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EtMe;Sb[Pd(dmit),],, an organic Mott insulator with nearly isotropic triangular lattice, is a candidate material
for a quantum spin liquid, in which the zero-point fluctuations do not allow the spins to order. The itinerant
gapless excitations inferred from the thermal transport measurements in this system have been a hotly debated
issue recently. While the presence of a finite linear residual thermal conductivity, «o/7T = k/T(T — 0), has been
shown [M. Yamashita et al. Science 328, 1246 (2010)], recent experiments [P. Bourgeois-Hope et al., Phys.
Rev. X 9, 041051 (2019); J. M. Ni et al., Phys. Rev. Lett. 123, 247204 (2019)] have reported the absence
of kp/T. Here we show that the low-temperature thermal conductivity strongly depends on the cooling process
of the sample. When cooling down very slowly, a sizable «,/7T is observed. In contrast, when cooling down
rapidly, xo/T vanishes and, in addition, the phonon thermal conductivity is strongly suppressed. These results
suggest that possible random scatterers introduced during the cooling process are responsible for the apparent
discrepancy of the thermal conductivity data in this organic system. The present results provide evidence that the
true ground state of EtMe;Sb[Pd(dmit), ], is likely to be a quantum spin liquid with itinerant gapless excitations.

A quantum spin liquid (QSL) is a novel state of matter
in which quantum fluctuations prevent the system from the
long-range magnetic ordering even at zero temperature. The
ground states of the QSLs are quantum mechanically entan-
gled and are expected to host fractional quasiparticle excita-
tions [1, 2]. In two-dimensional (2D) and 3D systems, it is
widely believed that QSL ground states may emerge when
interactions among the magnetic degrees of freedom are in-
compatible with the underlying crystal geometry. Typical 2D
examples of such systems can be found in geometrically frus-
trated triangular and kagome lattices [1, 2] and in Kitaev hon-
eycomb lattice with strong exchange frustration induced by
the bond-directional interactions [3]. Among them, the spin-
1/2 2D triangular-lattice Heisenberg antiferromagnet has been
most widely discussed, because it has been suggested to be a
prototype of a QSL in resonating valence bond (RVB) model
with a quantum superposition of spin singlets [4, 5]. An im-
portant property of RVB liquids is that they have exotic exci-
tations, called spinons, which are fractionalized quasiparticles
that carry spin 1/2 but no charge.

The three organic Mott insulators «-(BEDT-
TTF),Cu(CN);  [6-9], EtMes;Sb[Pd(dmit),], [10-14]
and «-H3(Cat-EDT-TTF), [15-17] have been paid much
attention recently as promising candidates to host a QSL
state in real bulk materials with 2D triangular lattice. In
these organic systems, no magnetic ordering occurs at
least down to low temperatures corresponding to 1/1000 of
J/kg = 200-300K (J is the exchange interaction between
neighboring spins) [6, 10, 15]. One of the most remarkable
features commonly observed in these compounds is that the
heat capacity has a non-zero linear-in-temperature term y7,
similar to metals, indicating the presence of gapless excita-
tions despite gapped charge degrees of freedom [8, 13, 17].
However, the nature of the gapless excitations has been highly
controversial. The thermal conductivity provides a powerful

tool to probe elementary itinerant excitations, which is totally
insensitive to localized excitations such as those responsible
for Schottky contributions that contaminate the heat capacity
data at low temperatures. The thermal conductivity is formed
primarily by both acoustic phonons and itinerant spin excita-
tions, K = Ky, + Kgpin. AS Kpy/T vanishes at zero temperature,
the observation of finite xo/T = «/T(T — 0) provides
direct evidence for the presence of the itinerant gapless spin
excitations. Despite tremendous efforts, however, the true
nature of the ground states of these organic QSL candidates
has still remained elusive.

In x-H3(Cat-EDT-TTF),, a finite /7 has been observed
together with the concomitant emergence of QSL and quan-
tum paraelectric properties at low temperatures [16]. It has
been pointed out that this concomitant emergence may be re-
alized by the coupling between the spin-1/2 residing in the
(Cat-EDT-TTF), dimers and the quantum fluctuations of pro-
tons bridging the layers of the 2D triangular lattice of the
dimers. Therefore, the ground state may be different from
QSLs expected in the simple 2D triangular lattice. In «-
(BEDT-TTF),Cu,(CN); and EtMes;Sb[Pd(dmit);],, the 2D
layers of the triangular (BEDT-TTF); or [Pd(dmit);], dimers
are well separated by nonmagnetic layers, forming a slightly
distorted 2D triangular lattice. In x-(BEDT-TTF),Cu;,(CN)3,
a vanishingly small xy/7T has been reported [9]. However, it
has been suggested that k-(BEDT-TTF),Cu,(CN)s has an in-
homogeneous and phase separated spin state [7, 18]. There-
fore, it is still ambiguous whether the absence of ky/7 is an in-
trinsic property of the uniform QSL state of the organic Mott
insulator.

It has been pointed out that EtMe;Sb[Pd(dmit),], may
be more suitable to single out genuine features of the
QSL, compared with «-(BEDT-TTF),Cu;,(CN)3, because a
more homogeneous QSL state is attained at low tempera-
tures [11]. However, the low-temperature thermal conductiv-



ity of EtMe;Sb[Pd(dmit),], has been highly controversial. A
sizable ko/T term has been reported in Ref. [12], which indi-
cates the presence of highly itinerant and gapless excitations.
These results, together with the results of Pauli-paramagnetic-
like low energy excitations revealed by magnetic torque mea-
surements, have been discussed in terms of the spinons that
form the Fermi surface [14]. On the other hand, recent ther-
mal conductivity measurements by two groups have reported
the vanishingly small xo/7 [19, 20]. Moreover, it has been
reported that «,;, is also strikingly suppressed from that re-
ported in Ref. [12], suggesting that the phonon mean free path
{pn, becomes extremely short at low temperatures, comparable
to that of amorphous materials [21]. The absence of itiner-
ant spin excitations and strong suppression of £,; have been
discussed in terms of the strong coupling between spin exci-
tations and phonons [19, 20].

The presence or absence of itinerant spin excitations is inti-
mately related to the intrinsic properties of the QSL state, such
as possible spinon Fermi surface. It is therefore of primary
importance to clarify the origin of the apparent discrepancy
of the low-temperature thermal conductivity results. Here,
we report on measurements of the low-temperature thermal
conductivity after cooling the crystals from the room tem-
perature at different cooling rates, ranging from —0.4 K/h to
—13K/h. Our major finding is that a finite «xo/7 is clearly
resolved in the slow-cooling condition, whereas it is absent in
the rapid-cooling condition. Moreover, in rapidly cooled crys-
tals, we find that phonon thermal conductivity is strongly sup-
pressed, indicating a large enhancement of the phonon scat-
tering. These results reveal that the low-temperature transport
properties of EtMe;Sb[Pd(dmit);], do depend on the cool-
ing process of the crystal, suggesting that possible random
scatterers introduced during the cooling process are respon-
sible for the apparent discrepancy of the thermal conductivity
data. The present results indicate that the QSL ground state of
EtMe;Sb[Pd(dmit),], is likely to have intrinsically itinerant
gapless excitations.

We have measured the temperature dependence of ther-
mal conductivity of three single crystals by using the stan-
dard steady-state method. These single crystals were taken
from the same batch used in the previous report (E and F in
Ref. [21]). The thermal contacts to the thermometers and the
heater were made by attaching gold wires to the sample by
carbon paste. These setups were essentially the same with
those used in the previous report [12, 21]. To ensure the va-
lidity of the experimental setup, the reproducibility of results,
and the accuracy of the absolute value of « at low temper-
atures, we have also measured « of a stainless steel with a
similar thermal resistance as the present EtMe3;Sb[Pd(dmit), ],
crystals in the same setup and confirmed the verification of
the Wiedemann-Franz law. These EtMe;Sb[Pd(dmit);], crys-
tals were cooled down with different cooling rates of approx-
imately —0.4 K/h (#1), —1.5K/h (#2), and —13 K/h (#3) from
the room temperature to ~ 4 K. Then they were cooled down
to the lowest temperatures. Here we denote the cooling rates
of —0.4 and —1.5K/h as slow cooling and —13 K/h as rapid
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FIG. 1. (Color online) The temperature dependence of the thermal
conductivity divided by the temperature of EtMe;Sb[Pd(dmit),],.
Crystal #1, #2 and #3 were cooled down by approximately —0.4 (red
diamonds), —1.5 (purple diamonds), and —13 K/h (gray diamonds),
respectively. The data of A to F (from Ref. [12, 21]) is also plot-
ted for a comparison. The cooling rate of A to F was approximately

-10K/h (A to D), -100 K/h (E), and -30 K/h (F).

cooling. After the measurement, each crystal was analyzed by
X-ray diffraction (XRD) method, which indicated high crys-
tal quality with R-factors of 2-3%. The XRD measurements at
the room temperature found no difference between these three
samples. This was also the case of the previous report [19].
Because the crystals often do not recover to the initial state
after a thermal cycle, we discuss the data taken at the first
cooling from the room temperature.

Figure 1 depicts the temperature dependence of the thermal
conductivity in zero field for Crystal #1, #2 and #3, along with
the previously reported data (A—F from Ref. [12, 21]). Since
the thermal conductivity is dominated by «,, at relatively high
temperatures around ~1 K, the previous results can be divided
into two groups; the data for A, B, C, and D exhibit large «,,
value at high temperatures and finite «o/7 ("large-« group”),
while E and F show small «,, and vanishingly small «o/T
(’small-« group”). Obviously, /T data for Crystals #1 and
#2 measured after the slow cooling (red and purple diamonds)
have intermediate values between the two groups. For Crystal
#3, /T data is even below that of the small-« group.

The cooling rate is found to have two effects on the low-
temperature thermal conductivity. As shown in Fig. 2 and its
inset, /T exhibits nearly 7T-linear dependence at very low
temperatures. In the slow cooling data shown by red and
purple diamonds in Fig. 2, the linear extrapolation of x/T to
T — 0 exhibits finite intercepts for both Crystal #1 and #2,
indicating the presence of the residual /7 term. We note
that the magnitude of «o/T for both crystals is close to that of
C and D in the previous report [21]. In the rapid cooling data,
in stark contrast, the linear extrapolation of /T to T — 0 for
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FIG. 2. (Color online) The low-temperature data of «/7T plotted as a
function of 7. The dashed lines show an extrapolation of the data.
The inset shows an enlarged view of the data of Crystal #3.

Crystal #3 indicates vanishingly small «o/7" as shown in the
inset of Fig. 2. These results indicate that the gapless itinerant
excitations appear in the slow cooling, while they disappear in
the rapid cooling condition.

In the crystals where /7 is vanishingly small, the thermal
conductivity at finite temperatures, which is dominated by the
phonon contribution, is also largely suppressed. The magni-
tude of « at finite temperatures is determined by the phonon
mean path. For example, « of a crystalline SiO; is 2-3 orders
of magnitude larger than that of a vitreous SiO; at ~ 1 K [22].
In EtMe3Sb[Pd(dmit); ], £, of the small-k group is compara-
ble to that of amorphous materials [21]. This extremely short
¢, has been discussed in terms of intrinsically strong spin-
phonon scattering in Ref. [19]. However, the present results,
which show the strong cooling-rate dependence of «,,;,, clearly
imply that £, is strikingly suppressed by random scatterers
induced by the rapid cooling, excluding the possibility of the
strong spin-phonon scattering.

Recently, the low-temperature thermal conductivity mea-
surements have been performed on transition metal dichalco-
genide 1T-TaS, [23], which is a candidate material that hosts
a QSL ground state with spin-1/2 on the 2D perfect triangular
lattice. In very clean samples of 1T-TaS,, the linear temper-
ature term of the heat capacity and the finite /7 are clearly
resolved, consistent with the presence of gapless spinons with
a Fermi surface. Introduction of additional weak random
exchange disorder in 1T-Ta(S;_,Se,), leads to vanishing of
ko/T. Moreover, YbMgGaOy,, which has a structurally per-
fect 2D triangular lattice and effective spin-1/2 local moments
of Yb** ions, has also been suggested to be a QSL candidate.
The absence of xo/T has been reported in YbMgGaQOy, [24]. In
this compound, Mg?*/Ga3* site mixing introduces strong ran-
domness in the exchange interaction between spin-1/2 on Yb
sites. These results provide strong support that the itinerant

gapless excitations are sensitive to disorder.

It has been well known that physical properties of organic
compounds are often sensitively altered by their cooling con-
ditions. For example, different ground states, from a super-
conducting or a metallic state to an insulating state, have been
observed by changing the cooling rate in (TMTSF), X0, (X
= CI [25], Br [26]), k-(BEDT-TTF),Cu[N(CN),]Br [27, 28],
and 6-(BEDT-TTF),X(SCN)4 (X = RbZn [29], TICo, and
CsZn [30]). These different ground states are discussed in
terms of the effects of disorder introduced by rapid cool-
ing [27, 28], which may give rise to a significant suppres-
sion of thermal conductivity. In fact, decrease of the thermal
conductivity by disorderly domains of anion ordering in rapid
cooled samples have been observed in (TMTSF),ClO4 [31].
In EtMe;Sb[Pd(dmit),],, a large change of 15% in the transfer
integrals from the room temperature to 5 K has been reported
as a result of large contractions of the lattice constants [32].
Also, the vibrational spectroscopy measurements [33] have
reported that there are multiple modes of charge and lattice
fluctuations. These results imply that some inhomogeneous
electronic states might be formed in a rapid cooling process,
which can act as the random scatterers for the thermal con-
duction.

As suggested in Ref. [21], in all A-D samples, £, becomes
comparable to the effective sample size at very low temper-
atures. On the other hand, £,, in Crystal #1 and #2 cooled
down in the slow rate, which show the finite xy/T compara-
ble to those of C and D, is still below the effective sample
size. This may be due to the macroscopic domain structure of
Crystals #1 and #2, which reduces the effective sample size.
In this case, intrinsic xyp/T may be larger than the observed
one. The cooling rate of all samples A-D with a finite xo/T is
~ —10K/h. This cooling rate is comparable to that of Crystal
#3, in which «o/T is absent. This conflicting result, i.e. the
presence and absence of «xo/7 in the similar cooling rate, sug-
gests that there may be another factor other than the cooling
rate, which determines the formation of the random scatterers
that suppresses both «,;, and ko/T. Clarifying all factors re-
lating to the formation of the random scatterers remains as a
future issue.

In summary, we have measured the low-temperature ther-
mal conductivity of EtMe3;Sb[Pd(dmit),], cooled down in a
wide range of cooling rates. The low-temperature thermal
conductivity strongly depends on the cooling rate. A finite
linear-in-temperature thermal conductivity is clearly resolved
under the slow-cooling conditions, whereas it is absent under
the rapid-cooling conditions. Moreover, a striking enhance-
ment of the phonon scattering occurs in the rapid cooled crys-
tals. The present results suggest that the apparent discrepancy
of the low-temperature thermal conductivity data in this or-
ganic system between different groups is attributed not to the
sample dependent crystal quality but to random scatterers in-
troduced during the cooling process. These results provide
support on the presence of highly mobile gapless excitations
in a QSL candidate EtMe3;Sb[Pd(dmit);],.
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