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Abstract

Single crystals of CazCuRhOg, Ca3Co 34Rhg 6606 and CazFeRhOg were synthesized by high temperature flux growth in molten
K,COj; and structurally characterized by single crystal X-ray diffraction. While CaszCo; 34Rhg6sO¢ and CazFeRhOg crystallize
with trigonal (rhombohedral) symmetry in the space group R3¢, Z = 6: Ca3Co; 34Rho 06 a = 9.161(1)1&, ¢ =10.601(2) A;
CasFeRhOg a = 9.1884(3) A c= 10.7750(4) A; Ca;CuRhOg¢ adopts a monoclinic distortion of the K4CdClg structure in the space
group C2/c, Z=4: a=9.004(2)A, b =9218(2) A, ¢ = 6.453(1) A, p =91.672(5). All crystals of Ca;CuRhOg examined were
twinned by pseudo-merohedry. Ca;CuRhOg, Ca3Co4 34Rh 606, and CazFeRhOyg are structurally related and contain infinite one-
dimensional chains of alternating face-sharing RhOg¢ octahedra and MOy trigonal prisms. In the monoclinic modification, the
copper atoms are displaced from the center of the trigonal prism toward one of the rectangular faces adopting a pseudo-square

planar configuration. The magnetic properties of Ca3CuRhOg4, Ca3;Co; 34Rh( 606, and CazFeRhOg4 are discussed.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

In the recent literature, there have been numerous
contributions discussing the structures and character-
izations of transition metal oxides with 2H-perovskite
related structures, generally described by the formula
A3 Al BaminOopien. The interest in this class of oxide
materials is due to the fact that many of these
compounds exhibit intriguing structural and magnetic
properties, which has prompted recent work by many
groups to prepare numerous compositions containing
different metal cations in a range of oxidation states [1].
The structures are all derived from the stacking of mixed
[4309] and [A43A4’Og4] layers in the c-direction, as
described by Darriet and Subramanian [2]. Subsequent
filling of the interstitial octahedral sites with B cations
leads to a structural family with the general formula
Azp3m Al BaminOopmien, Where n/m is the ratio between
the number of [4309] and [434'Og¢] layers [2,3]. The
m =0, n =1 member of this family, 434’'BOg, crystal-
lizes in the K4CdClg structure type, the prototype of
which, Sr4PtOg, was first prepared by Randall and Katz
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[4]. This structure type consists of infinite one-dimen-
sional chains of alternating face-sharing trigonal prisms
and octahedra along the c-axis. These chains, in turn,
are separated by chains of the alkaline-earth cations,
which are found in a distorted square antiprismatic
coordination.

Most of the m =0, n =1 compositions crystallize
with rhombohedral symmetry, as observed for the
parent compound. The introduction of copper into the
A’ site, however, causes a change in the structure [5-16],
ensuing from the coordination preference of copper. The
copper is displaced from the pseudo-threefold axis
towards one of the rectangular faces of the trigonal
prism, adopting a distorted square planar geometry. The
polyhedral chains in this monoclinic phase, conse-
quently, consist of alternating octahedra and square
planes. A comparison of the chains containing [MOg]
trigonal prisms and those that contain [CuQOy4] square
planes is shown in Fig. 1.

Although many compounds belonging to this family
have been synthesized, the majority of them have been
prepared as polycrystalline powders. A major break-
through in the synthesis of oxides of this family came
through the application of molten salts [1] or fluxes to
grow single crystals [17] and several research groups
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(@) (b)

Fig. 1. A comparison of the structures of Caz;FeRhOg (a) and
Ca3zCuRhOg (b). In CazFeRhOg4 (a) the polyhedral chains consist of
alternating RhOg4 octahedra and FeOyg trigonal prisms. Ca;CuRhOg
(b) consists of alternating RhOg octahedra and CuO, square planes.
In both figures, RhOg octahedra are represented by shaded grey
polyhedra and Cu or Fe are represented as black spheres. Calcium
atoms are omitted for clarity.

have been very successful in growing single crystals from
molten alkali carbonates [6,18,19], hydroxides [20-23],
and chlorides [22,24-26]. Research within our group has
focused on the systematic preparation of single crystals
via high temperature flux growth using hydroxide and
carbonate melts [1,5,6,27-32].

Recently, there has been much interest in Ca3;Co0,0q
[18,33-38], an m = 0, n = 1 member of this family where
Co occupies both the 4’ and B sites. The magnetic
properties of both polycrystalline and single crystal
samples are complex and studies on single crystals
established that CazCo,QOg consists of a triangular lattice
of ferromagnetic chains that couple antiferromagneti-
cally. These investigations have sparked interest in
compositionally related compounds, resulting in the
synthesis and characterization of Caz;Co;. JIr;_.Og
[35], Ca3Co;+ Ru;_,O¢ [35], CazFeRhOg4 [39], and
Ca;CoRhOg [39].

In this paper, we report the synthesis and magnetic
characterization of Ca3CuRhOg and Caz;Co; 34Rhg 6606,
two new m = 0, n = 1 members of this group, as well as
the crystal growth condition and single crystal structural
determination of Cas;FeRhOg. Although the latter has
been previously synthesized as a polycrystalline powder
[39], up to now, no reports detailing the growth of
single crystals of this oxide has been reported in the
literature. The magnetic properties of Ca;CuRhOg and
Ca3Coy 34Rhg 6O are also reported.

2. Experimental
2.1. Crystal growth

Single crystals of Caz;CuRhOg, Caz;Co;34Rhg 606,
and CazFeRhOg were grown from a molten K,COj; flux.

CaCOj; (Alfa Aesar, 99.95%), CuO (Cerac, 99.999%)
or Coz04 (Alfa Aesar, 99.7%) or Fe,O; (Johnson
Matthey, 99.999%), and Rh metal (Engelhard,
99.9995%) in a molar ratio of 3:1:1 were mixed
thoroughly and placed in an alumina crucible followed
by an addition of a ten-fold mass excess of K,CO; flux.
The filled crucibles were then covered and heated in
air at a rate of 10°Cmin~" to 1050°C, held at that
temperature for 24h, and cooled at a rate of
0.25°Cmin "' to 850°C, at which point the furnace was
shut off. Crystals of Ca;MRhOg4 (M = Cu, Co, Fe) were
separated from the flux by washing with water, aided by
the use of sonication. Several crystals suitable for single
crystal X-ray diffraction were isolated manually under a
microscope.

2.2. Structure determination

Single crystals of the title compounds were epoxied
onto the end of thin glass fibers. X-ray intensity
data were measured at 293K on a Bruker SMART
APEX CCD-based diffractometer (MoKua, A=
0.71073 A) [40]. The raw data frames were integrated
with the Bruker SAINT+ program [40], which also
applied corrections for Lorentz and polarization effects.
Analysis of the data showed negligible crystal decay
during data collection. Empirical absorption correc-
tions based on the multiple measurement of equi-
valent reflections were applied with the program
SADARBS [40].

Systematic absences in the intensity data for
CazCoj 34Rh( 660 and CazFeRhOg were consistent
with the space group R3c. Positional and thermal para-
meters corresponding to the K4CdClg structure type
were refined by full-matrix least-squares against F2,
using the SHELXTL software package [41]. All atoms
were refined with anisotropic displacement parameters.
The structural refinement of Caz;CuRhOg was carried
out in the space group C2/c¢ based on previously
determined isotypic compounds. All of the several
Ca;CuRhOg crystals examined exhibited broader dif-
fraction maxima than ideal. All showed three-fold
twinning (‘“trilling””) by pseudo-merohedry with a
pseudo-rhombohedral cell. The twinning in Ca;CuRhOg
is exactly analogous to that previously observed in
Sr3CuPtOg [16], in which a thorough discussion of the
possible twin elements for this structural modification is
presented. The refinement of the Caz;CuRhO4 data
employed the absent rhombohedral three-fold axis as
the twin element. The twin law in matrix notation used
is (by rows): (0.5 —0.51/0.5 —0.5 —1/0.5 0.5 0). The final
refined twin fractions for the three domains are
0.28/0.25/0.47. Despite the twin treatment, the relatively
high R factors may be because of the lower crystal
quality or because of the presence of additional
twinning, as described by Hodeau et al. [16]. Relevant
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Table 1
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Crystal data and structure refinement for Ca;CuRhOg, Ca3Co; 34Rhg 606, and Ca;FeRhOg

Empirical formula
Formula weight
(gmol™")
Space group
Unit cell dimensions

a (A)

b (A)

cA)

o (deg)

B (deg)

7 (deg)
Volume (A%)
Z
Density (calculated)
(Mgm™?)
Absorption coefficient
(mm™")
F(000)
Crystal size (mm?®)
2omax (deg)
Index ranges
Reflections collected
Independent reflections
Goodness-of-fit on F?
Final R indices
(I>20(1))
R indices (all data)
Residual electron
density (e~ /3(3)

Ca3;CuRhOq
382.69

C2/c

9.004(2)
9.218(2)
6.453(1)
90
91.672(5)
90
535.35(16)
4

4.748

9.889

728
0.10 x 0.07 x 0.05

30.50

—12<h<12, - 12<k<13,-9<I<7
3113

863 (Ring = 0.1843)

1.103

Ry = 0.0709, wR, = 0.1799

R; = 0.0730, wR, = 0.1814
2.369/ —2.677

CazCoy.34Rhg 6605
363.13

R3c

9. 161(1)
9. 161(1)
10.601(2)
90

90

120
770.5(2)
6

4.696

9.401

1043
0.12 x 0.07 x 0.04

37.75
—14<h<13,-15<k<10, - 18</< 14
2274

462 (Rin, = 0.0289)

1.142

R; = 0.0223, wR, = 0.0532

R =0.0261, wR, = 0.0544
1.032/ —1.445

CaszFeRhOg¢
375.00

R3¢

9.1884(3)
9.1884(3)
10.7750(4)
90

90

120
787.82(5)
6

4.742

8.793

1074
0.16 % 0.10 x 0.07

37.75

—6<h<15,—15<k<14, ~14</<18
2901

473 (Rin = 0.0287)

1122

Ry = 0.0217, WR; = 0.0497

Ry =0.0234, wR, = 0.0506
1.261/—-1.712

Table 2

Atomic coordinates and equivalent isotropic displacement parameters for CazCuRhOg4, Ca3;Co;34Rhg 6606, and CazFeRhOg, respectively. U(eq)

is defined as one third of the trace of the orthogonalized U tensor

X y z U(eq) (Az) Occupancy
Ca3CuRh06
Ca(l) 0 0.8960(3) 1/4 0.0123(7) 1
Ca(2) 0.3129(2) 0.9250(2) 0.6218(3) 0.0102(5) 1
Cu 0 0.3049(2) 1/4 0.0143(5) 1
Rh 1/4 1/4 12 0.0080(4) 1
Oo(1) 0.1407(10) 0.0715(10) 0.4325(16) 0.0144(18) 1
0(2) 0.2183(10) 0.3162(9) 0.2067(15) 0.0146(17) 1
03) 0.4447(8) 0.1522(8) 0.4542(13) 0.0115(15) 1
Ca3Co 34Rhy 6606
Ca 0.36758(5) 0 1/4 0.0088(1) 1
Co(1) 0 0 1/4 0.0101(1) 1
Co(2) 0 0 0 0.0064(1) 0.34(3)
Rh 0 0 0 0.0064(1) 0.66(3)
O 0.1798(2) 0.0244(2) 0.1147(1) 0.0110(2) 1
Ca3FeRh05
Ca 0.36854(5) 0 1/4 0.0072(1) 1
Fe 0 0 1/4 0.0063(1) 1
Rh 0 0 0 0.00467(9) 1
O 0.1791(2) 0.0216(2) 0.1195(1) 0.0099(2) 1

crystallographic data for the three materials are

2.3. Magnetism

compiled in Table 1, atomic positions are listed in Table

2, and selected interatomic distances are summarized in

Tables 3 and 4.

The magnetic susceptibilities of loose crystals of

Ca3CuRh06, Ca3C01.34Rh0.66O6, and Ca3FeRhO6 were
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measured using a Quantum Design MPMS XL SQUID
magnetometer. The samples were measured under both
zero field cooled (ZFC) and field cooled (FC) conditions
in applied fields of 0.5, 5, and 40kG over the
temperature range of 2 K <7 <300K. In addition, field
sweeps between +40kG and —40 kG were measured at
various temperatures. The samples were contained in
gelatin capsules fixed to the inside of a plastic straw for
immersion into the SQUID. No diamagnetic corrections
were made for the sample container because its signal
was insignificant relative to that of the sample.

Table 3 R
Selected interatomic distances (A) for Ca;Co;34Rhg 606 and
CazFeRhOg

Ca3C01_34Rh0_6606 Ca3FeRh06
M-O ( x 6) 2.111(1) 2.097(1)
Rh-O (x 6) 1.968(1) 2.019(1)
Ca-0O (x2) 2.335(1) 2.322(1)
Ca-0O (x2) 2.495(1) 2.534(1)
Ca-0O (x2) 2.503(1) 2.574(1)
Ca-0O (x2) 2.592(2) 2.578(1)
Table 4
Selected interatomic distances (A) for CazCuRhOgq
Cal-Ol1 (x2) 2.349(9) Ca2-02 2.355(9)
Cal-O1 (x2) 2.459(12) Ca2-02 2.361(8)
Cal-02 (x2) 2.648(8) Ca2-01 2.368(8)
Cal-03 (x2) 2.660(8) Ca2-02 2.449(9)

Ca2-03 2.523(8)

Rh-O1 (x 2) 1.960(9) Ca2-01 2.570(12)
Rh-03 (x2) 2.001(7) Ca2-02 2.649(9)
Rh-02 (x2) 2.001(9) Ca2-03 2.653(8)
Cu-02 (x2) 1.996(9)
Cu-03 (x2) 1.998(8)

AccV SpotMagn Det WD Exp b—————— 100pm

300kV B0 313x GSE 100 1 0.8 Torr USC EM Center

2.4. Scanning electron microscopy

Scanning electron micrographs of several single
crystal samples were obtained using a Philips XL 30
ESEM instrument utilized in environmental mode.
Representative images of Caz;CuRhOg emphasizing
crystal morphology are shown in Fig. 3. The ESEM
verified the presence of Ca, Cu, Co, Fe, and Rh and
also, within the detection limits of the instrument,
confirmed the absence of extraneous elements such as
aluminum.

3. Results and discussion
3.1. Crystal structure

Black crystals of Caz;CuRhOg, Caz;Coj34Rhg ¢6Os,
and Ca3zFeRhOg were readily grown out of high
temperature solutions of K,COjz;. SEM micrographs
showing representative crystal size and morphology are
shown in Fig. 2. Ca3Co;34Rhg60¢ and CazFeRhOg
crystallize in the space group R3¢ with lattice parameters
of a=9.161(1) A, ¢ = 10.601(2) A and a = 9.1884(3) A,
¢ =10.7750(4) A, respectively. Both are isostructural
with the rhombohedral m =0, n =1 member of the
A3y 3m Al BaninOgpien family, whose structure consists
of infinite chains of alternating face-shared [CoOg] or
[FeOyg] trigonal prisms and [RhOg] octahedra separated
by chains of calcium atoms, as shown in Fig. 1. The
polyhedral chains run along [001] and are separated
from each other by six chains of distorted [CaOg] square
antiprisms. In the case of Ca3;Co;34Rhg 6O, there is a
34% mixing of cobalt on the octahedral site while the
trigonal prismatic site is occupied solely by cobalt. This
composition, intermediate between that of Ca;CoRhOgq
and Ca3;Co,0g, suggests that an entire solid solution can
most likely be prepared. The lattice parameters of

AccV SpotMagn Det WD Exp F————— 200pm
30.0kV 6.0 1866x GSE 10.0 1 0.8 Torr USC EM Center

Fig. 2. SEM micrographs of Ca3;CuRhOg.
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Ca3zFeRhOg are within experimental error to those of
the previously synthesized polycrystalline sample [39].

The incorporation of copper into the A’ site results in
(A4’0,) square planes rather than (4'Og) trigonal prisms
as in the previously mentioned structure. This is
accomplished by the displacement of the copper atoms
towards the faces of the trigonal prism, an effect
previously observed in analogous copper containing
compounds [5-16]. As a result of this displacement, the
symmetry of Caz;CuRhOg is lowered from rhombohe-
dral to monoclinic, and consequently Ca;CuRhOg
crystallizes in the space group C2/c¢ with lattice
parameters of a=9.004(2)A, b=92182)A, ¢=
6.453(1)A, B =91.672(5). Detailed crystallographic
information for all compounds can be found in
Tables 1-4.

3.2. Magnetic properties

The magnetic properties of this family of compounds
have been investigated extensively and are interesting as
well as complex, including random spin chain para-
magnetism [9], antiferromagnetism [23,42-44], large
magnetic anisotropies [36,45], and magnetic frustration
[15,37]. In general, two groups of magnetic compounds
exist in this family, those having unpaired electrons on
both the trigonal prismatic and octahedral sites and
those having unpaired electrons on only one of those
sites. The materials discussed in this paper have metals
with unpaired electrons occupying both the octahedral
and trigonal prismatic (or square planar) sites, leading
to significant magnetic interactions.
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Fig. 4. Field dependence of the magnetization of Ca;CuRhOg meas-
ured at 2K (A) and 100K (O).

The magnetic susceptibility of CazCuRhOg was
measured in applied fields of 0.5, 5 and 40kG. The
500 G measurement is shown in Fig. 3. The data follow
Curie—Weiss type behavior at temperatures above 50 K.
Fitting the high temperature data to the Curie-Weiss
Law plus a TIP contribution, according to the
equation y = [C/(T — 0)]+TIP, yields a calculated
effective moment of 1.42ug (0 =21K; TIP=8.38 x
10*emu mol "), which is lower than the theoretical spin-
only moment for Rh** in an octahedral coordination
and Cu®" in a square planar coordination of 2.45 ug. At
high fields, both ZFC and FC data overlay down to the
lowest temperature measured, 2 K. Only at very low
applied fields (500 G or less), as shown, there is a clear
separation between the ZFC and FC data collected.
Whereas the FC data appear to be ordering ferromag-
netically, the ZFC data undergo a second transition and
below 5K tend towards 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 field dependence of the magnetization, shown in
Fig. 4, indicates that at 2K, Ca3;CuRhOg looks like a
very soft ferromagnet. In fact, there is virtually no
hysteresis observable. 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. 4, it
is unlikely, however, that this represents the type of
hysteresis observed for normal ferromagnetic materials.
The M vs. H curve measured at 100K, above the
transition, shows no field dependence, as expected.

Very similar magnetic behavior has been observed for
the closely related Sr;CuRhOg [15] as well as for
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Sr3CulrOg [10,46], which also has one unpaired electron
for each of the octahedral and trigonal prismatic sites.
Beauchamp and co-workers [46] recently carried out an
investigation on the magnetic properties of Sr;CulrQOg,
and found evidence for a 2-D ferromagnetic xy
interaction in this material. This magnetic order is
consistent with the temperature dependence of the
susceptibility at low temperatures, and is followed by a
3-D magnetic transition below about 20 K. In addition,
Sampathkumaran et al. recently investigated the
Sr3Cu;_,Zn IrO¢ system and, based on AC suscept-
ibility measurements, concluded that Sr3CulrOg exhibits
spin glass behavior in zero field, but is driven toward
a ferromagnetic state with reduced moment by the
application of an applied field [11,47]. Given the almost
identical field and temperature dependencies of
these three materials, Ca3CuRhOg, Sr;CuRhOg¢, and
Sr3CulrQg, it is likely that the magnetic interactions are
very similar in these compounds.

The magnetic susceptibility of CazCo;34Rhg 606
(Fig. 5) is quite different, as far as the temperature
dependence of the susceptibility is concerned. The
magnetic susceptibility follows Curie-Weiss behavior
at high temperatures, however below 200 K, there is a
positive deviation from Curie—Weiss like behavior until
50K, when the ZFC and FC data begin to diverge. The
ZFC data exhibits a sharp drop around 32 K, while the
FC data continue to increase and level off at approxi-
mately 25K, very similar to what is observed for
Ca3;CoRhOg4 and CazCo,0¢. The best fit of the high
temperature (220-300°C) data to the Curie—Weiss law
yields a Curie constant of 5.75emumol 'K~!, an

effective moment of 6.76 ug and 0 = 139 K. However,
it is important to point out that the values extracted
from the magnetic data are dependent upon the chosen
temperature range. The calculated Curie constant
decreases to 4.78emumol 'K ™' when the chosen
temperature range is changed to 280-300°C, making it
difficult to calculate a definitive moment. The positive
Weiss constant, essentially invariant with the chosen
temperature range, is consistent with the positive
deviation from the Curie—Weiss law of the magnetic
susceptibility data.

It is interesting to note that the measured magnetic
moment for Casz;Coj34Rhge606 is unexpectedly high
when compared to magnetic moments of 4.43 and 3.8 ug
for Ca;CoRhOg and Ca;Co0,0g, respectively, the two
end-members of the Ca;Co; ., Rh;_,O¢ series. Such a
high magnetic moment is not unprecedented, as
analogous compounds of this family that contain cobalt
in the trigonal prismatic site have also yielded high
magnetic moments [48]. Nonetheless, while it is quite
likely that this high moment is due to spin orbit coupling
of the cobalt on the trigonal prismatic sites, the
uncertainty over the values of the oxidation states for
cobalt and rhodium and their distribution over the two
sites precludes a detailed analysis at this time.

The general shape of the magnetic susceptibility curve
of CaszCoj34Rhg60¢ is very similar to those reported
for CazCoRhOg¢ and Ca3;Co,04. This is not really
unexpected as compositionally Ca3zCo; 34Rhg ¢6Og is an
intermediate between the two. Both Cas;CoRhO¢ and
Ca;Co0,0¢ consist of triangular lattices of ferromagnetic
chains that couple antiferromagnetically, possibly caus-
ing magnetic frustration [18,49,50]. Recent work by
Niitaka et al. further examined the complex magnetic
behavior of CazCoRhOg¢ and showed by high-field
magnetization experiments and neutron diffraction
studies that Ca;CoRhOyg realizes a partially disordered
antiferromagnetic (PDA) state [49,50]. Between 30 and
90K, % of the ferromagnetic chains order antiferromag-
netically with each other, while the remaining % are
proposed to be left incoherent with the other chains.
Interestingly, Ca;Co,0¢4 does not exhibit a PDA state.
Further studies on CaszCoj34Rhg6O¢ are required to
reveal the exact nature of the magnetic behavior of this
intermediate in the Ca;Co;+ (Rh;_,Og series.

The magnetic susceptibility of CazFeRhOg was
measured and shows Curie-Weiss behavior above
50K. The susceptibility reaches a maximum at 13K,
followed by a downturn, indicative of an antiferromag-
netic transition, which is in agreement with the negative
Weiss temperature of —30 K. This transition is followed
by an increase in susceptibility at 11 K and continues
to the lowest measured temperature of 2K. The ZFC
and FC data overlay in the entire temperature range
and are identical to the previously reported polycrystal-
line samples [39].
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4. Conclusion

In summary, the molten flux approach continues to be
an extremely effective method for growing single crystals
of this oxide family, where it has been demonstrated
that both single crystals of the 434’BOg structure-type,
and more complex structural modifications [1]
can be obtained. Single crystals of Ca3;CuRhOg,
CazCoj34Rh( 6606 and Ca;FeRhOg were grown from
high temperature solutions of K,CO;. While Caj.
CO]A34R1’10A66O6 and Ca3FeRh06 crystallize in the
rhombohedral K4CdClg structure type, Ca3zCuRhOg
adopts the monoclinic distortion of that structure type.
The magnetic properties of CazCuRhOg were examined
and found to be consistent with that of a soft
ferromagnet with a lower than expected -effective
magnetic moment. Ca;Coy 34Rhg ¢¢Og exhibits magnetic
data consistent with the presence of ferromagnetic
correlations within the chains. CazFeRhO¢ exhibits
simple antiferromagnetic type behavior. Work is con-
tinuing on the growth of crystals with novel composi-
tions related to the 2H-perovskite family of oxides.
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