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Large single crystals of oxygen-deficient SrsC0s015—5 compounds, i.e., SrgC0501470 and SrgC049Nip1014.36, Were
obtained by using K,CO; flux in the presence of additives of transition metal oxides. The single-crystal structure
determination shows that the structures of SrgC0s01470 and SrsCosoNig101436 Crystallize in the space group R3
and can be described as one-dimensional face-sharing CoO3 polyhedral chains and Sr cation chains. Unlike the
other known 2H-perovskite-related oxides in which the polyhedral chains consist of octahedra (Oh) and trigonal
prism (TP), the structure of SrgC05014.70 and SreCo04.9Nig 101436 contain Oh and intermediate polyhedra (IP) and can
be attributed to a general structure formula AgA';B301s5-s, Which is closely related to the known AgA'B4O;5 phases
by shifting of a B atom and the O3 triangle along the ¢ axis. Further study on O3 reveals that this oxygen position
splits into two independent positions, corresponding to polyhedral geometry of IP and TP, respectively. Therefore,
the polyhedral chain in the structure should be more precisely described as a random composite of the 40h + TP
and 30h + 2IP. This model is used to interpret the magnetic properties, although not quantitatively. The 4-D
structure analysis was also conducted for both SrgC0501470 and SrsCo4.9Nig 101436 With @ commensurate modulated
structure in a 4-D superspace group, R3m(00y)0s, ¥ = plk = 3/5. By considering the same 4-D superspace
group R3m(00y)0s but different t-phases, one can understand the structure relationship between SrsC0s01470 and
SreRh5015.
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by A cation arrays, which can also be considered as A cationfound that, by treating at different temperatures, a series
chains. Although the structures of these compounds can beSr;0s015-5 with varied stoichiometry up té = 0.74 could
well described in 3-D formalism, they can also be treated as be obtained. During the years, there has also been a

4-D quasi-composite compounds with two mutually interact-
ing substructures, i.e., the (/8)O; chain and the A cation
chain?1%1524The advantage of the 4-D description is that
all of the structures can be described with a uniform small
unit cell in the same superspace grd®@m(00y)0s, as well
as with less refined variables; this is particularly important
for the compounds with large axis such as BaRh;¢Os0.
Meanwhile, due to the chainlike structure, they exhibit strong
anisotropy in magnetic and electronic propertfe’$:24
SrCos0;5 has long been an interesting compound. It was
first known as a low-temperature polymorph of the brown-
millerite SrCoQ-,.?° Extensive efforts had been focused on
compositional, structural, and magnetic properties of this
phase® 3 Only after the structural characterization by
Harrison et af® was the stoichiometric nature ¢80s0;s)
of this phase established. By using neutron powder diffraction
data, they concluded thatg80;0;5 is isostructural with S¢
RhsO15 consisting of polyhedral chain repeat of four face-
sharing Oh followed by a TP. Very recently, Iwasaki etal.
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continuing effort of growing single crystals of &0s0;5
without success. For example, in search of single crystals,
Gourdon et af8 obtained SiC011033 and S$4C0;90s7 instead

of SEC0501s. IN comparison with the strontium cobalt oxides
that have been obtained as single crystals, such #3033

and Sp,C0190s7, the oxidation state of cobalt ions is rather
high (+3.6) in SgCos0;5, therefore, a special method is
needed in order to obtain single crystals 0f(30;s.

In the course of investigating possible influence of single-
crystal growth of SYCos0;5 by other additives, we found
that large single crystals can be obtained for oxygen-deficient
SrC0s015-5 In the flux of K,COs in the presence of small
amount of other transition metal oxides §Og, MnO,, or
NiO). Particularly, the single crystals of puresSosO1s-s
were obtained by using €D; as an additive reagent.
Structure characterization using single-crystal diffraction data
shows that SCos015-5 adopts a similar structure but the
space group i&3 instead ofR32. The polyhedral chain in
the structure can be described as three face-sharing octahedra
followed by two heavily distorted polyhedra (intermediate
polyhedra). Additionally, analysis of 4-D superspace formal-
ism indicates the structures ofg8050;5 and SgRhsO;5 are
well related; both of them can be described in the same
superspace grouf3m(00y)0s but with differentt-phases.
The large single crystals also enable us to measure the
anisotropic physical properties of 810s015-5, Which be-
haves as an antiferromagnetic semiconductor with high
conductivity at room temperature.

Experimental Section

Sample Preparation and Crystal Growth. To obtain single
crystals of S§Cos015, we carried out a series of experiments by
introducing different additives in the systems. The additives used
were transition metal oxides including 0%, MnO,, and NiO. The
experiments show that these additives in flux ofCO; can
significantly improve the quality of single crystals. The starting
materials, Cg0; (A.R.), SICQ (>99.0%), C$03 (>99.0%), MnQ
(A.R.), and NiO (A.R.), were pretreated at 800 (transition metal
oxides) and 200°C (SrCQ), respectively, fo 6 h to remove
absorbed moisture. A totaf 8 g of starting materials in a ratio of
Sr/Co/M = 6:5:1 (M = Cr, Mn, or Ni) and about 20 g }COs
were mixed thoroughly and placed in alumina crucibles. The
samples were heated in a rate of ®h in a furnace to 920C
and held for 1 week. The furnace was cooled slowly in a rate of 6
°C/h to 850°C and then switched off, allowing gradual cooling to
room temperature. The KO; flux was removed by deionized
water. At the end, the crystals were sonicleaned in a saturated
ammonium chloride solution. The single crystals of hexagonal
rodlike or polyhedra shape were obtained as shown in Figure 1.
The largest crystal obtained is about 10 mm long and 2 mm in
diameter. Powder samples were also prepared by conventional high-
temperature solid-state reaction. SEGDd CeO3 with a stoichio-
metric ratio of SgCos0,5 were thoroughly mixed in ethanol and
heated at 875C in air for 2 weeks with several intermediate

(38) Gourdon, O.; Petricek, V.; Dusek, M.; Bezdicka, P.; Durovic, S.;
Gyepesova, D.; Evain, MActa Crystallogr.1999 B55, 841.
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Figure 1. Flux-grown single crystals of 8€0s015. hexagonal rodlike
and polyhedra-shaped.

Table 1. Chemical Analysis of Metal Elements ing&os—sMsO15
Samples

MOy  Sr(mol%) Co (mol%) M (mol %) formula
Cr203 54.8 45.2 0.0 &CO:,014,70(3)
MnO, 54.2 43.5 2.3 S0y 79VINg 250155
NiO 54.3 44.8 1.0 S 04.0Ni0.1014.36(5)

grindings. The major phase of the product ig&%0;s, but a trace

of Co04 was always presedt. A synthesis reaction at high
temperatureX 950°C) led to decomposition of §€0s0;5 into other
phases. The atomic ratios of metal elements in the crystals were
analyzed by using inductively coupled plasma atomic emission
spectroscopy (ICP) on a Leeman Labs Profile Spec ICP-AES (Table
1). The single crystals obtained by using,Qy as an addictive
were found as a pure §&0s0;5 sample, while the Mn@and NiO
additives yield substituted samples but the content of the substitution
is quite low. The oxygen content in this sample was analyzed by
using iodometric titration. The nominal formulas of the compounds
obtained from chemical analysis aresGos014.703and SgCos.g-
Ni0.1014.36(6)

Diffraction Data Collection. Single-crystal diffraction data of
SrC05014.70 and SgCos.oNig 101436 Were collected on an Enraf-
Nonius Kappa CCD diffractometer using MookKradiation ¢ =
0.71069 A). Absorption correction was applied by the numerical
method with XReéP and XShap® or the multiscan method. Data
processing and the refinement were performed using both SH&Ix97
and Jana2008 program packages. Powder X-ray diffraction data
was recorded using a Rigaku D/Max-2000 diffractometer with
graphite-monochromatized CuoKradiation at 40 kV, 100 mA in
the range of 16120° with step scanning mode.

Indexation of the Diffraction Patterns. Indexation of the
diffraction of the single-crystal data yielded a rhombohedral unit
cell, a= 9.459(1) A andc = 12.469(2) A for S§gCos014.70anda
= 9.440(1) A andc = 12.476(3) A for S§CosNig 101436 The
lattice constants suggested that these single-crystal samples ar
indeed oxygen deficient and the content of the oxygen vacancies
obtained from the correlation curve proposed by Iwasaki &t al.
agree quite well with the result of chemical analysis. Figure 2 shows
the selected area electron diffraction patterns g€&/014.70([010]
and [110]) and SECo, Nig 1014.36([010] and [001]). The diffraction
pattern of S§Cos¢Nip 101436 Can be interpreted with the lattice
constants of the rhombohedral cell. However, weak super-reflections

(39) XRed, data reduction programevision 1.02; Stoe and Cie: Darmstadt,
Germany, 1996.

(40) XShape-crystal optimisation for numerical absorption correction
revision 2.01; Stoe and Cie: Darmstadt, Germany, 1996.

(41) Sheldrick, G. MSHELXS-97, Program for crystal structure solution;
SHELXL-97, Program for crystal structure refinemedniversity of
Gottingen: Gidtingen, Germany, 1997.

(42) Petricek, V.; Dusek, M.; Palatinus, L. Jana2000; Institute of Physics,
Academy of Sciences of the Czech Republic: Praha, Version: 28/
05/2001.
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(c)

Figure 2. SAED patterns: $E€0501470along [010] (a) and [10] (b) zone
axis; SECos dNio 101436 along [010] (c) and [001] (d) zone axis.

along thec axis were observed for 050,476 as shown in Figure

2a and b, which correspond to a larger rhombohedral aei-(a,

¢' = 2¢), indicative of certain ordering in the structure. These super-

reflections can also be detected in the single crystal diffraction data,
but they are mostly very weak. Structure refinement with large

rhombohedral cell was difficult and unstable; therefore, we focused
only on the average structure ofgS0s014.70in this paper.

3-D Structure Determination. The analysis of the intensity
statistics of the single-crystal diffraction data of¢G05014.70
suggested the possible space groupRBfor R3 (Reym = 0.054);
this is different from the previous structure determination on a
neutron powder diffraction dafd,where the space grolg82 and
the structure model of gRhsO;5 were used. The average structure
of SC0s0,470Was established by the direct method in the space
group R3. Six atomic positions, i.e., one Sr, three Co, and two O,
can be readily identified from the direct methoR & 0.13).
Including a twining operation of the trigonal lattice (010, 100, 001
and anisotropic thermal displacement parameters for the heavy
atoms (Sr and Co), the residual value of the refinement reduced to
aboutR = 0.050. At this stage, a half-occupied oxygen position
(03, 3.8e/R) was identified with Co3-03 distance about 1.85 A
(R = 0.042). This oxygen position has a relatively large thermal
parameter (0.077 #, originating possibly from either oxygen
vacancies or further disordering of the oxygen atoms. Refining the
occupancy factors for all oxygen positions leads to Occ(©8)43-
£3) and an improved thermal parameter (0.069. Ahe further
refinement with anisotropic temperature factor resulted in an
elongated ellipsoid for OFR = 0.0388). The composition obtained
from structure refinement is §0s014 6(1y agreeing quite well with
that obtained from chemical analysis.

To confirm this structure solution, we also conducted the structure
refinements using the structure model ofF8%0;5 (R32)2* The
fitting of the single-crystal data to tHe32 model is rather poor as
far as the residual valu&k(= 0.074) is concerned. Large residual
Fourier peaks (2.9 and3.51 e/&) were found around Sr positions,
indicative of inappropriate assignment of Sr at the special Wyckoff
positions (9e and 9d). In addition, the thermal parameters of Sr
atoms are quite large in comparison with that in & model.
Obviously, the structure detail of our oxygen deficient crystalg, Sr
Caos014.76 is significantly different from that of the powder sample
in Harrison’s study’ The structure of €04 dNip101435 Was
determined in a similar way. The final refinement leadsRte=
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Table 2. Crystallographic Data for $€05014.70 and SgC04.9Nio.1014.36

formula SEC05014.70 SrsC04.9Ni0.1014.36

fw 1055.57 1050.12

wavelength ~ Mo K (4 =0.71073 &)

space group R3 R3

cell params a=9.459(1) A a=9.440(1) A
c=12.469(2) A c=12.476(3) A

volume 966.1(2) A 962.8(2) B

z 3 3

density (calcd) 5.443 (g/ct 5.433 (g/cm)

abs coeff 30.97 mmt 31.07 mmt

twin operation (010, 100, 001 (200, 010, 00x
0.839/0.161 0.986/0.014

F(000) 1442 1431

20max 67° 67°

index ranges —11<h=<14, —1l4<h<14,
—14=< k=14, —8=<k=14,
—-18=<1=<14 —18=<1=<17

reflns collected 2596 8892

unique reflns 800 814

R(int) 0.0615 0.0459

abs correction XShape Multiscan

refinement method

full-matrix least-squaresFén

Data/restraints/params 77510147 777/0/46
GOF 0.998 1.000

R1( > 4o(l)) 0.0388 0.0391
wR2 0.0798 0.0850
(Alo)max <0.001 <0.001

Table 3. Atomic Coordinates in the Structures ofgSps014.70 and

Sr5C04.9Ni0.1014.36 (3-D)

atom site X y z UgA9)?2  Occ
SrsC05014.70

Sr 1§ 0.33186(8) 0.01971(7) 0.08120(6) 0.0147(1) 1
Col » 0 0 0 0.0091(3) 1

Co2 & O 0 0.1927(1) 0.0094(2) 1
Co3 & O 0 0.6077(1) 0.0173(3) 1

O1 18 0.1532(5) 0.1615(5) 0.0946(4) 0.0128(8) 1
02 1§ 0.1559(6) 0.1545(6) 0.7121(4) 0.0163(9) 1
03 18 -0.064(5) -0.159(2) 0.495(2) 0.066(8) 0.43(2)

S1sCs.9Ni0.1014.36

Sr 1§ 0.33223(6) 0.02053(6) 0.08092(4) 0.0098(1) 1
Col » O 0 0 0.0053(3) 1

Co2 & O 0 0.19193(9) 0.0057(2) 1
Co3 & O 0 0.6086(1) 0.0137(3) 1

01 1§ 0.1544(4) 0.1624(5) 0.0944(3) 0.0079(6) 1
02 1§ 0.1576(5) 0.1548(5) 0.7125(3) 0.0113(7) 1
03 18 —0.074(4) —0.156(2) 0.499(1) 0.047(6) 0.36(2)

a Displacement factor: IsotropidJe=1/333;Ula* a*a-a and aniso-

tropic: —272%;yUla*g* hi-h;.

Table 4. Selected Distances in the Structures ofC86014.70 and

SI’6C04,9Ni0,1014,36 (3-D and 4-D)

3-D model  4-D model 3-Dmodel  4-D model
Col-Co2(x2)  2.402(2) 2.399(1) 2.394(1) 2.394(1)
C02-Co3(x2) 2.489(2) 2.492(3) 2.488(2) 2.490(1)
Co3-Co3(x1)  2.686(3) 2.687(3) 2.711(3) 2.709(2)
Co1-01(x6) 1.900(4) 1.888(18) 1.904(4) 1.905(9)
Co2-01(x6) 1.927(5) 1.914(18) 1.929(4) 1.928(9)
C02-02(x6) 1.887(5) 1.880(14) 1.896(4) 1.900(7)
C03-02(x3) 1.961(5) 1.955(14)  1.963(4) 1.967(11)
Co03-03 (x3) 1.84(2) 1.84(3) 1.849(15) 1.859(17)
C03-03 (x3) 1.92(2) 1.89(3) 1.872(16) 1.886(17)

0.0391 in the space grougB with the occupancy 0.36(2) for O3.
Table 2 lists the crystallographic information of these two com- RMeOus, the structure of $€0;014 70can be expressed as two
pounds. The atomic coordinates and selected bond distances ar&inds of chains along the axis, i.e., the Co@polyhedra

listed in Table 3 and Table 4.

Magnetic and Resistance Measurementdlagnetic susceptibil-
ity as a function of temperature was performed on a Quantum C0sO14.70is different from that of SRhsO;s; it consists of
Design MPMS XL-5 SQUID system equipped with a horizontal three Oh followed by two heavily distorted polyhedra, instead

rotator sample holder at an applied field of 1 kOe. For measuring
powder magnetic susceptibility, crystals 0§Go;014 70were ground

and placed in a gelatin capsule fastened in a plastic straw for
immersion into the SQUID. For measuring the anisotropic suscep-
tibility, a hexagonal rodlike S€0s014.70Crystal (about 15 mg) was
carefully mounted on a plastic straw on the SQUID, and the
orientation of the crystal was estimated by searching the maximum
during the rotation. The resistance 0ofgS0s014.70 Crystal was
measured on a hexagonal rodlike crystal in a temperature range
from 300 to 100 K using the standard four-probe technique on a
Quantum Design PPMS-9T.

Results and Discussion

Crystal Growth. K,CO; was proved to be a promising
flux that has been used extensively for growing single
crystals of 2H-perovskite-related compounds. However,
attempts of using this flux to grow single crystals o-Sr
Caos015 were not successful. An experiment carried out at
1100°C in the flux of K,CO; led to formation of small single
crystal of Sg4C011033.38 On the other hand, according to our
experience and referenc®s; the powder $Cos0;5 sample
can only be obtained at about 87%, and at higher
temperature, other phases are formed. Therefore, we chose
the temperature range 92850 °C for the crystal growth
(K2CO; mp=890°C). Under such conditions, theg80s0;5
phase was indeed formed, but in polycrystalline form together
with other unknown phases in the flux.

The addition of other transition metals in the flux was
initially aimed at the substituted &osO;5 crystals. A series
of experiments were carried out by using.Gy, MnO,,
Fe0s;, NiO, CuO, or ZnO as the additives. It turned out large
single crystals were formed whenQg, MnO,, or NiO was
present in the flux. As shown in Table 1, a small amount of
Mn and Ni can be substituted ing&0s0;5, however, no Cr
was found in the crystals obtained from the@ycontaining
system. We do not know the exact reaction mechanism and
roles of these transition metal ions in the reaction system.
However, we did observe the presence of high-oxidation ions
in the alkaline flux. The color of filtrate was yellow
(containing Cr@®") for the Cr system and purple (containing
MnO,") for the Mn system. The presence of chromate and
permanganate ions was further evidenced by characteristic
color change of the transition metal ions. WhepChD,
aqueous solution was added to the filtrate, the solution
becomes green for the Cr systemYQrand colorless (M#)
for the Mn system. A reasonable paraphrase is that the
chromate and permanganate ions may catalyze the redox
reaction in the flux, which in turn improves the dissolution
and growth of crystals and eventually good shaped large
single crystals were formed. In the Ni-contained system, the
color of the filtrate was similar with the pure S€o—0O
system, although single crystals were formed.

3-D Average Structure of SEC05015-5. Similar to Sg-

chains and Sr cation chains, as shown in Figure 3. However,
the structure detail of the cobalt polyhedra chain ig- Sr

Inorganic Chemistry, Vol. 45, No. 20, 2006 8397



Figure 3. Structure of §Cos0147¢ the light polyhedra are cobalt
octahedra (Oh) and the dark ones are intermediate polyhedra (IP); the
strontium ions are represented by bright spheres.

(a) AsA'Os

(b) AgA'2B201s

Figure 4. (a) [AsA'Og] layer derived by replacing £triangles with A
atoms in the [A0q] layer; (b) a [AsA'2B2015] sheet formed by two [4A'Og]

layers, where the octahedral sites are occupied by B atoms amih@ples
are inserted between the Atoms.

of four Oh and one TP in gRhsO15. The heavily distorted
polyhedron is characterized by the intermediate rotation angle
(~30°) of the two opposite oxygen triangular faces, which
is just between the Oh and the TP; therefore, it cannot be

Sun et al.

Figure 5. Schematic view of the rotation of Qriangle along with the
shift in the z direction; ® represents the rotation angle of @iangle in
comparison with that in the [#q] layer; Az represents the shift of O
triangle along thee axis.

could first stack two such [#A'Og] layers and then rotate
one of the layers 60 Between the layers, the octahedral
sites are filled by Co atoms, whilesQriangles (03) are
inserted between the two opposité Atoms to form a
[A6A'2B015 sheet, as shown in Figure 4b. Since the O
triangle (O3) between the opposité Atoms is located at
the midpoint of two A atoms, the orientation of the ;O
triangle differs by 30 from that in the [AOq] layer, as shown

in Figure 5, thus to maximize the interaction with the
surrounding Sr atoms. In the structure o§@&0,4.70 the
[A6A':B,0;5] sheets stack one over the other alongdlais

in a rhombohedral fashion, between which an additional Co
atom is added to the octahedral site to complete the structure
of SiC05015 (AA'2B3015). On the other hand, the structure
of SisC0s014.701S related to and can be derived from that of
SsRhsO15 by shifting the Q triangle and B atom along the

C axis.

In many 2H-perovskite-related oxides, thet@angles may
not be exactly located within the p®,] plane but shift
slightly along thec axis, which, in turn, induce rotation of
the & triangles, as shown in Figure 5. Two structure
parameters, &z/Cperoy and O, can be used to characterize
this type of structure change. As shown in Figuré&bis a

assigned as either Oh or TP but is best described as an jpotation angle of the &triangle relative to that in the [q]

between Oh and TP. In fact, similar intermediate polyhedron
was also observed in B#Rhy,dr; 74033, in which the
polyhedral chain consists of eight Oh followed by three IP.
In the structure of $€0s01470 the strontium atoms are
located in a site of nine-coordinated irregular polyhedron
with do[Sr—O] = 2.65 A. Co1 and Co2 are all octahedrally
coordinated by oxygen atoms with,[Co1—O] = 1.90 A
andd,[C02—0] = 1.93 A. Co3, however, is located at the
center of the IP formed by O2 and O3 with average €63
distance of about 1.96 A for 02 and 1.88 A for O3. The
Co—Co distances in the structure vary along the polyhedra
chains d[Co1—Co02] = 2.402(2) A between the Od[Co2—
Co3] = 2.489(2) A between the Oh and IP, adiCo3—
Co3] = 2.686(3) A between the IP.

It is known that the structure of §hsO;5 can be described
as alternative stacking of p®g and [AsA'Oq] layers
followed by filling of the interstitial octahedral B sites. Such
stacking results in a polyhedral chain consisting of four face-

plane. 2Az/c,erovrepresents the relative shift of the hangle
along thec axis, whereAz is the change of the parameter
andcperoviS the lattice constant of the hexagonal perovskite.
For a case of ideal TR = 0°, for an ideal intermediate
polyhedron (IP)® = 30°. The ® values for some typical
2H-perovskite-related oxides are, for example; 7ot Cas-
C0,04, 6.8 for SNIRhO;s, 3.3 for SiMn,NIOg, 2.7 for
SERhsO15, 23 for SiCos01470 and 28 for SiCoso

Nip 101436 In Figure 6, we show a plot of rotation angles
(©) against Az/cyerovfor a few known 2H-perovskite-related
oxides® 671924364335 well as SC001470 and SCoyo
Nio101436 Although some data are scattered, one can still
see the correlation betweéhand 2Az/Cperov The compounds

on the left (smallAz) are close to the ideal trigonal prism
cases; thus, the polyhedral chain can be described as Oh and
TP. Meanwhile, the compounds on the right (larde)
consist of heavily distorted polyhedra, which are best
described as IP. The correlation between these two simple

sharing Oh and one TP. As far as the component layers arestructure parameters implies that the distortion of the

concerned, the structure of ¢810s0,470 contains only the
[A3A'Og] layers. In Figure 4a, we show the JA’'Og] layer
derived by replacing an £xriangle with an A atom in a
[A3Oq] layer. To construct the §€0s01470 Structure, we

8398 Inorganic Chemistry, Vol. 45, No. 20, 2006

polyhedra is common for most of the 2H-perovskite-related
oxides. The IP observed in the structure a§fC2%014.70and
S1C04.9Nip 101436 can be considered as an extreme case of

the distortion.
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307 experiment, and according to the lwasaki's stfitlyhe
stoichiometry of S$Co;0:5-¢ depends strongly on the
conditions of heating treatments. For a stoichiometric
Srs0s015 sample, one could expect predominance of 40h

TP in the structure.

20+

4-D Superspace Formalism Approach.As indicated,
SrCos015- Crystallizes in the 3-D space grof3 and the
structure is featured in polyhedral chains consisting of three
Oh and two IP. On the other hand, the structure of
SrsCos015-5 is related to that of SRhsO15 (R32) by shifting

0.2 %’Z.z; 04 05 the G triangle along thec axis. To establish a symmetry
Creroy . .

_ _ . BEre . _ relationship for these two related structure types, one could
Figure 6. Mapping of the rotation angleé) and relative shift (Az/Cperoy) consider 4-D superspace formalism, since these two 3-D
of the G triangle relative to the surrounding Sr atoms; the compounds . ’
included are SNi7O1, CaC0,06, SuNizOg, BasNizsO1s, SEC0:O15 She- space groups can be considered as the subgroups of a 4-D

RhsO15, BasRheOz4, and BazRho.2dr1.74033 (W), as well as $C0s014.70 superspace group by choosing differéyphases. The 4-D
and SsCasdNio 101436 (4). structure description of 2H-perovskite-related oxides of
Random Composite Model for SeC0s0;5-5. The aniso- AzniamA 1BaminOamisn have been well established as two
tropic temperature factor of O3 exhibits as a long ellipsoid mutually interacting substructures, i.e., the,8Y0s chain
for StC0s014.70and SEC0s INio.1014.36 indicative of possible  with an average; close tocyern/2 and the A cation chain
splitting of this position. As shown in Table 5, the O3  with ¢, = Cperou”111524For SERhsO1s5, the 4-D structure can
position can be well described by two independent atoms in pe described in the superspace grdRgm(00y)0s with a
the space groufiR3 with improved isotropic temperature | ational fractiony = p/k = 3/5 (t = 1/4), where the is the

factors. An interesting observation is that the refined qjginal phase along the fourth dimension and the value of
coordinates of O31 and O32 are very similar for botg St — 1,4 means the corresponding 3-D section is through a

C05014.70and SECOs.Ni0 11436 The corresponding rotation 5 44 ayis. The structure of SE0sO1a70 may also be
angle is about 30(031) and 8 (O32) in SeC0:01470and, described in the 4-D superspace grchiin(OOy)Os with y
?eborl:s:r?t (g:sgléc%r\]/gl 9 t(r?e 322;?;?“'92! f;lr? %igo)v;?‘gg = plk = 3/5, but with a different-phase. Table 7 summarizes

b » 1OSP Y 9 y all possible 3-D sections and corresponding space groups of

TP (~0°). As far as the polyhedral chain is concerned, the - 6 = .
former (O31) corresponds to the polyhedral chain consisting R3m(00y)03 For FheRS sbace group, the qnly pos§|ble
t-phase is zero, which means the 3-D section is at the inverse

of three Oh and two IP (30# 2IP), while the later (032) ! i i
represents the polyhedral chain consisting of four Oh and C€Nter. The structure can be refined nicely with the 4-D
one TP (40h+ TP). Therefore, the polyhedral chains in these cOmMmensurate modulated modeR8m(00y)0s, y = p/k =

two compounds can be considered as a random composite¥/ andt = 0 with the residual value dr = 0.060 for Sg-

of these two types of chain components. The ratio of these %0170 and R = 0.064 for SgC0,oNio.1014.35 USING
two-chain components can be estimated by the refined Jana2000. Tables 6 and 7 list the crystallographic data and
occupation factors of 031 and 032 (Table 5). One can seeatomic parameters for the 4-D description of these two
that the 40h+ TP component in the polyhedral chain structures. (Atomic parameters 06Sos dNio 1014 36are listed
increases as the decrease of the oxygen vacancies. This resuld the Supporting Information.) To confirm the chosen
may help us to understand the different structure model in t-phase, these 4-D structures were also refined twtHl/4.
Harrison’s study’® They were using a powder sample in their The poor fitting of the refinements, i.eR = 0.14 for Sg-

Table 5. Splitting of O3 Atoms in the Structure of & 0501470 and SgCos.9Nig 101436

compound atom X y z WqA2) Occ e TP(%)
SKC0:014.70 031 0.161(3) 0.080(4) 0.000(2) 0.023(5) 0.237(7) 30 44
032 0.153(4)) 0.135(4) —0.016(2) 0.023(7) 0.19(2) 6
SrsCas.Nio1014.36 031 0.158(2) 0.072(3) 0.002(2) 0.013(4) 0.235(7) 33 36
032 0.151(4) 0.126(5) ~0.013(2) 0.013(7) 0.13(1) 9

Table 6. 4-D Refinement for $C05014.70 and SgCas dNio.1014.36

chemical formula SC05014.70 SrsCs.oNi0.1014.36
superspace group R3m(00y)0s (y = 3/5) R3m(00y)0s (y = 3/5)
W-matrix W, = (1000, 0100, 0001, 0010)
cell params a=9.459(1) A a=9.440(1) A
c1=2.494(4) A c1=2.495(5) A
twin operation (010, 100, 001 (200, 010, 00}
(0.841/0.159) (0.949/0.051)
overallR factors 0.0600, 0.1069 0.0623, 0.0773
R factors for main reflns 0.0568, 0.1096 0.0639, 0.0928
R factors for satellites of order 1 0.0691, 0.1111 0.0671, 0.0689
R factors for satellites of order 2 0.0503, 0.0723 0.0467, 0.0470
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Table 7. Atomic Coordinates in the Structure ofg805014.70 (4-D)

atom X0 Yo 2 UeA?) X4 A amplitude
Col 0 0 0 0.012(2) 0 0.5 0.15
(6] 0.151(2) 0.151(2) 0.5 0.016(2) 0.25 0.4 0.10
03 0.157(3) 0.093(7) 0.515(13) 0.07(2) 0 0.1 0
Sr 1/3 0 1/4 0.0189(3)

Co Zsin1 = —0.167(1)

(6] Xsin1=0.006(3) Xcos1= —0.0029(5) Zcos1= 0.169(3)

Sr Xsin1 = —0.01055(6) Xsin2 = 0.00508(7) Zsins = —0.0066(3)

Co U11cos1= —0.0134(16)Usscos1= —0.0106(35)

Sr Ullsin1: 0.0017(3),U135in1= —0.0049(4),U115in2= 0.0009(4),U135in2: —0.0017(4),

C05014.70andR = 0.23 for SECay dNip.1014.36 Unambiguously
shows that = 0 is the right choice.
It is worth noting that the O3 in the 3-D structure model

periodicity of the function allows us to have a complete
description in 0< t < 1. The solid lines in Figure 7
represent the modulation of the Co and O atoms in the 4-D

behaves differently from other oxygen atoms, O1 and O2, description. The filled or open circles in the figure correspond
in the partial occupancy and the temperature factors, so itto the atomic positions in the 3-D description. All points
was represented by an independent oxygen position in theare located at the crosses of the modulation curves and
4-D structure model. A similar strategy was applied for the allowedt values (dashed lines) further demonstrating identity

SRhsO15 where two transition metal sites represent the
metal atoms in TP and Oh, respectively. The sawtooth
functions were used to fit the modulated wave for cobalt
and oxygen sites, and due to the unstability of the refinement,
we fixed the amplitude of sawtooth function manually at 0.15
for Co and 0.1 for O. Similar to the 3-D model, the O3 atom
has a large thermal parameter (0.07fdr StsC05014.70and
0.05 A for SrsCosdNi101439. The same 4-D space group
R3m(00y)0s with different t-phases for $RhsOs5 and
SrCos015-5 implies symmetry relationship between these
two typical structure types. From the structure refinement,

of the 3-D and 4-D structure models.

Magnetism and Conductivity. The structure of S
Cos014.70 is highly anisotropic; thus, one would expect
anisotropic magnetic and conductive properties. With avail-
ability of large single crystals, we are able to measure
orientated magnetic susceptibility and the conductivity along
the ¢ axis on a single-crystal sample. Figure 8a shows
magnetic susceptibility of a finely ground single-crystal
sample for YC0:014.70 The susceptibility shows a maximum
at about 25 K, followed by a decrease, indicative of
antiferromagnetic interactions among the cobalt ions along

one can calculate the atomic positions in the real space. Thethe polyhedral chains. The origination of the small rise at

factional coordinates for thiegh atoms in theith subsystem
are given by

— .0
Fi =" + fvi(x4)

whererSi is the average atomic position arg= q,(n, +
rfi) + to, with n, being integers representing the 3-D lattice
vector andty being the originat-phasef,i(xs) is a periodic
function with period of 1 which can usually be expanded by

Fourier series, and here we expanded it as a sawtooth

function as we discussed before. Writing = q,r% +
(q.n, + to) = q,}-rgi + t, one can draw,; as a function of,

as shown in Figure 7 (only thecomponent). Wity = 0,

the appropriaté values should b& + ny, which are 0, 0.6,
1.2,1.8, 2.4, 3.0, etc., when going through the subcells. The

06l 3 5 2 4 6
g et Yy
0d
Ty
0502 o4 t 06 08 1

Figure 7. Modulated waves of $€05014.7¢ two curves represent the
modulation wave of Co (down) and oxygen (up) in the 4-D structure. The
dashed vertical lines represent the allovigghases in different subcells.
The circles represent the atomic positions of cobalt (filled) and oxygen
(open) in the 3-D structure.
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lower temperature<5 K) is not clear, but it may come from
the imperfections in the crystals that give rise to trace
paramagnetic cobalt ions. The inverse of the magnetic
susceptibility is linear and follows the Curi&Veiss law
above 70 K. The obtained Curie and Weiss constants are
Cn = 3.88 emuK-mol~t andd = —25 K, corresponding to
about 5.6 ug per formula. The magnetic susceptibility
measured on a single crystal (Figure 8b) exhibits a similar
behavior parallel to the axis {), but is flat fory, indicating

that the contribution perpendicular taaxis is rather small.

A similar strong anisotropic phenomenon was also observed
for SRhsO;1s. Figure 8c shows the/y ratio as a function

of temperature. The anisotropy of susceptibility persists all
the way up to room temperature and beyond but shows a
maximum at about 25 K. On the basis of the crystal structure,
we expect that the antiferromagnetic interaction originates
mainly from coupling of the cobalt ions along the polyhedral
chains. The interchain magnetic interaction might be rela-
tively weak, as indicated by the anisotropy curve of the
susceptibility (Figure 8c). In Figure 8b, we also include the
magnetic susceptibility of the powder sample and that
calculated from the single-crystal susceptibility by usiag

1/3y + 2/3yn. The two curves overlay quite well,
demonstrating that the powder value is well represented for
random orientation of single crystals.

(43) Abraham, F.; Minaud, S.; Renard, €.Mater. Chem1994 4(11),
1763.
(44) Van Smaalen, Lryst. Re 1995 4, 79.
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Figure 8. (a) Magnetic susceptibility and its inverse as a function of temperature for a sample finely ground from single crystals; (b) temperature dependence
of the magnetic susceptibility of a single crystal 0Gos014.70 along @) and perpendicular®) to the ¢ axis; the powder susceptibilityv) and the

calculated random orientated single-crystal susceptibibidybly yca = 1/3y + 2/3yo are also shown in the figure for comparison; (c) temperature dependence

of the magnetic anisotropy, defined as the ratio of the susceptibilities along and perpendiculac taxibie(d) temperature dependence of the electric

conductivity and thesT versus 1T plot.

The charge distribution of the cobalt ions in a stoichio-
metric SECos015 can be either 3C6H(d®) + 2Co**(d®) or
4Cd(d®) + 1Ca*"(d"). According to the structure of Sr
Cos015 by Harrison et al3®¢ 4Ca*™+ 1C@*" might be a more
suitable model because the polyhedral chain, 40AP,
allows Cd* and CGé" to be located in different sites. A
theoretic analysis on 80s0:5 by Whangbo et ai® sug-

2IP chain can be considered as one octahedral trimer and
two isolated IP. Due to the strong interactionzdbrbitals,

the octahedral trimer has a single unpaired elect®r(
1/2). The splitting of the d orbitals in IP should be between
the Oh and TP, so one would exp&t= 3/2 for a Cé" in

IP. We could calculate the spin-only effective moment for
the 30h+ 2IP chain structureyca = 5.74ug. Considering

gested that the octahedral tetramer is nonmagnetic, while thethe observed TP/IP ratio in the structure refinement, one

single TP can be eithe8= 1/2 or S= 3/2. Largely due to

obtains a sum of spin-only effective moment, = 5.00

the lack of phase-pure stoichiometric samples, their predic- ;5. We should keep in mind that the above analysis neglected

tion has not yet confirmed by experiment. However, the
observed effective moment (54) of our single-crystal
sample of YCos014.70is significantly higher than what they

the spin-orbital coupling and the interaction between the
Oh and IP. The spinorbital coupling is quite strong for
cobalt ions, which normally hawg > 2, so the real effective

expected. Here we are trying to_understand the magneticoment should be larger than 5,08 In addition, the Co2
property based on the composite structure model. The 3 distance in the structure 0f6810s014.70 i quite short

polyhedral chain in $€0s01470is @ random composite of
40h+ TP and 30ht 2IP; thus, the magnetic susceptibility
should be the sum of these two components. For the-4Oh
TP polyhedral chain, we could take the spin-only valu& of
= 3/2 (3.87ug) suggested by Whangbo et*@lFor the 30h

+ 2IP chain, according to the increase of this component

with the content of oxygen vacancies, one could expect that

a hypothetical compound of &os0:14 might have this

structure. Therefore, the charge distribution might be“*3Co
+ 2Co*, in which Cd™* occupies three Oh positions and
Co*t locates at two IP. For simplicity, we neglect the
interaction between Oh and IP and assume that the-80h

(45) Whangbo, M.-H.; Koo, H.-J.; Lee, K.-S.; Gourdon, O.; Evain, M;
Jobic, S.; Brec, RJ. Solid State Chen2001, 160, 239.

(~2.49 A) and a strong interaction of th# orbitals is
expected between TP and IP. It should also be noted that
guantitative estimation of the magnetic property is difficult
for the cobalt system. The actual magnetic interaction
requires further study by using neutron diffraction at low
temperature. Nevertheless, the above analysis did show that
the structure model does not conflict with the result of the
magnetic susceptibility measurements.

Figure 8d shows the electric resistivity ¢)/along thec
axis as a function of temperature. Thedil curve is also
included in the figure. At room temperature, the resistivity
along thec axis is small 0.4 cm/S); it increases as the
decrease of the temperature showing a semiconducting
behavior. At the temperature lower than 140 K, the resistance

Inorganic Chemistry, Vol. 45, No. 20, 2006 8401



Sun et al.
Table 8. 3-D Sections of the 4-D Superspace GrougRam(00y)0s

y =plk case 1 case 2 case 3
p=3n,k=-even t=0 (mod. 1K) t=1/(2K) (mod. 1K) t = arbitrary
3-D space group R3c R3c R3c
p=3n,k=odd t=0 (mod. 1/(X)) t = 1/(4k) (mod. 1/(X)) t = arbitrary
3-D space group R3 R32 R3
p = 3n, k=even t=0 (mod. 1/(¥)) t=1/(6k) (mod. 1/(X)) t = arbitrary
3-D space group P3c P3c P3c
p= 3n,k=odd t=0 (mod. 1/(&)) t=1/(1%) (mod. 1/(&)) t = arbitrary
3-D space group P3 P32 P3

is too high to be measured by the current instrumentation. and 30h+ 2IP. These two components depend on the
The conductivity follows Arrhenius law in the temperature content of oxygen vacancies in the structure, i.e., the more
range 146-300 K. The In¢T) versus 1T plot shown in the oxygen vacancies, the higher the 3©RIP component
Figure 8d leads to an activation energy of abbyt= 0.15 will be. This explains the $€0s0;5 structure observed for
eV, which may correspond to the hopping energy of the the powder sample by Harrison et al. Finally the 3-D space
electron along the polyhedral chains. groups of these two structure types, ilg32 for SERhO;5
and R3 for SCosOwi7g are the subgroups of a 4-D
superspace grougR3m(00y)0s; both SgRhsO1s and Sg-
SrCo:015is @ uniqgue member in the 2H-perovskite-related Cos014.70 can be described as commensurate modulated
oxides. Although many investigations were devoted to this structures in this 4-D superspace formalism in different 3-D
compound, the study on oxygen-deficient single crystals sections, i.e., differerttphases. Another implication of the
shows that the structure and magnetic properties of this structure relationship betweensBhsO;5 and SgC0s014.70
compound are much more complicated than expected. Oneis that the other possiblephases listed in Table 8 may also
of the interesting findings of the present study is that large be meaningful for the 2H-perovskite-related oxide family.
single crystals can be readily grown in the basic flux ef K The magnetic property of §80s014.70can be understood
CO; in the presence of a few transition metal oxides&y  in the frame of the random composite structure model. One
MnO;, or NiO. Although the reaction mechanism has not of the assumptions is that the €oions are all located in
yet been fully understood, the presence of the high oxidation o, and the C#% ions are located at either TP or IP in the
chromate and permanganate ions in the flux suggests thakiryctures. Although at present there is no direct experimental
the assistance to the oxidation of cobalt ions is required in gyigence confirming such charge distribution, the analysis
this reaction system. _ ~ based on this assumption can be used to interpret the
Unlike the other known 2H-perovskite related oxides, in - magnetic susceptibility data. Additionally, the measurement
which the polyhedral chains are all composed of octahedra s shows high conductivity around room temperature and

and trigonal prisms, the structure 0feSpsO14.70 and Sg- small activation energy for 820;01470 sample along the
Cos Nio1O1435cOnsists of polyhedral chains repeat of three 55 indicative of a low hopping barrier of electrons along
Oh and two IP. Such a polyhedral chain is related to that in {,o polyhedral chains.

SRhsO15 by shifting of the Q triangles along the axis
accompanied by a rotation of about°’3Three observations Acknowledgment. We thank the financial support from
suggest that this unique polyhedral chain may have a generaNSFC (20371005 and 20221101) and Prof. Song Gao and
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oxides in shifting of the @ triangle (2AzZ/cCyer0y) and the
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dral chain consisting of random composite of 4@&hTP IC060862M

Conclusion
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