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Strong antiferromagnetic interaction owing to a large trigonal distortion
in the spin-orbit-coupled honeycomb lattice iridate CdIrO;
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We investigated the magnetic properties of the ilmenite-type iridate CdlrO; with a honeycomb lattice formed
by Ir** ions prepared via a solid-state metathesis. The magnetization measurements made using the powder
sample reveal a large effective magnetic moment and a fairly strong antiferromagnetic interaction, indicating
a deviation from the Kitaev model. Considering the relationship between magnetism and crystal structure in
CdIrO;, and comparing it with the other ilmenite-type iridates ZnlrO; and MgIrOs, we conclude that insulating
CdIrO; cannot be described as a Jor = 1/2 Mott state owing to a metathetically stabilized large trigonal

distortion of IrO¢ octahedra.
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I. INTRODUCTION

Recently, physical properties driven by spin-orbit coupling
(SOC) have attracted much attention from theorists and ex-
perimentalists [1-10]. An electronic state of a magnetic ion
under the strong spin-orbit coupling is well described by Jeg
pseudospins formed by the combination of SOC and orbital
degeneracy. In the limit of strong electron correlation, un-
conventional magnetic interactions are theoretically predicted
to generate among Je pseudospins, which results in the
realization of unconventional quantum ground states [10-12].
In particular, it is known that a Kitaev-type bond-directional
highly anisotropic ferromagnetic interaction is realized be-
tween spin-orbital-coupled Jeir = 1/2 electrons, which is ex-
plained by the Jackeli-Khaliullin mechanism [10]. In the
situation of the presence of the Kitaev-type interaction on the
honeycomb lattice, the ground state is exactly solved to be a
quantum spin liquid [2]. Under these circumstances, searching
for honeycomb lattice magnets formed by 4d/5d transition
metal ions with a d> electron configuration is becoming an ac-
tive area of research. In fact, some signs of Kitaev spin liquid
have been found in some realistic compounds—a«-RuCl; and
H;Lilr,Og [13-16]. In the case of «-RuClj, strong evidence
of Kitaev spin liquid is being found as a half-integer thermal
quantum Hall effect [15]. HsLilr,Og shows spin-liquid behav-
ior as a ground state [16]. The consequences of the Kitaev
interaction, however, are not completely understood.

In the Kitaev-type interaction as described above, the
Jeir = 1/2 state assumes a local cubic symmetric field with
a perfect M Og octahedron. All realistic compounds, however,
have nonideal octahedra deviated from a cubic crystal field.
It has been found in some iridium oxides that the J.p =
3/2 state is mixed with the ground state Jeg = 1/2 due
to the trigonal/tetragonal distortion [17-19]. Because of an
admixture of the Jo = 3/2 component, the ground state
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cannot be described by the pure J.r = 1/2 wave function. It
is not known in detail how such admixture of wave functions
affects the Kitaev-type interactions. Therefore, it is important
to compare the relationship between magnetism and local
crystal distortion in various d> honeycomb lattice magnets
because it is naturally not a cubic symmetry field.

In this paper, we report on the successfully synthesis of
a unique ilmenite-type honeycomb lattice iridate CdIrO;3 via
the metathesis reaction as well as its magnetic properties.
Since the crystal structure of CdIrOj; is qualitatively the same
as MglrO; and ZnIrOs; [20], we can use this material to
systematically study the effect of lattice distortion of the local
crystal field on the Kitaev magnetism. Indeed, the observed
magnetic behavior could not be explained in the J = 1/2
state, which would be caused by a large trigonal distortion
probed by the analysis of crystal structure. CdIrOs is expected
to be a good model compound for clarifying the effect of a
local distortion in the physics of spin-orbital-entangled Mott
insulators

II. EXPERIMENTAL METHODS

We designed the synthesis route of CdIrO3; by modifying
the metathesis synthesis method of MglrO; and ZnlrOs [16]
as follows:

LiIrO; + CdCl, — CdIrO; + 2LiCl. (1

The precursor Li,IrO; was obtained by the conventional
solid-state reaction method according to the previous report
[21]. This precursor was ground well with fivefold excess of
CdCl, in an Ar-filled glovebox, sealed in an evacuated Pyrex
tube, and reacted at 350 °C or 400 °C. In both conditions, how-
ever, CdIrO; could not be synthesized: a mixture at 350 °C is
unreactive, and a mixture at 400 °C completely decomposes
into IrO, and some unspecified impurities. In order to lower
the reaction temperature and to suppress decomposition, an
inert salt of NaCl is added to a reaction mixture before
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FIG. 1. Powder x-ray diffraction patterns of CdIrO;. The ob-
served intensities (red), calculated intensities (black), and their dif-
ferences (blue) are shown. Vertical bars indicate the positions of
Bragg reflections. The peak marked with an asterisk is an impurity
peak due to unwashed IrO, remaining in the final product.

calcination at 350 °C for 100 h. We found that this process
is important for a stabilization of metastable CdIrOs;. The
unreacted starting material CdCl,, the inert salt NaCl, and
the byproduct LiCl were removed by washing the sample
with distilled water. The product was characterized by powder
x-ray diffraction (XRD) experiments in a diffractometer with
Cu Ko radiation. The cell parameters and crystal structure
were refined by the Rietveld method using the RIETAN-FP
v2.16 software [22].

The temperature dependence of the magnetization of pow-
der samples was measured under several magnetic fields up
to 7 T by using a magnetic property measurement system
(MPMS; Quantum Design) provided at the Institute for Solid
State Physics at the University of Tokyo.

III. RESULTS

Powder x-ray diffraction pattern of CdIrO; is shown in
Fig. 1. All the peaks except for those from impurity of a trace
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FIG. 2. Crystal structure of CdIrO; (a) viewed along the ¢ axis
and (b) perpendicular to the ab plane. (c) The local environment of
a pair of edge-sharing IrO4 octahedra with the two different bond
lengths of Ir-O and the bond angle of Ir-O-Ir. The VESTA program is
used for visualization [22].

TABLE 1. Crystallographic parameters for CdIrO; (R3) deter-
mined from powder x-ray diffraction experiments. The obtained
lattice parameters are a = 5.3679(3), ¢ = 14.8108(3) A. B is the
atomic displacement parameter.

Site X y z B(A?)
Cd 6¢ 0 0 0.3675(1) 0.15
Ir 6 0 0 0.1614(1)  0.87
(0] 18f 0.3473(23) -0.0442(21) 0.1205(6) 1.3

amount of IrO, can be indexed by the ilmenite-type structure
with the space group of R3 with the lattice constants a =
5.3679(3) A and ¢ = 14.8108(3) A, which are more expanded
than that of ZnlrO; and MglrOs. As shown in Figs. 2(a)
and 2(b), Ir ions form a regular honeycomb lattice in the
ilmenite structure. The structure of CdIrQOj; is refined using the
Rietveld method as described in the Experimental Methods
section. The details of the refinement parameters are given in
Table I. The bond valence sum calculation for Ir ions from
the refined structural parameters [see Table II and Fig. 2(c)]
yields +3.994, which is consistent with the expected valence
of +4.

An ilmenite-type structure is another structural type of
composition AMO3 along with perovskite. Using the ra-
tio of ionic radii r(A%>T)/r(0?*), one can simply esti-
mate which structure type is stable: an ilmenite is sta-
ble at r(A%>T)/r(0**) < 0.7, while a perovskite is stable at
r(A?*)/r(0**) > 0.7 [23]. In ilmenite CdIrOs, the value
of r(Cd**)/r(0*") = 0.688 satisfies the criterion, which is
in contrast to the ratio r(Ca?*)/r(0O*") = 0.72 in postper-
ovskite CalrOj [24]. The bond angles of Ir-O-Ir in CdIrO;
are found as 97.7(3)°, which is larger than those in ZnlrO;
[95.7(1)°] and MglrO3 [94.0(3)°] [see Table II and Fig. 2(c)].
The difference in the angle of the superexchange path is
thought to affect the spin model as described later.

The temperature dependence of magnetic susceptibility
M/H and its inverse H/M for CdIrO; measured under 1
T are shown in Fig. 3. There is a linear relationship in
H/M versus T in the high-temperature region, indicating the
presence of local magnetic moment. A Curie-Weiss fitting
of H/M at 250-350 K yields an effective magnetic moment
Ueft = 2.26(4) up and Weiss temperature Oy = —280(9) K.
The effective moment is larger than the expected value of
1.73 for Jer = 1/2. The origin of large deviation is discussed
later. The large negative value of 6y indicates a predominantly
antiferromagnetic interaction between the Ir** ions.

TABLE II. Ir-O bond lengths (A) and Ir-O-Ir bond angle (deg) in
CdIrO; obtained from the powder x-ray diffraction data (including
those of MglrO; and ZnlrO; for comparison [20]).

Bond CdIrOs MglrOs ZnlrO;
Ir-O (x3) 2.037(7) 1.942(6) 1.990(3)
Ir-O (x3) 2.083(13) 2.136(9) 2.068(6)
Bond angle CdIrOs MglrO; ZnlrO;
Ir-O-Ir 97.7(3) 94.0(3) 95.7(1)
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FIG. 3. (a) Temperature dependences of magnetic susceptibility
M/H and its inverse of powder samples CdIrO; under a magnetic
field of 1 T. The measurements were conducted upon heating after
zero field cooling (ZFC) and then upon cooling (FC), as shown by the
arrows. The dashed line is a result of Curie-Weiss fitting. The values
are those of estimated magnetic interactions. The inset shows the
isothermal magnetization curve measured at 7 = 1.8 K for CdIrOs;.
(b) ZFC and FC M/H curves of CdIrO; under low magnetic field
noH = 0.01 T. The black dashed line is the result of fitting near Ty
as described in the text. The inset shows temperature dependences of
FC M/H curves measured for several magnetic fields.

At low temperature below approximately 100 K, the M/H
curve starts to increase as well as a thermal hysteresis between
the zero-field-cooled (ZFC) and field-cooled (FC) data, indi-
cating magnetic order. In Fig. 3(b), the M/H curve of CdIrO;
measured under 0.01 T is plotted as a function of 7. Below
approximately 100 K, FC M/H starts to increase rapidly and
shows saturation behavior as the temperature is decreased.
In addition, a thermal hysteresis between ZFC and FC under
0.01 T becomes more apparent than that under 1 T. As shown
in the inset of Fig. 3(b), with increasing magnetic field, the
increase of FC M/H is suppressed. These behaviors indicate
the presence of ferromagnetic moment. In the category of
molecular field approximation, a spontaneous magnetization
M shows critical behavior of M o (T — Ty)%° below Tx.
Using the function, the critical temperature is roughly es-
timated as Ty = 90.9(1) K. Just above Ty, magnetization is
larger than the curve of critical behavior, which is due to the
effect of the magnetic field. Under higher magnetic fields,
7 T, M/H has a kink near Ty, which is similar to the M/H
of a material with conventional antiferromagnetic ordering.
Thus, it is reasonable to think that a canted antiferromagnetic
order with a weak ferromagnetic moment occurs at 7y. As
shown in the inset of Fig. 3(a), a magnetic hysteresis loop is
observed in the isothermal magnetization at 1.8 K, which also
demonstrates the presence of a weak ferromagnetic moment.
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FIG. 4. A schematic view of (a) splitting of Jo = 1/2 and 3/2
states under cubic crystal field into (b) three Kramers doublets ¢y,
@1, and ¢, under a trigonal crystal field. (c) The temperature depen-
dence of inversed magnetic susceptibility H/M in three ilmenite-type
iridates. (d) Relationship between effective magnetic moments fig
and bond angle variances o in three ilmenite-type iridates.

Such a weak ferromagnetism has been observed also in
MglrO; [20].

IV. DISCUSSION

The observed large s in CdlrO3 would suggest that the
electronic state is deviated from an ideal Je = 1/2 state.
Here, we discuss the relationship between the local electronic
state and the crystal field. As shown in Fig. 4(a), in a cu-
bic crystal field, three degenerated #,, orbitals split into the
Jett = 3/2 quartet and Jer = 1/2 doublet by SOC. The local
electronic state, however, is sensitive to the trigonal distortion
of the IrOg octahedra. Without SOC, the threefold degenerate
1y level splits into twofold degenerate higher levels e, and a
nondegenerate lower level a;, by a trigonal distortion. Thus,
when both a trigonal distortion and SOC are included, the ¢
levels split into three Kramers doublets with the degeneracy
fully lifted as shown in Fig 4(b). When a trigonal crystal
field is large compared to SOC, the ground state ¢y derived
from Jer = 1/2 should be apart from the pure Je = 1/2
wave function because of an admixture of J. = 1/2 and
Jeit = 3/2 components. Thus, the magnetism is sensitive to
the degree of distortion of the octahedron. Indeed, previous
investigations of a resonant inelastic x-ray scattering (RIXS)
detect the admixture of Jer = 1/2 and Jegr = 3/2 states in
some iridates [17—19]. In order to reveal the detail of the
ground electronic state in AIrOs, it is necessary to conduct
the RIXS measurement; this is an issue for future work.

The degree of trigonal distortion in the IrOg octahedra can
be parametrized by the bond angle variance [25],

o - le (¢i — ¢0)* )

=l m—1
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where m is the number of anion-cation-anion bond angles, ¢;
is the ith bond angle of the distorted coordination-polyhedra,
and ¢y is the bond angle of the coordination polyhedra with Oy
symmetry. In the case of octahedra, ¢y is 90°. The value of o
in CdIrOs; is found as 21.9°, which is significantly larger than
that of ZnIrO; (8.05°) and MglrO;3 (3.20°). Thus, the IrOg
octahedra in CdIrO; yield significantly larger trigonal distor-
tion than that in ZnlrO; and MglrOs. Let us recall that the
observed e of 2.26 ug/Ir in CdIrOs; is significantly larger
than 1.73 pp in pure Jogr = 1/2. The deviation of e from the
ideal value of 1.73 should be a parameter of mixing Jegs = 1/2
and Jer = 3/2. As shown in Figs. 4(c) and 4(d), one finds
that the value of w.s tends to increase with increasing o,
indicating a presence of strong correlation between a degree
of trigonal distortion and a magnitude of mixing Jeg = 1/2
and Jor = 3/2. These facts indicate that the electronic state of
CdIrO; cannot be described as a pure Joir = 1/2 iridate.

The absolute value of 6w = —280K in CdIrO; is larger,
to an extreme degree, than those in MglrO; (—48 K) and
ZnlrO3 (—66 K) [20]. Therefore, this large negative Weiss
temperature means that the ferromagnetic Kitaev term is much
smaller than the antiferromagnetic Heisenberg term. The ob-
servation of high-temperature magnetic transition 7y = 90K
also evidences that the Kitaev term is much smaller than
the primary Heisenberg term in CdIrOs. It is theoretically
known that a deviation of the Ir-O-Ir angle from 90° enhances
the antiferromagnetic Heisenberg term [10]. Indeed, the Ir-
O-Ir angle of CdIrO; is larger compared to the angles of
MglrO3 and ZnlrO3, which is consistent with higher 6w and
Ty in CdIrO;. In a mixed state of Jer = 1/2 and 3/2, the
cancellation of the antiferromagnetic Heisenberg term would
be lifted, resulting in the ferromagnetic Kitaev term becoming
relatively smaller. Thus, a mixing of J.; = 1/2 and 3/2 states,
which is indirectly probed by the larger pi.¢, has a potential to
be another origin of the relatively small Kitaev term.

We conclude that CdIrOs; is not a pure Jor = 1/2 iridate.
Therefore, the observed weak ferromagnetism would not be
due to the Kitaev interaction. Such a weak ferromagnetism
has been observed also in a similar ilmenite-type manganate
ZnMnOQOs3; without SOC [26]. Thus, it is reasonable to think
that the dominant origin of this weak ferromagnetism is a
Dzyaloshinskii-Moriya (DM) interaction. In an ilmenite struc-
ture, there is a D-vector not on the nearest-neighbor interac-
tion (J;) but on the next-nearest-neighbor one (J) in the hon-
eycomb layer because of the presence/absence of inversion
symmetry. DM interaction is proportional to the magnitude

of superexchange interaction. Thus, when DM interaction on
J, is effective, it is considered that J, is sufficiently large.
Indeed, in CdIrOj; the frustration index f = |6w|/Ty is 3.08,
suggesting that the magnetic ordering is suppressed by the
spin frustration in the spin model of the J;-J, honeycomb
lattice.

It is experimentally found that less distortion of IrOg octa-
hedra is a key to realizing a pure Kitaev model. As a guideline
for suppressing distortion, we propose two strategies. One
strategy is to synthesize a hypothetical ilmenite iridium oxide
AlrO; with a smaller A ion, for example, BelrOs;. However,
since Be?T is known to prefer tetrahedral coordination rather
than octahedral, an ilmenite-type BelrO; may not be able
to synthesize. The other strategy is an application of high
pressure to tune the lattice constant. In fact, the distortion
parameter o tends to decrease with the lattice constant shrink-
ing. Therefore, in a high-pressure experiment of MglrO; with
the least trigonal distortion in ilmenite iridates, there is a
possibility to approach a pure Kitaev model to exhibit a
quantum spin liquid.

V. SUMMARY

We have successfully synthesized a metastable honeycomb
lattice iridate CdIrO3 with an ilmenite structure via a metathe-
sis reaction and investigated its crystal structure and mag-
netism. The observed effective magnetic moment 2.26 g /Ir
is larger than that in pure Jo = 1/2 states. Considering the
relationship between the crystal structure and the magnetism,
it is reasonable to think that the ground state of CdIrO;
cannot be described as the Jer = 1/2 state owing to a large
trigonal distortion. The large negative Weiss temperature also
supports the deviation from the pure Kitaev model. These
results experimentally show that the distortion of the local
crystal field counteracts the realization of a pure Kitaev model
in realistic materials. Therefore, the effect of the local crystal
distortion should not be dismissed in the local physics of
spin-orbital-entangled Mott insulators.
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