hkil, -h + 1 #
3n for hhOl, | #+ 3n for hh2hl and I # 3n for 000/, implying that the possible space groups are R3, R
3, R32, R3m and R3m.

In general, the number of formula units in the unit cell (Z) is determined from the unit-cell
volume ¥ (nm), true density D; (Mgm™) and molecular weight M (g) as follows:

7 = VDJ(M x 1.660x10). 1)

The most probable molar ratios of [Zr : Al : C] are [1 : 8 : 7] for the unknown phase, and hence the
chemical formula would be ZrAlgC; (M = 391.15 g). Because the densities (Mgm'3 ) are 2.98 [8] for
Al,C; and 3.90 [3] for ZrAl,Cs, the Di-value of ZrAlgC; must be around 3.4 (= (2.98 + 3.90)/2).
Substituting 391.15 g, 0.55479 nm’ and 3.4 Mg-m'3 for, respectively, M-, V- and Di-values in equation
(1) yields 2.9 for an approximate value of Z. Thus, the Z-value must be equal to 3, which indicates that
the unit cell content is [3Zr 24A121C].

All of the possible space groups were tested using the EXPO2004 package [9] for crystal
structure determination. The individual integrated intensities that were refined by the Le Bail method
were used for the direct methods. A promising structural model was successfully obtained for the space
group R3m (centrosymmetric). There are 9 independent atoms in the unit cell; one Zr atoms (Zr site
located on Wyckoff position 35), four Al atoms (Al(1), Al(2), Al(3) and Al(4) sites on 6¢) and four C
atoms (C(1) site on 3a and C(2), C(3) and C(4) sites on 6¢).

Structural parameters were refined by the Rietveld method [10] using the computer program
RIETAN-FP [7] in a 20 range of 5.00° to 148.90° (Fig. 3-4). A Legendre polynomial was fitted to
background intensities with twelve adjustable parameters. The split Pearson VII function [11] was
used to fit the peak profile. The isotropic atomic displacement parameters (B) of the C sites were
constrained to have the same value. Reliability indices [12] for a final result were R,p, = 7.42% (S =
1.34), R, = 5.59%, Rs = 1.93% and Rr = 1.23%. Crystal data are given in Table 3-4, and the final
atomic positional and B parameters are given in Table 3-5. The selected interatomic distances, together
with their standard deviations, are given in Table 3-6. Quantitative X-ray analysis with correction for
microabsorption according to Brindley’s procedure [13] was implemented in the program RIETAN-FP.
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The phase composition of the sample was found to be 83.0 mass% ZrAlzC; and 17.0 mass% ZrAl,Cy.
The latter carbide was most probably formed by the deficiency of Al4C3; component, which was caused
by the evaporation of Al4C; compound during heating.

(2) Structure description

The crystal structure of ZrAlgC, can be regarded as intergrowth structure, which consists of
the [ZrC,] (m = 1 for [Zr,,C,,+1]) layers with thickness of ~0.279 nm separated by the [AlsC] layers of
~1.648 nm thickness (Fig. 3-5). The mean interatomic distances in ZrAlgC; compare well with those
of ZrC, Al4C;, Zr,Al5Cy, Zr;Al3Cs and ZrAl4Cy. The Zr atoms are octahedrally coordinated by C atoms
with the Zr-C distance of 0.238 nm (Table 3-6), which is comparable to those of the [ZrCs] polyhedra
in NaCl-type ZrC (0.235 nm), Zr,A13C, (0.241 nm) [2], Zr;A13Cs (0.239 nm) [1] and ZrAl4,C4 (0.237
nm) [3]. The Zr-Zr distance of 0.3328 nm in ZrAlgC; is comparable to those of ZrC (0.332 nm),
Zr,A1C4 (0.335 nm), Zr;Al;C,4 (0.331 nm) and ZrA1,C4 (0.3325 nm). The Al atoms are tetrahedrally
coordinated with the mean distances of 0.201 nm for Al(1)-C, 0.207 nm for Al(2)-C, 0.202 nm for
Al(3)-C and 0.210 nm for Al(4)-C. Accordingly, the Al-C distances are comparable to the Al-C
distances of the [A1C,] tetrahedra in Al,C;, ranging from 0.199 to 0.209 nm (the mean = 0.205 nm) [8].
In Fig. 3-6, the atomic configurations are shown for ZrAlgC;, ZrAl4C, and Al4C;. The [AlzC;] layer of
the former is clearly demonstrated to be structurally comparable to those of the latter two carbides.

The crystal structures of ZrAlgC; (space group R3m and Z = 3) and ZrAl,C4 (P3m1 and Z = 2)
can be regarded as intergrowth structures consisting of the two types of layers; one is composed of
[Zr,Cpr+1] and the other consists of [AlgC;]. The atom arrangements in the [AlgC,] layers of ZrAlsC,
and ZrAl,C, are, regardless of the difference in space group for the crystal structures, isomorphous
with each other, while the [Zr,,C,.] slabs are thicker for the latter than for the former. Accordingly,
these two compounds form a homologous series with the general formula (ZrC),,AlsCg, where m = 1
(ZrAlgCy) and 2 (ZrAl4C,). The C-C distances at the layer boundaries are nearly equal to each other
(0.3328 nm for m = 1 and 0.3325 nm for m = 2) and also comparable to those of the ZrC and Al4C;
crystals, in accord with the principle of the formation of layered carbides in the Zr-Al-C system [2].
The principle could be also applicable to the recently reported layered carbides ZryAl;Ce, ZrsAlgCo,
and Zr;AlCy; [14]. However, these materials were only recognized under TEM, hence the precise
structural characterization would be needed for further discussion.

3.2.4 Conclusion

In the Zr-Al-C system, we have successfully synthesized the new carbide ZrAlgC;. The crystal
structure was determined from XRPD data and described in relation to that of ZrAl,C,. These two
crystal structures were considered to be composed of the [Zr,,C,,.1] slabs separated by the Al,Cs-type
[AlgC;] layers. The two carbides form a homologous series, the general formula of which is
represented by (ZrC),,AlgCs, where m =1 and 2.
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Table 3-4. Crystal data for ZrAlzC;

Chemical composition ZrAlC,
Space group R3m

a/nm 0.332842(2)
¢/nm 5.78221(2)
Vinm’ 0.554754(4)
Z 3

D,/Mgm” 3.51

Table 3-5. Structural parameters for ZrAlzC,

Site Wyckoff  x y z 100xB/nm>
position

Zr 3b 0 0 0.5 0.90(3)
Al() 6c 0 0 0.05638(2) 0.65(3)
AlQ2) 6¢ 0 0 0.12736(3) 0.62(3)
Al(3) 6¢ 0 0 0.24463(2) 0.65(3)
Al(%) 6¢ 0 0 0.31615(2) 0.63(3)
c(1) 3a 0 0 0 0.27(5)
C©2) 6¢ 0 0 0.09380(6)  0.27
Cc@) 6¢ 0 0 0.19080(6)  0.27
C(4) 6¢ 0 0 0.28328(6) 0.27

Table 3-6. Interatomic distances (nm) in ZrAlgC;*

*All distances shorter than 0.30 nm (metal-metal) and 0.33 nm (metal-carbon) are given

Zr-C(3)
Zr-Al(2)
Al(1)-C(4)
Al(1)-C(2)
Al(1)-A1(3)
Al(1)-Al(4)
Al(1)-C(1)
Al(2)-C(2)
Al(2)-C(3)
Al(2)-Al(3)
AlQ2)-Zr
Al(3)-C(2)
Al(3)-C(4)
AI(3)-Al(1)
AI(3)-Al(2)
Al(3)-C(3)
Al(4)-C(4)
Al(4)-C(1)
Al(4)-Al(4)
Al(4)-Al(1)

0.2375(2) x 6
0.2976(1) x 6
0.19561(7) x 3
0.2164(3)
0.2681(2) x 3
0.2972(2) x 3
0.3260(1)
0.1941(3)
0.2112(2) x 3
0.2948(2) x 3
0.2976(1) x 3
0.19441(5) x 3
0.2235(4)
0.2681(2) x 3
0.2948(2) x 3
0.3113(4)
0.1901(4)
0.21632(6) x 3
0.2764(2) x 3
0.2972(2) x 3

37



intensity / counts

8
&

g

§

HEERTE I WM i 1 a3
FEELEEE By Himne w
PRI 1

"

EER R IR HRIRRE R SR
FIEHD B EREEL MO0 RN R
o

ik

0
ZrAiscf:::
ZrAi404
: \ 75 80

90 W00 110 1200 130 140 150

140 150

90 100 10 120 130

20/°

Fig.3-4. Comparison of observed diffraction pattern of ZrAlgC; and ZrAl,C4 (symbol:
+) with the corresponding calculated pattern (upper solid line). The difference curve is
shown in the lower part of the diagram. Upper vertical bars indicate the positions of
possible Bragg reflections for ZrAlsC; and those of the lower for ZrAl,C,.
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Fig.3-5. Crystal structure of ZrAlsCs.
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the original manuscripts.™
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3.3 Syntheses and crystal structures of Si-bearing layered carbides ZrAlgC; and
Zl‘Al4C4

Abstract

Two types of new quaternary carbide solid solutions, (ZrC)[Al;..Si,JsC¢ with x = 0.06 and
(ZrC)[Al,,,Si,]4C3 with y = 0.04, have been synthesized and characterized using a laboratory X-ray
powder diffraction (CuKc), transmission electron microscopy and energy dispersive X-ray
spectroscopy (EDX). The average atom ratios [Al : Si] of both carbides were determined by EDX, and
the crystal structures were refined using the Rietveld method. These carbides have been found to form
a homologous series with the general formula (ZrC),,[Al,.;Si;]sCs (0 < z < 0.07), where m = 1 and 2.
The crystal structures can be regarded as intergrowth structures, consisting of the NaCl-type [Z1,,Cy+1]
slabs separated by the Al,Cs-type [(Al,.,Si,)sC7] layers.

Keywords: Layered carbides, Solid solutions, Crystal structures, Powder diffraction, Rietveld
refinement

3.3.1 Introduction

In the system Zr-Al-C, two types of new ternary carbides, (ZrC)AlzC¢ [1] and (ZrC)ALLC; [2],
have been synthesized at 2273 K and structurally characterized by X-ray powder diffraction (XRPD)
method. These carbides form a homologous series with the general formula (ZrC),,AlsCs (m = 1 and 2)
[1]. Both crystal structures, although belonging to the different space groups R3m for m =1 and P3m]1
for m = 2, can be regarded as intergrowth structures where the Al4C;-type [AlzC;] layers are the same,
while the NaCl-type [Zr,,C,+1] layers increase in thickness with increasing m value. In the ternary
system, the other carbides reported so far are (ZrC),A14C;, (ZrC);Al4Cs, (ZrC),AlzC; and (ZrC):ALC,
[3-5]. The former two carbides, which have been synthesized at 2073 K, also form a homologous
series with the general formula of (ZrC),Al4Cs (m = 2 and 3) [3]. The considerable amounts of Si
component have been found to dissolve into the [ALC4] layers of (ZrC),Al,Cs; at the lower
temperatures than 2073 K (i.e., 1873 — 1973 K) to stabilize the crystal structures {3, 6, 7]. Thus, the
ternary carbides (ZrC),,Al1,C; are considered to be the end members of the solid solutions. Because the
atomic scattering factors for Al and Si are almost the same, these atoms were assumed to be randomly
distributed over the same sites in the Al4Cs-type layers, although there might be the site preference of
these atoms.

Thermoelectric materials with high efficiency of energy conversion are of interest for
applications as heat pumps and power generators. Low-dimensional materials that consist of, for
example, conducting two-dimensional (2D) layers are promising for thermoelectric energy conversion
[8-11]. The advantage of the low dimensionality can be interpreted in terms of the carrier confinement
effect in the 2D layers, which leads to an enlarged absolute value of the Seebeck coefficient compared
to the materials with three-dimensional conducting paths. The crystal structures of the layered carbides
in the Zr-Al-C and/or Zr-Al-Si-C systems are composed of the electroconductive [Zr,C,+] layers
separated by the less conductive [(ALSi)C] layers. Hence, the homologous carbides demonstrated
good performance of thermoelectricity, and regarded as the promising thermoelectric materials [6, 7].

In the present study, we have successfully dissolved the Si component into the [AlgC5] layers
of (ZrC),AlgCs (m = 1 and 2) to stabilize the crystal structures at 2073 K, which is 200 K lower than
the formation temperature of the end members.
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3.3.2 Experimental procedure
(1) Materials

In the reacted ZrC-Al,C;-SiC mixtures, two types of new quaternary carbides were initially
recognized by their very similar diffraction patterns to those of (ZrC),AlsCs with m =1 and 2 [1,2].
Since the present specimens contain Si component, the new carbides are most probably of Si-dissolved
(ZrC),AlsCs solid solutions. We obtained, by the following procedures, the two types of powder
samples; one consisted mainly of (ZrC)[ALSi]sCs (sample S-A) and the other was mainly composed of
(ZrC)[AL,Si]4Cs (S-B). ~

The reagent-grade chemicals of ZrC (99.9%, KCL Co., Ltd, Saitama, Japan), Al4C; (KCL,
99.9%) and SiC (KCL, 99.9%) were mixed in two different molar ratios of [ZrC : ALC; : SiC] =1 :
3 : 1] for S-A and [4 : 6 : 1] for S-B. Each of the well-mixed chemicals was pressed into pellets (¢ 13
mm x 10 mm), heated at 2073 K for 1 h in vacuum, followed by cooling to ambient temperature by
cutting furnace power. Both reaction products were slightly sintered polycrystalline materials. They
were finely ground to obtain powder specimens. Small amounts of AlsC; crystallites coexisted in both
samples. These crystals in S-B were completely removed by dissolution with acid solution. On the
other hand, the crystals of (ZrC)[ALSi]sCs also dissolved in the acid solution. Hence, the acid
treatment of selectively dissolving the A1,C3; compound was inapplicable to the sample S-A.

(2) Characterization

XRPD intensities were collected on a diffractometer (X'Pert PRO Alpha-1, PANalytical B.V,,
Almelo, The Netherlands) equipped with a high speed detector in Bragg-Brentano geometry using
monochromatized CuKa; radiation (45kV, 40mA) in a 20 range from 2.0052° to 148.9056° (the
accuracy in 20 of +£0.0001°). The divergence slit of 0.25° and the automatic divergence slit were
employed, respectively, for samples S-A and S-B to collect the quantitative profile intensities over the
whole 20 range. Other experimental conditions were: continuous scan, total of 17582 datapoints and
total experimental time of 5.0 h. The crystal-structure models were visualized with the computer
program VESTA [12].

The powder specimens were examined using transmission electron microscopes (JEM 3000F
and JEM 2010, JEOL ltd., Tokyo, Japan) and equipped with an energy dispersive X-ray analyzer
(EDX; VOYAGER III, NORAN Instruments, Middleton, WI, USA). The powder particles were
deposited with ethyl alcohol on a copper grid. Selected area electron diffraction (SAED) patterns and
corresponding lattice images were obtained. Chemical analyses were made for eight crystal fragments
of (ZrC)[ALSi]sCs in S-A and seven fragments of (ZrC)[Al1,Si]4C; in S-B to determine the individual
atom ratios [Al : Si]. The corrections were made by the ZAF routines.

3.3.3 Results and Discussion
(1) Structure refinement

The SAED pattern [Fig. 3-7(a)] of (ZrC)[AL,Si]4sC; in S-B was successfully indexed with a
hexagonal unit cell with dimensions of a ~ 0.33 nm and ¢ ~ 2.2 nm. The corresponding lattice image
[Fig. 3-7(b)] strongly suggests that the crystal structure is built up from stacking combinations of two
basic sheets. The presence of Si atoms within both carbides has been well confirmed by the EDX
analysis. In S-A, the average atom ratios [Zr : Al : Si] were found to be [10.9(1.3) : 83.9(1.8) :
5.3(1.2)], where the figures in parentheses indicate standard deviations. The atom ratios are almost
equivalent to [Zr : A+Si] =[1 : 8], with the [Al : Si] ratios being [0.94(1) : 0.06(1)] on the basis of Al
+ Si = 1. The [Al : Si] ratios of the carbide in S-B were determined to be [0.96(1) : 0.04(1)] based on
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the average atom ratios of [Zr : Al : Si] = [20.2(1.5) : 76.7(2.2) : 3.1(0.8)], which are nearly equivalent
to [Zr : Al+Si] = [1 : 4]. Accordingly, the chemical formulas would be satisfactorily represented by
(ZrC)[Alg 941)Sio.06(1)]sCs in S-A and (ZrC)[Alp gs(1)Sio.041)]4C3 in S-B.

Initial structural parameters of (ZrC)[Al4Si0s]8Cs and (ZrC)[Aly 96Sio04]4C3 were taken
from those determined by Iwata et al. for (ZrC)AlgCs and (ZrC)AlLCs, respectively [1, 2]. The
structural parameters were individually refined by the Rietveld method using the computer program
RIETAN-FP [13]. The structure models of ALCs [14], ALSIC4 [15], (ZrC)ALC; [2] and (ZrC)ALCs
[3] were added into the refinement as additional phases. A Legendre polynomial was fitted to
background intensities with twelve adjustable parameters. The split Pearson VII function [16] was
used to fit the peak profile. The Al and Si atoms were assumed to be randomly distributed over the
same sites (denoted by T sites) in the crystal structures without any constrains on occupancies,
although there might be the site preference of these atoms. All of the isotropic atomic displacement
parameters (B) of carbon atoms were constrained to have the same value. The reliability indices [17]
for the final result of S-A were Ry, = 8.03%, S=1.24 and R, = 6.01% (Rp = 2.33% and Ry = 1.18% for
(ZrC)[Alp.04Sio 06]sCs) [Fig. 3-8(a)] and those of S-B were Ry, =6.93%, S=1.30 and R, = 5.31% (Rg =
1.94% and Ry = 1.07% for (ZrC)[Aly.06Sio04]4Cs) [Fig. 3-8(b)]. Crystal data are given in Tables 3-7 and
3-8, and the final atomic positional and B parameters are given in Tables 3-9 and 3-10. Quantitative
X-ray analysis with correction for microabsorption according to Brindley’s procedure [18] was
implemented in the program RIETAN-FP. The phase compositions were determined to be 76.4 mass%
(ZrC)[Alg 04Si0 06]8Cs, 13.1 mass% ALSiCy, 5.4 mass% AlCs and 5.1 mass% (ZrC)ALC; for S-A and
92.6 mass% (ZrC)[Aly.96Sio.04)4C3 and 7.4 mass% (ZrC),Al4Cs for S-B.

The EDX analysis showed that the atom ratios of both quaternary carbides varied slightly but
certainly from crystal fragment to fragment, indicating that these carbides are not compounds but solid
solutions. The atom ratios [Al : Si] in S-A almost varied from [0.95 : 0.05] to [0.93 : 0.07], indicating
that the maximum Si/(Al+Si)-value is most probably 0.07. Thus, the carbide solid solution would be
satisfactorily represented by the general formula (ZrC)[Al),Sis]sCs with 0 < x < 0.07. In the same
manner, the chemical variation in S-B was within the solid-solution range of 0 < y < 0.05 for
(ZrC)[Al,,,Si,]4C3, because the [Al : Si] ratios almost ranged from [0.97 : 0.03] to [0.95 : 0.05].

(2) Structure description

The crystal structures may be regarded as intergrowth structures (Fig. 3-9), which consist of
the NaCl-type [Zr,,Cy+1] layers (thickness of ~0.28 nm for m = 1 and ~0.56 nm for m = 2) separated
by the AlCs-type [(AlSi;)sC;] layers with ~1.64 nm thickness (0 < z < 0.07). The selected
interatomic distances, together with their standard deviations, are given in Tables 3-11 and 3-12. The
mean interatomic distances in (ZrC)[Alp.94Sio.06]sCs and (ZrC)[Alp 96Sio 0414C3 compare well with those
of ZrC, Al4Cs, (ZrC)AlsCs and (ZrC)Al4C;. The Zr sites are octahedrally coordinated by C atoms with
the mean distances of 0.238 nm for m = 1 and 0.237 nm for m = 2, which are comparable to those of
the ZrCg polyhedra in ZrC (0.235 nm), (ZrC)AlsCs (0.238 nm) and (ZrC)AL,Cs (0.237 nm) [1, 4, 5].
The mean Zr-T distances of 0.296 nm for m = 1 and 0.298 nm for m = 2 are comparable to the Zr-Al
distances of (ZrC)AlgCs (0.298 nm) and (ZrC)Al,C; (0.299 nm). The T sites are tetrahedrally
coordinated with the mean distances of 0.204 nm for both m = 1 and m = 2. These 7-C distances are
comparable to the Al-C distances of the AlC, tetrahedra in Al4C; ranging from 0.194 to 0.218 nm (the
mean = 0.206 nm) [10], which implies that the [(Al,.;Si;)sC;] layers of both m = 1 and m = 2 are
structurally comparable to the compound Al,C;. Accordingly, these carbide solid solutions form a
homologous series with the general formula of (ZrC)[Al,.;Si;]sCs (m = 1 and 2) with 0 < z < 0.07.
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3.3.4 Conclusions

In the Zr-Al-Si-C system, we have successfully synthesized the two types of new carbide solid
solutions (ZrC)[AlSi]sCs (x = 0.06) and (ZrC)[Al,,,Si,«C3 (v = 0.04), the end members of which
were, respectively, (ZrC)AlsCs and (ZrC)ALC;. The crystal structures were considered to be composed
of the NaCl-type [Zr,,Cp+1] slabs separated by the ALCs-type [(Al..Si;)sCs] layers, and hence they
formed a homologous series with the general formula of (ZrC),[Al,;Si.]sCs (m = 1 and 2) with 0 <z <
0.07.
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Fig.3-7. (a) Selected-area electron diffraction pattern and (b) corresponding lattice
fringe image showing periodicity of about 2.2 nm (= ¢). Incident beam perpendicular
to the c-axis. Sample (ZrC)[AlposSip04]4C5 in S-B.
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Fig.3-8. Comparison of the observed diffraction patterns (symbol: +) with the corresponding
calculated patterns (upper solid lines). The difference curves are shown in the lower part of the
diagrams. Upper vertical bars in each diagram indicate the positions of possible Bragg
reflections. The profile intensities for (a) (ZrC)[Alo 94Sio.061sCs, (ZIC)ALCs, AL4SIC4 and ALLC; in
S-A and (b) (ZrC)[Aly.96Si04]4C3 and (ZrC),Al4Cs in S-B
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c=58nm

o= 22 ————

Fig. 3-9. Crystal structures of (ZrC)[Aly 94Sio 06]sCs in (a) and (ZrC)[Alg9sSio.04]4C3 in (b). The Al
and Si atoms are assumed to be randomly distributed on the 7' sites for both crystal structures.
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Table 3-7. Crystal data for (ZYC)[A]0.94SioA06]gC5

Chemical composition ZrAl; 5,Si9 43C7
Space group R3m

a/nm 0.332214 (3)
c/nm 5.78236 (5)
Vinm’ 0.552678(8)

Z 3

D/Mgm” 3.53

Table 3-8. Crystal data for (ZrC)[Aly 96Si0.0414C3

Chemical composition ZrAl; g4Sig 16C4
Space group P3ml

a/nm 0.332349 (1)
c/nm 2.199241 (7)
V/nm’® 0.210375 (1)
Z 2

D/Mgm™ 3.91

Table 3-9. Structural parameters for (ZrC)[Alo 94Si0.0618Cs
*z of C1 atom is fixed.

sie  Yckoff y z 100xB/nm’
position
Zr 3b 0 0 12 0.63(3)
T1 6¢ 0 0 0.05647(3) 0.46(4)
2 6¢ 0 0 0.12772(4) 0.41(3)
T3 6¢ 0 0 0.24448(3) 0.54(4)
T4 6¢ 0 0 0.31628(3) 0.50(5)
ct’ 3a 0 0 0 0.50(6)
C2 6¢ 0 0 0.0933(1) 0.50
C3 6¢ 0 0 0.19092(9) 0.50
C4 6¢ 0 0 0.28286(9) 0.50
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Table 3-10. Structural parameters for (ZrC)[Alp 96Sio.04]4C3

site  Nekeff z 100xB/nm?
position
Zrl lc 23 153 0.6824(9) 0.61(6)
Zr2 15 13 213 0.8031(9) 0.61(6)
T1 le 23 153 0.0122(10)  0.9(1)
Yyl le 23 113 0.1976(12)  0.9(3)
3 16 13 213 0.2889(12)  0.6(3)
T4 15 13 283 0.4829(10) 1.0(1)
T5 la 0 0 0.0930(11)  0.9(3)
T6 la 0 0 0.3938(11)  0.8(3)
T7 la 0 0 0.5812(10)  0.7(2)
T8 la 0 0 0.9089(11)  0.7(2)
C1 e 23 113 0.1069(12)  0.67(7)
c2 lc 23 173 0.8754(10)  0.67
C3 15 13 213 0.3729(13)  0.67
c4 16 13 253 0.6223(9) 0.67
cs’ la 0 0 0 0.67
Cé la 0 0 0.2458(15)  0.67
C7 la 0 0 0.4911(4) 0.67
C8 la 0 0 0.7404(16)  0.67

*z of C5 atom is fixed.

Table 3-11. Interatomic distances (nm) in (ZrC)[Alp 94Sio 06]sCs*
*All distances shorter than 0.30 nm (metal-metal) and 0.24 nm (metal-carbon) are given.

Zr-C3 0.2376(3) x 6
Zr-T2 0.2959(2) x 6
T1-C4 0.1949(1) x 3
T1-C2 0.2127(6)
T1-T3 0.2681(2) x 3
T1-T4 0.2979(2) x 3
12-C2 0.1992(6)
72-C3 0.2098(2) x 3
T2-T3 0.2954(2) x 3
T3-C2 0.19349(8) x 3
T3-C4 0.2219(5)
T4-C4 0.1933(5).
T4-C1 0.21566(9) x 3
T4-T4 0.2751(3) x 3
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Table 3-12. Interatomic distances (nm) in (ZrC)[Alo,%Sio_M]‘th'
Zr1-C8 0.230(1)x 3
Zr1-C4 0.2331(7) x 3
Zr1-T7 0.294(1) x 3
Zr2-C8 0.236(2) x 3
7r2-C2 0.249(1)x 3

Zr2-T8 0.3016(9) x 3
T1-C5 0.1937(3) x 3
T1-C1 0.208(1)
T1-T5 0.2616(9) x 3
T1-T8 0.2974(9) x 3
72-C1 0.199(2)
72-C6 0.219(1) x 3
12-T3 0.2778(2) x 3
T2-T5 0.299(1) x 3
73-C3 0.185(2)
73-C6 0.214(1) x 3
T3-T6 0.300(1) x 3
T4-C7 0.1927(2) x 3
T4-C3 0.242(2)
T4-T6 0.274(1) x 3
T4-T7 0.289(1) x 3
75-C1 0.1943(3) x 3
75-C5 0.205(2)
76-C3 0.1973(4) x 3
76-C7 0.214(2)
77-C7 0.198(2)
T7-C4 0.2121(7) x 3
78-C5 0.200(2)
78-C2 0.2055(8) x 3

*All distances shorter than 0.31 nm (metal-metal) and 0.25 nm (metal-carbon) are given.
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3.4 First discovery and structural characterization of a new compound in
Al-Si-O-C system

Abstract

A quaternary oxycarbide, [Alj677(5)Si1.23(5)]£18[03.049)C10.969))z14, has been for the first time discovered
in the Al-Si-O-C system. The crystal structure was characterized by X-ray powder diffraction,
transmission electron microscopy and energy dispersive X-ray spectroscopy (EDX). The atom ratios
[Al : Si] were determined by EDX, and the initial structural model was derived by the direct methods.
The structural parameters as well as the atom ratios [O : C] were determined by the Rietveld method.
The crystal is monoclinic (space group C2/m, Z = 1) with lattice dimensions a = 0.57404(1) nm, b =
0.331435(5) nm, ¢ = 1.92410(2) nm, B = 90.036(1)° and ¥ = 0.366076(9) nm’. The final structural
model showed the positional disordering of Al/Si sites. The validity of the split-atom model was
verified by the three-dimensional electron density distribution, the structural bias of which was
reduced as much as possible using the maximum-entropy methods-based pattern fitting (MPF). The
reliability indices calculated from the MPF were Ry, = 4.20% (S = 1.14), R, = 3.09%, Rg = 0.92% and
Rr=1.05%. The crystal was an inversion twin with nearly the same twin fraction.

Keywords: Crystal structure; Powder diffraction; Rietveld method; New material; Oxycarbide.

3.4.1 Introduction

The binary and ternary carbides in the Al-Si-C system have the characteristics of layered
structures [1-7]. The crystal structure of Al,C; (space group R3m, Z=3)is composed of an [AL,C,]
double layer of AIC, tetrahedra surrounded by two [AIC,] single layers of AlC, tetrahedra [2,3]. These
three layers form an [Al,C,] unit layer (4). The complete structure is the superposition of three A
layers along the ¢ axis, in which the layer stacking sequence is described by <444>. There are five
types of ternary carbides reported so far: AlSiC,4, A4SiLCs, AlSizCe, Al4SisC; and AlgSiC7 [1,4-7].
The crystal structures of the former two carbides have been determined by single crystal X-ray
diffraction method [5]. The structure of Al;SiC, (P6smc, Z = 2) requires an additional [(ALSi)C;]
single layer (B) of (ALSi)C, tetrahedra in the hexagonal lattice to be alternately inserted between the
A-type [(AL,Si)4C4] unit layers with stacking sequence of <BABA>. With the rhombohedral lattice of
AlSi,Cs (R§m, Z = 3), the stacking sequence is <BABBABBAB>. Although crystal structures of
Al,SizCe, Al4SisCy and AlgSiC; are still not elucidated, they could be made up of the combinations of
A and B layers. Oscroft et al. have proposed the most probable stacking sequences in Al4Si;Cs and
Al1,S81,C; [1]. Kidwell et al. have determined the hexagonal unit cell of @ = 0.33127(7) nm and ¢ =
1.9242(4) nm for AlgSiC, [7].

In the Al-O-C system, two types of ternary oxycarbide compounds are known: A,OC [2,8-10]
and Al4O4C [11,12]. The crystal structure of the former consists of mixed blocks described as
[AIO],[ALLC,]),[AlO], with the C atoms in a similar environment to those in Al4C; [2]. The structure of
the latter can be described in terms of a three-dimensional network of Al(O;C) tetrahedra, which are
associated by sharing edges and corners [12]. These crystal structures are distinct from those of the
layered carbides in the Al-Si-C system. In the Al-Si-O-C system, quaternary compounds have never
been recognized previously.

Recent advances in the field of crystal-structure analysis from X-ray powder diffraction
(XRPD) data have enabled us to investigate unknown structures as well as disordered structures. To
begin with initial structural models are required, which may be determined by, for example, direct
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methods [13]. The structural parameters are subsequently refined using the Rietveld method [14]. In
order to disclose the structural details that had not been introduced into the structural models, the
combined use of a maximum-entropy method (MEM) [15] and a MEM-based pattern fitting (MPF)
method [16] is employed. MEM is capable of estimating structure factors of unobserved reflections
and improving those of overlapped reflections, which give MEM advantages over the classical Fourier
method. However, the Rietveld and MEM analyses are insufficient to readily determine charge
densities because the observed structure factors, F(Rietveld), are biased toward the structural model
assuming intensity partitioning. The subsequent MPF method can minimize the structural bias. Thus,
the MEM and MPF analyses are alternately repeated (REMEDY cycle) until the reliability indices
reach minima. Crystal structures are represented not by structural parameters but by electron densities
in MPF.

In the present study, we have for the first time discovered a new quaternary compound in the
Al-Si-O-C system. We determined the initial structural model from XRPD data using direct methods
and further modified it into a split-atom model, in which two of the five types of Al/Si sites were
positionally disordered. The crystal is most probably an inversion twin with nearly the same twin
fraction.

3.4.2 Experimental
(1) Synthesis )

The reagent-grade chemicals of Al (99.9%, KCL Co., Ltd, Saitama, Japan), Si (KCL, 99.99%)
and C (graphite, KCL, 99.7%) were mixed in molar ratios of Al : Si: C=11.2: 1 : 7. The well-mixed
chemicals were pressed into pellets (¢ 15 mm x 10 mm), heated at 2273 K for 2 h in inert gas
atmosphere of Ar, followed by cooling to ambient temperature by cutting furnace power. The reaction
product was an aggregate of transparent platelet crystals with size up to 100 pm x 100 pm x 5 pm. The
vaporization of Al and Si would significantly occur when melting at 2273 K, hence the crystals were
most probably formed by a vapor-phase growth process.

(2) Characterization ‘

The crystals were finely ground to obtain powder specimen and subsequently introduced into
a 0.5 mm diameter glass capillary tube of internal diameter approximately 0.3 mm. The XRPD
intensities were collected on a diffractometer (X'Pert PRO MPD, PANalytical B.V., Almelo, The
Netherlands) equipped with a high speed detector in Debye-Scherrer geometry using CuKa radiation
(45kV, 40mA) in a 20 range from 1.9962° to 131.9931° (the accuracy in 26 of +0.0001°). Other
experimental conditions were: continuous scan, total of 15559 datapoints and total experimental time
of 13.8 h. No preferred orientation could be seen in the diffraction pattern which was collected with
the specimen rotating. We corrected the X-ray absorption using the wr value (u: linear absorption
coefficient; 7: sample radius) of the sample and capillary tube, which was determined by the
transmittance of direct incident beam. The structure data were standardized using the computer
program STRUCTURE TIDY [17]. The crystal-structure models were visualized with the computer
program VESTA [18].

The crushed fracture fragments were dispersed with air and deposited on a holey carbon film
attached to a copper grid. They were examined using a transmission electron microscope (JEM 3000F,
JEOL Itd., Tokyo, Japan) operated at 300 kV and equipped with an energy dispersive X-ray analyzer
(EDX; VOYAGER III, NORAN Instruments, Middleton, WI, USA). Selected area electron diffraction
(SAED) patterns and corresponding lattice images were obtained. A chemical analysis was made for
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nine crystal fragments to confirm the existence of O atoms within the crystal lattice as well as to
quantitatively determine the atom ratios Al : Si. The correction was made by the ZAF routines.

3.4.3 Results and Discussion
(1) Crystal system, unit cell and chemical composition

Peak positions of the powder diffraction pattern were first determined using the computer
program PowderX [19]. The 26 values of 20 observed peak positions within 2.0° < 26 < 65.1° were
then used as input data to the automatic indexing computer program TREOR90 [20]. A hexagonal unit
cell was found with satisfactory figures of merit Myy/F5o = 54/37(0.016042, 34) [21,22]. The derived
unit-cell dimensions of a = 0.33180(3) nm and ¢ = 1.9270(3) nm were subsequently used as initial
parameters for the Le Bail method [23] using the computer program RIETAN-FP [24] in a wider 26
range from 2.0° to 131.9°. However, the refinement was unsuccessful with relatively large reliability
indices [25] of Ryp = 5.97% (S = Ryy/R. = 1.60) and R, = 4.20%.

In subsequent Le Bail analysis, we assumed the crystal system to be monoclinic. The
orthorhombic system is hardly expected for the crystal structure because it requires twofold axes in
three mutually perpendicular directions. The initial unit-cell dimensions used were a = 0.57469 nm, b
(= alV3) = 0.33180 nm, ¢ = 1.9270 nm and B = 90.0°, which are comparable to those of the C-lattice
orthohexagonal cell of the former hexagonal cell. The Le Bail analysis yielded much lower reliability
indices of Ryp =4.17% (S = 1.13) and R, = 3.06%. The refined unit-cell dimensions of a = 0.57404(1)
nm, b = 0.331459(5) nm, ¢ = 1.92415(1) nm and B = 90.033(1)° could successfully index all the
observed reflections in the experimental diffraction pattern. The observed diffraction peaks were
examined to determine the presence or absence of reflections. Systematic absences 4 + k # 2n for hkl,
h # 2n for h0l and k # 2n for 0k0 reflections were found, which implies that possible space groups are
C2, Cm and C2/m.

The SAED pattern and corresponding lattice image (Fig. 3-10) indicate that the crystal is
characterized by a layered structure with the periodicity of about 2 nm along the ¢ axis. The EDX
spectrum showed the existence of a small amount of O atoms within the crystal lattice (Fig. 3-11). The
O atoms might be originated from the impurities of Ar gas and introduced into the sample during the
crystal growth process. The atom ratios Al : Si were determined to be 0.932(3) : 0.068(3), where the
numbers in parentheses indicate standard deviations. Accordingly, the present specimen must be a new
compound which has been discovered for the first time in the Al-Si-O-C system. The unit cell was
pseudohexagonal and compatible with that of AlgSiC; (V' = 0.18287 nm’ and Z = 1) [7]. Because the
unit-cell content of this compound is [8Al 1Si 7C] (Al + Si = 9), that of the new one (V' = 0.36611
nm’) must be [16.77A1 1.23Si 14(0+C)] (Al : Si = 0.932 : 0.068, Al + Si = 18), assuming that the O
atoms exclusively occupy the C sites.

(2) Initial structural model

Because the atomic scattering factors for Al and Si are almost the same and the oxygen
concentration is relatively low, we used a unit-cell content with [18Al 14C] as input data for the search
of a crystal-structure model. All of the possible space groups were tested using the EXP02004
package [13] for crystal structure determination. A promising structural model with a minimum
reliability index Ry of 7.88% was found with the space group C2/m (centrosymmetric) in a default run
of the program. There were nine independent sites in the unit cell; five Al/Si sites (Al/Sil, Al/Si2,
Al/Si3, AlSi4 and Al/Si5) and three O/C sites (O/C1, O/C2 and O/C3) were located at the Wyckoff
position 4i, and one O/C site (O/C4) was located at 2b. The unit-cell content of this structural model
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was found to be [20Al 14C], suggesting that one of the site occupancies (g) of Al/Si sites should be
reduced to one-half its initial value. The Al/Sil sites were unusually close to each other with the
distance of 0.189 nm, hence the g(Al/Sil)-value was reduced to 1/2. This implies that the crystal is
twinned, the twin domains of which are related by a pseudo-symmetry inversion. The twinning
structure of this compound will be discussed in more detail for the final structural model.

The structural parameters and unit-cell dimensions were refined by the Rietveld method using
the computer program RIETAN-FP [24]. The chemical species (oxidation states) of Al Si, O and C
were adopted in the Rietveld analysis. A Legendre polynomial was fitted to background intensities
with twelve adjustable parameters. The pseudo-Voigt function [26] was used to fit the peak profile.
The occupancies of O and C atoms in each O/C site were refined without any constraints. The
isotropic displacement (B) parameters for O and C atoms were constrained to be equal. Because the g
and corresponding B parameters were strongly correlated, they were refined alternately in successive
least-squares cycles. The O atoms preferentially occupied the O/C1 and O/C2 sites, the g(O)-values of
which were 0.52(2) and 0.30(1), respectively. Because of the absence of O atoms at both O/C3 and
O/C4 sites, they were relabeled C2 and C1, respectively. The refinement, however, resulted in
unsatisfactory large R indices of Ry, = 4.86% (S = 1.32), R, = 3.53%, R = 4.21% and Rr= 3.13%.

We expected MPF to enable us to extract structural details that had not been introduced into
the initial structural model. After three REMEDY cycles, Ryp, S, Ry, Rp and Ry significantly decreased
to 4.44%, 1.20, 3.23%, 0.94% and 1.07%, respectively. The decreases in R indices demonstrate that
the crystal structure can be seen more clearly from EDD instead of from the conventional structural
parameters. In order to disclose the subtle EDD changes induced by MPF, we obtained the difference
in EDD before and after the REMEDY cycles. The two-dimensional difference map at y = 0 showed
two positive peaks with the heights of 0.006 nm> and 0.0045 nm” [Fig. 3-12(a)]. These peaks were
located at 0.003 nm apart from the Al/Si2 site for the former and 0.002 nm apart from the Al/Si5 site
for the latter. On the other hand, the residual electron densities were negligibly low at the O/C1 and
O/C2 sites, indicating that the O and C atoms definitely occupy the same sites in the crystal structure.
These findings promoted us to build split-atom models for Al/Si2 and Al/Si5.

(3) Split-atom model

In the split-atom model, each of the Al/Si2 and Al/Si5 sites at 4i was split into two
independent crystallographic sites MA and MB (M = AVSi2 and AI/Si5). We first refined the
occupancies under the linear constrains of g(MA)+g(MB) = 1 to find that all of the g parameters
eventually converged to values very close to 0.5. Thus, we have fixed these parameters equal to 0.5 in
successive least-squares cycles. The parameters B(MA) and B(MB) were constrained to be equal to
each other. The final Rietveld refinement resulted in satisfactory R indices of Ry, = 4.45% (S = 1.21),
R, = 3.30%, Rp = 3.47% and Ry = 2.53%, indicating that the disordered arrangements of Al/Si2 and
AV/Si5 sites can be represented adequately with the split-atom model in Fig. 3-13. The individual
separation distances are 0.035(1) nm for (AVSi2A)-(AlI/Si2B) and 0.022(1) nm for
(Al/Si5A)-(Al/Si5B). Crystal data are given in Table 3-13, and the final atomic positional and B
parameters are given in Table 3-14. The chemical composition was found to be
Aly677(5S11235/03.049)C1096(9)» With the chemical formula of [Ali6.8Si12]518[03.0C11.0]214 (SPace group
C2/im,Z=1).

We used the MPF method again and subsequently obtained the difference in EDD before and
after the REMEDY cycles to confirm the validity of the split-atom model. After two REMEDY cycles,
Ryps S, Rp, Rg and Ry further decreased to 4.20%, 1.14, 3.09%, 0.92% and 1.05%, respectively. The
decreases in R indices indicate that the present disordered structure is better expressed with electron
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densities than with the structural parameters in Table 3-14. Observed, calculated, and difference XRPD
patterns for the final MPF are plotted in Fig. 3-14. The two-dimensional difference map at y = 0 [Fig.
3-12(b)] gave much lower residual electron densities, indicating that the EDD determined by the final
MPF is explained sufficiently by the present split-atom model. For example, the three-dimensional
electron-density images at the Al/Si2 and Al/Si5 sites (Fig. 3-15) show broadening, the equidensity
isosurfaces of which are in reasonably good agreement with the atom arrangements. We therefore
concluded that, as long as the crystal structure was expressed by a structural model, the present
split-atom model would be satisfactory.

(4) Structure description

The disordered structure can be regarded as a statistical average of the two twin-related
structural configurations with the low-symmetry subgroup Cm (Fig. 3-16). When the twofold axes
parallel to [010] are removed from the space group C2/m, the resulting space group is Cm, with a
center of symmetry being lost concomitantly. The two structural configurations as shown in Fig. 3-16
are therefore related not only by a pseudo-symmetry twofold rotation but also by a pseudo-symmetry
inversion. Thus, the crystal must be an inversion twin. Actually, we observed using TEM the lattice
defects parallel to (001), which must correspond to the inversion twin boundaries (Fig. 3-17). The
distance between the adjacent boundaries (i.e., twin width) ranged from 36 nm to 49 nm with the
average distance of 42.7 nm [(43+36+49)/3 = L]. Accordingly, the individual twin domains contained
on the average about 22 (= L/d(p1)) unit cell along the direction perpendicular to (001). The
dimensions of twin domains would be within the coherence range of X-rays, and hence the crystal
structure has been satisfactorily represented by the split-atom model. One of the two orientational twin
domain contained the Al/Si2A and Al/Si5B sites, and the other involved the Al/Si2B and Al/Si5A sites
(Fig. 3-16). Because the occupancies of these sites as well as that of Al/Sil site were all equal to 0.5,
the actual domain ratio should be almost 0.5 : 0.5. This twin structure is most probably originated
during crystal growth. .

The atomic configurations are shown for [Al;65Si; 2][030C11.0], AlsCs, AlsSiCs and ALSi;Cs
(Fig. 3-18). The crystal structure of [Al;65Si; 2][03.0C11.0] can be regarded as a layered structure, which
consists of A-type [(ALSi)4(O,C),] unit layer and B-type [(ALSi)(O,C),] single layer with stacking
sequence of <4BA> along the ¢ axis. In Table 3-15, only (Al,Si)}+(O,C) bonds belonging to one of the
two twin-related orientations are reported, excluding possible bonds between atoms of different
orientation states. The Al and Si atoms are tetrahedrally coordinated by O and/or C atoms with the
mean (Al,Si)-(O,C) distance of 0.205 nm, which is comparable to the mean (Al,Si)-C distances of the
[(A1,S1)C4] polyhedra in A1,Cs3 (0.206 nm), ALSiC, (0.202 nm) and Al4Si,Cs (0.201 nm). Because the
mean interatomic distance of [Alj5Si;2][030C110] compares well with those of Al4Cs, A14SiC4 and
Al,Si;Cs, and also these structures are closely related to one another as shown in Fig. 3-18,
[Al}65Si; 2][030Ci1.0] can be regarded as, from a structural point of view, a carbide solid solution in
which a relatively small amount of O atoms was dissolved into the C sites rather than an oxycarbide
compound. The general formula of the solid solution is expressed by [Al;5..Si;][O,Ci4.], where x- and
y-values are, respectively, 1.2 and 3.0 for the sample. One of the possible end member is AlgSiCy (x =
2 and y = 0), which could be composed of a hexagonal layered structure with stacking sequence of
<ABA>.

A series of carbides in the Al,C;-SiC system can be represented by a general formula
ALC3(SiC)y, where X = 0 (ALC;), 1/2 (AlgSiCy), 1 (AlSICy), 2 (AlsSixCs), 3 (AlSisCe) and 4
(A14Si4C;). With 0 < X < 2, the fraction of 4 layer (f4) with respect to the B layer in the crystal
structure steadily decreased with increasing X-value; the f4 and X values are well correlated by the
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equation fa = 1/(1+X). The fx-values as predicted by this relationship are 0.25 for AL;Si3Ce (X = 3) and
0.2 for Al,SisC7 (X = 4). Assuming that these crystal structures were also made up of the two types of
layers 4 and B, the minimum stacking sequence would be BABB for A14Si;C¢ and BBABB for Al,SisCs.
These structures are comparable to those proposed by Oscroft et al. [1].

3.4.4 Conclusion :

We have for the first time discovered a quaternary compound in the Al-Si-O-C system. The
crystal structure was successfully determined from XRPD data and described in relation to those of the
layered carbides Al4Cs, AL,SiC4 and ALSi,Cs. The compound was, from a structural point of view,
regarded as a carbide solid solution rather than an oxycarbide compound. The crystal was most
probably an inversion twin with an almost 0.5 : 0.5 domain ratio.

Acknowledgments. Thanks are due to Mr. I. Yamaji, PANalytical Japan, Spectris Co. Ltd., for his
technical assistance in XRPD.
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Table 3-13. Crystal data for [A116_38i1,21[03.0C11.o]

Chemical composition Al16.77(5)Si1.23(5)03,04(9)(:10_96(9)
Space group C2/m

a/nm 0.57404(1)

b/nm 0.331435(5)

c/nm 1.92410(2)

B 90.036(1)

Vinm® 0.366076(9)

VA 1

D/Mgm™ 3.027

Table 3-14. Structural Parameters for [Al;65Si) 2] [03.0C11,o]a

Site  Wyckoff g x y z 100xB/nm>
position
AlSil  4i 0.5 0.153(1) 0 0.5193(1) 0.13(7)
AUSi2A 4i 0.5 0.157(2) 0 0.2768(2) 0.25(6)
Al/Si2B 4i 0.5 0.172(2) 0 0.2591(1) 0.25
Al/Si3  4i 1 0.168(1) 0 0.0512(1) 0.86(4)
Al/Si4  4i 1 0.5018(8) 0 0.17189(6) 0.80(3)
AlSI5A 4i 0.5 0.502(2) 0 0.3784(2) 0.46(4)
Al/Si5B 4i 0.5 0.504(3) 0 0.3897(2) 0.46
C1 2b 1 0 12 0 0.72(7)
C2 4i 1 0.188(2) 0 0.1506(2) 0.72
Oo/Cl1 4 1 0.127(1) 0 0.4215(1) 0.72
o/C2 4 1 0.525(1) 0 0.2842(1) 0.72

“ Site occupancies: O/C1: 48.6(14)% C and 51.4(14)% O; O/C2: 75.3(9)% C and 24.7(9)% O
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Table 3-15. Interatomic Distances (nm) in [Al;6Si; 2][03.0Ci1.0]

Al/Si1-O/C1
Al/Sil1-O/C1
Al/Sil-O/C1
<Al/Sil1-0/C>

Al/Si2A-O/C2
Al/Si2A-0/C2
AV/Si2A-C2
<Al/Si2A-O/C>

Al/Si2B-0/C2
Al/Si2B-0/C2
Al/Si2B-C2
<Al/Si2B-O/C>

AV/Si3-C2
Al/Si3-C1
Al/Si3-Cl1
<AV/Si3-C>

Al/Si4-C2
Al/Si4-C2
Al/Si4-O/C2
<Al/Si4-0/C>

AV/Si5A-0/C2
AV/Si5A-0/C1
Al/SiSA-O/C1
<Al/Si5A-O/C>

AV/Si5B-O/C1
AV/Si5B-0O/C2
Al/Si5B-O/C1
<Al/Si5B-O/C>

0.1889(4)
0.1973(8)
0.2373(5) X2
0.215

0.1828(9) X 2
0.212(2)
0.2435(6)
0.205

0.1921(7) X2
0.208(1)
0.2091(7)
0.200

0.1914(5)
0.2147(5)
0.2155(3) X2
0.209

0.185(1)
0.2015(8) X 2
0.2165(4)
0.201

0.1817(6)
0.1988(7) X 2
0.230(2)
0.202

0.1902(8) X 2
0.2033(7)
0.225(2)
0.202
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Fig.3-10. Selected-area electron diffraction pattern and corresponding lattice image.
Incident beam parallel to (001) plane.
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Fig. 3-15. Three-dimensional electron density distribution determined by MPF with the split-atom
model viewed along the b axis. Isosurfaces expressed in wireframe style for an equidensity level
0f 0.002 nm™.
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Fig. 3-17. Lattice image showing plane defects (indicated by arrows) perpendicular to [001]. The
defects most probably correspond to the inversion twin boundaries.
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Fig. 3-18. Atomic configurations in (a) [Al;s5Si;2][03.0C11.0], (b) Al4Cs, (c) AlySiCy4 and (d) Al4SiCs,
showing the crystal structures being made up of two types of layers 4 and B. The unit cells are
represented by solid lines.
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3.5 Thermoelectric properties of the layered carbides

3.5.1 Introduction

Thermoelectric materials with high efficiency of energy conversion are of interest for
applications as heat pumps and power generators. Low-dimensional materials that consist of, for
example, conducting two-dimensional (2D) layers are promising for thermoelectric energy conversion
[1-6]. The advantage of the low dimensionality can be interpreted in terms of the carrier confinement
effect in the 2D layers, which leads to an enlarged absolute value of the Seebeck coefficient (S)
compared to the materials with threedimensional conducting paths. In addition, the 2D layered
materials are expected to have relatively low thermal conductivity (i) due to phonon scattering at layer
interfaces. Hence, materials with layered nanostructures could show high performance of
thermoelectricity, which is quantified by a figure of merit So/x, where s is electrical conductivity.
Since the crystal structure of the layered carbides, (ZrC),A13C, ( = 2 and 3) and (ZrC),,[ Al 39Si0.11]4C>
(m = 2 and 3), are composed of the electroconductive NaCl-type layers separated by the less
electroconductive Al4Cs-type layers [7-10], it was expected to show good thermoelectric properties.

In the present study, we have characterized thermoelectric properties of (ZrC),Al;C, (I =2
and 3) and (ZrC),,[Alg 89Sig.11]4C, (m = 2 and 3).

3.5.2 Syntheses of the layered carbides

Two types of sintered specimens of (ZrC),Al;C, (sample S-A) and (ZrC);Al;C; (S-B) were
individually prepared from the reagent-grade chemicals of ZrC (99.9%, KCL Co., Ltd., Saitama,
Japan), Al (KCL, 99.9%) and C (graphite, KCL, 99.9%). Each of the stoichiometric mixtures was first
heated in vacuum at 1653K for 1 h to obtain polycrystalline materials. The sintering conditions to
prepare the dense bodies were identical to those described above. Their closed porosities were found to
be about 99% for both samples.

The reagent-grade chemicals of ZrC, Al4C; and SiC were mixed in two different molar ratios
of [ZrC:ALCs:SiC] = [9:4:2] for (ZrC);[AlygeSig11]4Cs (S-C) and [7:2:1] for (ZrC)s[Alg s9S10.11]4C3
(S-D). Each of the well-mixed chemicals was pressed into pellets (¢ 13 mm x 10 mm), heated at 1973
K for S-C and 1873 K for S-D in vacuum, followed by cooling to ambient temperature by cutting the
furnace power. Reaction products were slightly sintered polycrystalline materials. They were finely
ground to obtain powder specimens.

In order to obtain a dense sample, the powder specimen was subsequently sintered by a
pulse electric current sintering method (SPS-1030, Sumitomo Coal Mining). The sintering was
conducted at a uniaxial pressure of about 40MPa and at 1973K for 5 min in vacuum. Dense sintered
bodies in the form of discs (15mm diameter and Smm long) were thus obtained. Its closed porosity
was found to be about 99%.

3.5.3 Characterization

Samples in the form of rectangular bars (13 mm x 4 mm x 3 mm) were cut from the discs
using a diamond saw for thermoelectric measurements. The X-ray diffraction intensities from the cut
surface have revealed that the sintered samples, consisting exclusively of the desired phases, were free
from preferred orientation of the crystal grains. The thermoelectric properties were evaluated by the
power factor, which is determined from electrical conductivity (o) and Seebeck coefficient (S) as So.
The svalues and thermoelectromotive force (TF) were simultaneously measured between 373 and
1273K in vacuum using a thermoelectric property measurement system (RZ2001i, Ozawa Science). It
generated a temperature gradient in the specimen by passing cool air in a silica glass tube that is placed
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near one end of the specimen. The TF-values were measured as a function of temperature difference
(AT) between the two ends. The S-values were calculated from the slopes of the linear plots of TF
against AT.

3.5.4 Thermoelectric properties

~ The temperature dependences of o, S, and power-factor values of the sintered specimen,
together with those of (ZrC),[AlygsSio 11J4C3, (ZrC),Al3;C, and (ZrC);Al3C,, are shown in Fig, 3-19.
Because the sample S-D was composed mainly of (ZrC);[Alp s9Sip.1:14C3 with a small amount of ZrC
(9.3 mol%), the continuous conduction pass in the sintered specimen would be exclusively formed by
the former. The material in the sample that shows thermoelectricity is (ZrC)s;[AlgsSio 11}4Cs.
Accordingly, the electric and thermoelectric properties of the sintered specimen (S-D) are principally
attributable to the constituent (ZrC);[Alp g9Sip 11]4C3 compound.

The o values of the four types of layered carbides steadily decreased with increasing
temperature, representing a conductor-type behabior (Fig. 3-19(a)). When the carbides were compared
at the same temperature, (ZrC);AlsC, (I = 3) always showed the largest ¢ value, followed by
(ZrC)3[ Al 89Si0.1114C3 (m = 3). These values were necessarily larger than those of both carbides with /
=2 and m = 2, and hence the intergrowth structure with the thicker ZrC layer seems to be more
advantageous for conduction of electricity.

The signs of S were always negative for all the samples, indicating a predominance of
negative mobile charge carriers (Fig. 3-19(b)). With (ZrC),[Alg 89Sio 11]4C3, the absolute value of S was
the largest among the four materials, regardless of temperature, and steadily increased with increasing
temperature from 373 to 1073 K. A comparison of the S values between (ZrC),,[ Al goSio.11]4C3 (m = 2
and 3) and (ZrC);,Al3C, (! = 2 and 3) suggest that the intergrowth structure with the thicker Al,Cs-type
layer would be more favorable for thermoelectric power generation.

The power-factor value of (ZrC),[AlygeSip 11]4C3 was the largest among the four materials,
throughout the temperature region measured, with the maximal power-factor value of 7.6 x 10° W
m'K? at 373 K (Fig. 3-19(c)). The power-factor values of the homologous compounds
(ZrC),u[Alp 89Si0.11)4C3 (m = 2 and 3) were almost constant between 373 and 1073 K, while those of
(ZrC),Al;C, (I =2 and 3) steadily decreased with increasing temperature. Since all the present sintered
specimens were composed of randomly oriented polycrystals, the improvement of preferred
orientation using the technique of ceramic processing or thin film preparation could further increase
the electrical conductivity and consequently the power factor.
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Chapter 4

Structural characterization of oxide-ion-conducting
lanthanum silicates

4.1 Structural change of oxide-ion-conducting lanthanum silicate on heating from
295 t0 1073 K

Abstract

Structural change of Lag 33(Si04)sO, on heating from 295 to 1073 K was investigated by means of
high-temperature laboratory X-ray powder diffraction (CuKa,;). The apatite-type crystal structures
(space group P6s/m) were refined by the Rietveld method, with the anisotropic displacement parameters
being assigned for all atoms. The validity of the structural models was verified by the three-dimensional
electron density distribution, the structural bias of which was reduced as much as possible using the
maximum-entropy methods-based pattern fitting method. Each crystal structure was composed of the
three types of polyhedra, LaOy, LaO; and SiO4. With increasing temperature the Lag 33(SiO4)sO; crystal,
together with the isotypic crystal of Ndg33(Si04)s0,, harmoniously and steadily expanded, with the
mean linear thermal expansion coefficient of 9.4(1)x 10 K. On the other hand, the thermal expansion
behaviors of the coordination polyhedra are different, in particular, between LaOy and NdOy. The
thermal motions of O2 atoms at high temperatures showed significant difference between the two
materials, which would lead to the different thermal motions of the rigid SiO4 groups. This could
correlate with the high oxide-ion conductivity of Lag 33(Si04)s0;.

Keywords: Lanthanum silicate; Oxide-ion conductor; Apatite-type structure; High-temperature X-ray
powder diffraction; Rietveld method; Maximum entropy method; Electron density distribution.

4.1.1 Introduction

Apatite-type rare-earth (RE) silicates, REg33(SiO4)¢0,, are promising materials for
gas-sensing devices and electrolyte materials because of the relatively high oxide-ion conductivity at
moderate temperatures as well as at low oxygen partial pressures [1,2]. The lanthanum silicate
Layg 33(Si04)s0- has exhibited much higher conductivity than the other RE silicates. The conductivity of
the former at 1073 K was ~13.5x10* Scm'l, which is one order of magnitude larger than that of, for
example, neodymium silicate Ndy33(Si04)0; (~2.6x10* Scm™ at 1073 K) [3]. Okudera et al. have
investigated the temperature dependence of structural parameters in neodymium silicate up to 900 K
using a single-crystal X-ray diffraction method [4]. Masubuchi et al. confirmed, using neutron powder
diffraction method, that the crystal structures of both lanthanum and neodymium silicates were isotypic
at ambient temperature, belonging to the space group P6;/m [3]. These two structural studies are
reconciled with each other on the basis of the absence of interstitial oxygen sites in the crystal lattices.
The interstitial oxide ions are considered to mediate the fast oxide-ion conductivity in RE silicates
and/or oxygen-excess ones [5-9] such as Lag ¢sSr; 35(Si04)s02.32 [10].

Recent advances in the field of crystal-structure analysis from X-ray powder diffraction
(XRPD) data have enabled us to investigate the structural details that had not been introduced into the
structural models. In order to disclose the structural details, the combined use of a maximum-entropy
method (MEM) [11] and a MEM-based pattern fitting (MPF) method [12] is employed. The Rietveld
[13] and MEM analyses are insufficient to readily determine charge densities because the observed

71



structure factors, Fy(Rietveld), are biased toward the structural models. The subsequent MPF method
reduces the bias as much as possible. Thus, the MEM and MPF analyses are alternately repeated
(REMEDY cycle) until the reliability indices no longer decrease. Crystal structures are represented not
by structural parameters but by electron densities in MPF.

In the present study, we have, for the first time, investigated the crystal structure of lanthanum
silicate at high temperature (i.e., 1073 K). The structural change with increasing temperature has been
compared with that of neodymium silicate with a view to clarifying the structural details that should be
peculiar to the highly oxide-ion conducting apatite-type RE silicates.

4.1.2 Experimental
(1) Synthesis

A powder specimen of Lag33(SiO4)sO, was prepared from stoichiometric amounts of
reagent-grade chemicals La,O; (Aldrich, 99.9%) and SiO, (Prolabo, 99%). Hygroscopic lanthanum
oxide was pre-calcined at 1073 K for 30 min in order to remove lanthanum hydroxide and/or
oxycarbonate phases to obtain the appropriate amount of La;Os. Well-mixed chemicals were heated at
1773 K for 4 h, and followed by quenching in air. The reaction product was a slightly sintered
polycrystalline material. It was finely ground to obtain powder specimen.

(2) Characterization

The XRPD intensities were collected at 295 K on a PANalytical X'Pert PRO Alpha-1
diffractometer in Bragg-Brentano geometry using monochromatized CuKo,; radiation (45kV, 40mA)
and a continuous-scan technique in a 26 range from 17.0042° to 148.9647° (total of 15794 datapoints).
The divergence slit of 0.5° was employed to collect the quantitative profile intensities over the whole 20
range. The profile intensities were also collected at 1073 K on the diffractometer equipped with a
heating stage (HTK-1200N, Anton Paar Co.) in a 26 range from 24.0097° to 148.4920° (total of 7449
datapoints and divergence slit of 0.25°). The structural models were visualized with the computer
program ORTEP-3 [14]. The three-dimensional electron density distribution (EDD) was visualized with
the computer program VESTA [15]. The polyhedral parameters (i.e., volumes and sphericity) were
determined from calculation using the computer program IVTON [16].

4.1.3 Results and discussion
(1) Refinement and description of the crystal structure at 295K

The XRPD pattern of 295 K showed that the specimen was composed mainly of lanthanum
silicate with a small amount of La,SiOs. The peak positions of the former material were determined
using the computer program PowderX [17]. The 20 values of 40 observed peak positions were then
used as input data to the automatic indexing program TREOR90 [18]. One hexagonal cell was found
with satisfactory figures of merit M20/F20 = 96/122(0.005673,29) and MA40/FA0 =
84/116(0.004498,77) [19,20]. The derived unit-cell parameters of @ = 9.7152(2) nm and ¢ = 7.1848(2)
nm were subsequently used as starting parameters in the next stage of the analysis.

Initial structural parameters were taken from Okudera et al. [21] for lanthanum silicate, in
which the occupancies (g) of 4f (Lal) and 6h (La2) sites were 0.858 and 0.983, respectively. The
structural parameters were refined by the Rietveld method using the program RIETAN-FP [22]. The
structural model of La,SiOs [23] was added into the refinement as additional phase. A Legendre
polynomial was fitted to background intensities with twelve adjustable parameters. The pseudo-Voigt
function [24] was used to fit the experimental peak profiles. Attempt was made to independently refine
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the occupancies of Lal and La2 sites. However, each occupancy as well as the total number of La
atoms in the unit cell remained almost unchanged, which implies that the chemical formula of the
present specimen is Lag 33(SiO4)s0,. Thus we imposed the linear constrains on occupancies of 4xg(Lal)
+ 6xg(La2) = 9.33 in successive least-squares cycles. Isotropic atomic displacement parameters were
initially assigned to all atoms. The refinement resulted in the reliability (R) indices of Ry, = 7.10% (S =
Ryp /R = 1.30), Ry= 5.52%, Rz = 2.49% and Rr= 1.23% [25]. We subsequently assigned anisotropic
atomic displacement (U) parameters to obtain the lower R indices of Ry, = 6.76% (S = 1.24), R, =
5.22%, Rz = 2.39% and Ry = 1.02%. The refined cell dimensions and the final positional and U
parameters of atoms are given in Table 4-1. The refined structural model was comparable to the initial
model, which is free from interstitial oxygen sites, determined by Okudera et al. [21]. Quantitative
X-ray analysis with correction for microabsorption according to Brindley’s procedure [26] was
implemented in the program RIETAN-FP. The sample was found to be composed of 96.6 mass%
L89,33(Si04)602 and 3.4 mass% L32Si05.

The MPF method was subsequently applied, so as to extract structural details and
consequently improve the EDD. After two REMEDY cycles, Rg and Ry decreased to 1.25% and 0.75%,
respectively. Subtle changes in EDD arose out of MPF, which effectively improved F,(MPF) data and
consequently the R factors. The decreases in Rg and Rr demonstrate that the crystal structure is better
expressed with electron densities than with the structural parameters in Table 4-1. Observed, calculated,
and difference XRPD patterns for the final MPF are plotted in Fig. 4-1(a). We expected MPF to
disclose the structural details, such as interstitial oxygen sites, that had not been introduced into the
structural model. However, the EDD determined by MPF (Fig. 4-2(b)) was explained satisfactorily by
the final structural model (Fig. 4-2(a)). This implies that the existence of the interstitial oxygen sites is
improbable, in accord with previous studies [3, 4, 21].

Selected interatomic distances and bond angles, together with their standard deviations, are
given in Table 4-2. The mean Si-O bond length of 0.162 nm in the SiO, tetrahedra is in good agreement
with that expected from the bond valence sum (0.162nm). The Lal atom is coordinated to nine oxygen
atoms, forming a tricapped trigonal prism with bond lengths ranging from 0.2496 to 0.2878 nm (the
mean = 0.264 nm). A similar geometry around the La atom has been described in La,SiOs (the mean =
0.260 nm) [23] and NalLaP,04 (0.260 nm) [27]. The La2 atom is sevenfold coordinated with a mean
La2-O distance of 0.253 nm, which is comparable to those of the LaO; polyhedra in La,SiOs (the mean
= 0.251 nm) [23] and LasAu,0O9 (the mean = 0.250 nm) [28]. The ratio of the volume of the
circumscribed sphere to that of the polyhedron (Vy/Vp) for La20; is 2.76. Because the Vg/Vp values of
the ideal pentagonal bipyramid and the ideal capped octahedron are 2.643 and 3.049, respectively [29],
the present La20, polyhedron can be described as a distorted pentagonal bipyramid.

(2) Refinement of the crystal structure at 1073K and structural change upon heating

The refinement process for the crystal structure of 1073 K was very similar to that described
above. The final reliability indices calculated from the Rietveld refinement were R, = 11.01% (S =
1.11), R, = 8.24%, Rz = 2.72% and Rp= 2.95% [25]. The positional and U parameters of atoms are
given in Table 4-1. The MPF method was eventually applied, which decreased the R and Ry indices to
2.49% and 1.86%, respectively. Observed, calculated, and difference XRPD patterns for the final MPF
are plotted in Fig. 4-1(b). The decreases in R and Ry indicate that the crystal structure is represented
more adequately with electron densities than with structural parameters. However, the EDD was very
slightly modified by the MPF, and hence we concluded that the refined structural model is satisfactory.
Selected interatomic distances and bond angles, together with their standard deviations, are given in
Table 4-2.
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The normalized cell dimensions (x/xyssx) of lanthanum silicate at 1073 K and those of
neodymium silicate up to 900 K [4] are plotted together in Fig. 4-3, where x is the cell dimensions at T’
(K) and xysx the cell dimensions at 295 K. The x/xyosg—values of the two different compounds
increased harmoniously and steadily with increasing temperature up to 1073 K. The variations were
well fitted to the second order polynomial as follows:

x/rosk = 1 + AAT, + B(AT) :
where AT = T - 295. The constants 4 (K™') and B (K) are 4 = 9.6x10° and B = 7.4x10"" for the a axis
and 4 =9.4x107 and B = 8.5x10° for the ¢ axis. The magnitude of expansion along the a axis was ~1.8
times that along the c axis at 1073 K. The crystal as a whole showed the thermal expansion of ~2.2 % in
volume during heating from 295 to 1073 K. The thermal expansion is usually represented by linear
thermal expansion coefficients, o, which are derived from the linear strains (x/x9sk - 1) as follows:

0Ly = (xaosk - 1/AT  [K].

The mean linear expansion coefficient, which is equivalent to [2xa, + o]/3, was 9.4(1)x 10K in the
temperature range of 295 to 1073 K.

The thermal expansion of lanthanum silicate is accompanied by the polyhedral deformation
of both La20; and LalOy; the amount of volumetric expansion is larger for the former polyhedron
(3.3%) than for the latter (1.8%) (Fig. 4-4). The sphericity (c) of La20; decreased on heating from 295
to 1073 K, while that of LalOy slightly increased as shown in Fig. 4-5, with the slopes (= Ac/AT) for
the two sets of data being -7.7x10°K! and 2.6x10°K™, respectively. Neither the deformation nor
volumetric change is recognized for SiO, tetrahedron. Thus, the thermal expansion of lanthanum
silicate would be principally induced by the anisotropic expansion of La20; polyhedra. On the other
hand, the volumetric increases of Nd10y and Nd20O; polyhedra on heating from 295 to 900 K were
nearly identical to each other (Fig. 4-4). The sphericity of Nd20; tends to decrease with increasing
temperature, while that of Nd10, remains nearly constant (Fig. 4-5), in analogy with the changes in
sphericity of the coordination polyhedra in lanthanum silicate. Accordingly, in contrast to the
harmonious behaviors in bulk thermal expansion of the two materials, the thermal expansion behaviors
of the coordination polyhedra are different, in particular, between the volumetric expansion behaviors
of LalOy and Nd10y (Fig. 4-4).

In the present refinements of the structural models of 295 and 1073 K, we have succeeded in
assigning the U parameters, which reflect the time- and space-averaged distribution of atoms around
their mean positions in the crystal lattice. The U parameters are usually found to be composite
quantities with contributions from motions (libration, translation, internal vibrations), static or dynamic
disorder and systematic error. At high temperatures, the parameters can be regarded mostly as quantities
with contributions from thermal motions. At 1073 K, the thermal motion of Si atom was nearly
isotropic, while those of the ligand O atoms (O1, O2 and O3) were highly anisotropic with the smallest
displacement in almost the Si-O bond directions (Fig. 4-6(a)). When compared the corresponding
thermal vibration ellipsoids of lanthanum silicate at 1073 K with those of neodymium silicate at 900 K
(Fig. 4-6(b)), a significant difference has been found for the O2 atoms. With the O2 ellipsoid in the
former silicate, the largest magnitude of thermal motion was aligned nearly along <100>, followed by
the thermal vibration along <001> (Fig. 4-6(a)). On the other hand, there was a dominant thermal
motion along <001> for the latter silicate (Fig. 4-6(b)). Since the SiO, groups may be considered as
rigid bodies in the crystals, we tried the TLS analysis [30-32] using the thermal motion analysis
program THMA11 [33] to describe the overall motions of the tetrahedra by a translation tensor T, a
libration tensor L and a coupling tensor S. However, we failed in deriving the information on
rigid-body libration and translation, probably because the tetrahedra are librating in highly restricted
space. Actually, the SiO, tetrahedron shares the 02-O3 edges with two LalOg polyhedra and the 03-O3
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edge with one La20, polyhedron. The oxygen atoms other than O4 are covalently bonded to Si atoms.
Hence, the conduction species in the present lanthanum and neodymium silicates must be O4 atoms.
The different thermal vibrations of the O2 atoms would lead to the different motions of the rigid SiO,4
groups, which could correlate with the higher mobility of O4 atoms in the lanthanum silicate. Details of
this mechanism still remain equivocal, and should be investigated further.

4.1.4 Conclusions

We successfully refined the crystal structures of Lag33(SiO4)¢O; at 295 and 1073 K, being
hexagonal with space group P6;/m. The isotypic crystals of Lag33(Si04)s0, and Ndy33(SiO4)O;,
harmoniously and steadily expanded with increasing temperature, with the mean linear thermal
expansion coefficient of 9.4(1)x10® K. On the other hand, the thermal expansion behaviors of the
coordination polyhedra are different, in particular, between LalOy and Nd10y. The thermal motions of
02 atoms at high temperatures showed significant difference between the two materials, which would
lead to the different thermal motions of the rigid SiO, groups. This could correlate with the high
oxide-ion conductivity of Lag 33(Si04)60:.
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Table 4-1

Structural parameters and atomic displacement parameters (* 10 nm?) at 295 K and 1073 K

295K 1073 K
a (nm) 0.971872(6) 0.97963(6)
¢ (nm) 0.718733(3) 0.72304(3)
Lal site, 4/(2/3, 1/3, 2)
occpancy 0.869(1) 0.868(2)
z 0.0007(2) 0.0001(6)
Un 0.0080(2) 0.0305(9)
Us; 0.0219(4) 0.038(1)
La2 site, 6/ (x, y, 1/4)
occpancy 0.978 0.977
x 0.01236(9) 0.0128(3)
y 0.23963(6) 0.2405(2)
Un 0.0061(3) 0.023(1)
Uxn 0.0099(4) 0.027(1)
Uss 0.0100(2) 0.0276(8)
U 0.0035(3) 0.010(1)
Si site, 64 (x, y, 1/4)
x 0.4031(3) 0.4022(9)
y 0.3730(2) 0.3739(9)
Un 0.011(1) 0.028(5)
U 0.006(2) 0.028(5)
Uss 0.010(1) 0.024(4)
Un 0.006(1) 0.016(4)
Ol site, 6A (x, y, 1/4)
x 0.3217(5) 0.323(2)
y 0.4834(6) 0.484(2)
Un 0.028(4) 0.07(1)
U 0.024(4) 0.07(1)
Us; 0.017(4) 0.04(1)
Uiz 0.021(4) 0.05(1)
02 site, 6k (x, y, 1/4)
x 0.5265(6) 0.531(2)
y 0.1219(4) 0.124(1)
Un 0.008(4) 0.05(1)
Uy 0.015(4) 0.05(1)
Us; 0.022(4) 0.04(1)
U, 0.006(3) 0.04(1)
O3 site, 12i (x, y, 2)
x 0.3443(5) 0.343(1)
y 0.2564(4) 0.257(1)
z 0.0704(3) 0.073(1)
Un 0.052(3) 0.071(9)
Uy 0.015(3) 0.033(8)
Uss 0.013(3) 0.046(8)
Up 0.020(3) 0.025(7)
Uy -0.015(2) -0.028(6)
Uss -0.003(2) -0.004(6)
04 site, 2a (0, 0, 1/4)
Un 0.025(4) 0.05(1)
Us; 0.26(1) 0.24(3)

The site symmetries give the following constraints: U;;=U»=2Uj; for Lal site, U;3=U;=0 for O4 site
and U,3=U,3=0 for La2, Si, O1 and O2 sites.
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Table 4-2

Selected interatomic distances (nm) and angles (°)

295K 1073K
Lal site
La-O1 [*x3] 0.2496(4) 0.251(1) .
La-02 [*3] 0.2547(4) 0.255(1)
La-03 [%3] 0.2878(4) 0.292(1)
Mean 0.264 0.266
La?2 site
La-O1 0.2744(5) 0.277(2)
La-02 0.2523(4) 0.257(1)
La-03 [%2] 0.2476(2) 0.2498(5)
La-03’ [x2] 0.2610(3) 0.263(1)
La-O4 0.22712(9) 0.2296(2)
Mean 0.253 0.255
Si site
Si-O1 0.1621(4) 0.162(1)
Si-02 0.1619(6) 0.162(1)
Si-03 [x2] 0.1621(3) 0.1622(7)
Mean 0.162 0.162
01-Si-02 113.5(2) 114.7(4)
01-Si-03 [*x2] 110.1(1) 110.4(2)
02-Si-03 [*2] 108.6(2) 108.2(3)
03-Si-03 105.5(2) 104.5(4)
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Figure captions
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Fig. 4-1. Comparison of the observed diffraction patterns (symbol: +) of Lag 33(SiO4)sO, and
La,SiOs with the corresponding calculated patterns (upper solid line). The difference curve is
shown in the lower part of each diagram. Upper vertical bars indicate the positions of possible
Bragg reflections for Lag 33(SiO4)s0; and those of the lower for La,SiOs. The profile intensities
collected at (a) 295 K and (b) 1073K.
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(a)

(b)

Fig. 4-2. Comparison of (a) the refined structural model of 295 K with (b) the corresponding
electron density distribution determined by MPF method. Thermal ellipsoids represent 50% of
probability. Isosurfaces expressed in smooth shading style for an equidensity level of 0.0025 nm”.
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Fig. 4-3. Changes of normalized cell dimensions with temperature for (® and m) Lag 33(Si04)O;
and (o and 0) Ndy 33(Si04)60,. The data of the latter material taken from a previous study [4].

81



|
1.03 | La20,
X
&
R 102
> o
;& , La1 O9
Nd20,
1.01}
Nd10
9
1 L i 4 i " i i
300 500 700 900 1100

Temperature / K

Fig. 4-4. Changes of normalized polyhedral volumes with temperature for RE10y and RE20;,
where RE = La and Nd. The polyhedral volumes with RE = Nd found from calculation on the basis
of the structural parameters of Ndg33(SiO4)sO; [4]. The polyhedral volumes determined from
calculation using the computer program IVTON [16].
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Fig. 4-5. Changes of sphericity with temperature for RE10y and RE20, polyhedra, where RE = La
and Nd. The sphericity of polyhedra with RE = Nd found from calculation on the basis of the
structural parameters of Ndo 33(Si04)¢O; [4]. The sphericity values determined from calculation using
the computer program IVTON [16].
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(a)

(b)

Flg 4-6. ORTEP diagrams of (a) La9‘33(SiO4)602 at 1073 K and (b) Nd9.33(SiO4)602 at 900 K [3]
viewed along [441]. Thermal ellipsoids represent 50% of probability.
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4.2 Lanthanum- and oxygen-deficient crystal structures of oxide-ion conducting
apatite-type silicates

Abstract

Structural change of Lag33.2(Si04)s023; with increasing x-value was investigated by means of
laboratory X-ray powder diffraction (CuKa,). Crystal structures of the three-types of specimens with x
= 0, 0.06 and 0.085 were refined by the Rietveld method, with the anisotropic displacement (U)
parameters being assigned for all atoms. Each crystal structure was composed of three types of
polyhedra, LalOy, La20; and SiO,. With increasing x-value, the occupancies (g) of both Lal and La2
sites‘steadily decreased. The La vacancies were charge balanced by the deficiency of the mobile O
atoms that were not covalently bonded to Si atoms. The polyhedral volume of La20, steadily decreased
about 0.7 % with the decrease of g(La2)-value from 0.995 to 0.982. On the other hand, the polyhedral
volume of LalO, showed an increase of about 1.0 % with the decrease of the g(Lal)-value from 0.841
to 0.818. The marked difference in deformation behavior of the two-types of polyhedra could be
attributable to the distinction in site occupancies between Lal [g(Lal) < 0.85] and La2 [g(La2) > 0.98].
For the mobile O atoms, the displacement magnitudes, being evaluated from the U parameters, steadily
decreased with increasing x-value. The positional disordering of these atoms might be related to their
mobilities at high temperatures.

Keywords: Lanthanum silicate; Oxide-ion conductor; Apatite-type structure; X-ray powder diffraction;
Rietveld method

4.2.1 Introduction

Apatite-type lanthanum silicates are among the most promising materials for gas-sensing
devices and electrolyte materials because of the relatively high oxide-ion conductivity at moderate
temperatures as well as at low oxygen partial pressures [1, 2] Okudera et al. have confirmed, using a
single-crystal X-ray diffraction method, that the crystal structure of lanthanum silicate belongs to the
space group P63/m at ambient temperature [3]. Iwata et al. have investigated the temperature
dependence of structural parameters in Lag 33(SiO4)sO; up to 1073 K using an X-ray powder diffraction
method [4]. These two structural studies are reconciled with each other on the basis of the absence of
interstitial oxygen sites in the crystal lattices. The interstitial oxide ions are considered to mediate the
fast oxide-ion conductivity in rare earth silicates [5-10]. Recently, the influence of cationic and/or
anionic vacancies on the ionic conductivity has been investigated for SrO-doped lanthanum silicates
[11]. However, structural details of the lanthanum- and oxygen-deficient apatite-type silicates have still
not been elucidated.

In the Lay0;-SiO, binary system, there are two other compounds established so far [12],
La,SiOs [13] in the La,Os-rich region and La,Si;O; [14, 15] in the SiO,-rich region. The latter crystal
has two polymorphs; one is monoclinic (denoted by m-La,Si,O) and the other tetragonal (#-La;Si,0-).
These three types of compounds tend to coexist with the apatite-type lanthanum silicate even though
the samples were carefully prepared.

In the present study, we have characterized the crystal structures of lanthanum- and
oxygen-deficient apatite-type silicates, the general formula of which is represented by
Lag 33.2:(Si04)602.3x, (0 < x < 0.085). The crystal structures of x = 0.06 and 0.085 have been compared
with that of x = 0 with a view to clarifying the structural change with increasing x-value.
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4.2.2 Experimental Procedure
(1) Syntheses

Three types of powder specimens with different molar ratios of La/Si, ranging from 8.87/6 to
9.33/6, were prepared from reagent-grade chemicals of La,O; (Aldrich, 99.9%) and SiO, (Prolabo,
99%). Hygroscopic lanthanum oxide was pre-calcined at 1073 K for 30 min in order to remove
lanthanum hydroxide and/or oxycarbonate phases to obtain the appropriate amount of La,Os. Individual
well-mixed chemicals were heated at 1773 K for 4 h, and followed by quenching in air. The reaction
products were slightly sintered polycrystalline materials. They were finely ground to obtain powder
specimens. With increasing La/Si ratio, the samples were termed S-A (La/Si = 8.87/6), S-B (9.10/6) and
S-C (9.33/6).

(2) Characterization

Two types of XRPD patterns with and without the reflections from the internal standard Si
were collected for each sample on a diffractometer (PANalytical X'Pert PRO Alpha-1) in
Bragg-Brentano geometry using monochromatized CuKo,; radiation (45kV, 40mA) and a
continuous-scan technique in a 26 range from 9.00718° to 148.90557° (total of 16744 datapoints and
total experimental time of 11.1 h). The automatic divergence slit was employed to maintain an
illumination length of 5 mm on the sample. Thus, the quantitative profile intensities were collected over
the whole 20 range. The structural data were standardized using the computer program STRUCTURE
TIDY [16]. The structural models were visualized with the computer program ORTEP-3 [17]. The
polyhedral parameters (i.e., volume and eccentricity) were determined from calculation using the
computer program [IVTON [18].

4.2.3 Results and discussion
(1) Structure refinements and chemical compositions of apatite-type crystals

The XRPD patterns (Fig. 4-7) showed that the individual samples were composed mainly of
the apatite-type lanthanum silicate with small amounts of impurities such as La;SiOs [13], m-La,Si;O,
[14] and #-La;Si,O; [15]. The unit-cell parameters of the apatite-type crystals were refined by the Le
Bail method [19] for the XRPD data with Si reflections using the computer program RIETAN-FP [20].
The derived unit-cell parameters were used as the starting parameters in the subsequent Rietveld
analysis for structure refinement using the program RIETAN-FP. The initial structural parameters were
taken from Okudera et al. [3] for Lay 33(Si04)s0,, in which the occupancies (g) of 4/ (Lal) and 6/ (La2)
sites were 0.858 and 0.983, respectively. The structural models of the impurities were added into the
refinement as additional phases. A Legendre polynomial was fitted to background intensities with
twelve adjustable parameters. The pseudo-Voigt function [21] was used to fit the experimental peak
profiles. We initially assigned isotropic atomic displacement parameters, and subsequently assigned
anisotropic atomic displacement (U) parameters to all atoms of the apatite-type lanthanum silicate.

In the initial stage of the refinement process, the occupancies of Lal and La2 sites in the
apatite-type crystals were independently refined without any constrains. With S-A and S-B, the total
number of La atoms in the unit cell (= 4xg(Lal) + 6xg(La2)) eventually converged to the smaller
values than 9.33, indicating the additional vacancies in La sites. Because the oxygen atoms other than
O4 are covalently bonded to Si atoms, the La vacancies must be charge balanced exclusively by the
deficiency of O4 atoms. Thus, we have refined the crystal structures under the charge-balance
constrains of 3xg(Lal) + 4.5xg(La2) = g(0O4) + 6. The refinement resulted in the lanthanum and
oxygen-deficient chemical compositions, the chemical formulas of which were represented by
Lag 163)(Si04)601 754y for S-A and Lag31(2)(Si04)6O1.813) for S-B, where the numbers in parentheses
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indicate standard deviations. With S-C, attempt was made to independently refine the occupancies of
Lal and La2 sites. However, the total number of La atoms in the unit cell remained almost unchanged.
This implies that the chemical formula of the apatite-type crystal is Lag 33(SiO4)sO>. Thus we imposed
the linear constrains on occupancies of 4xg(Lal) + 6xg(La2) = 9.33 in successive least-squares cycles.
The refined structural model in S-C was comparable to the initial model, although the refined site
occupancies were slightly different from those of the previous studies [3, 4]. The site occupancies could
sensitively reflect the processing conditions (e.g., heating time and cooling rate) of the samples. The
crystal data of the lanthanum silicates in S-A, S-B and S-C are given in Table 4-3, and the final
positional and U parameters of atoms are given in Table 4-4. The final structural models are shown in
Fig. 4-8.

Quantitative X-ray analysis with correction for microabsorption according to Brindley’s
procedure [22] was implemented in the program RIETAN-FP. The resulting phase compositions of the
samples S-A, S-B and S-C are given in Table 4-5. On the basis of the phase constitution, the bulk
chemical compositions of the three samples were, in turn, determined from calculation. The bulk La/Si
ratios were found to be 8.87/6 for S-A, 9.10/6 for S-B and 9.33/6 for S-C. Each composition was in
excellent agreement with that of the corresponding initial mixture, indicating that the chemical
compositions of the lanthanum silicates that were determined by the Rietveld method are quite reliable.
As a result, the coupled deficiency of lanthanum and oxygen atoms was confirmed for the lanthanum
silicates in S-A and S-B. The present lanthanum silicates were satisfactorily represented by the general
formula of Lag 33.2:(Si04)s02.3x With x = 0.085(13) for S-A, x = 0.06(1) for S-B and x = 0 for S-C, where
the numbers in parentheses indicate standard deviations.

In S-C, the crystals of Lag33(SiO4)sO> [La/Si = 9.33/6 (= 1.56)] and La,SiOs (La/Si = 2)
coexisted (Table 4-5). This implies that the existence of the apatite-type crystals with La/Si > 9.33/6 in
the Lé1203-Sioz binary system are improbable at least in samples synthesized by the present
experimental method. These apatite-type crystals are considered to have relatively high oxide-ion
conductivity owing to the existence of interstitial oxygen atoms in the crystal lattices.” '

(2) Structure description

With increasing x-value, the a-axis length of Lag 33.5,(Si04)s0,.3, steadily decreased, while the
c-axis length varied in an opposite manner with a particularly strong linear correlation of ¢ = 0.71848 +
0.0068x nm (Fig. 4-9). Due to this adverse effect, the unit-cell volume remained almost unaltered
regardless of the x-value.

Selected interatomic distances and bond angles, together with their standard deviations, are
given in Table 4-6 The mean Si-O bond lengths ranging from 0.1623 nm to 0.1624 nm in the SiO4
tetrahedra are in good agreement with that expected from the bond valence sum (0.162nm). With the
increase in x-value, the mean La2-O distance (especially La2-O1 and La2-O2), the volume of the
La20; polyhedra and its eccentricity steadily decreased (Table 4-4 and Figs. 4-10 and 4-11). On the
other hand, the mean Lal-O bond length (especially Lal-O1), the LalOy polyhedral volume and the
eccentricity increased with increasing x-value. Neither the deformation nor volumetric change is
recognized for SiO, tetrahedron (Table 4-5).

The site occupancies of g(Lal), g(La2) and g(O4) decreased steadily with increasing x-value
(Fig. 4-12). When compared the occupancies of Lal and La2 sites, the former occupancy was much
lower than that of the latter regardless of the x-value; the values of g(Lal) were necessarily lower than
0.85 and those of g(La2) were always higher than 0.98. The polyhedral volume of La20; steadily
decreased about 0.7 % with the decrease of g(La2)-value from 0.995 to 0.982 (Fig. 4-13(B)). On the
other hand, the polyhedral volume of LalO, showed an increase of about 1.0 % with the decrease of the
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g(Lal)-value from 0.841 to 0.818 (Fig. 4-13(A)). The marked difference in deformation behavior of the
two types of polyhedra could be attributable to the distinction between the occupancies of Lal and La2
sites. The extraction of the positively charged La ions from the LalOy polyhedron could more
effectively induce the anion-anion repulsion between the neighboring oxygen atoms, which would
eventually cause the volumetric expansion of the LalOg polyhedron. Actually the O1-O1 and O1-O2
distances of the polyhedron appreciably increased, respectively, from 0.313(1) to 0.321(1) nm and from
0.3655(2) to 0.3666(2) nm with the decrease of the g(Lal)-value from 0.841 (x = 0) to 0.818 (x =
0.085).

The oxygen atoms other than O4 are covalently bonded to Si atoms. Hence, the conduction
species in the apatite-type lanthanum silicate must be O4 atoms. The conduction paths of the O4 atoms,
which could be affected by the polyhedral deformation of both LalOg and La20; in the crystal structure,
as well as the site occupancy in O4 would strongly correlate with the oxide-ion conductivity. In the
present refinements of the structural models, we have succeeded in assigning the U parameters, which
reflect the space- and time-averaged distribution of atoms around their mean positions in the crystal
lattice. The U parameters are usually found to be composite quantities with contributions from static or
dynamic disorder, motions (libration, translation, internal vibrations), and systematic error. At ambient
temperature, the parameters can be regarded mostly as quantities with contributions from static disorder.
With x = 0, the positional displacement of O4 atom was highly anisotropic with the largest magnitude in
the c-axis direction [Fig. 4-8(C)], while, with increasing x-value up to 0.085, the displacement became
nearly isotropic with the much smaller magnitudes [Figs. 4-8(A) and 4-8(B)]. The reduction in
displacement magnitude could be induced by the steady increase of the La2-O4 interatomic distance
from 0.2300 nm (x =0) to 0.2314 nm (x = 0.085). The positional disordering of O4 atoms might be
closely related to their mobilities at high temperatures, although the relationship still remain unclear,
and should be investigated further.

4.2.4 Conclusion

We successfully refined the crystal structures of apatite-type lanthanum silicates
Lag 33.2:(Si04)602.3; with x = 0, 0.06 and 0.085. The g(Lal)-, g(La2)- and g(O4)-values steadily
decreased with increasing x-value. The La20; polyhedron showed a steady contraction in volume with
decreasing g(l.a2)-value from 0.995 to 0.982. On the other hand, the polyhedral volume of LalOy
showed an expansion of about 1.0 % when the g(Lal)-value decreased from 0.841 to 0.818. The
distinction in site occupancies between Lal [g(Lal) < 0.85] and La2 [g(La2) > 0.98] could cause the
difference in deformation behavior of the two types of polyhedra.
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Table 4-3.
Crystal data and structure refinement of Lag 33.5,(Si04)607.3x

Unit-cell dimensions

Reliability indices

Sample x Chemical composition

a/nm ¢/nm V/nm® Ry (S), Ry , Re and Ry
S-A 0.085 Lag 16(S104)s01.75 0.972492(7) 0.719052(4) 0.588929(7) 5.94 (1.15),4.58, 1.48 and 0.88
S-B 0.06 La521(Si04)¢01.81 0.972669(4) 0.718886(2) 0.589007(4) 6.12 (1.24), 4.74, 1.59 and 0.99
S-C 0 Lag 33(8i04)s0, 0.972892(3) 0.718475(2) 0.588940(4) 5.53 (1.16), 4.23, 1.83 and 1.11
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Table 4-4.
Structural parameters and atomic displacement parameters (% 10 nm?) of Lag 33.0:(Si04)602.3x

Sample - S-A S-B S-C
x 0.085 0.06 0
Chemical COIl'lpOSitiOIl La.9.16(SiO4)501,75 Lag.21 (8104)601 81 La9,33(SiO4)602

Lal, 41 (1/3,2/3,2)
z

0.0009(2) 0.0005(2) 0.0004(2)
occpancy 0.818(2) 0.820(2) 0.841(1)
Un 0.0097(3) 0.0095(2) 0.0112(2)
Uss 0.0270(4) 0.0297(4) 0.0283(4)
La2, 6k (x, y, 1/4)
x 0.24455(6) 0.24460(6) 0.24257(6)
y 0.23078(6) 0.23097(5) 0.22986(6)
occpancy 0.982(3) 0.988(2) 0.995
1 0.0105(3) 0.0092(3) 0.0124(3)
Un 0.0100(3) 0.0100(3) 0.0126(3)
Uss 0.0096(2) 0.0097(2) 0.0114(2)
Ui 0.0061(2) 0.0050(2) 0.0066(2)
Si, 64 (x, y, 1/4)
x 0.0298(2) 0.0310(1) 0.0326(2)
y 0.4001(2) 0.4008(2) 0.4025(2)
Un 0.0134(19) 0.0064(16) 0.0056(15)
Uy 0.0092(14) 0.0072(12) -0.0084(11)
Us; 0.0055(11) 0.0087(11) 0.0087(10)
U 0.0053(14) 0.0025(12) 0.0028(11)
01, 64 (x, y, 1/4)
x 0.1169(8) 0.1200(6) 0.1227(7)
y 0.5925(5) 0.5933(6) 0.5951(7)
Un 0.0202(37) 0.0171(34) 0.0148(32)
Un 0.0167(39) 0.0243(39) 0.0381(41)
Uss 0.0051(36) 0.0047(33) 0.0089(33)
Un 0.0124(32) 0.0113(30) 0.0172(31)
02, 6h (x,y, 1/4)
x 0.4841(6) 0.4831(5) 0.4843(6)
y 0.1619(6) 0.1607(6) 0.1590(6)
Un 0.0161(41) 0.0151(38) 0.0148(37)
Uy, 0.0075(36) 0.0228(39) 0.0172(36)
Us; 0.0248(44) 0.0230(41) 0.0204(37)
Un 0.0003(29) 0.0030(29) -0.0034(27)
03, 12i (x, y, 2)
x 0.0877(4) 0.0870(3) 0.0883(4)
y 0.3439(5) 0.3428(4) 0.3442(5)
z 0.0680(2) 0.0679(2) 0.0678(5)
Un 0.0406(32) 0.0383(29) 0.0374(27)
Ux 0.0577(36) 0.0419(30) 0.0488(30)
Uss 0.0313(31) 0.0196(26) 0.0178(24)
Un 0.0425(29) 0.0305(24) 0.0314(23)
Uiz -0.0234(23) -0.0131(20) -0.0120(19)
Uas -0.0257(25) -0.0155(20) -0.0145(20)
04, 2a (0,0, 1/4)
occpancy - 0.873 0.907 1
Un 0.0133(37) 0.0104(33) 0.0224(33)
Uss 0.0147(56) 0.0298(58) 0.1020(85)

The site symmetries give the constraints: Uy =Uy=2Ur,, U13=Ux;=0 at Lal and O4 sites; U;3=U=0 at
La2, Si, O1 and O2 sites.

91



Table 4-5.

Phase compositions (mol %) determined by the Rietveld method

Constutient phases
Sample
Lag.33_2x(SiO4)602_3x m-La28i207 t-La281207 LaZSi05
S-A 76.8 (x =0.085) 16.7 6.5 ND
S-B 90.6 (x =0.06) ND 9.4 ND
S-C 99.4 (x=0) ND ND 0.6

ND: not detectable.

Table 4-6.

Selected interatomic distances (nm) and angles (°) of Lag 33.2,(Si04)605.3«
Sample S-A S-B S-C

x 0.085 0.06 0
Chemical composition La9_16(SiO4)601_75 Lag,zl(SiO4)601.81 L39.33(Si04)602
Lal-O1 [x3] 0.2577(5) 0.2559(3) 0.2544(4)
Lal-02 [x3] 0.2496(4) 0.2501(3) 0.2500(4)
Lal-03 [x3] 0.2880(4) 0.2890(3) 0.2878(4)
Mean 0.265 0.265 0.264
La2-01 0.2477(4) 0.2495(4) 0.2512(5)
La2-02 0.2727(6) 0.2727(4) 0.2762(6)
La2-03 [x2] 0.2446(3) 0.2442(2) 0.2451(3)
La2-03’ [x2] 0.2633(2) 0.2629(2) 0.2622(4)
La2-04 0.23142(5) 0.23157(4) 0.23006(4)
Mean 0.253 0.253 0.253
Si-01 0.1623(4) 0.1624(5) 0.1624(6)
Si-02 0.1624(4) 0.1624(4) 0.1624(6)
Si-03 [%2] 0.1624(2) 0.1623(2) 0.1624(4)
Mean 0.162 0.162 0.162
01-Si-02 110.7(3) 111.47(2) 111.5(3)
01-Si-03 [%2] 108.6(2) 108.8(1) 108.7(2)
02-Si-03 [%2] 110.7(2) 110.1(1) 110.2(2)
03-Si-03 107.47(2) 107.46(3) 107.5(3)
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Fig.4-7. Comparison of the observed diffraction patterns (symbol: +) with the corresponding
calculated patterns (upper solid line). The difference curve is shown in the lower part of each
diagram. The vertical bars indicate the positions of possible Bragg reflections. The profile intensities
collected for (A) S-A, (B) S-B and (C) S-C.
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Fig.4-8. ORTEP diagrams of (A) Lag 16(Si04)s01.75 (x = 0.085) in S-A, (B) Lag21(Si04)sO1.81 (x =
0.06) in S-B and (C) Lay33(Si04)s0; (x = 0) in S-C. Thermal ellipsoids represent 50% of
probability.
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Fig.4-9. Changes of cell dimensions with x-value for Lag 33.5,(S104)605.3x. (A) a-axis and (B) c-axis.
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Fig.4-10. Changes of polyhedral volumes with x-value for (A) LalOy and (B) La20, in
Lag 33.0¢(Si04)602-3:. The polyhedral volumes determined from calculation using the computer
program IVTON."® -
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Fig.4-11. Changes of eccentricity with x-value for LalOy and La20; in Lag 33.04(Si04)§02.3x. The
eccentricity values determined from calculation using the computer program IVTON."
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Fig.4-12. Changes of occupancies in Lal, La2 and O4 sites with x-value for Lag 33.2/(Si04)¢O2-3x.
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Lag 33.2:(Si04)602.3,. The polyhedral volumes determined from calculation using the computer
program IVTON."
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Chapter 5
Summary

In Chapter 1, the methodology, background and objectives of the dissertation were
introduced. In Capter 2, the author explained the advantages of the combined use of the Rietveld
method, the maximum-entropy method (MEM) and the MEM-based pattern fitting (MPF) method,
which enabled us to disclose new structural details. Crystal structures were clearly from
electron-density distributions determined by MPF.. The author applied these methods to clarify the
structural details of Ca;;Al;403,Cl, and BazMgSi;Og. In Chapter 3, the author, for the first time,
synthesized five types of layered carbides, ZrAlLCs, ZrAlgC; Zr(AlLSi)sC;, Zr(AlSi)Cs and
[Al;6.8Si; 2][030C11.0]. All of these crystal structures were sucessfully determined by XRPD method.
The last compound was found to show complicated structural disorder induced by twinning. The
split-atom model was constracted and subsequently verified by the three-dimensional electron density
distributions, which was determined by MEM. Finally, in Chapter 4, the author characterized the
crystal structures of oxide-ion-conducting lanthanum silicates from XRPD data to clarify the

conducting mechanism.
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