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[Purely ac response !l ]

J. Gabelli et al., Science 313, 499 (2006)
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> Single-level Anderson Model

i Hr = Z 5k01100ka
ko

=" (Vi dl Cho + ViCl,do )
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> Keldysh Green function formalism

Where N, (t) = {

G(t,e) = e ""G(n,e) Mixed representation

n

% Series expansion in powers of hf)

Gs,(te)=Gsl(te) + ()G M (t,e) + ...

Then,
It)=ed » NIt +NPt)+...)

g

~ —Cy(t)(0:Vae(t)) + Ro(t)Ca(t)0r(Ca(t) (0t Vae(t)))

M. Moskalets, P. Samuelsson, and M. Buttiker, Phys. Rev. Lett. 100, 086601 (2008).
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*x Dyson equation for the Keldysh matrices: G = (

Equation of motion: ino,A(t) = [A(t), H]

G! G<
G> Gt )

Goo(t, 1) =Gs(t, 1) /— o (t,8)eac(5)gs (s, 1)

/ B[ () S(s 8)G0 (s, 1)

+ U/ - < d(,,d};na > (t,5)g,(s,t)

a So(t,t) Z|Vk\29k t,t)

y ga/k(tv t ) Non-interacting equilibrium Green function.
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Non-Interacting Solution U = 0:

Non-Interacting Electrons

s

-

NG
(€ — €00 — €aclt) — X5) (e — €00 — €ac(t) — X8)
— G (255 ()G (1, €)

Gj,’af (ta 5) —

G5V (t,2) = 5 Ohzaclt) (GoL(2)0Gf (t.6) + Gl (1,)0.Gh (1,2))

/

“ Wide band limit T = 27|Vi|? p
o T5 () = 20 (e)
« S = T
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ot = €0) = €0
DTo(t,g) = D\L()(t,é“) = Dg(t,g)

% In the Non-Magnetic case o =0
Nio(t) = Nyo(t) = No(t)/2

1 I

Dolte) = o e T 1 I

« Frozen Approximation: N (t) —2/—G<f(t g) = 2/d€f(€)Do(t, €)

« Quantum Capacitance: (f(t) = 2¢? / de(—0:f(€))Do(t, )

« Charge Relaxatin Resistance:

RO( ) h fd€ 075((&‘, ac(t))DQ(t7€))
4e? [ de(—0:f(e ))DO t £ fds —0:f(€))0:((0: Ve (t)) Do (t, €))
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% In the Linear Regime V,. — 0 and kgT =0: Dy(go) = l%
meg + 12

2
Nof(c‘fo) =1- - tan ™' - Cg(go) = 2€2D0<60> Rg(80> -

Universal Resistance

I .
0 10 20

) (F)

Prediction of the Universal Charge Relaxation Resistance:
M. Buttiker, H. Thomas, and A. Prétre, Phys. Lett. A180, 346 (1993).
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> Coulomb Blockade Solution U > #I':

% Equation of motion for « d,,dln; > (¢,t)
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% Equation of motion for « d,,,dins; > (t,t)

« < d,,df,diCrs > (t,') =0 Dot charge excitation
4 < dg,dl Crsds > (t,t') ~ 0 Dot spin excitation
<L dg, C’,];O.na > (t,t') Equation of motion
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> Coulomb Blockade Solution U > #I':

% Equation of motion for « d,,,dins; > (t,t)

« < d,,df,diCrs > (t,') =0 Dot charge excitation
4 < dg,dl Crsds > (t,t') ~ 0 Dot spin excitation
<L dg, C’,Zo.na > (t,t') Equation of motion

u < dy,Cl Cl_ds > (t,t') ~0 Reservoir charge excitation

« <d,,Cf diCrsz > (t,t') =0 Reservoir spin excitation
" < d,,ding > (t,t') Closes the initial equation!!!
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» Coulomb Blockade Solution U > #T':
% Equation of motion for « d,,,dins; > (t,t)
« < d,,df,diCrs > (t,') =0 Dot charge excitation
4 < dg,dl Crsds > (t,t') ~ 0 Dot spin excitation
<L dg, C’,Zo.na > (t,t') Equation of motion
w < d,, CT (j]iad5 > (t,t') ~ 0 Reservoir charge excitation

« <d,,Cf diCrsz > (t,t') =0 Reservoir spin excitation
" < d,,ding > (t,t') Closes the initial equation!!!

4 )
~ d ~
< daa dgnﬁ > (ta t/) :Nﬁ(t)ga(ta t/) + / ES < dcra dgnﬁ > (ta S)gac(s)ga(sa t/)
ds T —~ /
+U [ — <<dg,d0.n5 > (t,8)gs(s,t)
dS / ~ !
— << do,ding > (t,5)S0(s, 8)Gs (s, 1)
\_ .




Coulomb Blockade Regime

> Coulomb Blockade Solution U > #I':

e

0;0,0

_U)

Gsid (te) = (1- N ()
TN (G001,

(t,€)Z5 (€)Goinq (t,€)

0;0,0

5 ()Gl

0;0,0

(t,e = U)

(t,e = U)Gyp o (te = U) —

adizaet) { (1= M) [0. (55 (00631 ¢
+ 25 (e )Géﬁg
(1) |0- (35 (2)GE2

+35(e)GH!

0;0,0

GV (t,2) =N (035 () (G,

+WNY

(t,e —

GT/G of

0;0,0

(t,e) =(e — €6 — €aclt) — X

(t,e)Got

(t,e = U)Gyl.

~

e

000( )Gg"ga(t78>)
Oaa t € ) Ggga
(t,€)0

U)) Got

0;0,0

ts

(t.)]
(t,e —U)

@e—Uﬂ}

/

r.f
0;0,0 GOO’O’

U)o.Go!

0;0,0
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% In the Non-Magnetic case: o =0
* In the Linear Regime: V,. — 0
*x At Zero Temperature: kzT =0

2N (e0)
NI _ 0
c5(&) 2+ N (e0) = N (0 + U)

Dy(0)(2 — Ny (e0 + U)) + Do(eo + U)N{ (e0)
(24N (e0) = N (g0 + U))?

C5P(e0) =4

_ b D3(e0)(2 = N (g0 + U)) + Di(e0 + U)N (o)
8e? (Do(e0)(2 — NY (0 + U)) + Do(e0 + U)NY (€0))?

(24 N (e0) = N (g0 + U))?
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Frozen Occupation Quantum Capacitance Charge Relaxation
Resistance

U= 10T | Breaking of Universal
Resistance!!!

U = 10T

ol L+ 1 L 1IN
30 <20 -10 100

eo(I) eo(I)

Middle plateau between

en =0 and 4 = —U. Simetric curve around ¢g = —U/2.
Charge fluctuations induces increased Resistance.
Non-interacting case for ¢y — +o0.

Double resonant peak around
EOZO and 80:—U.
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> Conclusions

v Purely ac response of an interacting quantum dot for arbitrary ac
amplitudes in the limit of low frequencies.

v’ Breakdown of the charge relaxation resistance universality due to
Coulomb charging effects.

> Work in progress

V' Ac amplitude similar to Coulomb interaction strength €qc ~ U

v Non-zero temperatures kg1 # 0

> Future work
V" Magnetic field.




