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Quantum dots
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m Tune: gate potentials, temperature, field...
m Measure: |-V curves, conductance G...

m Aharonov-Bohm interferometry,
dephasing, coherent state manipulation...



Thermoelectric transport through nanostructures

% thermovoltage
thermopower S=—""
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Thermoelectric transport: FL description
Bulk metals (Fermi Liquid Theory):

S T/GF | strongly correlated me’rals> S~ T/T*
T <K € I

strong electron-electron interaction

resonance scattering effects Example: Kondo effect
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Single orbital level coupled to two leads

H = Hleads + Hiun + Hdot
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Kondo Effect in Quantum Dots
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(&) The Anderson model of a magneticimpurity assumes that it has just one electron level with energy &, below the Fermi energy of the metal (red). This level is
occupied by one spin-upelectron (blue). Adding ancther electron is prohibited by the Coulomb energy, U, while it would cost at least [¢ | to remove theelectron.
Being a quantum particle, the spin-upelectron may tunnel out of the impurity site to briefly occupy a classically forbidden *virtual state” outside the impurity, and
then be replaced by an electron from the metal. This can effectively “flip™ the spin of the impurity. (b) Many such events combine to produce the Kondo effect,
which leads to the appearance of an extra resonance atthe Fermi energy. Since transport properties, such asconductance, aredetermined by electrons with
energies close tothe Fermilevel, theextra resonance can dramatically change the conductance.
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(a) The conductance (y-axis) as a function of the gate voltage, which changes
the number of electrons, N, confined in a guantum dot. When an even number
of electrons is trapped, the cond e d asthetemp is
lowered from 1 K (orange)to 25 mK (light blue). This behaviour illustrates that
there is no Kondo effect when N is even. The opposite temperature
dependence is observed foran odd number of electrons, i.e. when there is a
Kondo effect. (b) The conductance for N + 1 electrons at three different fixed
gate voltages indicated by the coloured arrows in (a). The Kondo temperature,
T, forthe different gate voltages can be calculated by fitting the theory tothe
data. (c) When the same data are replotted as a function of temperature
divided by the ive Kondo the different curves lie on top of
each ather, illustrating that electronic transport in the Kendo regime is
described by a universal function that depends only on T/T,.




Realization of Kondo-effect in nanostructures I
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Realization of Kondo-effect in nanostructures IT
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Q: How do the effects of strong electron correlations
manifest themselves in the thermoelectric transport
through the nanostructures?

Q: What are possible mechanisms for enhancement of
the thermoelectric power?

Q: Is the thermo-transport through nanostructures
always characterized by the Fermi-Liquid concept?
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Sequential tunneling at Coulomb blockade

Beenakker & Staring 1992

CB peak CB valley

1 AANI
k. _dnG N
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For a bulk metal : 5

eS~T/Er<<1 |

Mott’s rule would give for Beenakker & Staring
sequential tunneling eS~E./T>>1

eS~1




Effect of co-tunneling at weak coupling

No Coulomb energy is payed

close to

. J degeneracy
Turek & Matveev, 2002 ~= sequential -. point
---- cotunneling I N j
— combined _ "|
‘Smaxz Zln_ ~~~~~~~~~~~~~
< N | _-
far from the
§ m § : ‘ ‘ degeneracy
v Smax IS much smaller than point
Weak coupling Beenakker&Staring estimation,
more consistent with the Mott’s rule
G, +aG,) result eS~1 but enhanced
g= — <<1 compared to bulk eS~T/Er<<1

27e



From weak to strong coupling

Weak coupling

Mott law is obeyed

A & 100
- —— Conductance

- —— Thermovoltage
~-dG/dV ai\;eiEw (Mott)§

Strong coupling

Mott law is viola'red}
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Molenkamp et al, 2005



Q1: How does the Kondo effect influence a thermoelectric
transport through nano-structures?

Q2: What are the manifestations of Kondo effect in
the thermoelectric transport through nanostructures?

Q3: Is there a room for NFL enhancement of thermopower
In hanostructures?



Matveev's suggestion for realization of Kondo effect

QPC
r| < 1

2DEG 0
T+ AT T ICK _ ZCK
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Matveev 1995, Furusaki, Matveev 1996
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H = Ho+ Hy+ Hg + Hp

Hy = Zekackacka—l—Zeadea-l—

d = Y(—o0) = vOF  4(0) ~ O
C —— h aa : - 22—
o0 0 7=+

Assumptions:

Strong coupling regime

Weak Coulomb Blockade

Metallic regime

{[Na(@)]? + [Bs¢a(2)]?} da

HL = Zk,a(tk,ac;i,ada + he)
Hr = -2 |ra| cos[26a(0)]

He = Ep [+ 150 6a(0) - N(Vp)]”

1T'< Ee
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Strong coupling and the Kondo physics
(Matveev & Andreev, 2002)

2DEG |l

T+ AT T

Ordinary (one-

channel) Kondo JC_I_& C §

N-channel Kondo: JZC+ O_.C. §
J

Reflection plays spin-1/2 impurity jo~ oo'" jo
a role of spin- +N orbital channels 1
flip !

< >=VEEJ'

QPC is a quasi-spin-1/2 orbital “impurity” +
two spin 1t and | channels:
2-channel Kondo. Symmetry of channels is
protected by TRS




FL and non-FL behavior

J C S 2 i€j6965Cjo’ o
G GG o' J
Kofntdho s_,creen_itng l Complete l l
of the impurity screening '
spin oTeenine overscreening
Fermi-liquid Non-Fermi-liquid
behavior behavior
Magnetic susceptibility Magnetic susceptibility
x=const as T->0 X~ In(Tk/T)
| eS~T/Tk | | €S~ (T/TK)Y2 In(Tk/T) |

Matveev&Andreev, 2002



Two Kondo regimes L TR
Bl
Spinless fermions: ~
QPC is fully spin-polarized: 1CK m——— T
Fermi liquid behavior: § oc — Sin(Zﬂ'N )
C

T E T )
Spinful fermions: S o A&m - +CF Sin(an)F[r
PCi - ized: I y
(.) is .non polarized .
isotropic 2CK [N'e< E, r‘ COS (7rN )

Non Fermi liquid behavior:

Enhancement by non-Fermi-liquid effects

Q1: How does one regime crossover to another one?
Matveev, Andreev, 2001-2002



How does magnetic field influence two Kondo regimes?

- Parallel to the plane magnetic field

Zeeman
splitting

B=0

Quantum
dOt ) “‘\\ . EF
Reflection plaﬁ
a role of spin-
flip in Kondo
problem
\r|eJ

B#0:;

kT;tkisz;éri

J, #J,

T ~rlE., E.=¢e/2C)
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Characteristic scales of magnetic field
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Field B*< B, where spin-down
electron is fully reflected

(model dependent)

Field of full polarization B,



Instability of non-FL fixed point

Non FL
fixed point

ZJ C]O‘ oo ]0'§

The symmetric state Ji=J2
and the non-FL fixed point
is only stable if protected
by the basic symmetry
(Time Reversal Symmetry)

B 750 Magnetic field breaks TRS and drives
system to the 1-channel Kondo with
decreasing the temperature T

Suppression of thermopower by
magnetic field



The main result; B<

F(x) X, x <<l
xX)=
const, x>>1

I'(N)~E.[|r,+r > cos®(TN)+

Effect of
B

peak (degeneracy)

Coulomb blockade }

point




Theoretical predictions: gate voltage dependence

Magnetic field B/B¢ = 0. Magnetic field B/B¢c = 0.1
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Theoretical predictions: B and T -dependences
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Effects of magnetic field on thermopower

A
e il For T <<T_ :
0.5 I I 1 T E
— T/E0 = 0000 S oc ——‘rT J In—“—sin (27Z'N )
=0.45 — TfEcC* ; 0:01 — F(N) F(N)
g — T/Ec=0.1
g — T/Ec=0.3
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Magnetic field B/ B¢

Giant Fermi-liquid behavior in magnetic field
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Theoretical predictions: derivatives
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B=0: Smax/T diverges at T = 0;
Finite B: Smax/T saturates below Tmin
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Message to take home
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“Giant FL”, 1CK Non-perturbative, Perturbative CB,
strong NFL, 2CK weak NFL, 2CK
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T.K.T. Nguyen, MK and V.E. Kravtsov, PRB 82, (2010)



Perspectives:

IW/ « Multi-channel Kondo effect
spCS

* Influence of noise

* Influence of spin-orbit
* Influence of finite s-d voltage
* Quenches with the gate and s-d voltage
» Quench with magnetic field

* Multy-dot setup: Bell inequalities?
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Conclusions P

* Thermopower of a quantum dot can be much larger than in the
bUIk eSBULK NT/EF

*For closed dot (g<«<1) the maximum thermopower eS~In(1/g)>1; for
open dot the maximum thermopower eS~r <1.

» Kondo physics in thermopower of an open dot; magnetic field leads
to crossover from 2CK to 1CK

‘Magnetic field suppresses thermopower and restores (hon-
perturbative) FL behavior at T<E. |r| (B/B) with “"E" ~E. (B/B)



