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Mesoscopic Capacitor

Quantized charge relaxation resistance:

J. Gabelli, G. Feve, J.-M. Berroir, B. Placais, A. Cavanna, B. Etienne, Y. Jin, D.C. Glattli,
SCIENCE 313, 499 (2006)

Quantized charge emission:

G.Féve, A. Mahé, J.-M.Berroir, T. Kottos, B.Plagais, D. C., Glattli, A. Cavanna,
B.Etienne, Y.Jin, SCIENCE 316, 1169 (2007)



Outline

Quantized charge relaxation resistance

- Scattering theory of mesoscopic capacitance
- The experiment

- Quantized charge relaxation resistance
- Role of coherence, quantum to classical crossover

- Role of interaction

Quantized charge emitter

- The experiment

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



The mesoscopic capacitor
Buttiker, Thomas, Prétre, Phys. Lett. A 180, 3629Q)

| gate
| ' single potential U
\ | geometrical capacitance C
Vi . U |
/ i | What is the RC-time?

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




Classical versus guantum
charge relaxation

Classical circuit

= \ ‘ G(w) = —iwC 4 w?’C°R+ ..
Gfuw) = (R+ Z=)

Mesoscopic capamtor ,,,,,,,,,,,,,,, j
gate

VA
h .
For a single, spin-polarized channel Ry = 52 s universal !
e
Buttiker, Thomas, Pretre, Phys. Lett. A 180, 3629Q)



Dynamic potentials
Buttiker, Pretre, Thomas, Phys. Rev. Lett. 70, 4114 (1993)
Linear response to oscillating voltages
Distinguish: |
potentials applied to terminaldVy, (t) = dVa(w)e ™"
self-consistent electrostatic potential dU (w,r)e™
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Dynamic external and internal response 1°
Buttiker, Thomas, Pretre Phys. Lett. A 180, 3a29Q)

| gate
\ single potential U
\VA U ' geometrical capacitance C
e ; o = sain
| VAR

External response

f(E) — f(E+ hw)
hw

G () = e / dE Tr[1—sT(E) s(E+hw)]
h

Internal response

G (W) dVy 4 iw M(w) dU = —iw C (dU — dV5)
Invariance under arbitrary potential shiff > tw M = —G***
G Hw) = (—iwC) ™t 4 (G (w)) !




Capacitance and Charge Relaxation "
Buttiker, Thomas, Pretre, Phys. Lett. A180, 36493)9
G(w) = —iwCy + wQCﬁRq + ..

_ _ charge relaxation resistance
electrochemical capacitance

h Tr[NTN]
C/I]- — C_l —I— (€2T’]"[N])_1 Rq — 262 (TT’[N])Q
Eigen channels of s; exp(ifbn) n=12,, >
Tr[N] = —,Tr[s ] = — ) —
271 2 5 dE
PNl — (L2 qdstdsy 1 dqbn
TrINTN) = Pz (L) >Con
_ h Zn(d¢n/dE)2
1T 2e2(X,, don/dE)? h

- _1- Ry = ——
Universal for n =1; 17 5.2



Quantized charge relaxation resistances

h
Universal for n =1; R =575
For k degenerate channels R, = ok _ h
177 2e2k2 T 2ke2
Spin less electrons Ry = h/2¢?
Spin degenerate channel Ry = h/4e?

Ideally coupled Carbon Nanotube R, = h/16¢2

h 1

Chaotic cavity coupled to two QPC (N channeDR, =

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

Chaotic cavity coupled to two QPC (one channdl( Ry)
Pedersen, van Langen, M. B., Phys. Rev. B 57, 183898).

12



Experimentalists model 'S

Gabelli (thesis), Gabelli et al, Science 313, 499006)

b,
V=0 ¢ - cPQ | D
t b_e®
(Sa) :<T _ o T =€
b t e r— o—i
density of states
2
N — 13Td8—iST§@—ld¢ l—r

oni de  2mwi  dé de  2mwdel — 2rcos(o) + r2
assumption 1: uniform level spacing

¢ = 2me/A

assumption 2: voltage dependence of transmissionrdugh QPC

t* =1/ (1 + ezp(—(Vopc — Vo)/AVb))




Mesoscopic Capacitor: Experiment

Gabelli, Feve, Berroir, Placais, Cavanna, Etiedme,Glattli
Science 313, 499 (2006).
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Role of coherence

S. E. Nigg and M. Buttiker, (unpublished).
High-temperature limit

h ksT=0 o _ h [dE(-f'(E)v(E)® kgt R1-T  h
2e2 - 2e2(JdE(—f'(E)v(E))? = %

Dephasing and Inelastic scattering

N U(w) Potential inside the cavity

Two dephasing models:
Vg 1) Voltage probe VP (dissipative)
Iy(w) = /dEi¢(E,w) —0, Vu

—

4 2) Dephasing probe DP (energy conserving)

\ .
. . /
Z¢<E’w) @ ipg(B,w) =0, VE,w

;7 Vg(w)



Role of Coherence

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

Spectral current into probe a : ia(E,w) = %gag(E,w)(Vg(w)—/U(w))

x
Determined from current conservation

Spectral conductance: requirement: I1(w) = —iwCU (w)

gozﬁ(E) w) —

e? (fﬁ(E) — fg(E + fw)

- - ) tr1ad,g—S] 5(E)Sap(E + hw)]

S matrix:

27 E
jﬁA Er>A = on(FE) = % + const




Role of coherence

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

Single channel voltage probe
&t S o i Nqb =1

14t b " la % COUpIing Strength G
e =1 —exp(—h/ATy)

QPC Transmission probability:
7 =0.6,0.8,1,

------- off-resonant

resonant

1) QD not a reservoir
T 2

__L)
T 2N,



Role of charge quantization

M. Buttiker and S. E. Nigg , Nanotechnolgy 18, 04402@07)  Flensberg 1993
[S. E. Nigg , R. Lopez and M. Buttiker, PRL 97, 2088§2006)] Matveev 1995
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Role of Interactions
S. E. Nigg, R. Lopez and M. Buttiker, PRL 97, 808 (2006)
Hartree-Fock

Gt () = _27;:’ / qp T EF @) = JE) arpy i),

kT'=20 —
vo(E) = o TrlDy(B)] s Do(E) = GBI GAE).
Ry = 1 Tovi(E)

262 (3, v0(E))?

For poarized spin channeRr, = 5.2 S(B) = 1 — itr[FGE(E)]
for “arbitrary” interactions!! tr(FAFB) = tr(I A)tr(I" B)
GRrgA = (Gt — gA),
1/(2n1)S'dS/dE = 1/2ntr[GFTGA]



From: ofer capacitars-Elecsound
Date: dimanche, 29, juillet 2007 14:41
To: Markus Buttiker @physics unige.ch

Subject: offer capacitors

Hello, dear valued customer,

| am Jasmine from Elecsound. today | really want to recommend our capacitors to you. Elecsound is very strong in ta
film capacitors and ceramic capacitors. all of our products are Lead free, good quality. fast lead time. If you need or
and contact with us. tks

Tantalum capacitors

CALL Dipped Tantalum capacitors

CA4S SMD Tantalum Capacitors
slElElE

Ceramic capacitors

Disc ceramic capacitors low valtage

Disc ceramic capacitor high voltage

AL Safe Ceramic Capacitor ¥1 and 2

Fadial Multilayer ceramic capacitors

Chip Multilayer ceramic capacitors 50%

Chip Multilayer ceramic capacitors-high voltage

Axial Multilayer ceramic capacitors

Amm ceramic trimmer capacitors
bram ceramic trimmer capacitors

Film capacitors

CLAO METALLIZED POLYESTER FILM CARPACITOR-AXLAL
CL21 Metallized polyester film capacitor

CLAS Mini-Box metallized palyester film capacitor

CBEEBE11 Palypropylene film capacitar

CBBEZ0 Axial Mmetallized popypropylene film capacitar
CBEZ21 Metallized polypropylene film capacitor



Quantized dynamic charge emission

G.Feve, A. Mahé, J.-M.Berroir, T. Kottos, B.Plagais, D. C., Glattli, A. Cavanna,
B.Etienne, Y.Jin, SCIENCE 316, 1169 (2007)
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Quantized charge emission

G.Feve, A. Mahé, J.-M.Berroir, T. Kottos, B.Plagais, D. C., Glattli, A. Cavanna,
B.Etienne, Y.Jin, SCIENCE 316, 1169 (2007)
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Floguet scattering theory of non-linear response
Moskalets, Samuelsson and M. B. cond-mat/0707.1927

7 Uty =U(t+T)
t) [

__ € T,
Po(t) = | iy U@

/
; - o(E) = o(u) + A H(E — )
= =
I(t) s,(t,E)=r+72 Z rd—1i{ap(E)—Pq(t)}
qg=1
Sp(En, E) = / & mQtSn(t, E) M. Moskalets and M. B.,
0o T Phys. Rev. B 75, 035315 (2007)

I(t) = 1D @) + 10D (1)
2 o0
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Low frequency non-linear response
Qr«l, Q=2n/T

Instantaneous density of states (frozen density of states)
v(t, E) = vo(E—eU(t)), vo(E) = 1/(27i)S5(E)0Sg/0E —
I(t) = I(t) + 14(1)

I.(t) = e /dE( aiﬁ’) u(t, E)a—U

Iy(t) = —e /d (8»’“0) [”2“’@%—[{]

ot
Differential capacitance and charge relaxation resistance
Cyg = 0Q/0Uc Ry = 0UpR/0I Up=U-Ug¢g
Cy(t) = eQ/dE< gj;)) v(t, F)
Rt — JdE (-38) & (2t BYYY)

2¢2 [ dE (-500) v(t, B) [ dE (-59) & (v(t. E))



Quantized charge emission

Slow driving

Qz/tT/Q—HdtI(t) —

Q = Qi(Unin) — Qa(Umaz) + O(S27),

T —0, kg -0 & =en for eoU = eUmazr — eUppin = nAA
U((t) = Uy cos(2t)

__ transferred charge

-------- from first harmonic only
L resonant

Qle




Accuracy of guantization

0Q=Q —en, eu—=edU —nA >0

Finite temperature

5Q = 2(-2) exp(——2), eu — 0

kgo 2k gl
A — A
0Q = —2 v exp(——), eu — A
k0 2k gl
Finite transmission
T
0Q) = 2611, , eu — O
v
T(A —
0Q = — ( 5 eu)j eu — A
VA optimization

Qr«T



Sqguare pulse of duration”

Féve et al, Science 2007 for kpT >> A or edU =nA

I(t) = q/Fe” /T g=¢25U/A, 7= (h/A)(1/T - 1/2)

Floquet theory for kg1l >> A
1™y o,

(a.u)

exc

2V

2517 LI s
1) = 27RND . kTS A, for T >t—tg>0,

N(t) = [[(t —to)/7]] . piecewise constant
longtime ¢t —t; > 0,

I(t) ~ c—(t—t0)/7D . with 7p = h/(AIn(1/R)) nearly

Floquet theory for kpT << A
@)+ o,

TD%%,



Summary

Quantized charge relaxation resistance

For a single spin-polarized channel, self-consistescattering theory
predicts auniversal charge relaxation resistance of half a resistance
guantum h

Ry, = —=
. De2

A seminal experiment by Gabelli et al. supports thigprediction

Role of dephasing
Role of charge quantization

Role of interactions

Quantized dynamic charge emission and absorption
Im If — e f

Demonstrated in an experiment by Feve et al.

Accuracy
Noise



