Dynamic Mesoscopic Transport

Markus Biittiker
University of Geneva




Dynamic transport: Motivation

« Electronics » 1s not static, 1s not dc-transport, but a dynamic
process!

To be useful we must be able to manipulate structures and
to do that fast.

For most mesoscopic and more so for the nanoscopic structures
the electron transit time 1s a very short time.

Of interest i1s therefore the low frequency range, or dynamic
transport on time scales long compared to a transit time
(or long compared to an RC-time).



Dynamic potentials !
Buttiker, Pretre, Thomas, Phys. Rev. Lett. 70, 4114 (1993)

Linear response to oscillating voltages

Distinguish: _
potentials applied to terminals dV,(t) = dV, (w)e_w
self-consistent electrostatic potential U (w, r)e !
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Response to external potentials
Buttiker, Pretre, Thomas, Phys. Rev. Lett. 70, 4144 ( 1993)
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Ei =F =+ hw, ca = eVo/hw

ao(E) ; ncident state an,(E) ; reservoir

ia(E) = o (E) = calp(E4) + caly(E-)

—
f3(E) — fg(E + hw)

ext(w) — /dETT[A/Bﬁ(Oé E,E4+hw)] o



Mesoscopic capacitor 3
Buttiker, Thomas, Pretre, Phys Lett. A 180, 364 (1993)

| gate,
\ li é single potential U
Vl/ ! U f geometrical capacitance C
i L o

F5(B) — f5(E + Tw)
hw
Agg(a, E', E) = 1aba5 — Saﬁ(E )sas(E)
Internal response
GV, + iwnNdU = —iwC(dU — dV>)
Invariance under arbitrary potential shift : jwl = Gt
G_l(w) — (—iWC)_l + (Gemt(w))—l

ext(w) — /dETT[Aﬁﬁ(Oé E, E+hw)]



Mesoscopic Capacitor 4

| gate, 1 1
_|_

Gw)  —iwC " Gert(y)
expansionin w, k'I' = 0

—>
G w) = —iwe?Tr(N)+(1/2)hw?e*Tr(NTN)+..
S
211 dE
charge relaxation resistance

el_elctrocheinllcal cap;mtance » . hoTr| At N
C,Ll, — C —l— (6 T?"[N]) q — 262 (T’I"[N])Q

N = Wigner-Smith (delay)-time matrix




Mesoscopic Capacitor
Buttiker, Thomas, Pretre, Phys. Lett. A180, 364 (1993)
G(w) = —iwCy + w*CERg + ..

lectrochemical . charge relaxation resistance
electrochemical capacitance
’ h Tr[NTN]

C,t=Cc M+ (efTrIND)T Be= o (TrIN])2

Eigen channels of s; exp(z’qﬁn) n=12,,. :

1 ds dé

1 ds ds dqﬁn
Tr[NTN] = (-—)2Tr[——2] = (—
AINTN] = ()27 [dEdE] Ly e
—> Quantum corrections to capa01tance

_ h ¥,(d¢n/dE)?
T 2e2(X, dgn/dE)3
: Universal for n =1; Rq = 2¢2




Capacitance Fluctuations
Gopar, Mello, Buttiker, PRL 77, 3005 (1996)

e2Tr[N]

a=0,/C =
\ u/ C + e2Tr[N]
vl/ i , .
i n=005 /
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Charge relaxation resistances

h Zn(d¢n/ db ) Universal for n =1; Ry = L

17 2e2(3, dn/dE)? 2
For k degenerate channels
_ h Yu(d¢n/dE)* _ h k _ h
17 2e2(3, don /dE)2 T 2e2k2 T 2ke?
Spin less electrons Rg=h/ De?
Spin degenerate channel Ry=nh/ 4e?

2
Ideally coupled Carbon Nanotube Ry = h/16e

Chaotic cavity coupled to two QPC P(Rq)
(single channel limit)



Charge relaxation resistance fluctuations %

Pedersen, van Langen, Buttiker, PRB57, 1838 (1998)

orthogonal = --------- unitary

Large channel limit:

h 1 h (1 1
- Rl )

2e2 My + M5 ec \My Mo
parallel series




Dynamics: Multi-terminal

N

Dynamic transport:

Contacts which permit particle
exchange and capacitively coupled
« gates » need to be treated on equal

footing:
current conservation
3

> Lo =0
a=1

Long range Coulomb interaction
Ensures that sum of all excess charges
add up to zero 1n a sufficiently large
Gauss volume:

(electrostatic-) gauge invariance



Dynamics: Multi-terminal 9

Gaﬁ(w) — Gaﬁ — iWEaﬁ —|— UJQKaﬁ —|—
current conservation gauge
ZGaﬁ(w) =0 ZG&ﬂ(w) =0
Emlttance matrix E 0B (kT = 0)
6ﬂ(w) = zweQNaﬁ + ..
L dsaﬁ 455

@ﬁzfm[ B gE ~ dE
a=172.3=102

sqg| Partial (global) density of states
Bare emittance
Bare injectance

2
e
Eop = €*[Nyg — O~ Nay) 5—(D_ Nsgp)l
~ C + e<N 5
a=1,2,8=3 Eoa > 0,E.3 <0 capacitive
C : .
Ea3 = —62(2 Na,),) Eaa <0 ) Eaﬁ > 0 inductive

C + e2N



Global density of states hierarchy 10

Partial (global) density of states
(pre- and post-selection)
dsT Naa
1 + dSa B Sa 3
Nop = —I843 Sagl
471 dE dE

not positive definite!

Injectance Emittance

(pre-selection)  (post-selection)

> Nsg > Nay
5 v

(Global) density of states

N =} Nsg
55
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Internal response

Buttiker, Thomas, Pretre, Z. Phys. B94, 133 (1994)
U(r,t) = Ugq(r) +dU(r,t)
dU(r,t) = dU,(r) exp(—iwt)
scattering matrix of Floquet type s, 5( E+ nhw, E)
low-frequency limit

dla(w) = iew [ P S el 060 ATIENS
a(w) = jew r - i QB()U(T) 90 (r )Saﬁ w(r
1 0s 0s, dU (r,t)
Al (1) = —i /d3 s 9%ab o ’
alt) = —ie [ dr g 4m[ BaU(r) oU(r) sapl—,

local partial density of states
f
asaﬁ asaﬁ .
O‘Ban(T) oelU (r) ap

v(o,r, 3) = ——[ ]



Local density of states hierarchy +2

local partial density of states

T
6Saﬁ 58@6

V(CV, r, /6) — _i[s]L

A “Bsel(r) Bl 56U(r)8aﬁ]

injectivity emiss1vity

v(r,8) =) via,r,B3) v(a,r) = v(a,r,B)
. 5

local density of states

v(r) =) via,r,B3)

af
current generate by internal response

dlp(w) = z'ew/d?’r v(a, r) Uy(r) BTP

Buttiker, Thomas, Pretre, Z. Phys. B94, 133 (1994)



Effective Interaction 13

U(r) = Ueq(r) + dU(r)
dU(r) = 3 (dU(r) /dVa)dVi + -

characteristic potential gauge
ua(r) = (dU(r) /dVy) > ua(r) =1;
87
Poisson
—Aua(r)—|—47762/d3rl_l(r, Ndua(r') = 4re?v(r, o)
effective interaction gauge
ua(r) = /d3rg(7“, Nv(r,a) ; 1= /d3rg(r, v (r!)
Emittance

Eog = 2/d3r[1/(oz,r, 6)—/ d37“/l/(04,7“)g(7“, rv(r, B)] ;

Buttiker, J. Phys:. Cond. Matt. 5, 9361 (1993)



Thermal charge fluctuations of a capacitor

(1/2){I()I (W) +I(W)(w)) = 27S17(w)d(wtw)
Fluctuation-Dissipation Theorem
St1(w) = w?Spo(w) = 2kT Re[G(w)]

with

Charge fluctuation spectrum

SQQ(W) = QchgRq + ..



Thermal charge fluctations of a capacitor

To(t) = % / dE'dEG)(E) Aaa(e, B, E)aa(E)eE—E/T
To(w) = %dea};(E)Aw(a,E,E+hw)aa(E+hw)
Aaa(a, E,E + Tw) = 1q — s} (E)saa(E + hw)
Aco(a, E, E + hw) = 2miNhw + ...

1 .i. dS

S
2mr dFE
Ot (w) = e / dE & (E) N a(E + Tw)
dI = G**'dVy + iwNdU = —iwC(dU — dV>)

O = Ot — NdU = C 4O screened charge —
SQQ(W) = Qk:Tchq -+ ..
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Shot noise induced charge fluctuations on a gate

M, M, V=V3 —V5>0;kT =0
W zero-frequency shot noise

| | 2

| e
v, © U I V, Srr = 2% leV] ZTn(l — Tn)

M What will we see at the gate?

Charge fluctuation sensor

« Wigner-Smith matrix »

1 ds h Tr[Nio5No>1]
s ad _ 124V21
N’Y5 o 27.‘.7:804’)/ del] Ry 2e2 (Tr[N])2

51313((4)) — wQSQQ(w) — QwQCluRVeV

Pedersen, van Langen, Buttiker, PRB 57, 1838 (1998)
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Non-linear transport

* Need of self-consistent model including screening potential

)
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I
i L
n J

i —
i =

{
A8

i I\‘\)

-.—-.-\r
IR VARY Ik 3
Lsy V JLJ

* Naive expectation: since T is even in the two-probe case,
nonlinear I-V is also even [(B) = I(—B)

L\ £ ] T &1 A7 F

B=0 Be0

* Experimental “verification”

w
o

o
w

N
Prcdle
V&

2 10 1 22 4.0 1 2
Bias voltage (mV) Bias voltage (mV)

Linke et al., Phys. Rev. B 61, 15914 (2000); Loefgren et al, PRL 92, 046803 (2004)



Non-linear transport

* Scattering matrix: s, = sqglE; U(7)]
» Weakly nonlinear transport:

In =38GapVpt 2 py GapyVaVy

where
) PR .r
(O p—= | gt P TR A (B VLY = 0)
s . - +
Al Vay) = Tilagoas — Sug5a8)
Gy = —2 d3r [2 53]

M. Biittiker, J. Phys.: Condens. Matter 5, 9361 (1993);
T. Christen and M. Biittiker, Europhys. Lett. 35, 523 (1996)



Non-linear transport

Transmission probability is even in magnetic field only if

Saf — Saﬁ[E; Ueq(7)]
Non-equilibrium potential is not even in B !
—Aug(P)+ane? [ A7, 7 )ug(7) = 4reu (7, B)
Reversing magnetic field turns injectivity into emissivity
v(7¥,a, B) = v(a, 7, —B)

Second order conductances are not even

= —;[0111(5) — G111(—B)]

19
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Non-linear transport: anti-dot
Sanchez and Buttiker, PRL (unpubl.)

1
b = §[G111(B) — G111(—B)]
1R _ L
R= -2 A=pg— Eg—elUs+il
A2

scattering asymmetry

n=01-02)/I

£\
o e |
L (9,

T nh
T i 5'1":4:60 2nC D @,
—
electrical asymmetry Vs
6:(01—62)/20 > = | <
o, &

3 27132
e> OT w&Ce<D<I'T -|-O(§3)

¢ = "~ h OEleq (C + €2D)(2rC DI + R(C + €2D))
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Non-linear transport: chaotic cavity

Sanchez and Buttiker, PRL (unpublished)
6 2303 2 N
var & — e’ 16m“N7N5 (Cu,) ll S
h252  N1O \C \% N,
1 U ¢ = V
2
100
75 _IT\VT‘I . j\‘vr'") . _IAVT //2
50
25 Experiments:
:L!?-ia'i%

Zumbuhl, Marcus,..

Linke,..




Mesoscopic detectors 22

Pilgram and Buttiker, PRL 89, 200401 (2002)

N aelh s

::Cl Tyt ﬂﬂri—:(g—) g mh%
—V; (Q1) V== re-o5(3) G+ navh+rue

T, =2 (2‘) E.e|V]

System\_

D= c:aTrﬂr_l G;]' = l:_:_]' -I— D_l.l
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(Trav) ( Triv) 172 (TrNY (T RaTa )

ba |



Mesoscopic detectors
Buttiker and Pilgram, Surface Science 532, 617 (2003)

Quantum Point Contact . | /
= | Conductance o=
V(e,y) =X(@) +Y) &S eI
Vo = [_f——f ------ a=k_/20
X — - - a=k_/40
(@) cosh?(ax) . | —
| r ' | '
Decoherence rate

Y(y) i E’mwyy

without screening

[ dec X Ry |8V|

| 1
. Decoherence rate
i with screening

arbitrary units

23



Adiabatic Quantum Pumping
Brouwer, Phys. Rev. B58, 10135 (1998)

24

sas(E,U, X1, X2); X1 = z1cos(wt), Xo = xocos(wt + ¢)

Internal response

dlqn(w) = tewNg Uy

Modulated emittance

dQa(t) = eNa(X1) dX1 + eNa(X2)dXo

Ou = ¢ fo NG (X1) dX 1 At No(Xa) dXp/dt

1
8

]L dSOzﬁ
b delU

P '-c-".".
| |
LY -

—_,— .

Qu = ¢ [A dX1 dX5 [dNa(X2)/dX1 —dNa(X1)/dXo]

ewx1To8tn () Z %[dsgﬁ dsaﬁ]

2=
21 3 Xm dXQ

L

(a

)
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Conductance from the internal response

D. Cohen, PRB 68, 201303 (2003)

Internal response
dIa(w) = z’ewNa Uw N@(U) — _i' Z Ty lslﬁdsaﬁ]
dIo(t) = —eNg dU/dt 2mi 3 deU

Response to flux generated by dc voltage

dlp, = —eNg(P) dP/dt = ecNyV ; dP(t)/dt = —cV

s=( "1 tioe ' ¢ = 21D /Pg; Pg = hc/e
toq ew (8929, ST T

/” o o

No(®) = T [thy to1] /®o (U
e2 ; lead
G = T [t3y to




Summary

Scattering theory of dynamic transport

External and internal response
Partial density of states

Mesoscopic capacitance

Mesoscopic emittance (kinetic inductance)

Charge relaxation resitance
Charge fluctuations
Mesoscopic detectors

Adiabatic quantum pumping
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