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States of quantum magnetism

2

Ferromagnetism: May be 600 BC

Antiferromagnetism: 1930s

Key concept of broken symmetry. 

Prototypical ground state wavefunction: 
direct product of local degrees of 
freedom

Short range quantum entanglement. 

1930s- present: elaboration of broken symmetry 
and other 
states with short range entanglement
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Last  ≈ 10 years

3

Experimental discovery of quantum 
spin liquid state*. 

Qualitatively new kind of state of matter. 
Long range quantum entanglement: Prototypical ground 
state wavefunction 
Not a direct product of local degrees of 
freedom. 

Many new phenomena - emergence of fractional 
quantum numbers.

New conceptual and technical theoretical tools to 
understand. 

May be also new kinds of experimental probes will be 
most useful. 

* In d > 1

+

+ .........
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What is a quantum spin liquid? 
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Some natural questions

Can quantum spin liquids exist in d > 1? 

Do quantum spin liquids exist in d > 1?
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Some natural questions

Can quantum spin liquids exist in d > 1? 
Theoretical question

Do quantum spin liquids exist in d > 1?
Experimental question
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Some natural questions

Can quantum spin liquids exist in d > 1? 
Theoretical question: YES!! (work of many people in last 20 

years)

Do quantum spin liquids exist in d > 1?
Experimental question: Remarkable new materials
possibly in spin liquid phases 
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• Geometrically frustrated quantum magnets

•  ``Intermediate’’ correlation regime
Eg: Mott insulators that are not too deeply into the 

insulating regime

Where might we find quantum spin liquids?
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• Geometrically frustrated quantum magnets

•  ``Intermediate’’ correlation regime
Eg: Mott insulators that are not too deeply into the 

insulating regime

Where might we find quantum spin liquids?
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ZnCu3(OH)6Cl2

Some candidate materials

2d Kagome lattice (`strong’ Mott insulator)

κ− (ET )2Cu2(CN)3

Na4Ir3O8

EtMe3Sb[Pd(dmit)2]2

Quasi-2d, approximately isotropic triangular lattice; 
best studied candidate spin liquids

Three dimensional `hyperkagome’ lattice

Volborthtite, ..........
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ZnCu3(OH)6Cl2

Some candidate materials

2d Kagome lattice (`strong’ Mott insulator)

κ− (ET )2Cu2(CN)3

Na4Ir3O8

EtMe3Sb[Pd(dmit)2]2

Quasi-2d, approximately isotropic triangular lattice; 
best studied candidate spin liquids

Three dimensional `hyperkagome’ lattice

Close to pressure driven 
Mott transition: `weak’ Mott 
insulators

Volborthtite, ..........
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Some phenomena in experiments

12

ALL candidate materials:

No magnetic ordering down to lowest measured T (<< natural exchange scales J)

BUT

Gapless excitations down to T << J. 

Most extensively studied in organic spin liquids. 
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 Example  κ-E T:A gapless spin liquid 
(at least down to 1 K << J ≈ 250 K)

Shimuzu, Kanoda et al, 2003 S. Yamashita et al, Nat Phys 08
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Even more dramatic: Metallic thermal 
transport in a Mott insulator

14

exponential decay of the NMR relaxation indicates
inhomogeneous distributions of spin excitations
(22), which may obscure the intrinsic properties
of the QSL. A phase transition possibly associated
with the charge degree of freedom at ~6 K further
complicates the situation (23). Meanwhile, in
EtMe3Sb[Pd(dmit)2]2 (dmit-131) such a transi-
tion is likely to be absent, and a muchmore homo-
geneous QSL state is attained at low temperatures
(4, 5). As a further merit, dmit-131 (Fig. 1B) has
a cousinmaterial Et2Me2Sb[Pd(dmit)2]2 (dmit-221)
with a similar crystal structure (Fig. 1C), which
exhibits a nonmagnetic charge-ordered state with
a large excitation gap below 70 K (24). A com-
parison between these two related materials will
therefore offer us the opportunity to single out
genuine features of the QSL state believed to be
realized in dmit-131.

Measuring thermal transport is highly advan-
tageous for probing the low-lying elementary
excitations in QSLs, because it is free from the
nuclear Schottky contribution that plagues the
heat capacity measurements at low temperatures
(21). Moreover, it is sensitive exclusively to itin-
erant spin excitations that carry entropy, which
provides important information on the nature of the

spin correlation and spin-mediated heat transport.
Indeed, highly unusual transport properties includ-
ing the ballistic energy propagation have been re-
ported in a 1D spin-1/2 Heisenberg system (25).

The temperature dependence of the thermal
conductivity kxx divided by Tof a dmit-131 single
crystal displays a steep increase followed by a
rapid decrease after showing a pronounced maxi-
mum at Tg ~ 1 K (Fig. 2A). The heat is carried
primarily by phonons (kxx

ph) and spin-mediated
contributions (kxx

spin). The phonon contribution
can be estimated from the data of the nonmagnetic
state in a dmit-221 crystal with similar dimensions,
which should have a negligibly small kxx

spin. In
dmit-221, kxx

ph/T exhibits a broad peak at around
1 K, which appears when the phonon conduction
grows rapidly and is limited by the sample bound-
aries. On the other hand, kxx/Tof dmit-131, which
well exceeds kxx

ph/T of dmit-221, indicates a sub-
stantial contribution of spin-mediated heat con-
duction below 10K. This observation is reinforced
by the large magnetic field dependence of kxx of
dmit-131, as discussed below (Fig. 3A). Figure
2B shows a peak in the kxx versus T plot for dmit-
131, which is absent in dmit-221. We therefore
conclude that kxx

spin and kxx
spin/T in dmit-131 have

a peak structure at Tg ~ 1 K, which characterizes
the excitation spectrum.

The low-energy excitation spectrum can be
inferred from the thermal conductivity in the low-
temperature regime. In dmit-131, kxx/T at low
temperatures is well fitted by kxx/T= k00/T + bT2

(Fig. 2C), where b is a constant. The presence of a
residual value in kxx/T at T→0 K, k00/T, is clearly
resolved. The distinct presence of a nonzero k00/T
term is also confirmed by plotting kxx/T versus T
(Fig. 2D). In sharp contrast, in dmit-221, a corre-
sponding residual k00/T is absent and only a pho-
non contribution is observed (26). The residual
thermal conductivity in the zero-temperature limit
immediately implies that the excitation from the
ground state is gapless, and the associated correla-
tion function has a long-range algebraic (power-law)
dependence. We note that the temperature depen-
dence of kxx/T in dmit-131 is markedly different
from that in k-(BEDT-TTF)2Cu2(CN)3, in which
the exponential behavior of kxx/Tassociated with
the formation of excitation gap is observed (18).

Key information on the nature of elementary
excitations is further provided by the field depen-
dence of kxx. Because it is expected that kxx

ph is
hardly influenced by the magnetic field, particu-
larly at very low temperatures, the field depen-
dence is governed by kxx

spin(H) (26). The obtained
H-dependence, kxx(H), at low temperatures is
quite unusual (Fig. 3A). At the lowest temperature,
kxx(H) at low fields is insensitive toH but displays
a steep increase above a characteristic magnetic
fieldHg ~ 2 T. At higher temperatures close to Tg,
this behavior is less pronounced, and at 1K kxx(H)
increases with H nearly linearly. The observed
field dependence implies that some spin-gap–like
excitations are also present at low temperatures,
along with the gapless excitations inferred from
the residual k00/T. The energy scale of the gap is
characterized by mBHg, which is comparable to
kBTg. Thus, it is natural to associate the observed
zero-field peak in kxx(T)/Tat Tgwith the excitation
gap formation.

Next we examined a dynamical aspect of the
spin-mediated heat transport. An important ques-
tion is whether the observed energy transfer via
elementary excitations is diffusive or ballistic. In
the 1D spin-1/2 Heisenberg system, the ballistic
energy propagation occurs as a result of the con-
servation of energy current (25). Assuming the
kinetic approximation, the thermal conductivity
is written as kxx

spin = Csvs‘s /3, where Cs is the spe-
cific heat, vs is the velocity, and ‘s is themean free
path of the quasiparticles responsible for the ele-
mentary excitations. We tried to estimate ‘s sim-
ply by assuming that the linear term in the thermal
conductivity arises from the fermionic excitations,
in analogy with excitations near the Fermi surface
in metals. The residual term is written as k00/T ~
(kB

2/daħ)‘s, where d (~3 nm) and a (~1 nm) are
interlayer and nearest-neighbor spin distance. We
assumed the linear energy dispersion e(k)= ħvsk,
a 2D density of states and a Fermi energy com-
parable to J (26). From the observed k00/T, we
find that ‘s reaches as long as ~1 mm, indicating
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Fig. 2. The temperature dependence of kxx(T)/T (A) and kxx(T) (B) of dmit-131 (pink) and dmit-221
(green) below 10 K in zero field [kxx(T) is the thermal conductivity]. A clear peak in kxx/T is observed in
dmit-131 at Tg ~ 1 K, which is also seen as a hump in kxx. Lower temperature plot of kxx(T)/T as a function
of T2 (C) and T (D) of dmit-131, dmit-221, and k-(BEDT-TTF)2Cu2(CN)3 (black) (18). A clear residual of
kxx(T)/T is resolved in dmit-131 in the zero-temperature limit.

Fig. 3. (A) Field dependence of
thermal conductivity normalized
by the zero field value, [kxx(H) –
kxx(0)]/kxx(0) of dmit-131 at low
temperatures. (Inset) The heat cur-
rent Q was applied within the 2D
plane, and the magnetic field H was
perpendicular to the plane. kxx and
kxy were determined by diagonal
and off-diagonal temperature gra-
dients, DTx and DTy, respectively.
(B) Thermal-Hall angle tanq(H) =
kxy/(kxx – kxxph)as a function ofH at
0.23 K (blue), 0.70 K (green), and
1.0 K (red).
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dmit quantum spin liquid

Gapless excitations are mobile in dmit spin liquid!
(More discussion of kappa-ET later). 

M. Yamashita et al,
Science 2010 
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Other examples

15

2

!"
#$%

#&% '&()
!"()

'&*
!+,,-!+*,-
#.%

'&*
!"

#/%

01
23
14
025
6#&
"/
768
10
2%

*-9*99:9)9+9-99
-!6;6<86="6#.3>"33%

'&+!",(: "?@6A6*-7*)6B
"C6A6D7+96B
#6A6*7+D

FIG. 1: (a) Crystal structure of Na4Ir3O8 with the space
group P4132. Among the three Na sites, only Na1 site is
shown for clarity. Black and gray octahedra represent IrO6

and NaO6 respectively. The spheres inside the octahedra rep-
resent Ir and Na atoms and oxygens occupy all the corners.
(b) The x-ray diffraction pattern of Na4Ir3O8 at room tem-
perature. The crosses indicate the raw data and the solid line
indicates the spectrum calculated based on the refinement
using P4132. (c) and (d) Hyperkagome Ir and Na sublat-
tice derived from the structure of Na4Ir3O8 with the space
group P4132 (c) and P4332 (d). These two structures with
different chirality are indistinguishable by conventional x-ray
diffraction, giving the identical result in refinement.

TABLE I: Atomic parameters obtained by refining x-ray pow-
der diffraction for Na4Ir3O8 at room temperature with a space
group P4132. The cubic lattice constant is a = 8.985 Å. g of
Na2 and Na3 are fixed to 0.75 according to Ref. [10].

x y z g B (Å)
Ir 12d 0.61456(7) x + 1/4 5/8 1.00 0.15

Na1 4b 7/8 7/8 7/8 1.00 2.6
Na2 4a 3/8 3/8 3/8 0.75 2.6
Na3 12d 0.3581(8) x + 1/4 5/8 0.75 2.6
O1 8c 0.118(11) x x 1.00 0.6
O2 24e 0.1348(9) 0.8988(8) 0.908(11) 1.00 0.6

chemical formulae as (Na1.5)1(Ir3/4, Na1/4)2O4. The
B -sublattice of spinel oxides forms the so-called py-
rochlore lattice, a network of corner shared tetrahedra.
In Na4Ir3O8, each tetrahedron in the B -sublattice is oc-
cupied by three Ir and one Na (Na1). These Ir and Na
atoms form an intriguing ordering pattern as shown in
Fig. 1 (c), giving rise to a network of corner shared Ir
triangles, called a hyperkagome lattice [12]. All the Ir
sites and Ir-Ir bonds are equivalent and, therefore, strong
geometrical frustration is anticipated. Hyperkagome is
also realized in the A-sublattice of the garnet A3B5O12

but these it is distorted. It might be interesting to infer
here that there exists a chirality in this hyperkagome lat-
tice and that the two structures P4132 [Fig. 1 (c)] and
P4332 [Fig. 1 (d)] have different degenerate chiralities.
Na1.5 in Na1.5(Ir3/4, Na1/4)2O4 occupies the octahedral
A site rather than the tetrahedral A site normally occu-
pied in a conventional spinel structure [10]. We refined
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FIG. 2: Temperature dependence of the inverse magnetic sus-
ceptibility χ−1 under 1 T (a), magnetic specific heat Cm

divided by temperature T (b) and magnetic entropy Sm

(c) of polycrystalline Na4Ir3O8. To estimate Cm, data for
Na4Sn3O8 is used as a reference of the lattice contribution.
Inset: (a) Temperature dependence of magnetic susceptibil-
ity χ of Na4Ir3O8 in various fields up to 5 T. For clarity, the
curves are shifted by 3, 2 and 1 × 10−4 emu/mol Ir for 0.01,
0.1 and 1 T data respectively. (b) Cm/T vs T of Na4Ir3O8

in various fields up to 12 T. Broken lines indicate Cm propor-
tional to T 2 and T 3 respectively.

the structure by assuming two Na positions, Na2 and
Na3, in the octahedral A-site with 75 % occupation fol-
lowing Ref. [10].

Ir in this compound is tetravalent with five electrons in
5d orbitals. Because of the octahedral coordination with
the oxygens and the large crystal field splitting effect ex-
pected for 5d orbitals, it is natural for Ir4+ to have a low
spin (t2g

5) state with S = 1/2. The electrical resistiv-
ity ρ of a ceramic sample at room temperature was ∼10
Ωcm, followed by a thermally activated increase with an
activation energy of 500 K with decreasing temperature.
This, together with the magnetic properties described be-
low, indicates that Na4Ir3O8 is a S = 1/2 Mott insulator
formed on a hyperkagome lattice.

The temperature dependent magnetic susceptibility
χ(T ), shown in Fig. 2 (a), indicates that Na4Ir3O8 is
indeed a frustrated S = 1/2 system with a strong anti-
ferromagnetic interaction. In the χ−1 vs T plot in Fig. 2
(a), Curie-Weiss like behavior can be seen. The Curie-
Weiss fit around room temperature yields a large anti-

(3d hyperkagome)Na4Ir3O8

3

ated powder samples of ZnCu3(OD)6Cl2. High resolu-
tion measurements were taken on the time-of-flight Disk
Chopper Spectrometer (DCS) at the NIST Center for
Neutron Research in Gaithersburg, MD. A sample with
mass 9 g was cooled in a dilution refrigerator and stud-
ied with incident neutrons of wavelength 7 Å, yielding an
instrumental energy resolution of 0.02 meV (half-width
at half-maximum). As shown in Fig. 3(a), the spin ex-
citations form a broad spectrum at low energies. A no-
table observation is the near temperature independence
of the scattering for positive energy transfers. The ex-
citation spectrum on the negative energy-transfer side is
suppressed at low temperatures due to detailed balance.

The magnetic scattering intensity is proportional
to the dynamic structure factor S( !Q, ω) = (n(ω) +
1)χ′′( !Q, ω), where n(ω) is the Bose occupation factor and
χ′′( !Q, ω) is the imaginary part of the dynamical suscep-
tibility. We find that part of the measured intensity for
positive energy transfers below 0.4 meV is spurious back-
ground scattering, probably caused by multiple scatter-
ing of neutrons within the sample environment. There-
fore, to extract the intrinsic scattering from the sample,
the following procedure was used. For negative energy
transfers, χ′′(ω, T= 10K) can be obtained by subtract-
ing the 35 mK data (which is essentially background)
from the 10 K data and dividing by the Bose factor.
Here, χ′′(ω) represents the dynamical susceptibility in-
tegrated over momentum transfers 0.25 ≤ | !Q| ≤ 1.5 Å−1

and is a good measure of the local response function.
This is plotted in Fig. 3(b), where the positive ω data
is obtained by using the fact that χ′′(ω) is an odd func-
tion of ω. Then, χ′′(ω, T= 35mK) can be extracted from
the positive energy transfer data using S(ω; T= 35mK)−
S(ω; T= 10K) = I(ω; T= 35mK) − I(ω; T= 10K), where
I(ω) is the measured intensity and the background is as-
sumed to be temperature independent between 35 mK
and 10 K. As seen in Fig. 3(b), the data for χ′′(ω) at
T = 35 mK increase with decreasing ω, indicating the
absence of a spin gap down to 0.1 meV. Moreover, the
data may be described by a simple power law; the solid
line represents a fit to the form χ′′(ω) ∝ ωγ with an expo-
nent γ = −0.7± 0.3. This apparently divergent behavior
is unusual and again differs markedly from measurement
on SCGO[22] which yield γ $ 0. Of course, within the er-
rors, we cannot rule out other functional forms for χ′′(ω).

The Q-dependence of the scattering is shown in
Fig. 3(c). These data were obtained by integrating over
energy transfers −0.5 ≤ h̄ω ≤ −0.22 meV and subtract-
ing the 35 mK data set from the 10 K data set. We find
that the data appear to be only weakly dependent on | !Q|.
Note that due to the polycrystalline form of the sample,
the data represents the powder average of the scatter-
ing from a crystal. The solid line represents the squared
form factor |F |2 for the Cu2+ ion. The deviations of the
data from |F |2 suggest that the structure factor is not

FIG. 3: (color online) (a) Inelastic neutron scattering data
taken on DCS, integrated over momentum transfers 0.25 ≤
| !Q| ≤ 1.5 Å−1. (b) χ′′(ω), extracted from the data as de-
scribed in the text. The line denotes a power law fit. (c)
The Q-dependence of the scattering, integrated over energy
transfers −0.5 ≤ h̄ω ≤ −0.22 meV. (d) Energy scans taken
on SPINS at zero field and 11.5 T at | !Q| = 0.6 Å−1 and
T = 1.2 K. The lines are guides to the eye. Inset: Temper-
ature dependence of the scattering for 0.3 ≤ h̄ω ≤ 0.5 meV
and | !Q| = 0.9 Å−1. The blue data point and line indicate the
background, measured on the energy loss side at T = 1.5 K.

completely independent of | !Q|. That is, some degree of
spin correlations are necessary to account for the relative
reduction in scattering at small | !Q|. The overall diffuse
nature of the scattering points to the absence of a well-
defined length scale to describe these correlations.

Further measurements were taken using the triple-
axis SPINS spectrometer at the NCNR with the sample
mounted inside a superconducting magnet, as shown in
Fig. 3(d). The instrument was configured in a horizon-
tally focusing analyzer geometry with Ef = 3.05 meV
and collimations of guide-80′-radial-open. A BeO filter
was placed in the scattered beam to reduce higher-order
neutron contamination. The resulting instrumental en-
ergy resolution was about 0.06 meV. An applied field of
11.5 Tesla transfers spectral weight from lower to higher

ZnCu3(OH)6Cl2

Other nice examples: Volborthite (Hiroi, Takigawa talks, Wednesday)

Helton et al, PRL, 07

Okamoto et al, PRL 07
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What about theory?

16

Quantum spin liquids may be either gapless or gapped. 

Many distinct kinds of quantum spin liquid phases are theoretically possible (just 
like many different kinds of magnetic order).

Microscopic conditions which favor one or other of spin liquid states not 
understood in general.
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Some rough insight

17

1. Weak Mott insulators:

Short distance physics is that of a metal but insulating at long distances - 
expect gapless spin liquids with fermionic `spinon’ excitations

2. Strong Mott insulators with well developed short range magnetic order:

Short distance physics is that of an ordered magnet but no long range `phase 
coherence’ - expect gapped spin liquids with bosonic spinon excitations.

However exceptions to these exist (apparently for instance in 
Kagome examples).  
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Questions for theory 

18

1. Quantum spin liquids in weak Mott insulators? 

2. Theoretical framework for gapless quantum spin liquids - some important
ideas.

3. What experiments will most clearly reveal the physics?

4.  Understanding existing experiments
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Theoretical approaches to quantum spin liquids in a weak 
Mott insulator
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Approach from insulator

Motrunich, 2005
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Ring exchange promotes spin liquids

21

Example: Ring exchange model on 2d triangular lattice

Weak Mott insulators on the triangular lattice: Possibility of a gapless nematic quantum
spin liquid

Tarun Grover,1 N. Trivedi,2 T. Senthil,1 and Patrick A. Lee1

1Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2Department of Physics, Ohio State University, Columbus, Ohio 43210, USA

!Received 7 March 2010; revised manuscript received 18 May 2010; published 18 June 2010"

We study the energetics of Gutzwiller projected BCS states of various symmetries for the triangular lattice
antiferromagnet with a four-particle ring exchange using variational Monte Carlo methods. In a range of
parameters the energetically favored state is found to be a projected dx2−y2 paired state which breaks lattice
rotational symmetry. We show that the properties of this nematic or orientationally ordered paired spin-liquid
state as a function of temperature and pressure can account for many of the experiments on organic materials.
We also study the ring-exchange model with ferromagnetic Heisenberg exchange and find that among the
studied ansätze, a projected f-wave state is the most favorable.

DOI: 10.1103/PhysRevB.81.245121 PACS number!s": 75.10.Jm, 71.27.!a, 74.20.Mn, 74.70.Kn

I. INTRODUCTION

In the last few years the quasi-two-dimensional !2D" or-
ganic salts "-!ET"2Cu2!CN"3 and EtMe3Sb#Pd!dmit"2$2 !ab-
breviated, respectively, as "CN and DMIT in the paper" have
emerged as possible realizations of Mott insulators in the
long sought “quantum spin-liquid” state.1–8 These layered
materials are believed to be well described by the single
band Hubbard model on a nearly isotropic triangular lattice.
At ambient pressure they are Mott insulators which do not
order magnetically down to temperatures %30 mK !much
lower than the exchange J%250 K inferred from high-
temperature susceptibility".1,8 The low-temperature phase is
characterized by a linear T-dependent heat capacity and a
finite spin susceptibility just like in a metal !even though the
material is insulating" !Refs. 1, 4, and 6" indicating the pres-
ence of low-lying spin excitations. There is a sharp crossover
or possibly a phase transition at a low temperature &5 K
signaled by a peak in the heat capacity and the onset of a
drop in the susceptibility.1,4 Further an external magnetic
field induces inhomogeneity that is evidenced by a broaden-
ing of the NMR line.3 Application of moderate pressure
!&0.5 GPa" induces a transition to a superconductor !"CN"
or metal !DMIT".2

Broadly speaking a spin-liquid ground state of a Mott
insulator cannot be smoothly deformed to the ground state of
any electronic band insulator. The theoretical possibility of
quantum spin liquids has been appreciated for a long time.9

Many sharply distinct spin-liquid phases are possible. Fur-
ther, any quantum spin-liquid state possesses exotic excita-
tions with fractional quantum number and various associated
topological structures. The distinction between different
quantum spin-liquid phases is reflected in distinctions of the
structure of the low-energy effective theory of these excita-
tions.

Currently the most promising candidate materials all seem
to share a few key properties. First, they are weak Mott in-
sulator that are easily driven metallic by application of pres-
sure. Second, they appear to have gapless spin-carrying ex-
citations. We are thus lead to study possible gapless spin-
liquid behavior in weak Mott insulators to understand these
materials.

At this point, several questions arise: what is a good de-
scription of the putative spin-liquid Mott state seen in experi-
ments mentioned above? What is the connection between the
superconducting !SC" state and the underlying spin-liquid
state that becomes unstable upon applying pressure? What is
the nature of the finite-temperature transitions/crossovers?
We find, using a variational Monte Carlo analysis of the
energetics of several possible wave functions for a spin
Hamiltonian with Heisenberg and ring-exchange interactions
that the nodal d-wave projected BCS state is the best candi-
date for the spin liquid. This state has gapless spin excita-
tions and can naturally explain many of the experiments in
"CN though a number of open questions remain. We also
study the antiferromagnetic J4, ferromagnetic J2 model, and
find that among the studied ansätze, a projected f-wave state
is most favorable. This may have bearing on the explanation
of the observed gapless spin-liquid behavior in He-3 films.12

A. Summary of results

Our results are based on the model Hamiltonian,10

H = 2J2 '
(rr!)

S!r . S!r! + J4'
!

!P1234 + H.c." = J2H2̃ + J4H4̃ .

!1"

Here S!r are spin-1/2 operators at the sites of a triangular
lattice. The second term sums over all elementary parallelo-
grams and P1234 performs a cyclic exchange of the four spins
at the sites of the parallelogram. The multiple ring exchange
is expected to be significant due to the proximity to the Mott
transition in the organics. It is known that the three sublattice
Neel order vanishes beyond a critical J4 /J2&0.1 !Ref. 11"
that can lead to novel spin-liquid phases with no long-range
spin order.

We study various paired spin-liquid states for the J2–J4
model using variational Monte Carlo calculations. In terms
of wave functions, paired states may be described by
Gutzwiller projected BCS states. Two natural states !which
retain the full symmetry of the triangular lattice" are pro-
jected singlet dx2−y2 + idxy and nodal triplet fx3−3xy2 wave

PHYSICAL REVIEW B 81, 245121 !2010"

1098-0121/2010/81!24"/245121!7" ©2010 The American Physical Society245121-1

Many different theoretical methods: 

Exact diagonalization (LiMing et al, 2000,  H.-Y. Yang et al, 2010)

Variational wavefunctions (Motrunich 2005, ......)

DMRG, exact diagonalization on strips (Sheng et al, 2009).

Evidence for spin liquid behavior with increasing J4/J2. 
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Interacting Fermi fluid: Incorporate correlations with Jastrow factor

ψF (r1σ1, .....rNσN ) =

�

ij

f(ri − rj)ψSlater(r1σ1, .....rNσN ) (1)

Special case: Gutzwiller approximation to lattice Hubbard model; choose

fij = gδij (2)

with g < 1 to weigh down double occupancy of any site.

Alternate: approach from the metal

22
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An interesting point of view
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A interesting point of view (cont’d)
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Slave boson mean field theory
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Obtaining  a Mott insulator from the metal
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ψF = ψsolid
b ψSlater is a spin singlet wavefunction.

Expect spin correlations similar to a metal?

Other wavefunctions:

ψF = ψsolid
b ψBCS describes a different spin liquid state.

Spin correlations similar to a superconductor?

Extreme limit: Completely freeze out all charge fluctuations

ψsolid
b → PG (1)

Gutzwiller projector PG =
�

i(1− ni↑ni↓)
Result: Pure spin wavefunction; can be tested variationally on ring exchange

spin models derived in t/U expansion.

Comments

28
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Picture of Mott transition

29

Metal

Mott spin liquid
near metal

Electrons swimming in 
sea of +vely charged 
ions

Electron charge gets 
pinned to ionic lattice 
while spins continue to 
swim freely.
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Slave boson mean field theory:

Hmf = Hb +Hf (1)

Hb = −tc

�

<ij>

�
b
†
i bj

�
+ U

�

i

ni(ni − 1)

2
(2)

Hf = −
�

<ij>

t
s
ij

�
f
†
i fj + h.c

�
(3)

Correlated metal: tc � U , < b > �= 0.
Mott insulator: U � tc, bosons from a Mott insulator while fermions form

a Fermi surface (i.e, a quantum spin liquid with spinon Fermi surface).
Readily generalize to other distinct quantum spin liquid states (eg BCS

pairing of spinons).

Formal theory

30
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Fluctuations: gauge theory
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Properties of this spin liquid
(in d = 2)

32

Spinon Fermi surface + U(1) gauge field:

Large theoretical literature - 

Holstein et al, 73, many papers in the 90s - RPA, large-N treatments

Some recent controversy (S.S. Lee, Metlitski, Sachdev): problems with the 
large-N expansion. 

Resolution (Mross, McGreevy, Liu, TS, 2010): Combine large-N with another 
small parameter introduced by Nayak, Wilczek (94). 

Controlled double expansion allows calculation of physics.
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Specific heat Cv ∼ T
2
3

Spin susceptibility χ ∼ const

Thermal conductivity κ ∼ T
1
3 .

Sharp 2Kf singularities in both spin density f†σf and spinon density f†f .

Properties of this spin liquid (cont’d)
(in d = 2)

33

Wednesday, April 27, 2011



Gauge flux density b ∼ �S1.�S2× �S3 around a plaquette (scalar spin chirality).

Coupling to the internal gauge flux:

External B-field induces coupling to scalar spin chirality at o(t3/U2)

Therefore binternal = αB is induced for the electrically neutral spinons.

α bigger in a weak Mott insulator.

Meaning of gauge flux

34

Wen, Wilczek, Zee, 90; Lee, Nagaosa 91

Motrunich, 2007; also Chitra, Sen, 1990s

Implication: B-field may have both orbital and Zeeman effects in weak Mott spin 
liquids!

Example: Thermal Hall effect (Katsura et al, 2010). 
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Properties of BCS paired spin liquids

35

Spinon pair condensate expels U(1) gauge field. 

Spin physics similar to that of corresponding paired superconductor
(eg: d-wave paired spinons => spin physics of d-wave BCS SC). 

Vortices of spinon pair condensate: topological defects of the paired spin liquid

However for subtle reasons the vortices have a Z2 character (a vortex is its own 
antivortex):  ``visons” (Ising-like vortex)
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Quantum spin liquids and the Mott transition

36

Spinon FS Metal t/U

Paired SL SC t/U

Can be second order!
(TS,2008; Podolsky, 
Paremakanti, Kim, TS, 09)
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Application to experiment: Spinon FS as a 
universal intermediate temperature `mother’ 

state

37

Spinon FS?

Paired SL?

Low T instability in kappa-ET
at ambient pressure at same 
temperature scale as SC 
instability under pressure

In dmit SL, no SC under pressure down to 1 K => weaker pairing tendency

Instability scale at ambient pressure also suppressed compared to kappa-ET

(Motrunich, 05)

(Lee, Lee, TS, 06)
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Crucial question

38

What experiments can reveal a `ghost’ Fermi surface of spinons in the Mott 
insulator? 
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Crucial question

39

What experiments can reveal a `ghost’ Fermi surface of spinons in the Mott 
insulator? 

A proposal (Mross, TS, 2010)

Charge Friedel oscillations: 

-    Kohn anomaly in phonon spectrum

-    Standing wave patterns in STM for tunneling above the Mott gap
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*Spinon density f†f distinct from spin density f†�σf .

Physics of charge Friedel oscillations

40

Charge density correlations at short distance couple to spinon 
density correlations*. 

Spinon Fermi surface => spinon density correlations have sharp 
2Kf singularities

=> Charge density correlations have 2Kf singularities in Mott 
insulator!

Mean field estimate: Magnitude unchanged across Mott transition 
but small compared to free Fermi gas. 
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More useful: Kohn anomaly in phonon 
spectrum

41

!
!

! ! !

!

! ! !

!
!

!

Normal metal:
Ion motion screened by electron fluid; 
Kohn anomaly due to change in screening 
at 2Kf wavevector

Spin liquid Mott insulator:
Ion bound to electron charge while 
electron spin stays mobile. 

Ion-chargon motion carries gauge 
charge which is screened by spinon 
fluid => Kohn anomaly due to spinon 
FS.
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Comments

42

1. 2Kf wavevectors known (approximately) for both organics, hyperkagome 
iridate. 

Obtain phonon spectrum thru inelastic X-ray? 

2. Kohn anomaly survives even in strong Mott insulator if it has a spinon FS. 

May be useful to look in Herbertsmithite, Volborthite, etc. 

3. Phonon dynamics potentially useful probe of spinon physics in a gapless spin 
liquid Mott insulator.
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2∆

Tunneling conductance dI
dV ∝ N(E = eV )

A ∝ Nf (E = 0) (= spinon d.o.s at spinon Fermi surface)

STM to detect spinon Fermi surface in weak 
Mott insulators?

43

N(E)

E

Tunneling requires injecting 
both the gapped charge and 
the gapless spinon => N(E) 
convolution of charge and 
spinon d.o.s 

Near threshold N(E) ≈ A(|E|−∆)θ(|E|−∆).Slope A

=> near defects A = A(x) has spatial modulation at 2Kf wavevectors of spinon FS due 
to standing wave pattern of spinon d.o.s

=> study spatial modulation of A to determine 2Kf wavevectors. 
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Other ideas for detecting spinon Fermi 
surface

44

1. Quantum oscillations?  (Motrunich 07)

Problems: unusual orbital response; low-T instability

2. Magnetic coupling of ferromagnets separated by spin liquid buffer 
(analagous to GMR) (Micklitz, Norman 09)

Problems: Cannot detect in resistivity, need atomic precision for spin liquid 
layer thickness
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Simplest option: dx2−y2 pairing into a state with gapless nodal spinons.

Impurities - spin physics described by ‘dirty d-wave’ theory.

Spin susceptibility χ → const, Wilson ratio ∼ 1 confirmed by expt.
Predict metallic thermal conductivity κ/T = const partially confirmed ex-

periment on dmit.

Low T instability in spin liquid organics: 
pairing instability of spinon FS?

45

Grover, 
Trivedi, 
TS, Lee, 
2010

heat with !!15 mJ K−2 mol−1, we estimate an impurity-
scattering rate "#0.25kBT!!1.5 K. While " is reasonably
small compared to superconducting gap it is appreciable
enough to generate a constant density of states at low energy
and lead to an apparent Fermi-liquidlike behavior in the spe-
cific heat at the lowest temperatures accessible, consistent
with the experiments.4 The experiments also apparently
show that the low-temperature linear specific heat is insensi-
tive to magnetic fields up to about 8 T. This poses a difficulty
for the present theory as the Zeeman coupling to the field is
expected to increase the low-energy density of states. Indeed
the prior proposal of an “Amperean” paired state14 was
partly motivated by the insensitivity of the specific heat to a
magnetic field. However as discussed below the Amperean
pairing has some difficulty with describing the superconduct-
ing state that develops under pressure.

Thermal conductivity. Nodal spinons "as also dirty d-wave
superconductors# lead to a finite “universal” metallic thermal
conductivity $$T as T→0. In practice however observation
of this effect requires low temperatures to eliminate the pho-
non contribution. In thermal transport measurements on
$CN, a plot of $ /T as a function of T2 of data above 1 K
indeed extrapolates to a constant in the zero-temperature
limit. However, data for T#0.5 K rapidly extrapolates to
zero and has been interpreted as evidence for a gap.23 We do
not have an explanation of this phenomenon.

Field induced inhomogeneity. At ambient pressure, NMR
studies of $CN show the development of a magnetic-field
induced inhomogeneity.3 Within our theory this may be ra-
tionalized as follows. Due to the effect proposed by
Motrunich,24 the external magnetic field induces an internal
magnetic field for the spinons which can lead to vortices
"visons# of the spinon pair condensate. The resulting “mixed
state” is inhomogeneous that occurs below the pairing scale
and increases in proportion to the field.

T=0 phase diagram under pressure and superconductiv-
ity. In general, pressure increases the ratio t /U, which im-
plies an increase in J4 /J2 leading to suppression of the pair
amplitude. Thus increasing pressure suppresses the pairing
transition. Increasing pressure also leads to an insulator-to-
metal transition. Clearly two situations are possible depend-
ing on whether the pair order is killed before or after this
metal-insulator transition. In the latter case superconductivity
will be obtained in the metal close to the Mott phase bound-

ary. We propose that this is realized in $CN. On the other
hand, superconductivity has not been found in DMIT under
pressure. We suggest that in this material the pair order is
killed under pressure before the metal-insulator transition.
An interesting experimental test of this suggestion is to study
the Mott insulating phase of DMIT at pressures just below
the metal-insulator phase boundary. Here the spinon Fermi-
surface state, with its characteristic signatures such as, for
instance, the T2/3 heat capacity "produced by gauge fluctua-
tions# will then survive to low T without any pairing transi-
tion.

If the pairing extends into the metallic phase the super-
conductor that results will also have dx2−y2 symmetry and
will "for an ideal isotropic triangular lattice# break lattice
rotational symmetry. The spinons of the insulator now be-
come the nodal Bogoliubov quasiparticles of this d-wave su-
perconductor. Thus, the low-temperature specific heat and
spin susceptibilities of the superconductor will behave simi-
larly to that of the spin-liquid insulator. Further the NMR
relaxation rate 1 /T1T$T2 for T%" "the impurity-scattering
rate# and will saturate to a constant at the lowest tempera-
tures. The former is in agreement with existing data on $CN
for T close to Tc.5 Such a relaxation rate is not expected
within the alternate Amperean paired state,14 making it diffi-
cult to connect the pairing transition in the spin liquid with
that in the metal. The NMR data5 also shows that the Knight
shift is only weakly suppressed on entering the supercon-
ducting state. However this may be due to complications
associated with sample heating.25

V. FINITE-T PHASE DIAGRAM

For an ideal isotropic triangular lattice the broken discrete
rotational symmetry of the nodal d-wave state leads to an
interesting finite-temperature phase diagram as shown in
Fig. 5. Let the pairing field &â"r!#= %cr!↑cr!+â↓−cr!↓cr!+â↑& on the

FIG. 4. Schematic sketch of the expected specific-heat curve.
The left panel shows the mean-field behavior. The full line is in the
clean limit and the dashed line the modification due to impurity
scattering. The right panel shows the expected behavior when gauge
fluctuations beyond mean field are included.

FIG. 5. Schematic pressure-temperature phase diagram for the
nodal d-wave state. Figure "a#/"b# corresponds to the case when the
pair order is killed before/after the Mott transition "denoted by
“'”#. Phase I corresponds to the finite-temperature threefold
symmetry-breaking nematic insulator. The details of the regions II
and II! are determined by the nature of the Mott transition and/or
finite-T crossover phenomena associated with the FL/PFL. We do
not discuss it in this paper "please see Ref. 26 for a theory of region
II#. The phase III has long-range nematic order and power-law su-
perconducting order while in the region IV both these orders have
only power-law correlations. Please see the text for discussion of
the associated phase transitions.

WEAK MOTT INSULATORS ON THE TRIANGULAR… PHYSICAL REVIEW B 81, 245121 "2010#
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Specific 
heat

Other pairing structure: Lee, Lee, TS, 2006; Galitski, Kim, 2007

Problem: field independence of low-T specific heat in expt. 
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|ψ0� = PG|FL�

|ψ� = PG|BCS� with various pairing symmetries

Numerical evidence for d-wave spin liquid

46

Weak Mott insulators on the triangular lattice: Possibility of a gapless nematic quantum
spin liquid

Tarun Grover,1 N. Trivedi,2 T. Senthil,1 and Patrick A. Lee1

1Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2Department of Physics, Ohio State University, Columbus, Ohio 43210, USA

!Received 7 March 2010; revised manuscript received 18 May 2010; published 18 June 2010"

We study the energetics of Gutzwiller projected BCS states of various symmetries for the triangular lattice
antiferromagnet with a four-particle ring exchange using variational Monte Carlo methods. In a range of
parameters the energetically favored state is found to be a projected dx2−y2 paired state which breaks lattice
rotational symmetry. We show that the properties of this nematic or orientationally ordered paired spin-liquid
state as a function of temperature and pressure can account for many of the experiments on organic materials.
We also study the ring-exchange model with ferromagnetic Heisenberg exchange and find that among the
studied ansätze, a projected f-wave state is the most favorable.

DOI: 10.1103/PhysRevB.81.245121 PACS number!s": 75.10.Jm, 71.27.!a, 74.20.Mn, 74.70.Kn

I. INTRODUCTION

In the last few years the quasi-two-dimensional !2D" or-
ganic salts "-!ET"2Cu2!CN"3 and EtMe3Sb#Pd!dmit"2$2 !ab-
breviated, respectively, as "CN and DMIT in the paper" have
emerged as possible realizations of Mott insulators in the
long sought “quantum spin-liquid” state.1–8 These layered
materials are believed to be well described by the single
band Hubbard model on a nearly isotropic triangular lattice.
At ambient pressure they are Mott insulators which do not
order magnetically down to temperatures %30 mK !much
lower than the exchange J%250 K inferred from high-
temperature susceptibility".1,8 The low-temperature phase is
characterized by a linear T-dependent heat capacity and a
finite spin susceptibility just like in a metal !even though the
material is insulating" !Refs. 1, 4, and 6" indicating the pres-
ence of low-lying spin excitations. There is a sharp crossover
or possibly a phase transition at a low temperature &5 K
signaled by a peak in the heat capacity and the onset of a
drop in the susceptibility.1,4 Further an external magnetic
field induces inhomogeneity that is evidenced by a broaden-
ing of the NMR line.3 Application of moderate pressure
!&0.5 GPa" induces a transition to a superconductor !"CN"
or metal !DMIT".2

Broadly speaking a spin-liquid ground state of a Mott
insulator cannot be smoothly deformed to the ground state of
any electronic band insulator. The theoretical possibility of
quantum spin liquids has been appreciated for a long time.9

Many sharply distinct spin-liquid phases are possible. Fur-
ther, any quantum spin-liquid state possesses exotic excita-
tions with fractional quantum number and various associated
topological structures. The distinction between different
quantum spin-liquid phases is reflected in distinctions of the
structure of the low-energy effective theory of these excita-
tions.

Currently the most promising candidate materials all seem
to share a few key properties. First, they are weak Mott in-
sulator that are easily driven metallic by application of pres-
sure. Second, they appear to have gapless spin-carrying ex-
citations. We are thus lead to study possible gapless spin-
liquid behavior in weak Mott insulators to understand these
materials.

At this point, several questions arise: what is a good de-
scription of the putative spin-liquid Mott state seen in experi-
ments mentioned above? What is the connection between the
superconducting !SC" state and the underlying spin-liquid
state that becomes unstable upon applying pressure? What is
the nature of the finite-temperature transitions/crossovers?
We find, using a variational Monte Carlo analysis of the
energetics of several possible wave functions for a spin
Hamiltonian with Heisenberg and ring-exchange interactions
that the nodal d-wave projected BCS state is the best candi-
date for the spin liquid. This state has gapless spin excita-
tions and can naturally explain many of the experiments in
"CN though a number of open questions remain. We also
study the antiferromagnetic J4, ferromagnetic J2 model, and
find that among the studied ansätze, a projected f-wave state
is most favorable. This may have bearing on the explanation
of the observed gapless spin-liquid behavior in He-3 films.12

A. Summary of results

Our results are based on the model Hamiltonian,10

H = 2J2 '
(rr!)

S!r . S!r! + J4'
!

!P1234 + H.c." = J2H2̃ + J4H4̃ .

!1"

Here S!r are spin-1/2 operators at the sites of a triangular
lattice. The second term sums over all elementary parallelo-
grams and P1234 performs a cyclic exchange of the four spins
at the sites of the parallelogram. The multiple ring exchange
is expected to be significant due to the proximity to the Mott
transition in the organics. It is known that the three sublattice
Neel order vanishes beyond a critical J4 /J2&0.1 !Ref. 11"
that can lead to novel spin-liquid phases with no long-range
spin order.

We study various paired spin-liquid states for the J2–J4
model using variational Monte Carlo calculations. In terms
of wave functions, paired states may be described by
Gutzwiller projected BCS states. Two natural states !which
retain the full symmetry of the triangular lattice" are pro-
jected singlet dx2−y2 + idxy and nodal triplet fx3−3xy2 wave
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mined by minimizing the energy. The minimization is done
as follows. We first calculate the expectation value of the
two-particle exchange term H2̃ and the four-particle ex-
change term H4̃ in Eq. !1" separately for a discrete set of
values !!n ,"0n" such that !min#!n#!max, "min#"0n
#"max. The ranges for !min/max ,"0min/max are chosen based
on a preliminary minimization of the energy Evar such that
the optimum values !̄, "0 lie within this range for all value
of J4 /J2 we are interested in. Having obtained the discretized
functions H2̃!!n ,"0n" and H4̃!!n ,"0n", the optimization for
any particular value of J4 /J2 is achieved by simply picking
the minimum of the function J2H2̃!!n ,"0n"+J4H4̃!!n ,"0n".

The properties of the three superconducting gap functions
are as follows: the dx2−y2 + idxy state is invariant under spin
rotation, lattice rotation, and translation symmetries, but
breaks both time reversal and parity. After projection it cor-
responds to the “chiral spin-liquid” state.19 The dx2−y2 state is
a spin singlet with a cos!2$" angular dependence !$ is the
angle subtended by a bond". It breaks lattice rotational sym-
metry while preserving translations and time reversal. Fi-
nally, the triplet fx3−3xy2-wave state has orbital part varying as
cos!3$" while in spin space it has zero projection along a
quantization axis. This breaks spin rotation but preserves all

the lattice symmetries and time reversal. Both dx2−y2 and
fx3−3xy2 possess nodes along the Fermi surface in k space
while dx2−y2 + idxy is fully gapped. Figure 1 shows the angular
dependence of the SC gap "rr! corresponding these three
states on the triangular lattice.

III. RESULTS

A. Antiferromagnetic J2

Figure 2!a" shows the difference %E=EPBCS−EPFL for the
three paired states, namely, projected dx2−y2 + idxy, fx3−3xy2,
and dx2−y2. Clearly for J4 /J2&0.25 the projected Fermi liquid
!PFL" is the best variational state. Interestingly, for a wide
range of parameters 0.10'J4 /J2'0.23 the projected dx2−y2

wins over the projected Fermi liquid as well as the other two
paired states. In the regime, 0.23'J4 /J2'0.25, the error
bars preclude any conclusion. Figure 2!b" shows the optimal
value of the gap parameter "0 for these three states. Consis-
tent with the results for optimal energy, "0#0 for J4 /J2
&0.25 while for 0.10'J4 /J2'0.23 the state dx2−y2 has a
nonzero and largest value of "0 among all paired states. For
smaller values of J4 /J2!'0.10", it is expected that the spin-
rotation symmetry-breaking spiral state would be the ground
state of H.11 In addition, we also studied a projected Fermi
liquid with staggered flux ( through alternate triangular
plaquettes. We found that the energy has minima at (
=0,) and that the 0 flux state $*%PFL is always lower in
energy than the ) flux state for all values of J4 /J2.

Heuristically, large values of J4 /J2 favors delocalization
of electrons. Thus, it is not surprising that PFL is the ground
state for large J4 /J2. Since J2+0, the triplet paired f-wave
state is expected to be unfavorable, consistent with our re-
sults. Further, the electrons are more delocalized in the nodal
dx2−y2 compared to dx2−y2 + idxy since the latter is fully
gapped. Thus for values of J4 /J2 not so small as to induce
spiral order for spins but small enough that PFL is destabi-
lized, our result that a projected nodal paired state is favored
seems reasonable. Our results connect well with earlier

FIG. 1. Angular dependence of superconducting order param-
eter for the dx2−y2, dx2−y2 + idxy, and fx3−3xy2 states.
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FIG. 2. !Color online" !a" Difference between EPBCS and EPFL for various paired states in the units of J2. The calculations are done on
a 10,11 lattice with antiperiodic boundary conditions using the standard METROPOLIS Monte Carlo !Ref. 21" with 105 sweeps. !b" Gap
parameter "0 for various paired states in units of t.
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Projected FL wins for large J4 but nodal d-wave wins for intermediate J4. 

Nodal d-wave: break lattice rotation but not translation => nematic spin liquid

Variational calculation for triangular lattice ring exchange model

Compare SL wavefunctions 
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Within “dirty d-wave” theory,
vF
v∆

= 550

(compare with
vF
v∆

= 14 for optimal YBCO, = 280 for overdoped Tl-2201

vF : velocity normal to FS
v∆: velocity parallel to FS

Thermal conductivity in organic spin liquids

47

exponential decay of the NMR relaxation indicates
inhomogeneous distributions of spin excitations
(22), which may obscure the intrinsic properties
of the QSL. A phase transition possibly associated
with the charge degree of freedom at ~6 K further
complicates the situation (23). Meanwhile, in
EtMe3Sb[Pd(dmit)2]2 (dmit-131) such a transi-
tion is likely to be absent, and a muchmore homo-
geneous QSL state is attained at low temperatures
(4, 5). As a further merit, dmit-131 (Fig. 1B) has
a cousinmaterial Et2Me2Sb[Pd(dmit)2]2 (dmit-221)
with a similar crystal structure (Fig. 1C), which
exhibits a nonmagnetic charge-ordered state with
a large excitation gap below 70 K (24). A com-
parison between these two related materials will
therefore offer us the opportunity to single out
genuine features of the QSL state believed to be
realized in dmit-131.

Measuring thermal transport is highly advan-
tageous for probing the low-lying elementary
excitations in QSLs, because it is free from the
nuclear Schottky contribution that plagues the
heat capacity measurements at low temperatures
(21). Moreover, it is sensitive exclusively to itin-
erant spin excitations that carry entropy, which
provides important information on the nature of the

spin correlation and spin-mediated heat transport.
Indeed, highly unusual transport properties includ-
ing the ballistic energy propagation have been re-
ported in a 1D spin-1/2 Heisenberg system (25).

The temperature dependence of the thermal
conductivity kxx divided by Tof a dmit-131 single
crystal displays a steep increase followed by a
rapid decrease after showing a pronounced maxi-
mum at Tg ~ 1 K (Fig. 2A). The heat is carried
primarily by phonons (kxx

ph) and spin-mediated
contributions (kxx

spin). The phonon contribution
can be estimated from the data of the nonmagnetic
state in a dmit-221 crystal with similar dimensions,
which should have a negligibly small kxx

spin. In
dmit-221, kxx

ph/T exhibits a broad peak at around
1 K, which appears when the phonon conduction
grows rapidly and is limited by the sample bound-
aries. On the other hand, kxx/Tof dmit-131, which
well exceeds kxx

ph/T of dmit-221, indicates a sub-
stantial contribution of spin-mediated heat con-
duction below 10K. This observation is reinforced
by the large magnetic field dependence of kxx of
dmit-131, as discussed below (Fig. 3A). Figure
2B shows a peak in the kxx versus T plot for dmit-
131, which is absent in dmit-221. We therefore
conclude that kxx

spin and kxx
spin/T in dmit-131 have

a peak structure at Tg ~ 1 K, which characterizes
the excitation spectrum.

The low-energy excitation spectrum can be
inferred from the thermal conductivity in the low-
temperature regime. In dmit-131, kxx/T at low
temperatures is well fitted by kxx/T= k00/T + bT2

(Fig. 2C), where b is a constant. The presence of a
residual value in kxx/T at T→0 K, k00/T, is clearly
resolved. The distinct presence of a nonzero k00/T
term is also confirmed by plotting kxx/T versus T
(Fig. 2D). In sharp contrast, in dmit-221, a corre-
sponding residual k00/T is absent and only a pho-
non contribution is observed (26). The residual
thermal conductivity in the zero-temperature limit
immediately implies that the excitation from the
ground state is gapless, and the associated correla-
tion function has a long-range algebraic (power-law)
dependence. We note that the temperature depen-
dence of kxx/T in dmit-131 is markedly different
from that in k-(BEDT-TTF)2Cu2(CN)3, in which
the exponential behavior of kxx/Tassociated with
the formation of excitation gap is observed (18).

Key information on the nature of elementary
excitations is further provided by the field depen-
dence of kxx. Because it is expected that kxx

ph is
hardly influenced by the magnetic field, particu-
larly at very low temperatures, the field depen-
dence is governed by kxx

spin(H) (26). The obtained
H-dependence, kxx(H), at low temperatures is
quite unusual (Fig. 3A). At the lowest temperature,
kxx(H) at low fields is insensitive toH but displays
a steep increase above a characteristic magnetic
fieldHg ~ 2 T. At higher temperatures close to Tg,
this behavior is less pronounced, and at 1K kxx(H)
increases with H nearly linearly. The observed
field dependence implies that some spin-gap–like
excitations are also present at low temperatures,
along with the gapless excitations inferred from
the residual k00/T. The energy scale of the gap is
characterized by mBHg, which is comparable to
kBTg. Thus, it is natural to associate the observed
zero-field peak in kxx(T)/Tat Tgwith the excitation
gap formation.

Next we examined a dynamical aspect of the
spin-mediated heat transport. An important ques-
tion is whether the observed energy transfer via
elementary excitations is diffusive or ballistic. In
the 1D spin-1/2 Heisenberg system, the ballistic
energy propagation occurs as a result of the con-
servation of energy current (25). Assuming the
kinetic approximation, the thermal conductivity
is written as kxx

spin = Csvs‘s /3, where Cs is the spe-
cific heat, vs is the velocity, and ‘s is themean free
path of the quasiparticles responsible for the ele-
mentary excitations. We tried to estimate ‘s sim-
ply by assuming that the linear term in the thermal
conductivity arises from the fermionic excitations,
in analogy with excitations near the Fermi surface
in metals. The residual term is written as k00/T ~
(kB

2/daħ)‘s, where d (~3 nm) and a (~1 nm) are
interlayer and nearest-neighbor spin distance. We
assumed the linear energy dispersion e(k)= ħvsk,
a 2D density of states and a Fermi energy com-
parable to J (26). From the observed k00/T, we
find that ‘s reaches as long as ~1 mm, indicating

1.0

0.8

0.6

0.4

0.2

0.0

xx
/T

 (W
/K

2 m
)

0.100.080.060.040.020.00

 dmit-131
 
 
 

 dmit-221

κ-(BEDT-TTF)2Cu2(CN)3

         (×2)

0.8

0.6

0.4

0.2

0.0
0.30.0 T (K)

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

xx
/T

 (W
/K

2 m
)

1086420
T (K) T 2 (K2)

Tg

 dmit-131 (spin liquid)
 dmit-221 (non-magnetic)

1.6

1.2

0.8

0.4

0.0

xx
 (W

/K
 m

)

1086420
T (K)

A B CD
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Fig. 3. (A) Field dependence of
thermal conductivity normalized
by the zero field value, [kxx(H) –
kxx(0)]/kxx(0) of dmit-131 at low
temperatures. (Inset) The heat cur-
rent Q was applied within the 2D
plane, and the magnetic field H was
perpendicular to the plane. kxx and
kxy were determined by diagonal
and off-diagonal temperature gra-
dients, DTx and DTy, respectively.
(B) Thermal-Hall angle tanq(H) =
kxy/(kxx – kxxph)as a function ofH at
0.23 K (blue), 0.70 K (green), and
1.0 K (red).
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FIG. 3. The field dependence of the normalized thermal
conductivity in sample 1 for different temperatures. Deviation
from the horizontal line marks Hc2. Note the gradual apparition
of a dip at low temperatures.

density of states of quasiparticles traveling perpendicular
to the vortex axes. Note that, according to this bulk
probe of superconductivity, Hc2 becomes temperature
independent below 1 K.
The main part of the initial field-induced decrease of

thermal conductivity is due to the effect of the magnetic
field on the phonon mean-free path. However, an esti-
mation of the dominant phonon wavelength at low tem-
peratures (lph � h̄ys

kBT
� 240 nm�K) exceeds by 2 orders

of magnitude the coherence length at T � 0.62 K so that
no vortex scattering of phonons is expected. This is con-
firmed by the regular decrease in k�H� up to fields of a
few teslas. The vortex scattering of heat carriers has been
reported in much smaller fields with long intervortex dis-
tances [19]. Here, the observed field-induced decrease is
a result of the scattering of phonons by electronic excita-
tions including those which are extended out of the vortex
cores. As first pointed out by Volovik [20], the enhance-
ment of these latter delocalized electronic excitations by
a magnetic field due to a Doppler shift in quasiparticle
spectrum dominates the properties of the mixed state of
unconventional superconductors [21].

Evidence for unconventional superconductivity comes
from our low-temperature results. Figure 4 presents the
low-temperature behavior of thermal conductivity in nor-
mal and superconducting states for the two samples. The
remarkable feature of the figure is the presence of a finite
linear term in the thermal conductivity of the superconduct-
ing state indicative of a residual electronic contribution. In
both samples the magnitude of this term is a sizeable frac-
tion of the normal electronic term. For sample 1, we ex-
tended our zero-field measurements down to T � 0.16 K
and found that, for T , 0.27, k�T � presents an aT 1
bT

3 temperature dependence with a � ks

e
�T � 0.20 6

0.09 mW�K2 cm and b � 11 6 5 mW�K4 cm. The large
uncertainties are mainly due to the geometric factor. The
cubic term gives an estimation of the maximum phonon
mean-free path using the kinetics gas equation kph �
1
3 cphyslph, where cph � bT

3 is the lattice specific heat
(b � 23.6 mJ�K4 cm3 [22]) and ys is the velocity of
sound (ys � 5.103 m�s [23]). This yields lph � 28 mm
which is comparable to the sample thickness (�20 mm).
In the normal state, due to the lack of data for T , 0.25 K
the extraction of the kn

e
�T value at T � 0 is less straight-

forward. But one can reasonably expect that the ballistic
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is the best fit to low-temperature data. For H � 8 T, a parallel
line schematizes the expected aT 1 bT

3 behavior (see text).
The shaded area represents the universal linear term in the
clean limit.
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FIG. 3. The field dependence of the normalized thermal
conductivity in sample 1 for different temperatures. Deviation
from the horizontal line marks Hc2. Note the gradual apparition
of a dip at low temperatures.

density of states of quasiparticles traveling perpendicular
to the vortex axes. Note that, according to this bulk
probe of superconductivity, Hc2 becomes temperature
independent below 1 K.
The main part of the initial field-induced decrease of

thermal conductivity is due to the effect of the magnetic
field on the phonon mean-free path. However, an esti-
mation of the dominant phonon wavelength at low tem-
peratures (lph � h̄ys

kBT
� 240 nm�K) exceeds by 2 orders

of magnitude the coherence length at T � 0.62 K so that
no vortex scattering of phonons is expected. This is con-
firmed by the regular decrease in k�H� up to fields of a
few teslas. The vortex scattering of heat carriers has been
reported in much smaller fields with long intervortex dis-
tances [19]. Here, the observed field-induced decrease is
a result of the scattering of phonons by electronic excita-
tions including those which are extended out of the vortex
cores. As first pointed out by Volovik [20], the enhance-
ment of these latter delocalized electronic excitations by
a magnetic field due to a Doppler shift in quasiparticle
spectrum dominates the properties of the mixed state of
unconventional superconductors [21].

Evidence for unconventional superconductivity comes
from our low-temperature results. Figure 4 presents the
low-temperature behavior of thermal conductivity in nor-
mal and superconducting states for the two samples. The
remarkable feature of the figure is the presence of a finite
linear term in the thermal conductivity of the superconduct-
ing state indicative of a residual electronic contribution. In
both samples the magnitude of this term is a sizeable frac-
tion of the normal electronic term. For sample 1, we ex-
tended our zero-field measurements down to T � 0.16 K
and found that, for T , 0.27, k�T � presents an aT 1
bT

3 temperature dependence with a � ks

e
�T � 0.20 6

0.09 mW�K2 cm and b � 11 6 5 mW�K4 cm. The large
uncertainties are mainly due to the geometric factor. The
cubic term gives an estimation of the maximum phonon
mean-free path using the kinetics gas equation kph �
1
3 cphyslph, where cph � bT

3 is the lattice specific heat
(b � 23.6 mJ�K4 cm3 [22]) and ys is the velocity of
sound (ys � 5.103 m�s [23]). This yields lph � 28 mm
which is comparable to the sample thickness (�20 mm).
In the normal state, due to the lack of data for T , 0.25 K
the extraction of the kn

e
�T value at T � 0 is less straight-

forward. But one can reasonably expect that the ballistic
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FIG. 4. The T
2 dependence of k�T in normal and supercon-

ducting states for samples 1 and 2. The straight line for H � 0
is the best fit to low-temperature data. For H � 8 T, a parallel
line schematizes the expected aT 1 bT

3 behavior (see text).
The shaded area represents the universal linear term in the
clean limit.
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Quantum spin liquid states discovered in experiments in last few years. 

Growing number of experimental candidates - many dramatic phenomena. 

All experimental candidates are gapless (at least to very low T). 

Theoretical framework: Spinon FS at intermediate temperature, instability (pairing?)
at very low T. 

Needed: experimental detection of spinon FS, gauge field effects. 

Very low-T state seen in experiments remains to be clarified. 
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