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Motivations

Useful to understand noise

* "'Noise is an enemy of the measurements...”

 However, noise contains a lot of information

(Spectrum, Fano factor, ...)

Non-equilibrium noise spectrum of a quantum dot ??7?

Relatively little was known...

Experiments have just been starting



Time-dependent noise through a quantum dot?

S(t)={{I(t),1(0)})/2=" S (t) = (1(t)1(0))=?

What kind of informations can we grasp in S(@, V") ?



Time-dependent noise through a quantum dot?
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Suppose the nano-objet we probe has some intrinsic energy scale
associated with correlations.

Call this energy scale 1) the Kondo temperature
How the building of correlations do show up in the noise spectrum ?

In particular at frequencies larger than TK



@ |. The Kondo effect in artificial magnetic impurities (quantum dots)

@ Il. The non-equilibrium current noise for the Kondo problem

@ I1ll. Conclusions and perspectives



I) The Kondo effect
in
quantum dots



Various quantum dots

From Kouwenhoven'’s group
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Cobden et al., Nature (2001)

Bockath et al., Nature (2002) Roch et al., Nature (2008)

And many others ....

- Quantum dots can hold a few hundreds electrons
- A current can be driven through them
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Differential conductance

Van der Wiel et al., Science 289, 2105 (2000)




Kondo effect in quantum dots

Cotunneling regime
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=) Virtual charge transitions can be accompanied
with a spin flip inside the dot !

mmm) | ike an ordinary magnetic impurity in a metal

H= Z%%ﬂ% + Jgimp ' S:el(r'?: 0)
k.o




ll. The non-equilibrium
current noise for
the Kondo model
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In agreement with FDT...
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Equilibrium noise

Study of the ac equilibrium noise

Fermi liquid behavior !
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Sindel et al, PRL (2005)



What do we know about current noise of a quantum dot?
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Theory : Meir and Golub, PRL (2002) /,
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Experiments: Delattre et al., Nature Physics (2009) e

* Noise spectrum ?

Toulouse Limit: Schiller and Herschfield (1998)
T'=V =0: Sindel et al, PRL (2005)
Perturbative calculations: Korb et al, PRB (2007)

Our questions ?
S(w,V,T)=122? G(o,V,T)=122?

(non-equilibrium linear
conducatence)



Are there interesting things in S(@,%) ?

Fermi liquid, no... | (e} <<T,) is not very interesing

w/2mt =5.7-6.7 GHz
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[Gabelli and Reulet, PRL 2008]

Yes, interesting regime: ¢ > TK

Perturbative, but...



Difficulties

Kondo effect *
\/ ﬂ' \4
I:> Logarithmic singularities with " fine structure”

ln(a)/D), ln(| w—eV | /D)

|:> Standard RG is not accurate enough

Paaske, Rosch, Kroha, Wolfle:

Scaling equations (heuristic) for the vertex function
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Difficulties

A
Kondo effect A ﬂv
v \

I:> Logarithmic singularities with ,,fine structure”

In(w/ D), In(lw—eV |/D)

:> Standard RG is not accurate enough

Paaske, Rosch, Kroha, Wolfle:

Scaling equations (heuristic) for the vertex function:

|:> Retarded interactions !

Current conservation??? Whatis () ??7?




Other non-equilibrium RG schemes

e Volker Meden
(functional RG)

e Stefan Kehrein
(flow equation)

* Herbert Scholler, Sabine Andergassen, Misha Pletnikov, ...
(reduced density matrix formalism)

Dynamical correlations ?? Current conservation ?

* Frithjof Anders and Avi Schiller
(NRQG)



Kondo Hamiltonian:

WLG WRO'

Simple model
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Use pseudofermions (Abrikosov)

S?i — Zs,s"%

q SSfS nggfszl




Path integral on the Keldysh contour

Action: 8 — Slead —l_SSpiIl—l_Sillt

Interaction part:
Keldysh label

1 rK = rk K = I K
Sint = ;ZS“’ 4/dt1 dty gap(ts —ta) f"(T12)0f"(T12) - ¥4 (t1) o 5(t2)

// 1 AN
| Tio = (t1 +12)/2

s, = +1
' Interaction initially local:
Keldysh sign: (0) |

0 .
Gap(t) = Jap (1)



Generating the RG equations

1. Expand <U (—oo,—oo)> n Sint
2. Rescale a—>a, guta)—>g,ta)

dg(w)
L) _ g(w) qlw,a) g(w)
i ' <
[ = In(a/ap) Jdap — 8 Cut-off function
““Standard” RG:

Jap(t) — 0(t) [dt gap(t)



Renormalized vertex function

g R(®)




Current vertex

Current operator from equation of motion:

IL(t) = —Ir(t) = X5 30555(t) - bl (H)ovs(t)

vi— vBE_— [ 0 —LJLR
L JLR 0

Generating functional:

ZIhE ()] = (e7F 2ra ] dtha(MIa(t)y o

RG: 1. Expand Z[h" ()] in h,() andin S
2. Rescale a—>a, gut,a)—>gta)

and 1, ()



Current vertex renormalization

L,(t)

I;(,) 1

Current necessarily becomes non-local in time !

time of the
measurement!

IL(ﬁ) — ZZZ/dtldILQ Vaﬁ(tl_tat_t27a’)

K «af
frO)Gfr(t) - dh(ty)av(ts) .

C. P. Moca, PS, C.-H. Chung, G. Zarand, PRB 83, 201303(R) (2011)



RG equations

5( )= YW o+ ey

Current vertex scaling:

dVL (w1 , wg)

7 — VL(wl,wg) q(WQ: (LL) g(wﬁ)

+ glwi) a(wi,a) VE(wri,wo)
Initial condition: VIR (7 1, a0) = 6(11) d(m) vI/E

Current conservation:
L R
vl = —vFB :> Vaﬁ(wpa)z) — _Vaﬂ(a)laa)z)

I E (YL) + 1 ﬁ (TL) = 0| | Automatically satisfied at the functional level !
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Current vertex

V, 1 (@, ©,)
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Computing the noise

Functional RG noise formula:

- 2 dw L.
Stp(w) = ?S(S+1) o Tr{V*(w_,w4)

G” (@) VM@, 0 )G (@)}

a)i — a:;::% Gi}é<(w) — 49 27 (50;-’6’ f(i(w — /.L@))



Perturbation theory
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Symmetrized noise spectra

Non-equilibrium
Kondo effect

hwikp Tk

C. P. Moca, PS, C.-H. Chung, G. Zarand, PRB 83, 201303(R) (2011)
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Noise spectra at fixed frequency

eVikp Tk

C. P. Moca, PS, C.-H. Chung, G. Zarand, PRB 83, 201303(R) (2011)



Emission noise
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C. P. Moca, PS, C.-H. Chung, G. Zarand, PRB 83, 201303(R) (2011)



Non-equilibrium ac linear conductivity

Vip =V +V, cos(at) =) I(t)=ReG(w,V) 6V, cos(ct) +...
\

. Non-equlibrium ac-conductance
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C. P. Moca, PS, C.-H. Chung, G. Zarand, PRB 83, 201303(R) (2011)



Comparison with the experimental data

dataI ' r
—— theory with
decoherence

‘ Fits OK using a single bias
dependent spin decoherence rate
function
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J. Basset, A. Kasumov,C.P. Moca, G. Zarand, PS, H. Bouchiat, R. Deblock, arXiv:1110.570




Conclusions

 Real time functional RG formalism
simple and transparent derivation of
equations of Rosch et al.

Current-conserving scheme
* RG equations for current vertex
*S(w,V)shows strong anomalies at w=tel
 simple perturbation theory or RG 1s insufficient
« G(w,V)shows split Kondo resonance
* Good agreement with experimental data

In progress

* magnetic fields...
* More complicated systems









Path integral on the Keldysh contour li

Leads:

Slead  Quadratic,

) correlation function is enough to know

—1 —1
<wga(t)&zja’(0)>51ead = e_zﬂatéacx’éaa’ (t_ Z.Elsgn ' t—l—_'ia )

t—1a t+ 1 asgnt

Same holds for pseudofermions....
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