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The family of rare-earth chalcogenides ARECh2 (A = alkali or monovalent ions, RE = rare earth, and Ch =
O, S, Se, and Te) appears as an inspiring playground for studying quantum spin liquids (QSLs). The crucial low-
energy spin dynamics remain to be uncovered. By employing muon spin relaxation (μSR) and zero-field (ZF)
AC susceptibility down to 50 mK, we are able to identify the gapless QSL in NaYbSe2, a representative member
with an effective spin-1/2, and explore its unusual spin dynamics. The ZF μSR experiments unambiguously
rule out spin ordering or freezing in NaYbSe2 down to 50 mK, which is two orders of magnitude smaller than
the exchange coupling energies. The spin relaxation rate λ approaches a constant below 0.3 K, indicating that
finite spin excitations are featured by a gapless QSL ground state. This is consistently supported by our AC
susceptibility measurements. The careful analysis of the longitudinal field (LF) μSR spectra reveals a strong
spatial correlation and a temporal correlation in the spin-disordered ground state, highlighting the unique feature
of spin entanglement in the QSL state. The observations allow us to establish an experimental H-T phase diagram.
The study offers insight into the rich and exotic magnetism of the rare-earth family.

DOI: 10.1103/PhysRevB.106.085115

I. INTRODUCTION

Recently revealed triangular lattice rare-earth chalco-
genides form a large family of quantum spin liquid (QSL)
candidates [1–4]. The strong spin-orbit coupling (SOC) and
crystalline electronic field (CEF) excitations generate a rich
diversity of magnetic and electronic properties of the family
and have been extensively investigated [2,5–10].

As a representative member of the family, NaYbSe2

receives increasing research interest, particularly on the ex-
perimental side, because of the availability of larger single
crystals. In our previous work, we have carried out inelas-
tic neutron scattering (INS) and Raman studies of the CEF
excitations in NaYbSe2, and revealed that NaYbSe2 has the
smallest CEF compared to NaYbO2 and NaYbS2 [7]. By
applying the CEF theory and the mean-field (MF) picture to
thermodynamic measurements, we are able to further deter-
mine a characteristic temperature of ∼25 K, below which CEF
excitations fade away and intrinsic spin interactions come to
dominate low-energy magnetic excitations. This guarantees
that at a sufficiently low temperature, one can safely and
strictly describe the spin system using an anisotropic spin-1/2
Hamiltonian on a perfect triangular lattice.

The highly anisotropic spin interactions featured by rare-
earth magnetic ions may give rise to nontrivial magnetic
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properties and ground states. INS experiments have reported
the observations of spinon excitations under zero field [3,8].
Several unusual spin-ordered phases can be induced by
magnetic fields [3,4,11]. More interestingly, unconventional
superconductivity in NaYbSe2 comes into consideration due
to its appropriate energy band gap (∼1.9 eV) and actu-
ally some attempts with high pressure have been carried
out [12,13]. All these are ultimately related to spin dynamics
in the ground state, which remains to be clearly uncovered
because of the limited energy resolution of INS experiments.
The muon spin rotation and relaxation (μSR) technique is
generally recognized as a powerful and unique tool to probe
low-energy spin dynamics since muons injected into the sam-
ple are extremely sensitive to any tiny local internal field at
the muon stopping sites. Since selenium ions are the only
negatively charged anions in NaYbSe2, the implemented μ+
mainly stops near Se2− and probes the local magnetic envi-
ronment and spin dynamics (see Fig. 1).

In this paper, we explore the magnetic ground state of
NaYbSe2 by combining μSR and zero-field (ZF) AC sus-
ceptibility down to 50 mK. The ZF and longitudinal-field
(LF) μSR measurements, together with ZF AC susceptibility
measurements, unambiguously rule out any spin ordering or
freezing in the ground state in NaYbSe2.

The muon spin relaxation rate λ is a highly sensitive mea-
sure of spin fluctuations and approaches a constant value of
∼0.9 μs−1 below 0.3 K, which is far beyond the contribution
from the wave function of the CEF ground state. The signal of
finite spin excitations is also supported by AC susceptibility
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FIG. 1. Crystal structure of NaYbSe2 and schematic diagram of
muon stopping site in NaYbSe2. The implanted μ+ mainly stops near
Se2− and probes the local magnetic environment and spin dynamics.

measurements and explicitly points to a gapless QSL ground
state. The careful analysis of LF μSR spectra offers more
insight into the spin dynamics, which suggests a strong spin
correlation in both space and time, a signal of spin entangle-
ment unique to QSL. The observations allow us to establish
an experimental H-T phase diagram.

II. EXPERIMENTS AND NUMERICAL METHODS

Single crystals of NaYbSe2 were grown by the NaCl-flux
method and the polycrystalline samples were synthesized by
the Se-flux method [1,7]. The high quality of both the single-
crystal and polycrystalline samples was confirmed by x-ray
diffraction (XRD), Laue x-ray diffraction, and energy dis-
persive x-ray spectroscopy (EDX) [7]. Single crystals were
orientated using Laue x-ray diffraction and fixed on an Ag
sample holder.

The μSR data were collected using the MuSR spectrometer
at the ISIS facility, Rutherford Appleton Laboratory, United
Kingdom. The data in the high-temperature range of ∼4–
10 K were collected with a He-4 cryostat, while the data
in the low-temperature range of ∼0.05–4 K were collected
with a dilution refrigerator. The μSR data were analyzed
with the open source software package MANTID [14]. The
data of ZF-μSR, LF-μSR at 1 K, and LF-μSR at 0.1 K
are provided by the polycrystalline of NaYbSe2; the data of
LF-μSR at 10 K are provided by a single crystal of NaYbSe2.
For the μSR data, the effective measurement time starts
at t = 0.14 μs.

The ZF AC susceptibility measurements from 50 mK to
4 K were performed on a dilution refrigeration (DR) system.

III. ZERO-FIELD (ZF) μSR

The ZF-μSR asymmetry spectra are analyzed with a rela-
tively complete formula written as

A(t ) = A0 + ASE + AKT ,

ASE = A1e−(λt )β ,

AKT = A2
[

2
3 (1 − σ 2t2)e− 1

2 σ 2t2 + 1
3

]
, (1)

FIG. 2. ZF μSR spectra of NaYbSe2. (a) ZF-μSR asymmetry
spectra with the fitting curves using formula (1). (b) The contribution
of the stretching exponential (SE) term and Kubo-Toyabe (KT) term
obtained from (a) at the selected temperatures. The shaded areas
accompanying the fitting curves in (b) are actually the fitting error
bars.

where the first term on the right-hand side, A0, is the flat back-
ground term originating from the sample holder and maintains
a constant value of 0.0062 during the fitting process. The
second term comes from the stretched exponential relaxation
and A1 is the initial asymmetry for this component, λ is the μ+
spin relaxation rate, and β is the stretching exponent. The third
one is called the Kubo-Toyabe term representing the width of
the static field distribution term and the decay rate σ is related
to the width of the dipolar field distribution [15,16].

First of all, no oscillation is seen in the ZF-μSR spectra
within the time window up to 12 μs, even down to 50 mK, in
Fig. 2(a). Actually, there is no evidence for oscillations over
the full measured time window of 32 μs. This unambiguously
rules out the possibility of the magnetically ordered ground
state.

Further analysis allows one to exclude a global spin freez-
ing in the ground state. (1) The polarization in the ZF-μSR
spectra does not recover to 1/3 of the initial one. This may
suggest a small amount of spin-glass-like freezing related to
magnetic defects. Similar observations are also reported in
YbMgGaO4 [17], NaYbO2 [6], and NaYbS2 [18]. (2) The
stretched exponent β fluctuates around 1.8 in the tempera-
ture range of ∼0.3–1 K [see Fig. 4(b)], which corresponds
to a broad peak in heat capacity [19]. This indicates that
the spin system establishes a strong spin correlation in the
temperature range. The fact that β below 0.3 K is close
to 1.8, rather than around 1/3, suggests that the spin sys-
tem develops into a stable quantum spin liquid despite a
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FIG. 3. LF-μSR spectra of NaYbSe2. (a)–(c) LF-μSR asymmetry spectra at 10, 1, and 0.1 K, respectively, with the fittings by formula
(1). (d)–(f) The contribution of the stretching exponential (SE) term and the Kubo-Toyabe (KT) term corresponding to (a)–(c) at the selected
magnetic fields. The shaded areas accompanying the fitting curves in (d)–(f) are actually the fitting error bars.

small amount of spin freezing or magnetic defects [20]. A
global spin freezing usually gives a β of ∼1/3 at the freez-
ing temperature [17]. It is an empirical rather than strictly
derived value. Qualitatively, the small β in a spin glass is
considered to be related to the distribution of relaxation rates
centered at a small value. Experimentally, the β values of the
spin-glass materials AgMn alloy [21], Y(Mn1−xAlx )2 [21,22],
and La2Cu0.25Co0.75O4+δ [21] are all close to 1/3 below
the spin-glass transition temperatures. And, the Monte Carlo
simulations result also gives a β value of ∼1/3 below the
spin-glass transition temperature [23]. (3) The Kubo-Toyabe

FIG. 4. Temperature evolution of spin dynamics parameters.
(a) ZF-μSR spin relaxation rate λ. (b) ZF-μSR stretching exponent
β. (c) Decay rate σ in the Kubo-Toyabe term. The three parameters
describing the spin dynamics are defined in formula (1). (d) ZF AC
susceptibility at various frequencies. Magnetic field dependence of
spin dynamics.

term can tell us more. The term smoothly decays with time
and does not recover to 1/3 of the initial one within the
measurement time [see Fig. 2(b)]. It is insufficient to support
a spin freezing. The fitting parameter σ in the Kubo-Toyabe
term increases with lowering temperatures [see Fig. 4(c)].
This is related to nuclear magnetic moments rather than spin
freezing. The Schottky effect of nuclear magnetic moments
becomes remarkable at very low temperatures and has been
observed in the zero-field heat capacity [19]. Expectedly, it
is also observed in NaYbS2 [18] and NaYbSe2. It should
be pointed out that there is no such static field observed in
YbMgGaO4 even below 0.1 K, as the Mg/Ga disorder may
smear out the contribution from the nuclear magnetic moment.

Let us turn to the three key parameters describing low-
energy spin dynamics, λ, β, and σ . They all go up to a
plateau below 0.3 K (Fig. 4), indicating the emergence of
a stable magnetically disordered QSL ground state. Among
them, the ZF μ+ spin relaxation rate λ, which probes lo-
cal spin fluctuations, is a key indicator of the ground-state
magnetism. In order to dig into it deeply, we have checked
the contribution from the CEF ground state. The spin-orbit
coupled CEF ground state in NaYbSe2 is an effective spin-
1/2 Kramers doublet protected by time-reversal symmetry.
The careful determination of the CEF parameters by INS and
thermodynamic measurements gives rise to the exact wave
function of the CEF ground state [7]. We are able to calculate
magnetic susceptibility from 0.01 to 10 K using the CEF
ground-state wave function (see Supplemental Material [24]).
Not surprisingly, the magnetic susceptibility simply follows
the Curie-Weiss law. It is possible that the paramagneticlike
susceptibility develops a plateau at very low temperatures,
but only when a sufficiently high magnetic field is applied.
This is not the case for the spin relaxation rate λ, which feels
the uniform internal field without any external field. Thus the
plateau of λ intrinsically comes from finite spin excitations,
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which evidences a gapless QSL ground state. To cross check
the picture, we have further measured ZF AC magnetic sus-
ceptibility down to 50 mK [Fig. 4(d)]. Clearly, no magnetic
transition is observed here and the absence of frequency de-
pendence also rules out the possibility of spin freezing. More
importantly, the susceptibility also approaches a constant at
the lowest temperatures, which well supports the ZF μSR
results discussed above. It is important to note that the plateau
of AC susceptibility appears at a lower temperature than that
of μSR. One reason is that μSR measurements probe the
local magnetism and spin dynamics, while AC susceptibility
measurements probe the magnetic properties of the bulk ma-
terial. In this sense, the AC susceptibility and spin relaxation
rate are not completely equivalent. The spin system gradually
enters a QSL state as the temperature decreases. When the
sign of QSL appears in a local region, it can be caught up
by μSR. AC susceptibility cannot see a stable platform until
the system enters a global QSL state. The other reason is that
the frequency of the muon is up to an order of 108Â Hz,
while the working frequency of AC susceptibility does not
exceed an order of 104Â Hz. It means that the muon can
observe the platform of the spin relaxation rate at a relatively
higher temperature, while the platform in the channel of AC
susceptibility appears normally at a lower temperature.

IV. LONGITUDINAL-FIELD (LF) μSR

The LF-μSR experiments allow one to analyze the static
and nonstatic fields in NaYbSe2. The stretched exponential
term and the Kubo-Toyabe term in the above fitting formula
are related to nonstatic uniform local fields (or nonstatic
fields) [25] and static fields, and reflect spin fluctuations in
the QSL phase and the contribution from the nuclear magnetic
moment [26], respectively.

At 10 K, the application of a tiny magnetic field of ∼10 G
can polarize the Kubo-Toyabe term to an almost straight line
[Figs. 3(a) and 3(d)], which means there is little static field
at this temperature. By lowering the temperatures to 1 K, one
can see that the zero-field μSR asymmetry spectrum shows a
weak but clear upturning [Fig. 3(b)], which comes from the
Kubo-Toyabe term. In other words, a small but finite static
field appears around 1 K. The static field is suppressed by a
magnetic field of ∼50 G. This suggests that the weak static
field in NaYbSe2 should be related to the nuclear magnetic
moment. The Kubo-Toyabe term at 0.1 K is similar to what
we have seen at 1 K. In NaYbSe2, 23Na and 79Se have nonzero
nuclear magnetic moments. The nuclear spin and magnetic
moments for 23Na are 3/2 and 2.21 μN , and 7/2 and −1.02
μN Â for 79Se (refers to the nuclear magneton), respectively.
Generally, a positively charged μ+Â stops near Se2− rather
than Na+, and hence probes the local magnetic environment
and spin dynamics around 79Se.

Compared to the static field, the nonstatic internal field
described by the stretched exponential term is more inter-
esting and informative. The stretched exponential term is
closely related to quantum fluctuations. We use the steady
magnetic fields to carry out LF-μSR measurements. A clear
contribution of the stretched exponential term (or nonstatic
internal field) appears at 10 K, but a weak magnetic field
(∼10 G) can significantly suppress it [see the orange/red line

in Fig. 3(d)] over the measurement time. At 1 and 0.1 K,
the magnetic fields needed increase to ∼50 G and ∼1000
G, respectively Figs. 3(b), 3(e) 3(c), 3(f). This means that
the nonstatic field (or intrinsic spin fluctuations) related to
anisotropic spin-exchange interactions becomes stronger at
lower temperature. It reflects that there exists a strong and
intrinsic spatial spin correlation and fluctuation at low tem-
peratures in NaYbSe2. The strong spatial and temporal (see
below) spin correlations are driven by strong quantum rather
than thermal fluctuations in the spin-entangled QSL state. A
similar observation has been reported in some other QSL can-
didates, such as Ce2Zr2O7 [27] and NaYbS2 [18]. At different
temperatures, the contribution of the Kubo-Toyabe term and
the stretched exponential term to the LF-μSR spectra with the
change of magnetic fields can be found in the Supplemental
Material [24].

V. SPIN DYNAMICS

Let us turn to the analysis on spin dynamics. The spin
relaxation rate λ at higher temperatures can be written as [17]

λ(T > 10K, H ) = 2�2ν

ν2 + (μ0Hγμ)2
, (2)

where λ approaches a temperature-independent value of ∼0.2
μs−1 above 10 K [Fig. 4(a)]; � is the fluctuating component
of the field at the μ+ site perpendicular to its initial polariza-
tion, which describes the distribution width of local magnetic
fields; ν is the spin fluctuation frequency; γμ = 135.5 MHz/T
is the μ+ gyromagnetic ratio; and μ0 is the magnetic per-
meability in vacuum. The fluctuation frequency at ∼10 K
can be estimate using ν = √

zJ/h, where the coordination
number z is 6, which refers to the number of the nearest
Se2− neighbors coordinated to a central Yb3+ magnetic ion.
The spin-exchange energies are given by analyzing thermody-
namic measurements [19]. The calculated results are listed in
Table I. The estimated distribution width of the local magnetic
fields, � � ν, confirms the limit of fast spin fluctuation.

Based on the above results and the following expression of
the μ+ spin relaxation rate [28,29], we can further analyze the
dynamic spin correlation at low temperatures. The expression
has been adopted to analyze the spin dynamic characteristics
of quantum spin liquid candidates, such as YbMgGaO4 [17]
and NaYbS2 [18],

λ(H ) = 2�2τ x
∫ ∞

0
t−x exp(−νt ) cos(2πμ0γμHt )dt, (3)

where t is time; τ is the early time cutoff; �, γν , and ν

have been defined in (2); and x is defined as a critical expo-
nent [17,30]. The simulation using this expression, presented
in Fig. 5(a), gives x = 0.62(7) and ν = 8.27(6) × 105 Hz. It
should be noted that the temporal spin correlation function,
S(t ) ∼ (τ/t )x exp(−νt ), shows an exponential form multi-
plied by a power law, rather than the pure exponential one of
S(t ) ∼ exp(−νt ) at high temperatures [17]. ν is much smaller
at low temperatures (∼0.1 K) compared to ν ∼ 1010 Hz at
high temperatures (∼10 K). The longer spin fluctuation can
only be driven by the quantum entanglement of spins at low
temperatures, which is similar to the LF-μSR measurement
results of QSL candidates NaYbS2 [18] and YbMgGaO4 [17].
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TABLE I. Fluctuations of the local fields at 10 K.

Spin interactions Fluctuation frequencies Distribution widths

|Jzz|a 0.95 K νzz 2.42 × 1010 Hz �zz 5.23 × 107 Hz
|J+−|b 3.27 K ν+− 8.34 × 1010 Hz �+− 9.70 × 107 Hz
|Javg|c 2.50 K νavg 6.37 × 1010 Hz �avg 8.47 × 107 Hz

aThe spin-exchange interaction along the c axis.
bThe spin-exchange interaction in the ab plane.
c|Javg| = 1

3 |Jzz| + 2
3 |J±|

The stretching exponent β reflects the stability of the ground
state under magnetic fields. Below 200 G, the β values from
the ZF-μSR spectra show a V shape with magnetic fields,
but it is always greater than 1. This is a clear sign ruling out
spin freezing, which is close to 1/3 as mentioned above. This
suggests a fast spin dynamics which remains under a magnetic
field less than 200 G. And no signal related to a magnetically
ordered state was observed in the range of ∼0–3000 G. In this
sense, the LF-μSR data at 0.1 K allows one to infer that the
QSL ground state is robust against external magnetic field.

It should be highlighted here that the above features ex-
tracted from the analysis on LF-μSR spectra are unique to
a QSL state and contrarily are absent in spin glass or mag-
netically ordered materials. For instance, in the spin-glass
compounds CuMn alloy [31] and AgMn alloy [32], the spin
relaxation rate λ drops rapidly below the spin freezing tem-
perature, which means that there is almost no temporal spin
correlation when entering the spin freezing phase. For the typ-
ical magnetically ordered materials, such as transition metal
magnetic materials RFeAsO (R = La, Ce, Pr, and Sm) [33],
rare-earth magnetic material CeCoGe3 [34], and triangular
spin lattice NaxCoO2 · yH2O [35], the temporal spin cor-
relation gradually approaches 0 below the phase transition
temperature.

VI. PHASE DIAGRAM

The μSR results identify a gapless QSL ground state in
NaYbSe2 and allow one to establish an experimental H-T
phase diagram (Fig. 6), in combination with our study of the
CEF excitations of NaYbSe2 [16] and the measurements of
the magnetic susceptibility, magnetization, and heat capac-
ity of NaYbSe2 at finite temperatures [19]. In the region of

0.1 K 0.1 K

FIG. 5. (a) LF-μSR spin relaxation rate λ. The red solid circles
are obtained from LF-μSR spectra, and the red solid line is produced
by the expression (3). (b) LF-μSR stretching exponent β.

T < 0.3 K and H < 200 G, the spin system is in the gapless
quantum spin liquid phase. A weak static field contributed
by nuclear moment little affects the ground state, and a weak
applied magnetic field (∼50 G) can offset the static field. In
particular, the spin relaxation rate λ given by the ZF-μSR
measurements basically remains constant (∼0.9 μs−1) in this
temperature range, exactly similar to the experimental obser-
vation of a gapless quantum spin liquid in YbMgGaO4 [17].

Consider the phase diagram along the axis of the magnetic
field. A magnetic field of ∼1000 G can suppress the nonstatic
uniform field and hence destroy the QSL state. But there is
no sign of a phase transition around this magnetic field, as
we have seen from the thermodynamic results under the same
conditions [1]. It may mean that the spin system enters a para-
magnetic state or transition state in the magnetic field region.
A larger magnetic field (>3 T) induces magnetically ordered
phases, which have been observed and studied in NaYbO2 [3]
and NaYbS2 [36].

As a function of temperature, one can see another crossover
region of ∼1–10 K. In this temperature range, spin interac-
tions are almost the same order of magnitude as temperature
and the parameters given by the ZF-μSR spectra have been
changed. Meanwhile, we can observe a broad heat capac-
ity peak contributed by spin-exchange interactions near 1 K
in the ZF heat capacity of NaYbSe2 [19]. In the region of
higher temperatures (>25 K), the susceptibility and heat ca-
pacity calculated by using the CEF parameters determined
by INS [7] are consistent with the experimental results [19].

Gapless 
QSL State

Crossover
CEF

Spin-Ordered State

0 1 10 100
0

0.01

0.1

1

10

� 0
H

(T
)

Temperature (K)

Paramagnetic/Transition State

FIG. 6. Experimental H-T phase diagram of NaYbSe2 based on
the data in this paper and neutron and thermodynamics data from
Refs. [7] and [19]. “CEF” refers to the phase in which CEF ex-
citations play a dominant role. “Spin-ordered state” refers to the
magnetically ordered state induced by magnetic fields.

085115-5



ZHENG ZHANG et al. PHYSICAL REVIEW B 106, 085115 (2022)

It suggests that the magnetism in the temperature range is
dominated by the CEF excitations.

VII. CONCLUSION

We have explored the spin ground state and its spin dynam-
ics in NaYbSe2 by combining μSR and ZF AC susceptibility.
The zero-field μSR experiments demonstrate that there is no
spin ordering or freezing even down to 0.05 K. The spin
relaxation rate λ stays at a constant of ∼0.9 μs−1 below 0.3 K,
which demonstrates the existence of finite spin excitations in
the ground state and hence evidences a gapless QSL ground
state. The ZF AC susceptibility also approaches a plateau
at very low temperatures and further supports the picture of
the gapless QSL ground state. The careful analysis of LF-
μSR spectra offers many characteristics of spin dynamics in
NaYbSe2, particularly revealing a strong spin correlation in
the ground state not only in space but also in time, which
can be considered as an indication of spin entanglement in
QSL. The QSL ground state has also been observed in the two
brothers of NaYbSe2, NaYbO2 [3,6], and NaYbS2 [18]. This
experimentally generalizes the material system as an inspiring
platform for studying QSL.

The study sheds light on the unconventional magnetic
properties of the rare-earth family and demonstrates its
promising and intriguing potential as an inspiring platform for
exploring the physics of QSL.
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