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Quantum spin liquid is an insulator with Quantum spin liquid is an insulator with 
an odd number of electrons per unit cellan odd number of electrons per unit cell
which does which does notnot order magnetically down to order magnetically down to 
zero temperature due to zero temperature due to quantum quantum 
fluctuationsfluctuations..

Quantum spin liquidQuantum spin liquid



Quantum spin liquids as an Quantum spin liquids as an 
emergent phenomenaemergent phenomena

Emergent phenomenaEmergent phenomena
New particles and fields New particles and fields emergeemerge at at lowlow--energy energy 

scalesscales but they are totally but they are totally absentabsent in the in the 
Hamiltonian that describes the initial system.Hamiltonian that describes the initial system.
Different physics law emerge at different scales.Different physics law emerge at different scales.
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U(1) gauge structureU(1) gauge structure



SpinonsSpinons: : S=1/2S=1/2, charge neutral, mobile , charge neutral, mobile 
objects;objects;

The spinons The spinons may obey Fermi or Bose statisticsmay obey Fermi or Bose statistics
and and there may or may not be an energy gapthere may or may not be an energy gap;;

Gauge field: Gauge field: These spinons are generally These spinons are generally 
accompanied by gauge fields, U(1) or Zaccompanied by gauge fields, U(1) or Z22..

Emergent particles and fields Emergent particles and fields 

nonsense ?

constraints to impose single 
occupation in a Mott insulator 



A A dreamdream of condensed matter theoristof condensed matter theorist

Decades of searchingDecades of searching

Realistic material where quantum spin liquid is Realistic material where quantum spin liquid is 
hostedhosted

A clean example  and platform A clean example  and platform 
for strongly correlated electrons for strongly correlated electrons 
at D>1at D>1

A promising door to the A promising door to the 
emergent worldemergent world



Existing spin liquid candidates at D>1Existing spin liquid candidates at D>1

2D examples:
κ-(ET)2Cu2(CN)3

S=1/2, triangular lattice, organic
Pd-(dmit)2(EtMe3Sb)

S=1/2, triangular lattice, organic
ZnCu3(OH)6Cl2

S=1/2, kagome lattice

3D spin liquids: Na4Ir3O8
S=1/2, hyperkagome lattice, a spinel related oxide

best studied







Cu ion





We shall focus on organic compounds We shall focus on organic compounds 
since they are best studied, but the theory since they are best studied, but the theory 
is generic indeed.is generic indeed.



Experimental Evidences for Experimental Evidences for 
Mobile fermionic spinonsMobile fermionic spinons

No magnetic order down to 30mK despite J≈250K
Linear T dependence of specific heat, Pauli-like spin susceptibility

S. Yamashita et al., Nature Physics 4, 459 (2008); Nature Comms., 2:275, 
1274 (2011).

Wilson ratio is close to one
Thermal conductivity

ET: a large contribution but κ/T is reduced below 0.3K
M. Yamashita et al., Nature Phys. 5, 44 (2009).

dmit: approach a constant down to the lowest temperature
M. Yamashita et al., Science 328, 1246 (2010).

Spinons form a Fermi surface and are 
coupled to U(1) gauge fields



Instability of spinon Fermi surfaceInstability of spinon Fermi surface

R. Manna et al, PRL 104, 016403 (2010). T. Itou et al., Nature Phys. 6, 673 (2010).



Issues
We are We are notnot going to examine the stability or going to examine the stability or 
reality of such emergent particles and fields. reality of such emergent particles and fields. 
Could we probe Could we probe spinonspinon and gauge field and gauge field 
experimentally?experimentally?

How to measure How to measure spinonspinon mass and lifetime?mass and lifetime?
Is there any sharp way to reveal the existence of gauge Is there any sharp way to reveal the existence of gauge 
field experimentally?field experimentally?

What is the ground state of such a spin liquid?What is the ground state of such a spin liquid?
Instability of Instability of spinonspinon Fermi surface?Fermi surface?
Is there a way to Is there a way to unambiguouslyunambiguously identify the pairing identify the pairing 

transition of transition of spinonsspinons??

Ultrasonic attenuation is a promising way to address these issueUltrasonic attenuation is a promising way to address these issues.s.



Process of sound attenuation due to Process of sound attenuation due to 
spinonsspinons

sound wave

spinons

spinon phonon couplingenergy transfer

impurity, etc
dissipation

a method to measure spinon mass and lifetimea method to measure spinon mass and lifetime

Sound attenuation coefficient in Sound attenuation coefficient in 
metals is much larger than that in metals is much larger than that in 
insulators due to mobile electrons!insulators due to mobile electrons!



Spinon phonon couplingSpinon phonon coupling

It turns out that in the long wavelength limit, the coupling matIt turns out that in the long wavelength limit, the coupling matrix rix 
elements are exactly the same as electron !elements are exactly the same as electron !

Assumption: Assumption: spinonspinon mean field band, quadratic mean field band, quadratic 
dispersiondispersion



Phonon Hamiltonian:Phonon Hamiltonian:

SpinonSpinon phonon interaction:phonon interaction:

SpinonSpinon kinetic energy:kinetic energy:

Impurity scattering:Impurity scattering:

gauge field, non double occupancy

elastic scattering, mean free path

Microscopic modelMicroscopic model



Hydrodynamic limit: Hydrodynamic limit: 
The fermions are treated as a viscous medium

linearized Navier-Stokes equation:

instantaneous density:

equation of continuity:

acoustic pressure:

lossy wave equation: sound wave relaxation time:

W. P. Mason, Phy. Rev. 97, 557 (1955); 
R. W. Morse, Phy. Rev. 97, 1716 (1955).



monofrequency motion → Helmholtz equation:

attenuation coefficient:

In the limit                  :

Fermion viscosity:



Go beyond hydrodynamic limitGo beyond hydrodynamic limit

Pippard’s theory for ql≧1, Boltzmann equation:
The electrons develop local charge and current fluctuation for the 

longitudinal and transverse phonons which contribute significantly to 
the sound attenuation;

A. B. Pippard, Phil. Mag. 41, 1104 (1955); Proc. R. Soc. London, A257, No. 1289, 
65 (1960).

Tsuneto’s theory for superconductor:
A combination of diagrammatic and Boltzmann approach;
Current fluctuations for transverse phonons are ignored;

T. Tsuneto, Phys. Rev. 121, 402 (1961).

Our method:
Diagrammatic approach



Sound attenuation in a normal metalSound attenuation in a normal metal
Phonon self energy:

Impurity averaged fermion Green’s function:



Longitudinal sound waveLongitudinal sound wave

Longitudinal sound attenuation in 3D:

Longitudinal sound attenuation in 2D:



Transverse sound waveTransverse sound wave
Π(1) does not vanish

Π(1) takes the remarkably simple form:

→ setwhere

Clean limit ql>>1:

Dirty limit ql<<1:

Transverse sound relaxation at 3D:

Π(1) dominates !



Onset of superconductivityOnset of superconductivity
Π(0) decreases below Tc due to the opening of the energy gap

The fermion lifetime τshould be finite to relax 
the sound wave.

vs<<vF, despite ql≧1, the physically relevant 
situation is reached by ωτ <<1.

We can not take τ→∞ at first even in the 
clean limit, because finite τ is still seen for ωτ
<<1.

We shall discuss the limit ωτ <<1<<Δτ.

For a s-wave pairing state,



Onset of superconductivityOnset of superconductivity
Π(1) drop to zero rapidly below Tc

The fractional size of the drop: 



Attenuation of transverse sound by spinonsAttenuation of transverse sound by spinons
U(1) spin liquid in 2D:

Landau diagmagnetism

Clean limit: Dirty limit:

When                       ,



Measure spinon mass and lifetime 

q-dependence

Rapid drop below Tc : reveal the existence of U(1) gauge field



SummarySummary
Spinon phonon coupling

We show that despite being charge neutral, the spinons couple to
phonons in exactly the same way that electrons do in the long 
wavelength limit.

Use q-dependence of sound attenuation to 
measure the spinon mass and lifetime

Transverse ultrasonic attenuation is a direct 
probe of the onset of pairing

Meissner effect of the gauge field causes a “rapid fall” of the 
attenuation coefficient at Tc in addition to the reduction due to the 
opening of the energy gap.

Reveal the existence of the U(1) gauge field



Thank you !
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