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Abstract: Single crystals of Sr6Rh5O15 were grown from a molten potassium carbonate flux. The structure
was solved by both the traditional 3-D crystallographic approach and the 4-D superspace group approach
using JANA2000. Both methods produced an equivalent structure determination, thereby confirming the 4-D
superspace group approach as an effective structure solution method for 3-D commensurate composite structures.
Sr6Rh5O15 corresponds to then ) 1, m ) 1 member of the A3n+3mA′nB3m+nO9m+6n family of 2H hexagonal
perovskite-related oxides. This compound is characterized by pseudo-one-dimensional polyhedral chains of
four face-sharing RhO6 octahedra followed by one RhO6 trigonal prism. These chains in turn are separated by
[Sr]∞ chains. Magnetic measurements were carried out on oriented single crystals, and a very large magnetic
anisotropy in the magnetic susceptibility was observed.

Introduction

Low-dimensional magnetic systems have attracted much
interest historically due to the presence of magnetic behavior
unique to structurally anisotropic systems.1-3 This structural
anisotropy can in turn give rise to a corresponding anisotropy
in the electronic and magnetic properties of such materials. If
a single crystal is available, such properties can be measured
as a function of the physical orientation of the crystal relative
to the measurement direction. Consequently, the ability to grow
large high-quality single crystals is greatly valued, as one can
readily detect, measure, and quantify existing electronic and
magnetic anisotropies using single crystals.

During the past years, our group has succeeded in using
carbonate fluxes to grow very large, high-quality, single crystals
of 2H-perovskite-related oxides,4-6 which has made possible
precise structural determination of a number of these com-
pounds. Equally important, however, these single crystals have
now enabled us to investigate the magnetic behavior of these
oxides as a function of crystal orientation relative to an applied

magnetic field. In this paper, we discuss both the structure
determination and the magnetic properties of Sr6Rh5O15, a
member of a larger family of oxides of general composition
A3n+3mA′nB3m+nO9m+6n.

Our group is one of several that have been investigating the
structures and magnetic properties of a family of low-
dimensional oxides, A3n+3mA′nB3m+nO9m+6n (n, m ) integers,
A ) alkaline earth; A′, B ) large assortment of metals including
alkali, alkaline earth, transition, main group, and rare earth
metals),7-28 that are structurally closely related to the 2H
hexagonal perovskites. These complex oxides contain chains
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of transition metals consisting of BO6 octahedra and A′O6

trigonal prisms sharing faces along thec-axis of the hexagonal
unit cell. As a group, these oxides can be considered to represent
a structural continuum between the 2H-perovskite structure of
BaNiO3

29 and the K4CdCl6 structure of Sr4PtO6.30 An early
general structural classification of these materials based on the
filling of interstitial sites generated by the stacking ofm[A3O9]
andn[A3A′O6] layers was developed by Darriet and Subrama-
nian.31,32This approach easily describes the structural composi-
tion of all the commensurate members of this family of
structures and can be extended to encompass members that form
incommensurately modulated (aperiodic) structures.

A general formula for this oxide family has been expressed
in an equivalent way as A1+x(A′xB1-x)O3, where the composition
variablex can be envisaged to be any number between 0 and
1/2.33 The ratio of prisms and octahedra in the chains is
determined by the ratio of A′ atoms to B atoms, that isNprisms/
Noctahedra) x/(1 - x). A more unifying picture is obtained
if the compounds are described as modulated composite
structures.24,32-35 Detailed explanation of the composite structure
approach and its description using the superspace formalism
can be found in the following papers, refs 36-40 and references
therein.

For this family of oxides, the structure is best depicted as
two mutually interacting subsystems,24,32-35 modulated alongz
but periodic on thexy plane. The first subsystem (1) consists
of [(A ′, B)O3] chains with an averagec-lattice parameterc1 close
to cperov/2 (cperov ) c-parameter of 2H hexagonal perovskite).
The other subsystem (2) is formed by the A cations and has a
c-lattice parameterc2 ) cperov. Therefore, the composition of a
given compound is directly related to theγ-value) c2*/c1* )
c1/c2 by the relationγ ) (1 + x)/2.32,33 The γ-parameter can
vary between 0.5 and 0.75 corresponding to the range of values
of x (0 e x e 0.5) or equivalently corresponding to the BaNiO3

and Sr4PtO6 structures, respectively. The structure of a com-
pound A1+x(A′xB1-x)O3 is commensurate ifx is a rational value
and can be matched exactly to a fractionp/k but formally
incommensurate only ifx has an irrational value. Yet, any
experimental value ofγ (or x) can be matched within experi-
mental resolution, to some fractionp/k. Therefore, the composite,
in these cases, is formally commensurate with a superstructure
unit cell parametercs ) c1k ) c2p. In practice, however, an

incommensurate approximation can be valid for any fraction
p/k with large value ofk.39

Using this formalism, it is possible to solve acommensurate
structure by either the classical single-crystal structure solution
approach, where a unit cell and the corresponding atomic
positions are determined or, alternatively, in this crystal system,
a superspacegroup formalism that takes advantage of the
composite nature of these structures, where a small number of
atomic positions and the corresponding occupational and
displacive modulations are determined. Both methods are
applicable, and in this paper, we demonstrate that the same
structure is obtained from both methods using a recently grown
single crystal of Sr6Rh5O15 as an example.

We previously reported on the structure of Sr6Rh5O15, ann
) 1, m ) 1 member of this family, determined using powder
X-ray diffraction data only.41 This analysis let us propose a
structural model that was closely related to the Ba6Ni5O15

11

structure; a doubleda-axis was invoked to account for all the
observed X-ray diffraction peaks. More recently, Gonzalez-
Calbet and co-workers42 reported on a TEM study of a similar
powdered Sr6Rh5O15 (nominal composition) material, for which
they reported a rhombohedral unit cell that is a superstructure
of the Ba6Ni5O15 structure. The superstructure, according to
them, is due to the existence of rhodium vacancies in the form
of unoccupied trigonal prismatic sites. These vacancies change
the composition from Sr6Rh5O15 to Sr6Rh4.4O15, a composition
confirmed by microprobe. Clearly, it is not reasonable to
compare Sr6Rh5O15 to Sr6Rh4.4O15, as the rhodium content is
not the same, and not surprisingly, the structures are different.
In this paper, we report the single-crystal structure determination
of a crystal having the ideal composition Sr6Rh5O15 solved both
by the superspacegroup formalism and by the standard 3-D
crystallographic method. The data show conclusively that the
structure of stoichiometric Sr6Rh5O15 contains no rhodium
vacancies and is, in fact, isostructural with Ba6Ni5O15. The two
independent structure solutions obtained by the 3-D and the 4-D
approach demonstrates very nicely the equivalency of the two
structure solution approaches. Furthermore, we present magnetic
measurements of aligned single crystals of Sr6Rh5O15 and report
on the very large magnetic anisotropy that is observed.

Experimental Section

Crystal Growth. Rh powder (0.1544 g, 1.5 mmol; Engelhard,
99.5%), SrCO3 (1.5501 g, 10.5 mmol; Alfa, 99.99%), and K2CO3 (17.1
g, 130 mmol; Fisher, reagent grade) were mixed thoroughly and placed
in an alumina crucible. The filled crucible was covered and heated in
air from room temperature to the reaction temperature of 1050°C at
600 h-1, held at 1050°C for 48 h, and cooled to room temperature by
turning off the furnace. The flux was removed with water, and the
crystals were isolated manually.

Scanning Electron Microscopy.Scanning electron micrographs of
several single-crystal samples were obtained using a Hitachi 2500 Delta
SEM instrument. The crystals were sputtered with carbon to prevent
charging. An SEM image of a typical crystal is shown in Figure 1.
The SEM also verified the presence of only Sr and Rh in all crystals.

Magnetic Susceptibility.Magnetic susceptibility of powder samples
of Sr6Rh5O15 as a function of temperature was measured using a
Quantum Design MPMS XL SQUID magnetometer, at an applied field
strength of 5 kG. Both field-cooled (FC) and zero-field cooled (ZFC)
measurements were performed, in the temperature range 2 Ke T e
300 K. The sample was contained in a gelatin capsule fastened in a
plastic straw for immersion into the SQUID. No diamagnetic correction
was needed for the sample container.
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Aligned single-crystal measurements were performed using a
Quantum Design single-crystal rotator attachment. A large single crystal
was affixed to the crystal rotator using standard vacuum grease and
immersed in the SQUID magnetometer. The crystal rotator enables
continuous in situ measurements of magnetization as a function of
crystal orientation relative to the applied field. After centering the crystal
in the instrument, the susceptibility was measured as a function of
crystal orientation. The crystal is rotated in 10° steps through 360°.
Knowing the initial orientation of the crystal makes it possible to
determine whether the maximum or minimum susceptibility position
corresponds to thec-axis of the crystal being oriented parallel or
perpendicular to the applied magnetic field. To determine the temper-
ature dependence of the susceptibility, the crystal position is set to
correspond to either the maximum or the minimum susceptibility
position. With the position fixed, the susceptibility is then measured
as a function of temperature. This procedure is repeated for both the
parallel and the perpendicular crystal orientations.

Data Collection.Data collection was performed on an Enraf-Nonius
Kappa CCD diffractometer. The time of measurement was 10 s/frame,
and the scan angle was 2°. The distance between the single crystal and
the detector was fixed at 30 mm. The maximum value ofθ was 30°
((sinθ/λ)max ) 0.7). A total of 11 725 reflections were measured for a
redundancy fixed at 1.5 giving rise to 648 independent reflections (R32
space group).

Measured intensities were corrected for Lorentz and polarization
effects. Absorption corrections were applied by using the Gaussian
method. Additional crystallographic data and collection information
are summarized in Table 1. The transformation of the 3-D indices to
(3 + 1)D hklm values was performed by the JANA2000 program
package.43 The two subsystems, [(Rh,Rh′)O3]∞ and [Sr]∞, are modulated
with respect to each other and the subsystem [(Rh,Rh′)O3]∞ was chosen
as the reference. The first and second subsystem reflections sets are
obtained from the (3+ 1)D superspace reflection indices by the
application of theW1 andW2 transformation matrices, respectively:36

The two possible superspace groups that are compatible with the
observed extinction conditions of-h+k+l * 3n for hklmandm * 2n
for h0lm are R3m(00γ)0s and the corresponding centrosymmetric
superspace groupR3hm(00γ)0s. R3hm(00γ)0s was chosen initially and
then confirmed by the successful structure solution.

The structure was solved via both a 3-D and a 4-D formalism using
JANA2000.43 Relevant crystallographic information is compiled in
Table 1 and Table 2 for the 3-D and 4-D structures, respectively, and

the atomic coordinates are given in Table 3 (3-D option) and Tables 4
and 5 (4-D option).

Results and Discussion

Structure. Large black hexagonal rod- or platelike single
crystals of Sr6Rh5O15 ranging in size from submillimeter to∼4
mm in length were grown from a molten potassium carbonate
flux. Figure 1 is a SEM image of two crystals obtained from
the flux, showing the variability in size and aspect, which can
be controlled by adjusting the growth conditions. The SEM also
verified the presence of Sr and Rh in all crystals. A large needle-
shaped crystal is typically used for the aligned single-crystal
magnetic measurements (see below); however, a small crystal
was chosen for the structure determination.

(43) Petricek, V.; Dusek, M.JANA2000: Programs for Modulated and
Composite Crystals; Institute of Physics: Praha, Czeck Republic, 2000.

Figure 1. Flux-grown single crystals of Sr6Rh5O15. (A) A typical crystal used for the structure determination. (B) A longer rodlike crystal typical
of those used for aligned magnetic measurements.

W1 ) |1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

|W2 ) |1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

|

Table 1. Crystallographic Data and Structure Refinement for
Sr6Rh5O15 (3-D Option)

formula Sr6Rh5O15

formula weight 1280.24
wavelength Mo KR (λ ) 0.710 73 Å)
space group R32
cell parameters a ) 9.6517(5) Å

b ) 9.6517(5) Å
c ) 13.0480(5) Å
R ) 90°
â ) 90°
γ ) 120°

volume 1052.65(8) Å3

Z 3
density (calc) 6.058 (g/cm3)
absorption coefficient 28.39 mm-1

twin matix (48/52(3)%) |1h 0 0
0 1h 0
0 0 1h

|
F (000) 1719
2θmax 60°
index ranges -13 ) <h ) <13,-11 ) <k ) <11,

-18 ) < l ) <16
reflections collected 11 725
unique reflections 648 (I > 3σ(I))
R(int) 0.0722
absorption correction Gaussian method
Tmin, Tmax 0.0671, 0.2373
refinement method full-matrix least-squares onF2

data/restraints/parameters 648/0/44
goodness of fit onF2 2.94
R [I > 3σ(I)] 0.0317
wR(w ) 1/σ2(F0)2) 0.0661
extinction coefficient 0.059(7)
(∆/σ)max 0.0002
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For the 3-D structure determination of Sr6Rh5O15, the atomic
positions of Sr6Co5O15 were used as the starting positions for
the refinement. After several refinement cycles, a final residual
factor of R ) 3.17% was obtained for 44 independent refined
parameters (Table 1).

For the 4-D structure determination, the structure was solved
as a composite structure. As mentioned earlier, this structure
type can be considered to be a modulated chain composite
structure (commensurate or incommensurate) with two sub-
systems. In our case, theγ-component of theq vector is3/5. As
described in refs 32 and 33, the (3+ 1)-dimensional superspace
group gives rise to three possible three-dimensional space groups
(R3h, R32, andR3), as a function of thet-phase section. Thet
value of 1/4 corresponds to the space groupR32, which,
consequently, was chosen for the refinement of this structure.
As proposed in the paper by Perez-Mato et al.,32 a sawtooth-
type function defined by its center (x̂4), its width (∆),44,45 and
its maximum amplitude for the displacivez-component, was
used to describe the atomic positions. To make a valid
comparison between the 3-D and the 4-D structure determina-
tions, the number of parameters used for the 4-D structure
solution (average atomic positions plus modulations)mustnot
exceed the number of parameters used for the 3-D solution.
Therefore, the number of variables used in the 4-D refinement

must be limited accordingly. For example, in the 3-D model,
the strontium atoms occupy two independent positions in the
9d and 9e sites, respectively (Table 3). There are two refineable
positional parameters, and therefore, in the 4-D commensurate
option, the maximum number of variables used to describe the
strontium position should be limited to two. Specifically, in the
4-D structural model utilized,32 two strontium atoms must be
refined: (Sr1) located in the [Sr3O9] layer and (Sr2) located in
the [Sr3RhO6] layer. Since both atoms are located at an average
position of (x 0 1/4), requiring the refinement of one positional
variable,x, no positional modulations can be applied in this
commensurate model as that would require more than two
variables. The same reasoning applies to the rhodium atom
occupying the trigonal prismatic site. In the 3-D option, the
(Rh3) position is on a special position (0 01/2), which is not
refined. Consequently, in the 4-D option the amplitude of the
(Rh2) position is zero and the positional modulation, similarly,
is not refined. On the other hand, since there are two rhodium
octahedral sites in the 3-D structure description, and only one
in the 4-D description, it is permissible, in this case, to refine
the displacive modulation of the rhodium position to third order.
Furthermore, in the 3-D model, there are three positions for the
oxygen atoms, which correspond to seven refineable parameters.
In the 4-D option, consequently, the atomic modulation functions
are refined to third order.

Using these criteria, the structure has been refined, with the
results given in Table 2 and the various refined parameters
gathered in Tables 4 and 5. TheR values are similar to those
obtained for the 3-D option. It is important to point out that
only 32 parameters needed to be refined in the 4-D option
compared to the 44 parameters needed for the 3-D option. A
comparison of selected bond distances for the two models is
shown in Table 6. It may be noticed that all observed differences
fall within the standard deviations of the bond distances.

The structure solutions obtained from the 4-D superspace
group formalism and the 3-D approach can, therefore, be
considered equivalent. By this example, the efficiency of the
4-D superspace formalism for describing this structural type in
a unified form has been demonstrated. Indeed, one can show
that if the c-parameter becomes very long, the number of
independent atoms in the superstructure and therefore the
number of refineable parameters increase significantly for the
3-D structure solution approach. On the contrary, in the
superspace formalism, the number of independent atoms is
constant, irrespective of the value of the modulation vectorq
(commensurate or incommensurate). Moreover, the superspace
group is always the same and independent of theq value. The
accuracy of the results is determined and limited only by the
order of the atomic modulation functions introduced in the
refinement.

An approximate [110] view of the composite structure of
Sr6Rh5O15 is shown in Figure 2. The repeat sequence in the
face-shared polyhedral [(A′,B)O3]∞ subsystem consists of four
consecutive RhO6 octahedra followed by one distorted RhO6

trigonal prism. The metal-oxygen bond distances (Rh-O )
1.926(6)-2.069(5) Å) are typical for oxides of this type.24,25

Intrachain Rh-Rh (2.501(1)-2.721(1) Å) distances can be
considered to be nonbonding.

Sr6Rh5O15 is anm) 1, n ) 1 member of the A3n+3mA′nB3m+n-
O9m+6n family. Its synthesis and successful structure determi-
nation further establish the validity of the general structural
classification developed by Darriet and Subramanian.31,32 The
single-crystal structure of Sr6Rh5O15 does not have the doubled
a-axis, as observed by us in X-ray powder data,41 nor does it

(44) Petricek, V.; Van der Lee, A.; Evain, M.Acta Crystallogr.1995,
A51, 529.

(45) Boucher, F.; Evain, M.; Petricek, V.Acta Crystallogr.1996, B52,
100.

Table 2. Crystallographic Data and Structure Refinement for
Sr6Rh5O15 (4-D Option)

formula Sr1.2RhO3 (Z ) 3)
cell parameters a ) 9.6517(5) Å

c1 ) 2.6096(3) Å
c2 ) 4.3493(1) Å
q ) 0.6c1*
V ) 210.53(2) Å3

superspace group R3hm(00γ)0s
twin matrix (47/53(4)%) |1h 0 0

0 1h 0
0 0 1h

|
unique reflections 649 (I > 3σ(I))
refinement method F2

parameters/restraints 32/0
final Rvalues R ) 0.0411 (Rw ) 0.0936)

for all reflections
R ) 0.0301 (Rw ) 0.0680)

for 303 main reflections
R ) 0.0651 (Rw ) 0.1335)

for 309 satellites of order 1
R ) 0.1476 (Rw ) 0.2741)

for 32 satellites of order 2
R ) 0.3447 (Rw ) 0.8221)

for 5 satellites of order 3
goodness of fit onF2 4.11
(∆/σ)max 0.0001

Table 3. Atomic Positions and Equivalent Isotropic Displacement
Parameters for Sr6Rh5O15 (3-D Option).

atom site x y z Ueq (Å2)

Sr1 9d 0.6757 (1) 0 0 0.0182(4)
Sr2 9e 0.3520(1) 0 1/2 0.0146(3)
Rh1 6c 0 0 0.90417(8) 0.0071(2)
Rh2 6c 0 0 0.70851(9) 0.0112(3)
Rh3 3b 0 0 1/2 0.0133(4)
O1 18f 0.1683(8) 0.1622(7) 0.8095(4) 0.019(1)
O2 9d 0.1640(10) 0 0 0.014(3)
O3 18f 0.8480(10) 0.8560(10) 0.6096(5) 0.071(4)
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contain any rhodium vacancies, as observed by Gonzalez-Calbet
et al.42 in their powder sample. Clearly, sample preparation is
critical and small variations in the synthesis conditions of
powders can lead to significant deviations from the ideal
structure and composition.46 This suggests that, for many
members of this large family of oxides, structure solutions based
on single crystals are preferred and cannot always be compared

to powder structures due to differences in preparation and,
potentially, sample composition. In fact, the work by Gonzalez-
Calbet42 supports this last point. It is quite clear that the specific
synthesis conditions (oxygen partial pressure, heating rate,
temperature, time, precursors, etc.) greatly affect the products
that one obtains. Consequently, while an analysis of small
crystallites in a powder sample is undoubtedly reasonable, it is
not assured that such information can be used to extrapolate to
samples made under different synthesis conditions and certainly
not to other compositions. In fact, a very cautious and
conservative approach would be to consider each powdered
sample, containing metals that can take on multiple oxidation
states, as a unique composition with a unique structure and
concomitant properties.

Five compounds isostructural with Sr6Rh5O15, where crystal
structures have been published, include Ba6Ni5O15,11 Sr6-
Co5O15,12 Ba6CuIr4O15,13 and Ba6Mn4MO15 (M ) Cu, Zn).47

All of the structures consist of a polyhedral chain repeat
sequence of four face-sharing octahedra followed by one trigonal

(46) Stitzer, K. E.; Henley, W. H.; Claridge, J. B.; zur Loye, H.-C.;
Laylard, R. C.J. Solid State Chem., submitted.

Table 4. Fractional Atomic Average Coordinates, Equivalent Isotropic Displacement Factors, and Atomic Positional and DWF Modulation
Coefficients for Sr6Rh5O15 (4-D Option)a.

atom x0 y0 z0 Ueq (Å2)

Subsystem [(Rh, Rh′)O3]: R3hm(00γ)0s
Rh1 0 0 0 0.0090(3)
Rh2 0 0 0 0.0131(6)
O 0.1579(5) 0.1579(5) 1/2 0.028(2)

Subsystem [Sr]: P3hcl(001/γ)
Sr1 0.3243(2) 0 1/4 0.0182(7)
Sr2 0.3517(2) 0 1/4 0.0145(6)

Rh1: Uz,1
Rh1 ) 0.0016(4) Uz,3

Rh1 ) -0.0057(5)
amplitude) -0.8δ0/c x̂4 ) 1/4 ∆ ) 0.4
UU11,2

Rh1 ) UU22,2
Rh1 )

2UU12,2
Rh1 ) -0.0007(4)

UU33,2
Rh1 ) -0.0056(5)

Rh2: amplitude) 0 x̂4 ) 1/4 ∆ ) 0.1
O: Ux,1

O ) Uy,1
O ) 0.0095(7) Ux,2

O ) -Uy,2
O ) 0.0025(3)

Ux,2
O ) -0.004(2)

Ux,3
O ) -Uy,3

O ) -0.0045(4) Uz,3
O ) 0.021(2)

Ux,4
O ) Uy,4

O ) -0.004(1)
amplitude) -0.07642) -δ0/c x̂4 ) 1/4 ∆ ) 1/2

Sr1: amplitude) 0 x̂4 ) 1/2 ∆ ) 0.1667
Sr2: amplitude) 0 x̂4 ) 0 ∆ ) 0.1667

a Modulation functions for a parameterλ of an atomν defined in a restricted interval are given by the following:Uλ
ν(x4) ) ∑n)0

k Uλ,n
ν orthon

ν(x4),
where the orthogonalized functions, obtained through a Schmidt orthogonalization routine, are given by orthoi

ν(x4) ) B0
ν + ∑n)1

k An
νsin(2πnx4) +

∑n)1
k Bn

νcos(2πnx4) with coefficientsB0
ν, An

ν, Bn
ν given in Table 5.

Table 5. Coefficients of the Orthogonalized Functions (4-D
Option)

orthoi
o B0

O A1
O B1

O A2
O B3

O

ortho0
o 1

ortho1
o -2.069 3.249

ortho2
o 0 0 1.414

ortho3
o 0 0 -2.271 2.675

ortho4
o -2.187 2.785 0 0 1.953

orthoi
Rh1 B0

Rh1 A1
Rh1 B1

Rh1 A2
Rh1 B3

Rh1

ortho0
Rh1 1

ortho1
Rh1 0 1.616

ortho2
Rh1 -0.395 0 1.689

ortho3
Rh1 0 -0.976 0 1.767

ortho4
Rh1 0.627 0 -1.184 0 1.852

Table 6. Selected Bond Distances for Sr6Rh5O15 (3-D and 4-D
Options)

distance (Å)

atom atom 3-D option 4-D option

Rh1 O1 2.018(5) 2.016(5) (×3)
Rh1 O2 2.017(7) 2.012(6) (×3)
Rh2 O3 1.926(6) 1.940(7) (×3)
Rh2 O1 2.069(5) 2.084(6) (×3)
Rh3 O3 2.022(9) 2.023(9) (×6)
Rh1 Rh1 2.501(1) 2.500(1) (×1)
Rh1 Rh2 2.553(2) 2.554(2) (×1)
Rh2 Rh3 2.721(1) 2.720(1) (×2)

Figure 2. Approximate [110] view of the structure of Sr6Rh5O15

consisting of chains of four face-sharing RhO6 octahedra followed by
one RhO6 trigonal prism: light gray, RhO6 octahedra; dark gray, RhO6

trigonal prisms; gray spheres, Sr atoms.
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prism. In the case of Ba6Ni5O15, Sr6Rh5O15, and Sr6Co5O15, both
polyhedral sites, i.e., the octahedra and the trigonal prism, are
occupied by the same atom type; however, for the other
compounds, the sites are occupied by the two different metal
atoms. Potential oxidation states for nickel in Ba6Ni5O15 include
Ni2+, Ni3+, and Ni4+.11 No assignment of oxidation states was
proposed for cobalt in Sr6Co5O15, for which the average
oxidation state+3.6.12 Potential oxidation-state distributions for
rhodium in Sr6Rh5O15 include three Rh4+ and two Rh3+. One
might expect that the location of the Rh3+ and Rh4+ cations in
the chain could be obtained from Rh-O bond lengths using,
for example, the bond valence approach. However, in this case,
it turns out that the average metal-oxygen bond lengths for all
the polyhedra are essentially identical within experimental error.
Consequently, it is not possible to make an assignment of
oxidation states by this approach, and further clarification will
have to await planned neutron diffraction and XANES experi-
ments.

Magnetism.The availability of large single crystals presents
a great opportunity to carry out magnetic measurements on
oriented single crystals. While there exists an extensive literature
on anisotropic magnetic materials and the determination of their
magnetic behavior using single crystals,1,2 this is typically not
the case for this family of oxides. Anisotropies have been
predicted for these pseudo-one-dimensional materials, and the
most in-depth investigations have been carried out on Ca3Co2O6,
an n ) 1, m ) 0 member of this family, using polycrystalline
samples48,49and, more recently, single crystals.50 The work on
single crystals confirmed the magnetic structure as consisting
of a triangular lattice of ferromagnetic [Co2O6] chains that are
coupled antiferromagnetically. Other systems include Sr3NiPtO6,
where magnetic susceptibility studies on oriented single crystals
indicate the presence of Ni(II) ions with a large single-ion
anisotropy.4 Sr6Rh5O15 is the latest oxide of this family for which
large crystals have been grown and where, consequently, it is
possible to carry out such experiments.

For comparison, powder susceptibility measurements were
carried out on a sample of finely ground single crystals of Sr6-
Rh5O15. The magnetic susceptibility and inverse susceptibility
as a function of temperature for such a randomly oriented
polycrystalline sample is shown in Figure 3. The susceptibility
curve increases to a maximum at 11 K, followed by a decrease
in the susceptibility, indicative of antiferromagnetic correlations.

Single-crystal magnetic measurements were performed using
a large single crystal, 3.0 mm in length and weighing 1.88(1)
mg. Though unsuitably large for a single-crystal structure
determination, the crystal system and unit cell parameters of
this crystal were determined on a Bruker SMART APEX CCD
single-crystal diffractometer after the magnetic measurements
were performed and shown to be identical to those used for the
structure solution. The crystal was affixed to a Quantum Design
crystal rotator device and immersed in the SQUID magnetom-
eter. The crystal rotator enables continuous in situ measurements
of the magnetization as a function of crystal orientation relative
to the applied field. Figure 4 plots the magnetic susceptibility
of the single crystal as a function of crystal orientation at 2 K.
A regular sinusoidal variation in the susceptibility is clearly
evident. The maximums in the susceptibility correspond to a

parallel alignment of the hexagonalc-axis (i.e., the [Rh5O15]∞
chain direction) with the applied field and the minimums
correspond to a 90° rotation from that position or a perpendicular
orientation of thec-axis relative to the magnetic field. A large
magnetic anisotropy is clearly evident, with a ratio ofM(par-
allel)/M(perpendicular)∼ 40 at 11 K. Interestingly, the mini-
mum is virtually zero, considering experimental uncertainties
due to the rotator background subtraction. The strength of this
collinear arrangement is demonstrated by Figure 5, which shows
the temperature dependence of the magnetic susceptibility of
the single crystal as a function of crystal alignment. It can be
seen that the magnetic anisotropy persists all the way up to room
temperature and beyond, as shown in Figure 6, which shows
the magnetic anisotropy as a function of temperature. It is worth
noting that the magnetic correlations are evident only for the
crystal in the parallel orientation and essentially absent for the

(47) Cussen, E. J.; Vente, J. F.; Battle, P. D.J. Am. Chem. Soc.1999,
121, 3958.

(48) Kageyama, H.; Yoshimura, K.; Kosuge, K.; Azuma, M.; Takano,
M.; Mitamura, H.; Goto, T.J. Phys. Soc. Jpn. 1997, 66, 3996.

(49) Aasland, S.; Fjellvag, H.; Hauback, B.Solid State Commun.1997,
101, 187.

(50) Maignan, A.; Michel, C.; Masset, A. C.; Martin, C.; Raveau, B.
Eur. Phys. J.2000, B15, 657.

Figure 3. Temperature dependence of the magnetic susceptibility
(closed circles) and the inverse susceptibility (open squares) of Sr6-
Rh5O15 powder at 5 kG.

Figure 4. Magnetic susceptibility of a single crystal of Sr6Rh5O15 as
a function of crystal orientation with respect to the applied magnetic
field measured at 11 K and 5 kG. The maximums occur for the crystal
c-axis aligned parallel with the applied field.
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perpendicular orientation. This suggests that the antiferromag-
netic correlations are strongly coupled to the chain direction.

These measurements demonstrate the importance of carrying
out magnetic measurements on single crystals, at least for this
rhodium family of oxides. Previous measurements performed
on powdered samples41 necessarily yielded an averaged result.
For this material, since the magnetization in one direction is
effectively zero, we would expect the powder average to be
one-third of the maximum single crystal value. Figure 7
compares the powder susceptibility measured on a randomly
oriented polycrystalline sample of Sr6Rh5O15 (obtained by

grinding a sample of single crystals to a fine powder) with that
of the single crystal. The powder data are multiplied by a factor
of 3 to reflect the random orientation of the crystallites. The
data overlay quite well, demonstrating that the powder value is
indeed a random average of the various crystal orientations. It
also suggests that magnetic measurements carried out on random
powders of oxides in this family may represent only a powder
average, the exact value of which would depend on the
magnitude of the magnetic anisotropy that eachrandomly
oriented crystalliteis displaying and on the temperature at which
it is measured, since the anisotropy has a temperature depen-
dence (Figure 6). Although the existence of such an anisotropy
has been hypothesized previously in several members of this
family, including Sr3CuIrO6,51 it has now become possible to
demonstrate its existence. It is also clear that this large magnetic
anisotropy is not unique to Sr6Rh5O15, as similar results have
been observed in other oxide members of this family.50,52
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Figure 5. Temperature dependence of the magnetic susceptibility of
a single crystal of Sr6Rh5O15 oriented parallel (closed circles) and
perpendicular (open squares) with respect to the applied field of 5 kG.

Figure 6. Temperature dependence of the magnetic anisotropy (defined
as the ratio between the susceptibility of a single crystal of Sr6Rh5O15

oriented parallel and perpendicular with respect to the applied field)
measured at 5 kG.

Figure 7. Correlation between the magnetic susceptibility of a single
crystal of Sr6Rh5O15 (open squares), oriented parallel to the applied
field of 5 kG and the susceptibility of Sr6Rh5O15 powder (closed circles)
multiplied by a factor of 3, measured at 5 kG.
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