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ABSTRACT: A polycrystalline iridate LiglrOg material was
prepared via heating Li,O and IrO, starting materials in a sealed
quartz tube at 650 °C for 48 h. The structure was determined from
Rietveld refinement of room-temperature powder neutron
diffraction data. LigIrO4 adopts the nonpolar space group R3
with Li atoms occupying the tetrahedral and octahedral sites, which
is supported by the electron diffraction and solid-state "Li NMR.
This results in a crystal structure consisting of LiO, tetrahedral
layers alternating with mixed IrOg4 and LiOg4 octahedral layers along
the crystallographic c-axis. The +4 oxidation state of Ir*" was
confirmed by near-edge X-ray absorption spectroscopy. An in situ
synchrotron X-ray diffraction study of LigIrOg indicates that the
sample is stable up to 1000 °C and exhibits no structural
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transitions. Magnetic measurements suggest long-range antiferromagnetic ordering with a Néel temperature (Ty) of 4 K, which is
corroborated by heat capacity measurements. The localized effective moment . (Ir) = 1.73 pi and insulating character indicate that
LigIrOg is a correlated insulator. First-principles calculations support the nonpolar crystal structure and reveal the insulating behavior

both in paramagnetic and antiferromagnetic states.

Bl INTRODUCTION

Iridates (Ir-based oxides) have drawn increasing attention
because they provide a fertile playground for discovering novel
electronic states and exotic physical properties, which are
associated with the strong spin—orbit coupling (SOC). The
large atomic number (Z) of Ir explains the strong SOC
because the SOC is proportional to Z*." Compared to 3d and
4d transition-metal oxides, iridates contain more spatially
extended Sd orbitals (larger electronic bandwidth) and weaker
electronic correlation, so they are expected to be less magnetic
and more metallic. However, the interplay between the strong
SOC, on-site Coulombic interactions (U), electronic correla-
tions (amplified by SOC), and crystal field effect can stabilize
magnetic Mott-insulating ground states with J.& = 1/2 novel
quantum states” and other exotic physical properties includin

correlated topological insulators® and topological spin liquids.

Moreover, applying physical pressure or chemical doping on
the iridate system can drive novel interesting properties such as
insulating-to-metal transition and superconductivity.”~” Recent
representative discoveries in iridates are non-Fermi liquid
behavior in nearly ferromagnetic SrlrOs,° charge density wave
transition in BalrO,,” magnetic ordered Mott-type insulators in
AJrO; (A = Li, Na) and Ba,IrO,,""° pressure-induced
anomalous Hall effect and magnetic-field-induced multiple
topological phases in lpyrochlore Weyl semimetal RyIr,O, (R =
rare-earth metal),""'” metal—insulator transition in
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(Sr,_La,);Ir,0,° and spin-liquid ground state in hyper-
kagome antiferromagnetic Na,Ir;O."

LiglrOg is a ternary iridate reported among the A—T—0O (A
= alkali or alkali-earth element, T = Ce, Pr, Pb, Tb, Zr, Hf, Sn,
Pt, Ir, Ru, Co, Ge, Si) system.14_21 This study is motivated by
the fact that while interesting crystal structures and physical
properties are reported for many noniridium LigTOg
compounds,'” ™" the physical properties of LigIrOy are still
unknown. The crystal structure of LigIrOg4 has been reported
with a nonpolar space group R3, which is isostructural to most
compounds in the Li;TO4 (T = Ce, Pr, Pb, Tb, Zr, Hf, Sn, Pt,
Ru) series."*”'® However, it is different from some other
LigTOq4 (T = Co, Ge, Si) compounds adopting the polar space
group (P6;mc).""*' The LigRuOg compound was first
reported as a tetragonal or rhombohedral structure,'”'” but
it was later determined to be Li-deficient Li;RuQOy in a triclinic
structure (space group P1), which transforms into the
rhombohedral structure (space group R3) at 450 °C.*>*
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Confirming the crystal structure of LigIrO4 and understanding
the reason for forming a nonpolar instead of a polar crystal
structure will provide insights for existing and potentially novel
LigTO4 compounds, which hold potentials as high-capacity Li-
battery cathode materials,”*™>® solid electrolytes,”” and CO,
capture materials.”® Therefore, we launched an investigation to
synthesize a phase-pure sample, understand the crystal and
electronic structures, and determine the physical properties of
LigIrOg.

In this work, we report that almost phase-pure LiglrOg4
samples can be synthesized via the solid-state method in a
sealed quartz tube. The crystal structure and stability are
studied with neutron diffraction, in situ synchrotron X-ray
diffraction, and electron diffraction experiments. We use the X-
ray absorption near-edge spectroscopy (XANES) to study the
oxidation state of Ir. Magnetic properties and heat capacity are
measured to reveal the physical properties. Density functional
theory (DFT) calculations are carried out to understand the
formation of the nonpolar crystal structure and observed
physical properties and the interplay between the crystal
structure, electronic structure, and physical properties.

B EXPERIMENTAL SECTION

Starting Materials and Synthesis. LigIrO4 polycrystalline
samples were synthesized using the solid-state method. Starting
materials Li,O (99.5% mass fraction, Alfa Aesar”) and IrO, (99.9%
mass fraction, Sigma-Aldrich) were used as received. Li,O and IrO,
were mixed and ground with a molar ratio of 5:1 inside an argon-filled
glovebox with a low concentration of O, and H,0 (<1 parts per
million). The thoroughly ground precursors were pressed into a
pellet, which was placed in an alumina crucible, and then sealed inside
a quartz tube (OD = 12.5 mm) under vacuum (~107> mm Hg). The
ampoule was heated in a box furnace to 650 °C over 12 h and
retained at the same temperature for 48 h, and then the furnace was
cooled to room temperature over 6 h.

Laboratory and In Situ Synchrotron Powder X-ray
Diffraction (SPXD). Powder X-ray diffraction (PXD) patterns of
polycrystalline samples were collected at room temperature for 0.5 h
with the scattering angle 26 ranging from 10 to 70° using a benchtop
Miniflex-600 powder X-ray diffractometer (Cu Ka, 4 = 1.5418 A). In
situ synchrotron powder X-ray diffraction (SPXD) patterns were
collected (0.8 < 260 < 28°) in an open-end small quartz tube under
argon flow at the 17-BM beamline (4 = 0.45229 A) at the Advanced
Photon Source, Argonne National Laboratory.

Powder Neutron Diffraction (PND). Powder neutron diffraction
(PND) experiments were carried out at 298 K at the BT-1 beamline
at the National Institute of Standards and Technology Center for
Neutron Research. To minimize adsorption, about 0.5 g of the
powder was loaded into a thin aluminum foil annulus and placed
inside a cylindrical (6 mm diameter, SO mm tall) vanadium cell and
scanned with the 26 range from 3 to 168° with a wavelength (1) of
1.5400 A. Rietveld refinements of the PND data were carried out with
the suite of FullProf programs.*’

Transmission Electron Microscopy (TEM). The TEM experi-
ment was performed on a probe aberration-corrected sub-angstrom
resolution JEOL JEM-ARM200cF microscope with an accelerating
voltage of 200 kV. Polycrystalline samples were crushed into thin
electron-transparent pieces with a mortar and pestle. The crushed thin
pieces were transferred onto a carbon-coated 200-mesh Cu TEM grid.
Selected-area diffraction patterns and atomic resolution scanning
transmission electron microscopy high-angle annular dark-field
(STEM-HAADF) images were collected on a single crystal piece.

X-ray Absorption Near-Edge Spectroscopy (XANES). XANES
of LigIrOg, Na,IrO3, IrO,, and Ir samples were performed at the 7-BM
beamline using a Si-111 channel-cut monochromator at the National
Synchrotron Light Source II (NSLS-II), Brookhaven National
Laboratory. Both transmission and fluorescent mode measurements

were made with a simultaneous standard for precision energy
calibration. Standard polynomial background and post-normalization
to unity were used in the analysis. Systematic comparisons to
previously measured compounds were also made.

Solid-State “Li NMR. Polycrystalline LiglrO4 was measured with a
Bruker AV NEO 500 MHz solid-state NMR spectrometer with a 3.2
mm double-resonance magic-angle spinning (MAS) probe. One-
dimensional (1D) “Li MAS NMR spectra were acquired with
spinning rates of 16 and 14 kHz. Two-dimensional (2D) 7Li
multiquantum magic-angle spinning (MQMAS) NMR spectrum was
also acquired at 16 kHz. The "Li NMR was referenced to LiCl (10 M)
at 0 ppm, and the 90° pulse width in solids is 2 ps.

Thermogravimetric Analysis (TGA) and Differential Scan-
ning Calorimetry (DSC). TGA and DSC data were collected with a
PT1600 Linseis Thermal Analysis Instrument. About 20 mg of the
LigIrOy4 polycrystalline sample was heated inside an alumina crucible
from room temperature to 1273 K (held for 1 h) under argon flow
with a heating/cooling rate of 10 K/min. After the measurement, the
remaining sample was analyzed by PXD.

Physical Properties. Magnetic properties of LiglrO4 powders
were measured with the Quantum Design Physical Property
Measurement System (PPMS). Field-cooled (FC) and zero-field-
cooled (ZFC) magnetic susceptibility measurements were recorded
between 300 and 1.8 K in direct-current applied magnetic fields of 0.1
and 1 T, respectively. Field-dependent magnetization was measured
from —9 to 9 T at 1.8 and 300 K. A dense pellet (>91%) pressed at
500 °C for 4 h under 4 GPa with a Walker-type high-pressure
instrument was used for electrical conductivity measurement. Heat
capacity measurement was performed on a pellet between 300 and 2
K under 0 T with the PPMS.

Computational Method. Density functional theory (DFT)
calculations were carried out with the all-electron full-potential
linearized augmented plane-wave (FLAPW) method implemented in
WIEN2K to calculate the electronic structure.’® A generalized gradient
approximation (GGA) functional was chosen to calculate the
electronic structure. A 17 X 17 X 17 k-mesh was used for the
Brillouin zone integration. The muffin tin radii were chosen to be
1.59, 2.15, and 1.76 Bohr radii for Li, Ir, and O, respectively. The size
of a plane-wave basis set was determined from R, K, of 7.0, where
R, is the smallest atomic muffin tin radius and K, is the largest
plane-wave vector. The SOC was included in the second variational
scheme. The on-site Coulombic repulsion U = 2 eV is considered in
the Ir d orbital for the GGA + SOC + U calculations, which well
explains the structure of an iridate compound.” To describe strong
electronic correlation effects properly, fully charge self-consistent
DFT plus dynamical mean-field theory (DFT + DMFT) were
performed.> ™** The continuous-time quantum Monte Carlo
(CTQMC) method was implemented for a local impurity solver
with a proper local J effective basis.**** The fully rotational invariant
form was adopted for a local Coulombic interaction Hamiltonian with
on-site Coulombic repulsion U = 4.5 eV and J; = 0.8 eV, where the U
and Jy values were turned out to be valid in previous DFT + DMFT
calculations on iridate compounds.**™** A wide hybridization energy
window from —10 to 10 eV with respect to the Fermi level was
chosen. The maximum entropy method was used for analytical
continuation to obtain the self-energy on the real frequency.*”

Bl RESULTS AND DISCUSSION

Synthesis and Crystal Structure. The synthesis of the
LigIrOg¢ polycrystalline sample was reported by Gadzhiev using
Li,CO; and IrO, as starting materials, which were heated in
air."* Later, Hoppe prepared small LigIrOy4 single crystals for
the first time by heating Na,IrO; and Li,O precursors in a
vacuum-sealed quartz tube at 825 °C for 40 days.”® The crystal
structure of LiglrOg was solved with the nonpolar space grou
R3 (No. 148) based on single-crystal X-ray diffraction data.”
We first started the synthesis with Li,CO; and IrO, in air
according to the literature procedure'® but only obtained
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Figure 1. Crystal structures of LigIrO with the space group R3 ((a, b, c): color code: Lil/Li2 = gray/yellow, Ir = purple,
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O = red) and Li;RuO4

with the space group P1 ((d, e, f): color code: Lil—3/Li4 = gray/yellow, Ru = pink, O = red).

Li,IrO; as the major phase. We then modified the synthetic
conditions by heating Li,O and IrO, starting materials in a
vacuum-sealed quartz tube and adjusting the heating profile
and successfully prepared almost phase-pure LigIrO4 with a
small amount of Ir impurity at 650 °C for 48 h according to
the PXD (Figure S1) pattern. The purity of the product is
dependent on the ratio of Li,O/IrO,, heating temperature, and
dwell time. For the best-obtained sample, this was conducted
with the optimized ratio of Li,O/IrO, = 5:1. At lower ratios
(Li,0/1rO, = 4:1 or 4.5:1), the Li,IrO; phase is produced with
no indication of the LiglrO4 phase. At higher ratios (Li,O/IrO,
> 5:1), the LiglrO4 phase is formed; however, there is a
significant amount of unreacted Li,O. The timing and
temperature of the reaction are also critical because a higher
temperature or dwell period longer than 48 h will produce the
Li,IrO; phase either as a significant impurity or even as the
major phase.

The experimental PXD pattern matches the theoretical
pattern of the reported LigIrO4 with the space group R3
(Figure S1). The crystal structure consists of Li1O, tetrahedral
layers alternating with mixed IrO4 and Li2O4 octahedral layers
along the crystallographic c-axis (Figure 1lc). In the LilO,
layer, each tetrahedron is edge-shared by three reversed Li1O,
tetrahedra along the crystallographic ab plane (Figure 1a). In
the layer with mixed IrO4 and Li2Oy, each IrO4 octahedron is
edge-shared with six Li2Og4 octahedra, while each Li2Oq
octahedron is only edge-shared by three LiO4 octahedra
(Figure 1b). The ratio of Li204/IrO4 octahedra is 2:1. The
IrO¢ octahedron is symmetric; however, the Li2Og4 octahedron
is distorted. The overall crystal structure is nonpolar due to the
symmetric distribution of Li2O4 octahedra surrounding the
IrO4 octahedra. The disconnected IrO4 octahedra in the
structure are different from the honeycomb layers of IrOg
observed in A,IrO; (A = Li, Na, Cu)*""** but were observed in
the related compounds Li;MOg; (M = Ru, Nb, Ta, Sb, Bi, Os)
with the space group P1.°**>* In the crystal structure of
Li;RuQOy, there are four Li sites and the occupancy for each site
is 0.875. Similar to LiglrOy, the crystal structure of Li;RuQOg
(Figure 1d) consists of layers of edge-shared Li,O4 and RuOy
octahedra (Figure 1f), which alternate with the layers
constructed by LilO,, Li20,, and Li3O, tetrahedra (Figure
le).

To accurately refine the crystal structure of the prepared
LiglrOg sample, a PND experiment was carried out at room
temperature. The reported structure was used as the starting
model for Rietveld refinement, and the PND pattern (Figure
2) can be refined with the major phase LigIrO4 (mass % =
96.1%), a small amount of impurity Li,O (mass % = 3.9%),
and a small unidentified peak near 42°. The detected small
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Figure 2. Rietveld refinement of PND (298 K) of LigIrO4 (R3 space
group, A = 1.5400 A) with observed data (red), calculated pattern

(black), Bragg peak position (green), and the difference between the
observed and calculated patterns (blue).

amount of impurity in the PND is different from PXD because
the former is more sensitive to light elements and has strong
absorption for Ir and Li. Selected refined structural parameters
and bond distances are given in Tables 1, 2, and S1. The
refined lattice parameters using PND data are a = b =
5.40920(8) A, c = 15.0401(3) A, and V = 381.10(1) A3, which
are close to the reported values a = b = 5.4151(6) A, ¢ =
15.058(4) A, and V = 382.4(1) A%.* In the refined structure,
Lil, Li2, Ir, and O atoms occupy the 18f (0.629, 0.647,
0.8816), 6¢ (0, 0, 0.3396), 3a (0, 0, 0), and 18f (0.6765,
0.6474, 0.4122) sites, respectively. These values are also close
to the previously reported ones.

As shown in Figure 1, each IrOg octahedron is symmetric,
and the refined Ir—O bond distance is 2.049(3) A, which is
within the range of reported Ir—O bond distances (1.97—2.08
A) in Li,IrO;.** In the distorted LilO, tetrahedron, three
different Li;—O bond distances are 1.89(1), 1.96 (1), and
2.045(7) A (Table 2). The distorted Li2Og4 octahedron only
contains two unequal bond distances, 2.113(8) A and 2.327(8)
A. The Li—O bond distances are close to these (1.88—2.34 A)
in Li,IrO; as well. The closest Ir—Li and Li—Li distances are
also shown in Table 2. Based on the Ir—O bond distances, the
bond valence sum of Ir was calculated to be 4.1, indicating an
oxidation state of +4. During the refinement, the overall fitting
was not improved when the occupancies of Li or O sites were
initially refined with about 5% vacancies. Therefore, the site’s
occupancies were set at unity in the later stages of the
refinement considering the charge-balanced Ir** confirmed by
XANES and extra Li,O observed in the sample as well.

Electron Diffraction. To gain further insight into the
crystal structure of LigIrOg, a TEM experiment was carried out
on thin pieces of polycrystalline samples. Figure 3a shows the
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Table 1. Selected Structural Parameters of Rietveld Refinement of PND Data of LigIrO,”

sample LigIrOg
empirical formula LigIrO¢
temperature 298 K
mol. wt., g/mol 343.74
density (calculated), g/cm® 4.493
neutron wavelength, 4 1.5400 A
space group, # R3, #148
V4 3
lattice parameters a=1b=2540920(8) A, ¢ = 15.0401(3) A, V = 381.10(1) A3, @ = f = 90°, y = 120°
Rietveld criteria of fit* R, = 3.86%, R, = 4.77%, R, = 4.53%, y* = 111
site Wyckoff symbol X9,z occ.
Lil 18f 0.629(2), 0.647(2), 0.8816(4) 1
Li2 6c 0, 0, 0.3396(9) 1
Ir 3a 0,0,0 1
o) 0.6765(6), 0.6474(6), 0.4122(2) 1
caled __obsy2 caled __obsy2
aRWP = %’ eap = m; %, X = (RWP/REXP)Z, where 3 and y?* are the calculated and observed

intensities at the ith data point, respectively, the weight w; is 1/6” from counting statistics, with the same normalization factor, N is the number of

measured data points, and P represents the number of refined parameters.

alues in parentheses indicate 1o.

Table 2. Selected Bond Distances in LiglrO”

Ir—O/Li distances (A)

Ir-O 2.049(3) X 6 Li1-O
Ir-Lil 2.646(1) Li1-O
Ir—Li2 3.216(1) Li1-O
Li2—0
Li2—0

“Values in parentheses indicate 1o.

Li—O distances (A) Li—Li distances (A)

1.89(1) x 2 Lil-Lil 2.34(1)
1.96(1) x 1 Lil-Lil 2.88(1)
2.045(7) x 1 Lil-Li2 2.46(1)
2.113(8) x 3 Lil—Li2 2.52(1)
2.327(8) x 3

zone [10-10]
°

)
L
1
¥
;e

Figure 3. (a) Electron diffraction pattern recorded along the [1010] direction and (b) corresponding STEM-HAADF image. Inset shows the
projected atomic structure with Ir atoms in blue, O atoms in red, and Li atoms in white.

electron diffraction obtained along the [1010] direction. The
indexed (0000), (0003), and (1210) planes obey the refined
structure with the R3 space group. The STEM-HAADF image
recorded along the [1010] direction is shown in Figure 3b with
the schematic projected atomic structure as an inset. The white
dots are projected atomic columns. The intensity of a dot is
directly related to the atomic number (Z) of the atom and the
numbers of atoms in each column, and the higher Z columns
show higher intensity. The white dots in Figure 3b are the
atomic columns consisting of Ir and Li atoms, which
correspond to the edge-sharing IrO4 and Li2Og4 and octahedral
mixed layer. The distance between the Ir/Li column is 4.74 A.
The O and Li columns, which correspond to the LilO,

17204

tetrahedral layers in between, have too low Z numbers
compared with Ir to have enough intensity to be clearly visible
in the image.

In Situ Synchrotron Powder X-ray Diffraction. Because
the Li,IrO; phase is frequently identified as a major phase or
impurity under different synthetic conditions and a structural
transition is observed in the related Li-MOg (T = Bi, Ru, Os)
series,”” we carried out a TGA—DSC experiment to check the
stability of LigIrO4. The TGA—DSC experiment was carried
out under argon flow (10 K/min heating rate), and the sample
was heated to 1273 K and retained at the same temperature for
1 h. A PXD of the sample after the TGA—DSC measurement
shows that it still remains the same LiglrO4 phase (Figure S1).
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Figure 4. In situ SPXD patterns of LiglrO, obtained while heating from 298 to 1273 K (4 = 0.45229 A, the SiO, peak is marked with an asterisk *).
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Figure 5. One-dimensional (1D) solid-state "Li MAS spectrum with 2D "Li MQMAS NMR as inset.
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Figure 6. (a) Ts4-L; near edges of LiglrO;4 and a series of standard octahedral Ts4-O compounds with spectra shifted in energy to approximately
align the B-features with the zero of the relative energy scale being arbitrary. (b) Calibrated energy Ir-L; near edges for a series of standard Ir
materials.

The mass of the sample remains practically constant during the To further monitor the stability of LiglrO¢ and study a
possible structural change from LigIrOg, we carried out the in
situ SPXD by heating the sample under argon flow from 298 to
at 689 K (Figure S2). 1273 K at a 10 K/min heating rate and cooling to room

experiment, and the DSC curve shows a small exothermal peak
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Figure 7. (a) FC—ZFC magnetic susceptibility of LiglrO4 with an applied magnetic field of 0.1 T (inset shows the zoomed low-temperature range).
(b) Field-dependent magnetization measured at 1.8 and 300 K between —9 and 9 T.

temperature at a 50 K/min rate. As shown in Figure 4, the
LigIrO¢ phase remains intact as the temperature increases, and
a small new Bragg peak near 7.7° shows up at high
temperatures, which is identified as SiO, that results from
the partial crystallization of the fused quartz of the sample
tube. When the temperature is cooled from 1273 K, the
LiglrO4 phase and SiO, impurity remain (Figure S3). It
appears that LigIrOg is stable during the in situ experiment,
which is in contrast to the triclinic (space group P1) to
rhombohedral (space group R3) structural transition observed
in related compounds Li;MO4 (M = Bi, Ru, Os).”

Solid-State ’Li NMR. To confirm the two Li sites with
different coordinates in the structure, solid-state NMR
experiments were carried out. 1D solid-state "Li MAS (Figure
5) and 2D ’Li MQMAS NMR spectra acquired at 16 kHz
(inset of Figure S) clearly indicate there are two Li sites
(labeled as A and B) in the polycrystalline LigIrO4 sample. The
chemical shifts of peaks A and B are 22.2 ppm and 2.7 ppm,
respectively. The peaks labeled with asterisks in Figure S are
spinning sidebands for A and B sites. It is clear that peak A has
a relatively larger "Li quadrupolar coupling constant than peak
B due to the larger linewidth of peak A. As discussed in related
Li;MO4 (M = Nb, Ta, Sb, Bi) compounds,***® Li atoms with
tetrahedral coordination are more deshielded than Li atoms
with octahedral coordination. It is also reasonable that the
symmetry of the Li atom in a tetrahedral environment is not as
high as in an octahedral environment. Thus, peaks A and B are
signals corresponding to Lil atoms in LilO, tetrahedra and
Li2 atoms in Li2Og4 octahedra.

X-ray Absorption Near-Edge Spectroscopy (XANES).
Based on the structural refinement in the nominal composition
of LiglrO4 and bond valence sum of Ir (4.1), the oxidation
state of Ir is expected to be +4. XANES experiments were
carried out using the LiglrOg4 polycrystalline powder with
Li,IrO;, IrO,, and Ir as standard materials. The obtained Ir-L,
near-edge spectra were also compared with a series of standard
5d transition-metal (Ts4) oxides, which manifest intense
atomic-like p to d transitions, the so-called “white line”
(WL) features, as illustrated in Figure 6a. Both the spectral
shape and the chemical shift of the Tsq L; edges offer insight
into the d—conﬁguration/valence.47_54

The Lj-edge spectral shape in T4 oxides is dominated by
the octahedral ligand field splitting of the Sd orbitals into
lower-lying 6X degenerate t,, and higher energy 4X degenerate
e, orbital states. The dashed lines emphasize the bimodal WL,
A(t,, hole)/B(e, hole) related features typical of such

compounds. As shown in Figure 6a, transitions into these
split £,,/e, final-hole states can be seen to yield a bimodal A/B
WL feature in the Sd-L; edge spectra. The A- and B-feature
intensities are, respectively, related to the number of available
te and e, final states (hole count) weighted by transition
matrix element effects. In the compounds considered in Figure
6a, the e, hole count (and the B-feature intensity) remains
essentially constant. On the other hand, the intensity of the A-
feature (relative to that of the B-feature) very dramatically
decreases as the t,, hole count decreases from 6 in d%/Ta-
Ca,MnTaOq to 2 in d*/Ir’*-Sr,ScIrOy. Thus, the relative A/B-
feature intensities provide direct insight into the Ty d-
configuration/valence. The LiglrOg spectrum manifests an A-
feature intensity (red-double-headed-arrow energy range) that
is substantially reduced with respect to that of the d*/Ir’*-
Sr,ScIrOy4 spectrum. This substantial reduction supports the
assignment of the d*/Ir** configuration for LigIrOy.

In Figure 6b, the calibrated energy Ir-L; near edges of
LiglrOg are compared with a series of standard iridates. The
expanded scale for the Ir-L; spectra underscores the much
stronger shoulder, A-feature intensity in the d*/Ir’*-Sr,ScIrOg4
and d*/Ir**-Sr,CalrOy spectra, compared to the d°/Ir*"-IrO,,
Na,IrO;, and LiglrOg spectra. Additionally, the strong chemical
shift to higher energy with increasing Ir valence can be seen in
the spectra. The very low and close coincidence of the
chemical shifts are observed in the IrO,, Na,IrO;, and LiglrO4
spectra due to their common a3/t configuration. Thus, the
d*/Ir*" configuration in LigIrQOg is strongly supported by both
the spectral shape and chemical shift of its Ir-L; spectrum.

Magnetic Properties and Heat Capacity. Field-cooled
(FC) and zero-field-cooled (ZFC) temperature-dependent
magnetic susceptibility was measured on LigIrO4 samples with
applied magnetic fields of 0.1 and 1 T. The antiferromagnetic
ordering is observed below 4 K, as shown in the inset of Figure
7a. The FC—ZFC data measured at 0.1 T are almost
overlapping in the temperature range from 300 to 4 K. A
similar antiferromagnetic (AFM) ordering temperature has
also been observed in related Li,RuO4 (Ty = 6.5, 12 K) and
Li,0sOq4 (Ty = 13 K) compounds in which RuO4 and OsOg
octahedra are also disconnected in the structure.””*> The
isothermal field dependences of magnetization were measured
at 1.8 and 300 K, with the magnetic field varying from —9 to 9
T (Figure 7b). The nearly linear feature of magnetization
measured at 1.8 K supports the AFM transition in the system.

Because of the very small magnetic moment at a high
temperature and small external magnetic fields, the FC—ZFC
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data measured at 0.1 T deviate from the Curie—Weiss
behavior. The Curie—Weiss behavior is evident in the data
collected at 1 T above 170 K as shown in Figure S4. Fitting the
FC magnetic susceptibility data between 170 and 300 K with
the Curie—Weiss equation y = y, + C/(T — ©,,) yields the
constant diamagnetic term y, = —17 X 107* cm?®/mol,

effective magnetic moment (i = 1.73 pp/fu) given by /8C,
where C is the Curie constant, and Weiss temperature 8,, to
be —92 K. The negative ©,, value obtained is consistent with
the presence of the AFM interaction and gives a rather large
frustration factor f = 23. The p. value is the same as the
theoretical value 1.73 py for typical S = 1/2 of Ir*" in the low
spin state (t5,) with the large crystal field splitting effect in IrO,
octahedra. This exact p value is rather fortuitous and may
depend slightly on the y, as there are three parameters in the
fitting equations. But it clearly suggests the S = 1/2 state of Ir*"
ion. An S = 1/2 has been reported in the honeycomb lattice
material A,IrO; (A = Li, Na, Cu),""* and frustrated
hyperkagome antiferromagnet Na,Ir;O;."> In some other Ir**
compounds, such as Sr,IrO, (0.2—0.5 uy/Ir),”*° Ba,IrO, (0.34
us/1r),” Yo, O, (~0.5 pp/Ir),>® and Srylr,0, (~0.5 pp/Ir),>
the proposed mechanism suggests that strong spin—orbit
coupling and electron correlation cause the t,, orbit split into
novel J.¢ = 1/2 and 3/2 orbitals, and the one unpaired electron
occupies the novel J.& = 1/2 quantum state. Whether or not
LiglrOg¢ also forms the novel J.4 = 1/2 quantum state requires
further measurements such as polarization and angular
dependence of XAS, resonant inelastic X-ray scattering
(RIXS), angle-resolved RIXS, X-ray resonant magnetic
diffraction (XRMS), and angle-resolved photoemission spec-
troscopy (ARPES) measurements. To reveal the magnetic
structure and magnetic moment of Ir*', neutron diffraction
experiments will be carried out at 1.8 K in the future.

The temperature-dependent heat capacity (Cp) measure-
ment conducted on a pellet exhibits a A-like anomaly at 4 K
(Figure 8), which confirms the long-range AFM ordering
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Figure 8. Heat capacity of LiglrO¢ measured from 1.8 to 300 K under
0 T. Left upper inset shows an enlarged curve between 1.8 and 6 K.

occurring at 4 K. A resistivity measurement was attempted on a
dense pellet (density > 91%) but the high sample resistivity
and the power limits of the excitation source prevented
measuring the sample resistivity via the standard PPMS
resistivity option. Ionic conductivity measurements were not
carried out on this material but ionic conductivity is observed
in LigTOg (T = Ce, Zr, Hf, Sn) and Li,MO4 (M = Nb, Bi, Ry,
Os) above 300 °C.*>*” The insulating behavior and magnetic
ordering have been observed in A,IrO; (A = Li, Na, Cu),*
doped BalrO,,°" CalrO;,"* Sr,IrO,? and the spin-liquid state

of Na,Ir;Og"° which are magnetically ordered Mott-type
insulators.

Electronic Structure Calculations. To understand the
electronic structure and nature of the insulating behavior, DFT
calculations were performed. First, the nonmagnetic (NM)
electronic structure calculations were carried out with DFT
relaxed lattice parameters (a = b = 5.4344 A, ¢ =15.0959 A)
similar to the experimental values (a = b = 54092 A, ¢ =
15.0401 A) of LigIrO,4 with the space group R3. Figure 9 shows

30

DOS (states/eV)

Energy(eV)

Figure 9. DOS of the NM phase with the DFT GGA + SOC + U (=2
eV) method.

the electronic density of states (DOS) of the NM phase with
the GGA + SOC + U (2 eV) method, which demonstrates
nonzero DOS at the Fermi level, thereby showing a metallic
state. The metallic state remains when the U is increased to 4
eV (Figure SS) within the DFT framework. This is in contrast
to the experimental insulating behavior. Since DFT under-
estimates electronic correlations, more advanced methods are
necessary. This issue could be resolved using DFT + DMFT,
which will be discussed later.

Because related Li;TO4 (T = Co, Ge, Si) compounds adopt
the polar space group (P6ymc), we also calculated the NM
electronic structure of hypothetical LiglrO¢ with DFT relaxed
lattice parameters (a = b = 5.5946 A, ¢ = 10.8621 A) based on
the reported crystal structure information of LigCoOg with the
space group P6smc. The results indicate that there is a small
band gap (0.277 eV), and the required energy of the
hypothetical hexagonal LiglrOg structure (space group
P6ymc) is +1.96 eV/fu, which is much larger than that
(+0.164 eV/fu) of LigIrO4 in the rhombohedral structure
(space group R3) as shown in Table 3. The hypothetical
hexagonal structure (space group P6ymc) contains IrO,
tetrahedra with an Ir coordination number of 4, which is

Table 3. Summary of DFT Calculations of Different Models
and Crystal Structures of LigIrO”

R3AFM  R3 FM R3NM  P6ymc NM
energy (eV/fu.) 0 +0.001 +0.164 +1.96
u(Ir) spin (ug) 0.23 0.24 0 0
band gap (eV) 0.674 0.598 0 0.277

“The model with the R3 space group with AFM ordering is chosen as
the reference energy.
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Figure 10. AFM model and the corresponding DOS with the DFT GGA + SOC + U (=2 eV) method.

smaller than that (6) in the rhombohedral structure (R3).
When the Madelung energy is computed for both structures,
IrOy in the nonpolar space group R3 is much more stable than
the IrO, in the polar space group P6;mc because a higher
coordinate number of Ir atoms reduces the Coulombic
potential energy. This explains why the LigIrOg4 adopts the
nonpolar space group R3 instead of the polar space group
P6;mc. In the reported LigTOg4 (T = Ce, Pr, Pb, Tb, Zr, Hf, Sn,
Pt, Ir, Ru, Co, Ge, Si) compounds (Table S2), those with the
radius (r) of T* (r(Co*) = r(Ge*) = 0.53 A, r(Si*) = 0.4 A)
smaller than that (0.625 A) of Ir*" adopt the hexagonal
structure, while those with r(T*") > 0.625 A crystallize in the
rhombohedral structure. It is reasonable that larger T*" cations
can coordinate with six oxygen anions in the rhombohedral
structure, while smaller T* cations coordinate with four
oxygen anions in the hexagonal structure. Following this trend,
LiglrO with r(Ir*) = 0.625 A is expected to adopt the space
group of R3.

To further understand the magnetic properties and nature of
the insulating feature, we carried out GGA + SOC + U
calculations with an AFM model as shown in Figure 10. The
computational results shown in Table 3 indicate that the AFM
model has the lowest energy among the other magnetic
solutions. Therefore, AFM ordering is the ground state, which
confirms the experimental long-range AFM magnetic behavior.
It is worth noting that many different AFM models are
available, and the ground-state AFM state is not unambigu-
ously determined yet. The details of the electronic structure of
the ground-state AFM might change; however, it does not alter
the general conclusion of this study. Ir-5d and O p orbitals
contribute to the DOS near the Fermi level mainly and they
are highly hybridized with each other (Figure 10b). It suggests
that the covalent bonding between Ir and O atoms is the main
bonding character to explain physical and chemical properties
of this system. The AFM and ferromagnetic (FM) models have
band gaps of 0.674 and 0.598 eV, respectively, which indicates
that magnetic ordering results in an insulating gap for LiglrO.
Electron occupancy in Ir d orbitals is 5.47, which is away from
an integer value due to the large hybridization between Ir d
and O p orbitals (Figure 10). The spin and orbital moments of
Ir are 0.23 and 0.40 yp/Ir, respectively, and the total moment
is 0.63 py/Ir, which is much smaller than the theoretical values
of Ir** ion with S = 1/2. To capture the strong electronic

correlation effects presented in this compound, DFT + DMFT
calculations were performed. Figure 11 shows the DOS of the
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Figure 11. DOS of the NM phase computed by the DFT + DMFT
method at T = 116 K. Orbital-resolved Ir effective ] DOS is provided.

NM phase computed by DFT + DMFT at T = 116 K, which is
well above the long-range antiferromagnetic ordering temper-
ature (4 K). It demonstrates the finite band gap of ~0.3 eV
even at a high temperature. It is noteworthy that DFT does not
open the band gap in the NM phase, while DFT + DMFT
does. Therefore, dynamic correlations are more important than
static ones in opening the band gap in the NM phase. The
DFT + DMFT results explain the insulating behavior well
above Ty as observed in the experimental measurements. It
indicates that this comspound is a correlated insulator like other
iridate compounds.®>®*

B CONCLUSIONS

We prepared almost phase-pure LiglrOg polycrystalline
materials using a solid-state method. The crystal structure
was confirmed with Rietveld refinement based on powder
neutron diffraction data, solid-state ‘Li NMR, and electron
diffraction. In situ synchrotron X-ray diffraction data collected
from room temperature to 1000 °C indicates the sample is
stable at a high temperature under an inert atmosphere.
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Magnetic properties indicate that LigIrO4 orders antiferro-
magnetically at 4 K, which is confirmed by the heat capacity
measurements. The oxidation state of Ir*" is supported by the
structural refinement and XANES measurement and is
consistent with the result obtained from Curie—Weiss fit to
the high-temperature susceptibility. Resistivity measurement
attempts suggest that LigIrOg is an insulator, and DFT and
DFT + DMFT calculations support the insulating behavior. A
powder neutron diffraction experiment will be carried out at
low temperatures to determine the magnetic structure in the
near future. LiglrOg is the first example of A;TOg (A = Li, Na;
T = transition metal) compounds in which we studied the
physical properties. Our results thus provide a foundation to
study other AgTO4 compounds as the magnetic and transport
properties can be further modified by substituting Ir*" with
other T* in novel Aglr,_ T,O¢ (A = Li, Na; T = transition
metal; 0 < x < 1) compounds.
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