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Outline  
Quantized charge relaxation resistance 

- Scattering theory of mesoscopic capacitance

- Quantized charge relaxation resistance

- Role of coherence, quantum to classical crossover 

- Role of interaction

Quantized charge emitter

- The experiment 

- The experiment 
- A Floquet (scattering) theory of non-linear response 
- Accuracy of current quantization 
-Noise of the emitter 
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The mesoscopic capacitor

V U

V2

1

gate
single potential U
geometrical capacitance C

Buttiker, Thomas, Prêtre, Phys. Lett. A 180, 364 (1993)

Gabelli, Fève, Berroir, Plaçais, 
Cavanna, Etienne, Jin, Glattli, 
Science 313, 499 (2006). 

What is the RC-time?
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Classical versus quantum 
charge relaxation

V U

V2

1

gate

Classical circuit

Mesoscopic capacitor

For a single, spin-polarized channel is  universal !!
Buttiker, Thomas, Pretre, Phys. Lett. A 180, 364 (1993)
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Dynamic potentials

Linear response to oscillating voltages

Distinguish:  
potentials applied to terminals
self-consistent electrostatic potential

Buttiker, Pretre, Thomas, Phys. Rev. Lett. 70, 4114 (1993)
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Dynamic external and internal response

V U

V2

1

gate

Internal response

Invariance under arbitrary potential shift⇒

single potential U

geometrical capacitance C

Buttiker, Thomas, Pretre, Phys. Lett. A 180, 364 (1993)

External response
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Capacitance and Charge Relaxation 

electrochemical capacitance 
charge relaxation resistance

Eigen channels of s; ⇒

Universal for n =1;

Buttiker, Thomas, Pretre, Phys. Lett. A180, 364 (1993)
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Universal for n =1;

For k degenerate channels

Spin less electrons

Spin degenerate channel

Ideally coupled Carbon Nanotube

Chaotic cavity coupled to two QPC  (N channel)

Chaotic cavity coupled to two QPC  (one channel)

Quantized charge relaxation resistances

Brouwer and M. B., Europhys. Lett. 37, 441 (1997).

Pedersen, van Langen, M. B., Phys. Rev. B 57, 1838 (1998).

-------------------------------------------------------------------------------
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Experimentalists model

density of states

assumption 1: uniform level spacing 

Gabelli (thesis), Gabelli et al,  Science 313, 499 (2006)

assumption 2: voltage dependence of transmission through QPC

⇒
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Gabelli, Feve, Berroir, Placais, Cavanna, Etienne, Jin, Glattli
Science 313,  499  (2006).

Mesoscopic Capacitor: Experiment 14



ǫ

Vφ(ω)

N

Role of coherence

1− T
V (ω)

Vg

iφ(E,ω)

1) Voltage probe VP (dissipative)

Two dephasing models:

Iφ(ω) =
∫
dE iφ(E,ω) = 0, ∀ω

2) Dephasing probe DP (energy conserving)

iφ(E, ω) = 0, ∀E,ω

U(ω)

U(ω) Potential inside the cavity

h

2e2
kBT=0
←−−−−− Rq =

h

2e2

∫
dE(−f ′(E))ν(E)2

(
∫
dE(−f ′(E))ν(E))2

kBT≫∆
−−−−−−→

h

e2

(
1

T
−
1

2

)h

e2

1− T

T︸ ︷︷ ︸
Rs

+
h

2e2︸ ︷︷︸
Rc

High-temperature limit 

Dephasing and Inelastic scattering 

S. E. Nigg and M. Buttiker, (unpublished).



Role of Coherence 

S matrix:

Spectral conductance:

Spectral current into probe α : iα(E, ω) =
∑

β

gαβ(E,ω)(Vβ(ω) − U(ω))

gαβ(E,ω) =
e2

h

(
fβ(E)− fβ(E+ h̄ω)

h̄ω

)

tr[1αδαβ−S
†
αβ(E)Sαβ(E + h̄ω)]

Determined from current conservation
requirement: I1(ω) = −iωCU(ω)

eiφ2

eiφ1

eiφ3
SQPC Sǫ S⇐⇒

E

k

EF

kF,n

∆

S. E. Nigg and M. B. (unpublished). 

EF ≫∆⇒ φn(E) =
2πE

∆
+ const



Role of coherence
S. E. Nigg and M. B. (unpublished).

Single channel voltage probe 

Coupling strength 

QPC Transmission probability:

------- off-resonant 

_____ resonant

Many channel voltage probe 

QD not a reservoir



Role of charge quantization
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M. Buttiker and S. E. Nigg , Nanotechnolgy 18, 044029 (2007)
[S. E. Nigg , R. Lopez and M. Buttiker, PRL 97, 206804 (2006)]

Flensberg 1993
Matveev 1995
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Role of Interactions
S. E. Nigg, R. Lopez  and  M. Buttiker, PRL 97, 206804 (2006)

⇒

For poarized spin channel
for “arbitrary” interactions!!

Hartree-Fock
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Quantized dynamic charge emission
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Quantized charge emission
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Transmission



Floquet scattering theory of non-linear response
Moskalets, Samuelsson and M. B. cond-mat/0707.1927

M. Moskalets and M. B., 
Phys. Rev. B 75, 035315 (2007)



Low frequency non-linear response

Instantaneous density of states (frozen density of states)

⇒

Differential capacitance and charge relaxation resistance



Quantized charge emission

⇒

for

Slow driving
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_____  transferred charge 
-------- from first harmonic only 

resonant



Accuracy of quantization

Finite temperature

Finite transmission

optimization



Square pulse of duration 
Fève et al, Science 2007 for or

Floquet theory for

for 

piecewise constant

with nearly

Floquet theory for

long time



Summary

For a single spin-polarized channel, self-consistent scattering theory 
predicts a universal charge relaxation resistance of half a resistance 
quantum

A seminal experiment by Gabelli et al. supports this prediction 

Quantized dynamic charge emission and absorption

Role of dephasing

Quantized charge relaxation resistance 

Role of charge quantization
Role of interactions

Accuracy 
Noise

Demonstrated in an experiment by Fève et al.


