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1D metal rings. Equilibrium
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Number of electrons N ≡ 2 (mod 4)
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Number of electrons N ≡ 3 (mod 4)
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Number of electrons N ≡ 0 (mod 4)
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Number of electrons N ≡ 1 (mod 4)
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Chemical potential µ = const
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Dynamics
Schrödinger equation
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Ideal diamagnetism!



Dynamics

Weak disorder
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Ĥ[Φ]Ψn[Φ] = En[Φ]Ψn[Φ]

Adiabatic dynamics

|Φ̇| � |Φ0(En − Em)|
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Dynamics

Weak disorder

Ĥ =
~2(−i∂ϕ − Φ/Φ0)2

2mR2
+W (ϕ) ,

Ĥ[Φ]Ψn[Φ] = En[Φ]Ψn[Φ]

Adiabatic dynamics
Constant voltage V = −Φ̇/c
Current oscillates at frequency
ω = eV/~

Energy spectrum
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Repulsion of the energy levels



Landau–Zener transitions

Φ

En

|Φ0|

Wavefunction: ψ(t) =
∑

n cn(t)Ψn[Φ(t)]
Between transitions:

Unm(t, t′) = δnme
− i

~

t∫
t′

En[Φ(t′′)] dt′′

Transitions at half–integer Φ:

K̂h =



ρ1 iτ1 0 0 . . .
iτ1 ρ1 0 0 . . .

0 0 ρ2 iτ2
. . .

0 0 iτ2 τ2
. . .

...
...

. . . . . . . . .





Landau–Zener transitions
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Dynamical localization

Evolution operator

Û = K̂i · Û(T/2) · K̂h · U(T/2),

T = 2π~/(eV )

Quasienergy

Ûck = e2πiT εk/~ck

ck are localized

〈Ĥ〉time → const

〈Î〉time → 0

Anderson problem

Hopping (kinetic energy)

Potential



Dynamical localization

Evolution operator

Û = K̂i · Û(T/2) · K̂h · U(T/2),

T = 2π~/(eV )

Quasienergy

Ûck = e2πiT εk/~ck

ck are localized

〈Ĥ〉time → const

〈Î〉time → 0

Anderson problem

LZ transitions

Adiabatic evolution

W eff
n ∼ 〈En〉(mod 4π~/T )



Superconducting rings. Ginzburg–Landau model
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Ginzburg–Landau model

Vorticity jumps with the magnetic field1. Left: the homogeneous ring, right:
the ring with the defect.

1D. Y. Vodolazov et. al., Phys. Rev. B 67, 054506 (2003)



Quantum phase slips
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Quantum phase slips

Energy and current dependence on the magnetix flux2

2K. A. Matveev, et. al., Phys. Rev. Lett. 89, 096802 (2002)



Literature

I Y. Imry, Introduction to mesoscopic physics (1997)
I H. F. Cheung, et. al., Phys. Rev. B 37, 6050 (1986)
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