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Disorder is generally expected to destabilize quantum disordered systems such as quantum spin
liquids (QSLs), yet some frustrated magnets appear to evade this tendency. We report low temperature
thermodynamic, magnetometric, and muon spin relaxation measurements on single crystals of the
triangular-lattice compound BaNbg glrs 2015, where substantial Ir/Nb site mixing introduces chemical
randomness. No signatures of long-range order or spin freezing are observed down to 20 mK. Instead,
the specific heat follows a T? dependence and the muon relaxation rate remains temperature-
independent at low temperatures. This behavior is consistent with low-energy excitations
characteristic of a quantum disordered system with linearly dispersing modes. Density-functional
calculations reveal preferential Nb/Ir site arrangement and site-selective Ir magnetism that preserve
two-dimensional magnetic frustration despite structural disorder. These results demonstrate a
correlated magnetic ground state that remains quantum disordered even in the presence of
pronounced chemical randomness, pointing to a mechanism for disorder-resilient quantum

magnetism in a 5d triangular-lattice iridate.

Quantum spin liquid (QSL) is a highly entangled magnetic state char-
acterized by fractionalized excitations, topological order, and long-range
entanglement'~. P. W. Anderson’s conceptual framework for the QSL
envisions it as superposition of fluctuating singlet states (resonating valence
bonds) over all possible distances in a magnetically frustrated insulator
lattice'. However, real materials inevitably contain imperfections, which
disrupt the crystallographic and magnetic periodicity, often leading to spin
freezing or competing ground states that suppress QSL behavior. Given the
potential of QSLs for quantum technologies, understanding and controlling

the influence of disorder has therefore become a central challenge in
quantum-matter research””’.

Disorder in frustrated magnets can give rise not only to glassy, ran-
domly frozen spin (RFS) states but also to random-singlet phases (RSPs) and
other disordered magnetic states’ ™. These states often reproduce ther-
modynamic and spectroscopic features commonly associated with QSLs,
complicating the task of distinguishing intrinsic quantum-disordered
behavior from disorder-induced phenomena. A prominent example is the
triangular-lattice magnet YbMgGaO,, where RSP- and QSL-like
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Fig. 1 | A perspective view of the magnetic fra-
mework and interactions. a Hexagonal layers of
Nb/Ir1, Ir2, and Ir3 (Ir3-a and Ir3-b ions are mag-
netically inequivalent) stacked along the crystal-
lographic ¢ axis in BajNbg glr; ,01,. b Theoretically
estimated intra- (Irl and Ir3-a) and inter-layer
(between Irl and Ir3-a) exchange interactions
showing a quasi-two-dimensional frustrated mag-
netic framework.

J2 (-2.1 meV, AFM)

13 (0.02 meV, FM)

characteristics appear to coexist, fueling ongoing debate about the true
nature of its ground state'**>.

A key step toward resolving this issue is to identify systems where
chemical disorder is present, but its impact is constrained, allowing quan-
tum fluctuations to remain dominant. In this study, we show that
BayNbylrs ,01, (BNIO) provides such an opportunity. X-ray diffraction
combined with density functional theory (DFT+U) calculations reveals a
preferential Nb/Ir site distribution that imposes local symmetry constraints
on the Ir moments, effectively mitigating the influence of disorder and
stabilizing a frustrated two-dimensional magnetic network of interatomic
couplings (J;;). Specific heat and muon spin relaxation (u"SR) measure-
ments reveal no signatures of long-range magnetic order (LRMO), RFS, or
random-singlet behavior down to 20 mK. Instead, we find persistent spin
fluctuations and a quadratic specific heat contribution, consistent with low-
energy excitations expected for a quantum disordered system with linearly
dispersing modes. Together, these results establish BNIO as a system in
which structural disorder coexists with, rather than suppresses, quantum
disordered magnetism.

Results

Crystal structure

BNIO crystallizes in the rhombohedral space group R3m (a = b = 5.7305(6)
A, ¢ = 28.558(3) A at room temperature). The structure hosts three crys-
tallographically distinct Ir sites (Irl (3a), Ir2 (3b), and Ir3 (6c¢)), each
coordinated by IrOg octahedra. Within the (g, b) plane, the Ir ions form an
equilateral triangular network that stacks along the c axis [Fig. 1a], yielding a
three-dimensional framework (nearest Ir-Ir distance 5.73 A; interlayer
spacing 2.53 A).

Unlike the parent compound Ba,NblIr;0;,”*, BNIO exhibits con-
trolled chemical disorder arising predominantly from Nb/Ir mixing at the
3a (Ir1) site. Single-crystal X-ray diffraction refinement™ gives occupancies
Nb =0.80(1) and Ir = 0.20(1) on this site under the constraint Nb + Ir =1,
with no comparable mixing resolved at the 3b or 6c sites, consistent with
X-ray photoelectron spectroscopy measurements revealing Ir’*, Ir*" and
Ir’" ions [Fig. S1](See Supplemental Materials (SM) for the technical details
of experimental methods and DFT calculations [URL will be inserted by
publisher].). From here, the site-resolved valence is inferred from the
structural refinement together with bond-valence-sum analysis and charge-
balance considerations®. Within this picture, the mixed 3a site is associated
predominantly with Nb** and the minority Ir’*, whereas the remaining Ir
sublattice is associated with Ir ions on the 3b and 6¢ sites. While the exact
fraction of Ir ions in each valence state cannot be determined unambigu-
ously from the present data alone, this combined structural and valence
analysis supports the inferred site-resolved picture. This site-selective
valence/disorder pattern is also consistent with the DFT results presented
below. This scenario could be further examined in future by carrying out Ir

L-edge XAS/XANES study, which would directly probe the local electronic
environment of Ir and provide insight into its valence distribution.

Within the structural model considered here, our DFT-+U calculations
suggest a site-selective magnetic scenario, in which some Ir sites carry
negligible moments, while others host localized magnetic moments
(Fig. 1b). This nonuniform distribution of magnetic degrees of freedom
plays an important role in shaping the magnetic ground state in BNIO,
although a possible contribution from mixed-valence-induced magnetic
dilution cannot be completely excluded.

Magnetization

To investigate the magnetic response of BNIO, we measured the dc sus-
ceptibility (y = M/H) as a function of temperature (Fig. S2 in SM) (See
Supplementary Materials (SM) for the technical details of experimental
methods and DFT calculations. The absence of anomalies, including a lack
of bifurcation between zero-field-cooled (ZFC) and field-cooled (FC)
measurements, indicates that neither LRMO nor RFS states are present
down to 1.8 K. However, the data reveal an easy-axis anisotropy along the ¢
axis over the entire temperature range. By fitting the high-temperature
linear regime of the 500 Oe susceptibility data using the Curie-Weiss law, we
obtain the Curie-Weiss temperatures T%, = —69.5 K and TS, = —17.7
K. These values evidence dominant antiferromagnetic (AF) interactions and
significant magnetic frustration in BNIO. Notably, the nearly four times
larger magnitude of T%, compared to TS, likely reflects a strong
anisotropy.

The effective paramagnetic moment, estimated from the Curie
constants (C,, = C. = 0.09 emuK/mol), is 0.72 pyg/f.u. This value is
significantly smaller than what is expected for the strong spin-orbit-
coupling (SOC)-driven J = 1/2 limit ( ~ 1.73 yp per magnetic ion).
Our DFT+U4-SOC results indicate that even the magnetically active Ir
sites carry reduced local moments, consistent with substantial Ir-O
covalency and partial delocalization of the magnetic electrons (Fig. S9 in
SM (See Supplemental Materials (SM) for the technical details
of experimental methods and DFT calculations)). The small experi-
mental effective paramagnetic moment,s therefore, likely reflects a
combination of mixed valence and intrinsically reduced moments on
the magnetic Ir sites, rather than simple nonmagnetic dilution alone.
The reduced local moment and mixed valence may weaken the effective
magnetic connectivity of BNIO. Nevertheless, BNIO exhibits a sizable
AF Weiss scale together with persistent low-temperature spin dynamics
and no clear evidence of long-range order or spin freezing. These
observations are consistent with a quantum-disordered magnetic
ground state, while not excluding a significant role of disorder-driven
dilution.

Figure 2a shows log-log plots of the ZFC susceptibility (y — xo) as a
function of temperature, measured in a magnetic field of 500 Oe applied
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along the ¢ axis (y.) and in the (a, b) plane (x,,). Here, yo represents a
temperature-independent contribution of the measured susceptibility. A
sub-Curie-type low-temperature power-law behavior is observed for both
Xav and x,, indicating the presence of finite spin-spin correlations in the
system. This kind of power-law behavior is expected in systems exhibiting
QSL, RSP, or valence-bond (VB)-like ground states, due to the presence of a
large number of low-energy states with a power-law distribution in the
density of states (DOS)"*”.

The absence of LRMO or RFS states is corroborated by our ac-
susceptibility (x,.) measurements, performed down to ~40 mK using
multiple excitation frequencies [Fig. 2b]. Notably, for T — 0 the real part of
the ac susceptibility (x,.) does not approach zero. Instead, it nearly saturates
at a finite value below about 0.5 K for all measured frequencies, and remains
unchanged even up to 70 kOe (Fig. S3 in SM) (See Supplemental Materials
(SM) for the technical details of experimental methods and DFT calcula-
tions). This provides strong evidence of spin fluctuations in BNIO persisting
down to very low temperatures (40 mK), even in presence of a strong
magnetic field.

Universal power-law behavior typically seen in disorder-driven bond
randomness, such as in an RSP, disordered spin liquids, or VB systems, is
not observed'®'*”*"*’, As a matter of fact, y(T) and M(H) data show that they
do not follow the expected power-law behavior for such systems. To
highlight this, Fig. 2c shows (y — xo)H" versus T/H for various magnetic
fields. For H || (a, b), a reasonably good scaling is achieved for a,;, = 0.51.
However, for H||c, the quality of even the best achieved scaling is relatively
poorer, with &, = 0.93, especially in the high T/H regime. Similarly for M(H),
a power-law behavior is observed for H || (4, b), with 3,, = 0.77 for M(H) at
1.8 K. For Hl|c, the data deviate from this behavior, with the best fit yielding
B.=0.81 [Fig. 2d].

Although both y,,,(T) and M,,(H) follow power-law dependencies, the
data do not obey the universality relation & ~ 1 — f8 as predicted for RSP,
disordered spin liquids, or VB systems'*”~**. This suggests that BNIO does
not belong to these categories, where disorder plays a central role in defining
the magnetic ground state. In contrast, high-field M(H) measurements at 1.8
and 4.2 Kup to 55 T (Fig. S4 in SM) reveal a plateau-like region between ~10
and ~35T, followed by a steeper increase. These features suggest the pre-
sence of strong magnetic interactions in BNIO, setting it apart from the
more gradual and less defined behavior typical of conventional disordered
magnetic states.

Muon spin relaxation

In order to firmly establish persistent spin fluctuation in BNIO on a
microscopic scale, we carried out p*SR measurements as a function of
temperature [Fig. 3a]. The absence of any static magnetism is demonstrated
by the absence of oscillations. Instead, we observe an exponential-like
depolarization down to 20 mK that is well described by the function:
Ay Py(t) = A, where A, is the initial asymmetry related to the
detector geometry of the instrument and P is the polarization function. A
is the asymmetry of the muon-spin polarization function, A is the expo-
nential relaxation rate, and f3 is the stretched exponent, in which =1
for T>10K.

Figure 3b shows the obtained A and f3 as a function of temperature.
The increase in A below about 10 K indicates a slowing down of fluctu-
ating magnetic moments. Below ~0.7 K, A saturates within experimental
uncertainty, as confirmed by high-statistics measurements at 0.3, 0.4, and
0.6 K on two different spectrometers (Dolly and HAL). The behavior is
consistent with the low-T ac-susceptibility data [Fig. 2b] and demon-
strates persistent spin dynamics down to 20 mK. The suppression of
thermal fluctuations is accompanied by a decrease in the stretched
exponent () to values smaller than one, entailing a distribution of spin-
spin correlation times. These are typical characteristics observed in many
other QSL candidates* ™.

An exponential relaxation suggests the presence of dynamic spin
fluctuations. However, a Lorentzian distribution of static internal fields
can produce a similar polarization response. To distinguish between
these scenarios, we performed longitudinal field (LF) u*SR measure-
ments, in which the external magnetic field is applied parallel to the
initial muon spin polarization [Fig. 3c]. For a static internal field, even a
small LF should decouple the muon spins, leading to a strong sup-
pression of the relaxation rate (the so-called “decoupling” phenom-
enon). In contrast, our data are well described by the Redfield model
[inset of Fig. 3c], and complete decoupling is only observed for fields
>500 G. This behavior indicates that the relaxation originates from
fluctuating internal magnetic fields rather than static ones. Moreover,
the LF p'SR spectra exhibit a scale-invariant form of the type
P(t, H) = P(t/H"), where H is the applied field and ¢ is time. A robust
scaling collapse is achieved across more than three decades in t/H” for
y = 1.5 (Fig. 3c). Such universal scaling behavior is recognized as a
hallmark of QSL candidates.
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Fig. 3 | Muon spin relaxation measurements in zero and longitudinal magnetic
field. a Normalized zero-field p*SR time spectra as a function of temperature. The
solid lines are best fits by using a stretched exponential function as described in the
main text. b Relaxation rate (1) and stretched exponent (f; inset) as a function of
temperature. ¢ Scaled longitudinal-field (LF) time spectra according to

P(t, H) = P(t/H") where y = 1.5. The inset shows A as a functign of LF. The solid line is
the best fit achieved using the Redfield function: A(B; ) = % where By is the
applied LF, y, is the gyromagnetic ratio of the muon, 7 is the fluctuation time, and A is
the local-field fluctuation amplitude with best fit parameters A = 4.52(12) G and
7=10.137(14) ps.

Specific heat

Our low-T specific-heat (C) results provide further insight into the magnetic
ground state and the low-energy excited states of BNIO. In our C(T) data,
there are no sharp features observed down to 60 mK, suggesting the absence
of any LRMO. Figure 4a shows zero-field (ZF) data between 60 and 500 mK
(and up to 15 K in the inset). Previous calorimetric studies on Ba;NbA;0;,
(A =Rh, Ir) systems reveal Debye temperatures (©p) above 100 K. For
BNIO, therefore, in our temperature range of interest (T < 0.010p), the
phonon contribution is negligible and the measured specific heat essentially
contains magnetic contributions only (C = C,,,). In the ZF data, below
~0.3 K, a broad hump-like feature appears, followed by a steady decrease
with decreasing temperature. This kind of broad anomaly is interpreted as a
low-temperature thermodynamic signature of low-energy magnetic exci-
tations within an already correlated spin state.

To analyze the low-T specific-heat behavior, we use the data only in the
lowest-temperature regime below the broad crossover (Fig. 4a), over the
range T'=[0.03 to 0.22], where the data are well described by C= C,y,40 = ST
with § = 3.09 + 0.03 J/molK’. Varying the upper bound of the fitting window
within the low-T regime changes the fitted coefficient only modestly and
does not alter the conclusion that the dominant contribution in this range is
quadratic, while extending the fit toward the broad hump introduces sys-
tematic deviations. In a frustrated magnetic system with no LRMO, a
magnetic low-temperature T° dependence is consistent with low-energy
excitations having an approximately linear dispersion, as discussed for
Dirac-type QSL-like states"**** and recently invoked for YbZn,GaOs and
Sr3CuSb,0y°*". In fact, in the specific heat of Ba,Nblr;O,, the coexistence
of a linear dependence (due to the spinon Fermi surface) and a quadratic
temperature dependence was reported’’. However, to our knowledge, a pure
low-temperature T? term in the specific heat, as observed in BNIO, has not
been previously reported in quantum-disordered or QSL-like systems.

A quantum-disordered ground state is also consistent with the
recovered magnetic entropy (Fig. S6), which reaches only about 13% of RIn2
by 15 K. This indicates that only a small fraction of the magnetic entropy is
released within the measured temperature range, while the majority is
progressively quenched over a higher energy scale rather than being released
near a low-temperature phase transition as in conventional magnets. Such
behavior is commonly observed in frustrated quantum magnets, where the
gradual buildup of magnetic correlations removes entropy without the onset
of long-range order.

Figure 4b shows C(T) measured under magnetic fields (H||c) up to
70 kOe. Upon applying a magnetic field, the C « T* contribution is sup-
pressed and an exponential-like behavior emerges. Since this suppression
appears above 10 kOe, corresponding to a Zeeman scale of ~1.3 K assuming
g =2, the relevant field scale is comparable to the temperature window over
which the T* behavior is observed. This is consistent with a scenario in which
an external magnetic field modifies, and possibly gaps, the low-energy

excitation spectrum of a Dirac-type QSL. The absence of any ordering
signatures in the susceptibility and p*SR data further suggests that the
observed behavior is not associated with a field-induced ordered phase.

A possible concern in chemically disordered magnets is that the low-
temperature specific heat contains contributions from dilute paramagnetic
“orphan” spins, Schottky-like defects, or nuclear degrees of freedom rather
than intrinsic collective excitations. However, several observations argue
against these scenarios as the dominant origin of the observed behavior.
First, the magnetic susceptibility follows a sub-Curie power law rather than a
simple 1/T Curie tail and exhibits anisotropic exponents, inconsistent with
independent dilute defect moments. Second, p*SR detects dynamic
relaxation over essentially the full sample volume with no static or weakly
relaxing fraction, showing that the fluctuating moments are not confined to
a dilute impurity subset but involve the bulk magnetic degrees of freedom.
Third, the specific heat below the crossover obeys a robust C o« T* depen-
dence, whereas a conventional Schottky or nuclear contribution would
instead produce a much stronger low-temperature upturn and a char-
acteristic field evolution. While a small extrinsic contribution at the very
lowest temperatures cannot be completely excluded, it cannot account for
the dominant zero-field low-temperature response.

Density functional theory

Given that BNIO is a three-dimensional magnetic system with chemical
disorder due to Nb/Ir1 site mixing, the formation of a quantum-disordered
ground state appears non-trivial. To explore the possible origin of this
unexpected behavior in BNIO, we performed DFT+U calculations (See
Supplemental Materials (SM) for the technical details of experimental
methods and DFT calculations). For the ease of computations, we opted for
the composition BayNby ;Ir; 301, which essentially maintains the overall
physics of our experimentally probed composition BNIO. We started our
investigation by computing total energies corresponding to different pos-
sible distributions of Ir1 and Nb ions sharing the same Wykoff position 3a.
Interestingly, we found that there exists a clear preference for Irl to be
located at the z= 0 and 1 layers of the unit cell, whereas Nbions prefer the z=
1 and £ layers (Fig. S7 in SM).

Next, we analyzed the observed magnetic behavior after including
SOC, which is often crucial for iridium-based oxides* ™. It is interesting to
note that the magnetic behavior of Ir is drastically different based on the
crystallographic position within the same material. Our spin-polarized
calculations within the GGA+U+SOC approach suggest that Ir2 does not
contribute to the magnetism, while Ir1 and one of the Ir3 ions (denoted Ir3-
a) located closest to the z=0 (or 1) Ir1 layer (as shown in Fig. 1a) possess
finite magnetic moments. The spin and orbital moments of the four dif-
ferent types of Ir ions, i.e., Ir1, Ir2, Ir3-a, and Ir3-b, are given in Table 1. The
spin moment of Ir3-a is found to be the largest. However, its orbital moment
is negligible. In contrast, Ir1 possesses significant spin and orbital moments,
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Fig. 4 | Specific-heat measurements. a Low-
temperature specific-heat (C) data measured in
zero-field (closed circles) along with fits to the
experimental data (solid line) using a quadratic and
an exponential term. Inset: C(T) data up to higher
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suggesting that the effective SOC comes primarily from Irl. Given the fact
that Ir2 and Ir3-b are sandwiched along the c-axis between Ir1 and Ir3-a,
these results demonstrate that there cannot be any long-range magnetic
coupling along the ¢ direction. Instead, magnetism is confined within the a-b
plane, reducing the effective magnetic dimension of BNIO to two. Notably,
this is reflected in our magnetization results as well.

We further computed the strength and nature of the inter-atomic
magnetic couplings (Ji; Fig. S8). The interlayer coupling between Irl and
Ir3-a turns out to be ferromagnetic (J; = 2.14 meV), while the intralayer
coupling between Irl moments is AF, albeit with almost equal magnitude
(J = —2.10 meV). Interestingly, the other intralayer coupling between Ir3-a
moments comes out to be ferromagnetic, but with negligible strength
(0.02 meV). Hence, magnetically BNIO possesses a highly interesting geo-
metry (shown in Fig. 1b), which resembles a single magnetic ad-atom layer
on a thin surface layer”, which is also magnetic. Therefore, the system
exhibits strong magnetic frustration and quantum fluctuations arising from
its triangular lattice geometry, effective low dimensionality, AF interactions,
and small spin values. These factors collectively lead to the emergence of a
two-dimensional quantum disordered state, as confirmed by our experi-
mental observations.

Finally, we assess the consistency of the calculated exchange interactions.
Using the exchange parameters obtained from our DFT+U calculations, the

mean-field Curie-Weiss temperature is estimated to be Thk ~ —127 K,

whereas the experimental value extracted from magnetic susceptibility is
Tcw =~ — 69.5 K. The theoretical estimate therefore reproduces the AF sign
and captures the correct order of magnitude of the dominant magnetic energy
scale, although its absolute value is larger than the experimental one, as
expected for a mean-field treatment of a frustrated system.

Discussions

We start by noting that the nature of the ground state in the parent com-
pound Ba,Nblr;O;, remains under active debate. While thermodynamic
and spectroscopic measurements have been interpreted in terms of a gapless
QSL-like state®, recent combined RIXS and first-principles studies have
proposed an alternative scenario, in which strong intra-trimer hybridization
stabilizes a molecular singlet ground state associated with Ir;O, trimers”.
In this picture, magnetism is largely quenched at the trimer level, and low-
energy excitations are gapped in the clean limit.

In a trimer-based molecular-singlet scenario, low-energy excitations
are expected to be either gapped or associated with dilute, quasi-local
singlet-breaking defects, leading to activated or weakly temperature-
dependent responses at low temperatures. In contrast, our measurements
reveal persistent spin dynamics down to 20 mK, a temperature-independent
muon relaxation rate, and a scale-invariant longitudinal-field SR response,
all of which point to fast, collective, and scale-invariant spin fluctuations
rather than rare, localized states.
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Table 1 | Spin and orbital moments (in ug) of the Ir ions on the
four different sites as calculated using the GGA+U-+SOC
approach

Ir Ir2 Ir3-a Ir3-b
Spin moment 0.36 0.0 0.98 0.0
Orbital moment 0.12 0.0 0.02 0.0

Likewise, the dominant quadratic contribution to the specific heat,
C o« T*, implies a finite density of extended, low-energy excitations with an
approximately linear dispersion. Generating such a contribution within a
molecular singlet picture would require a high density of strongly inter-
acting, delocalized singlet-breaking excitations, corresponding to a sub-
stantial loss of coherent trimer singlet character. At this point, the system
would no longer be self-consistently described as a weakly perturbed
molecular singlet state.

Similarly, while the magnetization plateau observed at high magnetic
fields (Fig. S4) could arise from field-induced polarization of weakly coupled
trimer excitations, this plateau coexists with strong low-temperature spin
fluctuations detected by p*SR and ac susceptibility. The persistence of such
fluctuations implies the presence of unquenched magnetic degrees of free-
dom at zero field, which is difficult to reconcile with a uniformly coherent
trimer singlet state. As a matter of fact, the plateau occurs over approxi-
mately 10-35 T, which corresponds to a Zeeman scale ~13-47 K assuming
g = 2. This is smaller than, but still of the same order as the dominant
exchange scale inferred from DFT (=127 K). Therefore, the plateau is a field-
driven modification of the correlated magnetic state, rather than originating
from an unrelated dilute magnetic contribution.

Overall, while a molecular singlet description may be appropriate for
the clean parent compound, the introduction of chemical disorder in BNIO
disrupts coherent trimer-based singlet correlations to an extent that the
ground state is instead dominated by collective, gapless spin dynamics
characteristic of a quantum-disordered regime. This is further supported by
our DFT results, which indicate that BNIO hosts non-negligible inter-trimer
magnetic interactions comparable to the intra-trimer couplings, incon-
sistent with a molecular singlet state.

In this context, comparison with the parent compound Ba,NblIr;0,,
allows us to infer how Nb/Ir site disorder modifies the low-energy magnetic
state without requiring the parent ground state to be uniquely established.
The available data indicate that disorder in BNIO does not drive the system
toward conventional disorder-dominated outcomes such as static freezing
or random dilution. Instead, both compounds remain free of LRMO, while
BNIO retains persistent dynamical magnetism down to the lowest measured
temperatures. At the same time, the low-energy thermodynamics are
altered: the parent compound was reported to show coexisting linear and
quadratic terms in the specific heat, whereas BNIO is dominated by a
quadratic contribution. We therefore infer that disorder does not simply
leave the parent response unchanged, but rather reconstructs the low-energy
sector while preserving a quantum-disordered regime with collective spin
dynamics. Our DFT results suggest a microscopic origin for this behavior:
preferential Nb/Ir site arrangement and site-selective Ir magnetism reduce
the effective magnetic dimensionality while preserving frustrated interac-
tions, thereby allowing chemical disorder to reshape the excitation spectrum
without inducing spin freezing.

Quantum-disordered states are often highly sensitive to disorder,
which typically disrupts delicate magnetic correlations. In BNIO, however,
disorder manifests in a subtle yet constructive way. Our combined experi-
mental and theoretical results reveal that chemical randomness is not uni-
formly destructive: instead, it is selectively constrained by the crystal
symmetry and mixed-valence nature of Ir. Density functional theory shows
that Nb/Ir site mixing follows a preferential pattern, producing site-selective
magnetism where some Ir sites remain nonmagnetic while others carry
localized moments. This inhomogeneity effectively fragments the magnetic

lattice into quasi two-dimensional layers in which frustrated interactions
remain dominant, stabilizing a robust quantum disordered ground state.

The consequence is a ground state in which quantum fluctuations
persist despite structural disorder. The observed T* dependence of the
specific heat and temperature-independent muon relaxation rate at low
temperatures is consistent with the formation of gapless spin excitations,
rather than a random-singlet or spin-glass phase. Theoretical results further
support this picture: comparable ferromagnetic and AF exchange couplings
between symmetry-constrained Ir sites generate strong frustration within a
reduced two-dimensional magnetic manifold. Thus, the same structural
randomness that might be expected to destroy magnetic coherence instead
reduces the magnetic dimensionality and enhances frustration, favoring a
quantum-disordered state.

This mechanism, local symmetry constrained disorder, may provide a
general pathway for realizing QSL-like behavior in other systems where
chemical disorder is unavoidable. By controlling how randomness couples
to the magnetic degrees of freedom, it may be possible to stabilize new
classes of quantum-disordered materials that are inherently tolerant to
imperfections. BNIO thereby exemplifies a broader principle: disorder,
when symmetry limited, can coexist with and even protect quantum
coherence in correlated materials.

Conclusion

In summary, our low-temperature thermodynamic and muon spin
relaxation measurements reveal a quantum-disordered magnetic ground
state in BNIO, characterized by the absence of LRMO, or spin freezing
together with persistent low-temperature spin dynamics. Density functional
theory calculations show that Nb/Ir site mixing produces site-dependent
magnetic moments, with some Ir ions adopting weak or vanishing moments
depending on their crystallographic environment. This site-selective mag-
netism, together with mixed valence and structural disorder, reduces the
effective magnetic connectivity and dimensionality of the magnetic network
and enhances frustration within a quasi-two-dimensional framework. The
estimated exchange couplings quantify this frustration and point to a deli-
cate balance between competing interactions that likely contributes to the
suppression of magnetic order. More broadly, BNIO suggests that
symmetry-constrained disorder can provide a route to frustrated, quantum-
disordered magnetism in real materials, while future local spectroscopic
probes will be important for further clarifying the Ir valence distribution and
microscopic magnetic network.

Methods

Synthesis

BNIO single crystals were grown using a flux method, as described in ref. 36.
First, a phase-pure polycrystalline BNIO sample was synthesized by mixing
high-purity BaO,, Nb,Os, and IrO, in the appropriate stoichiometric ratio
and heating the mixture in an evacuated quartz tube at 1100 °C for 2 days.
The resulting polycrystalline BNIO powder was then thoroughly mixed
with an excess amount of BaCl, - 2H,O flux. The mixture was placed in an
alumina crucible and heated to 1100 °C for one day. It was then slowly
cooled to 950 °C at a rate of 0.85°C/h, and subsequently allowed to cool
naturally to room temperature. Plate-like single crystals, typically a few
millimeters in size, were obtained by dissolving the flux in distilled water.
Finally, the BNIO single crystals were sonicated in ethanol to remove any
remaining flux residue and/or polycrystalline inclusions.

X-ray photoelectron spectroscopy (XPS)

Room-temperature x-ray photoelectron spectroscopy (XPS) measurements
were carried out using Mg-Ka radiation (1253.6 ¢V) with a commercial
DESA-150 electron analyser serving as the energy spectrometer. The base
vacuum during the measurements was maintained at ~10~° Torr. The
binding energy scale was calibrated using the C 1s peak at 284.8 eV. The XPS
measurements were performed on a powdered BNIO sample obtained by
gently grinding several single crystals. The spectra reveal the presence of Ir in
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the 3+, 4+, and 5+ oxidation states in BNIO (Fig. S1), consistent with a

previous report based on bond-valence-sum analysis™.

Magnetization

DC-magnetization (M) measurements were performed on a single-
crystalline specimen in a commercially available SQUID magnetometer
between 1.8 and 300K up to 70kOe (Fig. S2). The temperature (T)-
dependent magnetization measurements were performed using ZFC and
FC protocols with magnetic field (H) applied along the crystallographic ¢
direction and also in the (a, b) plane. The same field directions were also
used for isothermal magnetization (M vs H) measurements.

The ac-susceptibility measurements were performed using a dilution
refrigerator equipped with a laboratory made compensated pick-up coil
system. The measurements were performed down to ~50 mK and up to
70 kOe (Fig. S3). To obtain a descent signal, several single crystals were
stacked along their ¢ axis. The magnetic field was applied along ¢ for the
measurements in presence of dc magnetic fields.

High-field magnetization measurements up to 550 kOe (Fig. $4) were
carried out in pulsed magnetic fields at the Dresden High Magnetic
Laboratory (HLD-EMFL). The magnetic field pulse duration was
approximately 20 ms. Measurements were performed at 1.9 and 42 Kona
powdered sample obtained by finely grinding several single crystals.

Muon spin relaxation

The temperature-dependent zero-field muon spin relaxation time spectra
were collected on powder samples at two different instruments; between 0.3
and 20 K at Dolly in PSI, and between 0.02 and 3 K at HAL in PSI. For the
sample mounting, in HAL, we used Ag holder and GE varnish and in Dolly,
we used Cu holder with GE varnish. The collected data between the two
instruments agree with each other, that is, both yield stretched exponential
depolarizations down to the lowest measured temperature and display
similar temperature dependencies. However, the absolute values of the
stretched exponent are different at lower temperatures (8~ 0.55at HAL and
B =~ 0.80 at Dolly). The reason is not fully understood but is most likely
related to the difficulty in measuring under real zero-field condition at HAL.
Another difference is the initial asymmetry (Ay; the asymmetry at ¢t = 0),
which is an instrument dependent parameter.

Specific heat

For the low-temperature specific heat measurements of BNIO single crystal,
we used a dilution refrigerator (0.06-0.8 K) and a *He cryostat (0.6-20 K).
The same crystal was used in both cases. The sample was mounted on the
platform in a way that the field direction was parallel to the ¢ axis of the
crystal. For both setups, a quasi-adiabatic heat-pulse method was used with a
short heat pulse applied to the system. During this process, the corre-
sponding rise in temperature was recorded with high precision. Figure S5
shows the outcome of the He cryostat-based measurements for 5
and 10 kOe.

Density functional theory

Density functional theory (DFT) calculations were performed using two
different methods, namely (a) a plane-wave-based method as implemented
in the Vienna ab initio simulation package (VASP)***, and (b) the full-
potential linear muffin-tin orbital (FP-LMTO) method***" as implemented
in the RSPT code®. The plane-wave calculations were performed within the
local (spin) density approximation (LSDA) with generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof">® including spin-orbit
coupling (SOC) and Hubbard U. The orbital-dependent Hubbard U term is
added to the GGA Hamiltonian in the framework of GGA+U approach® to
incorporate electronic correlation effects of 5d orbitals. Based on the pre-
vious reports of Ir-based compounds™, we have chosen U=3¢eV and a
Hund’s coupling J;; = 0.8 €V for the Ir-5d orbitals. The kinetic energy cut off
of the plane-wave basis was chosen to be 500 eV. The Brillouin-zone inte-
gration has been performed for a 9 x 9 x 2 k-mesh using the tetrahedron
method with Bléchl correction.

The FP-LMTO method has been primarily employed to compute the
strength and nature of the inter-atomic magnetic couplings (J;). We first
obtained a good convergence within the GGA+U+SOC approach and
further the magnetic-force theorem®* has been utilized to extract J;, which
is crucial for understanding the nature of magnetism in iridates. A detailed
discussion of the implementation of the magnetic-force theorem in RSPt is
provided in refs. 67,68.

The crystal structure of BNIO is displayed in Fig. S7. It possesses a
rhombohedral structure with three crystallographically distinct Ir sites at the
3a, 3b, and 6¢ Wyckoff positions, denoted as Ir1, Ir2, and Ir3, respectively.
The Nb ions partially occupy the same 3a site as Irl. To incorporate this
partial occupancy (Ir:Nb = 2:1) as observed experimentally, we employed a
supercell strategy in which two representative Ir/Nb distributions were
constructed (Fig. S7). After full structural relaxation, Config-2 was found to
be energetically favored by 11.3 meV/fu., and all subsequent calculations
were performed on this structure. Importantly, no predefined charge or spin
states were imposed on the Ir atoms. Instead, charge disproportionation and
site-selective magnetism emerged self-consistently from the DFT-+U+SOC
calculations, yielding both magnetic and non-magnetic Ir sites in agreement
with XPS results that indicate mixed valence states. In particular, Ir1 and Ir3-
a develop finite magnetic moments, while Ir2 and Ir3-b remain essentially
non-magnetic, demonstrating site-selective magnetism and the absence of
magnetic connectivity along the c-axis. This approach captures the essential
physics of local disorder and mixed valence in a computationally tractable
way, while providing results consistent with experiment.

Although, all Ir3 ions belong to the same Wyckoff position (6¢), the
energetic preference for layer-selective occupation of Ir and Nb ions at the 3a
site leads to an inhomogeneous distribution along the ¢ axis. This breaks the
local symmetry experienced by neighboring Ir3 sites and naturally gives rise
to magnetically inequivalent Ir3-a and Ir3-b environments. Such lifting of
equivalence due to chemical disorder is explicitly captured in our approach
and is essential for describing the physics of this compound. Importantly, to
rule out any possibility that the suppression of the Ir3-b (and Ir2) moment is
a computational artifact, we have carefully cross-checked our results using
two independent first-principles implementations, namely (i) the full-
potential linear augmented plane-wave-based method as implemented in
WIEN2K and (ii) the plane-wave-based method as implemented in VASP.
In both methods, we employed the GGA+U+SOC framework. Both
approaches yield fully consistent results, namely: (a) a large moment on Ir3-
a, and (b) a vanishing moment on Ir3-b, as well as on Ir2. The quantitative
agreement between two fundamentally different electronic-structure cal-
culation methods strongly demonstrates that the observed site-selective
magnetism is robust and intrinsic.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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