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Gapless dynamic magnetic ground state in the charge-gapped trimer iridate Ba4NbIr3O12
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We present an experimental investigation of the magnetic ground state in Ba4NbIr3O12, a fractional valent
trimer iridate. X-ray absorption and photoemission spectroscopy show that the Ir valence lies between 3+ and
4+ while Nb is pentavalent. Combined dc/ac magnetization, specific heat, and muon spin rotation/relaxation
(µSR) measurements reveal no magnetic phase transition down to 0.05 K. Despite a significant Weiss temperature
(�W ∼ −15 to −25 K) indicating antiferromagnetic correlations, a quantum spin-liquid (QSL) phase emerges
and persists down to 0.1 K. This state likely arises from geometric frustration in the edge-sharing equilateral
triangle Ir network. Our µSR analysis reveals a two-component depolarization, arising from the coexistence
of rapidly (90%) and slowly (10%) fluctuating Ir moments. Powder x-ray diffraction and Ir-L3edge x-ray
absorption fine structure spectroscopy identify 8–10% Nb/Ir site-exchange, reducing frustration within part of
the Ir network, and likely leading to the faster muon spin relaxation, while the structurally ordered Ir ions remain
highly geometrically frustrated, giving rise to the rapidly spin-fluctuating QSL ground state. At low temperatures,
the magnetic specific heat varies as γ T + αT 2, indicating gapless spinon excitations, and possible Dirac QSL
features with linear spinon dispersion, respectively.

DOI: 10.1103/PhysRevMaterials.8.074405

I. INTRODUCTION

The combined influence of spin-orbit coupling (SOC),
electron correlations, geometric frustration, and competing
magnetic superexchange interactions in the heavier 4d and 5d
transition metal oxides leads to a diverse spectrum of novel
magnetic and electronic properties, including quantum spin
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liquid (QSL) ground states [1–14]. A QSL exhibits quantum
fluctuations within its strongly correlated electron spins and
no magnetic order, even at temperatures approaching absolute
zero. Such spin-liquid phases may host features such as frac-
tionalized low-energy quasiparticle excitations (e.g. Majorana
fermions, spinons, and emergent gauge flux) [14–17] as well
as hold potential for new technologies, including topological
quantum computation [1,15–19].

While, the 6H-hexagonal perovskite oxides Ba3MM ′
2O9

with M ′
2O9 dimers (M ′ = 4d or 5d transition metal cation;

M = any mono, di, tri, or tetravalent nonmagnetic cation),
have been extensively studied for novel quantum mag-
netic phases [20–31], surprisingly, the trimer-based 12L-
hexagonal quadrupole perovskite counterparts of general
formula Ba4MM ′

3O12 (M = rare earth; M ′ = heavier tran-
sition metal Ir, Rh, Ru, etc.) have received more limited
attention, despite their potential to harbor novel quantum
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magnetism including QSL phases. Previous studies primar-
ily focused on their structure and bulk magnetic properties
[32,33]. Recently, Nguyen et al. investigated three new sys-
tems, Ba4NbM ′

3O12 (M ′ = Ir, Rh, Ru) as candidate QSL
materials, highlighting the intriguing fractional valence of M ′
ions without charge ordering [34,35]. Thakur et al. used a
combined magnetic and calorimetric study down to 2 K on
off-stoichiometry Ba4Nb0.8Ir3.2O12 single crystals to reveal
the possibility of a spin-liquid state [36]. However, detailed
microscopic magnetic investigations using local probes such
as muon-spin-rotation/relaxation (µSR) or nuclear magnetic
resonance were absent, leaving the true nature of the magnetic
ground states and spin dynamics in these materials unclear.
Very recently, we investigated Ba4NbRh3O12 using µSR, dc,
ac magnetic susceptibilities, and heat capacity down to 0.05 K,
revealing a QSL ground state [37].

Here, we present comprehensive experimental data on a
polycrystalline sample of Ba4NbIr3O12 (BNIO) using a di-
verse range of techniques including powder x-ray diffraction
(XRD), x-ray absorption (XAS) and high-resolution hard
x-ray photoemission spectroscopies (HAXPES), electrical re-
sistivity, dc and ac magnetic susceptibilities, specific heat, and
muon spin rotation/relaxation (µSR). The combined XRD,
XAS, and chemical analysis using energy dispersive x-ray
spectroscopy (EDX) revealed a single phase without stoichi-
metric defects. A fractional antisite disorder of approximately
8–10% between Nb and Ir atoms is found via XRD and XAS.
While, x-ray absorption near-edge structure (XANES) and
HAXPES data confirmed the charge neutrality in this system
via ensuring the cation valences to the desired numbers, a
quantitative analysis of Ir-L2 and L3 edge XANES (white-line
area) established a moderate effective SOC strength for Ir.
The electrical resistivity together with valence band x-ray
photoelectron spectroscopy (VBXPS) and ab initio electronic
structure calculations suggested a charge-gapped insulating
electronic ground state. Despite significant antiferromagnetic
interactions (Weiss temperature �W ∼ −15 to −25 K) among
the sizable local Ir moments (μeff ≈ 0.3 µB/Ir), our com-
bined bulk dc and ac magnetic susceptibilities, specific heat,
and µSR measurements indicate the absence of long-range
magnetic order and/or a frozen magnetic ground state down
to the lowest measurement temperature of 0.05 K. Instead,
the system exhibits persistent spin dynamics as evidenced
from our longitudinal-field (LF) µSR study at 0.1 K. This
gives rise to a large frustration index, f = | �W

Tmin
| ≈ 400 (where

Tmin is the lowest measured temperature down to which no
magnetic ordering is observed), originating from the edge-
sharing equilateral triangular network of Ir, which stabilizes
a highly entangled dynamic QSL ground state. Furthermore,
a remarkable universal scaling relation of the χdc(T, H ) and
M(H, T ) in T/H and H/T , respectively, with the scaling ex-
ponent αs = 0.44 ≈ αm = 0.42, is in agreement with highly
frustrated quantum magnets [38–41].

Zero-field (ZF) and longitudinal field (LF) µSR mea-
surements reveal the coexistence of a two-component muon
depolarization between 6 and 0.1 K: ∼10% of slowly fluc-
tuating Ir moments due to Nb/Ir antisite disorder on top
of a strongly fluctuating QSL ground state arising from the
structurally ordered Ir atoms (∼90%). The fluctuating (per-
sistence of spin dynamics) ground state is supported by the

large retained magnetic entropy (∼90%) in this material. The
magnetic specific heat displays a clear γ T + αT 2 dependence
between 0.05 and 4 K. The linear contribution is related to the
gapless nature of spinon excitations, while the presence of a
finite T 2 term, in the absence of any magnetic order, could be
the result of novel Dirac QSL phenomenology with a linear
dispersion.

II. EXPERIMENTAL TECHNIQUES

Polycrystalline Ba4NbIr3O12 was prepared using a stan-
dard solid-state reaction technique. Stoichiometric ratios of
the starting materials, Ba2O3, Nb2O5, and IrO2 (Sigma
Aldrich, 99.95%, 99.9%, and 99.8%, respectively) were
mixed and finely ground in an agate mortar, then heated
to 800 ◦C for 24 hours in air. The calcined powders were
reground, pressed into pellets, and sintered at 1100 ◦C for
48 hours with several intermediate grindings. The phase pu-
rity and crystal structure of the samples were determined
through XRD using a Bruker D8 Advance diffractometer with
Cu-Kα radiation. A structural refinement was performed by
the Rietveld technique using FULLPROF [42]. The chemical
homogeneity and cation stoichiometry of this sample were
verified in a ZEISS Supra 55VP scanning electron micro-
scope with an Oxford Instruments energy-dispersive x-ray
spectrometer. The electrical resistivity was measured as a
function of temperature (ρ versus T ) in a Quantum Design
Physical Property Measurement System (QD-PPMS) using a
standard four-probe method over the temperature range of 80
to 400 K with a measurement current of 10 µA. Core-level
and valence band HAXPES measurements were carried out at
room temperature at the Max Planck - National Synchrotron
Radiation Research Center (NSRRC) HAXPES end station at
the Taiwan undulator beamline BL12XU at SPring-8, Japan.
Measurements were made using linearly polarized light with
a photon energy of 6.5 keV and an energy resolution of
280 meV, using an MB Scientific A-1 HE analyzer mounted
parallel to the polarization direction [43]. To corroborate the
HAXPES data, we computed the partial density of states
(PDOS) by means of fully relativistic density functional the-
ory (DFT) calculations within the local density approximation
(LDA) using the full-potential local-orbital (FPLO) code [44].
Ir-L2 and L3 edge XAS measurements were carried out at
the B-18 beamline of the Diamond Light Source, UK, in
standard transmission geometry at low temperature (10 K).
The Nb-L3 XAS data were collected at the BL16A beamline
of NSRRC in Taiwan. The near edge (XANES) and extended
(EXAFS) regions of the XAS spectra were treated follow-
ing the standard procedures for background subtraction and
normalization, and analyzed using freely available packages
(DEMETER [45,46], ESTRA-FITEXA [47], FITYK [48]). A mul-
tishell EXAFS data refinement procedure was carried out as
described in Refs. [49,50] to characterize the Ir local atomic
structure. DC magnetic susceptibility χ , as a function of
temperature was measured using a Quantum Design MPMS3
superconducting quantum interference device equipped with
a vibrating sample magnetometer in the temperature range of
2–300 K and in applied magnetic fields H of up to ±60 kOe.
The temperature-dependent specific heat in applied mag-
netic fields of up to 90 kOe was measured between 2 and
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FIG. 1. (a) Rietveld refined powder x-ray diffraction pattern for Ba4NbIr3O12 at 300 K, along with the difference (Yobs-Ycal, shown by the
blue solid line), and the allowed Bragg peaks (green vertical ticks). (b) Refined crystal structure, with the atoms shown in different colors and
the Ir3O12 trimer units shaded in green. (c,d) Two distinct IrO6 octahedra with corresponding Ir-O bond lengths and O-Ir-O bond angles. (e,f)
Edge-sharing equilateral triangular network of Ir ions (shown separately for Ir1 and Ir2 with distinct colors and bonds).

300 K in a QD-PPMS a using the 2τ relaxation method.
Specific heat Cp and ac magnetic susceptibility χac data were
also collected between 0.05 and 4 K using a QD Dyna-
cool PPMS. Zero-field (ZF) and longitudinal-field (LF) muon
spin rotation/relaxation measurements were conducted us-
ing the MuSR spectrometer at the ISIS Neutron and Muon
Source, UK. For µSR measurements, the powder sample of
Ba4NbIr3O12 was mounted on a 99.995% silver holder using
GE varnish to ensure good thermal contact. The sample was
covered with a thin Ag foil and loaded in a dilution refriger-
ator that was used to cool down the sample down to 0.1 K.
The µSR asymmetry spectra were analyzed using the MANTID

software package [51].

III. RESULTS AND DISCUSSION

A. Structural and chemical characterization from x-ray
diffraction and EDX

Figure 1(a) shows a Rietveld refinement of the powder
x-ray diffraction pattern for polycrystalline Ba4NbIr3O12 at
room temperature. The sample appears single phase (no addi-
tional unindexed reflections are visible in the residuals) with
an R3̄m space group, in accord with an earlier report by
Nguyen et al. [34]. The refined structural parameters along
with the goodness-of-fit factors are summarized in Table I.
The refinement improves statistically by allowing chemical
disorder between the Nb and Ir sites, resulting in ∼8–10%
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TABLE I. Structural parameters obtained from the Rietveld refinement of the powder x-ray diffraction data of Ba4NbIr3O12. Space group,
R3̄m, a = b = 5.7590(4) Å, c = 28.6974(3) Å, γ = 120◦, V = 824.278(13) Å3; Rp = 12.1, Rwp = 16.1, Rexp = 9.77, χ 2 = 2.72, χ 2RBragg =
2.93. B is the isotropic temperature factor. The occupancies for each of the Nb1-Ir, Ir1-Nb, and Ir2-Nb pairs are constrained to sum to 1.

Atom Site Occupancy x y z B(Å2)

Ba1 6c 1.000 0 0 0.1283(3) 0.009(6)
Ba2 6c 1.000 0 0 0.2849(4) 0.009(3)
Nb1 3a 0.9019(4) 0 0 0 0.012(3)
Ir 3a 0.098(1) 0 0 0 0.016(5)
(site-disordered with Nb1)
Ir1 3b 0.9452(4) 0 0 0.5 0.018(2)
Nb 3b 0.0548(2) 0 0 0.5 0.012(6)
(site-disordered with Ir1)
Ir2 6c 0.9743(5) 0 0 0.4098(1) 0.018(5)
Nb 6c 0.0257(1) 0 0 0.4098(1) 0.012(5)
(site-disordered with Ir2)
O1 18h 1.000 0.5024(2) 0.5076(2) 0.1247(1) 0.045(6)
O2 18h 1.000 0.5206(2) 0.4834(2) 0.2893(2) 0.046(3)

Ir/Nb occupancy switch. This is not surprising given the sim-
ilar ionic radii R of six coordinated Nb5+, (RNb5+ ∼ 0.64 Å),
and six coordinated Ir (RIr3+ ∼ 0.68 Å and RIr4+ ∼ 0.63 Å).
For reference, a Rietveld refinement of the XRD pattern for
perfect Nb/Ir site ordering is shown in Appendix A. The
absence of any superlattice peaks excludes the possibility
of any long-range charge and/or chemical (Ir/Nb) ordering
within the Ir-timer network. Figure 1(b) shows the refined
crystal structure, consisting of three face-sharing IrO6 oc-
tahedra forming an Ir3O12 trimer, which is coupled to its
neighboring Ir3O12 trimer through corner-sharing nonmag-
netic NbO6 octahedra along the c axis. Such a structural
arrangement naturally suggests a stronger intratrimer Ir-Ir
magnetic exchange coupling (via Ir-Ir direct exchange and
Ir-O-Ir superexchange pathways) compared to the intertrimer
Ir-Ir magnetic exchange interaction via longer Ir-O-(Nb)-O-Ir
super-superexchange pathways.

The IrO6 octahedra are different for the two inequivalent
Ir1 and Ir2 sites [see Figs. 1(c) and 1(d)], providing differ-
ent noncubic crystal field effects mainly due to rotational
(Ir-O bonds between opposite oxygen atoms are misaligned:
O-Ir1/2-O bond angles �= 180◦) and trigonal (Ir-O bonds be-
tween the other oxygen atoms are not perpendicular, O-Ir-O
angles �= 90◦) distortions around the respective Ir ions. How-
ever, the local magnetic environments around the individual Ir
sites would not be drastically different based on the fact that
the two types of Ir-O (Ir2-O1 and Ir2-O2) bond distances in
the Ir2O6 octahedra can be treated as six similar Ir2-O dis-
tances (while Ir1O6 octahedra possess six Ir-O bond lengths
of one type). This would not lead to significant variation
in the lifting of the t2g orbital degeneracy corresponding to
two distinct IrO6 octahedral sites in this material. A reli-
able assignment of the Ir charges within the Ir3O12 trimers
therefore cannot be made. However, implementing the bond
valence sum (BVS) model at each of the Ir sites gives an
rough estimate of the Ir valence Vi at site i. Vi = ∑

j Si j is a
sum over the neighboring atoms j and Si j is approximated by
Si j = exp (R0 − Ri j )/B, where Ri j is the interatomic distance
between atoms i and j, while R0 and B are constant bond
valence parameters [52]. This gives Ir valences of 3.4(1) and

3.6(1) at the Ir1 and Ir2 sites, respectively. Furthermore, both
the Ir1 and Ir2 ions of the Ir3O12 trimer constitute a highly ge-
ometrically frustrated equilateral triangular network, as shown
in Figs. 1(e) and 1(f).

Energy-dispersive x-ray spectrometry confirms that to
within the accuracy of the EDX technique, our Ba4NbIr3O12

sample is chemically homogeneous.

B. Local structural study from extended
x-ray absorption fine structure

For complex oxide materials, how the ions are locally
arranged and connected (i.e., local order) plays a crucial
role in shaping their magnetic and electrical properties. This
local atomic structure can sometimes differ from the crystal-
lographic structure indicated by XRD, which only accounts
for structural features with global symmetry [49,50]. Chem-
ical selective and local order sensitive x-ray absorption fine
structure (XAFS) spectroscopy provide reliable details about
the local coordination geometry. Ir-L3 edge XAFS data for
Ba4NbIr3O12 are shown in Figs. 2(a) and 2(b). Data re-
finement was performed using the crystallographic structure
obtained from the XRD data analysis as a starting atomic clus-
ter model around the average Ir site, using both the ARTEMIS

[45,46] and FITEXA [47] programs, providing the fully con-
sistent results summarized in Table II. The photoelectron
amplitude and phase functions were calculated using the FEFF

program [53], while model curves were calculated using the
standard EXAFS formula [54]. The multiplicity numbers were
kept fixed to the crystallographic values. To account for the
Ir/Nb antisite disorder, a fraction (xAS) of Ir neighbors was
substituted by Nb using the same Debye-Waller factor and
distance for Ir and Nb contributions (Table II). The refined
value xAS = 0.09 ± 0.03 is consistent with our XRD findings
and the Ir-Ir/Nb distance (2.55 Å) is in good agreement with
the XRD result (2.59 Å). The average 6.67 Ir-Ba neighbors are
broadly distributed in the crystallographic model. They were
considered in two subshells of around 3.49 and 3.63 Å, in
good agreement with the crystallographic structure. Finally,
we found the structural signal from Ir-O-Nb configurations
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FIG. 2. (a) Ir L3-edge k2 weighted experimental EXAFS data
(open blue circles) along with the corresponding best fits (red solid
lines) in the 3.5 to 19 Å−1 k range. The individual single scattering
(SS) and multiple scattering (MS) paths are shown in green solid
lines along with the residuals as a black solid line. (b) Fourier trans-
forms of the experimental data (blue open circles) and the theoretical
fitted curve (red solid line). The real (|FT|) and imaginary (|Imm|)
parts are shifted vertically for clarity.

relevant in the EXAFS data refinement. Here the multiple
scattering (MS) signal is enhanced due to the almost collinear
configuration and dominates the structural signal. The mean
square relative displacement (σ 2) of the Ir-O coordination
shell obtained from the EXAFS analysis (2.2 × 10−3 Å2) is
much smaller than the variance of crystallographic Ir-O dis-
tribution (σ 2

XRD = 1.0 × 10−2 Å2). This cannot be an effect
of temperature, as we also observed such a difference in the
250 K Ir-L3 edge XAFS data analysis (not shown here), thus
indicating that the Ir-O octahedra are quite regular and weakly
distorted.

C. Electronic characterization

1. Ir L3 edge XANES

Given the stoichiometry of Ba4NbIr3O12, the oxidation
states of the metal Ir and Nb cations should be 3.67+ and 5+,
respectively, to maintain charge neutrality. Covalency-driven
charge disproportionation and the resulting mixed valency of
the transition metal ions prevail as the crucial factors which
often modify the magnetic ground-state behavior in many of
the complex magnetic oxides. To evaluate the average cation
valences in Ba4NbIr3O12, we combined Ir-L3 near edge and
Ir-4 f core-level HAXPES (at 300 K) analysis. The intense

TABLE II. Local structure parameters extracted from the Ir-L3

edge EXAFS data analysis. SS: single scattering; MS: multiple scat-
tering; xAS: Fraction of Ir/Nb antisite disorder.

σ 2 R RXRD

Neighbor shell N (10−3 Å2) (Å) (Å)

O 6 2.2(1) 2.034(2) 2.038
Ir/Nb 1.33 2.5(2) 2.553(5) 2.59
xAS = 0.09(3)
Ba1 4 4.1(3) 3.49(2) 3.46
Ba2 2.7 3.63(3) 3.63
Nb(SS + MS) 2 1.56(1) 3.98(5) 4.02

peak [white-line, (WL)] observed at the Ir L3-edge in XANES,
originates from 2p → 5d electronic transition, and its energy
is directly related to the Ir-oxidation state [55,56]. Figure 3(a)
shows the Ir L3 XANES region measured for Ba4NbIr3O12,
and IrCl3 and IrO2 references. The high-energy shift of the
white-line feature [the rising edge, see in Fig. 3(a)] reflects
the raising of Ir oxidation state from Ir(3+)Cl3 to Ir(4+)O2,
which is further highlighted by looking at the corresponding
second derivative curves presented in Fig. 3(b). Assuming a
linear trend in the WL position as a function of the average
valence state, the estimated Ir valence is in agreement with
the expected stoichiometric value, 3.67+. The iridium based
materials with Ir-valence �4+ possess well-resolved doublet
features in the respective WL spectra, corresponding to the Ir
2p → t2g (lower-energy feature) and 2p → eg (higher-energy
peak) transitions, while for systems with Ir3+, the lower-
energy 2p → t2g transition is absent due to completely filled
t2g orbitals (Ir3+:5d6, i.e., six 5d electrons in triply degenerate
t2g orbitals), instead producing a single symmetric peak in the
second derivative curve. Considering all this, the observed
peak shape, asymmetry, energy positions, and the overall
spectral structure of Ba4NbIr3O12 relative to those of the ref-
erence materials Ir3+Cl3 and Ir4+O2 [see Fig. 3(b)] supports
the idea that the Ir charge in Ba4NbIr3O12 lies between 3+
and 4+.

2. Ir 4 f core-level HAXPES

Experimental XPS core-level spectra of Ir 4 f and 4d are
shown in the top and bottom panels, respectively, of Fig. 3(c).
In both the Ir 4 f and the 4d core level spectra, the peaks dis-
play strongly asymmetric shapes that can be well reproduced
by accounting for two spin-orbit doublets, as shown with the
green and blue curves.

If we associate the lower binding energy doublet (green
doublet) to the Ir3+ charge state, and the higher binding energy
doublet (blue doublet) to the Ir4+ charge state, we find that
the fraction of the Ir4+ charge with respect to the Ir3+ species,
estimated from the ratio of the respective integrated intensity
[i.e., ratio of the area under the spin-orbit doublet of Ir4+ (blue
curve) to that of Ir3+ (green curve) from both the Ir-4 f and 4d
core-level HAXPES spectra shown in Fig. 3(c)], are close to
∼0.67, which is in good agreement with the average 3.67+
valence of Ir in Ba4NbIr3O12.

The spin-orbit energy separation for each of the fitted dou-
blet components for both the 4 f and 4d photoemission spectra
and the ratio of the respective doublet peak intensities remain
fixed at their theoretically desired values during the fits. How-
ever, such conventional fitting procedures and assignments
of Ir4+ and Ir3+ charge states are only an approximation
that might not be fully applicable in a strongly interacting
case like Ba4NbIr3O12 where the final states present mixed
character.

3. Combined Nb L3 XAS and Nb 3d core-level HAXPES

The Nb valence was checked using x-ray absorption spec-
troscopy at the Nb L3 edge [Fig. 3(d)] and core-level Nb-3d
HAXPES [Fig. 3(e)]. As shown in Fig. 3(d), the Nb-L3 XAS
spectrum of Ba4NbIr3O12 lies exactly at the same energy as
that of Nb2O5, indicating a Nb5+ valence state. The Nb 3d
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FIG. 3. (a) XANES spectra at the Ir L3 edge for Ba4NbIr3O12, IrCl3, and IrO2 at 250 K. (b) Second derivative curves of the normalized
XANES spectra, indicating a white line feature. (c) Core-level Ir-4 f (upper panel) and 4d (lower panel) HAXPES spectra (shaded black
circles) as a function of binding energy (BE) along with fits (red solid lines). (d) Nb L3-edge XAS spectrum of Ba4NbIr3O12 along with Nb2O5

for comparison; the curves are vertically shifted for clarity. (e) Nb-3d core-level HAXPES spectra (open black circles) along with the fits (red
solid line). (f) O-1s core-level x-ray photoemission spectra (black open circles), along with theoretical fit (red solid line).

core-level XPS spectrum, shown in Fig. 3(e), was theoretically
modeled using a single spin-orbit doublet featuring the 3d5/2

(lower-BE at 205.75 eV) and 3d3/2 (higher-BE at 208.66 eV)

peaks. The energy positions of the peaks in the doublet along
with their spin-orbit separation (∼3 eV), support a 5+ valence
of Nb in this system.
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FIG. 4. (a) Valence band photoemission spectrum for Ba4NbIr3O12. Inset: Expanded view of the same data close to the Fermi energy (solid
cyan line) showing an energy gap. The valence band spectrum (red solid line) for Au metal was measured as a reference to obtain an accurate
energy calibration. (b) Calculated partial density of states (PDOS) of the principal contributions in Ba4NbIr3O12. The Ir 5d contributions are
separated into projections along the z axis (light green) and the rest (dark green). (c) Simulated HAXPES valence band spectrum, obtained
by multiplying the PDOS of the relevant occupied states shown in the top panel by their respective photoionization cross sections at 6.5-keV
photon energy, followed by a broadening to account for experimental conditions. (d) Temperature dependence of the zero-field electrical
resistivity between 80 and 400 K (open circles) along with the fits (solid lines) for different temperature regions.

4. O 1s HAXPES

In the O 1s core-level HAXPES spectrum [see in Fig. 3(f)],
instead of a clean singlet, a pronounced higher-BE shoul-
der is evident, indicating mixed chemical environments. As
shown, the O 1s spectrum has been fit by considering two
singlets. The contribution of the higher-BE singlet [blue curve
in Fig. 3(f)] is about ∼10% of the lower-BE primary singlet
[green curve in Fig. 3(f)], which agrees well with the ∼8–10%
Nb/Ir site-exchange as obtained from both the XRD and EX-
AFS analysis. The higher-BE singlet in the O 1s spectrum is
therefore ascribed to the presence of Nb/Ir antisite disorder in
Ba4NbIr3O12.

5. Valence band x-ray photoemission spectroscopy
and theoretical study

To examine the nature of electronic ground state in this
material, valence band x-ray photoemission spectroscopy data
were collected and are displayed in Fig. 4(a). The absence
of the density of states right at the Fermi level confirms the
charge-gapped insulating behavior of this material. To better
understand the experimentally collected VBXPS spectrum,
we performed density functional theory calculations, and the
results are shown in Fig. 4(b). The calculated partial density of
states shows that the O 2p bands are widely spread between 8
and 0 eV. The Ir 5d , PDOS has two main features at around 8
and 1 eV, corresponding to the bonding and antibonding from
strong hybridization with the O 2p orbitals [57]. However,

the Ir 5dz2 displays a larger splitting than the other contribu-
tions, indicating a stronger bond along the trimer direction.
The Nb 4d PDOS is mainly located around 5 eV. While the
Nb features are accompanied by O 2p PDOS, indicating the
presence of Nb-O hybridization, there is barely any overlap
between the Ir 5d and Nb 4d features, indicating there is
no significant interplay between the Ir and Nb. The Ba 5p
semi-core level shows two deep peaks split by SOC, corre-
sponding to the 5p3/2 and 5p1/2 contributions, as well as a
small amount of weight in the PDOS in the valence region
due to weak hybridization to the valence bands. Our LDA
calculations provide a gapped solution [Fig. 4(b)], indicating
that the material is already a band insulator. Finally, we sim-
ulate a spectrum from the PDOS, by multiplying each of the
PDOS by its photoionization cross section as well as the Fermi
function, and then broadening the result [see Fig. 4(c)]. There
is a reasonable match to the experiment. The spectral weight
of the experimental valence band can largely be explained
by the Ir 5d bonding-antibonding peaks, which dominate the
spectra due to their large cross sections, mixed with some
contributions from the Ba 5p [43].

Appendix B shows an expanded view of the calculated
band structure of Ba4NbIr3O12. The band structure of the
Ruddlesden-Popper phases Sr2IrO4 and Ba2IrO4 [58,59] and
the double perovskite Ba2YIrO6 [60], reveal broad t2g bands
that are observed to cross one another. These materials are
often discussed in the context of a Jeff = 1

2 Mott ground state
[2]. In contrast, more distinct, split, flatter bands are more
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FIG. 5. Ir-L3 and L2 edges XANES spectra from Ba4NbIr3O12,
along with the theoretical fits to the L3 and L2 edge white-line
intensities using a combination of pseudo-Voigt peak and a sigmoid
background function.

characteristic of molecular orbitals, as seen in Nb3Cl8 [61].
The formation of molecular orbitals leads to the lifting of
degeneracies and formation of discrete states according to
their symmetries. The flattening is due to the localization
of such states around the trimer/dimer. In Ba4NbIr3O12, we
observe that the Ir t2g bands are split into distinct states
with highly mixed character and these different states avoid
crossing one another (e.g. the first five bands are split into
1-2-2 distinct states), suggesting the formation of “molec-
ular orbital”-like mixed orbitals within the Ir3O12 trimers.
Together with the weak SOC in Ba4NbIr3O12(see Sec. III D
below) this suggests that a Jeff = 1

2 picture may not be appro-
priate for Ba4NbIr3O12.

6. Temperature-dependent electrical resistivity

The temperature dependence of the electrical resistivity,
ρ(T ), of Ba4NbIr3O12 is shown in Fig. 4(d). ρ(T ) increases
with decreasing temperature from ∼10 	 cm at 400 K to
about 105 	 cm at 80 K, above which the resistance ex-
ceeds the maximum limit of the instrument. ρ(T ) follows
an Arrhenius activated behavior, with an energy gap of 
 ∼
0.22–0.25 eV [consistent with the VBXPS measurement,
shown in the inset of Fig. 4(a)] between 200 to 400 K, and
then follows a three-dimensional (3D) variable-range-hopping

mechanism from ∼200 K down to the lowest measurement
temperature of 80 K.

D. Estimate of the effective Ir-SOC from the Ir-XANES
and the branching ratio

It is crucial to have a measure of the effective Ir-5d SOC
in Ba4NbIr3O12, as in the 5d iridium oxides, atomic spin-
orbit coupling effects can be masked by several factors (e.g.
noncubic crystal distortions, electronic bandwidth, hopping,
hybridization, superexchange, etc.) [57,62–66]. The Ir-L2 and
L3 edge white-line intensities in XANES were carefully in-
vestigated (see Appendix B for a detailed discussion of the
branching ratio calculation) and the results are summarized in
Fig. 5 and Table III.

The spectra yield a branching ratio of ∼3.11, which is
clearly higher than the statistical BR, but significantly smaller
than the BR reported for strongly spin-orbit coupled Ir-oxide
systems [67–70]. This suggests that the effective SOC strength
of Ir in Ba4NbIr3O12 is at most moderate [63,67–70], and
certainly far below the atomic j j coupling limit. Using a BR
∼3.11 and given XANES is a bulk sensitive technique, the
average number of holes in the Ir-5d state of Ba4NbIr3O12 is
〈nh〉 ≈ 5.33, so the expectation value of the spin-orbit oper-
ator 〈L.S〉 was determined to be 1.34(h̄2), which is smaller
than for strongly spin-orbit coupled iridates, but slightly larger
than pure Ir metal. The weaker SOC in Ba4NbIr3O12 may
not be strong enough to lift the 5d orbital degeneracy. This is
supported by the single peak feature of the nearly symmetric
Ir-L3 white line [Fig. 3(a)] and the corresponding second
derivative curve [Fig. 3(b)], which should otherwise be an
asymmetric double peak features corresponding to 2p3/2 →
Jeff = 5/2 and 2p3/2 → Jeff = 3/2. In addition, the broad
linewidth as evident from the values of full-width half max-
imum (FWHM) (see Table III) indicates a large bandwidth
for the Ir-5d valence orbitals in Ba4NbIr3O12. The com-
bined effects of noncubic crystal distortion, Ir-O covalency,
stronger hybridization resulting from direct orbital overlap of
the neighboring Ir-5d states, intersite Ir-Ir direct hopping, and
large bandwidth suppress the effective SOC strength on Ir in
Ba4NbIr3O12. Thus, SOC cannot be the only factor that de-
termines the ground-state magnetic and electronic responses
for this system. Together with our band-structure calculations,
this suggests that the strongly spin-orbit coupled pure Jeff = 1

2
picture may not be an appropriate for Ba4NbIr3O12 and that
within the face-sharing geometry of the Ir3O12 trimer network
it may be more appropriate to use a description based on

TABLE III. Ir-L3 and L2 edge white-line fitting parameters as determined from pseudo-Voigt peak plus sigmoid background function.

Center (eV) Height Area (eV) FWHM (eV)

Peak (pseudo-Voigt)
Ir-L3 11218.1(1) 2.24(3) 20.1(3) 6.5
Ir-L2 12827.8(1) 1.52(3) 13.5(3) 6.5

Center (eV) Width (eV)

Step (sigmoid)
Ir-L3 11221.2(1) 6.17(2)
Ir-L2 12836.5(1) 6.45(2)
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molecular orbital-like states. Such a deviation from the ideal
Jeff = 1/2 model in our present study is in agreement with the
recently reported dimer/trimer based iridium oxide systems
consisting of face-sharing Ir-O octahedra [66,71–73].

E. DC and AC magnetic susceptibility
and thermodynamic scaling relations

The temperature dependence of the zero-field-cooled
(ZFC) and field-cooled (FC) dc magnetic susceptibility of
Ba4NbIr3O12 in several applied magnetic fields is shown
in Figs. 6(a), 6(b), and Appendix C. The featureless
paramagnetic-like susceptibility curves, without any ZFC/FC
bifurcation in high magnetic fields (H � 5 kOe) show no
sign of magnetic phase transition in Ba4NbIr3O12 down to
2 K. However, for lower applied fields [H � 2 kOe as
shown in Fig. 6(a)], a noticeable ZFC/FC splitting appears
below ∼175 K. This ZFC/FC divergence at a relatively high
temperature in low applied fields could be attributed to the
presence of a weakly ferromagnetic Ba-Ir-O (BaIrO3-like)
impurity [74,75] that is not detected in either the XRD or EDX
measurements. This Ba-Ir-O impurity does not influence the
low temperature magnetic response of Ba4NbIr3O12, or the
bulk magnetic properties presented below that are determined
solely by the desired Ba4NbIr3O12 phase.

The temperature dependence of ac magnetic susceptibility
of Ba4NbIr3O12 was measured at various frequencies down
to 0.05 K. The real part of the ac magnetic susceptibility
[χ ′

ac(T )] is illustrated in the main panel of Fig. 6(c). None
of these χ ′

ac(T ) curves display a sharp peak or noticeable fre-
quency dependence that would indicate long-range magnetic
order and/or a frozen magnetic ground state. Furthermore,
M(H ) isotherms, displayed in Appendix C for some selected
temperatures, show no sign of hysteresis that may indicate a
ferromagnetic interaction in this system. In addition, the 2 and
5 K M2 versus H/M Arrott plots shown in Appendix C, have
a negative intercept on the M2-axis, supporting the absence of
any spontaneous magnetization.

The values of the Curie-Weiss (CW) fitting parameters
often depend on the applied magnetic field and the tem-
perature range of the fits [76]. Accordingly, CW fits were
performed on the field-independent high-T high-field-cooled
dc susceptibility [62]. Using χ = χ0 + C

(T −�W ) , where χ0 is
temperature-independent susceptibility, and C and �W are
the Curie constant and the Weiss temperature, respectively,
Fig. 6(a) and Appendix C reveal χ0 ∼ 4 to 5 × 10−5 emu
mol−1, an effective paramagnetic moment, μeff ∼ 0.3 µB/Ir
ion and a significant �W, varying between −15 and −25 K
depending on the applied field and the temperature range of
the fit. The effective Ir moment is much smaller than the
spin-only S = 1/2 and the SOC moments of a Jeff = 1/2
state (≈1.73 µB) for a 5d5 Ir4+ species. This deviation from
the strong SO coupled Jeff = 1/2 picture is in line with the
lower Ir branching ratio and the band-structure calculations.
The suppression of effective moment could be the result of
extended Ir-5d orbitals, direct Ir-5d orbital overlap within the
Ir3O12 trimer, larger Ir bandwidth, and relatively weak SOC
[30,77], suggesting a delocalized nature for the Ir moments
in this trimer iridate. The low-temperature saturated moments

FIG. 6. (a) Zero-field-cooled and field-cooled dc magnetic sus-
ceptibility as a function of temperature in applied fields of (a) 2 kOe
(a) and (b) 10 kOe along with Curie-Weiss fit (solid blue line) to
the FC data. Inset to (b): T dependence of the 10-kOe field-cooled
inverse susceptibility, together with a Curie-Weiss fit (blue solid
line). The green dashed line indicates a deviation from the CW fit
at lowest T . (c) Temperature dependence of the real part of the ac
magnetic susceptibility on a log-log scale for selected frequencies in
a 1-Oe ac excitation field and zero dc bias field. Inset: T dependence
of the real part of the ac magnetic susceptibility between 2 and 300 K
at two frequencies in a 3-Oe excitation field and a zero dc bias field.
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FIG. 7. (a) Temperature dependence of the field-cooled dc magnetic susceptibility in an applied magnetic field of 10 kOe on a log-log
scale, along with a power-law fit (solid green line) in the 2–10 K range. (b) M − H isotherm at 2 K along with a power-law fit, M(H ) ∝ H1−αm

with αm = 0.44. (c) Scaling of H0.44χdc(T ) with T/H . (d) Scaled plot of T −0.58 M(H ) versus H/T .

for the magnetically ordered iridates such as Sr2IrO4, have
been found to be ∼0.1 µB/Ir or less while the effective para-
magnetic moment is found to be ∼0.4 µB/Ir [30,78].

Figure 7(a) (also see Appendix C), shows Ba4NbIr3O12 ex-
hibits a power-law behavior χ (T ) ∼ T −αs (αs = 0.49 at H =
500 Oe and gradually decreases with increasing H to αs =
0.39 for H = 30 kOe), instead of following a Curie-tail at
low-T (<10 K). Such a sub-Curie dependence suggests fi-
nite spin degrees of freedom and rules out any extrinsic
paramagnetic impurity as being the origin of the observed
low-temperature magnetic response in this material [38,39].
At 2 K, M versus H also exhibits a power-law dependence,
M(H ) ∼ H1−αm , with αm ≈ 0.44 over nearly the entire mea-
sured field range [see Fig. 7(b)]. This power-law behavior with
αs ≈ αm originates from a subset of random singlets induced
by a small amount of disorder within either a spin-liquid or
a valence-bond-solid ground state [38–41,79,80]. Such be-
havior appears in H3LiIr2O6, LiZn2Mo3O8, ZnCu3(OH)6Cl2,
Ag3LiIr2O6, and Cu2IrO3 which are QSL materials with dis-
order [38–41,69]. To test for a universal scaling relation in
Ba4NbIr3O12, Hαsχdc(T ) versus T/H and T αm−1M(H ) ver-
sus H/T are plotted in Figs. 7(c) and 7(d), respectively. It
is evident that the (H, T )-dependent χdc(T ) data [Fig. 7(c)]
overlap over about four orders of magnitude in T/H with the
same value of αs = 0.44. Similar scaling is seen in the M(H )
isotherms (up to H = 60 kOe) collected at different temper-
atures (2 to 90 K) [Fig. 7(d)]. The T αm−1M(H ) versus H/T
curves with αm = 0.42 collapse onto a single scaling curve
over nearly five orders of magnitude in H/T . The scaling

exponents match well between the two distinct thermody-
namic quantities χ (T ) and M(H ).

F. Muon spin rotation/relaxation

Zero-field and longitudinal-field muon spin
rotation/relaxation measurements were performed on
Ba4NbIr3O12. Muon spectroscopy is an extremely sensitive
microscopic probe of small static local fields (of the order
of 0.1 Oe) arising from any weak long-range order or spin
freezing. µSR can also be used to determine the nature
of the local spin dynamics and internal magnetic fields
of a magnetically disordered material [25,62,69]. The
time-evolution of the ZF-µSR asymmetry down to 0.1 K,
are shown in Fig. 8(a) for selected temperatures. The spectra
gradually change their lineshape from a Gaussian- to a
Lorentzian-like relaxation form with decreasing temperature.
Down to 0.1 K, the spectra exhibit no signature of static
magnetism, with no coherent spontaneous oscillations or 2/3
loss of the initial asymmetry. The ZF-µSR asymmetry spectra
have been fit using

A(t ) = A1 exp(−λ1t )β + A2 exp(−λ2t ) + Abkg. (1)

The first and second terms in Eq. (1) model slow and fast
relaxing components, respectively, corresponding to two dis-
tinct muon stopping sites that are likely to be related with the
structurally ordered and antisite disordered Ir-O octahedral
coordination environments. The third term is a background
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FIG. 8. (a) Time evolution of the zero-field muon asymmetry spectra (shaded circles) at selected temperatures, along with the fits (solid
lines). (b) Temperature dependence of the slow relaxation rate λ1 on a log-log scale, Bottom left inset: Temperature dependence of the stretched
exponent β. Top right inset: Temperature dependence of the fast relaxation rate λ2 on a log-log scale. (c) Time evolution of the muon asymmetry
at the base temperature of 0.1 K in applied longitudinal fields. (d) Longitudinal field dependence of λ1 (main panel), along with the Redfield
fitting (blue solid line) on a log-log scale. Bottom left inset: LF dependence of the exponent β on a log-linear scale. Top right inset: Log-log
plot of the longitudinal field dependence of the fast relaxation rate λ2.

contribution originating from the muons stopping in the silver
sample holder,

Abkg was estimated by fitting the ZF-asymmetry at the
lowest measured temperature of 0.1 K and then kept fixed at
0.083 throughout the fitting. The total muon asymmetry was
fixed at ∼0.256 while A1 and A2 remain nearly unchanged at
∼0.154 and ∼0.019, respectively, in the temperature window
0.1 to 6 K. Above 6 K, the fast relaxing component disappears
(A2 = 0), increasing the value of A1 to ∼0.173 for the remain-
ing temperatures (6.5–50 K). At � 6 K, the relative weighting,

A2
A1+A2

≈ 10.9%, is in agreement with the ∼10% Nb/Ir site-
exchange obtained from our structural characterization. This
suggests that the antisite disordered Ir spins give rise to the
fast relaxation, while the structurally ordered correlated Ir
moments contribute to the more slowly relaxing signal in the
ZF spectra. Figure 8(b) shows the slower relaxation rate, λ1,
hardly changes (∼0.07–0.075 µs−1) between 50 and 10 K,
consistent with paramagnetic fluctuations of the structurally
ordered Ir local moments [25]. Between ∼6 and 1 K, λ1 in-
creases more rapidly with decreasing temperature, suggesting
a slowing down of the site-ordered Ir spin fluctuations through
the development of magnetic correlations, as reported in other
QSL materials [25,81–83]. Despite such an obvious slowing
down of the spin dynamics, the system does not undergo
any static magnetic ordering down to the lowest measured
0.1 K. Instead, below 1 K, λ1 saturates (at ∼0.15 µs−1). This

temperature-independent plateau [Fig. 8(b)] is representative
of the persistent strong quantum spin-fluctuations, within
the site-ordered Ir moments in Ba4NbIr3O12 [25,62,81–84].
The exponent, β, gradually decreases from ∼1.3 at 50 K,
showing level off at β ≈ 0.935 below 1 K [see left inset
in Fig. 8(b)]. The value of β close to unity, is much larger
than the β = 1/3 of a canonical spin glass [85], suggesting
nearly homogeneous fluctuating local internal fields around
the site-ordered Ir-moments in the trimer. The observed β > 1
between 5 and 50 K may originate from trimer singlet fluctu-
ations. Alternatively, the deviation from unity could be due to
a distribution of muon sites close to the Nb ions, as discussed
in case of the dimer iridate Ba3InIr2O9 [25]. The right-hand
inset of Fig. 8(b) shows that the faster relaxation rate, λ2,
increases rapidly below ∼6 K, reaching a maximum, nearly
temperature-independent value (∼9.25 µs−1) between 1 and
0.1 K. At these low temperatures, λ2 is about two orders of
magnitude larger than λ1.

Muon decoupling experiments at 0.1 K in applied longitu-
dinal fields up to 3000 Oe were performed to verify whether
the spin correlations are static or dynamic. The results are
shown in Fig. 8(c) for selected LFs. The asymmetry curves
were fit using Eq. (1), where Abkg is fixed at ∼0.083, and A1

and A2 remain nearly field-independent. As shown in the main
panel and right-hand inset of Fig. 8(d), λ1 gradually decreases
with increasing applied LF, while λ2, monotonically increases
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with increasing LF in low fields, possibly due to a rapid slow-
ing down of the structurally disordered Ir-spin-fluctuations at
these applied fields, and then exhibits a broad maxima before
gradually decreasing. If the muon depolarization arises from
any static internal magnetic field of width 
Hi, the zero-field
muon relaxation rates, λ1 ≈ 0.155 µs−1 (slow relaxation) and
λ2 ≈ 9.25 µs−1 (fast relaxation), obtained from the ZF-µSR
data at the base temperature, allow estimates of the size of the
static local fields (
Hi � λi/γμ, where γμ is the muon gyro-
magnetic ratio) to be about 
H1 ≈ 1.8 Oe and 
H2 ≈ 109 Oe.
One may expect complete decoupling of the muon spins from
the effect of static internal magnetic fields in applied exter-
nal longitudinal field of (5–10)×
Hi [25,38,82,83,86]. It is
evident that although there is significant decoupling of the
muon spins from the local internal fields even at moderate
applied LFs, the µSR asymmetry spectra undergo percepti-
ble relaxation in the highest applied LF of 3000 Oe [see
Figs. 8(c) and 8(d)], indicating strongly quantum fluctuating
Ir moments down to at least 0.1 K. Further, as demonstrated in
the left-hand inset of Fig. 8(d), the exponent, β, monotonically
increases with applied LF and gradually approaches 1 with
increasing LF, consistent with other candidate QSL materials.
Another interesting observation is that λ2 shows a maximum
at HLF = 175 Oe and a subsequent drop by two orders of
magnitude [see right-hand inset of Fig. 8(d)]. Clearly, this
applied LF of 175 Oe is higher than the estimated static
local field (
H2 ≈ 109 Oe), corresponding to the fast relax-
ation rate of the ZF-muon asymmetry spectrum at the base
temperature.

The LF dependence of the relaxation rates was analyzed
using the Redfield formula [87]. As shown in the main panel
of Fig. 8(d), λ1 is well described with the Redfield formula,
while λ2 has a more complex structured field variation at
lower fields [see right-hand inset to Fig. 8(d)]. As is ev-
ident in Fig. 8(c), an applied LF ≈100 Oe can suppress
the slow relaxation considerably, indicating that the inter-
nal fluctuating magnetic fields (Hμ) probed by the muons
corresponding to this slow relaxation are relatively weak. Esti-
mates using the Redfield formula, λ1 = νγ 2

μH2
μ/(ν2 + γ 2

μH2
LF)

[Fig. 8(d)] provide the magnitude and frequency of the fluctu-
ating local internal field to be Hμ ≈ 4.8 Oe and ν = 11 MHz,
respectively, which are comparable with other QSL systems
[81,88,89]. It is to be noted that the generalized Redfield
formula fails to describe our λ1 vs HLF variation, which proba-
bly indicates weakening of correlation among the structurally
ordered Ir moments as a result of antisite disorder.

The fractional asymmetry-amplitude associated with
muon-depolarization via fluctuations does not change with ap-
plied LF. This is attributed to the presence of the two distinct
muon stopping sites in Ba4NbIr3O12.

The strong geometrical exchange frustration in the edge-
shared equilateral triangular network of Ir [see in Figs. 1(e)
and 1(f)] facilitates the enhanced quantum spin fluctuations
among the Ir moments, so despite a magnetic interaction en-
ergy scale kB�W, no long-range magnetic ordering or a frozen
magnetic state is observed down to at least 0.1 K (�kB�W).
The lowest measurement temperature of 0.05 K (0.1 K for
µSR) is about several hundred times lower than �W, imply-
ing that in spite of some depletion (∼10%) in the magnetic
equilateral triangular planes due to the Nb-Ir anti-site disorder,

the geometrical frustration continues to dominate, stabilizing
a dynamic QSL-like fluctuating ground state.

G. Specific heat

The temperature dependence of the specific heat, Cp(T ),
for Ba4NbIr3O12 in zero magnetic field was measured be-
tween 0.05 and 200 K [see Figs. 9(a) and 9(d)]. There
are no anomalies indicating long-range magnetic ordering
and/or structural phase transitions down to 50 mK. Af-
ter subtracting the lattice contribution (see Appendix D),
the temperature-dependent zero-field magnetic specific heat
[Fig. 9(b)] exhibits a broad peak centered at ∼20 K. This is
indicative of frustrated magnetic interactions commonly ob-
served in QSL materials [9,16,62,90]. The zero-field magnetic
entropy, Sm [Fig. 9(c)], amounts to only ∼9% of the maxi-
mum R ln 2 ≈ 5.76 J/mol-K2. Even with the reduced effective
magnetic moment, μeff ∼ 0.3 µB/Ir, estimated from the Curie-
Weiss analysis, magnetic ordering would give nearly double
the magnetic entropy release measured here. This suggests
persistent spin fluctuations in the magnetic ground state of this
system.

The very low temperature (0.05 to 4 K) Cm versus T
data in both zero and applied magnetic fields is shown in
Fig. 9(d). An upturn is evident in the zero-field Cm(T )/T
[see inset to Fig. 9(d)], which is gradually weakened with
increasing field, as observed in many QSL candidates [34,91–
95]. Cm(T )/T further exhibits a negative logarithmic temper-
ature dependence in zero field, with a broad hump-like feature
developing in an applied H = 10 kOe that shifts to higher
temperature with further increase in H , possibly indicating a
two-level Schottky anomaly that may be due to some free spin
centers in this Ba4NbIr3O12 sample. The negative logarithmic
temperature dependence of Cm(T )/T in H � 50 kOe might
be an indication of the emergence of quantum critical region
[96,97], warranting further field-dependent studies to confirm
this. To get a deeper insight into the nature of low-energy
spin-excitations in the dynamic fluctuating ground state of
Ba4NbIr3O12, the Cm(T ) data between 50 mK and 4 K (both
with and without fields) were fit using

Cm(T ) = γ T + αT 2 + f CSch + BT (− ln T ). (2)

Here f is the fraction of isolated spin centers, CSch =
R( 


kBT )2 exp(
/kBT )
[1+exp(
/kBT )]2 is a standard two-level Schottky contri-

bution, and γ is the Sommerfeld coefficient typically observed
in metals. The results of the fits are summarized in the main
panel of Fig. 9(d). We estimated an f of ∼8.5% from the
90-kOe data, then kept f fixed for fits in all other applied
fields. This proportion of isolated spin centers is in agreement
with the presence of ∼8 − 10% Nb-Ir antisite disorder re-
vealed in the structural characterization. The Schottky energy
gap 
/kB varies linearly with H [see Fig. 9(f)], and from the
slope of this linear fit the estimated g value of 1.95 matches
well with the theoretically calculated Lande-g factor, g = 2,
for a S = 1/2 spin.

Cm exhibits a linear temperature dependence, which to-
gether with finite T linear term [γavg ≈ 33 mJ mol−1K−2,
shown in the right y axis of Fig. 9(e)] likely signify low-
lying gapless spin excitations from a metal-like spinon Fermi
surface of a QSL ground state [16,20,62,84,89,98,99]. The γ
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FIG. 9. (a) Temperature dependence of the total specific heat Cp between 2 to 200 K in zero magnetic field (open circles) and the lattice
heat capacity (red solid line) estimated using a Debye-Einstein model. (b) Temperature dependence of the zero-field magnetic specific heat
Cm. (c) Magnetic entropy released versus temperature. (d) Temperature dependence of the magnetic specific heat Cm from 0.05 to 4 K in
different applied magnetic fields, along with fits (solid coloured lines) using Eq. (2). The inset shows Cm/T vs T . (e) Variation of γ (green
open hexagons; right y axis) and α (magenta open circles; left y axis) as a function of applied field. (f) Field dependence of Schottky energy
gap obtained from the Cm(T ) using Eq. (2) and a linear fit.

value in Ba4NbIr3O12 is comparable to those of the reported in
other gapless QSL candidates [20,62,86,89,92,100,101]. The
low-temperature Cm(T ) data also show a significant T 2 de-
pendency [Cm(T ) ∼ αT 2, with α ≈ 20 mJmol−1K−3, shown
in the left y axis of Fig. 9(e)]. Such a T 2 dependence of Cm

is often observed in the spin-orbit-coupled heavier 4d and
5d transition metal based oxides as a fingerprint of a gapless
QSL ground state [102–104]. Interestingly, only a combined
γ T + αT 2 term gives a satisfactory fit to each Cm − T data
set in the 0.05 to 4 K range. The quadratic T dependence
could be the result of Dirac spinon excitations with linear
dispersion, similar to the Dirac QSLs Sr3CuSb2O9 [82] and
YbZn2GaO5 [105]. A similar T 2 dependence of Cm is of-
ten seen in frustrated quantum magnets following power-law

scaling and data collapse of the thermodynamic quantities
[38,40], which is in consistent with the universal scaling
relations here in Ba4NbIr3O12. However, unlike the univer-
sal scaling of χ (T ) and M(H ), the Cm[T, H]/T data of
Ba4NbIr3O12 do not exhibit a power-law-scaling or a data
collapse in T/H (see Appendix D for the scaling exponent
α = 0.425).

A possible explanation for the lack of scaling
behavior in specific heat data could be the presence
of additional low-lying excitations in a potential QSL
phase through randomness originating from the site
exchange. Similar to Kitaev magnet Cu2IrO3 [38] and very
recently reported dimer-based triangular antiferromagnet
Ba6Y2Rh2Ti2O17−δ [106], in our Ba4NbIr3O12, the Nb/Ir
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site-disorder-induced free spins could modify the low-lying
density of magnetic states and consequently the low-energy
excitations, resulting in the breakdown of specific heat scaling
relation.

IV. CONCLUSION

We investigated the trimer-based 12L-quadrupolar per-
ovskite iridate Ba4NbIr3O12 through combined structural,
electronic, transport, magnetic, thermodynamic, and µSR
measurements. Our combined XRD and Ir-L3 edge EXAFS
study indicates the presence of ∼8–10% Nb/Ir site exchange
in this material. The Ir L3-edge XANES together with Ir-4 f
core-level XPS confirm that the Ir has a fractional valence
of 3.67+, in agreement with the stoichiometrically expected
average valence in this material. The valence band x-ray
photoemission and temperature-dependent zero-field electri-
cal resistivity data indicate the presence of an energy gap at
the Fermi level. Combined dc, ac magnetic susceptibilities,
and specific heat measurements reveal that despite having sig-
nificant antiferromagnetic interactions (�W ∼ −15 to −25 K)
between the finite Ir local moments, the Ba4NbIr3O12 system
shows no evidence of magnetic ordering and/or a frozen
magnetic state down to at least 50 mK. Detailed zero-field
and longitudinal-field µSR measurements provide evidence
for a dynamic quantum spin-liquid ground state in this ma-
terial. The universal scaling of two distinct thermodynamic
quantities, dc magnetic susceptibility and magnetization, with
similar scaling exponents, is consistent with the recent the-
oretical and experimental studies of spin-liquid systems.
The strong geometrical exchange frustration in the edge-
shared equilateral Ir-triangular network is expected to induce
enhanced quantum-spin-fluctuations in Ba4NbIr3O12, pre-
venting any magnetic ordering down to temperatures much
lower than the magnetic exchange energy scale of kB�W. The
magnetic specific heat [Cm(T )] data at very low temperature
show a linear plus quadratic T dependence, Cm ∼ γ T + αT 2.

We hope that our work will generate additional theoretical
and experimental interest in the 3D geometrically frustrated
trimer based quadrupole perovskite family of iridates, rho-
dates and ruthenates as candidate QSL materials.
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APPENDIX A: POWDER X-RAY DIFFRACTION DATA

Figure 10 shows a Rietveld refinement of the XRD pattern
of Ba4NbIr3O12 assuming perfect Nb/Ir site ordering. There
is poorer agreement between the observed data and the theo-
retical calculated pattern, along with slightly higher goodness
of fit R factors and χ2 values, than the site disordered model
used in Fig. 1(a).

APPENDIX B: Ir L2 AND L3 WHITE-LINE ANALYSIS,
BRANCHING RATIO DETERMINATION,

AND BAND STRUCTURE

Figure 11 shows the calculated band structure of
Ba4NbIr3O12 close to Fermi energy. The Ir t2g bands are

FIG. 11. Band structure near the Fermi energy of Ba4NbIr3O12

calculated with the full potential local orbital (FPLO) basis code. The
coloring indicates the band weights projected into the local orbitals.
Ir1 and Ir2 are the two distinct Ir sites within the trimer.
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FIG. 12. Zero-field-cooled and field-cooled dc magnetic suscep-
tibility as a function of temperature in applied fields of (a) 5 kOe and
(b) 30 kOe along with the Curie-Weiss fits (solid colored lines) on
the FC data. Insets show the inverse susceptibility versus temperature
along with CW fits, showing deviations from CW behavior at lower
temperature.

split into multiple distinct states with highly mixed character,
suggesting the formation of mixed orbitals within the Ir3O12

trimer. In particular, the strong mixing suggests that this sys-
tem is far from the ionic Jeff = 1/2 picture.

To gain a quantitative understanding of the effective SOC
in Ba4NbIr3O12 we carefully investigated the Ir-L2 and L3

edge white-line intensities, which here, are dominated by the
dipolar transition probabilities: 2p1/2 → 5d3/2 and 2p3/2 →
5d5/2, 5d3/2, respectively [107,108]. The ratio of these two
intensities is the branching ratio, BR = I (L3 )

I (L2 ) , which is related
to the expectation value of the spin-orbit operator, 〈L.S〉 via
BR = (2+r)

(1−r) , where r = 〈L.S〉
nh

and nh is the average number of
holes in the Ir-5d state [67]. The spin-orbit Hamiltonian is
given by HSOC = λL.S, where λ is the effective SOC constant.
If, in a system, the effective SOC is negligible, the value of
BR approaches 2, as r = 〈L.S〉

nh
, becomes insignificant, and is

referred to as the statistical BR. A value of BR considerably

FIG. 13. (a) M versus H isotherms at selected temperatures.
(b) M2 versus H/M Arrott plots at 2 and 5 K.

higher than 2 implies strong coupling between the local orbital
and spin moments [63,67].

The experimental BR in Ba4NbIr3O12 was calculated by
integrating the resonant cross section at the Ir-L2 and L3 edges
after subtracting a step function broadened by the core-hole
lifetime to mimic the single-atom absorption process [63].
The intensities of the Ir-L2 and L3 absorption edges are nor-
malized for accurate comparison, and the continuum steps at
the respective edges are made equal to unity and half of unity,
respectively, according to the 1:2 ratio of the occupied 2p1/2

and 2p3/2 states [63]. The white lines have been fit using
a pseudo-Voigt function, while a sigmoid function has been
used to model the transitions to the continuum at the L3 and L2

absorption edges. The fitting parameters are listed in Table III
and the fit result is shown in Fig. 5.

APPENDIX C: ADDITIONAL MAGNETIC RESULTS

Figure 12 shows the temperature dependence of the ZFC
and FC dc susceptibility in different applied fields, revealing
a paramagnetic behavior. Insets in Fig. 12 display the Curie-
Weiss fits to the inverse susceptibility versus T between 185
and 300 K.
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FIG. 14. Power-law scaling of the field-cooled dc magnetic sus-
ceptibility at 2 to 10 K in applied fields of (a) 0.5 and 2 kOe and
(b) 5 and 30 kOe.

Figure 13 shows the first quadrant of the M versus H
isotherms at different temperatures and the Arrott plots at 2
and 5 K, revealing the absence of any hysteresis or ferromag-
netic interaction in Ba4NbIr3O12.

Figure 14 presents the power-law scaling of the 0.5, 2, 5,
and 30 kOe field-cooled dc susceptibility data between 2 and
10 K with a scaling exponent varying between ∼0.4 and 0.5.

APPENDIX D: LATTICE HEAT CAPACITY EXTRACTION
AND SCALING BEHAVIOR

As there is no suitable nonmagnetic analog of
Ba4NbIr3O12, the lattice contribution to the specific heat,

FIG. 15. Deviation from universal scaling behavior in HαsCm/T
versus T/H with αs = 0.425.

CL(T ) was estimated by fitting the zero-field Cp data in the
temperature range 70–200 K using a Debye-Einstein model
with a combination of one Debye and three Einstein (1D +
3E) functions [see Fig. 9(a)]. This yields a Debye temperature
�D ≈ 189 K and three Einstein temperatures of �E1 ≈ 296 K,
�E2 ≈ 460 K, and �E3 ≈ 147 K. CD and CEi (i = 1–3) are
the weightings of the acoustic and optical lattice modes,
respectively. CD : CE1 : CE2 : CE3 ≡ 9.21 : 4.85 : 4.87 : 1.00,
resulting in CD + ∑

i CEi = 19.9 which is very close to
the 20 atoms per formula unit in Ba4NbIr3O12, validating
the lattice fitting. This fit is then extrapolated down to the
lowest measured temperature and taken as the CL, which
was then subtracted from the total Cp to obtain the magnetic
specific heat Cm. The small magnetic entropy, just ∼ 9%
of R ln 2, could be due in part to an overestimate in the
lattice contribution to the specific heat at low temperature. In
addition, the relatively high energy scale of the intratrimer
5d Ir-Ir direct exchange may result in some of the magnetic
contribution to the specific heat at higher temperatures being
attributed to the lattice.

Figure 15 shows the scaling behavior of the magnetic spe-
cific heat data measured in various applied magnetic fields. It
is clear that the magnetic specific heat data do not follow a
universal scaling behavior.
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