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Geometrically frustrated systems populated with large spin-orbit coupled ions are an ideal setting for the
exploration of novel exotic states of matter. Here we present an example of iridium on a mixed B-site spinel oxide
structure: Cu[Ir1.498(2)Cu0.502(2)]O4. Synchrotron XRD refinements reveal a face-centered-cubic structure with
space group Fd 3̄m and mixed Cu-Ir site disorder within the B2O4 rocksalt substructure. Electrical properties re-
veal a metallic state within the 50–600-K range with a Kondo effect at T < 50 K. X-ray absorption spectroscopy
(XAS) measurements show a mixed Cu1+/2+ and Ir3+/4+ charge partitioned picture, which suggests a metal-
lic/band description with reduced on-site Coulomb interactions. Spin-glass-like freezing is seen at Tg = 49 K,
and the hysteresis behavior for T > Tg resembles that of a strongly frustrated magnet. DFT calculations show
sizable hybridization between the Cu 3d and Ir 5d states with an effective mixed Ir3+/4+ charge partitioned
picture, supporting the electronic and XAS results.
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I. INTRODUCTION

Among the known varieties of geometrically frustrated
frameworks, the AB2X4 spinel structure has been extensively
investigated in the condensed matter physics community start-
ing with Anderson’s discussion of the spinel and inverse spinel
structures [1]. The spinel structure consists of two basic units:
AX4 tetrahedron and BX6 octahedron. The B2X4 network forms
a rocksalt structure where alternate octahedral sites are occu-
pied by the B cations (1/2 of the octahedral sites are occupied).
The A cations occupy 1/8 of the tetrahedral sites; only tetrahe-
dral sites with all four neighboring empty octahedral sites are
filled. A unique feature of the spinel structure is that the B ions
form a sublattice of corner-shared tetrahedra and the A ions
form a diamond sublattice (Fig. 1). The B sublattice gives rise
to strong magnetic frustration. Compounds with the AB2X4

spinel structure have provided fascinating insights in terms of
their unusual properties due in part to geometrical frustration.
Most spinel oxides, however, are known to be insulating. Only
two spinel oxides, LiV2O4 and LiTi2O4, are reported to be
conducting, and both compounds show interesting collective
effects. LiV2O4 is the only oxide heavy fermion system and
LiTi2O4 is a superconductor [2–5].

For 4d and 5d transition metal oxides (TMOs), because
the 4d/5d orbitals are spatially more extended, the on-site
Coulomb repulsion energy U is smaller compared to the 3d
oxide counterparts. A unique characteristic of 5d TMOs is that
the energy scale of the spin-orbit coupling (SOC) is compara-
ble to U, suggesting an interesting interplay among SOC, U,
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and electron bandwidth. Conventional intuition suggests that
a 5d oxide is more metallic compared to its 3d counterpart
due to the greater spatial extent of the 5d orbitals (therefore
larger 5d bandwidth) and reduced Coulomb interaction. Many
iridates, however, are magnetic insulators, a fact that has been
attributed in part to the large SOC of iridium coupled with the
5d5 configuration of Ir4+ ions. In this case, the iridate elec-
tronic structure has been characterized using a jeff description
(SOC dominates and t2g states split into half-filled jeff = 1/2
and filled jeff = 3/2 states) [6].

Relatively few undoped iridates possess a metallic state,
suggesting that the localizing effect of SOC generally dom-
inates the expected larger bandwidth. The iridium spinel
compound CuIr2S4 is one example [7,8] and has been exten-
sively investigated as a candidate for the quantum compass
model [9] due in part to the mixed Ir3+/4+ site arrangement.
The perovskite SrIrO3 is another example as a narrow-band
semimetal [10]. Iridate oxide compounds that are normally
insulating have been shown to become metallic by doping. For
example, while BaIrO3 is insulating, rare-earth R3+ (R = Gd,
Eu) substitution for Ba2+ can induce a metallic state [11].
Another example is Rh doping in Sr2Ir1−xRhxO4. Sr2IrO4 is
an antiferromagnetic jeff = 1/2 Mott insulator [12,13], how-
ever, Rh doping induces a metal-insulator transition due to
hole doping in the Ir 5d jeff = 1/2 band [14,15]. Sr2IrO4

has also been synthesized with oxygen vacancies, inducing
an insulator-to-metal transition [16]. Clearly, the mixed va-
lency of iridium in such examples plays a role in altering
the interplay between bandwidth, SOC, and on-site Coulomb
repulsion and driving a metal-insulator transition (MIT). So
far, we have discussed local energetic attributes controlling
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FIG. 1. Illustration of the AB2X4 spinel structure: isolated A-
cation tetrahedral sites and the B2X4 rocksalt network where 1/2 of
the octahedral sites are occupied (top). The A ions form a diamond
sublattice and the B ions form a sublattice of corner-shared tetrahedra
within the spinel structure (bottom).

the MIT, but the geometry of the lattice can also be important
for charge itineracy. Just as geometrical frustration associated
with nonbipartite lattices leads to ground state degeneracy in
local moment systems, the analogous effect for conduction
electrons is to create a flat band [17]. Therefore, the explo-
ration of new frustrated structures that possess large SOC
mixed valence ions is imperative.

In the present work we report on the synthesis, structure,
and properties of the iridate-containing mixed B-site spinel
oxide: Cu[Ir1.498(2)Cu0.502(2)]O4. The results presented show a
mixed Cu1+/2+ and Ir3+/4+ charge portioned picture with ran-
dom Cu-Ir site disorder within the B2O4 rocksalt substructure.
The magnetic properties reveal a strongly frustrated magnet at
temperatures above the spin-glass-like behavior (Tg = 49 K).
Electronic measurements and DFT theory reveal that a
metallic/band description with reduced on-site Coulomb inter-
actions should be used to describe the electronic ground state.

II. EXPERIMENT

Polycrystalline Cu[Ir1.498(2)Cu0.502(2)]O4 was prepared via
the synthesis of the hyperkagome structure Na4Ir3O8 and
then an ion-flux exchange approach using CuCl. The com-
pounds Na2CO3 and IrO2 with the correct stoichiometric ratio
(Na4Ir3O8) were ground and pressed into 10-mm-diameter
pellets. The resulting pellet was fired at 750 °C for 16 h,
ground, and then reheated to 1000 °C for 18 h before being
quenched using a water bath. The resulting hyperkagome
Na4Ir3O8 sample was mixed with molar excess of CuCl and
then fired at 450 °C under an argon flow. The sample was then
washed with a dilute nitric acid solution to remove remaining
NaCl and excess CuCl and Cu metal.

Phase analysis of powder samples was performed by x-
ray diffraction using a Rigaku MiniFlex II diffractometer

with Cu Kα radiation and a graphite monochromator for
the diffracted beam. Synchrotron x-ray diffraction (Advanced
Photon Source 11-BM-B) was collected at room temperature
(λ = 0.412 83 Å, 2θ < 50◦). Resistivity and Seebeck coeffi-
cient were measured from 300 to 600 K using an ULVAC
ZEM-3 under a helium atmosphere. The resistivity below
300 K was measured using the four-wire technique and the
internal resistance bridge in a Quantum Design PPMS. The
electrical contacts were made using Ag epoxy. The suscep-
tibility was defined as M/H where M is the dc magnetization,
which was measured in a Quantum Design MPMS3 supercon-
ducting quantum interference (SQUID) magnetometer.

X-ray absorption spectra (XAS) at Cu-K and Ir-L2,3

absorption edges were collected at room temperature in trans-
mission geometry at the Advanced Photon Source of Argonne
National Laboratory. Near-edge XAS data were collected at
beamline 4-ID-D while extended x-ray absorption fine struc-
ture (EXAFS) spectra were collected at beamline 9-BM. For
these measurements, fine powder samples were dispersed on
multiple layers of tape then combined to achieve the desired
effective sample thickness. At 4-ID-D, toroidal and flat Pd
mirrors in combination with detuning of the second Si(111)
crystal in the double crystal monochromator (DCM) were
used to focus the x-ray beam to 100 × 200 μm2 and re-
ject high-energy harmonic radiation. At 9-BM, a Rh-coated
toroidal mirror was used to focus the beam to ∼500 ×
500 μm2 and, in combination with detuning of the second
crystal of the Si(111) DCM, reject high-energy harmonic
radiation. At both 4-ID-D and 9-BM, ionization chambers
were used as detectors. The energy resolution of a Si(111)
monochromator at these absorption edges is in the 1.2–1.5-
eV range, but the repeatability in energy scans is better than
0.1 eV. Reference samples of IrO2 (Ir 4+ valence), Ba2YIrO6

(Ir 5+ valence), CuO (Cu 2+ valence), and Cu2O (1+ va-
lence) were used to assess the unknown charge state of Ir
and Cu ions in the spinel sample. XAS data at Cu-L2,3 edges
were collected at room temperature at beamline 29-ID of
the Advanced Photon Source at Argonne National laboratory
using partial fluorescence yield (PFY) with a multichannel
plate detector placed in the horizontal plane at 90° with the
incoming, horizontally polarized x-ray beam. Measurements
were carried out on powder samples mounted on carbon tape,
as well as on samples embedded in indium foil, yielding
consistent data.

The resonant inelastic x-ray scattering (RIXS) mea-
surements were performed using the RIXS spectrometer
at the 27-ID beamline of the Advanced Photon Source
where the sample, analyzer, and detector are positioned
in the Rowland geometry [18,19]. The diamond (111)
high-heat-load monochromator reflects x rays from two in-
line undulators into a high-resolution monochromator. The
two-bounce monochromator of single monolithic Si(844)
channel-cut crystal produces an energy bandpass of 14.8
meV at 11.215 keV. The beam is then focused by a set
of Kirkpatrick-Baez mirrors, yielding a typical spot size of
10 × 40 μm2(v × h) at the sample. A horizontal scattering
geometry is used with the incident photon polarization in the
scattering plane. All data were collected with the 90° scatter-
ing angle to minimize the contribution from the Thompson
elastic scattering. The Si(844) diced spherical analyzer and
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FIG. 2. Powder XRD pattern of Cu[Ir1.498(2)Cu0.502(2)]O4 sample.
Blue asterisk symbol indicates a small presence of IrO2 impurity
phase.

the position-sensitive silicon microstrip detector produce an
overall energy resolution of full width at half maximum =
30 meV.

Density functional theory (DFT) calculations were per-
formed using Vienna Ab-initio Simulation Package (VASP)
[20,21]. The Perdew-Burke-Ernzerhof (PBE) implementation
[22] was used as the exchange-correlation functional. To in-
clude the strong Coulomb interaction effect of d orbitals, we
used the Hubbard U values of 5 eV for the Cu 3d orbital and
2.5 eV for the Ir 5d orbital. We also used the Hund’s coupling
J values of 0.8 eV for the Cu 3d orbital and 0.4 eV for the Ir 5d
orbital. To simulate the site-disorder effect of Cu and Ir ions
within the octahedral sites, we build the supercell of the spinel
structure containing 12 Cu, 12 Ir, and 32 O ions. The Cu and
Ir ions are randomly distributed with the ratio of 1:3 among
the octahedral sites. The density of states is computed for
each random structure and averaged for the comparison to the
experimental spectra. The gamma-centered Monkhorst-Pack
k-point mesh of 6 × 6 × 6 was adopted for each supercell
structure. The energy-cutoff for the plane-wave basis was used
as 400 eV.

III. RESULTS

A. Structural analysis

Powder x-ray diffraction pattern of Cu[Ir1.498(2)

Cu0.502(2)]O4 reveals face-centered-cubic structure with
space group Fd 3̄m (Fig. 2). The trace IrO2 impurity phase
was detected in the diffraction pattern upon magnification
(Fig. 2, asterisk symbol). To determine the crystal structure,
Rietveld refinements were performed on synchrotron XRD
data collected at APS beamline 11-BM-B using the GSAS

program [23,24]. Room temperature synchrotron XRD
was collected up to 50◦ in 2θ . A pseudo-Voigt peak shape
profile was chosen, and parameters refined to obtain the
best fit to the collected data. The space group was refined
to be Fd 3̄m with cubic lattice dimensions of 8.5762(1) Å.
The resulting synchrotron XRD Rietveld refinement for
Cu[Ir1.498(2)Cu0.502(2)]O4 is shown in Fig. 3. For the refined
fit, the Rwp factor was 5.65% and the goodness of fit χ2

FIG. 3. Synchrotron Rietveld refinement of
Cu[Ir1.498(2)Cu0.502(2)]O4 sample at room temperature
(λ = 0.412 83 Å). Observed (black crosses) and calculated (solid red
line) profiles, background (green), and difference curve (Iobs-Icalc )
(blue) are shown. The vertical bars indicate the expected reflection
positions for spinel (Fd 3̄m) phase (black) and IrO2 impurity phase
(purple).

was 1.4, confirming that the Fd 3̄m structure model suitably
fits the compound. The detailed results are given in Table I.
Refined structure parameters are in accordance with other
analogous cubic Fd 3̄m spinel oxide structures [25–27].

From the refined parameters provided in Table I, the tetra-
hedral 8a site was refined to be fully occupied by copper.
Iridium is too large for a tetrahedral site and any addition

TABLE I. Rietveld refinement results of synchrotron XRD
diffraction data for Cu[Ir1.498(1)Cu0.502(1)]O4.a,b

Composition Cu[Ir1.498(1)Cu0.502(1)]O4

Space group Fd 3̄m
Rwp(%)/χ 2 5.65/1.41
a = b = c(Å) 8.5762(1)
V (Å3) 630.79(1)
O, x 0.260 68(9)
Cu (8a) occ. 1
Ir (16d) occ. 0.7490(2)
Cu (16d) occ. 0.2510(2)
Cu (8a) Uiso(Å2) 0.01636 (2)
Cu/Ir (16d) Uiso(Å2) 0.009 581(3)
O Uiso(Å2) 0.020 51(2)
Cu/Ir(16d)-O (Å) 2.0565(7)
Cu(8a)-O (Å) 2.0155(1)
O-Cu(8a)-O (°) 109.47(1)
O-Cu(16d)-O (°) 95.22(4)
O-Ir-O (°) 84.78(4)

aSynchrotron XRD diffraction data collected at APS 11-BM-B (room
temperature).
bFor Fd3m̄, AM2O4 crystal structure refined in space group with
A(Cu) at 8a (1/8,1/8,1/8), M(Cu/Ir) at 16d (1/2,1/2,1/2), and O at
32e (x, x, x) sites.
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of iridium in the 8a site proved not stable in the refinement.
Incorporation of copper on the octahedral 16d site did result
in an overall more stable refinement. The resulting 16d re-
fined occupancies reveal a mixed Cu-Ir site disorder within
the B2O4 rocksalt substructure: 75% of the respective site is
occupied by iridium with the remaining 25% occupied by
copper.

Semiquantitative fits of EXAFS data were carried out using
theoretical standards in order to provide validation of the
site occupancies found in the XRD refinements. Theoreti-
cal Cu-K- and Ir-L3-edge EXAFS scattering amplitudes and
phases were generated with the FEFF6 code [28] using an 8-Å
radius atomic cluster based on the space group, lattice param-
eters, and atomic positions obtained from XRD refinements
(Table I). The atomic cluster included both Ir and Cu atoms
in the 16d octahedral sites with a 3:1 ratio. In the fits,
the 8a tetrahedral sites are fully occupied by Cu atoms,
whereas the relative Ir/Cu occupation of 16d octahedral sites
was an adjustable parameter. Other adjustable parameters
were Debye-Waller factors and an overall isotropic lattice
expansion/contraction. Cu (Ir) EXAFS data and theoretical
standards in the k range 2–14 (2–16) Å–1 were weighted by
k2 and Fourier transformed for fitting in real space using the
rather constrained model described above. Figure 4 shows
data and models in real space (real and imaginary parts, as
well as magnitude, of the complex Fourier transforms) as
well as back Fourier transformed data and model utilizing
real space data in the 1–5-Å region. The fitted occupation of
Cu (Ir) atoms in 16d octahedral sites is 0.27 ± 0.05 (0.73
± 0.14) in good agreement with XRD results. The isotropic
model for interatomic distances yields a small contraction
of the lattice of order 1%. Fitted Debye-Waller factors are
in the 0.003–0.015-Å2 range. The semiquantitative EXAFS
modeling provides a reasonable description of both Cu-K-
and Ir-L3-edge EXAFS spectra and is consistent with the site
occupancies found in Rietveld refinements.

B. Electronic properties

Temperature dependent resistivity and Seebeck measure-
ments are shown in Fig. 5. Resulting electrical properties
reveal a metallic state within the 50–550-K range with a
Kondo-like effect below T = 50 K.

X-ray absorption spectroscopy (XAS) measurements at
the Cu L2,3, Cu K, and Ir L2,3 absorption edges were
used to provide an estimate of copper and iridium va-
lence. Figure 6 shows Cu-L2,3-edge x-ray absorption data for
Cu[Ir1.498(2)Cu0.502(2)]O4 spinel system, together with Cu 1+
and Cu 2+ reference spectra taken from Ref. [29]. Data were
normalized to Cromer-Liberman calculations of the single-
atom absorption cross section [30] and clearly show copper in
mostly a 2+ state. The fraction of Cu 2+ and Cu 1+ ions was
estimated to be 75(10)%: 25(10)% from white line intensity
ratios in sample and references, averaged over L2,3 edges.

The Cu-K-edge x-ray absorption data (Fig. 7) also shows
copper predominately in a 2+ state. As shown in the right in-
set of Fig. 7, Cu2O has a strong pre-edge peak. This pre-edge
peak is not observed in CuO, and there is a small peak in the
derivative for the Cu[Ir1.498(2)Cu0.502(2)]O4 spinel system. In
addition, the main edge position (Fig. 7, derivative plot inset),

FIG. 4. Cu-K-edge and Ir-L3-edge EXAFS data and model. Real
and imaginary parts, as well as magnitude, of the (complex) Fourier
transform of k2 weighted EXAFS data and model are shown in the
real space plots, and back Fourier transformed data and model are
shown in photoelectron wave number (k) space. Black line: data; red
line: constrained model using the Ir/Cu partitioning and distances
obtained in refinements of XRD data.

further suggests Cu in a predominant 2+ state. A weighted
average of Cu 1+ and Cu 2+ reference spectra is shown in
Fig. 7 to illustrate the enhancement of the pre-edge peak with
increasing Cu 1+ content. As shown, if the Cu 1+ content
is significantly larger than 10%, a sharp pre-edge signature
would exist in the data. Such a sharp pre-edge signature does
not exist for Cu[Ir1.498(2)Cu0.502(2)]O4, thus indicating a mi-
nority Cu 1+ component, consistent with Cu-L-edge data.
While the Cu 2+ component clearly dominates, a more ac-
curate determination of the 1+ to 2+ ratio is difficult from
these measurements, not only due to the different character
of sample and references (hybridized metallic versus ionic
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FIG. 5. Top: High temperature resistivity (black circles) and
Seebeck (blue triangles) data of Cu[Ir1.498(2)Cu0.502(2)]O4 sample
from ∼300 to ∼550 K. Bottom: Resistivity vs temperature for
Cu[Ir1.498(2)Cu0.502(2)]O4 in the range 2–300 K under 0- and 4-T field.

insulators), but also due to possible distortions to Cu-L-edge
data from self-absorption effects (see Discussion section).

XAS measurements at the Ir-L2,3 absorption edges
(2p1/2,3/2 → 5d resonant excitation) were used to provide an
estimate of Ir valence. As shown in Fig. 8, the Ir-L2,3 edge
x-ray absorption spectra for Cu[Ir1.498(2)Cu0.502(2)]O4 together
with Ir 4+ and Ir 5+ reference spectra clearly show iridium
in an oxidation state less than 4+. By analyzing energy shifts
in XAS peak position and XAS peak derivative at both L3 and
L2 edges in the spinel sample and reference compounds we
estimate Ir oxidation state of +3.6 ± 0.2.

The integral of white line intensities over Ir-L2,3 edges is
proportional to the number of 5d holes. For a polycrystalline
sample, where relative orientation of crystalline axes and x-
ray linear polarization is angular averaged, the isotropic sum
rule (regardless of crystal symmetry) is given by IL3 + IL2 =
CN where IL2,3 are integrated intensity of L2,3 white lines, N
is the number of 5d holes, and C is the square of the radial
part of the 2p → 5d matrix element [31]. We calculated the
integrated intensity under L2,3 white lines in the spinel sample
and reference compounds by fitting the XAS data using a
combination of broadened step function to simulate the single

FIG. 6. Cu-L2,3-edge x-ray absorption data for
Cu[Ir1.498(1)Cu0.502(1)]O4 spinel system measured in partial
fluorescence yield (PFY) together with Cu 1+ and Cu 2+ reference
spectra taken from the literature (Ref. [29]). Data were normalized
to Cromer-Liberman (C-L) calculations of the single-atom x-ray
absorption cross section (Ref. [30]).

FIG. 7. Cu-K-edge x-ray absorption spectra for
Cu[Ir1.498(1)Cu0.502(1)]O4 spinel system together with Cu 1+
and Cu 2+ reference spectra (right inset). The derivatives of these
spectra are shown in the left inset. The main panel shows weighted
averages of Cu +1 and +2 reference data to illustrate the expected
enhancement of the pre-edge peak with increasing Cu 1+ content.
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FIG. 8. XAS measurements at the Ir-L2,3 absorption edges on
Cu[Ir1.498(2)Cu0.502(2)]O4 and two reference compounds with known
oxidation state. The insets show the first derivatives of the XAS data.

ion absorption jump, and Gaussian function to simulate the
resonant, white line, fine structure. The ratio of the integrals
in the spinel compound to that in the reference compounds
with known hole counts can be used to estimate the number
of holes. This results in 5d hole values in the 3.8–4.5 range,
depending on whether the 5+ or 4+ reference sample is used.
The corresponding valence is in the 3–3.5+ range. Although
imprecise, the hole count estimate is consistent with a valence
significantly below 4+, and is in reasonable agreement with
the estimates from XAS peak shifts.

Finally, the ratio of L3 to L2 white line intensity, also known
as the isotropic branching ratio (BR), provides a measure of
the relevance of SOC interactions in the 5d band [32]. If SOC

FIG. 9. RIXS wide (top) and narrow (bottom) ranges of the en-
ergy loss spectra for the Cu[Ir1.498(2)Cu0.502(2)]O4 spinel and IrO2 and
Ba2YIrO6 systems.

interactions are negligible, the isotropic branching ratio equals
2. Theoretically, the reduction in BR for Ir ions in octahedral
crystal field in going from 5+ to 3+ charge state is expected
to be a factor of ∼1.6 [32,33]. The BR value for Ba2YIrO6,
where Ir is in a 5+ state, is 3.8 while that of the spinel sample
is 2.4(1), a ratio of 1.6 indicating an Ir charge state close to
3+ assuming an ionic picture. While it is difficult to assign a
precise Ir valence due to the spread in values from different
approaches (XAS peak shift, hole count, branching ratio), it is
quite clear that the Ir valence is significantly lower than 4+.

Resonant inelastic x-ray scattering (RIXS) was used to
investigate the electronic structure of the spinel system.
Figure 9 shows the collected RIXS data for
Cu[Ir1.498(2)Cu0.502(2)]O4 spinel system, together with IrO2

and Ba2YIrO6 reference spectra [34–36]. In all spectra,
broad peak features above 3 eV are interpreted as originating
from the excitation between Ir 5d orbital states split by
the octahedral crystal field and charge-transfer excitation
[35–39]. For the low energy region, the Ba2YIrO6 spectrum
shows well-defined, sharp, and discrete excitations of the t2g

multiplet levels in the d4 configuration where the effects of the
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local interactions (SOC, Hund’s coupling, and U) dominate
the orbital overlap, leading to a SOC Mott insulating ground
state [34,35]. On the other hand, for the spinel system and
IrO2, the low energy region is characterized by broad peak
features. Not visible are sharp excitation peaks related to the
SOC split states (so-called jeff states) which are observed
in insulating iridium oxides [34,35,39,40]. According to
the density functional theory calculations of IrO2 [41], the
bandwidth of the t2g state is as large as 10 eV and dominates
the effects of the local interactions, giving rise to a metallic
ground state and the broad low energy feature of the IrO2

RIXS spectrum. Likewise, the broad low energy feature
of the spinel spectrum is interpreted to reflect the strong
orbital overlap and reduced on-site Coulomb interactions
within Ir/Cu d states, giving rise to a metallic ground state
in the spinel system. The spinel system spectrum shows a
low energy shoulder below 300 meV which is not visible in
the IrO2 and Ba2YIrO6 spectra. This low energy shoulder
feature of the spinel system is in close resemblance to
that of metallic pyrochlore iridates such as Eu2Ir2O7 and
Pr2Ir2O7 at room temperature [42,43]. The shoulder feature
of metallic pyrochlore iridates is interpreted as incoherent
magnetic excitations of short-lived paramagnetic fluctuations.
The observed low energy shoulder feature of the spinel
system is suggested to originate from short-range magnetic
interactions of the geometrically frustrated spinel system. In
addition, the low energy shoulder feature at room temperature
suggests that short-range magnetic correlations of the spinel
system survive into the paramagnetic state with specific
short-range dynamics which is plausibly related to the
observed spin-glass-like behavior.

C. Magnetic properties

The magnetic susceptibility is shown in Fig. 10. As can
be seen in Fig. 10(a), spin-glass-like freezing is seen at Tg =
49 K, as evidenced by hysteresis between zero-field-cooled
and field-cooled data. The behavior for T > Tg resembles
that of a strongly frustrated magnet. Since the compound
possesses a mixture of Cu1+, Cu2+, Ir3+, and Ir4+ ions, and
since Cu1+ and Ir3+ are nonmagnetic, one need only con-
sider Cu2+ and Ir4+ in the effective moment approximation
for Cu1+

0.375Cu2+
1.125Ir3+

0.6Ir4+
0.9O4, where the contributions to the

stoichiometry for each ion type [75(10)%: 25(10)% for Cu
2+/Cu 1+ ions] is provided by the above XAS data. Thus, we
assume that these two species contribute to χ (T ) as

1.125p2
Cu2+ + 0.9p2

Ir4+ = 3kB

μ2
BNA

(dχ−1/dT )−1,

where pCu2+ and pIr4+ are the effective moments for Cu2+ and
Ir4+ respectively, kB is Boltzmann’s constant, μB is the Bohr
magneton, and NA is Avogadoro’s number. For this calculation
we use the slope of χ−1(T ) in the range 125 K < T < 250 K
shown by the fit line in Fig. 10(b). The effective moments for
Cu2+ and Ir4+ are each

√
3μB, and we find that this equation

is only satisfied by subtracting a constant of 3.65 × 10−4

emu/mole from χ (T ). In the present case, such a constant
can only arise from a Pauli-like susceptibility, the magnitude
of which implies a Sommerfeld specific heat coefficient of
γ = 27 mJ/mole K2 . This is substantially larger than that of

FIG. 10. (a) The zero-field-cooled (zfc) and field-cooled (fc) sus-
ceptibility vs temperature for Cu[Ir1.498(2)Cu0.502(2)]O4 as measured
at two different magnitudes of applied field. The hysteresis below
the peak at 49 K is evidence for spin glass freezing. (b) The inverse
susceptibility with a constant 3.65 × 10–4 subtracted from χ (T ) vs
temperature. The straight line is a least squares fit as discussed in the
text.

weakly correlated metals for which γ ≈ 1 mJ/mole K2, but is
in the range of other 4d and 5d conducting oxides [44].

D. Electronic structure from density functional theory

In an effort to reconcile the valence state analysis with the
electronic measurements, we have applied density functional
theory (DFT) to our study of the Cu[Ir1.498(2)Cu0.502(2)]O4

spinel system. From our DFT + U + SO result (Fig. 11), the
electron occupation of Cu tetrahedral sites (Cu1) is 9.77 (0.23
holes), corresponding to an effective Cu valence of 1.23+.
The electron occupation of the Cu octahedral sites (Cu2) is
9.31 (0.69 holes), corresponding to an effective Cu valence of
1.69+. For iridium, the 5d electron occupation in t2g states is
5.55 (0.45 holes) providing an effective valence for Iridium
of 3.45+. Without the SO effect, the electron occupation of
the Cu1 3d orbital is slightly decreased (∼0.06) while the Ir
5d orbital occupation is slightly increased (∼0.07). The DFT
results show sizable hybridization between Cu 3d and Ir 5d
states.

IV. DISCUSSION

The atomic, structural, and electronic (transport, magne-
tometry, DFT) results provide a comprehensive and congruous
description on the properties of the synthesized iridium spinel
oxide system. Overall, the XAS measurements agree well
with the refined Fd 3̄m structure and site occupancies. From
Cu-L2,3- and Cu-K-edge spectroscopy, the fraction of Cu2+

and Cu1+ ions can be reasonably estimated to be 75(10)%:
25(10)%, or an average Cu valence of +1.7± 0.2. Assuming
75(10)% of Cu is in a 2+ state (with the remaining in a 1+
state), the composition Cu[Ir1.498(2)Cu0.502(2)]O4 refined from
XRD data would suggest an average iridium oxidation state
of +3.6 ± 0.2, which is consistent with the findings from
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FIG. 11. Density of states obtained using DFT + U (top) and
DFT + U + SO (bottom) calculations on Cu[Ir1.498(2)Cu0.502(2)]O4

spinel system. Cu1 means the Cu ion in the tetrahedral site and
Cu2 means the Cu ion in the octahedral site. Hole occupancies in d
orbitals are obtained by integrating the partial DOS above the Fermi
level.

Ir-L-edge XAS data. Additionally, the constrained EXAFS
models based on site occupancies found in the Rietveld refine-
ment provide a decent description of the Cu-K- and Ir-L3-edge
EXAFS spectra. As mentioned earlier, Cu valence estimates
from PFY L-edge data can be affected by self-absorption.
Similarly, Cu valence estimates from Cu-K-edge data may
be affected by different character (metallic vs insulating) of
spinel and reference samples. We therefore deem the Cu
valence estimates to be less accurate than the Ir valence
estimates.

The RIXS spectra clearly confirm the metallic nature of
the spinel. From the RIXS work, it can be concluded that
a description in terms of jeff states is not a good basis for
the electronic ground state; rather a metallic/band description
with reduced on-site Coulomb interactions should be used.
Additionally, the RIXS spectra point to spin-glass-like behav-
ior, established in the magnetic susceptibility data.

A magnetic moment of 2.53μB determined from the sus-
ceptibility measurement is consistent with g factors of

√
3

for each Cu2+ and Ir4+. If the Pauli-like constant of 3.65 ×
10−4 is not subtracted from the susceptibility, the moment is
3.61μB, which implies even larger individual moments for the
two magnetic ions. If smaller moments than

√
3 are used, then

a different value for the Pauli-like constant will need to be
subtracted in order to yield effective moment behavior. Since
it is uncertain at this time as to the precise low moment to
use, it is considered most practical to perform a conventional
analysis. It is not too surprising, however, to see large val-
ues for the effective moments, even though the orbitals are
delocalized since this is one of the features of heavy-fermion
systems [2,4]. Such systems appear local-moment-like at high
T even though they are strongly hybridized and itinerant.

The establishment of two different set of
spins—interpreted from resistivity and susceptibility
measurements—is considered reasonable as resistivity is
most sensitive to zone-boundary, q ∼ π , excitations, whereas
the susceptibility is a q = 0 probe. As the spin-glass phase
implies the existence of impurity spins, it is not unreasonable
to consider that some spins decouple from the spin-glass
phase and instead develop a Kondo coupling to the itinerant
electrons. Since our interpretation is in terms two different set
of spins, the Kondo effect is clearly dominated by freezing
of the local moments, as might be expected since the Kondo
signature is that of a magnetic singlet.

The DFT results agree with the electronic results. The Ir
valence calculated from the DFT work match the Ir valence
determined from XAS measurements. Assuming a 2:1 ratio
for Cu occupancy at tetrahedral and octahedral sites, the DFT
results imply an average Cu valence of +1.38. Thus, the DFT
results for the Cu valence are lower but comparable to the
Cu valence estimated from the XAS measurements. However,
as stated previously, the Cu valence estimated from XAS is
somewhat less reliable. Regardless, the DFT results show siz-
able hybridization between Cu 3d and Ir 5d states, consistent
with the metallic nature of the spinel.

Both Cu1+/2+/Ir3+/4+ charge partitioning and Cu-Ir site
disorder within the geometrically frustrated B2O4 rocksalt
substructure play an important role in the electronic behavior
of this spinel system. If, say, a description in terms of jeff

states was a good basis for the electronic ground state, Cu
would oxidize from 1+ to 2+ and dope electrons into the
upper Hubbard band of Ir jeff = 1/2 states because the Ir t2g

states are lower in energy than the Cu 3d states, therefore
reducing electron correlations and enhancing conductivity.
Similar arguments have been made for Ln-doped BaIrO3 [11],
Rh-doped Sr2IrO4 [14,15], and static compression work on
the hyperkagome Na3Ir3O8 [45]. However, this self-doping
argument where the Ir 5d and Cu 3d hybridize predominately
with oxygen p orbitals is a more simplified localized picture.
The situation is clearly more complicated if the Ir 5d and
Cu 3d hybridize themselves, which is strongly exhibited in
the RIXS and DFT work presented. Regardless, the observed
charge partitioned Ir3+/4+ framework clearly influences the
interplay between bandwidth, SOC, and on-site Coulomb re-
pulsion effects, promoting strong orbital overlap and reduced
on-site Coulomb interactions within Ir/Cu d states, resulting
in a metallic ground state in the spinel system. Additionally,
the geometrical frustration associated with the determined
nonbipartite lattice promotes ground state degeneracy and
supports the picture of a strongly frustrated magnet.

The present work clearly demonstrates how local energetic
attributes and lattice geometry influence charge itineracy and
the electronic behavior of the system. Geometrical frustration
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in electronic degrees of freedom has been a major topic in the
field of condensed matter physics, and the spinel structure has
offered fascinating insights in terms of their unusual physical
properties due in part to geometrical frustration. However,
though many 3d/4d spinel structures have been extensively
studied, to our knowledge, a 5d spinel oxide has never been
reported. The significance of this work is further highlighted
by the fact that only two other spinel oxides are known to be
conducting [2–5] and relatively few iridates possess iridium in
a 3+ valence state [11–16]. In summary, the reported proper-
ties and DFT theory clearly confirm the metallic nature of this
spinel and provide direct evidence of a metallic iridate spinel
oxide compound and with Ir in a 3+/4+ charge partitioned
state. We hope this study will encourage the pursual of other
similar versions of this compound and the exploration of new
frustrated 5d spinel oxide compounds.

V. CONCLUSION

We have presented an example of iridium on a mixed
B-site spinel oxide lattice, Cu[Ir1.498(2)Cu0.502(2)]O4, and have
characterized it with atomic, structural, and electronic probes.
The results presented show a mixed Cu1+/2+ and Ir3+/4+

charge partitioned picture with random Cu-Ir site disorder
within the B2O4 rocksalt substructure. This compound is

metallic, and a frustrated system exists at temperatures above
the spin-glass-like behavior. These results strongly show that
the mixed iridium charge partitioned picture, along with Cu-Ir
site disorder within the geometrically frustrated lattice, play
an important role in the electronic behavior of this spinel sys-
tem. This work highlights the importance for the exploration
of new frustrated structures that possess large SOC mixed
valence ions.
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