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Effects of Na deficiency on spin dynamics in the Mott insulating Na4−xIr3O8
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We report on Raman scattering and 23Na nuclear magnetic resonance (NMR) investigations of jeff = 1/2
hyperkagome antiferromagnet Na4−xIr3O8, which lies in the Mott insulating state. Our Raman scattering
experiments unveil remarkable parallels between the magnetic excitations of the pristine Na4Ir3O8 and the Kitaev
honeycomb material Na2IrO3, which are characterized by dominant fractional spinon excitations. In the case of
moderate Na-deficient Na4−xIr3O8, however, a substantial suppression of the magnetic excitations is observed,
alluding to the notable influence of charge fluctuations on spin dynamics. In addition, our site-specific 23Na NMR
measurements offer further insights into the spin dynamics when a minor concentration of holes is introduced
into a spin-orbit coupled Mott insulator. Specifically, the spin-lattice relaxation rate 1/T1 reveals the emergence
of pseudogaplike correlations at the Na(2) site, alongside a critical slowing down behavior at the Na(1) and
Na(3) sites. These findings showcase the intricate interplay between itinerant holes and magnetic correlations in
a spin-liquid-like background.
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I. INTRODUCTION

Over the past few decades, spin-orbit-coupled (SOC) Mott
iridates have garnered considerable attention due to their po-
tential for realizing novel electronic and magnetic states [1].
Specifically, half-filled Mott insulating iridates with a low-
spin (5d5) configuration can stabilize a SO entangled jeff =
1/2 Kramers doublet when a delicate balance is achieved be-
tween strong SOC, on-site Coulombic interactions, electronic
correlations, and crystal field effects [2]. In honeycomb or
hyperkagome lattices built from edge-sharing IrO6 octahedra,
the jeff = 1/2 Ir4+ ions can accommodate bond-dependent
anisotropic Kitaev interactions that engender quantum spin
liquids (QSLs) [3–5].

The paradigmatic instances encompass the honeycomb iri-
dates A2IrO3 (A = Na, Li, Cu) and their three-dimensional
derivatives β- and γ -Li2IrO3 [6–11], along with the hy-
perkagome iridate Na4Ir3O8 [12]. The honeycomb and
hyperhoneycomb iridates are in close proximity to Kitaev
spin liquids, which bear signatures of Majorana fermions and
can be effectively described by an extended Kitaev model.
However, for a hyperkagome antiferromagnet, determining
its exact ground state remains unsettled, with potential pos-
sibilities including a 120◦ coplanar magnetic order, nematic
valence bond solid, and QSL [13–26].
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Na4Ir3O8 constitutes a rare example of a jeff = 1/2
hyperkagome antiferromagnet, where Ir4+ ions form a three-
dimensional network of corner-sharing triangles [12]. This
hyperkagome iridate exhibits a large Curie–Weiss tempera-
ture of �CW ≈ −480 K and a low spin-freezing temperature
Tf ∼ 6–7 K, indicating a high degree of magnetic frustra-
tion. Remarkably, the huge Wilson ratio WL ∼ 30 and the
divergence of the magnetic Grüneisen parameter as T →
0 K allude to an inherent instability towards a magnetically
ordered state from a putative QSL [24,27]. Subsequent inves-
tigations using µSR and nuclear magnetic resonance (NMR)
techniques have identified the occurrence of a quasistatic spin-
frozen state at Tf [28,29]. Moreover, a recent single-crystal
x-ray diffraction (XRD) study revealed q = (1/3, 1/3, 1/3)
superlattice peaks, speculated to arise from the sodium or-
dering of nominally disordered crystallographic Na(2) and
Na(3) sites with 75% occupancy [see Fig. 1(a) for Na
environments] [30].

In addition, Na4Ir3O8 offers another intriguing aspect, as
Na-deficient samples Na4−xIr3O8 introduce hole doping into
the jeff = 1/2 bands that comprise the t2g complex of pre-
dominantly Ir 5d character [20,31,32]. Even in the presence
of Na deficiency the hyperkagome network of IrO6 octahedra
remains intact [33–39]. It is known that the SOC-assisted Mott
state with significant antiferromagnetic interactions persists
up to x = 0.3 [33]. However, for Na deficiency levels of
x � 0.7, Na4−xIr3O8 displays a semimetallic state, which is
owed to the competition between the formation of molec-
ular orbitals on the Ir3 triangles [marked in Fig. 1(a)] and
the suppression of the band gap due to the creation of a
jeff = 1/2-like state. The related issue that requires further
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FIG. 1. (a) Crystal structure of Na4Ir3O8 with three different Na sites. The blue, yellow, red, and gray spheres represent Ir, Na(1), Na(2),
and Na(3) atoms, respectively. The oxygen atoms are omitted for clarity. Na(1) is connected to three Ir to form the Ir3Na tetrahedra. Na(2)
and Na(3) also constitute a network of corner-shared tetrahedra, each having a 75% occupancy. XRD pattern of the ground single crystals of
(b) Na4Ir3O8 and (c) Na4−xIr3O8. The observed, calculated, and difference patterns are denoted by the red circles and black and blue lines,
respectively. The diffraction peaks for Na4Ir3O8 and Na2IrO3 are marked with the respective green and purple bars beneath the XRD patterns.

clarification is to understand the spin dynamics of mobile
holes in the quasistatic ordered background with QSL-like
fluctuations.

In this study, we combine Raman scattering and 23Na
NMR techniques towards comprehending low-energy excita-
tions and a magnetic ground state of Na4−xIr3O8, located in
the Mott insulating state. The Raman spectrum of Na4Ir3O8

exhibits spinonlike fractional excitations. In the case of
slightly Na-deficient Na4−xIr3O8, the magnetic Raman exci-
tation is substantially suppressed. Furthermore, 23Na NMR
measurements reveal the local development of pseudogap-
like magnetic correlations at the Na(2) site. All these results
demonstrate the site-specific impact of itinerant holes on spin
dynamics in the SOC Mott insulator Na4−xIr3O8.

II. EXPERIMENTAL DETAILS

Single crystals of Na4Ir3O8 were grown at Argonne Na-
tional Laboratory as detailed in Ref. [30], while single
crystals of Na4−xIr3O8 were synthesized at IMR, Tohoku
University, Japan. The synthesis procedure of single crystals
involved two steps: initial sealing of an aluminum oxide tube
using the xenon lamp floating zone furnace, followed by
vapor crystal growth. To assess the sample quality, powder
XRD measurements were carried out with Cu Kα radiation
(a D8-advanced model). The magnetic susceptibilities were
measured using a vibrating sample magnetometer (Quantum
Design MPMS and VSM). As-made crystals comprise a few
large crystals (approximately 1 mm in size) and numerous tiny

fragments (around 100 µm). Due to the rapid decomposition
of Na4−xIr3O8 materials in air, variations in sample loading
time into cryostat hindered us from conducting all measure-
ments for the same composition x. For this reason, it is needed
to specify the sample used in each experiment. First, three
distinct large pieces were utilized for SQUID (designated
as crystal 1), Raman (crystal 2), and NMR (crystal 3) ex-
periments. After these characterizations, XRD measurements
were made with ground samples consisting of many small
pieces and two large crystals (sc + crystal 1 + crystal 2).
Here, “sc” refers to small crystal fragments of 100 µm in size.

Raman scattering experiments were performed in the
backscattering geometry using a DPSS SLM laser with an
excitation line λ = 532 nm. The laser beam with a power
of P = 100 µW was focused onto the crystal surface us-
ing a ×40 magnification microscope objective, resulting
in a few-micrometer-diameter spot. The scattered spectra
were collected using a micro-Raman spectrometer (Xper-
Rama200VN, Nanobase) with an air-cooled charge-coupled
device (Andor iVac Camera). To reject Rayleigh scattering, a
notch filter was employed with a lower cutoff frequency of
15 cm−1. The temperature is varied from 5 to 400 K using a
liquid-He-cooled continuous flow cryostat.

23Na (I = 3/2, 23γN = 11.26 MHz/T) NMR measure-
ments were conducted using a MagRes spectrometer and
a 14 T Oxford Teslatron superconducting magnet. An
external magnetic field was applied along the ab plane of
the single crystalline sample Na4−xIr3O8. The NMR spectra
were acquired using a silver Ag coil due to the similar
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gyromagnetic ratios of 23Na and 63Cu (63γN =
11.319 MHz/T). We obtained 23Na NMR spectra by a
fast Fourier transform of spin-echo signals with a π/2-pulse
length of τπ/2 = 1.5 µs. The nuclear spin-lattice relaxation
time T1 was measured by the standard saturation recovery
technique with multiple saturation pulse ([π/2]x − t-π/2-π )
with a π/2 pulse length of τπ/2 = 1.5–2 µs. The recovery
function of the nuclear magnetization curve M(t ) for I = 3/2
nuclei with elapsed time t is given by the following equation:

M∞ − M(t )

M∞
= A[0.9e−(6t/T ∗

1 )β + 0.1e−(t/T ∗
1 )β ],

where A is a fitting parameter and β is the stretched expo-
nent. Further analysis of M(t ) was made using the inverse
Laplace transform (ILT) method based on Tikhonov regular-
ization [40]: M(t ) = ∑

i P(1/T1i )[1 − 2 exp(−t/T1i )], where
P(1/T1i ) represents the histogram of 1/T1i subject to the
condition

∑
i P(1/T1i ) = 1 and 1/T1i is the ith value of the

distributed 1/T1. We stress that the ILT analysis is concerned
with obtaining the distribution of relaxation times by describ-
ing M(t ) as a combination of exponential decay components,
while the stretched exponential fit estimates the average value
within a distribution of T1 times.

III. RESULTS AND DISCUSSION

A. XRD and magnetic susceptibility

Figures 1(b) and 1(c) compare the powder XRD pat-
terns of Na4Ir3O8 and Na4−xIr3O8 samples. The XRD data
for Na4Ir3O8 were reproduced from Ref. [30], in which
the authors of our study are involved. Contrary to the pris-
tine Na4Ir3O8, it turns out that powder Na4−xIr3O8 contains
6.15% of Na2IrO3 impurities, as indicated by the purple bars
in Fig. 1(c). These impurities were likely included during
the preparation process for the XRD measurements, where
small and large crystals (sc + crystal 1 + crystal 2) were
ground together. Unlike the larger crystal pieces (crystal 1 and
crystal 2), the tiny Na2IrO3 by-products could not be entirely
eliminated from the smaller pieces. Upon closer inspection
on the intensity of the (222) and (311) peaks, we find that
Na4−xIr3O8 suffers from a certain degree of Na deficiency
[28]. Nonetheless, Rietveld refinement reveals that both
Na4Ir3O8 and Na4−xIr3O8 samples possess the P4132 space
group with the identical lattice parameter of a = 8.9885 Å.
Notably, the lattice parameters remain unaltered despite the
reduction of the Na(2) occupancy. A comparison to existing
literature [33] shows that the studied Na4−xIr3O8 resides on
the Mott insulating side (x < 0.3). We stress that the estimated
x from the XRD data should be regarded as an upper limit
because the large crystals employed for SQUID and Raman
measurements were reused.

In Fig. 2, we present the magnetic susceptibilities χ (T )
of Na4Ir3O8 (blue line), Na4−xIr3O8 (crystal 1; pink circles),
and Na2IrO3 (emerald squares). The hyperkagome related
compounds show a clear signature of quasistatic order at
Tf = 6 K, as zoomed in the inset of Fig. 2. Compared to
Na4Ir3O8, the χ (T ) of Na4−xIr3O8 is reduced by approxi-
mately 10%. By fitting the χ (T ) data with a Curie-Weiss
model in the temperature range of T = 150–300 K, we

FIG. 2. Temperature dependence of the magnetic susceptibility
χ (T ) for Na4Ir3O8 (blue line), Na4−xIr3O8 (pink circles; crystal 1),
and Na2IrO3 (emerald squares) measured under a magnetic field of
μ0H = 0.1 T. The inset zooms in on the low-temperature magnetic
susceptibility, indicative of a spin-frozen transition at Tf = 6 K.

obtain the Curie-Weiss temperatures �CW = −472 and
−484 K and the effective magnetic moments 1.82 and 1.93μB

for Na4Ir3O8 and Na4−xIr3O8 samples, respectively. By com-
paring our χ (T ) data with those in Ref. [33], we deduce that x
of crystal 1 is unlikely to exceed 0.1. Furthermore, it is worth
emphasizing that χ (T ) of Na4−xIr3O8 reveals no discernible
trace of Na2IrO3 in contrast to the XRD pattern. This disparity
is due to the fact that we initially used a single large piece of
Na4−xIr3O8 for SQUID measurements, ensuring their purity
without any impurities.

B. Raman spectra

To obtain a deeper understanding of the low-lying exci-
tations in a hyperkagome lattice, we begin by comparing
the Raman spectra of honeycomb and hyperkagome iridates,
including Na2IrO3, Na4Ir3O8, and Na4−xIr3O8 that share tri-
coordinated lattices.

Figure 3 compares the Raman spectra of the three iridates
measured in (xx) polarization at temperatures of T = 5 and
280 K. In the case of Na2IrO3, we resolve eight first-order
phonon peaks at 188, 214, 396, 417, 460, 494, 569, and
618 cm−1. These phonon peaks are part of the 15 Raman-
active phonons 
Raman = 7Ag + 8Bg predicted for the mon-
oclinic C2/m space group. Notably, we find similarities
in phonon energies between the isostructural Na2IrO3 and
α-Li2IrO3 [compare Fig. 3(a) and Fig. 1(c) in Ref. [41]]. In
addition to the phonon excitations, we also observe a broad
background of magnetic excitations (color shadings), which
extends up to approximately 800 cm−1. For energies above
300 cm−1, the higher-energy magnetic continuum undergoes
little variation with temperature. On the other hand, the mag-
netic background scattering below 300 cm−1 shows a notable
increase at elevated temperatures. We stress that the system-
atic thermal variation of the background is not compatible
with the possibility that a phonon density of states contributes
to the background scattering.
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FIG. 3. Comparison of the Raman spectra between Na2IrO3 (up-
per), Na4Ir3O8 (middle), and Na4−xIr3O8 (lower panel; crystal 2) in
(xx) polarization at temperatures of T = 5 and 280 K. The color
shadings denote magnetic excitations.

Next, we turn to the hyperkagome iridates. For the
P4132 space group, factor group analysis predicts a to-
tal of 44 Raman-active modes: 
Raman = 6A1(aa, bb, cc) +
16E (aa, bb, cc) + 22T2(ab, ac, bc). Actually, we observe 22
and 20 phonons for Na4Ir3O8 and Na4−xIr3O8 (crystal 2),
respectively, which closely match the 22 symmetry-allowed
modes in the (xx) scattering channel. The Na deficiency is
known to increase distortions of IrO6 octahedra due to the
depletion of Na+ ions that share the pyrochlore lattice with
Ir4+ ions [32]. This enhanced octahedral distortion gives a ra-
tionale for the increasing phonon scattering intensity without
causing appreciable broadening in Na4−xIr3O8 [see Fig. 3(c)].
In contrast to the phonon spectra, Na-deficient Na4−xIr3O8

exhibits a significant change in the magnetic background
marked by the purple shading in Fig. 3(c). First, the higher-
energy continuum is appreciably suppressed. Second, the
lower-energy excitation features a weak quasielastic response
even at temperatures as low as T = 5 K. This suggests that
the introduction of mobile holes renders coherent magnetic
excitations incoherent.

To shed light on the temperature-dependent behavior
of magnetic excitations, we present the Raman spectra in
Figs. 4(a)–4(c) and the corresponding phonon-subtracted
spectra in Figs. 4(d)–4(f). Our primary focus is on the broad
magnetic continuum beneath the phonon peaks. Initially, the
sharp phonon features were modeled as a sum of Lorentzian
profiles. Within a narrow fitting frequency range, we approxi-
mate the baselines of Lorentzian profiles as a piecewise linear
function. Subsequently, we take into account the difference
between the raw spectra and the superimposed Lorentzian
lines and piecewise linear background. Finally, we optimize
the goodness of fit to fine-tune the structured background.

As is evident from Figs. 4(a) and 4(d), the honeycomb
iridate Na2IrO3 exhibits a dichotomic thermal behavior in

its magnetic excitations: two prominent phenomena emerge
within different energy ranges. First, the lower-energy mag-
netic excitation in the spectral range of ω = 20–300 cm−1

experiences a gradual development of quasielastic scattering
with increasing temperature. This behavior can be attributed
to a paramagnonlike response, arising from the dissolution of
a long-range magnetic order upon heating above 15 K.

Second, the higher-energy broad continuum centered at
596 cm−1 exhibits stronger intensity compared to the lower-
energy counterpart, with a cutoff energy ωhc ≈ 800 cm−1

roughly twice that of the lower-energy excitations. Notably,
as the temperature increases, the spectral form of the high-
energy continuum remains largely unchanged, albeit with a
slight reduction in scattering intensity. These characteristics
are fundamentally different from the typical thermal evolution
of two-magnon excitations, which typically display a rapid in-
crease in integrated scattering intensity and a thermal damping
of spectral weight at high temperatures [42]. In this regard,
the quasiparticles of Na2IrO3 in the high-energy regime are
not described by magnons. Given the proximity of Na2IrO3

to a QSL state [43], we attribute the higher-energy continuum
to a multispinonlike response. In the spin-conserving Raman
scattering process, excitations involving spinon-antispinon
pairs are prominent over single particle excitations permitted
by SOC. Additionally, the density of states associated with
spinon pair excitations is twice that of single particle excita-
tions. The low-energy magnonlike response contributes only
a minor fraction to the total spectral weight, consistent with
the characteristics of a proximate spin-liquid phase. Our in-
terpretation is supported by resonant inelastic x-ray scattering
(RIXS) studies, which reveal Majorana fermionic excitations
centered around 280 cm−1 and extending up to 800 cm−1

[44,45]. It is worth noting that the peak energy of the RIXS
spectrum is half that of the high-energy continuum observed
in the Raman spectra. This discrepancy in peak energies
can be attributed to the distinct scattering processes: while
multiquasiparticle Raman scattering primarily involves spin-
conserving processes, RIXS is dominated by single-spin-flip
processes.

Figures 4(b) and 4(e) plot the temperature dependence of
magnetic excitations in Na4Ir3O8. We find striking similarities
between Na4Ir3O8 and Na2IrO3 in the spectral form, width,
and energy scale of their magnetic excitations despite their
different spin lattices and exchange interactions. This intrigu-
ing resemblance prompts us to interpret the higher-energy
excitation as spinonlike and the lower-energy excitation as
magnonlike. Accordingly, we conjecture that the persistence
of short-range correlations up to quite high temperatures may
be indicative of a nearby QSL state.

Upon closer inspection, it becomes apparent that the
quasielastic scattering at higher temperatures is less pro-
nounced in Na4Ir3O8 compared to Na2IrO3, indicating that
the low-energy excitation in Na4Ir3O8 carries more pro-
nounced spin-liquid-like correlations than its counterpart in
Na2IrO3. It is worth noting that the calculated spin dynami-
cal structure factor displays a broad continuum ranging from
ω = 0 to 1.1J , with significant spectral weight at ω = 0.3
and 0.8J [46]. In spin-conserving Raman processes, strong
magnetic Raman signals are anticipated at ω = 0.6 and 1.6J ,
corresponding to the peak energy of the low- and high-energy
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FIG. 4. Temperature dependence of the Raman spectra for (a) Na2IrO3, (b) Na4Ir3O8, and (c) Na4−xIr3O8 (crystal 2). Thermal evolution
of magnetic excitations obtained by subtracting phonon peaks for (d) Na2IrO3, (e) Na4Ir3O8, and (f) Na4−xIr3O8 (crystal 2). Temperature
dependence of the low- and high-energy magnetic scattering intensity integrated over the frequency range (g) ω = 28–300 cm−1 and (h) ω =
300–800 cm−1 for Na2IrO3 (red squares), Na4Ir3O8 (blue circles), and Na4−xIr3O8 (green triangles; crystal 2). The intensities are normalized
to the T = 400 K data. (i) Spin-orbit excitons of Na2IrO3, Na4Ir3O8, and Na4−xIr3O8 (crystal 2) measured at room temperature.

excitations at approximately 200 and 560 cm−1, respectively.
This comparison enables us to estimate the value of J as
476–500 K, which is larger than J ∼ 300 K obtained from a
high-temperature series expansion [47].

We now turn our attention to the thermal behavior of
magnetic excitations in Na-deficient Na4−xIr3O8 (crystal 2),
as depicted in Figs. 4(c) and 4(f). Compared to the pristine
Na4Ir3O8, the spectral form and range of magnetic excitations
remain largely unaltered, except for a notable reduction in
scattering intensity. This implies that the strength of mag-
netic interactions is minimally affected by the site-specific
removal of Na(2) ions and accompanying distortions in IrO6

octahedra [33–39]. As plotted in Figs. 4(g) and 4(h), the
low-energy scattering intensity for the studied iridates dis-
plays a quasilinear increment up to 250 K, followed by

saturation. Conversely, the higher-energy scattering intensity
of Na-deficient Na4−xIr3O8 exhibits an opposing trend to
that of Na4Ir3O8 and Na2IrO3. The increasing intensity with
temperature mainly arises from the systematic leveling up
of background signal. Taken together, the primary impact
of Na deficiency on magnetic excitations is the overall sup-
pression of scattering intensity and the systematic increase
in background signal, stemming from scatterings of mag-
netic excitations by mobile holes: local charge fluctuations
shorten the lifetime of magnetic excitations and disturb their
coherence.

Lastly, we focus on a broad Raman continuum centered
around 3500 cm−1 with a bandwidth of 1700 cm−1 that was
previously discussed in terms of fractionalized magnetic vs
electronic excitations [48]. In a similar energy range, the
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FIG. 5. (a) Temperature dependence of 23Na NMR spectra for Na4−xIr3O8 measured at an external field of μ0H = 8.5 T. (b) The color
contour plot of the histogram P(1/T1) in the temperature-1/T1 plane. (c) Distribution function P(1/T1) as selected temperatures. The symbols
mark two components of 1/T slow

1 (pink circles) and 1/T fast
1 (green squares). The red dotted and green solid lines are representative of two

Gaussian fits. (d) Log-log plot of the 23Na spin-lattice relaxation rates: 1/T fast
1 (pink circles), 1/T slow

1 (azure squares), 1/T ∗
1 (open triangles),

and 1/T1 for Na(2) (green diamonds). The blue line represents 1/T1 of Na2IrO3 taken from Ref. [51]. The dashed lines are fits to the power-law
dependence 1/T1 ∼ T n. (e) Comparison of 1/T1 between Na4−xIr3O8 [for Na(2)] and Na3Ir3O8.

studied three iridates feature commonly broad excitations ex-
tending to 6000 cm−1, as shown in Fig. 4(i). Furthermore,
the antiflurite K2IrCl6 whose magnetic energy scale does
not exceed 10 K also shows a similar excitation, rendering
a magnetic origin improbable [49]. Instead, we assign it to
a SO exciton characteristic of a SO entangled jeff = 1/2
insulator [50].

C. 23Na NMR

Previous NMR studies on the pristine hyperkagome lattice
Na4Ir3O8 and its 1/3 hole-doped counterpart Na3Ir3O8 have
demonstrated the effectiveness of the 23Na nucleus as a probe
for investigating intrinsic hyperkagome physics [29,35,39].
For Na4Ir3O8, the 23Na and 17O NMR results revealed a
static disordered spin freezing occurring at Tf , along with
a spin-liquid behavior at higher temperatures. On the other
hand, Na3Ir3O8 displayed the persistence of antiferromag-
netic correlations into a semimetallic state. Based on these
previous investigations, we focus on a slightly depleted sam-
ple Na4−xIr3O8 to address low-energy spin correlations that
emerge when introducing a small amount of holes into a
spin-liquid background.

In Fig. 5(a), we present a cascade plot of the 23Na NMR
spectra of Na4−xIr3O8 (crystal 3) at selected temperatures
of T = 2–40 K. Noticeably, we observe three distinct NMR

lines, which are in accordance with the three crystallograph-
ically inequivalent Na sites in the structure [see Fig. 1(a)
for three Na environments]. The relative integrated intensities
of these NMR peaks have the ratios 1:0.69:0.13 from the
leftmost peak. Given the Na(1), Na(2), and Na(3) sites have
ratios of 4:3:9 in Na4Ir3O8, we attribute the three peaks to
the Na(3), Na(1), and Na(2) sites from left to right. Our site
assignment is in line with that reported in Ref. [29]. Compared
to the pristine sample, the spectral weight of the Na(2) signal
is diminished in the Na-deficient sample, which is due to
the rearrangement of Na atoms induced by a Na+ deficiency.
More specifically, the primary structural change involves the
removal of the Na(2) and Na(3) sites, with the occupancy of
the Na(2) site being more significantly reduced compared to
the Na(3) site [32,33]. However, the depletion of the Na(2) site
exerts a minimal influence on magnetism because the Na(2)
site pertains to the tetrahedral A site of spinel structure and
the hyperkagome spin lattice of Ir moments is not disturbed.

With increasing temperature, the NMR spectrum under-
goes a broadening and overlap of peaks down to Tf , which
poses challenges in differentiating individual peaks. This in-
triguing temperature evolution of the spectrum is likely linked
to the different hyperfine coupling constants Ahf between the
23Na nuclear spins and the Ir4+ electron spins at each Na
site. Consequently, tracking the NMR shift and linewidth as a
function of temperature is not straightforward. Nevertheless,
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it is evident that, upon cooling through Tf , the NMR spectrum
exhibits a narrowing, accompanied by a modest decrease in
its intensity. Specifically, the intensity of the NMR signal in
the spin-frozen state diminishes to ∼85% of the intensity ob-
served in the paramagnetic state. Considering the significant
distribution of 1/T1 values depicted in Figs. 5(b) and 5(b), this
intensity suppression may be attributed to the appearance of
rapid relaxation times, which wipe out portions of the NMR
signal. From now on, we delve into the spin-lattice relaxation
rate 1/T1, which senses the low-energy component of the q-
integrated spin excitation spectrum at the NMR frequency ω0.
As the 23Na(1) and 23Na(3) NMR signals are closed spaced,
we employed the ILT method that allows for deducing the
histogram P(1/T1i ), representing the distribution of P(1/T1i )
values [40].

Figure 5(b) showcases the color contour plot of P(1/T1i ) in
the temperature-1/T1 plane. By deconvoluting P(1/T1i ) into
two Gaussian profiles as depicted Fig. 5(c), we are able to
extract the temperature dependence of two distinct relaxation
rates: 1/T fast

1 (pink circles) and 1/T slow
1 (azure squares), which

are plotted in Fig. 5(d). On cooling from 40 K, 1/T fast
1 and

1/T slow
1 show a common increase until reaching a tempera-

ture of around 7 K, forming a maximum at the spin-freezing
temperature Tf . Subsequently, at temperatures below 7 K, both
1/T1’s undergo a substantial drop by one order of magnitude,
which is a characteristic behavior of the critical slowing down
of magnetic fluctuations that occurs when entering a spin-
frozen state. We note that 1/T ∗

1 [open triangles in Fig. 5(d)],
obtained from the conventional stretched exponential analysis,
matches the average of 1/T fast

1 and 1/T slow
1 , validating the

reliability of our ILT analysis used to derive the individual
relaxation rates. Besides, the comparison of 1/T1’s between
Na4−xIr3O8 (crystal 3) and Na2IrO3 [blue line in Fig. 5(d) and
Ref. [51]] advocates that spin dynamics of Na4−xIr3O8 is not
affected by the Na2IrO3 impurity.

Unlike the NMR peaks Na(1) and Na(3), the Na(2)
line is separated from other peaks, enabling us to deter-
mine a well-defined relaxation rate. As plotted in Fig. 5(d),
1/T1 for Na(2) (green diamonds) exhibits two distinct
power-law regimes: a power-law decrease T 0.98±0.03 below
Tf and T 0.31±0.02 above Tf . Singularly, the pseudogaplike
suppression of 23Na(2) 1/T1 observed below 40 K is con-
trasted by the critical-like divergent behavior observed in
23Na(1) and 23Na(3) 1/T1’s. We recall that the pseudogap-
like behavior is often observed in QSL candidates such as
κ-(ET)2Cu2(CN)3 [52]. In such a system, the power-law de-
crease of 1/T1 with temperature is interpreted in terms of
concurrent charge and spin fluctuations. In this light, the
site-specific 23Na NMR results highlight that spin dynam-
ics probed at the Na(2) site is strongly affected by charge
dynamics.

To elucidate the impact of charge fluctuations on magnetic
correlations, we make a comparison of the relaxation rates be-
tween Na4−xIr3O8 [for Na(2) in Fig. 5(e)] and 1/3 hole-doped
Na3Ir3O8 [39]. The semimetallic iridate exhibits distinct tem-
perature dependencies for the relaxation rates: a 1/T1 ∝ T 1/2

behavior below ∼30 K and a T 2 behavior above 30 K. Re-
markably, in the temperature range from 7 to 30 K, the 23Na(2)
1/T1 value of Na4−xIr3O8 is nearly three orders of magni-
tude higher than that of Na3Ir3O8. Furthermore, the exponent

α = 0.5 observed in Na3Ir3O8 decreases to 0.31 in
Na4−xIr3O8 for the Na(2) site. The qualitative similar
yet quantitative disparate 23Na(2) 1/T1 behavior sug-
gests that the local-moment correlations are considerably
stronger in Na4−xIr3O8, consistent with the presence of
a much smaller hole doping concentration in this com-
pound than the 1/3-doped Na3Ir3O8. Additionally, we
emphasize that the exponent changes from α = 0.31 to
∼1 on cooling through Tf . This modified spin dynamics
is a natural manifestation of the altering magnetic cor-
relations that occur as the system enters the spin-frozen
state.

IV. CONCLUSIONS

In conclusion, we have investigated the influence of hole
carriers on the spin dynamics in Mott insulating Na4−xIr3O8

through combined Raman scattering and 23Na NMR tech-
niques. We initially map out magnetic excitations using
inelastic light scattering. Our magnetic Raman spectra re-
veal striking similarities in the magnetic continuum between
the pristine Na4Ir3O8 and the Kitaev honeycomb material
Na2IrO3 in its shape and energy. In both compounds, the
lower-energy excitations below 300 cm−1 feature a magnon-
like response, while the higher-energy excitations in the
range of ω = 300–800 cm−1 are dominated by fractionalized
excitations. The predominant spinonlike excitation gives ev-
idence for the proximity to a QSL state. Upon introduction
of hole carriers through doping in Na-deficient Na4−xIr3O8,
a dampening and suppression of magnetic excitations oc-
curs, signifying the influence of charge fluctuations on spin
dynamics.

In addition, our site-specific 23Na NMR measurements on
Na4−xIr3O8 further illuminate the inhomogeneous develop-
ment of magnetic correlations triggered by the introduction
of charge carriers into a spin-liquid-like matrix. 1/T1’s at the
Na(1) and Na(3) sites exhibit a critical slowing down, forming
a maximum at Tf , which behave like the pristine sample.
In sharp contrast, 1/T1 at the Na(2) site obeys a power-
law decrease with decreasing temperature with the exponent
α ∼ 1 below Tf and ∼0.31 above Tf . This pseudogaplike 1/T1

behavior highlights the modification of spin correlations by
itinerant holes on spin correlations. Considering the Na(2)
site is particularly susceptible to Na deficiency, the local
moments near the Na(2) site are first affected by mobile
holes. As a result, the influence of these charge carriers on
spin dynamics is most pronounced in the proximity of the
Na(2) site, especially when the system is located in the Mott
insulating state. Our observations shed light on the evolu-
tion of pseudogaplike magnetic correlations within a hole-
doped spin-frozen state in the SOC Mott insulating system
Na4−xIr3O8.
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