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Systems under consideration Systems under consideration 

1D Mass-, Charge-, Spin-, Flux-Density Waves

1D Quantum Fluids ( Luttinger ´63, Haldane ´81)
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Minimal Minimal modelmodel -- energyenergy densitiesdensities

•• elasticelastic energyenergy::

•• kinetickinetic energyenergy::

•• randomrandom potential:potential:

•• drivingdriving forceforce:       

Ec

c

c

classical creep

quantum creep

critical depinnin

T

phases E
equilibrium

K

K

T

ff

ΚΚ

ΤΤ

K=1  : free electronsK=1  : free electrons
KK∼∼1010--11…10…10--2 2 CDWsCDWs, , SDWsSDWs



l: l: mean impurity spacingmean impurity spacing

Length scalesLength scales

λλT T ∼∼ K/K/κκT     T     thermal de Broglie wave lengththermal de Broglie wave length

uu--11

kkFF
--11>>>>

λλT T > l   > l   ↔↔ T < T < TTll ∼∼ K/K/κκll impurityimpurity<< >>
manymany
singlesingle

K=K=ππ~~vvκκ



ec

strong
pinning

pinning
weak

T

T

T

TT

T

T

T

a/s
2
K
-2

1,cr

2-2K

-c T

loc

F

2-2K(T)

F

a

u

u

k

∼∼ K/K/κκll

σσ

Temperature  scalesTemperature  scales

∼∼~~vkvkFF

single impurity single impurity 

behaviorbehavior

λλT T < l< l

multi impuritymulti impurity

behaviorbehavior

λλT T > l> l



K < 1K < 1 (repulsive interaction)   

→ impurity   relevant       Kane & Fisher ’92,
Furusaki & Nagaosa ’93

G = σ/L ∼ T 2/K-2

K > 1K > 1 (attractive interaction)  

→ impurity   irrelevant

G ∼ (K)  e2/h
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Single impuritySingle impurity (weak or strong ), l→ ∞
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DisorderDisorder averageaverage
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RelevanceRelevance of of weakweak disorderdisorder??

Free Free energyenergy of of domaindomain of of sizesize LL: : 

´´´´roughnessroughness exponentexponent´´´´

Larkin-length Larkin 1970,   Imry & Ma 1975,   Fukuyama & Lee 1978
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selfself similarsimilar groundground statestate
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Glatz, N. , 

ulul--1/21/2

3/23/2

Glatz & Glatz & NattermannNattermann ‘02‘02

Many weak impurities (Gaussian)

u,l → 0,        (l/u2 )1/3∼ ξ0 >> kF
-1,     fixed  

K < 3/2K < 3/2 relevantrelevant SuzumuraSuzumura && Fukuyama ‘83Fukuyama ‘83

impuritiesmpurities Giamarchi & Schulz ’88Giamarchi & Schulz ’88
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T T 22--2K(T)       2K(T)       T >>T >>TTlocloc∼∼ ~~ v/v/ξξ

r       Giamarchi & Schulz 

’88

ee--cTcT -- 1/21/2
T << T << TTlocloc∼∼ ~~ v/v/ξξ

T N  Gi hi  L  D l ’03

σσ ∼∼

K > 3/2                                irrelevantK > 3/2                                irrelevant
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quantum fluctuations

TTlocloc∼∼KK//κξκξ
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Here: Many strong Poissonian impurities

1. What is a strong impurity?  T<Ta

no interaction (K=1):             u > uc=kF

interaction  (K<1):
→ integrate out fluctuations   with wave vector Λ<|k|<kF

u→ u
eff
≈ u (k

F
/Λ)- K            Glazman et al. ‘92

strong pinning :     l ueff >> 1 Fukuyama & Lee ’78 

→ u > uc= kF (lkF)K-1

2.2. What is a strong impurity?  T>TWhat is a strong impurity?  T>Taa

strong pinning:      λT ueff >> 1     → u > u1 (T)= kF (T/εF)1-K

→ T<T1,cr= ε F (u/kF)1/(1-K)
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Many strong Poissonian impurities:

xx

y=vy=vττ

ii i+1i+1ii--11ii--22 i+2i+2

(i)  integrate out (i)  integrate out φφ((x,yx,y) between impurities ) between impurities →→ φφ((xxii,y,y) ) ≡≡φφii(y(y))

(ii)  (ii)  metastablemetastable statestate: : ΦΦii==ππ((nnii--ααii),), ground stateground state nnii==∑∑jj≥≥ ii[k[kFF(x(xjj--xxjj--11)])]GG,,

ii--33

metastable states



Tunneling under applied field: instantons
(=droplet of next metastable state)

xx

y=vy=vττ

ii i+1i+1ii--11ii--22 i+2i+2

(iii)  consider(iii)  consider instantonsinstantons φφii(y(y)=)=ΦΦ++ππ if |y|<Dif |y|<Dii--d,  d,  φφii(y(y)=)=ΦΦ if |y|>if |y|>DDii+d+d
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Tunneling under applied field: instantons
(iv) For simplicity:  D(iv) For simplicity:  Dii≡≡ D , k < i D , k < i ≤≤ k+mk+m,   D,   Dii elsewhere  elsewhere  

S/S/~ ~ = 2/K    = 2/K    zzσσmm(k(k)) + + lnln (1 + e(1 + e--2z2z) +  m( ) +  m( s s + + lnln tanhtanh (z/2) (z/2) -- zfazfa22 )    )    

xx

yy

k+1k+1 k+mk+m

D=D=zlzl

Current ∼ tunneling probability ∼ exp {- SSsaddlesaddle pointpoint(E(E)/)/~~}}
f∼ E
s∼ ln (Clueff)

-λT/2

λT/2

If instanton hits ± λT/2 → Cross-over to linear response



e

e

a

a s

K
2s

T
sc aT

K

E

~

T1,cr

1,crE E

−2

−22
KE

2
KT

T

T

aE aE

T

x i )

x

τ

Lτ

L x

ξ loc

+2π

E e x

(

2π

x

x 2 x i

~
iϕ =

x 1

ϕ~i

ϕ~i

ϕ~i

∼ Eles

T2/K-2 Single impurity instantons

Multi impurity instantons
=1/(κ e l2) 



Different regimes of conductivity
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PolydiacetylenPolydiacetylen AleshinAleshin et al. 2004et al. 2004

CarbonCarbon--nanotubesnanotubes: Tang et al. 2000: Tang et al. 2000



Conclusions:Conclusions:

Considered 1D driven quantum model with periodic disorder:Considered 1D driven quantum model with periodic disorder:
CDWsCDWs and and LuttingerLuttinger liquidsliquids

Limit of strong disorder: Limit of strong disorder: instantoninstanton calculationcalculation

→→ linear and nonlinear and non--linear conductivity linear conductivity 
→→ field and temperature crossfield and temperature cross--over between single and over between single and 

many impurimany impurity ty tunnelingtunneling
→→ small field and temperature:  Mottsmall field and temperature:  Mott--ShklovskiiShklovskii--VRHVRH
→→ larger E,T:   Kanelarger E,T:   Kane--FisherFisher--……..   power law ..   power law behaviorbehavior
→→ global weak/strong pinning regime diagramglobal weak/strong pinning regime diagram
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