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Partial antiferromagnetism in spin-chain SrsRh;0,, CasIr;0,, and CasIrOg single crystals
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We report a structural, thermodynamic, and transport study of the newly synthesized SrsRh;O1,, Caslr;O;,,
and CaylrOg4 single crystals. These quasi-one-dimensional insulators consist of a triangular lattice of spin
chains running along the ¢ axis, and are commonly characterized by a partial antiferromagnetic (AFM) order,
a small entropy removal associated with the phase transitions, and a sizable low-temperature specific heat
linearly proportional to temperature. SrsRh,O1, is antiferromagnetically ordered below 23 K with strong evi-
dence for an Ising character. Isothermal magnetization of SrsRhO;, exhibits two steplike transitions leading to
a ferrimagnetic state at 2.4 T and a ferromagnetic state at 4.8 T, respectively. Caslr;0;, and CayIrOg4 are also
antiferromagnetically ordered below 7.8 and 12 K, respectively, and show an unusually large ratio of the
Curie-Weiss temperature to the Néel temperature. In particular, CasIr;0,,, which includes both Ir*+ and Ir™*
ions, reveals that only S=1/2 spins of the Ir** ions are involved in the magnetic ordering, whereas S=1 spins
of the Ir>* ions remain disordered. All results suggest the presence of a geometrical frustration that causes

incomplete long-range AFM order in these quasi-one-dimensional compounds.
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I. INTRODUCTION

Geometrical frustration occurs in materials consisting of
triangle-related lattices where the competing energies are
compatible, resulting in a degeneracy of ground states or an
inability to minimize competing energies at low tempera-
tures. It has been observed in two- and three-dimensional
frustrating lattices such as kagome and pyrochlore systems.
Quasi-one-dimensional structures combined with geometri-
cal frustration are less common and give rise to complex
excitations and novel magnetic order. Such behavior is mani-
fested in Co-based compounds such as CsCoCls,!
Ca;C0,04,>% Ca;CoRhO4,* and Ca;ColrOgq.%7 Intriguing
quantum phenomena displayed by these low-dimensional
materials have recently generated a great deal of interest and
discussion (see Refs. 3—14, and references therein). The cen-
tral feature of these systems is the unusually strong correla-
tion between lattice structure and spin coupling that dictates
the magnetism. The spin chains comprise alternating face-
sharing CoOg octahedra and CoOg trigonal prisms running
along the ¢ axis. The different crystalline electric fields
(CEFs) generate different spin states for Co ions, leading to
chains that have sites with alternating high and low spin
states. These chains form a triangular lattice in the ab plane
that causes geometrical frustration and exotic magnetism.
The Ising system Ca3;Co,0q, for instance, orders ferrimag-
netically below 24 K with strong ferromagnetic (FM) intra-
chain coupling and weak antiferromagnetic (AFM) inter-
chain coupling.? This feature, together with the geometry of
the triangular lattice, brings about frustration and a partially
ordered AFM phase with irreversible steplike magnet-
ization.>”!! (The steplike magnetization is also seen in
Ca;CoRhOg.%) In spite of intensive efforts, understanding
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these novel phenomena is still a profound challenge, and it is
conspicuous that these phenomena have been found exclu-
sively in 3d-based, i.e., Co-based, materials.

In cobaltites, the Co ions can exist in more than one oxi-
dation state, and for each valence, a few spin states are pos-
sible, e.g., low, intermediate, and high spin configurations.
This is a consequence of the strong competition between the
CEF and the Coulomb energies (Hund’s rules). Magnetism is
less common in 4d- and 5d-based materials (with no pres-
ence of 3d electrons) than in 3d-based compounds because
of the more extended d orbitals and the weaker Coulomb
interactions. Among the 4d and 5d transition elements, Ru,
Rh, and Ir are candidates for such behavior. In ruthenates the
expanded 4d orbitals typically lead to a CEF that is large
compared to Hund’s exchange, but in Rh- and Ir-based ox-
ides, these energies could be competitive. Recent studies
have shown that layered iridates such as BalrO; (Refs.
15-20) and Sr,,Ir,04,,,;, with n=1 and 2,2'-?® share a num-
ber of unique features, for instance, high-temperature weak
ferromagnetism and an insulating ground state with phase
proximity of a metallic state due chiefly to strong electron-
lattice coupling, which very often alters and distorts the
metal-oxygen bonding lengths and angles, lifting degenera-
cies of t,, orbitals and thus precipitating possible orbital
ordering.'®2023:26 In spite of these studies, no spin-chain sys-
tems with geometric frustration had ever been found in 4d-
and 5d-based materials without the presence of an incom-
plete 3d-electron shell until now. (Magnetism occurs more
commonly in materials where 4d or 5d electrons coexist with
3d electrons, for example, Ca;CoRhOg.%)

In this paper, we report results of structural, magnetic,
specific heat, and transport measurements of the newly syn-
thesized single crystal SrsRh;0,,, Caslr;O;,, and Ca,lrOg.
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All these compounds, which are insulating (below 300 K for
CaslIr;0,,), share crystal structures that favor the formation
of spin chains and a triangular lattice perpendicular to the
spin chains, and feature a number of common characteristics,
such as a partial AFM order, a small change in heat capacity
or a small entropy removal associated with the phase transi-
tions, and a sizable low-temperature specific heat linearly
proportional to temperature. These materials also show dis-
tinct magnetic behavior that distinguishes one from the other.
For SrsRh,0O4,, the AFM transition occurs sharply at 23 K
only along the ¢ axis and no magnetic anomaly is discerned
in the ab plane, suggesting an Ising characteristic. The mag-
netic results also suggest a strong FM intrachain coupling
and a weak AFM interchain coupling. In addition, there are
two steplike transitions in the c-axis isothermal magnetiza-
tion that lead to a ferrimagnetic state with 1/3 of the satura-
tion moment M, at a critical field B*=2.4 T and a fully satu-
rated FM state at B.=4.8 T. On the other hand, both
Caslr;O;, and CaylrOg4 are also antiferromagnetically or-
dered below 7.8 and 12 K, respectively, and exhibit an un-
usually large ratio of the Curie-Weiss temperature to the Neél
temperature (>36 for Caslr;0,,), a characteristic of two- and
three-dimensional  frustrating lattices. In  particular,
Caslr;0,,, which includes both Ir** and Ir>* ions, reveals that
only S=1/2 spins of the Ir** ions are involved in the mag-
netic ordering, whereas S=1 spins of the Ir>* ions remain
disordered. The electrical resistivity of Caslr;O;, reveals a
crossover from a metallic state to an insulating one at 300 K
as temperature decreases and endorses the quasi-one-
dimensional characteristic. The brief metallic behavior above
300 K suggests stronger interchain coupling, which weakens
the quasi-one-dimensional characteristic. Nevertheless, these
4d- and 5d-based spin-chain systems reveal a host of novel
phenomena and offer a wide window into low-dimensional
magnetism involving geometrically frustrated states.

II. EXPERIMENT

The single crystals studied were grown using flux tech-
niques. They were grown in Pt crucibles from off-stoi-
chiometric quantities of IrO, (Rh,03), CaCO; (SrCO3), and
CaCl, (SrCl,) mixtures with CaCl, (SrCl,) being self-flux.
The mixtures were first heated above 1330 °C in a Pt cru-
cible covered by a Pt cover, soaked for 25 h, slowly cooled
at 2-3 °C/h to 1200 °C, and finally cooled to room tem-
perature at 100 °C/h. The starting Ca(Sr):Ir(Rh) ratio and
the thermal treatments are critical and subtle for the forma-
tion of the crystals, particularly for CasIr;O;, and CaylrOg.
Reflecting the quasi-one-dimensional characteristic, these
crystals are either rod or needle shaped. The crystal struc-
tures of these crystals were determined from a small equidi-
mensional fragment (0.05 X 0.05 X 0.05 mm?) using Mo K&
x rays on a Nonius KappaCCD single-crystal diffractometer.
Heat-capacity measurements were performed with a Quan-
tum Design physical property measurement system that uti-
lizes a thermal-relaxation calorimeter operating in fields of
up to 9 T. Magnetic properties were measured using a Quan-
tum Design superconducting quantum interference device
magnetometer PMPS 7 T LX. The high-temperature resistiv-
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FIG. 1. (a) The projection of the crystal structure on the ab
plane and (b) chain arrays along the ¢ axis of SrsRh,O,. The large
solid circles are Rh ions, the dark small circles are oxygen ions, and
the gray small circles are Sr ions. The following are the Rh—-Rh
bond distances for the three chains: 2.747 A (Rh4-Rhl), 2.744 A
(Rh1-Rh2), 2.578 A (Rh2-Rh3), and 2.586 A (Rh3-Rh4); 2.601 A
(Rh8-Rh5), 2.543 A (Rh5-Rh6), 2.753 A (Rh6-Rh7), and 2.758 A
(Rh7-Rh8); and 2.604 A (Rh12-Rh9), 2.580 A (Rh9-Rh10),
2.732 A (Rh10-Rh11), and 2.739 A (Rh11-Rh12).

ity was measured using a four-lead dc method and a Displex
closed cycle cryostat (Advanced Research Systems DE202)
capable of continuous temperature ramping from 9 to 900 K.
All results proved to be highly reproducible.

III. RESULTS AND DISCUSSION
A. Single-crystal SrsRh O,

Refinements of the x-ray diffraction data reveal that the
needle-shaped SrsRh,;O;, has an ordered but inversion
twinned trigonal structure with a space group of P3¢l (158)
and a mixed valence state of Rh** and Rh**. An alternative
description with space group P—3cl (165) required a model
that forced the disorder of octahedral and trigonal prismatic
oxygen atoms. The cell parameters are a=b=9.6017(3) A
and ¢=21.3105(8) A. The central structural feature is the
formation of chains that run along the ¢ axis and consist of
face-sharing RhOg¢ octahedra and RhOg trigonal prisms as
shown in Fig. 1. The RhOg trigonal prisms and RhOg4 octa-
hedra alternate along the chains with a sequence of one trigo-
nal prism and three octahedra. Of six chains in a unit cell,
four chains are distorted, and the other two chains related to
the Rhll ion are distorted somewhat differently from the
other four. The intrachain Rh—Rh bond for all six chains
varies from ~2.5 to ~2.7 A. For instance, the intrachain
Rh-Rh bond for one of the six chains alternates from
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2.747 A (Rh4-Rhl), 2.744 A (Rh1-Rh2), 2.578 A (Rh2-
Rh3), to 2.586 A (Rh3-Rh4) [see Fig. 1(b)]. These uneven
Rh-Rh bond distances correlate well with the different ionic
sizes of Rh**(4d°) and Rh**(4d°), which are 0.665 and
0.600 A, respectively. Accordingly, the sequence of the Rh**
and Rh** ions in the chains is likely to be Rh3*(0), Rh**(p),
Rh**(0), and Rh**(0), where p stands for the RhOg trigonal
prism and o for the RhOg4 octahedra [see Fig. 1(b)].

Since the Rh ions at different sites are subject to different
CEFs, these ions can have different spin states. The octahe-
dral coordination favors a large crystal-field splitting A, be-
tween the three lower t,, orbitals and the two higher e, or-
bitals. Because A, is normally larger than Hund’s rule
energy, a low spin state is anticipated for the Rh ions in the
RhOj octahedra, namely, S=0 and 1/2 for the Rh** (4d°) ion
and the Rh*" (4d°) ion, respectively. On the other hand, a
trigonal distortion lowers the symmetry and lifts the degen-
eracy of the #, orbitals, so that the splitting A, is reduced.
Since A, is much less than A,, a high spin state is more
likely to arise, yielding S=2 for the Rh?* ion in the RhOq
trigonal prism. Thus, the chain consisting of Rh3*(0),
Rh**(p), Rh**(0), and Rh**(0) is expected to correspond to a
spin distribution of §=0, 2, 1/2, and 1/2. This scenario is
consistent with the magnetic results presented below, al-
though other spin configurations cannot be ruled out. In ad-
dition, the Sr ions act to widely separate chains, resulting in
an interchain distance of ~5.600 A, nearly twice as long as
the intrachain Rh—Rh distance, which precludes strong cou-
pling between chains. Each chain is surrounded by six
evenly spaced chains that form a triangular lattice in the ab
plane [see Fig. 1(a)]. All these structural features facilitate a
coupled spin-chain system with a strong Ising character.

Shown in Fig. 2 is the magnetic susceptibility y as a func-
tion of temperature for (a) the ¢ axis (x,) and the ab plane
(x45) at B=0.05T and (b) x, at various fields. The most
dominant feature is that the ¢ axis y,. shows a sharp peak at
Ty=23 K at B=0.05 T, indicating the presence of three-
dimensional AFM order, i.e., the spin chains are primarily
AFM coupled with each other. In contrast, the ab plane y,;,
displays only a weak temperature dependence, as seen in Fig.
2(a). This large anisotropy underlines the dominant single-
ion anisotropy associated with the CEF at the prismatic sites.
It is noteworthy that Ty is immediately followed by a shoul-
der or an anomaly at T"=21.5 K, which is only visible in low
fields. T° accompanies the irreversibility upon in-field and
zero-field cooling, which increases with decreasing 7. Given
the triangular lattice of the spin chains and the AFM cou-
pling, such behavior may imply the existence of magnetic
frustration of spins at 7<<T".

A fit of high-temperature data of y,. for 80 <<7'<<350 K to
a Curie-Weiss law yields an effective moment gy of
7.3up/fu. and a positive Curie-Weiss temperature 6y of
28 K (see the inset). Deviations from the Curie-Weiss behav-
ior occur below 45 K. The positive sign of Oy presumably
arises from the ferromagnetic character of the intrachain cou-
pling. A weak AFM interchain interaction coupled with a
strong FM intrachain interaction is thought to be the cause of
magnetic frustration in the Co-based spin-chain sys-
tems. %1314 It is noted that a large ey /Ty (>10) is charac-
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FIG. 2. The magnetic susceptibility y of SrsRh;O;, as a func-
tion of temperature for (a) the ¢ axis (x,) and the ab plane (y,;) at
B=0.05 T and (b) x, vs T at various fields. Inset: Ax~! vs T for Blic
axis [Ay is defined as x—x,, where x, (~0.016 emu/mole) is the
temperature-independent contribution to x].

teristic for two- and three-dimensional frustrating lat-
tices.?®?” Such a ratio of fcy/Ty(=1.16) for SrsRh,0,, is
nearly identical to that for the partial antiferromagnet
Ca;Co,04,% but smaller than those of the three-dimensional
frustrating lattices.?” However, a large Ocyw/ Ty is observed in
the quasi-one-dimensional Caslr;O, and CayIrOg, as can be
seen below. Markedly, the phase transition at 7 can be
readily pushed to lower temperatures by increasing B and
becomes ill-defined at around B=2 T [see Fig. 2(b)].
Displayed in Fig. 3 is the isothermal magnetization M(B)
for (a) the ¢ axis (M,) and the ab plane (M,,) at T=1.7 K
and (b) the ¢ axis M, at various temperatures. The strong
uniaxial anisotropy, a consequence of the Ising character of
the spin coupling, is illustrated as M, and shows only weak
linear field dependence, and M. exhibits two steplike transi-
tions. M, reveals a few features of the spin chains. First, for
T<10 K, the saturation moment M reaches 5.30up/f.u. at a
critical field B.=4.8 T. M, is close but slightly lower than
the expected value of 6 up/f.u. for spin chains with spin con-
figuration of $=0, 2, 1/2, and 1/2, assuming a Landé factor
g=2. This discrepancy could be due to the inversion twin-
ning at the Rhl1 sites, which results in an average structure
that superposes a trigonal prism and an octahedron. Thus, it
is possible that the assumed high spin state at the Rh11 sites
may be only partially realized, leading to a moment smaller
than 4up for S=2. Second, M, at T=1.7 K rises slightly but
visibly at low fields (B<<0.15 T) and then undergoes a sharp
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FIG. 3. The isothermal magnetization M(B) of SrsRh,;O;, for
(a) the ¢ axis (M_) and the ab plane (M) at T=1.7 K and (b) the
¢ axis M, at various temperatures. The dots sketch the hexagonal
lattice of spin chains with solid dots and empty dots corresponding
to spins parallel and antiparallel to B, respectively. Note that the
value of M, at B" is 1/3 of M, at B, for T=1.7 K.

transition at B"=2.4 T, reaching 1.73u/f.u. or about M,/3.
After a rapid rise in an interval of 2.4 T, which is interest-
ingly (but probably accidentally) equal to the value of B*, M.
attains the value M, at B.=4.8 T [see Fig. 3(a)]. While the
rise in M, at low fields may be an indication of a slight
lifting of degeneracy of the spin chains, the value of M,/3 at
B"=2.4 T is most likely a sign that the system enters a meta-
magnetic or ferrimagnetic state that contains FM chains with
only 2/3 of them parallel to B and 1/3 antiparallel to B, a
situation somewhat similar to that of Ca;C0,04.>'%!3 Fur-
thermore, the ferrimagnetic to FM transition at B, shows no
hysteresis, suggesting that it is of second order. In contrast,
hysteresis is pronounced below B* as shown in Fig. 3(a),
which is indicative of a first-order transition. This effect per-
sists up to 23 K, but weakens as T rises. It reflects the char-
acter of a frozen spin state that prohibits full spin reversal
when B ramps down to zero or a degeneracy of ground
states, which characterizes frustration. No irreversibility
would be expected if the magnetic order is purely AFM be-
low B". Clearly, this behavior emphasizes the existence of
geometrical frustration for 0<B<B". With increasing T, B
decreases progressively, whereas B, remains unchanged for
T<10T and then increases slightly but broadens signifi-
cantly for 7> 10 K, as seen in Fig. 3(b). This suggests that
the spin-flip process of the spin chains at B* is much more
sensitive to the thermal energy than that at B, as expected for
the quenching of the frustration by a field.

Figure 4(a) illustrates the specific heat C as a function of
temperature for 1.8<T7=40 K. It exhibits an anomaly at
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FIG. 4. (a) The specific heat C of SrsRh4O;, as a function of
temperature for 1.8<T<40 K. Insets: C/T vs T> for 0<T<13
(upper) and 0<T<40 (lower). (b) The B-T phase diagram gener-
ated based on the data in Fig. 3.

Ty=23 K, where AC~0.12R (the gas constant R
=8.31 J/mol K, and AC measures the change of C immedi-
ately above and below the ordering temperature), confirming
the existence of the long-range order at 7. While the jump
in C has the characteristic mean field in shape, the broadened
peak could be the consequence of the nearby second
anomaly at 7°=21.5 K immediately below Ty. It is remark-
able that AC is rather small given the sharp phase transition
seen in x,.. This small value of AC is then most likely a
signature of the incomplete AFM ordering due to the geo-
metrical frustration, consistent with our magnetic results.
The plot of C/T vs T? shown in the upper inset displays a
linear contribution to C, T, below 7 K, yielding y
~30 mJ/mol K. Such sizable vy in an insulator could arise
from the excitations of a frustrated or disordered magnetic
state at low 7. Similar behavior is observed in disordered
insulating magnets®’ and other frustrated systems. As 7 rises,
C/T as a function of T? deviates from the linear dependence,
possibly implying the emergence of different magnetic exci-
tations (see both insets). These results further emphasize the
presence of geometrical frustration due to the triangular lat-
tice of spin chains at B=0. A finite y and a small AC seem to
be a common characteristic in spin-chain systems and are
seen as well in Ca;Co,0¢ [where y~ 10 mJ/mol K? (Ref.
14), Caslr;0,, and CaylrO4 as will be discussed below.
The B-T phase diagram in Fig. 4(b) summarizes the mag-
netic properties of this frustrated Ising chain system. It is
established that the system is antiferromagnetically ordered
below 23 K, with the intrachain and interchain couplings be-
ing FM and AFM, respectively. However, the three-dimen-

134402-4



PARTIAL ANTIFERROMAGNETISM IN SPIN-CHAIN Sr...

(a) %

FIG. 5. (a) The projection of the crystal structure on the ab
plane and (b) chain arrays along the ¢ axis of Caslr;05.

sional long-range AFM order at low fields is incomplete be-
cause of the triangular lattice formed by the spin chains that
inevitably causes geometrical frustration. As B increases, the
system enters a state with a partial FM order through a first-
order transition at B and then the fully polarized FM state
via a second-order transition at B, [see Fig. 4(b)].

B. Single-crystal CasIr;0q,

Caslr;04, is also a triangular lattice and shares a similar
but somewhat less complex crystal structure compared to
that of SrsRh,O;,. Refinements of the x-ray diffraction data
reveal that CasIr;O;, adopts a hexagonal structure with the
lattice parameters a and ¢ being 9.4208 and 3.1941 A, re-
spectively. The space group is P—62m (187). The structure
of the rod-shaped crystals features parallel chains of edge-
sharing IrOg4 octahedra along the direction of the ¢ axis with
no cross-linking between neighboring chains (the interchain
Ir-Ir distance is 5.32 A), as shown in Fig. 5. Although there
are one Ir** (54°) ion and two Ir’* (5d*) ions in each formula
unit, the x-ray diffraction data show no crystallographical
differences between the three Ir sites. These results are con-
sistent with those published earlier.>** The crystal structure
of Caslr;0,, was initially identified as Ca,IrO,.>° Using the
model in Ref. 30, one of the Ca atoms refines in such a way
that it essentially disappears. In fact, the data in Ref. 30 show
that the same Ca atom has a very high vibrational parameter
relative to the rest of the structure, suggesting either a wrong
atom type assignment or less-than-full occupancy for the
atom. The refinements of our x-ray diffraction data are in
agreement with those in Ref. 33, where polycrystalline
samples were studied.

Figure 6(a) shows the magnetic susceptibility as a func-
tion of temperature for the magnetic field B parallel (x| axis)
and perpendicular (x|, .o to the ¢ axis. It is clear that
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X|c axis €xhibits a sharp magnetic phase transition at T,
=7.8 K and a strong hysteresis effect on zero-field cooling
and field cooling. The behavior mimics that of a ferromag-
net, but the isothermal magnetization and other magnetic
measurements, as shown below, suggest that the ferromag-
neticlike behavior is only a reflection of a canted antiferro-
magnetic state. The irreversibility gets weaker and eventually
vanishes as B increases. Remarkably, x| . a.xis 1 larger than
X|e axis>» but shows only a weak anomaly at 7). Apparently,
the single-ion anisotropy due to the crystal field is not suffi-
cient enough to generate Ising spins such as those seen in
SrsRh,0,,. Furthermore, as B increases, the transition is
broadened but not suppressed to lower temperatures, as
shown in Fig. 6(b). This behavior is also different from that
observed in SrsRh,O,, [Fig. 2(b)] and unusual in that a Néel
temperature is expected to decrease with increasing B and a
field of 6 T should be sufficient to suppress a Néel tempera-
ture such as 7.8 K to nearly zero for a conventional antifer-
romagnet. Such broadening of T,, with increasing B re-
sembles the ferromagnetic behavior, but both the Curie-
Weiss analysis of high-temperature yx and the isothermal
magnetization confirm the presence of the AFM state.
Shown in Fig. 7(a) is the inverse magnetic susceptibility
at B=02T Xﬂcl and 7' as a function of temperature. The
fitting data to the Curie-Weiss law for 40 <7'<<350 K yield a
Curie-Weiss temperature fcy to be —280 and —102 K for chl
and Xllc’ respectively. While the negative sign of 6y clearly
indicates the AFM coupling, the large magnitudes of 6Oy
make the ratio of Ocw/Ty (>35 and 13 for X[L.I and Xllc,
respectively) unusually high for any conventional antiferro-
magnets. Since ey is a measure of the exchange coupling, a
phase transition to a long-range antiferromagnetic order is
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FIG. 7. (a) The inverse magnetic susceptibility X[Cl and xllc of
Caslr;0y, as a function of temperature. (b) The isothermal magne-
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expected to occur at 7~ f-w when the exchange coupling is
strong enough to overcome thermal fluctuations, according
to the mean-field theory.>* (For regular antiferromagnets, the
experimentally determined 6qy could be a few times larger
than the Néel temperature. The discrepancy is largely due to
the assumption that the molecular field on one sublattice de-
pends only on the magnetization of the other sublattice.)
Large values of the ratio of 6cyw/T); such as those presented
are observed in pyrochlore and kagome systems, as pointed
out above.?®? The ratio is often seen as a measure of the
magnetic frustration in two- and three-dimensional frustrat-
ing lattices. Hence, a large value of 6cyw/T), corresponds to a
large depression of the phase-transition temperature. It is
therefore conceivable that despite the strong antiferromag-
netic interaction, the phase transition occurs only at T,
=7.8 K due to the geometric frustration that prevents the
long-range magnetic ordering from occurring until at a tem-
perature well below 6Ocy. The linearity in XWCI(T) and x'(7)
at T<|6cw| implies the presence of the nearest-neighbor in-
teraction, a characteristic of a highly frustrated system.? Ac-
cording to mean-field theory, the linearity of the inverse
magnetic susceptibility is expected only at 7> |fy| for a
conventional magnet. It is noted that the low dimensionality
does not favor a long-range order, in general, and may also
cause relatively large values of ¢y /T), but normally smaller
than 10. The behavior displayed in Fig. 7(a) is similar to that
of geometrically frustrated magnets such as CsMnFeF,>3
whereas X‘_Cl is remarkably linear in temperatures down to
50 K, well below |6cw|(=280 K). Isothermal magnetization
at T=1.7 K in Fig. 7(b) shows a linear field dependence of M

PHYSICAL REVIEW B 75, 134402 (2007)

15 20 25 30

35 40

N

o
=}
ES
oixs

-
o\

=}

[N}

S e
C/T (J/mol K?) |

C (J/mol K)
=

w N

N
(M sjowyp) SV

C/T (J/mole-K?)
o
~

e

(b)
35 20°

010" 5 10 15 20 25 30
T(K)
FIG. 8. (a) The specific heat C of Caslr;O;, as a function of
temperature for 1.8<T<40 K. Inset: C/T vs T? for 0<T<5 K.
(b) C/T vs T for B=0, 5, and 9 T (left scale) and the entropy

removal AS vs T (right scale).

for both orientations, consistent with the behavior for an
AFM state.

The heat capacity C(T) as a function of temperature as
shown in Fig. 8(a) displays a peak corresponding to T,
=7.8 K, confirming the second-order phase transition. The
peak is relatively broad and gives AC~0.23R, too small for
complete spin ordering. Moreover, the plot of C/T vs T?, as
shown in the inset, also exhibits a linear contribution y7T' to
C(T) below 5 K, yielding y~76 mJ/mol K2. This value is
even larger than that for SrsRh,0,,, signaling once again the
excitations of a frustrated or disordered magnetic state at low
temperatures in an insulating ground state. Subtracting a
baseline obtained by fitting the data for 20<7<<40 K to a
polynomial gives the magnetic contribution ACy,, and inte-
grating [AC,,/TdT yields the corresponding entropy re-
moval AS as shown in Fig. 8(b) (right scale). AS is approxi-
mately 4.30 J/mol K, smaller but reasonably close to R In 2
or 5.76 J/mol K expected for complete ordering of S=1/2
spins. Since Caslr;0,, involves both S=1/2 (Ir**) and S=1
(Ir’*), the value of AS suggests that only S=1/2 spins of the
Ir** ions participate in the magnetic ordering, whereas S=1
spins of the Ir’* ions remain disordered. In addition, C/T
near T, changes only slightly, implying a small reduction of
entropy in spite of the application of a relatively strong field
up to 9 T, consistent with the behavior seen in y (Fig. 6).
The insensitivity of T, to the magnetic field might suggest
an occurrence of competing AFM and FM interactions mo-
tivated by the magnetic field. The similar behavior is also
observed in Ca;Co,04.%

It is interesting that electrical resistivity perpendicular to
the ¢ axis p . appears to show a crossover from a metallic
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FIG. 9. Electrical resistivity parallel and perpendicular to the ¢

axis, py. and p, ., of Caslr;0, as a function of temperature for
50<T<700 K. Inset: log p vs T-"/? for py. and p .

state to an insulating state near 300 K as temperature de-
creases, whereas resistivity parallel to the ¢ axis pj, displays
variable range behavior throughout the entire temperature
range of 50<<7<<700 K, as can been seen in Fig. 9. p rapidly
increases by more than 5 orders of magnitude from
102 Q cm at 700 K to 10° Q cm at 65 K. log pj. at high
temperatures approximately obeys the temperature depen-
dence of T7?, a power law often expected for quasi-one-
dimensional systems, but log pj. shows less clear 7-'* de-
pendence (see the inset). It is noted that there is a slope
change near 100 K; however, no anomaly is discerned in Y.

C. Single-crystal CayIrOg

CaylrOg4 crystallizes in a rhombohedral structure with a
=9.3030 A, ¢=11.0864 A, or a K,CdCly type rhombohedral
structure with space group of R-3¢ (167). The crystal struc-
ture consists of one-dimensional chains of alternating IrOg
octahedra and CaQOyg trigonal prisms running parallel to the ¢
axis. It is otherwise identical to that of the Ising chain
Ca;C0,04 (Refs. 2 and 37) and Ca;CoRhO¢.3® The crucial
difference between Ca;Co,04 and CaylrOg is that CoOgq
trigonal prisms running parallel to the ¢ axis in the former
are replaced by the CaOg trigonal prisms in the latter. This
crystal structure was first reported in an early study? and
confirmed by a recent study>® and this work. These crystals
are rod shaped and involve only Ir** ions with a low spin
state of S=1/2.

Figure 10(a) displays the magnetic susceptibility x|. and
Xic for B=0.5 T as a function of temperature for both the ¢
axis and the ab plane. The broad peaks seen near 12 K indi-
cate an AFM phase transition. The temperature dependence
of x is similar for both orientations, in contrast to that of
SrsRh,O;, and Caslr;O,,. Fits of high temperature (200
<T<350 K) x| and x/ to the Curie-Weiss law yield Oy
to be —60 and —32 K, respectively. The ratio Ocw/T), is
smaller than that for CasIr;O;,, but Xﬂf is rather linear in
temperature for 7<|6fcw| as shown in Fig. 10(b). As dis-
cussed above, this reflects the interaction between the nearest
neighbors precisely expected for frustrated systems. The
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FIG. 10. (a) The magnetic susceptibility x of Ca,IrOg as a func-
tion of temperature for xll. . and X | ¢ axis at B=0.05 T, and (b) the
inverse magnetic susceptibility )([CI and Xllc as a function of
temperature.

temperature dependence of X|_<1 and Xllc shows a resemblance
to that of CsMnFeFg,?>% Sr;CulrOg,*’ and Ca;CulrOg4.*! Iso-
thermal magnetization M at 7=1.7 K in Fig. 11 shows a
linear field dependence of M for both orientations, verifying
the presence of the AFM state. It is noted that M for Ca,IrOg
shows stronger field dependence than that for Caslr;0,. Al-
though closely related to Ca3;Co0,0¢ structurally, CaIrOgq
does not show the step transitions in M that characterize the
former.>!0 It is interesting that the steplike magnetization
only occurs in frustrating lattices such as Ca3;Co0,0¢ and
SrsRh,O,, where the spin chains of (CoOg4 or RhOy) trigonal
prisms running parallel to the ¢ axis accompany chains of

0.2 I

T=1.7K

Lc-axis

FIG. 11. The isothermal magnetization of Ca,IrOg4 for M. and
M, atT=17K.
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FIG. 12. (a) The specific heat C of CasIrO4 as a function of
temperature for 1.8<T<40 K. Inset: C/T vs T> for 0<T<7 K.
(b) C/T vs T for B=0 and 5 T.

(CoOg¢ or RhOg) octahedra. The trigonal prisms, as discussed
above, reduce the symmetry, and thus the splitting A,
(<A,); therefore a high spin state is more likely to arise. The
absence of the steplike magnetization in both Ca,IrO4 and
Caslr;04, seems to be correlated with the absence of the spin
chains of trigonal prisms despite the crystal structures highly
similar to those of Ca;Co,04 and SrsRh;O15.

Shown in Fig. 12(a) is the heat capacity C(T) as a func-
tion of temperature. C(7T) shows a peak at T),=12 K, con-
firming the second-order phase transition. Such a magnetic
phase transition induces only a small AC~ 0.11R, once again
endorsing incomplete spin ordering. In addition, the plot of
C/T vs T? (see the inset) reveals a linear contribution y7 to
C(T) below 9 K, giving rise to y~ 24 mJ/mol K2, an indi-
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cation of the excitations of a frustrated or disordered mag-
netic state at low 7, as discussed above. The application of
the magnetic field of up to 5 T exerts no significant impact
on the phase transition as shown in Fig. 12(b), where C/T vs
T is plotted for B=0 and 5 T. This behavior is similar to that
of Caslr;O, but dissimilar to SrsRh,O .

IV. CONCLUSIONS

These materials are distinguished from each other through
interesting differences in magnetic behavior. SrsRh,O,
shows a strong Ising characteristic and the two steplike tran-
sitions in the c-axis isothermal magnetization that lead to a
ferrimagnetic state with 1/3 of the saturation moment M, at
a critical field B*=2.4 T and a fully saturated FM state at
B.=4.8 T. It appears that the steplike magnetization is criti-
cally associated with the spin chains of trigonal prisms run-
ning parallel to the ¢ axis, which are unique to SrsRh,O,.
Both Caslr;O;, and Ca,lrO¢ are also antiferromagnetically
ordered below 7.8 and 12 K, respectively, and exhibit a large
ratio of Ocvw/T),, implying a significantly suppressed ordered
state or geometric frustration. In particular, CasIr;0;, shows
that only S=1/2 spins of the Ir** ions are involved in the
magnetic ordering, whereas S=1 spins of the Ir>* ions re-
main disordered. In spite of the varied magnetic behavior,
these materials share common characteristics central to geo-
metric frustration. They feature crystal structures that favor
the formation of spin chains and a triangular lattice. As a
result, they are antiferromagnetically ordered below 23 K
with incomplete spin ordering. This is clearly evidenced in
the small AC and/or the entropy removal associated with the
phase transitions and the finite low-temperature specific heat
linearly proportional to temperature in spite of the insulating
ground state. These intriguing phenomena raise interesting
questions, and we hope this work stimulates more investiga-
tions on these 4d- and 5d-based materials that offer a wide
window into low-dimensional magnetism involving geo-
metrically frustrated states.
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