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OutlineOutline
•• 1D disordered quantum 1D disordered quantum nanowiresnanowires

LuttingerLuttinger--type physics ( High T)type physics ( High T)

Anderson localization ( Low T)Anderson localization ( Low T)

•• Kinetic theory of strongly correlated (nonKinetic theory of strongly correlated (non--Fermi)  Fermi)  

disordered 1D liquidsdisordered 1D liquids

Basis: Basis: KeldyshKeldysh--type 1D ballistic type 1D ballistic σσ--model.model.

• Result:  coupled “quantum kinetic equationsquantum kinetic equations”” for for 

electronselectrons and and plasmonsplasmons

Output: relaxation times.Output: relaxation times.

•• Conclusions & OutlookConclusions & Outlook



11--D Quantum WireD Quantum Wire

Good contact,
Gc >> GQ

, Ql GL G∼ ∼

Fmax( , ) v /ThET LeV � ∼

-- Limit of weak disorderLimit of weak disorder

-- ThoulessThouless energyenergy
( 1D case )( 1D case )
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FermionFermion ActionAction

11--D fermions:  D fermions:  left/right moversleft/right movers
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•• WhiteWhite--noise disorder:noise disorder:
2 2

*

1 1( ) ( ) ( ) /(2 )Fb bx x xU vU x δ τ= −

•• SingleSingle--channel wirechannel wire

linear spectrum !

Backscattering amplitude !t – elastic scattering time
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22 ln( ), 1q d reV qd= �•• Screened Coulomb interactionScreened Coulomb interaction

FermionFermion ActionAction

Fv /u Kρ =

•• Bosonic modes are plasmons ( charge density waves)  !Bosonic modes are plasmons ( charge density waves)  !

Interaction constant Interaction constant 



DC conductanceDC conductance

( ) ( )QE EGG R∆ = −

0

1

( )

K

R RE
E

−
Λ 

∝  
 

Renormalization of Renormalization of 
reflection coefficientreflection coefficient

( Kane & Fisher ( Kane & Fisher ‘‘92 92 
Ponomarenko Ponomarenko ’’94,    94,    
Maslov Maslov ‘‘94,  ...  )94,  ...  )

ConductanceConductance

Short wire, L<<Short wire, L<<l(El(EThTh), weak backscattering limit), weak backscattering limit



Experiment on VExperiment on V--groove wiresgroove wires

g=0.66

E.Levy, A.Tsukernik, M.Karpovsky, A.Palevsky, B.Dwir, E.Pelucchi, 
A.Rudra, E.Kapon, Y.Oreg,  PRL 97, 196802, 2007



Weak to Strong LocalizationWeak to Strong Localization
GornyiGornyi, , MirlinMirlin, , PolyakovPolyakov ‘‘0505

This talk This talk 
is here !is here !

tφ(T1) ~ t

Onset of 
localization

21

1
T

τα
=

„ At T=0 and D ≤ 2 all electronic states are localized“
Philip W. Anderson: Philip W. Anderson: 



Experiments on Energy RelaxationExperiments on Energy Relaxation

Diffusive quasiDiffusive quasi--1D wires1D wires

F. Pierre, H. F. Pierre, H. PothierPothier, D. , D. EsteveEsteve, M.H. , M.H. DevoretDevoret, A.B. , A.B. GougamGougam
and N.O. and N.O. BirgeBirge,  2000,  2000--20032003

Superconducting
tips



Distribution functionDistribution function

E/eU – normalized energy

Position of
the S-tip



ExperimentExperiment

Y.-F. Chen, T. Dirks, G. Al-Zoubi, N.O. Birge, N. Mason, PRL‘ 09

Non-equilibrium tunneling spectroscopy in carbon nanotube

Superconducting
tip



• Disorder           allows for relaxation to equilibrium  

( This talk ! )

Energy Relaxation in 1DEnergy Relaxation in 1D

• In the clean Luttinger Liquid (integrable model!) 

there is no energy relaxation!

NonNon--equilibrium state       no relaxationequilibrium state       no relaxation

•• Energy relaxationEnergy relaxation beyondbeyond LuttingerLuttinger Liquid Liquid 

Curvature in spectrum + finite range interactionCurvature in spectrum + finite range interaction

(A.M. (A.M. LundeLunde, K. , K. FlensbergFlensberg, L. , L. GlazmanGlazman’’ 07 )07 )

small in parameter T/EF<<1



How one should describeHow one should describe

the the nonnon--equilibriumequilibrium statestate

of the Luttinger Liquid?of the Luttinger Liquid?



•• Semiclassical Semiclassical KeldyshKeldysh GreenGreen‘‘s function at   s function at   x=xx=x‘‘
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•• Eilenberger equation Eilenberger equation ( ( exactexact for linear spectrum in 1D ! )for linear spectrum in 1D ! )

HubbardHubbard--Stratonovich Stratonovich 

decoupling fielddecoupling field

Impurity
backscattering

cf. cf. ShelankovShelankov’’ 85 85 

Normalization

Using the ideas of the nonUsing the ideas of the non--
equilibrium superconductivity!equilibrium superconductivity!

We use the HubbardWe use the Hubbard--Stratonovich decoupling schemeStratonovich decoupling scheme

““FunctionalFunctional”” bosonizationbosonization

Equation of motion for electron in the fluctuating electic field
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1D 1D KeldyshKeldysh actionaction

•• Effective actionEffective action

AmbegaokarAmbegaokar--EckernEckern--
SchSchöön actionn action

Born approximation over impurity scattering:Born approximation over impurity scattering:
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Electron distribution functionElectron distribution function

Based on ideas of Based on ideas of 
MuzykantskiiMuzykantskii, , KhmelnitskiiKhmelnitskii ’’95  &  95  &  KamenevKamenev, , AndreevAndreev ‘‘99   99   

KeldyshKeldysh--type 1D ballistic type 1D ballistic σσ--modelmodel
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Kinetic equation for electronsKinetic equation for electrons
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cf. the kinetic equations in plasma physicscf. the kinetic equations in plasma physics

““PoissonPoisson”” equationequation

Charge densityCharge density

Collision integralCollision integral
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•• Motion of eMotion of e-- in the dissipative bosonic environmentin the dissipative bosonic environment

Full rate of emissionFull rate of emissionAbsorptionAbsorption



Emission rate (in oneEmission rate (in one--loop)loop)
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ParticleParticle--hole propagator, hole propagator, 

poles: poles: qq==±±ww( 1 ( 1 ±± ii / / 22 wtwt ))//vvFF

( ), qV
µν ω>

PlasmonPlasmon propagator, propagator, 

poles: poles: qq==±±ww( 1 ( 1 ±± ii / / 22 wwtt))//uu

RPARPA--like effective like effective ee--ee interaction:interaction:

PlasmonsPlasmons exist at exist at w>>Tw>>T11=1/ a=1/ a22t t onlyonly



Large energy transfer, Large energy transfer, w>>Tw>>T11
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We treat contributions from different poles separately ! We treat contributions from different poles separately ! 

Emission rate of Emission rate of plasmonsplasmons::

Resonant process!Resonant process!



Collision KernelCollision Kernel

Weak interaction limit, α=Vq/πvF<<1

Resonant enhancement of
inelastic scattering due to L1



Small energy transfer, Small energy transfer, w<<Tw<<T11
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ω ε ω> −= −∑∫Emission rate:Emission rate:

PlasmonPlasmon--mediated twomediated two--fermionfermion scattering scattering 



Collision KernelCollision Kernel

Weak interaction limit, α=Vq/πvF<<1



Kinetic equation (Kinetic equation (plasmonsplasmons))

Decay and recombination of plasmonsDecay and recombination of plasmons
from/into electronfrom/into electron--hole pairshole pairs
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Collision integral:Collision integral:
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Total Collision KernelTotal Collision Kernel

SpinlessSpinless vs. vs. spinfullspinfull electronselectrons

Resonant Resonant 
enhancement enhancement 

Weak interaction limit, α=Vq/πvF<<1



Relaxation timesRelaxation times
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•• Equilibration rateEquilibration rate
( Relaxation rate of the electron ( Relaxation rate of the electron 
system to the locally equilibrium system to the locally equilibrium 

Fermi distribution)Fermi distribution)

•• OutOut--scattering rate of electronscattering rate of electron
( It is determined by the out( It is determined by the out--term of kinetic equation)term of kinetic equation)

= Impurity scattering rate !!!= Impurity scattering rate !!!

(Interaction and T independent!)(Interaction and T independent!)

TT1

1/τE

Relevant for zeroRelevant for zero--bias anomaly,bias anomaly,
same as in clean limit same as in clean limit 

1

2
1/T T τα=�

1/τ



Electron distribution functionElectron distribution function

HotHot--electrons with electrons with 

tD = L/vF - dwell time

3 / 4T eU π=



SummarySummary

Kinetic theory approach to nonKinetic theory approach to non--equilibrium equilibrium 

LuttingerLuttinger LiquidsLiquids

• Formulated kinetic-equation description of a

Luttinger liquid out of equilibrium

•• Disorder-induced resonant enhancement of inelastic 

scattering

•• Equilibration rate = elastic scattering rate


