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Thermodynamics and heat transport in the quantum spin liquid candidates NaYbS, and NaYbSe,
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We study the ultralow-temperature thermodynamics and thermal conductivity (k) of the single-crystal rare-
earth chalcogenides NaYbS, and NaYbSe,, which have an ideal triangular lattice of the Yb** ions and have
been proposed to be quantum spin liquid candidates. The magnetic specific heat divided by temperature Cyag/T
is nearly constant at 7 < 200 mK, which is indeed the indication of the gapless magnetic excitations with a
constant density of states. However, we observe a vanishingly small residual term «,/7, which points to the
absence of mobile fermionic excitations in these materials. Both the weak temperature dependence of « and
the strong magnetic-field dependence of « suggest the significant scattering between the spinons and phonons,
which actually supports the existence of a gapless or tiny-gapped quantum spin liquid. Moreover, the x (B)/x (0)
isotherms show a series of field-induced magnetic transitions for B || a, confirming the easy-plane anisotropy,
which is consistent with the results of ac magnetic susceptibility. We expect our results to inspire further interests
in the understanding of the spinon-phonon coupling in the spin liquid systems.

DOI: 10.1103/PhysRevB.110.224414

I. INTRODUCTION

In low-dimensional quantum magnets, the strong frustra-
tion effect originating from the competing magnetic exchange
interactions suppresses conventional long-range order, to-
gether with the small spin quantum number, leading to an
exotic quantum disorder state without breaking any symmetry
even at 0 K—the quantum spin liquid (QSL). It was originally
proposed by Anderson in 1973 based on the two-dimensional
triangular lattice antiferromagnet, and then applied to explain
the mechanism of high-temperature superconductivity [1-5].
Since then, many theoretical and experimental efforts have
been devoted to QSL. Theoretical studies have proposed sev-
eral kinds of QSLs, including a gapless U (1) Dirac QSL, a
gapped Z, QSL, and a chiral spin liquid [6,7]. Experimen-
tally, various types of QSL candidates have been discovered
in two-dimensional triangular lattice, kagome lattice, honey-
comb lattice, or three-dimensional pyrochlore structures.
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It is well known that spin-1/2 triangular-lattice antifer-
romagnets are ideal QSL candidates. EtMe3;Sb[Pd(dmit);],
and k-(BEDT-TTF),Cu;,(CN); are early found organic QSL
candidate materials and have been widely studied [8,9]. And
then, a variety of inorganic materials have emerged, in-
cluding Ba;CuSb,09, YbMgGaO,, TbInO3, NaBaCo(PO4),,
PI‘MA111019 (M = Mg, ZH), NdTa7019, and AR@CI’ZZ (A =
alkali, Re = rare earth, Ch = O, S, Se) [10—18]. Among them,
rare-earth-based spin frustrated materials have attracted much
attention, in which the strong spin-orbit coupling of rare-earth
ions can realize an effective J.ry = 1/2 moment and strong
quantum fluctuations stabilize the QSL state. In particular, a
4 f-based compound YbMgGaO, has been investigated exten-
sively. The absence of long-range magnetic ordering down
to several tens of millikelvins, a T%/* behavior of magnetic
specific heat [11], a small residual thermal conductivity xo/T
[~0.0058 W/(K2 m)] [19], and a continuous magnetic ex-
citation spectrum [20,21] are attributed to the gapless QSL
ground state with spinon Fermi surface. On the contrary, the
frequency dependence of the ac susceptibility and a persistent
excitation continuum at polarized field [19,21] question the
QSL ground state. The random distribution of Mg>* and Ga**
ions may play a crucial role in the controversy on the magnetic
ground state of YbMgGaO, [22]. To better characterize the
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actual physics of QSL, it is necessary to discover new QSL
candidates to eliminate disorder effects.

The Yb delafossites NaYbCh, (Ch = O, S, Se) were found
to be the promising QSL materials, in which Yb** ions form
an ideal triangular lattice and free from mixing disorder.
The magnetic properties of NaYbCh, can be systematically
tuned by changing the chalcogen ions (intralayer interac-
tions). Previous studies reported the power-law temperature
dependence of the magnetic specific heat and the continuous
magnetic excitations observed by inelastic neutron scatter-
ing (INS), indicative of the gapless U (1) QSL with spinon
Fermi surface [23-25]. The fingerprints of the gapless spinon
Fermi surface are (i) a broad and continuous magnetic exci-
tations spectrum in INS experiments [20,21,26]; (ii) a power
law temperature dependence of magnetic specific heat (C ~
T%) [11,27,28]; and (iii) a finite residual thermal conductiv-
ity xo/T at 0 K [8,12,29-31]. Obviously, NaYbCh, exhibit
the first two hallmarks and lack the experimental studies of
low-temperature thermal conductivity due to the challenge in
growing high-quality single crystals. For NaYbO,, all exper-
imental research is based on the polycrystalline samples and
limits the further characterization. For NaYbS, and NaYbSe,,
researchers have successfully grown single-crystal samples,
but they are so thin and fragile that the high-quality heat
transport measurement is still very challenging. In this regard,
one earlier work reported the ultralow-temperature « results
of NaYbSe, single crystals [32], which however displayed
a puzzling peak at 5 T on the «(B) curves (B || ¢) since all
the existing experimental studies do not suggest any magnetic
transition at this critical field.

In this work, we have grown high-quality NaYbS, and
NaYbSe; single crystals and performed ultralow-temperature
thermal conductivity measurement, as well as the ultralow-
temperature ac magnetic susceptibility and specific heat
measurements. In addition to confirming the absence of long-
range magnetic order down to several tens of millikelvins
and the linear temperature dependent magnetic specific heat,
we observed a vanishingly small residual term «( /7 for both
materials, which indicates that there are no mobile fermionic
excitations. Moreover, we observed a series of field-induced
magnetic transitions for B || a, including the 1/3 magneti-
zation plateau associated with an up-up-down spin structure
that demonstrates the easy-plane properties of NaYbS, and
NaYbSe,.

II. EXPERIMENTS

High-quality NaYbS, and NaYbSe, single crystals were
grown by the flux method [17,33-35]. Large and shiny thin-
pallet-like crystals were obtained. The important progress of
our crystal growth is that the thickness of single crystals
reaches several tens of micrometers, which guarantees the
reliable heat transport measurements. The ac susceptibility
was measured using the conventional mutual inductance tech-
nique (with a combination of ac current source and a lock-in
amplifier) at the SCM1 dilution fridge magnet of the National
High Magnetic Field Laboratory, Tallahassee [36]. The typ-
ical ac field strength is 1.1-1.6 Oe. The specific heat was
measured by relaxation technique using a physical property
measurement system (PPMS) (DynaCool, Quantum Design)
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FIG. 1. Crystal structure of NaYbS, and NaYbSe, and the
schematic illustration of the perfect triangular layer with the Yb>*
ions.

with a dilution insert. The heat transport measurements were
performed by using a “one heater, two thermometers” method
in a *He/*He dilution refrigerator (70 mK < T <1 K)
and 3He refrigerator (0.3 K < T < 30 K), equipped with a
14 T superconducting magnet. The samples were cut into
dimensions of 2.13 x 1.56 x 0.052 mm? and 3.00 x 1.07 x
0.029 mm? for NaYbS, and NaYbSe,, respectively, with the
c axis along the thickness direction. The heat currents (J) were
along the longest dimensions in the a axis, and the magnetic
fields were applied along either the ¢ axis (B L J) or the a axis
B ).

III. RESULTS AND DISCUSSION

A. Crystal structure and magnetic susceptibility

Figure 1 shows the crystal structure of NaYbS, and
NaYbSe,, in which the magnetic Yb3* ions form ideal tri-
angular lattice layers that are separated by the nonmagnetic
NaChg octahedra along the ¢ axis. It is notable that the
YbChg octahedra edge-shared with NaChg octahedra and are
weakly distorted. The tilt of the YbSe¢ octahedra is smaller
than that of YbS¢ octahedra, which is related to the larger
radius of Se?~ and leads to the difference of intralayer in-
teractions between NaYbSe, and NaYbS,. Due to the large
difference in ionic size between Nat and Yb>*, the antisite
disorder is much smaller than that of the Yb-based QSL
candidate YbMgGaO, with Mg*"/Ga®* site disorder [19].
The site disorder in NaYbS, and NaYbSe, has been well
studied. For NaYbS,, the results of x-ray diffraction (XRD),
scanning electron microscopy (SEM), electron spin resonance
(ESR), and nuclear magnetic resonance (NMR) all evidenced
an absence of inherent structural distortions [24,42]. For
NaYDbSe,, the previous literatures have reported the absence
of intrinsic structural disorder by using XRD, ESR, NMR,
and neutron scattering measurements [37,38]. An exceptional
result is that a small amount of Yb occupying the Na site
was probed by using single-crystal XRD and the inductively
coupled plasma measurements [25]. The structural and com-
positional characterizations of these single crystals have been
reported in some of our previous papers [17,34,35]. However,
we have not carried out deeper experimental characteriza-
tion of the site disorder in the samples used in the present
work.
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FIG. 2. Real component of the ac magnetic susceptibility as a
function of dc field at different temperatures with B || a for NaYbS,
and NaYbSe,, respectively. The arrows indicate the weak peaks of
NaYbS, data.

Figure 2(a) shows the field dependence of ac suscepti-
bility x’(B) measured at selected temperatures with B | a
for NaYbS,. At T = 30 mK, the x'(B) curve displays three
weak peaks around 3.5, 6.5, and 12.5 T, respectively, and
approaches saturation around 13.5 T. With increasing tem-
perature, these peaks become weaker and broader. These
transition fields are consistent with the previously reported
results, indicating the magnetic transitions induced by the
external magnetic field [24]. For NaYbSe,, at T = 20 mK,
the x’(B) curve exhibits much sharper peaks around 3.5, 6.5,
and 12 T with B || a. With increasing temperature, these peaks
become broader and shift to lower magnetic field, as shown in
Fig. 2(b). The overall behavior of x'(B) curves is similar to
that of NaYbS,. The remarkable difference is that there is a
deep valley at 3.5 ~ 6.5 T for NaYbSe,, which corresponds
to the 1/3M; plateau (M, is the saturation magnetization), as
reported by Ranjith et al. [37], and indicates an up-up-down
phase. This has been predicted by the mean-field theory and
further confirms an easy-plane anisotropy in NaYbSe, [39].
Therefore, the present ac susceptibility data are basically con-
sistent with the previous magnetization studies. In passing,
we explain a bit about the difference of ac susceptibility
data between NaYbS, and NaYbSe,. The ac susceptibility
measurement was performed using homemade ac coils [36].
Different coils lead to different background of ac signal. The

FIG. 3. Temperature dependence of the specific heat divided by
temperature, C,,/T, for NaYbS, and NaYbSe, single crystals at zero
magnetic field. The red lines are the estimated nuclear Schottky
contributions Cy,./T. Also shown are the magnetic specific heat
divided by temperatures, Crag /T .

data of NaYbS, and NaYbSe, were obtained on two different
coils and the coil for NaYbS, has large background. This is
the main reason for there being no very clear valley feature of
NaYbSe, data.

We recently noticed a study on NaYbSe, by Scheie et al.
that reported the ultralow-temperature ac susceptibility for not
only B || a but also B || ¢ [38]. It can be seen that our suscep-
tibility data are consistent with theirs. It should be pointed out
that their data for B || ¢ show a very broad and weak peaklike
feature at ~7 T, which behaved significantly differently from
those for B || a.

B. Specific heat

To characterize the thermodynamics of NaYbS, and
NaYDbSe, single crystals, the low-temperature specific heat
measurements were performed down to 60 mK with external
magnetic field along the ¢ axis. As shown in Fig. 3, the
zero-field specific heat is almost identical for NaYbS, and
NaYDbSe,, and there is no signature of long-range magnetic
order. The upturn at ultralow temperatures originates from
the nuclear Schottky contribution, which can be simply de-
scribed by Cpye o T [25,37]. The plot C,/T vs T displays
a broad peak between 0.2 and 1.5 K, which is a common
behavior observed in some other QSL candidates, such as
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FIG. 4. Magnetic field dependence of specific heat for NaYbS,
and NaYbSe, single crystals with B || c.

YbMgGaO, and NaYbO, [11,40]. After subtracting the esti-
mated nuclear Schottky contributions, the obtained magnetic
specific heat Cp,, shows a nearly linear temperature depen-
dence at low temperatures, which indicates a gapless QSL
ground state with a constant density of states. All these results
are reasonably consistent with the previous reports [24,25,34].
Moreover, the constant density of states at low energies can be
explained by the spinon Fermi surface in QSL. Although the
linear-T specific heat and the constant density of states can
be understood in terms of the random field effect in the spin
glass, we think this is unlikely for our systems here. There
does not exist any signature of spin freezing transition in our
measurement, and thus the spin glassy features are absent.
The Yb*" ions in these systems provide the Kramers doublet
whose degeneracy is protected by the time-reversal symmetry.
Unlike the non-Kramers doublets for which the random fields
can be obtained by the crystal disorders, the nonmagnetic
disorders cannot generate the random fields for the Kramers
doublets. Thus, we think the spinon Fermi surface state is
more compatible with the low-temperature specific heat be-
haviors.

Figures 4(a) and 4(b) show the magnetic field dependen-
cies of specific heat of NaYbS, and NaYbSe, at selected
temperatures with external magnetic field along the ¢ axis,
respectively. There are some similarities between the data of
these two materials: (i) there is a weak peak at low fields,
which shifts to higher magnetic field with increasing tem-
perature and is related to the nuclear Schottky anomaly. (ii)

0.0 0.1 0.2 0.3 0.4 0.5
TO.75 (K0.75)

FIG. 5. (a) Temperature dependence of the thermal conductivity
of NaYDbS, single crystal in zero and 14 T magnetic field along the ¢
axis or the a axis. The dash lines indicate the power law temperature
dependence. (b) Zero-field thermal conductivity data plotted as « /T
vs T%75 at very low temperatures and the solid line shows the linear
fitting. There is a negligibly small residual term («xo/7T = 0).

With increasing magnetic field, some field-induced transi-
tions appear while the overall trend is decreasing. There are
also certain differences between these two materials. At T =
200 mK, the C,(B)/C,(0) of NaYbS, first decreases and then
increases with increasing magnetic field, exhibiting a broad
valley and a kink around 4 and 10 T, respectively. However,
at T = 200 mK, the C,(B)/C,(0) curve of NaYbSe, exhibits
a valley and a broad peak around 3 and 9 T, respectively,
and the specific heat continues to decrease at high field,
which is in contrast to the case of NaYbS,. In addition, for
NaYbSe,, the low-field valley becomes weaker and shifts to
higher magnetic field with increasing temperature. It is likely
that these intermediate-field behaviors are correlated with the
broad and weak peaklike feature of ac susceptibility data [38].
It should be pointed out that the nuclear Schottky term can
also be strongly affected by the magnetic field; in particular,
at very low temperatures it can be strongly suppressed upon
increasing field.

C. Thermal conductivity

Figure 5(a) shows the temperature dependence of ther-
mal conductivity for NaYbS, single crystals in zero field
and in 14 T magnetic field along the ¢ axis or the a axis.
As one can see, the zero-field «(T) curve exhibits a T'7°
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FIG. 6. Magnetic-field dependencies of thermal conductivity of
NaYbS, single crystal at select temperatures for B || c.

power law behavior at very low temperatures, which distinctly
deviates from the standard phonon transport behavior (73
dependence) [41]. This deviation is apparently due to the
strong phonon scattering by magnetic excitations. In addition,
the direction of the external magnetic field has a significantly
different effect on changing thermal conductivity. To be more
specific, the 14 T field along the ¢ axis slightly suppresses
the thermal conductivity and the x(7") curve roughly obeys a
T'6 dependence. On the contrary, the thermal conductivity
is strongly enhanced for 14 T || a and displays a rough 727
dependence at low temperatures, which is quite close to the
typical behavior of phonon thermal conductivity in the bound-
ary scattering limit. The previous studies on the magnetization
of NaYbS, single crystals revealed that 14 T along the a
axis can nearly fully polarize the Yb** spins, while the spin
polarization field is much higher for the ¢ direction [24,42].
Therefore, under the 14-T c-axis field the spins are still in
a fluctuating state and can strongly scatter phonons, while
the 14-T in-plane field can almost smear out the magnetic
scattering on the phonons. Figure 5(b) shows the ultralow-
temperature thermal conductivity at zero field. We fit the
data by using a formula x /T = «o/T + bT*! [8,12,19], in
which the two terms represent contributions from the itinerant
fermionic excitations and phonons, respectively. The fitting
gives ko/T = 0 and a = 1.75. The zero residual term implies
the absence of the itinerant fermionic excitations in NaYbS,.
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FIG. 7. Magnetic-field dependencies of thermal conductivity of
NaYbS, single crystal at select temperatures for B || a.

Figures 6 and 7 show the « (B) isotherms for NaYbS, single
crystals with B || ¢ and B || a, respectively. It is notable that
the field dependence of « is significantly different between
the c-axis and in-plane fields. For B || ¢, the « is always
suppressed by magnetic field and the suppression can reach
~40% at 14 T without saturation. At very low temperatures
of 100 and 151 mK, the «(B)/x(0) curves show a shallow
and broad dip at ~5 T and an anomaly around 9 T, which
disappear with increasing temperature and is consistent with
the anomalies in the specific heat. In contrast, the in-plane
field induces much more complex « (B) behavior with strong
enhancement of « at higher fields. This indicates the strong
anisotropic behavior between the c-axis and in-plane fields.
At very low temperatures, upon increasing field the « first
decreases slightly (~10%) and then increases nonmonotoni-
cally. The x(B)/k(0) curves display a shallow valley around
2 T, a broad peak between 3 and 6 T, and a sharp increase
around 12.5 T, accompanied with a saturation above 13.5 T.
At higher temperatures, the low-field broad peak weakens and
the 14-T-field enhancement can reach ~10 times without satu-
ration. The previous magnetization and torque measurements
indicated that there are four transition fields around 3.3, 6.1,
10.2, and 14.8 T for B || a at T = 0.8 K [24]. Therefore,
the characteristic fields at «(B)/x(0) isotherms are roughly
consistent with these transition fields by magnetic measure-
ments. The broad peak is related to the up-up-down phase
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FIG. 8. (a) Temperature dependence of the thermal conductivity
of NaYbSe; single crystal in zero and 14 T magnetic field along the ¢
axis or the a axis, respectively. The dash lines indicate the power law
temperature dependence. (b) Zero-field thermal conductivity plotted
as i /T vs T at very low temperatures and the solid line shows the
linear fitting. There is a negligibly small residual term («o/7T = 0).

and nearly disappears at T = 850 mK. The sharp increase of
k is associated with a phase transition from the up-up-down
phase to the oblique phase. Moreover, the saturation magnetic
field is reached around 13.5 T at low temperatures. At higher
temperatures above 151 mK, the «(B)/k(0) curves may satu-
rate at fields higher than 14 T, which is consistent with higher
saturation field of magnetization [24].

Figure 8(a) shows the temperature dependence of thermal
conductivity for NaYbSe, single crystals in zero field and
in 14 T magnetic field along the ¢ axis or the a axis. In
zero field, the « (T) curve exhibits a rough 7' dependence,
which also deviates from the standard T3 behavior of phonon
thermal conductivity at the boundary scattering limit [41] and
indicates strong phonon scattering. Moreover, we observed a
negligibly small /T in the « /T vs T plot, as shown in
Fig. 8(b), which also points to the absence of mobile fermionic
excitations. The different responses are observed for applying
14 T field along the ¢ or a axis. The «(T) curve displays a
T2 dependence for 14 T field along the a axis, which is
slightly weaker than the standard 7 behavior and may be
due to the specular reflections at the sample surfaces or the
remaining spin-phonon scattering. For 14 T field along the
¢ axis, the x(T) curve shows a 77 dependence and even

FIG. 9. Magnetic-field dependencies of thermal conductivity of
NaYbSe, single crystal at select temperatures for B || c.

weaker temperature dependence below 100 mK, which also
indicates the strong phonon scattering by the magnetic excita-
tions.

The «(B)/k(0) isotherms of NaYbSe, single crystals for
B || c and B || a are shown in Figs. 9 and 10, respectively. It
can be seen that the « (B)/«(0) curves exhibit a broad valley
at low fields followed by an enhancement at high fields for
B | c. The «(B)/x(0) for B || a behaves very similarly to
that of NaYbS,, and there is a broad peak around 4 ~ 6 T,
corresponding to the up-up-down spin arrangement, which is
consistent with 1/3M; plateau. Moreover, a shallow dip can
be observed around 12 T, which is a field-induced magnetic
transition, and the «(B) curves finally saturate at 13 T for
T = 100 and 151 mK. With increasing temperature, the broad
peak becomes invisible and the shallow dip gradually disap-
pears. All these critical fields are consistent with the previous
magnetization results [37].

IV. DISCUSSION

It was reported that NaYbS, and NaYbSe, evidenced gap-
less spin excitations (spinons) from specific heat, inelastic
neutron scattering (INS), and muon spin relaxation (uSR)
measurements, which are connected to QSL with a spinon
Fermi surface [24,25,43]. The itinerant gapless spinons are ex-
pected to contribute to the thermal conductivity, which yields
anonzero residual linear term ko /7T at T — 0 [8,12,19]. It has
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FIG. 10. Magnetic-field dependencies of thermal conductivity of
NaYbSe, single crystal at select temperatures for B || a.

become the smoking gun of the itinerant spinons and gapless
QSL. However, the negligibly small xy/T was observed at
the 0 K limit in the present work. Thus, the spinons may
be strongly scattered by phonons or a minority of quasistatic
spins in a fluctuating state, which was detected by ©SR and
NMR [32,44]. Based on the magnetic field dependence of «,
it is more likely that there are low-energy spinons scattering
with phonons. It is worth pointing out that in most of the QSL
candidates, there is rather strong coupling between phonons
and spinons, which leads to weak temperature dependence
of ultralow-temperature « and rather small «y/7 contributed
by the spinon transport. Therefore, even though the present
experiments display zero ko /7T at zero field, the « data actually
indicate the existence of spinons that scatter with phonons.
This possibility was recently found also in Ising-type QSL
candidate PrMgAl;,O19 [45]. It is worth pointing out that the
previous ultralow-temperature « measurement of NaYbSe,
single crystals also show the absence of «y/T [32], although
the magnetic field dependence of « is very different from ours.
Very recently, inelastic neutron scattering experiments and ac
susceptibility down to 20 mK [38] suggest that there exists
a very tiny gap in NaYbSe,. This may offer an alternative
possibility to understand our seemingly paradoxical data.

As one can see, the overall behaviors of x'(B) curves
and «(B)/k(0) curves for B || a are highly similar between

NaYDbS, and NaYbSe,, which indicates the similar in-plane
properties of them with easy-plane anisotropy. However,
there is a significant difference in the «(B)/k(0) behavior
with B || ¢ between NaYbS, and NaYbSe,. For NaYbS,,
the low-temperature « (B)/k(0) curves continue to decrease
as the magnetic field increases, while the low-temperature
k(B)/k(0) curves of NaYbSe, show a reduction at low field
followed by an enhancement at high fields. It seems that in
both materials the spin excitations (likely spinons) strongly
scatter phonons rather than transport heat. High enough mag-
netic field along either the ¢ axis or the a axis would suppress
the spin excitations and significantly recover the phonon ther-
mal conductivity. For B || ¢, the continuous decrease of «k
with field in NaYbS,, which is different from the high-field
increase of « in NaYbSe,, is likely due to the fact that 14 T
is still far from the polarization field in NaYbS,. Neverthe-
less, the low-field anomaly «(B)/x(0) with B || ¢ in NaYbS,
may suggest some unknown field-induced transition, which is
absent in NaYbSe,.

V. SUMMARY

In summary, we have successfully grown high-quality sin-
gle crystals of the Yb-based triangular lattice QSL candidates
NaYbS,; and NaYbSe,, and perform the ultralow-temperature
ac susceptibility, specific heat, and thermal conductivity mea-
surements with external magnetic field along the ¢ axis or
the a axis. For B || a, the x'(B) and «(B) isotherms display
similar field-induced magnetic transitions for these two mate-
rials, while the C,(B) and « (B) isotherms exhibit significant
difference between NaYbS, and NaYbSe, for B || ¢. The
magnetic specific heat exhibits a nearly linear temperature de-
pendence at T < 200 mK. However, the ultralow-temperature
thermal conductivity shows a negligibly residual term «¢/7T .
The temperature and field dependence of « further indicate
that there are spinon excitations scattering phonons rather
than transporting heat in NaYbS, and NaYbSe,. These results
point to the gapless or tiny-gapped QSL ground state of these
materials.
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