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Two new compounds, Sr3NiRhO6 and Sr3CuRhO6, belonging
to a family of 2H-perovskite related materials, were synthesized
in both a commensurate and an incommensurate form. The
oxides were structurally characterized by powder X-ray Rietveld
re5nements and magnetic measurements. The commensurate
structure of Sr3NiRhO6 is isostructural with the rhombohedral
K4CdCl6 structure (space group R3� c; Z � 6; a � 9.5951(1) A� ,
c � 11.0621(2) A� ) while the structure of Sr3CuRhO6 forms in
a monoclinic distortion of the K4CdCl6 structure (space group
C 2/c; Z � 4; a � 9.2226(2) A� , b � 9.6882(2) A� , c � 6.6926(2) A� ,
� � 92.440(2)3). The structures of Sr3NiRhO6 and Sr3CuRhO6

contain chains of alternating face-sharing NiO6/CuO6 trigonal
prisms and RhO6 octahedra. The magnetic susceptibility of
Sr3NiRhO6 shows an abrupt drop at 30 K, suggesting antifer-
romagnetic correlations between the transition metal containing
chains. Sr3CuRhO6 displays ferromagnetic-type ordering below
10 K. When the samples are heated for prolonged periods
of time, a transition to an incommensurate structure takes
place. Depending on the speci5c synthesis conditions, di4erent
incommensurate structures can be obtained. The 5tted lattice
parameters with space group R3m (cell 1) and P31c (cell 2)
are a � 9.6201(6) A� , c1 � 2.6732(2) A� , c2 � 3.9803(8) A� for
Sr3NiRhO6�� and a � 9.624(2) A� , c1 � 2.6981(5) A� , c2 �
3.9539(5) A� for Sr3CuRhO6�� . The magnetic susceptibilities of
the incommensurate compounds are quite di4erent from their
commensurate analogues, as all signs of long-range magnetic
order disappear. � 2002 Elsevier Science (USA)

Key Words: Sr3NiRhO6; Sr3CuRhO6; solid-state synthesis;
oxides; Rietveld re5nement; commensurate structures; incom-
mensurate structures; magnetic properties.
�Current address: Department of Chemistry, University of Liverpool,
rown Street, Liverpool L69 7ZD, UK.
�To whom correspondence should be addressed. E-mail: zurloye@
.edu.

22
022-4596/02 $35.00
2002 Elsevier Science (USA)

ll rights reserved.
INTRODUCTION

We have previously reported the crystal structures of
several 2H-perovskite related oxide materials, including
Sr

�
ZnRhO

�
(1), Sr

�
GdRhO

�
(2), Sr

�
ScRhO

�
(3),

Ca
�
NaMO

�
(M"Ru, Ir) (4), Sr

�
CoPtO

�
(5), Sr

�
PbNiO

�
(6), and Sr

�
Rh

�
O

��
(7,8). These phases belong to a large

family of oxide structures and can be described via the
stacking of [A

�
O

�
] and [A

�
A�O

�
] layers, and the "lling of

the resultant octahedral interstices by a B cation (9). This
gives rise to the general expression A

�����
A�

�
B

����
O

�����
(10, 11). Using this formalism, compounds such as
Sr

�
Rh

�
O

��
correspond to an m"1, n"1 structure

(A"Sr; A�"B"Rh), while Sr
�
PbNiO

�
represents the

m"0, n"1 member, as shown in Fig. 1. This description
easily describes the structural composition of the commen-
surate members but not as readily the members that form an
incommensurately modulated structure.
An alternative method for describing these structures is to

treat them as composite crystals in terms of two subcells
(11}15). The "rst subcell consists of [(A�,B)O

�
]
�

chains
while the second is formed by the [A]

�
chains; these are two

crystallographically independent subsystems that are peri-
odic in the xy plane and modulated along the z direction. If
the ratio of the repeat distances of these two chain types is
a rational number, then the structure is commensurate;
however, if the ratio is not a rational number, then the
structure is incommensurately modulated along the chain
direction.
An equivalent expression for this family of oxides is

A
���

(A�
�
B

���
)O

�
(x"n/(3m#2n)) where the composition

variable x ranges continuously between 0 and �
�
(13). For

simple fractional values of x, such as �
�
, �
	
, or �

�
, the structure
0



FIG. 1. Structures of the A
����

A�
�
B

���
O

����
family.
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is commensurate. Numerous incommensurate members of
this family have also been found (14,16}18) and the useful-
ness of this structural model has been demonstrated by such
incommensurate structures as Ba

���
[(Cu

�
Rh

���
)O

�
] with

x"0.1605 and x"0.1695 (12), and Ba
���

[(Cu
�
Ir

���
)O

�
]

with x"0.2708 (19).
The m"0, n"1 members of this family form in the

familiar K


CdCl

�
structure and are of the type A

�
A�BO

�
consisting of in"nite chains of face-shared A�O

�
trigonal

prisms and BO
�
octahedra. The A� and B sites can be

occupied by diverse cations in oxidation states ranging from
#1 to #5. When both the A� and the B site are occupied
by magnetic ions, complex magnetic interactions within
chains can be observed. If, on the other hand, only one
site (either A� or B) contains a magnetic ion, coupling
between chains can dominate (20, 21). In addition, since
six other chains surround each chain, forming a tri-
angular lattice in the basal plane, such systems can be
expected to exhibit spin glass behavior or geometric frustra-
tion (22).
There is now a growing number of compounds with the

K


CdCl

�
structure that contain magnetic ions on both

the A� and the B chain sites: Ca
�
CoIrO

�
(23), Ca

�
CoRuO

�
(24), Sr

�
CoPtO

�
(5), Ca

�
NiMnO

�
(24), Sr

�
NiIrO

�
(25),

Sr
�
CuIrO

�
, (25), Ca

�
CoRhO

�
(26), Ca

�
FeRhO

�
(26), and

Ca
�
Co

�
O

�
(27}32). These materials have all been shown to

exhibit very complex magnetic behavior due to interactions
both within and between chains. For some compounds,
such as Ca

�
Co

�
O

�
, low-temperature neutron di!raction has

yielded insights into the magnetic structure of these mater-
ials (30, 31). In others, such as Sr

�
NiIrO

�
, no magnetic
Bragg peaks were observed down to the lowest temper-
atures measured (25).
In this paper we report the synthesis of Sr

�
NiRhO

�
and

Sr
�
CuRhO

�
, two new m"0, n"1 members of this family

of oxides, that can be synthesized in the K


CdCl

�
structure

as well as in incommensurate modi"cations. The complex
magnetic properties of these two compounds, measured for
both the commensurate and the incommensurate modi"ca-
tions, are reported and compared with the magnetic proper-
ties of the known iridium analogues, Sr

�
NiIrO

�
and

Sr
�
CuIrO

�
.

EXPERIMENTAL

Synthesis

Polycrystalline samples of Sr
�
NiRhO

�
and Sr

�
CuRhO

�
were synthesized via a solid state route. SrCO

�
(Alfa,

99.95%), NiO or CuO (Alfa, 99.95%), and Rh metal (Engel-
hard, 99.9995%), were intimately mixed and ground thor-
oughly. The powder was pressed into a pellet at 5000 psi and
heated at 10003C for a total of 15 days with intermittent
grinding. To prepare the commensurate phases, great care
had to be taken not to heat the samples too long, as the
transformation to the incommensurate phase, although
slow, starts as soon as the commensurate target phase has
formed. Due to this circumstance, a small amount of the
incommensurate phase is always found in the commensur-
ate phases of both Sr

�
NiRhO

�
and Sr

�
CuRhO

�
.

Further heat treatments of the commensurate samples
lead to incommensurate phases. However, in order to syn-
thesize phase pure incommensurate samples, a nitrate



TABLE 1
Summary of Crystallographic Data and Least-Squares
Re5nement Results for Sr3MRhO6 (M �Ni and Cu)

Compound Sr
�
NiRhO

�
Sr

�
CuRhO

�
Space group R3� c C2/c
a (A� ) 9.5951(1) 9.2226(2)
b (A� ) 9.5951(1) 9.6882(2)
c (A� ) 11.0621(2) 6.6926(2)
� (3) 90 90
� (3) 90 92.440(2)
� (3) 120 90
< (A� �) 882.00(3) 597.45(3)
R

�
(%) 11.16 10.08

R
��

(%) 12.64 10.44
R

�����
(%) 9.13 9.26
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decomposition was employed. SrCO
�
(Alfa, 99.95%), NiO

or CuO (Alfa, 99.95%), and Rh metal (Engelhard,
99.9995%) were intimately mixed and ground thoroughly.
The powder was dissolved in 250 mL of concentrated nitric
acid. The reaction mixture was heated and stirred until
dryness. The dried reaction mixture was initially heated in
air at 4003C for 20 h. It was then "red at 8503C for 12 h,
10003C for 72 h, 3 cycles of 10503C for 72 h, and a "nal
treatment at 11503C for 88 h.

Structure Rexnement

High-resolution synchrotron X-ray powder di!raction
data were collected on the X7A beamline at the National
Synchrotron Light Source at Brookhaven National Labor-
atory. Monochromatic radiation was obtained from a chan-
nel-cut double-crystal Si (111) monochromator, oriented to
give a wavelength of 0.7997(1) A� . The synchrotron
wavelength was calibrated using a CeO

�
standard. The

samples were loaded into glass capillaries (diameter
&0.2 mm), which were freely rotated (1}2 Hz) during data
collection to reduce any possible preferred orientation ef-
fects. Data collection times were typically 4 h per sample.
Structure re"nements of Sr

�
NiRhO

�
were carried out in

the space group R3� c (no. 167). Based on our experience with
the structure of Sr

�
NiPtO

�
(20,33), the Rh atom was placed

in the octahedral site 6b, the Ni atom was placed in the
trigonal prismatic site 6a, and the Sr atom was placed in the
18e site. The structure re"nement of Sr

�
CuRhO

�
was car-

ried out in the space group C 2/c (no. 15). Using the known
structure of Sr

�
CuPtO

�
as a starting point (34), the Rh atom

was placed in the octahedral site 4c, the Cu atom was placed
in the trigonal prismatic site 4e, and the Sr atom was placed
in the 4e and 8f sites.
Structure re"nements for both compounds were per-

formed using the Rietveld (35) method implemented in the
computer program GSAS (36). The pro"le of the di!raction
peaks of Sr

�
NiRhO

�
and Sr

�
CuRhO

�
was described by

a pseudo-Voigt function. Re"nements of the peak asym-
metry were allowed and a linear interpolation of "xed
points was used to model the background.

Magnetism

The magnetic susceptibilities of the polycrystalline sam-
ples were measured using a Quantum Design MPMS XL
SQUIDmagnetometer. Samples were measured under both
"eld cooled (FC) and zero-"eld-cooled (ZFC) conditions. In
either case, the magnetization was measured upon warming
the samples from 2 to 300 K. Susceptibility measurements
were carried out in applied "elds of 500, 1000, 5000, and
40,000 G. In addition, "eld sweeps between #40,000 and
!40,000 G were measured at various temperatures. The
very small diamagnetic contribution of the gelatin capsule
containing the sample had a negligible contribution to the
overall magnetization, which was dominated by the sample.

Thermogravimetric Analysis

The oxygen content of the samples and their thermal
behavior was determined by thermogravimetric analyses
(TGA), using a TA Instruments SDT 2960 simultaneous
DTA-TGA. Thermogravimetric analyses used 5% H

�
/95%

N
�
(#ow rate of 60 mL/min). Analyses of the oxygen content

were carried out on both commensurate and incommensur-
ate samples of Sr

�
NiRhO

�
and Sr

�
CuRhO

�
. To carry out

the reductions, samples of Sr
�
NiRhO

�
and Sr

�
CuRhO

�
were heated over a temperature range of 50 to 11003C at
a heating rate of 53C/min. The oxygen content was deter-
mined based on the weight loss and the oxygen content of
the residual species (strontium oxide, nickel/copper metal,
and rhodiummetal). The endpoint of the TGA trace was not
always well de"ned, leading to a larger than normal uncer-
tainty in the oxygen content of these materials.

RESULTS

Commensurate Structures

Crystallographic data for the structure re"nements of
Sr

�
NiRhO

�
and Sr

�
CuRhO

�
are given in Table 1. The

atomic positions and thermal parameters for Sr
�
NiRhO

�
and Sr

�
CuRhO

�
can be found in Table 2. Selected in-

teratomic distances and angles for the nickel and copper
phases are located in Tables 3 and 4, respectively. The best
agreement obtained between the calculated and the ob-
served pro"les for the Rietveld re"nement of Sr

�
NiRhO

�
and Sr

�
CuRhO

�
is shown in Figs. 2 and 3, respectively. Due

to the fact that a small amount of the respective incommen-
surate phase was present in both powder di!raction pat-
terns, it was not possible to re"ne these structures to very
low residuals. Using the current software it is not possible to



TABLE 2
Atomic Positions and Isotropic Thermal Parameters with ESDS

( ) for Sr3MRhO6 (M �Ni and Cu)

Compound Atom Site x y z ;
���

(A� �)

Sr
�
NiRhO

�
Rh 6b 0 0 0 0.0067(4)
Sr 18e 0.3653(1) 0 �



0.0080(3)

Ni 6a 0 0 �



0.0062(6)
O 36f 0.1721(6) 0.0221(7) 0.1119(5) 0.012(1)

Sr
�
CuRhO

�
Rh 4c �



�



0 0.0043(4)
Sr 8f 0.3128(2) 0.0737(2) 0.6195(4) 0.0063(5)
Sr 4e 0 0.1064(3) �



0.010(8)

Cu 4e �
�

0.1987(3) �



0.0020(7)
O� 8f 0.217(1) 0.312(1) 0.7154(7) 0.01
O� 8f 0.360(1) 0.4237(7) 0.073(2) 0.01
O� 8f 0.0555(6) 0.340(1) 0.030(2) 0.01

�Oxygen positions have been constrained. Oxygen thermal parameters
are "xed.

TABLE 4
Select Interatomic Distances (A� ) and Bond Angles (3) with

ESDS ( ) for Sr3CuRhO6

Atom Atom Distance Atom Atom Atom Angle

Rh Cu 2.8344(6) (�2) O(1) Rh O(2) 92.1(5) (�2)
Rh O(1) 2.009(2) (�2) O(1) Rh O(2) 87.9(5) (�2)
Rh O(2) 2.014(2) (�2) O(1) Rh O(3) 82.2(5) (�2)
Rh O(3) 2.011(2) (�2) O(1) Rh O(3) 97.8(5) (�2)
Cu O(1) 2.02(1) (�2) O(2) Rh O(3) 93.2(5) (�2)
Cu O(2) 2.77(1) (�2) O(2) Rh O(3) 86.8(5) (�2)
Cu O(3) 1.96(1) (�2) O(1) Cu O(2) 174.0(6)

O(1) Cu O(3) 83.2(3)
O(1) Cu O(3) 95.7(2)
O(2) Cu O(3) 95.7(2)
O(2) Cu O(3) 83.1(6)
O(3) Cu O(3) 158.1(7)
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carry out a two-phase Rietveld re"nement with an incom-
mensurate structure. Consequently, no corrections of any
sort were carried out to compensate for the presence of the
incommensurate component. The residuals, therefore, for
Sr

�
NiRhO

�
were R

�
"11.16% and R

��
"12.64% and for

Sr
�
CuRhO

�
R

�
"10.08% and R

��
"10.44%.

Sr
�
NiRhO

�
is isostructural with the rhombohedral struc-

ture type K


CdCl

�
, as was expected based on the fairly large

number of compounds that have been synthesized with this
structure type. Sr

�
CuRhO

�
forms in a monoclinic distortion

of the K


CdCl

�
structure type (34). The rhombohedral

structure consists of chains of alternating face-sharing trig-
onal prisms and octahedra. In the monoclinic modi"cation,
the copper atoms move from the center of the trigonal
prisms to their faces, thereby taking on a pseudo-square
planar coordination. A comparison between the two types
of chains is shown in Fig. 4. The strontium ions are coor-
dinated in a distorted square antiprism by eight oxygens.
The rhodium ions are located at the corners and center of
TABLE 3
Select Interatomic Distances (A� ) and Bond Angles (3) with

ESDS ( ) for Sr3NiRhO6

Atom Atom Distance Atom Atom Atom Angle

Rh Ni 2.76552(6) (�2) O Rh O 94.7(2) (�6)
Rh O 1.989(5) (�6) O Rh O 85.4(2) (�6)
Ni O 2.181(5) (�6) O Rh O 180 (�3)

O Ni O 76.4(2) (�6)
O Ni O 89.7(3) (�3)
O Ni O 129.4(3) (�3)
O Ni O 147.3(3) (�3)
the unit cell and are octahedrally coordinated to six oxy-
gens. The Rh}O bond distances are in agreement with those
found for Rh(IV) in other structurally related oxides (1,7,37).
The nickel ions in Sr

�
NiRhO

�
are located at the corners and

center of the unit cell and are coordinated in a trigonal
prismatic array by six equivalent oxygens. The trigonal
prisms are distorted by a twist about the threefold axis (�) of
13.63. The copper ions in Sr

�
CuRhO

�
are also located at the

corners and the center of the unit cell and are coordinated in
a trigonal prismatic array by 6 nonequivalent oxygens.
Due to the preference for copper to be in a square planar
FIG. 2. Observed (cross) and calculated (solid line) X-ray di!raction
patterns of Sr

�
NiRhO

�
for the range 83}663 2�, where �"0.79970 A� ,

corresponding to d-spacings of 5.732}0.734 A� . Tick marks indicate the
positions of allowed Bragg re#ections. The di!erence line, observed minus
calculated, is located at the bottom of the "gure.



FIG. 3. Observed (cross) and calculated (solid line) X-ray di!raction
patterns of Sr

�
CuRhO

�
for the range 63}703 2�, where �"0.79970 A� ,

corresponding to d-spacings of 7.640}0.697 A� . Tick marks indicate the
positions of allowed Bragg re#ections. The di!erence line, observed minus
calculated, is located at the bottom of the "gure.
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coordination environment, the copper atoms move from the
center of the trigonal prism to one of the faces, thereby
achieving a pseudo square planar arrangement, leading to
FIG. 4. Comparison of the [A�RhO
�
]
�
ch
four short and two long Cu}O distances. An approximate
[110] view of the m"0, n"1 structure type is shown in
Fig. 1, showing the alternating repeat of one octahedron
and one trigonal prism along the c direction for both
Sr

�
NiRhO

�
and Sr

�
CuRhO

�
.

Incommensurate Structures

The powder X-ray di!raction pattern for Sr
�
NiRhO

���
and Sr

�
CuRhO

��� are shown in Figs. 5 and 6, respectively.
They cannot be indexed using a conventional 3D cell; how-
ever, the patterns can be fully indexed using four indices
(hklm), implementing a similar method as shown for other
incommensurate compounds (1, 15, 18). The [(M, Rh)O

�
]
�

subsystem was chosen as the reference subsystem. The re-
#ections belonging to the two subcells are marked by the
upper set of tick marks beneath each pattern (hkl0, hk0m),
while the lower set of tick marks correspond to re#ections
attributable to the modulation (hklm). The "tted lattice
parameters with space groups R3m (subsystem 1) and P31c
(subsystem 2) are a"9.6201(6) A� , c

�
"2.6732(2) A� ,

c
�
"3.9803(8) A� for Sr

�
NiRhO

��� and a"9.624(2) A� ,
c
�
"2.6981(5) A� , c�"3.9539(5) A� for Sr

�
CuRhO

���. The
c
�
/c

�
ratio, which is indicative of the ratio of layers in the

structure to polyhedra in the transition metal chain, are
ains in Sr
�
NiRhO

�
(a) and Sr

�
CuRhO

�
(b).



FIG. 5. Di!raction pattern for the incommensurate form of
Sr

�
NiRhO

��� for the range 83}403 2�, for �"0.79970 A� , corresponding to
d-spacings of 5.732}1.169 A� . The re#ections belonging to the two subcells
are marked by the upper set of tick marks beneath each pattern (hkl0,
hk0m), while the lower set of tick marks correspond to re#ections attribu-
table to the modulation (hklm).
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0.6716 and 0.6824, for the nickel and the copper com-
pounds, respectively, compared to a theoretical value for the
commensurate m"0, n"1 structure of 0.75. A smaller
experimental c

�
/c

�
value compared to the theoretical value

indicates that some of the trigonal prisms have been con-
verted to octahedra and that the structure no longer strictly
contains alternating octahedra and trigonal prisms along
the polyhedral chain. In fact, a value of 0.67 corresponds to
FIG. 6. Di!raction pattern for the incommensurate form of
Sr

�
CuRhO

��� for the range 83}403 2�, for �"0.79970 A� , corresponding to
d-spacings of 5.732}1.169 A� . The re#ections belonging to the two subcells
are marked by the upper set of tick marks beneath each pattern (hkl0,
hk0m), while the lower set of tick marks correspond to re#ections attribu-
table to the modulation (hklm).
a structure having, on average, two octahedra for every
trigonal prism.

Thermogravimetric Analysis

The oxygen content of the four phases was determined by
TGA. The samples were reduced in #owing hydrogen to the
metals plus SrO, and the oxygen content was determined
based on the weight loss. The oxygen content for the com-
mensurate phases was stoichiometric within experimental
error. The oxygen content for the two incommensurate
phases, however, was higher than that predicted for the
commensurate m"0, n"1 structure. The increased oxy-
gen content indicates an overall oxidation of the incommen-
surate phase relative to the commensurate one. The results
are only qualitative and not quantitative in nature, since
a reasonable endpoint was not observed. Other members of
this family have also displayed such a poorly de"ned end-
point in the TGA data (18, 38). Qualitatively, the weight loss
for the nickel phase was 10.0%, corresponding to an oxygen
content of 6.3, and 9.9% for the copper phase, correspond-
ing to an oxygen content of 6.3.

Magnetic Measurements

The magnetic susceptibility data for the commensurate
Sr

�
NiRhO

�
phase was measured at 5 kG and is shown in

Fig. 7. (The data obtained at 1 and 2.5 kG are qualitatively
identical and are not shown for clarity.) Above 100 K (not
shown) the susceptibility of both the ZFC and FC data
follow the Curie}Weiss Law. Fitting the high-temperature
data to the Curie}Weiss Law plus a temperature-indepen-
dent term (TIP), according to the equation �"C/(¹!�)
#TIP (18), yields a calculated e!ective moment of 2.61 	

�
,

(�"28.3 K; TIP"0.00138 emu/mol), which is lower than
the theoretical spin-only moment of 3.31 	

�
for Rh
� in the

octahedral site and Ni�� in the trigonal prismatic site.
A lower than expected e!ective moment has also been
observed for other members of this family (38). At low
temperatures, the ZFC susceptibility shows a sharp drop
around 15 K, which levels o! near 10 K. The susceptibility
data measured in di!erent applied "elds overlay reasonably
well, indicating that there is virtually no "eld dependence to
the measurement. The FC measurements, on the other
hand, do not show this sharp drop at 15 K, but rather the
susceptibility continues to increase until about 10 K, when it
levels o! at a value much higher than that for the ZFC data.
Again, there is little if any "eld dependence for the FC
measurements.
The susceptibility data look very similar to what has been

observed for other members of this family, such as
Ca

�
FeRhO

�
(26), Ca

�
CoRhO

�
(26), and Sr

�
NiIrO

�
(25).

While the susceptibility of the iridium compound displays
the sharp drop at a temperature slightly higher than that of



FIG. 7. Temperature dependence of the ZFC (�) and FC (�) magnetic
susceptibility measured at 5 kG for Sr

�
NiRhO

�
.

FIG. 9. Field dependence of the magnetization of Sr
�
CuRhO

�
measured at 3 (�) and 70 K (�).
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the rhodium phase, the overall shape of the susceptibility
data is strikingly similar, and in fact, equally similar to that
of Ca

�
FeRhO

�
and Ca

�
CoRhO

�
. Although the magnetic

transition in the susceptibility of Sr
�
NiRhO

�
is very intense,

"eld sweeps collected at 3 and 70 K, below and above the
susceptibility drop, respectively, were linear and did not
show any "eld dependence.
The magnetic susceptibility of Sr

�
CuRhO

�
was measured

in applied "elds of 0.5, 5, and 40 kG. The 500-G measure-
ment is shown in Fig. 8. The data follow Curie}Weiss type
behavior at temperatures above 75 K. Fitting the high-
temperature data to the Curie}Weiss Law plus TIP yields
a calculated e!ective moment of 1.57 	

�
(�"11.2 K;
FIG. 8. Temperature dependence of the ZFC (�) and FC (�) magnetic
susceptibility measured at 500 G for Sr

�
CuRhO

�
.

TIP"0.00118 emu/mol), which is also lower than the
theoretical spin-only moment for Rh
� in an octahedral
coordination and Cu�� in a square planar coordination of
2.45 	

�
. The data are consistent with a ferromagnetic-

type ordering below 10 K. At high "elds, both ZFC and
FC data overlay down to the lowest temperature measured,
2 K. Only at very low applied "elds (500 G or less),
as shown, is there a clear separation between the ZFC
and FC data collected. Whereas the FC data appear
to be ordering ferromagnetically, the ZFC data undergo
a second transition and below 5 K tend toward zero. Such
deviations between the ZFC and the FC data are often
indicative of geometric frustration or a spin glass state,
which is possible in these materials due to their quasi-
triangular structure.
The "eld dependence of the magnetization, shown in

Fig. 9, indicates that at 3 K, Sr
�
CuRhO

�
looks like a very

soft ferromagnet. In fact, there is virtually no observable
hysteresis. A careful analysis of the data, however, reveals
that below about 500 G, there is a small hysteretic loop.
Based on the data shown in Fig. 9, it is unlikely, however,
that this represents the type of hysteresis observed for nor-
mal ferromagnetic materials. TheM vs H curve measured at
70 K, above the transition, shows no "eld dependence, as
expected. As in the case of Sr

�
NiRhO

�
and Sr

�
NiIrO

�
, the

magnetic data of Sr
�
CuRhO

�
look very similar to those of

the iridium analogue, Sr
�
CuIrO

�
(25).

The data for the incommensurate phases are shown in
Fig. 10, for both Sr

�
NiRhO

��� and Sr
�
CuRhO

���. It is
important to point out the complete absence of any features
in the susceptibility of the incommensurate phases. Between
2 and 300 K there is no sign of any magnetic transition, and
the ZFC and FC data overlay.



FIG. 10. Temperature dependence of the ZFC and FC magnetic
susceptibilitymeasured at 5 kG for incommensurate Sr

�
NiRhO

��� (�) and
Sr

�
CuRhO

��� (�). Inset: Temperature dependence of the inverse suscepti-
bility measured at 5 kG for incommensurate Sr

�
NiRhO

��� (�) and
Sr

�
CuRhO

��� (�).
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DISCUSSION

Structures

The Rietveld re"nements of Sr
�
NiRhO

�
and Sr

�
CuRhO

�
are shown in Figs. 2 and 3. The "t of the di!raction data to
the known m"0, n"1 structure of the A

�����
A�

�
B

����
O

�����
family is reasonable, although adversely a!ected by

the presence of the incommensurate phase, and con"rms the
structural model for these materials. The presence of the
incommensurate phase worsens the "t, but not unduly so.
Unlike the iridium analogues, Sr

�
NiIrO

�
and Sr

�
CuIrO

�
,

which readily form and show no signs of transforming into
an incommensurate phase, even when heated in excess of
13003C, the two rhodates have a strong tendency to pick up
oxygen during the synthesis and to transform into incom-
mensurate modi"cations that no longer resemble the simple
m"0, n"1 structure. A similar tendency has been ob-
served for other Sr}Rh}O phases (37) and in Sr

�
ZnRhO

�
(1). The processes involved in the transformation between
a commensurate and an incommensurate phases are not
well understood; however, there are several processes that
are believed to participate in the transformation (39). One is
the incorporation of extra oxygen into a trigonal prismatic
site, resulting in the conversion of one trigonal prismatic site
into two octahedral sites, giving rise to a net gain in oxygen
for the material. Another potential process involves the
migration of [A]

�
chain cations into the transition metal

[(A�,B)O
�
]
�

chain. One can speculate that the degree of
incommensurability that can be achieved by oxygen uptake
is limited by the maximum oxidation state that the metals in
the [(A�,B)O

�
]
�
chain can take on: in the case of nickel #3
to #4, in the case of copper #3, and in the case of
rhodium #4 to #5. In the limit we achieve the BaNiO

�
structure type, which consists of all face-shared octahedra,
with an average oxidation state of #4 in the [(A�,B)O

�
]
�

chain. It is possible that some of these materials are capable
of forming an essentially in"nite number of incommensurate
structures with a continually adjustable c

�
/c

�
ratio. How-

ever, some compositions clearly prefer quite speci"c c
�
/c

�
ratios, for example, Sr

�
NiPtO

�
or Sr

�
PbNiO

�
, suggesting

that perhaps speci"c cation and anion radius ratios might
favor speci"c compositions and, hence, structures. As more
incommensurate structures are thoroughly structurally
characterized, it might be possible to substantiate such
a trend.
Figures 5 and 6 show the indexed XRD pattern for the

incommensurate phases of Sr
�
NiRhO

��� and
Sr

�
CuRhO

���, where the peaks associated with the two
subsystems and those of the modulated structure are
marked. Several examples of related structures are known
(1, 12, 13, 39). The composition is directly related to the
� value by the relationship �"(1#x)/2 where �"c

�
/c

�
(11, 13). Therefore, determination of the c

�
/c

�
ratio is su$-

cient to determine the composition and hence the polyhed-
ral chain sequence (11). The ratios of c

�
/c

�
"0.6716 and

0.6824 for the nickel and copper phases, respectively, are
considerably less than the ideal ratio of 3/4 predicted for the
commensurate phase, Sr

�
MRhO

�
. These c

�
/c

�
ratios can be

roughly approximated (using the Farey tree) to a value of
x"p/q"1/3 (11). Such a value of x corresponds to an
average structure of two octahedra to one trigonal prism
along the chain direction. TGA data showing increased
oxygen content, as compared to the commensurate ana-
logues, supports the conversion of trigonal prisms to oc-
tahedra. The increased number of coordination sites within
the polyhedra chain necessitate metal vacancies or incorpo-
ration of [A]

�
cations. At this point, neither model can

be con"rmed as further structural characterization needs to
be pursued.
As demonstrated, we were able to synthesize the

Sr
�
MRhO

�
(M"Cu, Ni) members of this structural family;

however, the compounds are very sensitive to speci"c syn-
thetic conditions (oxygen partial pressure, heating rate, tem-
perature, time, precursors, etc.) as shown by the growth of
the incommensurate phase. Hence each compound (com-
mensurate and incommensurate) could be considered
a unique composition with a unique structure and concomi-
tant properties.

Magnetic Properties

In the absence of magnetic neutron data, it is impossible
to make de"nitive statements concerning the magnetic
structure in these materials. While it is certainly possible to
carry out such measurements, based on the fact that many
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of the magnetic measurements display a distinct di!erence
between the ZFC and FC data, one might suspect that no
long-range order detectable by neutrons exists in the nickel
and copper rhodates. The magnetic susceptibility of
Sr

�
NiRhO

�
looks almost identical to that of Sr

�
NiIrO

�
,

except for the di!erence in the magnetic transition temper-
atures of 15 and 25 K, respectively. Low-temperature neu-
tron di!raction experiments in Sr

�
NiIrO

�
did not result in

the observation of any magnetic peaks (25) and, conse-
quently, none might be expected for the rhodate analogue.
Sr

�
NiRhO

�
has two unpaired electrons on the trigonal

prismatic Ni�� and one unpaired electron on the octahed-
rally coordinated Rh
� that can couple magnetically with
each other. It is not unexpected, therefore, to "nd complex
magnetic behavior in this material. The sharp drop in the
susceptibility for the ZFC data contrasts with the lack of
a drop for the FC data. This striking di!erence between FC
and ZFC is characteristic of a system exhibiting geometric
frustration or spin glass behavior, arising from the pseudo
triangular chain arrangement found in these materials. An
antiferromagnetic interaction between the chains would
lead to spin frustration, a situation where under ZFC condi-
tions a low-energy spin arrangement forms. Under FC con-
ditions, however, a higher energy spin arrangement forms,
as observed in the magnetic data.
The magnetic interactions in Sr

�
CuRhO

�
, with one un-

paired electron each on the Cu�� and the Rh
�, follow
a similar pattern, in that the ZFC and FC data do not
overlay. Recently, Beauchamp and co-workers (40) carried
out an investigation on the magnetic properties of
Sr

�
CuIrO

�
, and found evidence for a 2D ferromagnetic xy

interaction in this material. This magnetic order is consis-
tent with the temperature dependence of the susceptibility at
low temperatures, and is followed by a 3D magnetic
transition below about 20 K. In addition, Sampathkumaran
and co-workers recently investigated the Sr

�
Cu

���
Zn

�
IrO

�
system and, based on AC susceptibility measurements, con-
cluded that Sr

�
CuIrO

�
exhibits spin glass behavior in zero

"eld, but is driven toward a ferromagnetic state with re-
duced moment by the application of an applied "eld (41, 42).
Fig. 9, a "eld sweep measured at 3K, is consistent with such
a ferromagnetic state.
In contrast to the magnetic data of the commensurate

phases, the magnetic susceptibility data for the incommen-
surate nickel and copper phases are featureless, however,
they do not give a reasonable "t to Curie}Weiss behavior
due to the nonlinearity of the inverse susceptibility plot. The
di!erence in the magnetic data can be attributed to several
factors. For example, rather than having a chain containing
magnetic cations in every coordination site, there are now
vacancies present in the chain. Furthermore, the average
oxidation states of the metals in the chain have increased
and, due to the incommensurate relationship between the
[A]

�
and [(A�,B)O

�
]
�
chains, the superexchange pathways
responsible for magnetic order are potentially disrupted. All
of these possibilities could explain the lack of any features in
the susceptibility data.
The incommensurate nature of these structures appears

to result from the transformation of trigonal prisms into
octahedra, as shown by the lower than ideal c

�
/c

�
ratio and

the increased oxygen content for these materials. Therefore,
the potential vacancies within the [(A�,B)O

�
]
�
chain, also,

could disrupt the magnetic coupling. While one cannot
generalize to other structural members of this family or
identical structures with di!erent metals, one should none-
theless bear in mind that the presence of an irrational c

�
/c

�
ratio probably does not favor long-range magnetic order.
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