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BayNblr;0,,, a material with a triangular planar geometry of Ir;O;, trimers, is described. Magnetic
susceptibility measurements show it to be paramagnetic with no magnetic ordering down to 1.8 K despite
the Curie-Weiss temperature (cw) of —13 K. The material has a very low effective magnetic moment (ftegr)
of 0.80 ug/f.u. To look at the lower-temperature behavior, the specific heat (C,) was measured down to
0.35 K; it shows no indication of magnetic ordering and fitting a power law to C, vs T below 2 K yields the
power « = 3/42. Comparison to the trimer compound made with the 4d element Rh in place of the 5d element
Ir, Bay,NbRh;O,,, which is also paramagnetic (per = 1.48ug/f.u., 6cw = —23 K), is presented. The analysis
suggests that Ba,NblIr;O;; is a candidate spin liquid material.

DOLI: 10.1103/PhysRevMaterials.3.014412

I. INTRODUCTION

Spin-orbit coupling (SOC), the interaction between the
spin of an electron and the magnetic field present in its orbit
around a heavy nucleus, has proven to be an important factor
for understanding the magnetic properties and insulating state
in many iridium-based oxides [1-5]. In an octahedral crystal
field, in the absence of SOC, the d orbitals split into triply
degenerate ;, and doubly degenerate e, states, but SOC can
further split the #,, manifold into two discrete energy levels,
i.e., a quartet J = 3/2 and doublet J = 1/2. The importance
of SOC for understanding the magnetism in Ir-based com-
pounds therefore depends on the number of electrons in the
5d manifold of electronic states. Here we consider a system
with two formally Ir** (54°) and one formally Ir’* (54%)
present. Spin liquid behavior, the spin Hall effect [6], the
topological Weyl semimetallic state, and Mott insulator states
[3,7,8] are all present in iridates, which have also been of
recent interest because spin liquid states may be stable at low
temperatures in some of these materials [9-11]. NasIr;Os,
for example, a garnet-related oxide, displays large magnetic
specific heat at low temperature and was reported to have
a spin liquid ground state [10]. Also, recently, a quantum
spin liquid state in H3Lilr,O¢ has been published [11]. Thus
new iridate materials with exotic magnetic properties are of
significant interest.

Here we describe an Ir-trimer-based compound,
BayNblr;Oy,, which displays a rhombohedral structure
with the space group R-3m (No. 166). The rhombohedral
symmetry displayed is in contrast to the monoclinic symmetry
(C2/m) found for materials in the related BayLnlr;O;,
(Ln = lanthanide) family. The presence of Ir trimers in this
material, made from three face-sharing IrOg octahedra, is
significant because whether the material acts as a “molecular”
or “point charge” magnetic system is a question of interest
[12]. In addition, we describe BasNbRh3;0O;,, which forms
Rh30, trimers. The comparison is of interest due to the fact
that the materials are based on magnetically active 5d (Ir) and
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4d (Rh) elements with the same number of valence electrons.
Neither compound shows any magnetic ordering down to
1.8 K even though the absolute values of their Curie-Weiss
temperatures are larger than 1.8 K,—13.1 K for Ba;NbIr;0y5,
and —23.2 K for BayNbRh3;O;,. Magnetic measurements
reveal an effective moment of 0.80up /f.u. for Ba4Nblr;Oy,
and 1.48up /f.u. for BayNbRh;O,. Resistivity measurements
show that both compounds are semiconductors with transport
gaps of about 0.05 eV. Bay,NbRh30O;, shows a feature in its
specific heat that can be interpreted as being the result of
magnetic ordering at 1.5 K. Ba4Nblr;O,,, on the other hand,
displays a linear upturn in C,/T at low temperatures and
appears to be a candidate for a spin liquid.

II. EXPERIMENT

Polycrystalline samples of  BayNblr;0, and
BayNbRh; 04, were synthesized by solid-state reaction using
BaCOj3;, Nb,Os, IrO,, and RhO, (Alfa Aesar, 99.9%, 99.5%,
99.9%, and 99.9%, respectively) in stoichiometric ratios as
starting materials. Reagents were mixed thoroughly, placed
in alumina crucibles, and heated in air at 900 °C for 24 hours.
The resulting powders were reground, pressed into pellets,
and heated in air at 1100 °C for 48 hours. The phase purities
and crystal structures were determined through powder x-ray
diffraction (PXRD) using a Bruker D8 Advance Eco with Cu
Ko radiation and a LynxEye-XE detector. The structural re-
finements were performed with GSAS [13]. The crystal struc-
ture drawings were created by using the program VESTA [14].

The magnetic susceptibilities of BasNbM;0,
(M= Ir or Rh) powders were measured in a Quantum Design
Physical Property Measurement System (PPMS) DynaCool
equipped with a VSM option. The magnetic susceptibilities
between 1.8 and 300 K, defined as M/H, where M is the
sample magnetization and H is the applied field, were
measured at the field of H= 5kOe for Ba;Nblr;O0,, and
2 kOe for Ba4NbRh301,; some additional measurements were
performed in an applied field of 100 Oe. The resistivities were

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.014412&domain=pdf&date_stamp=2019-01-23
https://doi.org/10.1103/PhysRevMaterials.3.014412

LOIT. NGUYEN AND R. J. CAVA

PHYSICAL REVIEW MATERIALS 3, 014412 (2019)

TABLE 1. Structural parameters for Bay;Nblr;O;, and Ba,NbRh;0,, at 300 K. Both compounds crystallize in the R-3m space group

(No. 166) in International Tables for Crystallography.

Atom Wyckoff. Occ. X y z Uiso
Ba4NbIr3012
Bal 6¢ 1 0 0 0.12890(6) 0.0302(7)
Ba2 6¢ 1 0 0 0.28585(7) 0.0326(8)
Nb 3a 1 0 0 0 0.0008(4)
Irl 3b 1 0 0 v 0.0298(4)
Ir2 6¢ 1 0 0 0.41148(6) 0.0386(7)
01 18h 1 0.4817(7) 0.5183(7) 0.1216(3) 0.067(5)
02 18h 1 0.5146(6) 0.4854(6) 0.2956(4) 0.066(4)
a=5.7827(2)A, ¢ = 28.7725(9)A
x%=1.38, Ry, = 5.79%, R, = 4.48%, R = 6.09%
Ba4Nth3012
Bal 6¢ 1 0 0 0.12843(9) 0.0229(9)
Ba2 6¢ 1 0 0 0.28570(9) 0.0224(9)
Nb 3a 1 0 0 0 0.0090(3)
Rhl 3b 1 0 0 Vs 0.0115(8)
Rh2 6¢ 1 0 0 0.4106(1) 0.0115(8)
01 18h 1 0.4848(4) 0.5152(8) 0.1202(4) 0.002(4)
02 18h 1 0.510(1) 0.490(1) 0.2911(7) 0.077(6)

a =5.75707(HA, ¢ = 28.4734(5)A
x2=2.47, Rypy= 5.89%, R,= 4.44%, R2=9.57%

measured by the dc four-contact method in the temperature
range 200 to 300 K in the PPMS. For the resistivity
measurements, the samples were pressed, sintered, and cut
into pieces with the approximate size 1.0 x 2.0 x 1.0 mm?>.
Four Pt contact wires were connected to the samples using
silver paint. The specific heat was measured from 10 to 1.8 K
by a PPMS DynaCool equipped with a heat-capacity option,
and by using a *He system to reach down to 0.35 K.
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FIG. 1. Rietveld powder x-ray diffraction refinement for
Ba;Nblr;0,, in space group R-3m. The observed x-ray pattern is
shown in black, calculated in red, difference (Ips-Icac) in blue,
and the tick marks denote the allowed peak positions in pink.
R, =0.0448, R,, = 0.0579, X2 = 1.38. The left inset shows the
trimer crystal structure (Ir;O;, trimers are shaded yellow) and the
right inset shows that the trimers are arranged in an ABC packing
array.

III. RESULTS AND DISCUSSION

The powder x-ray diffraction patterns and structural re-
finements for Bay;Nblr;O0;, and Ba;NbRh3O, are shown in
Figs. 1. and 2. The structure of BayNbRu3O;, [12] was used
as the starting model for the structure refinements. The agree-
ment between the observed and calculated patterns is excel-
lent. There is no long-range charge ordering within the trimer
evident in the structural characterization that we performed.
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FIG. 2. Rietveld powder x-ray diffraction refinement for
Ba;NbRh;Oy; in space group R-3m. The observed x-ray pattern
is shown in black, calculated in red, difference (/yps-Icac) in
blue, and the tick marks denote the allowed peak positions in pink
(BayNbRh3015) and in cyan (BaRhO3). R,= 0.0439, R,, = 0.0578,
x2 = 2.47. The left inset shows the trimer crystal structure (Rh;O4,
trimers are shaded gray) and the right inset shows that the trimers
are arranged in an ABC packing array.
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FIG. 3. The temperature dependence of the magnetic susceptibility and the inverse of the difference between the magnetic susceptibility
and the temperature-independent magnetic susceptibility (o) for (a) BasNblr;O;, and (b) Ba;NbRh;O,. The red solid lines are the fits to the

Curie-Weiss law.

Both Ba;Nblr;O4, and Ba;NbRh3O, are rhombohedral, with
the space group R-3m (No. 166). The lattice parameters and
structural parameters for both compounds are summarized in
Table I. Their structure consists of three MOg (M= Ir or Rh)
octahedra connected by face sharing to form M30; trimers.
The trimers are arranged in a triangular planar lattice. While
BayLnlr;Oy; (Ln = lanthanides) have the monoclinic C2/m
space group, BasNblIr;O;, adopts a higher-symmetry R-3m
crystal structure [15,16]. The individual NbOg octahedra and
M301; trimers in these Ba4,NbM30O, phases alternate along
c to generate the 12-layer (i.e., three layers of four octahedra)
hexagonal perovskite structure. Individual M50, trimers are
corner sharing with the nonmagnetic NbOg octahedra, and
not to other trimers, such that the magnetic coupling be-
tween trimers is of the M-O-O-M super-super exchange type.
Structure refinements in which the Ir or Rh to Nb ratio was
allowed to vary were highly unsatisfactory, thus confirming
the composition of the materials. To the resolution of the
structural determination, the Nb:Ir and Nb:Rh sublattices are
fully ordered.

The temperature-dependent magnetic susceptibility of
BayNblr;O;, and its reciprocal are plotted in Fig. 3(a).
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The data from 100 to 300 K are well fit to the Curie-
Weiss law x = —— + x,, where x, is the temperature-
independent part of tfle susceptibility, C is the Curie constant,
and Ocw is the Curie-Weiss temperature. The least-squares fit-
ting yields x, = —1.75 x 10~*emu Oe~'mol-f.u.™!, per =
0.80ug/f.u., and cw = —13.1 K. The measured susceptibil-
ities are consistent among the different samples of each mate-
rial measured and consistent with the specific-heat measure-
ments. If one insists, however, that the bulk materials must be
nonmagnetic and that the observed magnetic susceptibilities
must arise from magnetic impurities, then that would require
8% of a spin-1 impurity for BayNblr;O1, and 27% of a spin-1
impurity for the Rh material, which are orders of magni-
tude larger than what is possible for our syntheses. Similar
magnetic behavior was observed in BasAllr,O; [17], which
has a Curie-Weiss temperature of —14 K and effective mo-
ment of 1.04ug/f.u. The effective moment of BayNblr;Oq;
is smaller than the one observed in BayNij o411 06012,
which has a mixed trimer between Ir and Ni [18]. Sim-
ilar characterization of BasNbRh3;O;, gives yxo,= 2.10 x
10~*emu Oe~'mol-f.u.™!, pey = 1.48ug/f.u., and Ocw =
—23.2 K, as illustrated in Fig. 3(b). Ir and Rh are in the same
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FIG. 4. Field-cooled (FC) and zero-field-cooled (ZFC) dc magnetic susceptibility in an applied field of 100 Oe for (a) BasNblr;O;, and
(b) Ba4,NbRh;0;, from 1.8 to 10 K. There is no bifurcation between FC and ZFC dc magnetic susceptibility down to 1.8 K in the former

material and a small amount below 2 K in the latter.
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T : materials. The temperature-dependent magnetic susceptibil-

20 & i ities of BayNbIr;0;, and BayNbRh30,, under different ap-

N OOoDoooooooooooooooo;;;;;;;; ]E);;]d fields are shown in the Supplemental Material, Figs. S1
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05 & i 'ff”;;:"x o v:i“" by the intertrimer and intratrimer interactions of the M30,
%g ° ” “wf “molecular” units; we postulate, although theoretical treat-
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FIG. 5. Molar heat capacity divided by temperature for
BayNblr;0, (red circles) and BayNbRh;Oj, (black open circles)
measured from 1.8 to 200 K. Inset: Both materials show features
below 10 K. The upturn in C,/T is suppressed by magnetic field (5
and 9 T) in the Ir case. However, it is the tail of the lower-temperature
hump in the Rh case.

column of the periodic table, with Rh being a 4d element and
Ir being a 5d element; the differences in effective moments in
the materials may come from the mixed valency of the Ir and
Rh combined with metal-oxygen covalency. The relatively
low overall moments are of interest as characteristics that
should be explained in any theoretical treatment of these

material, with M2-M1-M2 bonding interactions within the
trimers. The resulting antiferromagnetic interactions lead to
Ocw = —13.1K for the Ir case and —23.2 K for the Rh
case.

Figures 4(a) and 4(b) show the field-cooled (FC) and zero-
field-cooled (ZFC) dc susceptibility in an applied field of
100 Oe for BayNblr;O;, and Bas;NbRh30O;,. In both com-
pounds, the magnetic susceptibility increases down to the low-
est measured temperature of 1.8 K. Combined with relatively
large negative Curie-Weiss temperature, the behavior in the
ZFC/FC dc susceptibility indicates the possibility of magnetic
frustration (frustration index = |Ocw|/Ty =~ 7 for the Ir case
and 12 for the Rh case) or even spin liquid behavior in these
materials.
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FIG. 6. (a),(c) Low-temperature molar heat capacity divided by temperature for Ba;Nblr;O,, and Ba;NbRh;O,. The linear upturn (red
line) at the lowest temperature suggests that BayNblr;O, is a candidate spin liquid (also see Fig. S3 of the Supplemental Material [27]), while
the broad hump in the C,,/ T vs T plot of Ba;NbRh3O; could reflect the formation of a glassy state. (b),(d) Molar heat capacity of Ba;Nblr;O,
and Bay;NbRh;0y,, respectively, from 10 to 0.35 K.
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Figure 5 shows the specific heat divided by temperature
for Ba4Nblr;O;, and BayNbRh3Oy, in the temperature range
from 1.8 to 200 K. There is no anomaly, indicating the absence
of long-range magnetic order or phase transitions in this tem-
perature range. We note that at 200 K, C, has not yet reached
the saturation value of 3NR (N is the number of atoms in one
formula unit), but this observed behavior is often encountered
in materials where different atomic masses and strong bonds
between atoms lead to very high vibrational frequencies [19].
The upturn at the lowest temperature of this measurement
motivated our heat-capacity measurements under different
fields. C,/T data for BayNblIr;O(, and BasNbRh;O,, from
1.8 to 10 K under the fields of 0, 1, 5, and 9 T are shown in
the inset of Fig. 5. The upturn in the iridate is suppressed by
the applied field and there is no upturn seen at an applied field
of 9 T. This behavior has recently been observed in materials
proposed to be quantum spin liquids [20-24].

Figure 6 shows the heat capacity divided by tempera-
ture for both materials measured down to 0.35 K. While
BasNbRh30j, shows a broad anomaly at 1.5 K [Fig. 6(c)]
which we suggest is the signature of magnetic ordering, pos-
sibly of the spin-glass type, Ba;Nblr;O;, has a linear upturn
in C,/T below 2 K under poH =0 and 1 T applied fields
(Fig. 6(a) and Fig. S3 of the Supplemental Material [27]).
However, it is suppressed under 2 and 3 T. This behavior
was observed in the previously reported spin liquid material
H;Lilr,Og [11]. (See Fig. S3 of the Supplemental Material
[27] for a log-log plot of our data.) While the extrapolation
of heat capacity goes to 0 in the case of BayNbRh;O,,
[Fig. 6(d)], the heat capacity extrapolates to 15 mJ/mol-K at
0 K in Ba4NblIr;Oy, (Fig. 6(b) and Fig. S2 of the Supplemen-
tal Material [27]). Concerning the nuclear magnetism,a C,/T
vs T plot of IrO, from the literature [25] shows the value
of about 6.5 mJ/ mol—K?2 at low temperatures, attributable to
nuclear spins. With 3 Ir per formula unit in our Ir material,
that would yield about 20 mJ /mol—Kz, far below the low-
temperature (0.35 K) C,/T data we report for Ba;Nblr;O15,
which is around 130 mJ/mol—K?2. This rules out the pos-
sibility of nuclear spin dominating the specific heat in our
material and suggests to the authors that BayNblr; Oy, is a spin
liquid candidate since the presence of a significant amount of
magnetic entropy at low temperatures implies the presence of
low-energy spin excitations [20-24]. The heat-capacity data
for BayNblr;O;, below 2 K fits to the function C(,(T) = kT?,

where k = 0.1 and « ~ 3, as shown in Fig. 6(b) and Fig. S3
of the Supplemental Material [27]; the power smaller than 1
suggests a possible spin liquid state in this material [11].

The resistivities of BaysNblr;O;, and BayNbRh;O(, are
plotted as a function of reciprocal temperature in Fig. S4 of
the Supplemental Material [27]. Resistivity data from 200 to

300 K were fit to the standard model p = poe%, and the
transport activation energy E, was calculated to be approx-
imately 0.05 eV for both materials. With the activation energy
of 0.05 eV, BayNblr;0;, and BayNbRh3;O;, are both semi-
conductors, similar to the related trimer-based compounds
BasNbRu3Oy,, BasLLnRus0y,, and BasLnlr; Oy, [14,26].

IV. CONCLUSION

The materials BayNblIr;O1, and Ba;NbRh301; crystallize
in a 12-layer hexagonal perovskite structure in the R-3m
space group; Ir30;, or Rh3O, trimers are the magnetically
active parts of the structure because Ba’* and Nb’* are
not magnetic. While BasNbRh;O;, may show some type
of magnetic ordering at 1.5 K, the low-temperature heat
capacity of BayNblr;O;, follows a power law between 2
and 0.35 K, implying that the material is a candidate for
a spin liquid. First-principles calculations will be of inter-
est to investigate the electronic structure of both materials,
in particular to investigate the origin of the relatively low
magnetic moments, which appear to the authors to support a
“molecular” origin for the magnetism. Pair distribution func-
tion (PDF) or high-resolution synchrotron diffraction analysis
could be performed to determine whether there is short-range
or subtle long-range charge ordering in the trimers. Very low-
temperature thermodynamic, heat transport, neutron scatter-
ing, and other detailed characterization will be of interest to
confirm the presence or absence of a spin liquid state.
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