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Purely quantum effect!



A-B Flux in an isolated ring

• A-B flux equivalent to 
boundary condition.

• Physics periodic in flux, 
period h/e (Byers-Yang).

• “Persistent currents”
exist due to flux 
dependence of free 
energy.

• They do not decay by 
impurity scattering 
(BIL).
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Prehistory of microscopic persistent currents

of Aromatic AnisotropydiamagneticThe “L. Pauling: 
);1936, 673 (4, J. Chem. Phys. ”molecules

Induced currents in 
anthracene

des QuantiqueTheorie“F. London: 
les dansInteratomiquesCourants

Combinaisons aromatiques”, J. Phys. 
);1937, 397 (8Radium 

Even earlier work by F. Hund.

But: molecular scale only, no scattering!



Questions

• No orbital response in classical Physics -
macroscopic scales, hence a Quantum effect!
(coherence needed).

• Anything interesting on intermediate scales?

• What about resistive rings? [L. Gunther and YI
Flux quantization without off-diagonal-long-range-order in a thin hollow 
cylinder. SSC 7, 1391 (1969), Buttiker, Landauer, YI (1983)].

21 ˆ( ) ,
2

H i eA A
m L

ϕΦ
= − ∇− =

r rr
h



Flux = aperiodic boundary conditions

• Byers and Yang, Bloch: 
All physical properties are 
periodic in      with period 

• Gauge transformation: 
eliminated but      not periodic

phase changes by

Φ 0 /hc eΦ =

( / ) '
'

ie c Adx
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02 /θ π= Φ Φ

Byers and Yang, Phys. Rev. Lett. 7, 46 (1961)



Elastic scattering - impurities and surface

Energy periodic in flux, period –
Equilibrium, non-dissipative !

At T=0 :  

At finite T : 
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also in ballistic systems, BUT
Impurities suppress only as
l L<

/l L

Buttiker, Imry and Landauer,Phys. Lett. A 96, 365 (1983)

Thouless scale: 2/cE D L= h
/ 3 ,FD v l l= = elastic m.f.p



Details of system (defect arrangement…) matter, 
hence ensemble average vs. “sample specific” issue.



Levy, Dolan, Dunsmuir and Bouchiat, 1990. 
~107 Cu rings





Mailly, Chapelier and Benoit, 1993



New measurement method—torque with AFM 
cantilever, laser interferometry, Harris, Yale

        
A.C. Bleszynski-Jayich,
et al. 2007



Magnitude of persistent currents in 
diffusive rings

Noninteracting results:

• One ring - (CGR89)
Typically            levels are correlated.

• Ensemble averaged
- Grand canonical ensemble: zero (EG89)
- Canonical ensemble (AGI91)
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0/Δ Φ

Cheung, Gefen and Riedel,Phys. Rev. Lett. 52, 587 (1989)
Entin-Wohlman and Gefen,Europhys. Lett. 8, 477 (1989)
Altshuler, Gefen and Imry,Phys. Rev. Lett. 66, 88 (1991)



Experimental results

• Single rings  (Chandrasekhar et al., 1991)

• Ensemble average  (Levi et al., 1990)

- Periodicity
- Magnitude much larger than non-interacting value

versus            - ratio ≥100! 
- Diamagnetic response!

Electron - electron interactions ! 

0 / 2

V. Chandrasekhar et al., Phys. Rev.Lett. 67, 3578 (1991)
L. P. Levy  et al., Phys. Rev.Lett. 64, 2074 (1990)
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Interaction result 
(1st order, renormalized coupling λ)

(0)n Vλ =

0

~
1 ln( / )

c

F

EI
E T
λ

λΦ +

λ>0 higher order suppression

λ <0 |λ|<0.1 (weak superconductor)

Result is too small by a factor of at least 5 !

Ambegaokar and Eckern, Phys. Rev. Lett. 65,381 (1990)
Ambegaokar and Eckern, Europhys. Lett. 13,  733  (1990)

(Tolmachov; Anderson 
and Morel)







New results (2008):

Effect of pair-breaking on mesoscopic
persistent currents well above Tc

with

Hamutal Bary-Soroker and Ora Entin-Wohlman

Φ

We propose a possible answer to an 18 years old puzzle

Capitalizing on recent exp results 
on unwanted minute amounts of 
magnetic imp’s in the noble metals
(cf. Kravtsov and Altshuler, PRL 2000).



Apparent “saturation” of dephasing at low T

1ns corresponds to ~5mK,!

due to ~10-6 amount of magnetic imp’s



The effect of magnetic impurities
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• Magnetic impurities are hard to avoid  (Pierre et al. 2003)
• vanishes when (Abrikosov and Gorkov 1961)
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What is the effect of magnetic impurities 
on the current ?
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If the magnetic impurities have (nearly) no effect, what is new here ?

Our result:               ,
Our theory can fit experiments 
even though (measured) Tc
is very small (or zero) in Cu.

No magnetic impurities 
Realistic values of Tc give a too 
small current.

0
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The formula for the persistent current, obtained 
by generalization of the AE derivation:

2/cE D L= hThe Thouless energy is

The Hamiltonian
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=  digamma function,

= 0, q =0 determine depression of Tc by magnetic imp’s 

(Abrikosov-Gor’kov 1961). 

Spin scattering cuts-off superconducting correlations!

2 nTν π=

ν



The effect of magnetic impurities on the 
current
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Their EC ~ 15mK
Need just .2 - .3 ppm mag imp’s!



Apparent “saturation” of dephasing at low T

1ns corresponds to ~5mK,!

due to ~10-6 amount of magnetic imp’s





λ =





Renormalization of Interaction

Competition of reduced Coulomb and attractive Frohlich
at the Debye scale determines if there the interaction is 
attractive. If so, λeff diverges at Tc.

Persistent current is determined on the Thouless scale.        

Pair breakers eliminate Tc, by stopping the renormalization 
above it, but persistent current is hardly affected, if
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Why does Tc decay but the current doesn’t ?

4~ 10FE K

2~ 10D Kω

1/ sτ

0 3~ 10cT K−

2~ 10cE K−

net attraction

Energy

cT

The relevant energy 
scale for the current

renormalization



Conclusions

• We can explain the large current observed in 
experiments assuming for Cu.

• Measuring the PC is a tool to determine      .0
cT
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Cond-mat: arXiv:0804.0702 April  2008, and PRL, 101, 
057001 (2008). Review (H. Bouchiat): Physics 1, 7 (2008) . Thank you!
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http://lanl.arxiv.org/abs/0804.0702
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