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Instability of a quantum spin liquid in an organic
triangular-lattice antiferromagnet
T. Itou1*, A. Oyamada1, S. Maegawa1 and R. Kato2

Quantum liquids—known to be realized in 3He, 4He and
electrons in metals—generally exhibit instabilities unforeseen
under classical Newtonian dynamics, such as the superfluid
and superconducting transitions. Recently, a new quantum
liquid, now known as the quantum spin liquid, has been
discovered in frustrated antiferromagnetic spin-1/2 systems1,2.
In this state, quantum fluctuations of spins prevent classical
antiferromagnetic ordering even at absolute zero, similar to the
situation in the well-known quantum liquids. A fundamental
question that has remained open is whether instabilities
other than classical ordering can occur in a quantum spin
liquid, as well as in the well-known quantum liquids. Here
we demonstrate experimentally that a quantum spin liquid
in an organic triangular-lattice antiferromagnet undergoes an
instability involving symmetry breaking and/or topological
ordering3, possibly giving rise to a new quantum state of
matter. Our result reveals a new variety of quantum-liquid
instability, which might become a comparable concept to the
already-known fermion-liquid instabilities (such as Bardeen–
Cooper–Schrieffer pairing and Peierls instability) and boson-
liquid instability (Bose–Einstein condensation).

One of the most striking features deriving from quantum
mechanics is the destabilization effect of classical ordering. In
classical Newtonian dynamics, all systems lose their internal degrees
of freedom and crystallize as the temperature tends towards zero.
Quantum fluctuations work against this tendency and sometimes
cause a quantum-liquid state without classical crystallization even
at absolute zero. The best-known examples are 3He, 4He and
electron systems in metals. Over the past one hundred years, these
states have been intensively studied and shown to have several
instabilities that are not identified with classical crystallization
but described by quantum mechanics. One example is the Peierls
instability in quantum fermion liquids, which breaks translational
symmetry. Another profound example are the superfluid and
superconducting instabilities, which have been one of the central
topics in modern physics. Such instabilities arise because there is
always an energy gain if a gapless quantum-liquid system creates a
gap by undergoing symmetry breaking.

Recently, a new quantum liquid has been discovered1,2—the
quantum spin liquid. A classical spin systemwith antiferromagnetic
interactions inevitably undergoes classical crystallization, that
is, antiferromagnetic ordering. In spin-1/2 systems, quantum
fluctuations take effect and destabilize the classical crystallization. If
they completely destroy the classical crystallization, theymay realize
a quantum state with no trivial order, which is referred to as a
quantum spin liquid. (Note that, in this definition, the quantum
spin liquids may yet exhibit non-trivial symmetry breaking
and/or topological ordering.) Apart from in one-dimensional
(1D) systems, however, quantum fluctuations are so weak on
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typical non-frustrated lattices that they cannot destroy classical
crystallization4–6. Therefore, strong geometrical frustration, which
works against the classical crystallization, is needed to realize the
spin-liquid state for D≥ 2. This spin liquid, although theoretically
proposed early on7, has not been experimentally realized for many
years, because real model materials of ideal frustrated 1/2-spins
are limited. Recently, however, experimental studies of spin-liquid
physics have taken an important step; some organics are now
recognized as ideal frustrated spin-1/2 systems, and the spin-liquid
state has been found1,2 in κ-(BEDT-TTF)2Cu2(CN)3 (BEDT-TTF=
bis(ethylenedithio)-tetrathiafulvalene) and EtMe3Sb[Pd(dmit)2]2
(dmit = 1,3-dithiole-2-thione-4,5-dithiolate, Me = CH3, Et =
C2H5), which have sparked considerable interest in the condensed-
matter community8–25.

Thus, the first experimental goal of realizing the spin liquid
in real materials has been achieved. The next stage is to address
the fundamental question of whether the quantum spin liquid
undergoes instabilities other than classical ordering, as in the typical
well-known quantum liquids. Indeed, theorists have proposed
several possible instabilities, such as spinon pairing15,16,25 and chiral
ordering (chiral spin liquid)26,27. In the most-studied organic spin-
liquid material κ-(BEDT-TTF)2Cu2(CN)3, however, experimental
reports on its low-temperature nature are controversial. Specific-
heat measurements suggest that this material exhibits a gapless
state with a spinon Fermi surface28, whereas a thermal-conductivity
study suggests a full gap at low temperatures29. Nuclear magnetic
resonance (NMR) measurements show that the temperature
dependence of the spin-lattice relaxation rates does not exhibit
an obvious kink that clearly demonstrates a phase transition1,30.
It is also noted that the spin-lattice relaxation functions become
non-single exponential at low temperatures30, making it difficult
to discuss the intrinsic spin dynamics and the gap structure of the
spin excitation. Therefore, it is unresolved whether this spin liquid
undergoes an instability involving the creation of a spin gap.

In this Letter, we report the discovery of spin-liquid instability
found in a further spin-liquid material, EtMe3Sb[Pd(dmit)2]2,
which is a 2D triangular-lattice spin system with antiferromagnetic
interactions J = 220–250K, as shown in Fig. 1. It has previously
been found that this spin system maintains a gapless spin-
liquid state down to at least 1.37 K (ref. 2). We carried out
13C-NMRmeasurements under an applied field of 7.65 T at ultralow
temperatures using a dilution refrigerator (see the Methods
section), and found an instability in the spin-liquid state under
the field, which involves non-trivial symmetry breaking and/or
topological ordering.

Figure 2 shows the temperature dependence of the spin-lattice
relaxation rate (T−11 ). We have fitted the relaxations of the nuclear
magnetization M (t ) using the stretched-exponential function
1 −M (t )/M (∞) = exp{−(t/T1)β}, where β (shown in Fig. 3)
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Figure 1 | Crystal structure of EtMe3Sb[Pd(dmit)2]2. a, Side view of the crystal structure of EtMe3Sb[Pd(dmit)2]2. 2D magnetic Pd(dmit)2 layers are
separated by non-magnetic layers of the closed-shell monovalent cation EtMe3Sb. b, Top view of the crystal structure of the Pd(dmit)2 layer. The
Pd(dmit)2 molecules are strongly dimerized (the pairs are denoted by dashed ovals). One electron with a 1/2-spin is localized on each [Pd(dmit)2]2 dimer.
The arrows (tB, ts and tr) indicate the transfer-integral network between the molecular orbitals of the [Pd(dmit)2]2 dimers. The three transfer integrals are
non-equivalent but close to each other2. c, Localized spin model applicable to EtMe3Sb[Pd(dmit)2]2. Three exchange interactions (JB, Js and Jr) are close to
each other, reflecting the values of tB, ts and tr. The exchange interactions are estimated to be 220–250 K (ref. 2).

is the stretching exponent. The decrease in β means that the
relaxation function becomes non-single-exponential, indicating the
distribution of the relaxation. This distribution increases from
about 20K and reaches a maximum around 1K on cooling. In
Fig. 2, we also show the relaxation rate determined from the initial
decay slope of the relaxation curve. The difference between the two
relaxation rates shows the degree of the distribution.

In spite of the distribution, it is clear from Fig. 2 that there is
an obvious kink in the temperature dependence of T−11 at around
1.0 K. This strongly suggests that a phase transition occurs at
this temperature. As no discontinuous jump is observed in the
temperature dependence of T−11 , this is not a first-order but a
continuous transition. The important point to note here is that
continuous phase transitions always involve essential changes of
states, that is, symmetry breaking and/or topological ordering.
Therefore, our result indicates that the gapless spin liquid changes
to an essentially different spin state with symmetry breaking and/or
topological ordering.

This instability is not considered to be classical magnetic
ordering, because the anomaly in T−11 is not a critical divergence.
Spectral analysis directly proves this point. Figure 4 shows the NMR
spectra down to 19.4mK. The transition around 1.0 K does not
affect the spectral shape; all of the spectra are largely the same
over the whole temperature region and the spectral tails are at
most within ±50 kHz. This width is much smaller than the scale
of the hyperfine coupling constant of the 13C sites, which is about
9×102 kHz/µB (ref. 2), whereµB is the Bohr magneton. Therefore,
classical spin ordering and freezing are clearly absent down to
19.4mK, which proves that the present instability differs from
classical ordering/freezing.

The high-temperature phase above the transition does not have a
spin gap, because T−11 does not vanish in the low-temperature limit.
In contrast, the low-temperature phase below the transition
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Figure 2 | Temperature dependence of the 13C nuclear spin-lattice
relaxation rate of EtMe3Sb[Pd(dmit)2]2. The main graph shows the
13C nuclear spin-lattice relaxation rate T−1

1 of EtMe3Sb[Pd(dmit)2]2, and
the inset graph shows (T1T)−1, where T is temperature. The circles indicate
the values determined from the stretched-exponential analysis (see text),
and the squares denote the values determined from the initial decay slopes
of the relaxation curves. The dark blue circles and dark red squares are
obtained from the present measurements below 1.75 K in a dilution
refrigerator. For clarity, we did the same analysis for previously reported2

higher-temperature data above 1.37 K, and show them here as light blue
circles and light red squares. Inset: Pd(dmit)2 molecule with selective
substitution of the 13C isotope for the present 13C-NMR measurement.
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Figure 3 | Stretching exponent obtained from the 13C nuclear spin-lattice
relaxation curves. The main panel shows the temperature dependence of
the exponent. The dark blue circles show values obtained from the present
measurements in a dilution refrigerator. We also show reanalysed values
for previously reported2 higher-temperature data as light blue circles. The
spin-lattice relaxation curves at three representative temperatures are
presented in the upper three panels, where the red squares indicate
obtained experimental data and the green lines represent fits to
stretched-exponential functions.

shows a steep decrease of T−11 on cooling. At sufficiently low
temperatures, the spin-lattice relaxation curves recover to single-
exponential functions as shown in Fig. 3. This is different from
the case of κ-(BEDT-TTF)2Cu2(CN)3 at low temperatures, where
the relaxation curves become further from single exponential
functions with decreasing temperature30, and makes it difficult to
discuss the intrinsic spin dynamics. In the low-temperature region
of EtMe3Sb[Pd(dmit)2]2 where the relaxation curves recover to
single-exponential functions, we can see from Fig. 2 that T−11 is
proportional to the square of the temperature. This means that
the imaginary part of the q-integrated dynamic susceptibility (to
be exact, limω→06qχ

′′(q,ω)/ω), which is evaluated from (T1T )−1,
decreases in proportion to the temperature on cooling, as shown in
the inset of Fig. 2 (q: wave vector, ω: frequency). This is in contrast
to the nature of the fully gapless spin liquid with a spinon Fermi
surface, where the imaginary part of the susceptibility remains
constant (Fermi-liquid case) or diverges (non-Fermi-liquid case)
on cooling. Thus, the low-temperature phase is not fully gapless,
and therefore has a spin gap at least in some portion of q-space.

We emphasize that the decrease in the imaginary part of the
susceptibility does not follow an exponential law but a power
law in temperature. This result implies that the spin gap may
be a nodal one, similar to superconducting gaps in anisotropic
superconductors, often realized in correlated quantum fermion
liquids. Although it might also be possible that the system has a full
gap and that T−11 at low temperatures reflects extrinsic relaxation,
this is more unlikely. In this case, the relaxation curves would
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Figure 4 | 13C-NMR spectra of EtMe3Sb[Pd(dmit)2]2 at several ultralow
temperatures measured in a dilution refrigerator. The spectra are obtained
by Fourier transformation of the spin-echo signals for randomly oriented
single crystals.

become more or less distributed non-single-exponential functions.
Experimental results instead show that the relaxation curves recover
to a single-exponential function in the low-temperature limit, as
shown in Fig. 3. Therefore, it is more likely that the T 2 dependence
of T−11 is intrinsic and that the spin gap is nodal.

In principle, this spin gap should be observable also in
the behaviour of the static spin susceptibility. However, the
susceptibility was so far measured only down to 5K and is not
available in the region below the transition temperature2. We also
note that it will be difficult to measure the intrinsic susceptibility
below the transition temperature, because the Curie term caused
by impurity free spins will make a serious contribution at such
low temperatures even for a very small number of impurities. The
Knight shift (the first moment of the spectrum) offers another way
to measure the static spin susceptibility. It is expected that the spin
gap leads to the disappearance of the spin susceptibility, yielding
the disappearance of the Knight shift of a few kilohertz through the
hyperfine coupling of about 9×102 kHz/µB (ref. 2). Unfortunately,
our experimental results do not have the accuracy to discuss such a
small shift because of the comparatively large spectral width and the
slight extrinsic drift of the external applied field, which is inevitable
even when using a superconducting magnet with high stability (see
the Methods section).

In summary, our NMR experiments show that the spin system of
EtMe3Sb[Pd(dmit)2]2 does not undergo classical ordering/freezing
down to 19.4mK, which is less than 0.01% of J . Whereas this
quantum spin liquid has a gapless spin excitation above 1.0 K,
we found clear evidence that the spin system under 7.65 T shows
an instability other than classical ordering at around 1.0 K and
acquires a spin gap. This gap may be nodal, similar to that of
anisotropic superconductivity.

Last, we mention future debatable problems on the instability
that we have discovered. One of the possible candidates is the
pairing instability of the spinon Fermi surface. This naturally
explains the nodal-gap formation when spinon pairing occurs
in a non-s-wave Bardeen–Cooper–Schrieffer channel and causes
an anisotropic (such as d-wave) resonating-valence-bond state.
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Such a state is expected to have the same nodal gap as that of
a corresponding superconducting state, and thus, may explain
the gap structure in the present low-temperature phase. We
should point out, however, that T−11 in the present system is
almost constant just above the transition temperature and has T 2

dependence in the low-temperature limit. This behaviour does not
completely correspond to that of a 2D anisotropic superconductor
with line nodes, in which the constant and T 2 behaviour is
observed not in T−11 but in (T1T )−1. The present unprecedented
excitation will be a key factor in understanding the new type of
quantum liquid and instability realized in a quantum-spin system
on a triangular lattice.

Methods
We prepared fine high-quality single crystals of EtMe3Sb[Pd(dmit)2]2 with typical
sizes of 0.3mm×0.3mm×0.01mm, using an aerial oxidation method. For
the 13C-NMR measurements, the carbon atoms at both ends of the Pd(dmit)2
molecules were enriched with 13C isotopes, as shown in the inset of Fig. 2. The
NMR measurements were carried out at a field of 7.65 T using many single
crystals with no particular orientation packed into a glass tube. The field was
applied by a superconducting magnet with very high stability, which restrains
the drift of the applied field within about 1–2 gauss (corresponding to the
13C-NMR frequency of 1–2 kHz). The NMR spectra were obtained by Fourier
transformation of the spin-echo signals following a π/2−π pulse sequence. The
typical pulse widths of π/2 and π were 3 and 6 µs, respectively. These values were
sufficiently smaller than the inverse of the spectral widths, and thus the pulses
could cover the whole NMR spectra. The spin-lattice relaxation curves were
obtained from the integrated spin-echo intensityM (t ) after time delay t following
saturation comb pulses.
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