Structure and X-ray powder reference patterns for hexagonal perovskite-
related phases, (SrygCag,)5C0,04, and SrgCo5045
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Two selected members of the homologous series A,,,,BB,O3,,,3 (A=Sr and Ca; B and B’ =Co) have
been investigated for their crystal structures because of their potential applications as thermoelectric
materials. A combined Rietveld refinement and spin-polarized magnetic geometry optimization
technique was employed for the structural studies. Both the n=3 member, (Sr;Cag,)5C0,0,,, and
the n=4 member, SryCos0,5, have distorted hexagonal perovskite-related structures that possess
one-dimensional cobalt oxide chains separated by alkaline-earth cations. The linear chains consist of
one unit of CoOgq trigonal prism alternating with n units of CoOg4 octahedra. Crystal structures and
reference powder X-ray diffraction patterns of (SrygCag,)sC040,, [P3cl, a=9.4196(2) A, ¢
=19.9857(6) A, v=825.83 A3, and D,=5.358 g/cm’] and Sr¢CosOs [R32, a=9.497 64(12) A,
c=12.3956(2) A, V=968.34 A3, and D,=5.455 g/cm’] are reported. © 2011 International Centre

for Diffraction Data. [DOI: 10.1154/1.3555294]
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I. INTRODUCTION

The efficiency and performance of thermoelectric mate-
rials for power generation or cooling applications is related
to the dimensionless figure of merit (Z7), given by

7T = S*o Tk, (1)

where T is the absolute temperature, S is the Seebeck coef-
ficient or thermopower, o is the electrical conductivity (o
=1/p, wherep is the electrical resistivity), and k is the ther-
mal conductivity (Tritt, 1996; Tritt and Subramanian, 2006).
Until recently, only a small number of materials were found
to have practical industrial applications. Increased research
and development of thermoelectric materials has been mostly
driven by the need for more efficient energy utilization and
the dramatic increase in ZT values of materials recently dis-
covered (Hsu et al., 2004; Venkatasubramanian et al., 2001;
Ghamaty and Eisner, 1999; Dresselhaus er al, 2007;
Funahashi et al., 2004).

Novel thermoelectric oxides that were discovered within
the past decade have been of great interest to the thermoelec-
tric community for high-temperature applications. For ex-
ample, low dimensional cobaltites NaCoO, (Terasaki ef al.,
1997), Ca,Co304 (Mikami and Funahashi, 2005; Mikami er
al., 2003), and Ca;Co,0, (Grebille et al., 2004; Masset ef al.
2000; Minami et al., 2002) exhibit coexistence of large ther-
mopower and low electrical resistivity. These compounds
also have high electronic anisotropy. In NaCoO, and
Ca;Co,0y (Terasaki er al., 1997; Grebille er al., 2004; Mas-
set et al. 2000; Minami et al., 2002), the presence of Co-O
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layers appears to be critical for contributing to the desirable
properties. The Ca3;Co404 phase has the best thermoelectric
property among the known oxides due to its distinctive
misfit-layered oxide structure that features two penetrating
incommensurate lattices with common a and ¢, and 8 param-
eters but with different b (Masset et al., 2000). These misfit
layers were thought to scatter phonons, thereby lowering the
thermal conductivity. Subsequent to these discoveries, stud-
ies of low dimensional cobaltites, including materials with
dopants either on Ca or Co sites, have been increasing.

We have previously reported the phase diagram and ther-
moelectric properties of selected members in the Sr-Ca-Co-O
system (Wong-Ng er al., 2010). In this system, in addition to
the reported (Ca,Sr);Co,04 phase, there are two homolo-
gous series of compounds, (Ca,Sr),,,Co’Co,03,,; and
(Sr,Ca),,,Co'C0,03,,3. While the members of the
Ca,,,C0,C0'03,,3 and Sr,,,Co,Co’0;5,,; series have rea-
sonably high Seebeck coefficients and relatively low thermal
conductivity, the electrical conductivity needs to be increased
in order to achieve high ZT values. Although we have deter-
mined their solid solution limits for the Ca,,,C0,Co'O3,,3
and Sr,,,Co0,Co’0O;,,3 series, the structures of the n=3
(SrsC0,404,) and n=4 (SrCos0,5) members have not been
determined definitively. For example, only an ideal structure
of Sr;Co0,40, has been derived from high-resolution electron
microscopy (Christoffersen er al., 1997, Boulahya et al.,
1999a). Structures of related phases such as BasCulr;O,, and
(Sry75Bag »5)sNiMn;0,, have been determined to have space
groups P321 (Blake et al., 1999) and P-3c1 (Hernando et
al., 2003), respectively. It has also been reported that
SrsCo40 1, is isostructural with SrsNijO;; (Lee and Holland,
1991). However, a later report by Abraham er al. (1994)
indicated that Sr;Ni,O,; was actually a mixed-valence com-
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TABLE I. Rietveld refinement results of (SrosCay,)sC0,40,. The R, and R,
values are calculated including the background.

R, 0.0824
R, 0.0607
X 2.894
Percentage from restraints 31.6
No. of observations 10579
No. of variables 42
R(F) 0.0661
R(F?) 0.0875
Normal probability plot, slope 1.1461
intercept 0.0442
AF, €A, + 4.9 (near Sr3/Ca3)

4.1 (near Sr2/Ca2)
2.1

pound of formula Sry;NizOq. For the structure of SrgCos0;s,
there exist two conflicting reported space groups of R32
(Harrison et al., 1995; Iwasaki er al., 2003, 2006; Rodriguez
et al., 1987) and R-3 (Sun et al., 2006).

The first goal of this paper is to clarify the structure of
the n=3 and n=4 members in the (Sr,Ca),,Co’C0,03,.3
series by determining the structure of (SrygCag,)sC0,0;
and SrgCos05 using the combined X-ray Rietveld refine-
ment with a spin-polarized magnetic geometry optimization
technique. Currently, the Powder Diffraction File (PDF) of

®Co

A

Figure 1. The structure of the homologous series of compounds,
A,2,C0,C0'05,,5 (A=alkali earth elements), with n=1 (Wong-Ng et al.,
2010; Boulahya er al., 1999a; Boulahya ef al., 1999b).

International Centre for Diffraction Data (ICDD) only con-
tains calculated patterns for SrsCo,0;, (PDF 04-011-1857)
(ICDD, 2010) and for SrgCos0,;s (PDF 01-075-3227, 04-

TABLE II. Atomic coordinates of atoms in (SrygCag,)sC040,, P3c1. The atomic coordinates for the oxygen
ions were obtained from quantum mechanical calculations.

Atom X Y Z Occupancy Uiso Site
Srl/Cal 0.6442(30) —0.0035(32) —0.0080(13) 0.75/0.25(8) 0.0081(5) 6d
Sr2/Ca2 0.3260(34) —0.0124(23) 0.0936(13) 0.85/0.15(7) 0.0081(5) 6d
Sr3/Ca3 0.6618(19) —0.0282(18) 0.2013(9) 0.86/0.14(7) 0.0081(5) 6d
Sr4/Ca4 0.3322(24) 0.0146(23) 0.2949(9) 0.86/0.14(10) 0.0081(5) 6d
Sr5/Ca5 0.6911(20) 0.0244(20) 0.4004(14) 0.78/0.22(6) 0.0081(5) 6d
Col 0.0 0.0 —0.0072(6) 1.0 0.0023(11) 2a
Co2 0.0 0.0 0.2429(6) 1.0 0.0023(11) 2a
Co3 0.0 0.0 0.1236(6) 1.0 0.0023(11) 2a
Co4 0.0 0.0 0.3636(6) 1.0 0.0023(11) 2a
Co5 0.333 33 0.666 67 0.4013(6) 1.0 0.0023(11) 2b
Cob 0.33333 0.666 67 0.5302(6) 1.0 0.0023(11) 2b
Co7 0.333 33 0.666 67 0.1511(6) 1.0 0.0023(11) 2b
Co8 0.33333 0.666 67 0.2710(6) 1.0 0.0023(11) 2b
Co9 0.666 67 0.33333 0.1971(6) 1.0 0.0023(11) 2¢
Col0 0.666 67 0.33333 0.3257(6) 1.0 0.0023(11) 2¢
Coll 0.666 67 0.33333 0.0682(6) 1.0 0.013(12) 2¢
Col2 0.666 67 0.33333 0.4474(6) 1.0 0.0023(11) 2¢
o1 0.497 07 0.187 28 0.006 69 1.0 0.011 33 6d
02 0.188 56 0.506 21 —0.030 69 1.0 0.011 33 6d
03 0.154 18 0.145 37 0.061 96 1.0 0.011 33 6d
04 0.617 36 0.165 49 0.131 17 1.0 0.011 33 6d
05 0.336 14 0.511 16 0.090 96 1.0 0.011 33 6d
06 0.160 78 0.005 21 0.1848 1.0 0.011 33 6d
o7 0.1737 0.51023 0.209 13 1.0 0.011 33 6d
08 0.157 49 0.156 65 0.302 89 1.0 0.011 33 6d
09 0.713 61 0.212 87 0.263 37 1.0 0.011 33 6d
010 0.346 59 0.5239 0.332 17 1.0 0.011 33 6d
O11 0.145 56 -0.013 82 0.424 62 1.0 0.011 33 6d
012 0.520 38 0.1641 0.387 55 1.0 0.011 33 6d
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Figure 2. The structure of the homologous series of compounds,
A,,,C0,Co0'05,,3 (A=alkali earth elements), with n=3 (Wong-Ng er al.,
2010; Boulahya et al., 1999a; Boulahya ef al., 1999b).

009-0961, 01-086-0614, and 01-075-4870 to 4873) (ICDD,
2010). Since X-ray reference powder diffraction patterns are
critical for phase characterization, the second goal of this
paper is to report the experimental powder patterns for these
two phases for an inclusion in the PDF.

Il. EXPERIMENTAL
A. Sample preparation

Samples were prepared from stoichiometric amounts of
CaCO;, Co0304, and SrCO; using solid state high-
temperature techniques. The starting samples were mixed,

Figure 3. The structure of the homologous series of compounds,
A,,,C0,C0'03,,3 (A=alkali earth elements), with n=4 (Wong-Ng er al.,
2010; Boulahya et al., 1999a; Boulahya er al., 1999b).
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Figure 4. The structure of the homologous series of compounds,
A,2,C0,C0'05,,5 (A=alkali earth elements), with n=c (Wong-Ng et al.,
2010; Boulahya er al., 1999a; Boulahya ef al., 1999b).

pelletized, and annealed at 750 °C for 1 day and subse-
quently annealed at 850 °C with intermediate grindings and
pelletizations for another 7 days. The annealing process was
repeated until no further changes were detected in the pow-
der X-ray diffraction patterns.

B. X-ray powder diffraction
1. Phase identification

Powder X-ray diffraction was used to investigate the
phase purity and establish the phase relationships. These ex-
periments were carried out using a Phillips X-ray powder
diffractometer with Cu K« radiation which was equipped
with a series of Soller slits and a scintillation counter. The 26
scanning range was from 10° to 80° and the step interval was

Intensity (Arbitrary units)

20.0 40.0 60.0 80.0 10¢.0 120.0 140.0
26 (°)

Figure 5. (Color online) Observed (crosses) and calculated (solid line) XRD
intensity pattern for (Sry¢Ca,)sC0,0;, at 300 K. The row of tick marks
indicate the calculated peak positions. The difference pattern is plotted at
same scale as the other patterns up to 50°26. At between 50 and 100°286,
the scale has been magnified five times. At 26 values higher than 100°, the
scale has been magnified ten times. An impurity phase of SrCoO; was
determined to be 3.9(2) mass %.
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TABLE III. Bond distances in (Sr,Ca)sC0,0,. V, represents bond valence
sum (Brese and O’Keeffe, 1991; Brown and Altermatt, 1985). The V,, values
for the mixed (Sr, Ca) sites were computed based on the respective site
occupancy.

Atom 1 Atom 2 Site occupancy Distance v,

Srl/Cal 0]} 0.75/0.25 2.78 (2) 2.373

Srl/Cal o1 2.58 (3)

Srl/Cal 02 2.60 (3)

Srl/Cal 03 2.71 (3)

Srl/Cal 04 2.38 (2)

Srl/Cal 05 2.51 (3)

Srl/Cal Ol11 2.33 (2)

Srl/Cal 012 2.62 (3)

Sr2/Ca2 Ol 0.85/0.15 2.47 (3) 2.085

Sr2/Ca2 03 2.97 (2)

Sr2/Ca2 03 2.76 (2)

Sr2/Ca2 04 2.81 (3)

Sr2/Ca2 04 2.51 (3)

Sr2/Ca2 05 2.66 (2)

Sr2/Ca2 05 2.64 (2)

Sr2/Ca2 06 2.46 (2)

Sr2/Ca2 o7 2.79 (2)

Sr3/Ca3 04 0.86/0.14 2.50 (2) 2.296

Sr3/Ca3 05 2.68 (2)

Sr3/Ca3 06 2.74 (2)

Sr3/Ca3 06 2.60 (2)

Sr3/Ca3 o7 2.53 (2)

Sr3/Ca3 o7 2.66 (2)

Sr3/Ca3 08 2.58 (2)

Sr3/Ca3 09 2.414 (14)

Sr3/Ca3 010 3.07 (2)

Sr4/Ca4 06 0.86/0.14 2.70 (2) 2.264

Sr4/Ca4 o7 2.48 (2)

Sr4/Ca4 08 2.593 (14)

Sr4/Ca4 08 2.722 (14)

Sr4/Ca4 09 3.18 (2)

Sr4/Ca4 09 2.32 (2)

Sr4/Ca4 010 2.848 (14)

Sr4/Ca4 010 3.05 (2)

Sr4/Ca4 o1l 3.07 (2)

Sr4/Ca4 012 2.46 (2)

Sr5/Cas Ol 0.78/0.22 2.62 (2) 2.405

Sr5/Ca5 02 2.38 (2)

Sr5/Ca5 08 2.50 (2)

Sr5/Ca5 09 3.21 (3)

Sr5/Cas 010 2.39 (2)

Sr5/Ca5 o1l 2.69 (2)

Sr5/Ca5 Ol11 2.652 (5)

Sr5/Cas 012 2.550 (3)

Sr5/Cas 012 2.73 (2)

Col 03 1.976 (8) X3 2.758

Col Ol11 1.983(8) X3

Co2 06 1.889(8) X3 3.606

Co2 08 1.904(8) X 3

Co3 03 1.874(8) X3 3.571

Co3 06 1.928(7) X3

Co4 08 1.913(8) X3 3.568

Co4 Ol11 1.888(8) X3

Co5 02 1.982(8) X3 2.888
010 1.975(8) X 3

Cob 02 1.888(8) X3 3.417
05 1.913(7) X3

Co7 05 1.905(7) X 3 3.714
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TABLE III. (Continued.)

Atom 1 Atom 2 Site occupancy Distance v,
07 1.867(7) X3

Co8 07 1.936(8) X 3 3.530

Co8 010 1.875(9) X 3

Co9 04 1.929(8) X 3 3.145

Co9 09 1.933(8) X3

Col0 09 1.880(8) X 3 3.479

Col0 012 1.942(7) X 3

Coll O1 1.938(7) X3 3.456

Coll 04 1.888(8) X3

Col2 Ol 1.911(8) X3 3.433

Col2 012 1.916(8) X 3

Col Co3 2.61 (2)

Col Co4 2.58 (2)

Co2 Co3 2.38 (2)

Co2 Co4 2.41(2)

Co5 Cob 2.58 (2)

Co5 Co8 2.60 (2)

Cob6 Co7 242 (2)

Co7 Co8 2.40 (2)

Co9 Col0 2.57 (2)

Co9 Coll 2.58 (2)

Col0 Col2 243 (2)

Coll Col2 241 (2)

0.03°. The ICDD PDF reference diffraction patterns of the
Ca-Sr-Co-O systems were used for performing phase identi-
fication.

2. Crystal structure analysis

The Ca-Sr-Co-O powders were mounted as acetone slur-
ries in silicon zero-background holders. A PANalytical
X’Pert Pro MPD diffractometer equipped with a PIXcel
position-sensitive detector and a graphite diffracted beam
monochromator was used to measure the powder patterns
(Cu K« radiation, 40 kV, and 40 mA) from 5 to 148°26 in
0.013° steps, counting for 0.5 s/step. All data processing and
structural refinements were carried out using the Rietveld
refinement technique with the GSAS software suite (Larson
and von Dreele, 1992; Rietveld, 1969). Included in the re-
finements were the atomic coordinates and isotropic dis-
placement coefficients, a scale factor, a sample displacement
coefficient, and the unit-cell parameters. The peak profiles
were described using a pseudo-Voigt function; for
(SrygCa,)sCo,0, the size broadening ptec and the aniso-
tropic strain broadening terms S, were refined, and for
Sr¢Co50,5 the profile Y strain term was refined. The back-
grounds of the profiles were described using a six- or nine-
term shifted Chebyshev polynomial. To ensure the correct-
ness of structure, a VASP spin-polarized magnetic geometry
optimization technique (with fixed lattice parameters) using
“normal” precision and a plane wave cutoff energy of 400
eV was performed for optimization of geometry (Kresse and
Furthmiiller, 1996a, 1996b; Kresse and Joubert, 1999).
GGA-PBE/PAW potentials were used with a 2X2X1
k-point mesh for a spacing of 0.385 % 0.385x0.314 A~

X-ray reference patterns were obtained with a Rietveld
pattern decomposition technique (Larson and von Dreele,
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1992). Using this technique, the reported peak positions are
calculated from the lattice parameters. For overlapped peaks,
the intensities are summed, and an intensity-weighted d spac-
ing is reported. Therefore, these patterns represent ideal
specimen patterns. They are corrected for systematic errors
both in d-spacing and intensity.

C. Bond valence sums (V,) calculations

The bond valence sum values, V,, of an atom i are de-
fined as the sum of the bond valences v;; of all the bonds
from atoms i to atoms j. The most commonly adopted em-
pirical expression for v;; as a function of the interatomic
distance d;; is v;=exp[(Ry—d;;)/B]. The parameter, B, is
commonly taken to be a “universal” constant equal to 0.37
A. V,’s for Sr/Ca and Co are calculated using the Brown-
Altermatt empirical expression (Brese and O’Keeffe, 1991;
Brown and Altermatt, 1985). The values of the reference
distance R for Sr-O and Ca-O are 2.118 and 2.065 A, re-
spectively (Brese and O’Keeffe, 1991; Brown and Altermatt,
1985). The V,, values for the mixed (Sr, Ca) sites were com-
puted based on the respective site occupancy. The R, values
for Co?* and Co®* have been reported to be 1.692 and 1.70
by Brese and O’Keeffe (1991), and the approximate value
for Co** (1.708) has been estimated by extrapolation from
the Co** and Co®* values.

lll. RESULTS AND DISCUSSION

The structures of the general A,,,B'B,03,,3 (A=Sr and
Ca; B=Co) homologous series and of two representative
members of the series, (SrggCag,)5C040;, and SrgCos0s,
and their reference X-ray powder diffraction patterns are de-
scribed in the following.

A. General structure description of A,,.,B' B,03,.3
(A=Sr and Ca; B=Co)

In the formula A, ,B,B'O3,.3, A is an alkaline-earth el-
ement, B describes the cobalt ion inside the octahedral cage,
and B’ describes the cobalt ion inside a trigonal prism.
St,,,,C0,C003,,,3 consists of one-dimensional linear parallel
C02066_ chains, built by successive alternating face-sharing
CoOg trigonal prisms and CoOg octahedra along the hexago-
nal ¢ axis (Wong-Ng er al., 2010; Boulahya er al., 1999a,
1999b; Stitzer et al., 2001). This face-sharing feature is in
contrast with Ca;Co,0O¢ and NaCo,0,, which consists of
edge-sharing CoOg4 octahedra (Masset et al., 2000). The
C0,0,°" chains can be considered as stacking of n number of
octahedra alternating with one trigonal prism. The com-
pounds of A,,,Co,Co’O3,,3 can also be considered as or-
dered intergrowth between the n=o (ACo00O;3) and n=1
(A3C0,04) end members. These compounds are of interest to
the thermoelectric community because it is thought that scat-
tering of heat phonons is perpendicular to the structural
Co-O chain directions, which lowers the thermal conductiv-
ity.

The structure of the homologous series of compounds,
A,12C0,C0’ 03,3 (A=alkali earth elements), with n=1, 3, 4,
and o, is shown from Figures 1-4 (Wong-Ng e al., 2010;
Boulahya e al., 1999a, 1999b). Based on our previous study
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TABLE IV. Rietveld refinement results of SrgCosO,s, R32.

R, 0.0593
R, 0.0370
X 7.178
Percentage from restraints 2.5
No. of observations 10492
No. of variables 36
R(F) 0.0524
R(F?) 0.0720
Normal probability plot, slope 1.6797
Intercept —0.0044
AF, eA73, + 2.1 (near Co2)
e — 14

of phase equilibria of the SrO-CaO-CoO, system, Ca substi-
tutes in the Sr site for the n=3 and 4 members of the
Sr1,,,,C0,Co0’ 03,13 series to the extent of
(Srg.67Ca9.33)5C040 11 and (Sry 725Cay 275)6Co50,, respectively
(Wong-Ng er al., 2010). The stability of these compounds is
related to the size of the alkaline earth. For example, for A
=Ca, only n=1 member can be prepared. When A=Sr, n
=2, 3, and 4 can be prepared but not with n=1 member
under the current processing conditions. For compounds with
n>4, only the A=Ba analogs can be made.

B. Structure of (SrygCa;,)5C0,04,

Figure 5 gives the observed (crosses) and calculated
(solid line) XRD intensity pattern for (SrygCaj,)sC0,0;, at
300 K. Tables I-III give the Rietveld refinement results, the
atomic  coordinates, and the bond distances of
(Sr,Ca)sCo,0,, respectively. The oxygen coordinates that
we report are those resulted from the VASP spin-polarized
magnetic geometry optimization calculations, as they are
more reliable than those from Rietveld refinements.

Based on the refinement results, the space group of
(SryCag,)sCo0,40,, was determined to be P3cl instead of

TH -
i
g s

Intensity (Arbitrary units)
T

|

ETEEM:
I it 4§ g 3
| (3
v ute S s erbnsine? s mhed e ks sk et e bbb
]

100.¢0 12¢.0 140.0

20 (%)

Figure 6. (Color online) Observed (crosses) and calculated (solid line) XRD
intensity pattern for SrgCosO;5 at 300 K. The row of tick marks indicate the
calculated peak positions. The difference pattern is plotted at same scale as
the other patterns up to 65°26. At higher angles, the scale has been magni-
fied five times. An impurity phase of Co;0, was determined to be 2.1(1)
mass fraction %.
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TABLE V. Atomic coordinates of atoms in SrgCo505.

Atom X y z Occupancy Uiso Site
Srl 0.323 65(34) 0.0 0.0 1.0 0.021 82(27) 9d
Sr2 0.643 30(27) 0.0 % 1.0 0.021 82(27) 9¢
Col 0.0 0.0 % 1.0 0.0123(4) 3b
Co2 0.0 0.0 0.0976(5) 1.0 0.0123(4) 6¢
Co3 0.0 0.0 0.295 59(33) 1.0 0.0123(4) 6¢
O1 0.8376(14) 0.0 0.0 1.0 0.0182(13) 9d
02 0.4933(10) 0.6849(12) 0.4776(6) 1.0 0.0182(13) 18f
03 0.8402(9) —0.0209(12) 0.6149(6) 1.0 0.0182(13) 18f

P321. The lattice parameters are a=9.4196(2) A, ¢
=19.9857(6) A, V=825.83 A3, and D,=5.358 g/cm®. Ca
was confirmed to substitute in the Sr site.

The  structure of the n=3 member of
(Sr,Ca),,»Co,Co’' 04,5 consists of linear chains of three
units of octahedra alternating with one unit of trigonal prism,
giving rise to a total of nine octahedra and three trigonal
prisms per chain along the ¢ axis within the unit cell (Figure
2). The Co ions in the columns face each other at distances
between 2.419(12) and 2.534(4) A. This relatively short dis-
tance will likely produce a large electrostatic repulsion be-
tween the metal ions. The oxygen ions of face-shared tri-
angles screen the Coulomb interaction between Co ions and
therefore weaken the repulsion. As the distances between the
Co ions in the prisms and in the octahedra are only about 2.5
A, whereas the distances between Co ions in the parallel
chains are about 5 A, there are possible interactions between
Co ions in the same chains via superexchange, but these
interactions are not likely to occur between the neighboring
chains.

At present, there is no conclusive evidence about
whether there is charge ordering of Co ions along the chain
of A,,,C0,Co0’03,,; (A=alkaline-earth cations). According
to Maignan er al. (2003), in Ca;C0,04 (n=1 member), no
evidence of Co**/Co** ordering (Co?* ions occupy the pris-
matic position, while Co** occupies the octahedral sites) was
detected from high-temperature magnetic susceptibility mea-
surements (Maignan et al., 2000). The cobalt species are
trivalent, and the larger cation (high-spin Co®*) occupies the
trigonal prism site, while the low-spin Co®* occupies the
octahedral site. Fjellvéag er al. (1996) found the bond valence
V,, value for the prismatic Co site to be 2.25 while the octa-
hedral Co site to have a much higher valence of 3.35. There-
fore, there could be charge ordering of Co**/Co** or order-
ing of low- and high-spin Co** species.

The average valence for the Co ions in
(SrysCag,)sCo40O, was calculated to be 3.5. In
(SrysCag,)sCo40 5, if we assume the valence of the three
octahedral Co sites to be 4+ and the valence of the Co in the
trigonal prism to be 2+, then the charge balanced formula
can be written as (Sr,Ca)**sCo**,C0?*0,,%". As indicated in
Table I, the Co sites that are inside the trigonal prisms are
labeled as Col, Co5, and Co9. The values of V, at these
trigonal prism sites, while smaller than those of the octahe-
dral sites, are greater than the ideal value of 2.0 (2.758 for
Col, 2.888 for Co5, and 3.145 for Co9) possibly due to the
presence of compressive stress (or the size of the cage too
small). At the same time the V, values of the octahedral Co
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sites are all less than the ideal value of 4+ (ranging from
3.433 to 3.714), indicating tensile stress or underbonding be-
cause the sizes of the cages where these cations reside are
too large. It is also possible that all these Co sites have
mixed-valence characters because of metal to metal (Co/Co)
interactions along the chains.

The Sr?*/Ca’* ions have three different types of cage
environment or coordination number, namely, one eight-
coordination cage (Sr1/Cal, with average Sr/Ca-O distance
of 2.56 A), three nine-coordination cages (average distances
of 2.68 A for Sr2/Ca2, 2.64 A for Sr3/Ca3, and 2.64 A for
Sr5/Ca5), and one ten-coordination cage (average distance of
2.74 A for Sr4/Ca4). The V, values of these sites are all
greater than 2.0 (Table IIT), indicating compressive stress or
overbonding.

C. Structure of SrgCo5045

Our refinement results show the structure of SrgCos0 5
to be R32. The crystal structure of SrgCos0O;5 is shown in
Figure 3. Table IV and Figure 6 give the Rietveld refinement

TABLE VI. Bond distances of atoms in SrgCosO,s. V, represents bond
valence sum values (Brese and O’Keeffe, 1991; Brown and Altermatt,
1985).

Atom Atom Distance A) V,
Srl o1 2.662(3) X2 2.093
Srl 02 2.533(8) X2

Srl 02 2.865(8) X2

srl 03 3.063(10) X2

Srl 03 2.661(10) X2

Sr2 (0] 2.568(8) X2 2.475
Sr2 02 2.608(10) X2

Sr2 02 2.726(10) X2

Sr2 03 2.437(8) X2

Sr2 03 3.163(6) X2

Col Co3 2.534(4)

Col Co3 2.534(4)

Co2 Co2 2.419(12)

Co2 Co3 2.454(9)

Co3 Col 2.534(4)

Co4 Co2 2.454(9)

Col 03 2.018(6) X6 2.540
Co2 o1 1.960(10) X3 3.580
Co2 02 1.833(8) X3

Co3 02 1.954(8) X3 3.744
Co3 03 1.809(8) X3
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TABLE VII. X-ray reference pattern for (Cag,Sry5)sC0,0,;, P3cl (No. 165), a=9.4196(2) A, c=19.9857(6) A, V=825.83 A3, and D,=5.358 g/cm’. The
symbol d_,, refers to calculated d-spacing values, I, refers to observed integrated intensity value (scaled according to the maximum value of 999; the symbol
* indicates the strongest peak), the hkl values are the Miller indexes, and M and + refer to peaks containing contributions from two and more than two

reflections, respectively.

dy dey dey
(A) Tobe h k I (A) Lope h k I (A) Lops h k I
6.3193 29 1 0 2 47098 118 1 1 0 3.7764 10 2 0 -2
3.3309 7 0 0 6 3.1597 8 2 0 4 3.0476 736 1 1 5
3.0473 8 2 1 1 2.9462 5 2 1 2+ 2.7981 2 2 1 3M
2.7981 22 2 1 —-3M 2.7192 999 3 0 0 2.5800 2 0 -6
2.3887 10 1 0 -8 2.3549 12 2 2 0 2.3387 5 2 2 1
2.2482 2 3 1 IM 2.2482 2 3 1 —IM 2.2203 8 2 2 3
2.2067 15 3 1 -2 2.1423 73 3 1 3+ 2.1304 120 2 0 8
2.0949 14 2 1 7+ 2.0611 1 3 1 —4+ 2.0290 526 2 2 5
1.9985 66 0 0 10M 1.9985 66 4 0 M 1.9410 199 2 1 -8+
1.8398 79 1 1 10 1.8395 13 3 2 2 1.8017 21 3 2 -3
1.7801 5 4 1 0 1.7732 6 3 1 -7 1.6770 69 3 1 8
1.6316 5 3 2 6 1.6262 170 4 1 5+ 1.6104 129 3 0 10+
1.5798 14 4 0 -8 1.5700 159 3 3 0 1.5238 48 2 2 10
1.5020 12 4 2 3 1.4979 126 3 2 -8 1.4310 6 5 1 -3
1.3660 31 5 0 8 1.3596 137 6 0 0 1.3565 10 4 2 ~7+
1.3293 40 4 1 10+ 1.3120 15 4 2 8 1.3063 5 5 2 0
1.2821 44 1 1 15 1.2716 11 3 1 13 1.2638 13 5 1 -8
1.2417 60 5 2 5+ 1.2346 56 3 3 10+ 1.2229 9 6 1 3
1.1944 12 2 0 -16 1.1816 5 4 3 -8 1.1596 28 2 2 15
1.1576 17 2 1 16M 1.1576 17 5 3 -2M 1.1405 6 6 1 ~7
1.1295 31 4 4 5 1.1241 33 6 0 10+ 1.0934 16 5 2 -10+
1.0667 42 4 1 15+ 1.0561 44 5 3 8 1.0431 29 7 1 5+
1.0390 13 3 2 16 1.0319 9 5 4 -3 1.0305 2 6 2 -8
1.0278 57 6 3 0 1.0145 13 4 4 10 0.9993 5 0 0 20
0.9918 12 5 0 ~16 0.9857 7 7 2 3 0.9775 1 1 20
0.9705 6 4 2 -16 0.9671 5 6 1 13 0.9637 10 5 4 -8
0.9505 24 5 1 16+ 0.9441 18 8 0 8 0.9380 25 3 0 -20+
0.9328 30 5 2 —15+ 0.9169 8 5 5 5 0.9140 23 6 3 10+
0.9064 20 9 0 0 0.8919 15 8 1 -8 0.8823 12 4 4 15
0.8815 6 6 1 -16 0.8714 9 4 1 20+ 0.8688 36 8 2 -5+
0.8640 13 5 4 —13 0.8521 23 5 3 -16 0.8482 14 9 1 3
0.8430 23 3 3 20 0.8392 26 7 1 15+ 0.8385 19 6 2 16
0.8363 8 7 2 13 0.8284 7 6 1 18 0.8276 11 7 4 -5+
0.8255 22 8 3 —2+ 0.8192 7 9 1 -7 0.8131 10 8 2 10+
0.8091 42 6 5 -8 0.8052 33 6 0 20+ 0.8038 ) 8 3 —6+

results. In Figure 6, the observed (crosses) and calculated
(solid line) XRD intensity pattern for SryCo50;5 at 295 K are
shown. The difference pattern is plotted at the same scale as
the other patterns. Tables V and VI provide the atomic coor-
dinates and bond distances of SryCos0;s. Similar to
(Sry5Cag,)sCo40,,, the oxygen coordinates that we report
are those resulted from the VASP spin-polarized magnetic ge-
ometry optimization calculations.

All Co ions in SrsCo50,5 are six coordinated. Col has a
trigonal prism environment with all six Co-O distances equal
at 2.018(6) A. Both Co2 and Co3 have a distorted octahedral
environment with bond distances ranging from 1.809(8) to
1.960(10) A. Similar to the structure of (SrysCag,)sC0401,
the V, values of Co in the trigonal prisms tend to be lower
(close to the value of 2.5) than those in the octahedra (3.580
and 3.744). The average oxidation state of Co in SrgCo505
is 3.6. One can achieve charge balance if all the Co’s in the
octahedral sites of SrsCos05 have a valence of 4+, and the
one Co in the trigonal prism site has a valence of 2+, leading
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to the formula Srg**Co,**C0?*O 5. The 2.5 value of V), at the
trigonal prism Col site is possibly due to the presence of
compressive stress as compared to the ideal valence state of
2+. In the octahedral Co2 and Co3 sites, both V,, values are
less than 4+, indicating tensile stress. Similar to
(SrygCay,)5C0,40,,, the Co...Co distances which range from
2.38(2) to 2.61(2) A are much shorter than those between
chains (about 5 A); therefore, superexchange between Co
ions would not be likely among chains.

Two crystallographically independent Sr environments
were found; both are coordinated to ten oxygen atoms (av-
erage Sr1-O and Sr2-O distances of 2.09 and 2.48 A, respec-
tively). By comparing these coordination environments with
the (Sry¢Cag,)sC0,0,, structure [containing eight-, nine-,
and tenfold (Sr, Ca)-O coordinations], we found that the
alkaline-earth oxide cages in SrgCosO;5 have a relatively
larger average cage size. Therefore, as n increases in
Sr,,,,C0’Co,03,,,3, the average alkaline-earth cage size in-
creases accordingly. It is clear from our results and those of
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TABLE VIII. X-ray reference pattern for SrgCosOj, R32 (No. 155), a=9.497 64(12) A, ¢=12.3956(2) A, V=968.34 A3, and D,=5.455 g/cm’. The
symbol d_,, refers to calculated d-spacing values, I, refers to observed integrated intensity value (scaled according to the maximum value of 999; the symbol
* indicates the strongest peak), the hkl values are the Miller indexes, and M and + refer to peaks containing contributions from two and more than two

reflections, respectively.

dey dey dey
(A) Tobe h k ! (A) Lops h k I (A) Lops h k !
6.8536 27 1 0 1 47488 88 1 1 0 3.9034 15 2 0 -1
3.1171 959 1 1 3 27417 999% 3 0 0 23741 16 2 2 oM
23741 16 1 0 —5M 2.2436 30 3 1 -1 2.1948 17 2 1 4
2.1408 62 3 1 2 2.1232 9120 2 0 5 2.066 130 0 0 6
2.0587 592 2 2 3 2.0286 10 4 0 1 1.9383 180 2 1 -5
1.8944 103 1 1 6 1.8655 13 3 2 1 1.8372 5 3 1 —4
1.8052 28 3 2 -2 1.6787 73 3 1 5 1.6500 183 3 0 +6
1.6463 203 4 1 —3+ 1.6307 6 5 0 -1 1.6117 5 3 2 4
1.5829 193 3 3 oM 1.5829 193 4 0 —5M 1.5586 64 2 2 6
1.5077 11 4 2 2 1.5015 128 3 2 -5 1.4370 9 5 1 -2
1.3988 8 3 1 -7 1.3894 1 4 2 —4 1.3709 194 6 0 oM
1.3709 194 5 0 5M 1.3549 61 4 1 —6+ 1.3442 8 4 3 1
1.3335 9 5 1 1.3228 69 1 1 9 1.3170 18 4 2 5
1.2818 13 3 1 8 1.2691 18 5 1 -5 1.2565 54 3 3 6
1.2549 77 5 2 3+ 1.2480 9 6 1 -1 1.2294 8 6 1 2
1.2257 23 1 0 10 1.1975 9 3 2 -8 1.1914 45 2 2 9
1.1869 19 4 3 —5M 1.1869 19 2 0 —10M 1.1698 13 5 3 -1
1.1627 11 6 1 —4 1.1514 14 2 1 10 1.1423 48 6 0 6+
1.1410 44 4 4 3 1.1106 24 5 2 6+ 1.0927 60 4 1 9+
1.0892 8 3 1 -10 1.0618 43 5 3 5 1.0535 42 7 1 —3+
1.0383 11 5 4 -2 1.0362 100 6 3 0+ 1.0330 8 0 0 12
1.0294 14 4 4 6 1.0246 8 0 -1 1.0094 11 1 1 12
0.9971 5 5 4 4 0.9919 7 2 2 0.9900 13 5 0 -10
0.9791 8 5 3 -7 0.9749 6 1 8 0.9692 21 5 4 —5M
0.9692 21 4 2 ~10M 0.9666 40 3 0 —12+ 0.9637 13 7 1 —6+
0.9559 5 7 2 —4 0.9519 41 5 2 —0+ 0.9496 33 8 0 5M
0.9496 33 5 1 10M 0.9472 8 2 2 12 0.9408 5 6 4 -1
0.9313 6 7 2 5 0.9263 33 6 3 —6+ 0.9256 11 5 5 3
0.9139 29 9 0 oM 0.9138 29 4 3 10M 0.8992 14 4 4 9
0.8974 13 8 1 -5 0.8953 12 4 1 12+ 0.8817 11 6 1 -10
0.8770 43 8 2 3+ 0.8710 16 5 4 -8 0.8651 31 3 3 12
0.8629 6 5 5 6 0.8602 6 9 1 -1 0.8544 32 7 1 9+
0.8540 12 9 1 2 0.8528 25 5 3 ~10+ 0.8431 5 7 2 8
0.8394 18 6 2 10 0.8383 8 6 1 11 0.8358 17 9 0 6+
0.8353 20 7 4 3+ 0.8333 13 8 3 ~1 0.8307 10 9 1 -4
0.8250 29 6 0 —12+ 0.8231 15 8 2 6+ 0.8143 93 1 1 15+
0.8133 12 7 0 ~11+ 0.8128 16 5 2 —12+ 0.8036 6 9 2 -2

the Ca- and Ba-homologous series (Boulahya et al., 1999b;
Fjellvag et al., 1996) that the size of the alkaline-earth cage
is important for the stability of the homologous members; the
higher the n value is, the larger the cage size is. For example,
the coordination number for Ca®** is 8 in Ca;Co,04 (n
=1 phase) (Fjellvag et al., 1996) but is greater than 10
around the Ba®* in BagCo,0,; (n=6 member) (Taguchi et
al., 1977). The alkaline-earth ions also play a role of adjust-
ing the spacing between chains.

D. Reference X-ray powder diffraction patterns

The reference X-ray powder diffraction patterns for the
phases (Sr,Ca)sCo40;, and SrgCos0,5 have been prepared
and submitted to the ICDD to be included in the Powder
Diffraction File. Tables VII and VIII give the reference pat-
terns for (Sr,Ca)sCo,0,; and Sr¢Cos0,s, respectively. In
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these tables, the symbols M and + refer to peaks containing
contributions from two and more than two reflections, re-
spectively. The symbol * indicates the particular peak has
the strongest intensity of the entire pattern and is designated
a value of “999.” The intensity values reported are integrated
intensities rather than peak heights.

IV. CONCLUSION

The structures of (Sr,Ca)sCo40,; and of SrgCo50;5 in
the (Sr,Ca),,,Co’Co0,03,,3 system have been studied be-
cause of their potential applications as thermoelectric mate-
rials. These structures belong to the n=3 and n=4 members
of the homologous series of A,,,C0,Co0’O3,,3 [A=Sr and
(Sr, Ca)]. The salient feature of the structures is the linear
chains consisting of alternating CoOg trigonal prisms with n
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members of CoOg4 octahedra. It is clear from our results and
from studies of the Ca- and Ba-homologous series that the
size of the alkaline-earth cage is important for the stability of
the homologous members; the higher the n value is, the
larger the alkaline-earth cage size is. The alkaline-earth ions
also play a role of adjusting the spacing between chains. The
possible charge ordering along the chain direction still needs
to be further studied. The reference X-ray powder diffraction
patterns of these two phases have been submitted to the Pow-
der Diffraction File. As cobalt oxides are stable materials at
high temperature that possess interesting thermoelectric
properties, continuing research efforts in this class of mate-
rials in the future are of great interest.
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