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Qutline

Ma 1. Coulomb blockade and cotunneling (Brief reminder)
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‘Canonical’ nano-junction

|v

E s

*
Y¥VYVYVYYY

X e
) Hd
o 9 c
-
o e o
I O o

2.0 T T T T T T T T T T T T T T T T T T T T T

15[

o

G [e¥h]

1.0

05

0.0

Coulomb blockade regime




UNIVERSITY OF COPENHAGEN J. Paaske, NBI & NSC

Charge conduction: Quantum tunneling + Classical charging

Potential-landscape: _ Elctrostatic-landscape:
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Diamond plot: Coulomb Blockade

Chemical potential of dot or molecule: ‘ fraot (N + 1)
Pdot = EN+U(N)—U(N—1) s ot ()
o2 S Vo o
= En+ C(N—NO— 1/2) — (s Cs + €|V, Cy + paCa)/C [dot ) o

Plotting conductance as a function of V, and le|V = us — up

Current thresholds:
I#0 N-1, N AL A N A V—— Hdot = LD

................................................................. l’l’dOt — /J,S
= N4 . ives the slopes:
v I=0 g p
N-1 N N+1 +2C,/C
. ) for s = C
D AT S or s =%D.
C.B. C.B. c|B. C.B. /- C.B.
............................. Addition energy:
fraot (N + 1) = paor(N) = €*/C
\7
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Cotunneling: Lifting Coulomb blockade by quantum fluctuations

™
Az*r\fd
: Vsl
i > Cotunneling rate (2.-order pT): J ~ =2
i - e? o
4 ——> Finite current: [ ~ z‘goj‘ Vv
| A
\ 4 I

Spinful dot (odd occ.) (e-order PT):

‘ 262
——> "Kondo-effect”: [ ~ —V, V< TK

Charging cost: h
EC = 62/0
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Inelastic Cotunneling: Bias spectroscopy

> Extra contribution to the current:

2

T~ %\QOJ 2V0(V — A)

J. Paaske, NBI

Excited state
spectroscopy !!

Specific signatures:

- spin-flip transitions
(Kondo-sharpened!)

« vibrationally assisted
transitions
(sidebands!)
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Kondo effect and spin-orbit coupling (not complete)
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« SO-coupling (isotropic LS-coupling) changes atomic spectrum, new g-factor etc.
» Degenerate Kramers doublet gives Kondo-effect.
« Spin-anisotropy from crystal fields.
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Qutline

~—l Spin-orbit coupling in quantum dots (Exp)
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InAs quantum wire dots
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Spin-0Orbit Coupling in carbon nanotube quantum dots

namre Vol 452|27 March 2008|dei:10.1038/nature06822

LETTERS

Coupling of spin and orbital motion of electrons in
carbon nanotubes

F. Kuemmeth'*, S. llani'*, D. C. Ralph' & P. L. McEuen'
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Spin-Orbit Coupling in multi-electron carbon nanotubes

T. Sand Jespersen, K. Grove-Rasmussen,
J. Paaske, K. Muraki, T. Fujisawa, J. Nyg%rd, K. Flensberg
(arXiv:1008.1600)

Zoom-in shown later
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Single-particle states: F; . = stAp £ \/(Ag + 17Ae + STAl)Z + &p?

q AB flux
&KK' =0 ‘.E KIT AKK‘ >0 ”E AT
A= K'l Aso=0 /AJ' ~ Curvature gap

Ando, 2000

I& Huertas-Hernando, Guinea, Brataas, 2006
KK’
Izumida, Sato, Saito, 2009
Bt Jeong and Lee, 2009
Bl
B, B”
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Cotunneling spectroscopy

Fit parameters: Ago, Ax g’ and Gorb

1st electljon 2nd electron 3rd electron

S3T= = =
-5_~ 4N0+1 =
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Bias-spectroscopy for large filling

Vig (MV)

Vg (MV)

V,, (mV)
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Gate-dependence of spin-orbit coupling

FEsr=sTAp £ \/(Ag + 7Ag + STA1)2 + &, 2

Aso+ = By — Ex) = 2A0 £ \/(Ag + A)2 422 F \/(Ag —A1)2+¢e2

Aso (meV)
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Qutline

3. Probing spin-orbit coupling by inelastic cotunneling
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Cotunneling and (s=1/2) Kondo effect with spin-orbit coupling

(p+eA)? eh
H, = V
d 2m + V() + 4m?2 c?

E(r) x (p—eA)| -7 +gugB -7
For B =0, time-reversal symmetry —> Kramers doublets (of 2-spinors)
Un (T *“U,:; r
g (1) = ( fun((r)) ) , Uny(r) = ( - (E,)) ) (Dot electrons)

Yok (r) = ( gzll:((llz)) ) , Yak(r) = ( EZIES) ) (Conduction electrons)

aozk

Time-reversal symmetry-partners:

, s Y gk
wnﬂaa = T5qr ndl.o’
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Resulting Anderson-model (constant interaction model)

a=L/R
k, v

a=L/R
k., r/,n,n/

H = Z &k — )uo: akvcakr/ + Zgn

ahn nak

takn

|} (m'th orbital)

”'I' _ akm
akn akJ/Uun

oy = / dr V3, (v) Hiot (£) Y0y (r) =

k%m(r) = Ho(r)7" + idsoeijn T Ej(r)0

H = E Ek _)UJoﬁ ancakn + E g,m 'm,n mn

akn

+ Z Lakm (éixknd’m’f? + djnnﬁcxkn) + Hint
akn

= taanf,"#” (Unitary matrix 1)

£

No trace of so-interaction!

. J A o
Kondo effect via degenerate @8
Kramers doublets O




What happens in applied magnetic field?

4me?

Ho —ps |38+ B xx < B()| 7B L)

€

Time-reversal symmetry is broken: - Non-degenerate Kramers doublets
- Splitting of Kondo peaks
- i.e. log-enhanced inelastic cotunneling

m’th level is mixed in with other levels: (nn'|Hg|mn)

— tj}.f;’m No longer Unitary matrix !!
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Implications for the Kondo model

Do Schrieffer-Wolff transformation with general tfj‘f;’m:

Z . 1 L ,

Qk?’? a"'a',k’k,'q"n
é,j—o,:r,y,zj\

g4 + (—1)%0e_ \
2(5i0+5j0)€+€_

Jf,a = Tr[ta:m’r'iﬂ 7]

e

Effective cotunneling (Kondo) model with anisotropic exchange coupling.

Notice that o/, = L/R is mixed with 1/ |: Potentially 2-channel Kondo
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A simple model: 2 levels with SO-coupling and B-field

Diagonalize two levels with spin (4x4):

Ho = /H((io) + Hso | ILef; |

Hso = (eh/2mc?)(E x p) - o

(U1, s|Hgplt)1,s") =0 Po(r)
(61, 5| Hsoltha, ') = =2 (4| (E x p)|¢a) - (o)., 5
7701(1')

2mc?
= —21As50/2

1eBso
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Diagonalize in zero B-field: (spin-quantization axis along Bso )

Ho = —07.00/2 + As0/2 1,0.

1 c=a,b
j E. = :|:§A 5
A=.[624A2,
B Bso *
p(r)| 1), ¢ (x)] 1)
Left lead Right lead

ba(r)| 1), % (r)] 1)

Now, apply magnetic field (linear terms):

! ?

HZ:§90MBB'U; Hr=upL-B o
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Breaking time-reversal symmetry by external field:

« In absence of B-field, there was no sign of entangled spin and orbit.

« In presence of B-field, there is ....

1 .
Hp = 590#87013 -0 +ijipogTyA - B
The magnetic field couples the doublets! A= _i<w1 ’L’¢2>

Three relevant vectors:
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Within one Kramers doublet (a.b-basis)

by (r)| 1), ¢y (r)] ])

0 = ASO = 1, AHBSO

Splitting of Kramers doublet b X A
PIne a(r) 1, va(x)] 1)
1.,
y - ¥ |
1y 1 cosé. siné.
E 1) He' = S9opsBLe |
2 4 sin. —cosé.
_0_5_-/\ \
~1. sin €, ~ +4sin 7
©ZA
o - 5
Splitting of Kramers doublet a ! 52 i . i 23 Asr
1/—\ c AQ COS77 gOA
0.5,
. - 7] .
05 2 I A = || (cosncos @ + sinncos psinf)
_1.\/
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Tunneling amplitudes revisited in finite B-field

4 4 )
Left lead _ Right lead
N
\ \ J
With only spin-orbit or magnetic field: tT — tl

With both spin-orbit and magnetic field: tﬂ % tU
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Inelastic cotunneling current %
ead lead

Calculate nonlinear dI/dV:
(Requires noneq. occupations).

[ x |trytryl® F’(U) = P(M)Lyy — P()py =0
1V Difference between forward
I and reverse bias:
A
I 5 5
Forward bias > |tL‘U‘tR1T| - |tLﬂtRJ.J'| # O
Bso dl
dV
> o,
1% @
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¥

S0 —

Lots of different behaviors now possible:

Left lead Right lead
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Two-channel Kondo model at finite B-field

i Calculate the 4 eigenvalues of:
| - M* M= Y gL e T e
75;_ ] j=z.1.2
T considered as a matrix in the basis:
T — UL IL L) R, R )}
AV Not only two non-zero eigenvalues!
/\
N R
- M~
— ] V/A
e Zero splitting attained!
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Hybrid superconductor-semiconductor devices

made from self-assembled SiGe nanocrystals
on silicon ('Stranski-Krastanow growth’)

G. Katsaros'™, P. Spathis', M. Stoffel?, F. FoumeF, M. Mongillo', V. Bouchiat?, F. Lefloch’, A. Rastelli?,
0. G. Schmidt? and 5. De Franceschi'™

‘ 7\ di/dVsd (2e%h)

J. Paaske, NBI & NSC

Undoped Si

Silicon oxide

Heavily doped Si j,_/}
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Split Kondo peak: rotating the magnetic field

[Giorgos Katsaros, S. De Franceschi et al., unpublished]
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Summary

w.—| Spin-orbit coupling in CNT at large filling
| Cotunneling spectroscopy with external
magnetic field at different angles.

— Spin-orbit coupling in Kondo regime
Efficiently probed by inelastic cotunneling with
««| external magnetic field:

« Bias-asymmetry and strong angular dependence!
« Potential for 2-channel Kondo effect (?)




