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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. 

Prototypical ground state wavefunction 
Not a direct product of local degrees of 
freedom. 

Long range quantum entanglement

* In d > 1

+

+ .........
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Long Range Entangled Phases

4

Phases with Long Range Entanglement (LRE): new 
chapter in condensed matter physics at least as rich as 
previous chapter (LRO phases)

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.

Other examples: fractional quantum Hall phases, Fermi and non-Fermi 
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

7

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 with J ≈ 250 K. 

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

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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Example: Thermal transport 
in dmit SL. 
M. Yamashita et al, Science 2010. 
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Plan for talk

8

1. Quantum spin liquids in weak Mott insulators

Key idea: Gapless fermionic ``spinons” with a Fermi surface 
at intermediate scales. (Baskaran, Anderson’87; ..........Motrunich, 2005, 
S.S. Lee, P.A. Lee,  05) 

2. Detecting the spinon Fermi surface

3. Quantum spin liquids and metal-insulator transitions 

 Thursday, April 5, 2012



Theoretical approaches to quantum spin liquids in a weak 
Mott insulator
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Approach from insulator

Motrunich, 2005

Various numerics: ring exchange promotes spin liquids (LiMing et al 00, Motrunich 
05, H.-Y. Yang et al, 2010)

Thursday, April 5, 2012



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

11
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An interesting point of view
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Obtaining  a Mott insulator from the metal
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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.

ψF = ψsolid
b ψSlater is a spin singlet wavefunction.

Expect spin correlations similar to a metal?

Comments

14
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Picture of Mott transition

15

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).

cα = bfα
b: charge-e spin-0 boson (chargon/holon)
f: charge-0 spin-1/2 fermion (spinon)

Formal theory

16

Slave particle representation: 
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Fluctuations: gauge theory
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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)

18

RPA theory: many papers in the 90s; 
Recent controlled calculation beyond RPA: Mross, McGreevy, Liu, and TS, 
2010. 
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Application to experiment: Spinon FS as a 
universal intermediate temperature `mother’ 

state

19

Spinon FS?

Pairing instability?

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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Fundamental theoretical concept: Spinon Fermi surface 
at intermediate-T. 

Basic framework for thinking about low-T physics 
(instability of spinon fermi surface). 

Thursday, April 5, 2012



Crucial question

21

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

22

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

1. Possible quantum oscillations in applied B-field (Motrunich 2006) 
Problems: Unusual orbital response; low-T instability. 

 2. Oscillatory magnetic coupling between two ferromagnets separated 
by spin liquid buffer (Micklitz, Norman, 2009) 

 3. Kohn anomaly in phonon spectrum (Mross, TS, 2010)

4.  Standing wave patterns in STM for tunneling above the Mott gap 
(Mross, TS 2010)
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How to measure a spinon Fermi surface

M. R. Norman and T. Micklitz
Materials Science Division, Argonne National Laboratory, Argonne, IL 60439

(Dated: January 21, 2009)

We propose an experiment to identify the potential existence of a spinon Fermi surface by looking
for oscillatory coupling between two ferromagnets via a spin liquid spacer. Three candidate spin
liquids are investigated, and it is found that in all cases, long period oscillations should be present,
the period of which would identify the Fermi wavevector of the spinon surface.

PACS numbers: 75.10.Jm, 75.30.Et, 75.70.Cn

In 1973, Anderson [1] proposed the possibility of a spin
liquid, a state where long range magnetic order is sup-
pressed by frustration, low dimensionality and/or quan-
tum fluctuations. In 1987, he resurrected this idea in
the context of high temperature cuprate superconduc-
tors [2]. The proposed ground state was a so-called uni-
form resonating valence bond (RVB) state which pos-
sesses a Fermi surface for spin excitations. Although it
turns out that the undoped cuprates are antiferromag-
nets, the spin liquid concept in the context of doped
cuprates is a very active field of study [3].

Frustration plays a major role in suppressing mag-
netic order, and the original RVB idea was devel-
oped for a triangular lattice. Since then, other frus-
trated lattices have been identified, including pyrochlore,
kagome, and hyper-kagome [4]. In the past few years,
three candidate S = 1/2 spin liquids have been identi-
fied [5]: κ-(BEDT-TTF)2Cu2(CN)3 (distorted triangular
lattice) [6], ZnCu3(OH)6Cl2 (kagome) [7], and Na4Ir3O8

(hyper-kagome) [8]. All of these materials are insulat-
ing, have a large Curie-Weiss temperature, and yet show
no ordering down to the lowest temperatures measured.
In each case [9–13], a uniform RVB state has been pro-
posed as the ground state with a resulting spinon Fermi
surface. There is indirect evidence for such a surface.
The BEDT salt exhibits a linear T specific heat [14]
characteristic of a Fermi surface. The herbertsmithite
ZnCu3(OH)6Cl2 exhibits a sub-linear T dependence of
the specific heat [15], but this can be understood from
self-energy corrections [9]. In addition, a Pauli-like sus-
ceptibility is inferred at low temperatures once the effect
of impurity spins has been factored out.

On the other hand, this evidence for a spinon surface
is indirect. Spin glass behavior, or a magnon dispersion,
ωz, with a power z equal to the dimensionality, can also
lead to a linear T specific heat [4]. Therefore, it would be
desirable to have a more direct test. Now, the existence
of a Fermi surface implies the presence of Friedel oscilla-
tions. For a spin liquid, this would not show up in the
charge channel, but would show up in the spin channel.
The challenge is how to detect this.

As is well known, oscillatory coupling has been seen
between two ferromagnets separated by a paramagnetic
spacer (Fig. 1) [16]. This is a consequence of Kohn

FF
spin liquid

z

FIG. 1: (Color online) The proposed experiment involves two
ferromagnetic layers (F) with a spin liquid spacer of variable
thickness, z. Depending on the sign of the oscillatory cou-
pling, the two ferromagnets will be aligned or anti-aligned.

anomalies of the Fermi surface which appear in the spin
susceptibility [17], but are difficult to observe by neutron
scattering because of their weak intensity. These anoma-
lies are due to extremal spanning vectors of the Fermi sur-
face. There are several types: 2kF vectors, umklapp vec-
tors, and vectors which connect different Fermi surfaces.
Large vectors are difficult to observe in the oscillatory
coupling since their period is comparable to the lattice
constant [9] (and are therefore damped by roughness of
the layers), but small vectors have been prominently ob-
served in transition metal multi-layers [16]. The existence
of small vectors (long period oscillations) is generic, as
large Fermi surfaces have small umklapp vectors, whereas
small Fermi surfaces have small 2kF vectors. Oscilla-
tory experiments have the additional advantage of being
able to detect multiple q vectors with different orienta-
tions depending on the growth direction of the layers.
These oscillations are also strongly suppressed by a spin
gap [18], as the latter leads to an exponential decay of
the susceptibility with a distance scale set by the lattice
constant [19].

We will now apply this idea to spin liquids. We start
with the BEDT salt, originally discovered by Geiser et

al. [20]. As discussed by Shimizu et al. [6], this ma-
terial is composed of dimers that sit on a distorted
triangular lattice. This particular salt, though, has a
very small anisotropy of the hopping integrals of 6%.
The resulting Fermi surface is shown in Fig. 2a, which
was derived from the dispersion εk = 2t′ cos(kbb) +
4t cos(kbb/2) cos(kcc/2) − µ with t=54.5 meV, t′=57.5
meV, and µ=-46.2 meV to achieve half-filling (b and c
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 Kohn anomaly in phonon spectrum

23

!
!

! ! !

!

! ! !

!
!

!

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

24

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 Kagome magnets (Herbertsmithite, Volborthite, etc). 

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

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

STM to detect spinon Fermi surface in weak 
Mott insulators?

25

N(E)

E

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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Very low-T state: many theoretical ideas but all have 
problems with some aspect of experiments. 

Establishing existence of spinon Fermi surface will set the 
stage for progress in theory of very low-T state. 

26
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Quantum spin liquids and metal-insulator 
transitions

27
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The electronic Mott transition

Difficult old problem in quantum many body physics

How does a metal evolve into a Mott insulator?

Prototype: One band Hubbard model at half-filling on non-bipartite lattice

t/U
Fermi liquid;

Full fermi surface 
AF insulator;

No Fermi surface

?????
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Why hard?

1. No order parameter for the metal-insulator transition

2. Need to deal with gapless Fermi surface on metallic side

3. Complicated interplay between metal-insulator transition and 
magnetic phase transition

Typically in most materials the Mott transition is first order. 

But (at least on frustrated lattices) transition is sometimes only weakly first order
- fluctuation effects visible in approach to Mott insulator from metal. 

Quantum spin liquid Mott insulators: 
Opportunity for progress on the Mott transition - 
study metal-insulator transition without complications of magnetism. 
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Possible experimental realization of a second 
order(?) Mott transition

Thursday, April 5, 2012



Quantum spin liquids and the Mott transition

31

Some questions:

1. Can the Mott transition be continuous? 

2. Fate of the electronic Fermi surface? 

t/U

Fermi liquid;
Full fermi surface 

Spin liquid insulator;
No Fermi surface

?????

Thursday, April 5, 2012



Slave particle framework

Split electron operator
c†rσ = b†rfrα

Fermi liquid: �b� �= 0

Mott insulator: br gapped

Mott transition: br critical

In all three cases frα form a Fermi surface.

Low energy effective theory: Couple b, f to fluctuating U(1) gauge field.

Thursday, April 5, 2012



Quantum spin liquids and the Mott transition

33

1. Can the Mott transition be continuous? 

2. Fate of the electronic Fermi surface? 

Concrete tractable theory of a continuous Mott transition; 
demonstrate critical Fermi surface at Mott transition; 
definite predictions for many quantities (TS, 2008). 

Example: universal jump of residual resistivity on approaching from metal. 

Thursday, April 5, 2012



 Finite-T crossovers 

 

TS, 2008
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Metal-insulator transitions in doped semiconductors

Eg: Si:P, Si:B

Subject of many studies over last 3 decades.

Is there a quantum spin liquid?
(Potter, Barkeshli, McGreevy, TS, forthcoming)
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Basic picture

Extra electron of P
forms a hydrogen-like 
state.  

aB ≈ 20A

Simple model: Randomly placed ``Hydrogen atoms”. 
Half-filled Hubbard model on random lattice. 
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Increase P concentration to get metal

Thursday, April 5, 2012



Local moments in insulator: Random 
singlets

Each local moment forms a singlet bond with a fixed 
partner. 

Broad distribution of singlet bond energies. 

Anomalous low-T thermodynamics: diverging spin 
susceptibility, C/T (dominated by rare weakly coupled spin 
pairs). 

 

Bhatt, Lee, 1982
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Metallic phase: persistence of some 
local moments

Near transition, some rare fraction of sites retain local moments 
which then dominate low-T thermodynamics. 

Picture: 
Hubbard-U 
on localized 
states 
produces 
local 
moments. 
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Two fluid phenomenology of metal

Itinerant electron fluid
coexisting with small fraction 
of local moments.  

Near transition, fraction of 
local moment sites about 15%. 

Thermodynamics: independent 
contribution from both fluids. 

Paalanen et al, 1988;  Gan, Lee, 86;  
Milovanovic, Sachdev, Bhatt, 1989;

Bhatt, Fisher, 1992
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Evolution across Metal-Insulator Transition (MIT)

What is fate of conducting fluid?

Three possibilities: 

1. ``Conventional wisdom”
Itinerant electrons -------> Anderson insulator

2. Fraction of sites with local moments increases to approach 1 
at MIT (generically unlikely). 

3. New possibility: Conducting fluid Mott localizes into a 
quantum spin liquid with diffusive spinons (Potter, Barkeshli, 
McGreevy, TS)
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Possible route to metal-insulator 
transition

n

Diffusive electron 
metal + local moments

Diffusive spinon 
metal + local moments

nc1nc2

Anderson-Mott insulator
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Some consequences-I

Diffusive spinon metal is electrical insulator but a thermal 
conductor. 
=> electrical metal-insulator transition separated from thermal 
metal-insulator transition. 

n

Diffusive electron 
metal + local moments

Diffusive spinon 
metal + local moments

nc1nc2

Anderson-Mott insulator

Electrical/thermal metalElectrical insulator
-thermal metal
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Some consequences-I

Diffusive spinon metal is electrical insulator but a thermal conductor. 
=> electrical metal-insulator transition separated from thermal metal-insulator 
transition. 
Crucial test: measure thermal transport in insulator. 

n

Diffusive electron 
metal + local moments

Diffusive spinon 
metal + local moments

nc1nc2

Anderson-Mott insulator

Electrical/thermal metalElectrical insulator
-thermal metal

Electrical MITThermal MIT
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Some consequences -II
Existence of diffusive spinon metal will impact critical 
behavior of electrical conductivity near electrical MIT. 

Jump of residual conductivity at MIT; non-monotonic T-
dependence. 

κ/TL L: Lorentz number

n
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Some consequences -II
Existence of diffusive spinon metal will impact critical 
behavior of electrical conductivity near electrical MIT. 

Jump of residual conductivity at MIT; non-monotonic T-
dependence. 

κ/TL
= σ

L: Lorentz number

n
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Some consequences -II
Existence of diffusive spinon metal will impact critical 
behavior of electrical conductivity near electrical MIT. 

Jump of residual conductivity at MIT; non-monotonic T-
dependence. 

κ/TL
= σ

L: Lorentz number

Thermal rounding of jump; complicates extrapolation to T=0 
conductivity. 

n
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Summary
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Growing number of candidate quantum spin liquid materials - many dramatic 
phenomena. 

  

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

Needed: experimental detection of spinon FS, gauge field effects, theoretical 
clarification of very low-T physics. 

Opportunity for progress on classic old problems: Mott and other metal-insulator 
transitions. 
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