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can form the Kondo state with itinerant electrons (at T < Tg)
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Quantum impurity (dot) coupled to a superconducting reservoir

IS a bit confused ...

The reasons :

= there are no available states at the Fermi level, and

= QD absorbs a pairing (which competes with the Kondo physics).
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Physics Physics 6, 75 (2013)

Viewpoint This viewpoint appeared on July 2 nd, 2013.
To Screen or Not to Screen, That is the Question!

Romain Maurand and Christian Schonenberger




Quantum impurity coupled to

a superconducting medium
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Fs(w) = 27 Y | V|20 (w — &) hybridization coupling
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Microscopic model Anderson-type Hamiltonian

The quantum impurity (dot)

HQD T Zéd dT —I— U ndT ndi

hybridized with a superconductor

H = Zeddzda+UﬁdT 'ﬁfd,L —I—ﬁs

o

+ Z(Vk dt e + Vi &, ds)

Hs = 2 ko (E— 1) Eholro — L, (Acm Cy ‘|‘h'C-)
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Appearance of the in-gap resonances (Andreev bound states)

J. Baranski and T. Domanski, J. Phys.: Condens. Matter 25, 435305 (2013).
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Energies of the in-gap resonances (Andreev bound states)

J. Baranski and T. Domanski, J. Phys.: Condens. Matter 25, 435305 (2013).
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Influence of the correlations — singlet/doublet configurations

In a subgap regime |w| < A the quantum dot is effectively described by

HQD—ZEddT + UdndTndi—(Add l—|—hC>

where the induced on-dot pairing gapis Ag =TI's/2.

Eigen-states of this problem are represented by:

1Ty and  |[]) doublet states (spin  Z)

u|0) —v|T])
v[0) +u|T])

singlet states (spin 0)

There can occur doublet-singlet  quantum phase transition by varrying €4, Ug or I'g.
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Physical situation N-QD-S scheme

To probe the subgap states one can study the electron transpor t through a quantum
dot (QD) coupled between the normal (N) and superconducting ( S) electrodes

V=|IJ|\|'IJ5
|

metallic lead superconductor

This setup can be thought of as a particular version of the SET
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Andreev spectroscopy — experimental realization

T. ~ 1K

A ~ 152ueV

QD : self-assembled InAs
diameter ~ 100 nm

backgate : Si-doped GaAs

R.S. Deacon et al, Phys. Rev. Lett. 104, 076805 (2010).
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S-barrier gate (sg) ( C)
HfO,

plunger gate
(P)

back gate ™ |pag/Inp
(bg) NW

QD : semiconducting InAs/InP nanowire

S : vanadium A ~ 0.55meV U~3—10A

N : gold

S. Di Franceschi and coworkers, arXiv:1302.2611 (2013).
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Andreev spectroscopy — experimental realization # 3

(@)

Voltage
Probe

QD : carbon nanotube

A ~ 0.15meV

J.-D. Pillet, R. Zitko, and M.F. Goffman, Phys. Rev. B 88, 045101 (2013).
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Andreev spectroscopy —  experimental realizations

Andreev spectroscopy is a valuable tool also for studying
the cuprate superconductors.

STMtip  O-orbital CuQ, plane

(constant DOS) (d-wave DOS)

S. Pilgram et al, Phys. Rev. Lett. 97, 117003 (2006).

®@Cu O Bi @Sr ‘ rs

In such STM configuration the apex oxygen plays a role analogo us
to the QD in the N-QD-S setup.
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Physical situation — energy spectrum

Components of the N-QD-S heterostructure have the following spe ctra

N

External bias eV = pun — s induces the current(s) through QD.
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Microscopic model

The correlation effects

HQD T Zéd dT —I— U ndT ndi

are expected to affect the transport properties of the syste

Z €qdl dy + U gy na, + Hn + Hs

S Y (Vs dbékes + Vi el pdo)
k,oc B=N,S

Hg = Zk,a (ek,s —1s) élzasékcs Dk (AckTsck¢S+h-C-)
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Formal aspects

To describe an interplay between the proximity effect and elec tron correlations
we have to determine the matrix Green’s function (Nambu repres entation)

T, (dy (T)dL (1)) T-(d; ()d ("))
[(dE(r)dE (7)) T-(dl(m)dy("))

Gy(m, ) =—

Its Fourier transform obeys the Dyson equation

. W — &4 0
Ga(w)™' = 0 e | Sa(w) — 35 (w)
d

> (w) correctiondueto U # 0. |
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Non-equilibrium phenomena

Steady current Jr = —Jgr consists of two contributions

‘ J(V) = Ju(V) + Ja(V). |

which can be expressed by the Landauer-type formula

RV) =2 [ dw T1() [f@+eV, T) = £, T)

2—;/dw Ta(w) [f(w+eV,T)— f(w—eV,T)]

with the transmittance

Ta(w) =T% |Gr2(w)|”
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Hybridization of QD with the metallic electrode:

r, e +U r,

i

4

7 1

* broadens the QD levels

* induces the Kondo resonance below T'k.
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Hybridizations 1I'pnr and I'g are thus effectively leading to

[ERi Kondo peak

/ interplay between the Kondo effect and superconductivity /
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Qualitative features in the differential conductance G(V) = %
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~0.2

T. Domanski, A. Donabidowicz, K.I. Wysokinski, PRB 76, 104514 (2007).




Transport channels

Qualitative features in the differential conductance G (V) =

8J(V)
vV

aiesgsieisiadadencicacnniaee(((@ ((tandiaadiiciididiiien
(ALLLLLLLR R LR R LR S T T T T T T T TN

~0.2

T. Domanski, A. Donabidowicz, K.I. Wysokinski, PRB 76, 104514 (2007).

We shall now focus on the subgap Andreev  conductance.
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Spectral function obtained below Tx for U =10I"n

w/ My

Superconductivity suppresses the Kondo resonance
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Kondo resonance slightly enhances  the zero-bias

Andreev conductance, especially for I's ~ I'n!
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InAs QD

"The zero-bias
conductance peak
IS consistent with
Andreev transport
enhanced by the
Kondo singlet state”

"We note that

the feature exhibits
excellent qualitative
agreement with

a recent theoretical

—V/ =2.284 vli p Y
J/ |
00 02

treatment by

Domanski et al”
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R.S. Deacon et al, Phys. Rev. B 81, 121308(R) (2010).
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0.06 -

Gt [4e*/h]

L, R — normal electrods

S — superconducting electrode

Kondo effect inverts a sign of the CAR conductance GRr/L

G. Michatek, B.R. Butka, T. Domanski, and K.I. WYsokifski, Phys. Rev. B (2013) in print.
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Cooper pairs are depaired by the quantum dots ( quantum forks).

Entanglement of thus released electrons is yet preserved !

L. Hofstetter, S. Csonka, J. Nygard, C. Schonenberger, Nature 461, 960 (2009).

J. Schindele, A. Baumgartner, C. Schonenberger, Phys. Rev. Lett. 109, 157002 (2012).
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Majorana-type fermions in hybrid normal-superconducting rings

Ph. Jacquod and M. Biittiker, arXiv:1306.6343 (preprint).
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http://kft.umcs.lublin.pl/doman/lectures




