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Normal three-junction pump (Pothier et al. '92)

Set-up:
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- tunnel junctions: tunnel resistance Ry
- islands: charging energy F¢
- gates: time-dependent voltages Uy, Us

Coulomb blockade: excess island charges nq, no well defined
kpT,eV < Ec , Rr > Rk

Ground state configurations:
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Central idea: charge transfer upon gate modulation
I=¢f



Experiment:
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- accurate transfer of charge: Al ~ 0.05 pA
- deviations due to cotunneling

Metrological applications: long arrays (Keller, Martinis et
al., NIST)
— error 1078 per electron
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Pumps with other systems:
— semiconductor quantum dots (Kouwenhoven, Marcus)
— ballistic channels (Pepper)




Single Cooper pair pump (Geerligs et al. 1991)

Central idea: replace normal metals by superconductors
— single charges e — Cooper pairs 2e
— pumped current [ =ef — I =2ef
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Problems: single electron tunneling — Cooper pair tunnel-
ing (Josephson effect, coherence!)

- cotunneling of Cooper pairs

- Zener tunneling

- quasiparticle tunneling

Recent work

- Pekola et al. (1999): theory of coherent charge transfer
- Zorin et al. (2000): experiment on a resistive pump

- Bibow et al. (2002): experiment on resonant tunneling



Superconducting three-junction pump
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Set-up :

- superconducting reservoirs: phase difference ¢y = ¢, — g
- Josephson junctions: Josephson energy E;

- islands: charging energy FE¢

- gates: time-dependent voltages V1, Vi

Hamiltonian H = Hg -+ HJ

Important energies

kel < By < Ec < A

Ground state configurations (charging part)




Effect of Josephson coupling: coherent mixing of charge states

Josephson coupling
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Interesting features:

- Formation of "band structure”

- Eigenstates are coherent superpositions of charge states
- Dependence on phase difference ¢

Consequences:

- Possibility for Zener tunneling if V, swept rapidly;
condition for adiabaticity wy < F%/F¢

- Possible dependence of pumped charge on phase ¢,



Pumped charge (Pekola et al. "99)
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Adiabatically pumped charge
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Incoherent part: first order in Josephson coupling
— charge pumped per cycle @), = 2e (1 pair)
— result independent of phase difference ¢!

Coherent correction: second order in Josephson coupling
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Measurement circuit: the model

Generic set-up:
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Circuit: Total phase difference across pump fluctuates

P(t) = ¢o + 69(2)

Action: Stotal — Spump + Sbath; where Spump — ®charge + SJ
with

S;=FE; aXijljd’r cos|q(T) + o(7)/3]

©1 = Q1,02 = P2 — P1;P3 = — P2

and
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Partition function:

Liotal = / D1 Do Do eXp{_Stotal}



Effective theory

Integrate out the circuit degrees of freedom:

Ziotal =~ [ DpyDpgDpe™>ehame™5bath(1 — Sy + 57 /2)
= [ Dp1Depae™ aee(1 — (S 1) pach + (S%)bash/2)

First order: renormalization of £
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— suppression of coherent part of pumped charge 0Q),
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Second order: ”interaction term”
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<Sj>bath = EJ,eff(f) dTldTQ . g:zl X
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— higher order tunneling modifies coherent part of pumped
charge 0Q),



Resistive environment at low T

The case Z(i|wy|/|wn|) = R/w, up to a frequency w..
— logarithmic divergence!

Weakly resistive case R/Rg < 1. Ejeg S By

Strongly resistive case R/Rg > 1:

Wo\&
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C
where
- X = 2R/ 9RQ
- w, frequency at which the pump is operated
— suppression of (), depends on w,

Experiment (Zorin et al., 2000)
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Measurement with a SQUID loop
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Frequency-dependent impedance:

14+ 7(1 —7)|w|
1+ 7|w| + LC,|w|? + TLCH(1 — 7v)|w|?
with 7 = L;/R and v = M?*/(LsL)

Z(ijw])/lw] = L

— no low-frequency divergence
— suppression of (), independent of operating frequency!

Effective Josephson energy Eje.g = Eje™", where
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Low temperatures T' <« wyc
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Here, o = Lywrc/R



Interaction term: current-current correlations

Effective theory:
- renormalized Ey — Ejeq
- Interaction term
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<Sj>bath — EJ,eff(f) dTldTQ . 52—1 X

Sin[ga (1) + ¢0/3|Gp(T1 — 7o) sin|gp(T) + Po/3]

Example: pump coupled to a SQUID with wrc > Ej
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Instantaneous current-current correlation:
Gy(17) = Gylw, = 0)d(7) leads to interaction term

Hin = L(nE e/ ®0)? b§: sinlga + do/3]sinlgy + 4o/3

Inductance correlates tunneling at different junctions!
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Conclusions

— Cooper pair pump
- Principle
- Two contributions to pumped charge:

— Influence of a measuring environment
- renormalizes Josephson energy
- induces higher order tunneling

— Examples

- . effectively suppresses coherent
part at low operating frequencies

- (SQUID and escape junction):
suppression independent of operating frequence
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