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Coexistence of random singlets and disordered Kitaev spin liquid in H3LiIr2O6
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We combine static magnetic susceptibility χ (T ), muon-spin relaxation, and 1H nuclear magnetic resonance
measurements to explore the spin dynamics in the disordered-induced quantum spin liquid candidate H3LiIr2O6.
Inverse Laplace transform analysis of the 1H spin-lattice relaxation rate 1/T1 enables us to identify two
characteristic temperatures Tg = 110 K and T ∗ = 26 K. Below Tg, a slower 1/T slow

1 component dictated by
gapped excitations with a spin gap �h = 30–38 K evolves distinctly from a faster 1/T fast

1 component pertaining
to gapless excitations. Furthermore, we observe a sub-Curie divergent χ (T ) ∝ T −0.68, a power-law dependent
1/T fast

1 ∝ T 1.4, and a weakly activated 1/T slow
1 ∝ exp(−�l/kBT ) (�l = 3–6 K) below T ∗ = 26 K. All these

features suggest the coexistence of a disordered spin-liquid state and spin singlets with spatially distributed
gaps.

DOI: 10.1103/PhysRevB.107.014424

I. INTRODUCTION

Kitaev’s exactly solvable model on a honeycomb lattice
has marked a significant step in the quest for quantum spin
liquids (QSLs). The elementary excitations of Kitaev QSLs
comprise itinerant Majorana fermions coupled to a static Z2

gauge at zero field [1]. Inspired by Jackeli and Khaliullin’s
proposal [2], intensive research has been conducted on jeff =
1/2 spin-orbit assisted Mott insulators as potential candidates
for materializing Kitaev magnetism, including honeycomb
iridates A2IrO3 (A = Na, Li) and ruthenate α-RuCl3 [3–8].
Despite the dominant Kitaev interactions, no reported mate-
rials are known to achieve a genuine Kitaev QSL due to the
inevitable presence of non-Kitaev terms.

On the other side, certain types of quenched disorders
in QSL candidates are suggested to expedite a quantum
disordered or random-singlet state against long-range mag-
netic order [9–16]. The conspicuous effects of the disorder
have been showcased in the H-intercalated iridate H3LiIr2O6

[17,18]. Previous thermodynamic, nuclear magnetic reso-
nance (NMR), and muon spin relaxation (μSR) measurements
negated a magnetic transition down to 50 mK [18,19]. Singu-
larly, a dome-shaped magnetic continuum observed by Raman
spectroscopy alludes to fractionalized spin excitations [20].
Furthermore, the divergent specific heat C/T ∼ T −0.5 and
the time-field scaling of the μSR spectra A(t ) ∼ A(t/H0.46)
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are taken as evidence for the abundant low-energy den-
sity of states (DOS) N (E ) ∼ E−0.5 generated by disorders
[19,21,22].

Initially, H3LiIr2O6 was thought to be a spin-orbital-
entangled QSL. However, subsequent theoretical and experi-
mental studies identified several forms of quenched disorders:
static or dynamic disorder of the interlayer hydrogen, stack-
ing faults, and nonmagnetic Ir3+ (3d6) defects [21,23–27].
Static or dynamic hydrogen disorders lead to a quantum-
disordered paraelectric and a QSL-like state with enhanced
Kitaev exchange or with random Kitaev-like bonds [27–29].
Conversely, defect-induced disorder can provide a route to the
observed QSL state without resorting to the renormalization
of Kitaev exchange [20]. Actually, the power-law distribution
of the low-energy DOS is equally well captured by the Kitaev
model subject to bond disorder or spin vacancies [21,22,30]. It
is notable that the related Kitaev candidate materials Cu2IrO3,
Ag3LiIr2O6, and α-(Ru,Ir)Cl3 display commonly disordered
QSLs that feature spatially inhomogeneous local excitations
and ground states [31–36].

As such, it is imperative to clarify whether a putative
inhomogeneous ground state of H3LiIr2O6 comprises hetero-
geneous magnetic states as reported in other disordered Kitaev
materials. However, disentangling the impact of bond disorder
and nonmagnetic defects on a ground state and spin dy-
namics is experimentally challenging. In this situation, NMR
is capable of disentangling various inhomogeneous ground
states, insofar as full information about spin dynamics is at-
tained from an unbiased analysis of the nuclear magnetization
curve M(t ) using the inverse Laplace transform (ILT) method
[15,36,37].
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FIG. 1. (a) Log-log plot of the static magnetic susceptibility χ (T ) versus temperature measured at μ0H = 1 T||ab. The solid line denotes a
sub-Curie increase T −0.68 below T ∗ = 26 K (vertical arrow). (b) Scaling of H0.66χ (T ) with T/H . (c) Log-log scaled plot of T −0.4M(H ) versus
H/T . (d) Thermal evolution of the Raman spectra in parallel polarization. (e) Representative muon spin polarization at zero field with the fitted
curves as described in the main text. (f) Temperature dependence of the two muon spin relaxation rates λ1(T ) and λ2(T ).

In this paper, we illuminate the nature of an inhomoge-
neous ground state in H3LiIr2O6 by deducing the density
distribution function P(1/T1) of the 1H NMR spin-lattice
relaxation rate 1/T1 using the ILT technique. On cooling
through two characteristic temperatures Tg = 110 K and T ∗ =
26 K, we uncover the distinct evolution of a disordered
QSL state and spin singlets with spatially distributed gaps,
demonstrating the multifaceted impact of disorder on Kitaev
materials.

II. EXPERIMENTAL DETAILS

Single crystals of H3LiIr2O6 were prepared by a stan-
dard hydrothermal reaction with seed single-crystal α-Li2IrO3

sample [38]. The grown crystals were characterized by
x-ray powder diffraction using Cu Kα radiation (the D8-
advanced model) and Raman scattering measurements (see
Appendix A).

Raman spectra were measured in backscattering geom-
etry with a micro-Raman spectrometer (XperRama200VN,
Nanobase) equipped with an air-cooled charge-coupled device
(Andor iVac Camera) and the excitation line λ = 532 nm
of DPSS SLM laser. We employed a notch filter to reject
Rayleigh scattering down to a lower cutoff frequency of 20
cm−1. The laser beam with P = 280 μW was focused on a
few-micrometer-diameter spot on the surface of the crystals
using a ×40 magnification microscope objective. The samples
were placed in a liquid-He-cooled continuous flow cryostat at
temperatures between 4.3 and 300 K.

1H (I = 1/2, γN = 42.5774 MHz/T) NMR measurements
were conducted using a MagRes spectrometer and a 14 T

Oxford Teslatron superconducting magnet. 1H NMR spectra
were acquired by a fast Fourier transform of spin-echo signals
with π/2 pulse length τπ/2 = 1.2–2 μs, while applying an
external magnetic field along the honeycomb ab plane. The
nuclear spin-lattice (spin-spin) relaxation time T1 (T2) was
measured by the saturation recovery (Hahn echo) method.

Zero-field (ZF) and longitudinal-field (LF) μSR experi-
ments were conducted on the Dolly spectrometer of the Paul
Scherrer Institute (Villigen, Switzerland) using a 3H3 cryo-
stat (0.3 < T < 10 K). The single crystals of H3LiIr2O6 were
finely ground and glued with ethanol-diluted GE varnish on
a Cu plate. The detector efficiency α between forward and
backward positron detectors was determined by applying a
weak transverse field HTF = 30 G at T = 0.3 and 10 K. We
analyzed all the μSR data using the software package MUSR-
FIT [39].

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility, magnetization, Raman
spectra, and μSR

Given that a degree of quenched disorders (thereby
magnetic parameters) is conditioned by the details of soft-
chemical treatment, it is a due procedure to check the
structural and magnetic properties of our samples. We first
discuss the T dependence of the dc magnetic susceptibility
χ (T ) of H3LiIr2O6 for μ0H//ab. As exhibited in Fig. 1(a), a
log-log plot of χ (T ) reveals a sub-Curie divergence χ (T ) ∝
T −0.68 for temperatures below T ∗ = 26 K. An analogous scal-
ing has been observed at similar temperatures for Cu2IrO3, in
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which Cu+ ions are substituted into the Na+ sites of Na2IrO3

[31]. In Figs. 1(b) and 1(c), we plot H0.66χ (T ) against the
dimensionless variable T/H and T −0.4M(H ) vs H/T , respec-
tively. The T − H scalings of χ (T ) and M(H ) over nearly
three orders of magnitude are consistent with the divergent
power-law DOS of N (E ) ∼ E−α (α = 0.34–0.4). Our scaling
exponent is found to be somewhat smaller than the reported
α ≈ 0.5 [18,20–22]. The sample dependence of the nonuni-
versal scaling exponent implies that an amount of quenched
disorders determines a specific form of the power-law DOS in
the low-energy limit and thus the power-law singularities in
χ (T ) [30,40].

Figure 1(d) presents the T dependence of Raman spectra in
(xx) polarization. Two features are discernible. Phonon modes
are quite broad and a magnetic continuum increases gradually
with increasing temperature for frequencies below 200 cm−1,
consistent with the previous work [20]. Our Raman data reveal
that the random positions of H atoms strongly affect lattice
vibrations involving Ir-Ir and Ir-O-Ir displacements and that
the featureless continuum holds relevance for fractionalized
spin excitations.

Figure 1(e) shows representative ZF-μSR spectra, which
are well described by the sum of an exponentially decaying
term, a Gaussian-broadened Gaussian function multiplied by
a simple exponential function, and a temperature-independent
background: Pz(t ) = f1GGBG(�0, R, t ) exp(−λ1t ) + f2 exp
(−λ2t ) + f3, where λ1 (λ2) is the fast (slow) muon spin
relaxation rate. The Gaussian-broadened Gaussian function
is given by GGBG(�0, R, t ) = 1

3 + 2
3 ( 1

1+R2�2
0t2 )3/2(1 −

�2
0t2

1+R2�2
0t2 ) exp[− �2

0t2

2(1+R2�2
0t2 )

]. Here, �0 is the mean value
of the Gaussian-broadened Gaussian distribution and R is the
ratio of the distribution width W to the Gaussian mean value
�0, R = W/�0. We observe no sign of magnetic ordering
down to T = 0.3 K, namely, neither an oscillating signal
nor a recovery to 1/3 of the initial polarization. In Fig. 1(f),
we show a semilog plot of λi(T ) (i = 1, 2) vs temperature.
Both the fast relaxation λ1(T ) and the slow relaxation λ2(T )
are largely independent of temperature without showing
enhanced magnetic correlations at low temperatures down to
0.3 K, confirming persistent spin dynamics as expected for a
quantum-disordered state. Other parameters are discussed in
Appendix B.

B. 1H NMR

We now turn to the 1H NMR results, which are the focus of
the present work. Figure 2(a) presents the T dependence of 1H
NMR spectra measured for μ0H = 1 T||ab (the honeycomb
plane). On cooling down to T = 2 K, the 1H NMR spectrum
broadens slightly without obvious peak splitting, indicative of
disordered paramagnetic behavior. As shown in Fig. 2(b), the
full width at half maximum (FWHM) of the 1H NMR spectra
gradually increases with decreasing temperature down to T ∗
and then undergoes a rapid increase as T → 0 K. We stress
that the steeply increasing FWHM and the sub-Curie increase
of χ (T ) below T ∗ are commonly rooted in the growth of
inhomogeneous spin fluctuations. However, the Knight shift
K (T ) = (Href − H )/H × 100%, bearing the intrinsic mag-
netic susceptibility, is nearly independent of temperature [see

FIG. 2. (a) Temperature dependence of 1H NMR spectra in an
applied magnetic field of μ0H = 1 T parallel to the honeycomb ab
plane. (b) Thermal evolution of the full width at half maximum of the
1H NMR spectra. (c) Knight shift K (T ) vs temperature for μ0H = 1,
1.5, and 2 T.

Fig. 2(c)]. The lack of an apparent T dependence on K (T )
may be related to the fact that the 1H NMR linewidth is larger
than the thermal shift of K (T ) as 1H nuclear spins experience
hyperfine couplings with spatially modulated Ir4+ spins of
distinct local spin fluctuations.

We next address the 1H nuclear spin-lattice relaxation
rate 1/T1, which probes the low-energy component of the
q-integrated spin excitation spectrum at the NMR frequency
ω0. For comparison purposes, we first attempted to deduce
1/T str

1 from the conventional stretched fit of M(t ) to 1 −
M(t )/M∞ = exp[−(t/T str

1 )β], where β is the stretched expo-
nent [dashed lines in Fig. 3(a)]. Alternatively, we analyzed
M(t ) using the ILT method based on Tikhonov regularization
[solid lines in Fig. 3(a)]. We obtained the histogram P(1/T1)
of the distribution of 1/T1 from M(t ) = ∑

i P(1/T1i )[1 −
exp(−t/T1i )] with

∑
i P(1/T1i ) = 1 [15,37]. Here, 1/T1i is the

ith value of the distributed 1/T1. We found a better description
of M(t ) in the ILT fit, implying that large, inhomogeneous
distributions of 1/T1 cannot be captured within the spatially
averaged value of 1/T str

1 .
In Fig. 3(b), we plot the temperature dependence of β(T ).

As the temperature is lowered through T = 100 K, β ≈ 0.9
decreases to 0.4, suggesting that a large spread of the 1/T1 dis-
tribution starts to develop below 100 K. Figures 3(c) and 3(d)
illustrate the cascade and color contour plots of P(1/T1) in the
temperature-1/T1 plane, respectively. Above 100 K, P(1/T1)
features a broad distribution centered around 1/T1 ∼ (0.5 −
0.05) s−1. On cooling through 100 K, the two-peak structure
in P(1/T1) becomes apparent. We recall that H3LiIr2O6 un-
dergoes a glassy transition of hydrogen motion at Tg = 110 K,
involving a crossover from thermally activated hydrogen hop-
ping to quantum tunneling [29]. As such, a switching of
hydrogen dynamics is responsible for the concurrent decrease
of β and the distinction of two spin dynamics (inhomogeneous
magnetic states).

To shed light on the underlying spin dynamics of the
two peaks, we deconvolute the P(1/T1) histogram into two
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FIG. 3. (a) Stretched (dashed lines) and ILT (solid lines) fits of normalized M(t ) at selected temperatures. (b) Temperature dependence of
the stretched exponent. (c) Distribution function P(1/T1) as a function of temperature. The symbols mark two components of 1/T1: 1/T slow

1

(pink circles) and 1/T fast
1 (green squares). The dash-dotted and dashed lines at 40 K and the dotted lines at 100 K are representative of two

Gaussian fits. (d) The color contour plot of P(1/T1) in the temperature-1/T1 plane. (e) Temperature dependence of 1/T slow
1 (pink circles),

1/T fast
1 (green squares), 1/T str

1 (open triangles), and the center of gravity (COG; stars). (f) Temperature dependence of the spin-spin relaxation
rate 1/T2. The pink line is a guide to the eye. Pale green shadings denote a glassy transition of the hydrogen hopping at Tg = 110 K.

Gaussian profiles centered at 1/T slow
1 and 1/T fast

1 . The dotted
lines at 100 K and the dash-dotted and dashed lines at 40 K
depict two representative deconvolutions used to deduce the
slower and faster components of 1/T1. As plotted in Fig. 3(e),
1/T fast

1 (T ) [green squares in Fig. 3(c)] first decreases with
decreasing temperature down to 100 K and then increases as
T → T ∗, forming a maximum at about T ∗, and finally shows
a power-law-like drop as T → 0 K. On the other hand, the
1/T slow

1 (T ) component is negligibly small for temperatures
above 100 K, as seen from a 10 times magnified dotted line
at T = 100 K in Fig. 3(c). Overall, 1/T slow

1 (T ) is strongly
suppressed below T ∗, indicative of the formation of gapped
excitations with spatially varying gaps.

We compare 1/T slow
1 (T ) and 1/T fast

1 with 1/T str
1 (T ) [open

triangles in Fig. 3(e)]. 1/T str
1 (T ) has a near-perfect overlap

with the center of gravity (star symbol) of P(1/T1) and shows
a nonmonotonous T dependence, featuring a dip at 80 K and a
maximum around T ∗. Figure 3(f) plots the thermal evolution
of 1/T2. As the temperature is lowered from 200 K, 1/T2 un-
dergoes a steplike drop and then levels off below 80 K. Note-
worthy is that the spin-spin relaxation rate 1/T2 resembles the
T dependence of β(T ) [compare Fig. 3(f) to Fig. 3(b)].

We elaborate on the Ir spin dynamics of the faster and
slower relaxation components. In Fig. 4(a), we plot 1/T slow

1 vs
inverse temperature on a semilogarithmic scale. It is evident
that 1/T slow

1 is described by an activation form 1/T slow
1 ∼

exp(−�/kBT ) with the spin gap � in two distinct tempera-
ture windows. Since the activation behavior is observed only
over one decade, � should be taken as an empirical value.
From fittings to the activation law, we estimate the higher-
T excitation gap �h = 30–38 K in the temperature range of
T = 15–100 K [solid lines in Fig. 4(a)] and the lower-T gap
�l = 3–6 K below T = 10–15 K [dashed lines in Fig. 4(a)].
We note that the �l (H ) value is about an order of magni-
tude smaller than the �h(H ) one. The suppressed gap at low

temperatures signals the appearance of additional relaxation
channels such as gapless excitations, forming random singlets
[9–14]. As summarized in the inset of Fig. 4(a), �h(H ) (green
circles) increases with increasing field from 1 T to 3 T, while
�l (H ) (pink squares) is reduced. The opposite field depen-
dence of �l (H ) and �h(H ) is indicative of their disparate
nature. We stress that the observed gapped excitations account

FIG. 4. (a) 1/T slow
1 as a function of inverse temperature 1/T .

The solid and dashed lines are fits to an activation behavior in two
different temperature windows. The inset plots the lower- and the
higher-T spin gap as a function of an applied field. (b) Log-log
plot of 1/T fast

1 vs temperature at selected fields. The dashed line
is a power-law fit. (c) Scaling of H0.3/T fast

1 with H/T on a double
logarithmic scale. (d) Log-log scaled plot of H0.5/T str

1 versus H/T .
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for only a tiny fraction of the magnetic entropy observed
in the low-T specific heat [18]. Furthermore, 63Cu nuclear
quadrupole resonance of Cu2IrO3 gives evidence for gapped
excitations with the gap energy of 15 meV [33]. In this vein,
the gapped excitations in H3LiIr2O6 are interpreted in view
of the local modifications of Kitaev interactions by hydrogen
dynamics since honeycomb layers are exchange coupled by
interlayer hydrogen bonds. The random renormalization of
hydrogen-disorder-induced magnetic interactions engenders a
gapped phase with a gap of (0.1–0.3)JK (Kitaev interaction
JK = 100–300 K) [41].

Next, we discuss the disorder-induced faster 1/T fast
1 that

is susceptible to the freezing of the hydrogen dynamics [29],
as inferred from the kink at Tg shown by green squares in
Fig. 3(e). At high temperatures above Tg, thermally activated
hydrogen hopping governs spin dynamics, leading to the ther-
mally activated behavior of 1/T fast

1 and 1/T2. Followed by the
dip at about Tg, 1/T fast

1 forms a maximum around T ∗, charac-
teristic of short-range spin ordering, and shows the power-law
dependence T α (α ≈ 1.4) for T < 20 K. We further confirm
the scaling behavior by plotting H0.3/T fast

1 and H0.5/T str
1 vs

H/T on a double logarithmic scale in Figs. 4(c) and 4(d),
respectively. The power-law scaling in spin dynamics is asso-
ciated with the power-law DOS of N (E ) ∼ E−α as discussed
before. We note that the scaling exponent α = 0.3 for 1/T fast

1
is somewhat smaller than α = 0.5 for 1/T str

1 . According to re-
cent theoretical calculations of the NMR relaxation rate for the
Kitaev model with disorder [40], a low-T 1/T1 shows a peak
around Tmax ∼ 0.05JK and a power-law dependence T α (α �
1) below Tmax for strong bond randomness or in the presence
of even a small number of spin vacancies. A comparison of
our NMR data to the theoretical prediction reveals that the ob-
served superlinear T 1.4 dependence of 1/T fast

1 is stronger than
the sublinear T dependence and the (0.09–0.26)JK maximum
position is higher than ∼0.05JK expected for the pure Kitaev
model. The latter discrepancy may be reconciled by con-
sidering that the low-T maximum increases towards higher
temperatures in extended Kitaev models [42]. The former
raises the possibility that the low-T spin dynamics is dressed
by random singlets and another emergent low-energy excita-
tion.

In addition to a spin relaxation channel, quantum tunneling
of hydrogen motion can contribute to 1/T1 in a tunneling
regime (below Tg). Because quantum tunneling is independent
of temperature, only a constant shift of 1/T1 is expected. Con-
sequently, it does fundamentally affect our conclusion about
spin dynamics.

IV. CONCLUSION

Based on the ILT analysis of the widely distributed P(1/T1)
and χ (T ), we draw a landscape of low-energy spin excita-
tions in H3LiIr2O6. We observe the emergence of magnetic
inhomogeneities at about T = 100 K: (i) a clear separation of
P(1/T1) into two peaks, (ii) a strong decrease of β(� 1), and
(iii) a substantial repression of 1/T2. These findings demon-
strate that static or dynamic hydrogen disorders, mediating
interlayer interactions, modulate spin excitations. For tem-
peratures below T ∗ = 26 K, the concurrence of the sub-Curie
divergent χ (T ) ∝ T −0.68, the power-law dependent 1/T fast

1 ∼

T 1.4, and the weakly activated 1/T slow
1 ∼ exp(−�l/kBT )

(�l = 3–6 K) provide vital clues about an intriguing quantum
ground state that consists of random singlets and gapless
disordered states. We recall that s = 1/2 kagome Heisenberg
antiferromagnets possess essentially the same inhomogeneous
ground state [15].

To conclude, we have employed 1H NMR, static magnetic
susceptibility, and μSR to characterize the inhomogeneous
quantum ground states of H3LiIr2O6 induced by disorders.
Our ILT analysis of 1H 1/T1 combined with χ (T ) gives
evidence that an emergent low-energy state comprises spin
singlets with spatially varying small gaps and disordered
quantum paramagnetic states. Our work demonstrates that
the concerted influence of bond randomness and hydrogen
disorder on an extended Kitaev system is far more complex
than their individual effect.
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APPENDIX A: XRD AND RAMAN SPECTRA

Figure 5(a) shows XRD patterns at room temperature for
α-Li2IrO3 and H3LiIr2O6. The XRD patterns of two iridate
oxides exhibit three diffraction peaks indexed with (001),
(002), and (003) in the C2/m monoclinic setting. The 2θ of
(00l) peak is shifted up from 18.44◦ for α-Li2IrO3 to 19.24◦
for H3LiIr2O6, corresponding to interlayer distances 5.12 and
4.94 Å, respectively. This decrease in the interlayer distance
is due to the replacement of Li+ ions with H+ ions between
layers.

Figure 5(b) compares the T = 300 Raman spectra between
α-Li2IrO3 and H3LiIr2O6 in (xx) polarization. The Raman
result indicates that H+ ions are perfectly absorbed in the
α-Li2IrO3 sample. In Fig. 5(c), we show the (xx) and (xy) po-
larized Raman spectra. A previous Raman study of H3LiIr2O6

reported a total of seven phonon modes 2Ag + 1Bg + 4(Ag +
Bg) [20]. We observe five phonon modes: two Ag modes at
347 and 624 cm−1 and three (Ag + Bg) modes at 235, 473,
and 540 cm−1. The other two peaks were not visible in our
Raman spectrum due to a weak scattering intensity. Compared
to Pei et al. [20], the phonon frequencies of our sample shift
to lower energies by 6–19 cm−1. Further, we note that our
sample shows less pronounced quasielastic scattering at high
temperatures than Shanghai’s sample.

APPENDIX B: μSR

Figure 6 shows the temperature dependence of the fitting
parameters obtained from the ZF-μSR results in the tem-
perature range of T = 0.3 − 10 K. The fast relaxation rate
λ1 increases slightly with decreasing temperature and nearly
levels off below 3 K, while the slow relaxation rate λ2 displays
a nearly temperature-independent behavior. This suggests a
quantum-disordered ground state with persistent spin dynam-
ics. In addition, the internal field distribution �0, the ratio R,
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FIG. 5. (a) X-ray diffraction patterns of α-Li2IrO3 and H3LiIr2O6 at room temperature. Peaks are indexed with Miller (00l) indices.
(b) Raman spectra of α-Li2IrO3 and H3LiIr2O6 at room temperature. (c) Polarized Raman spectra of H3LiIr2O6 at room temperature in (xx)
and (xy) polarizations.

and the fast-relaxing fraction f1 are also temperature inde-
pendent. The average values of the parameters are evaluated
to be �

avg
0 = 11.76 MHz, R = 0.39, and f avg

1 = 0.372, re-
spectively. It should be noted that the Gaussian-broadened
Gaussian function is appropriate to describe the muon spin de-
polarization driven by disordered magnetism with short-range
correlations.

In order to separate the static and dynamic fractions, we
carried out LF-μSR experiments at T = 0.3 K. As depicted
in Fig. 7, with increasing the longitudinal field HLF, the muon
spin polarization begins to recover and is fully saturated
at HLF = 4500 G. The obtained LF-μSR spectra are well

FIG. 6. (a) Temperature dependence of the ZF-μSR fitting pa-
rameters. Fast- and slow-muon spin relaxation rates λ1 and λ2 vs
temperature in a semilog scale. (b) Temperature dependence of the
mean value of the Gaussian-broadened Gaussian distribution �0.
(c) Ratio of the distribution width to the distribution mean value.
(d) Thermal evolution of the fast-relaxing fraction f1.

described by the sum of dynamic Gaussian Kubo-Toyabe,
simple exponential, and constant background: Pz(t ) =
f1GDGKT(�, HLF, ν, t ) exp(−λ1t ) + f2 exp(−λ2t ) + f3.
Here, GDGKT(�, HLF, ν, t ) is the dynamic Gaussian
Kubo-Toyabe function with the applied field HLF and the
fluctuation rate ν. The μSR asymmetry was normalized by
the fitted theoretical value after subtracting the temperature-
independent background f3. The fittings to the LF-μSR
data provide the field distribution � = 11.08(3) MHz and
the nearly zero hopping term ν = 4.4 kHz. The static
and dynamic fractions are estimated to be 72.4% and
27.6%, respectively. In contrast to the previous μSR results
[19], however, we could not identify the time-field scaling
Pz(t ) = P(t/Hγ ) of the LF-μSR spectra.

FIG. 7. LF dependence of μSR spectra at T = 0.3 K in repre-
sentative fields. The solid curves indicate the fittings to the data
as described in the text. The internal field/frequency distribution is
evaluated to be � = 11.08(3) MHz.
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