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Research interests

Foundation: Condensed matter theory
Main interest: devices that can be used as qubits

@ Coherent spins In semiconductor guantum dots

Quantum noise in nanostructures

/

Decoherence theory

Circuit quantum electrodynamics
Quantum measurement theory
Optimal control theory

e ¢ ¢ ¢ ¢ ¢

Quantum error correction

Few-body correlations far from equilibrium
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Spin in guanium dots

Stationary and transient leakage current in the Pauli

spin blockade

L ateral double quantum dot Charge stability diagram

(a) By Bpg
~ kBTI pr L I'r

Hamiltonian

H = Hpp + Hiead + Hb—L

pr =0 Ap

‘U | e
Hoo =Y~ (5 m(m —1) - Vimy ) +U'ning—Y " t (0] ,da, +h.c.)+bS
/ " 7
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Spin in guanium dots
Spin structure

Y
@ Tunnel contacts not
spin-active!
@ Transport cycle:
(Mg +1.ng) — (M.Ng+ 1
— (M, ng) — (M +1,N
@ T:(1.1) Triplet states @ Can get stuck in triplet: Pauli

@ S: Hybridized (2,0) and (1,1) singlet spin blockade

Projected Hamiltonian
= v E, j j —Z r;kC;r_C;kv—:ib S T@ 7 % V‘ I‘AJ_CH -/ j +h.c.
' ko
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Spin in guanium dois

Stationary and transient leakage current in the Pauli

spin blockade

Lateral double quantum dot Charge stability diagram
(a)

Hamiltonian
H = Hpp + Hiead + Hp— pe_5P) = VR

U e ol |
Hop =Y (gn;(n; —1) = Vim ) +U'nina=Y_ t(d],dn, +h.c.)+bS
;_ | :
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Spin in guanium dois
Spin structure

@ lunnel contacts not
spin-active!
@ Transport cycle:

(M -1.ng) — (M.ng—+1

— (M ,ng) — (M + 1,0

@ Can get stuck in triplet: Pauli

@ T:(1.,1) Triplet states |
spin blockade

@ S: Hybridized (2,0) and (1,1) singlet
Projected Hamiltonian

H=Y% Eli I—Z ekCh _Ciko+0b|S) (To|+ Y AT cy.lj) (/| +h.c.
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Spin in guanium dots

Stationary and transient leakage current in the Pauli

spin blockade

Lateral double quantum dot Charge stability diagram

(a) B, Bg
~kBTI pr I'r Ir

Hamiltonian

H — HDD = HLL";]d T HD—L BL = () ﬁﬁl VR

‘U [ |
Hpop =Y (En;(n; —~1) - v,m)—U'nLnﬁ—E t(d}, dgs +hec.)+bS
f ' 4
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Spin in guanium dots

Spin structure

@ lunnel contacts not
spin-active!
@ Transport cycle:

(Mg +1.ng) — (M,.Ng+ 1

— (Mg, N) — 'I'nL—T.ﬂJq

@ Can get stuck in triplet: Pauli

@ T:(1.1) Triplet states |
spin blockade

@ S: Hybridized (2,0) and (1.1) singlet
Projected Hamiltonian

= v 5 j j —Z F;kC‘;r_C;k-—rib S TQ. —_V‘ fA‘J_C,q—j j +h.c.
] ko
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Spin in guanium dois

Stationary and transient leakage current in the Pauli

spin blockade

L ateral double quantum dot Charge stability diagram

(a) B Bpg
~kBTI pr Iz Ir

Hamiltonian

H = Hpp + Hiecad + Hp—L

pr =0 Ap

U | , . _
HDD — Z (Eﬂf(ﬁ; — 1) — V;n;)—U HLHH—E [ ‘ d!_*d’q" + h.c. ]—bS
/ | o
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Spin in guanium dots

Spin structure

@ [unnel contacts not
spin-active!
@ Transport cycle:

(. +1.ng) — (N.ng+1

— (Mg, Ng) — i.'ﬂ;_—T.ﬂ,:;

@ Can get stuck in triplet: Pauli

@ T:(1.1) Triplet states |
spin blockade

@ S: Hybridized (2,0) and (1,1) singlet
Projected Hamiltonian

H=>) Elj{ —Z ekCh _Cra+0b|S) (Tol+ Y 4AL cyolj) (| +h.c.
' ko Kloj
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Spin in guanium dots

Stationary and transient leakage current in the Pauli

spin blockade

Lateral double quantum dot Charge stability diagram

(a) Br Bg
~kBTI pr Iz Ir

Hamiltonian

H — HDD = 5 HLL‘;td = HD—L

pr =0 Qp

U g : |
Hoo =~ (Zi(m —1) = Vim ) +U'nng=Y_ t(df, day +h.c.)+bS
f | :
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Spin in guanium dots

Spin structure

@ lunnel contacts not
spin-active!
@ Transport cycle:

(g +1.ng) — (M.ng+ 1

— (n.ng) — (m+1.ng

@ Can get stuck in triplet: Pauli

@ T:(1.1) Triplet states |
spin blockade

@ S: Hybridized (2,0) and (1.1) singlet
Projected Hamiltonian
'y Z 5 j j —Z F;kC;r_C,rk-_—:ib o T@ —V‘ I'AJ_C;.(-] ‘/.r +h.c.
j ko kloj’
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Spin in guanium dois

Spin-flip cotunneling

d o second-order process

@ second electron can have any
spin

— @ High bias — no Kondo effect

mmmmm @ sf-cotuneling breaks Pauli
blockade at long times

Mathematical procedure
@ Schrieffer-Wolf transformation for higher-order processes
@ Fermi’'s golden rule rates for processes
@ Pauli master equation for probabilities, currents

1QC
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Spin in guanium dots

Result: Fast spin initialization

Leakage current:

@ cutoff atlarge B: Er < Es_
spin blockade Iin presence a
cotunnelingat 7 =0

@ allows spin initialization — fast
compared to inelastic spin
relaxation

@ Zero-field dip: At large 4B. Tj
can directly escape via Sg

N
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Spin in guanium dois

Stationary and transient leakage current in the Pauli

spin blockade

Lateral double quantum dot Charge stability diagram
(a)

Hamiltonian
. Vi
H HDD HLL ad T HD i BL i M R

U | T |
Hoo = (5 (m —1) = Vimy ) +U'nina—Y_ t (o], das +h.c.)+bS
I " r
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Spin in quanium dois

Result: Fast spin initialization

Leakage current:

@ cutoffatlarge B: Er < Es_
spin blockade In presence a
cotunnelingat 7 =0

N

@ allows spin initialization — fast
compared to inelastic spin
relaxation

@ Zero-field dip: At large 4B. Tj
can directly escape via Sg

| (pA)
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Spin in guanium dots

Spin-flip cotunneling

(d © second-order process
@ second electron can have any
spin
@ High bias — no Kondo effect

mmmmm @ sf-cotuneling breaks Pauli
blockade at long times

Mathematical procedure
@ Schrieffer-Wolf transformation for higher-order processes
@ Fermi’'s golden rule rates for processes
@ Pauli master equation for probabilities, currents
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Spin in guanium dots

Spin-flip cotunneling

(d © second-order process

@ second electron can have any
spin

—Wag @ High bias — no Kondo effect

mmmmm @ sf-cotuneling breaks Pauli
blockade at long times

Mathematical procedure
@ Schrieffer-Wolf transformation for higher-order processes
@ Fermi’'s golden rule rates for processes
@ Pauli master equation for probabilities, currents
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Spin in guanium dois

Result: Fast spin initialization

Leakage current:

@ cutoff atlarge B: Ey < Es :

spin blockade In presence at
cotunnelingat 7 =0

@ allows spin initialization — fast
compared to inelastic spin
relaxation

@ Zero-field dip: At large 48B. Tj
can directly escape via $g

“ (pA)
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Spin in guanium dots

ltinerant current statistics

.'r-_
iJ g
L =_-..' = —“— 1]r| -
b L M N o K
— T st I ................... ,,--"_".J/_;
--------- ;--.-1:.;‘...__—_‘-,. - FTTPE v oo i B @ 00 P8 s 0" ®e 8
i =l
i||"' .l i 1
Ty (us)
@ Transferred electron number @ m = 1/3: 3 of 4 levels blocking

(measurement time)

. @ m = 1: 2 of 4 levels blocking
@ Fractional values from rate o
branching ratio = o ROE TS
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Noise in tunnel junctions

e Noise in tunnel junctions
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Noise in tunnel junctions

Superconducting tunnel junctions

Tool for applications: Bolometers, SQUIDs, qubits

COLUGERT FroCalay o T

Excess noise in junctions limits sensitive experiments:
Qubit: R.W. Simmonds et al., PRL 2004.

Bolometer / Mixer: P. Dieleman et al., PRL 1997.
SQUIDs: F. Wellstood et al., APL 2004.

IQC ——
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Noise in tunnel junctions

Rough junctions
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Homogenous tunnel junction:

J B B - —d\/2m(U—-E)
Transmission T < 1, M mode ENCHIY . T oc @ TV
Phase qubit: M ~ 106, T ~ 0.003 Pinhole(s). T =1.
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Noise in tunnel junctions

Multiple Andreev reflection

¢ eV 2N 1 ev>247 I eV>2A3
transferred charge 1e transferred charge 2e

. a2A
Transferred charge n > ey

Reflection at off-diagonal (electron-hole potential)
— can take place above gap.

V — 0: Supercurrent-carrying bound state

transferred charge 3e
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Noise in tunnel junctions

Rough junctions
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Homogenous tunnel junction:
Transmission T < 1, M modes _
Phase qubit: M ~ 108, T ~ 0.003 Pinhole(s), T = 1.

— B s N —d 2miU—-E)
Rough junction: T x e 9v2mU-E

1QcC

Pirsa: 09040025 Page 28/42




Noise in tunnel junctions

Multiple Andreev reflection

. ev> 2N ! e

transferred charge 1e transferred charge 2e

. a2A
Transferred charge n > ey

Reflection at off-diagonal (electron-hole potential)
— can take place above gap.

V — 0: Supercurrent-carrying bound state

transferred charge 3e
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Noise in tunnel junctions

Transport and shot noise

T = 0 quantum transport, no thermal noise.

- Mode Shot MNoise

Conductance: 0.25 P a7
Gn=Gg> ,Tn 02

Shot noise: e

S =2eVGg > , Ta(1 — Th) - ‘:

Fano factor: F = S;/2el, - |
Tunnel junction: F = 1 "0 02 04 05 08 1

Transmisson T

Technique: Full counting statistics of charge transfer
Cumulant generating function S(y):

e—S{I:‘ — Z P(N}eaNl
N

Calculated from Keldyh Green's function including counting IQC
e ocfi@|d (Levitov, Lesovik. Nazarov. Belzig. 1996 —) Page 2072




Noise in tunnel junctions

Single mode contact

0 - Subharmonic gap structure
| e B Crossoverto S x2eN x 1/V
A Residual noise at T = 1: Certain
- B g about transport happening.
o S}/ (2 Gy 3) —— uncertain about number of cycles

el R o o (supergap AR!)

T<O0Sana T = T=>08

7 25 -

= 1T=090 - =100

< T=060 — 0 =099 —
— - = = —— oo — ——
- E - .“: 1 . - - | — i 4
> T =100 s 15 , T =084
- . : - -
o 4 . ) \
i ~ | s .
M 3 = = 20- Y\
-\._ - o - 1 r -

+ ~ w "-._\L

) -\"‘-_.__‘____-___
M i ks - | ——
0 0.5 1 1.5 2 25 29 0.9 | Fis

¥ | [ i
. - o dl
4 5 =T, y '
=3 [ =
_,.\P‘.l i | = ® & C
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Noise in tunnel junctions

Transport and shot noise

T = 0 quantum transport, no thermal noise.

Sngle Mode Shot Noise

Conductance: 0.25 e
Gn=Gg) nTh o | |
Shot noise: P
S =2eVGg >, Th(1 — Th) - ‘:
Fano factor: F = S;/2el, s |
Tunnel junction: F = 1 "0 02z 04 05 08 1

Transmisson T

Technique: Full counting statistics of charge transfer
Cumulant generating function S(y):

9_8{13 g Z P(N]E‘IN\
N

Calculated from Keldyh Green’s function including counting IQC
mocii@|d (Levitov, Lesovik. Nazarov, Belzig. 1996 —) Page 3272




Noise in tunnel junctions

Single mode contact

T= 1
0 Subharmonic gap structure
BT i Crossoverto S x2eN x 1/V
4 Residual noise at T = 1: Certain
. - about transport happening.
. el/ Gy A — :
- S,/ (2 Gy A) —— uncertain about number of cycles
ol el (supergap AR!)
T<0B%and T = T=>09
7 25 =
[ :'Ei? . —:-E.;.E
— TR z = | T-0897
= T=1.00 | & - T=094
e s - = > A
:_._: 3 ,/’\____4 '__ 10 L
713 2 J__,."’ i . H = :
+ ~ < ~
s | ——

_"-,'_'" ) .-. '_.,_1-I "i ’ C
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Noise in tunnel junctions

Transport and shot noise

T = 0 quantum transport, no thermal noise.

Sngie Mode Shot Noise
Conductance: 0.25 T
GN:GOEH Tn 0.2 .
Shot noise: e
Sf = ZGVGO :n Tn(1 = Tn) il l:.'_
Fano factor: F = S;/2el, - |
Tunnel junction: F = 1 "0 02z 04 05 08 1

Transmisson T

Technique: Full counting statistics of charge transfer
Cumulant generating function S(y):

P
N

Calculated from Keldyh Green's function including counting [QC
e ocfi@|d (Levitov, Lesovik. Nazarov, Belzig. 1996 —) Page 3472




Noisa in tunnel junctions

Multiple Andreev reflection

i = 4 rw
¢ ev> 2N b v

L4 v -
} eV22A73

transferred charge 1e transferred charge Ze

, a2A
Transferred charge n > e<y

Reflection at off-diagonal (electron-hole potential)
— can take place above gap.

V — 0: Supercurrent-carrying bound state

transferred charge 3e
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Noise in tunnel junctions

Transport and shot noise

T = 0 quantum transport, no thermal noise.

sngle Mode Shot Naise
Conductance: 0.25 P> e
Gy = GOEn 7 A 0.2 _
Shot noise: L
Sy =2eVGg )., Th(1 — Tp) S
Fano factor: F = S;/2el, - |
Tunnel jUﬂCtiOﬁ: =— "0 02 04 05 08 1

Transmisson T

Technique: Full counting statistics of charge transfer
Cumulant generating function S(y):

e—Si’\J = Z P{N)e.-’Nl
N

Calculated from Keldyh Green's function including counting [QC
= oof@ld (Levitov, Lesovik, Nazarov, Belzig, 1996 —) page 35712




Noise in tunnel junctions

Single mode contact

T=0.1
0 Subharmonic gap structure
e Crossoverto S x2eN x 1/V
; - Residual noise at T = 1: Certain
{, i 4, about transport happening,
i S)/ 2 Gy 3) —— uncertain about number of cycles

0 05 1 15 2 25 (supergap AR!)

=Yy
T<0Sand T = T=>089

7 25 _

E 1T=0290 - =100

6 T=060 — 20 T=099 —
< 5 T=017 - - | T =097
= T —1 () - 15 T =004
rf 1 : - - | :_D- - | [
Cu 3 o _ | 3
—_ : g 10 \
"'_ - o " - = i -

4 .-—"" w “-""-.‘___‘_-‘-—_-___

- - i

| = L * Vi
_.-‘I'\lf. s eV 1 'C
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Noise in tunnel junctions

Multiple Andreev reflection

, ev> 2N ! e

transferred charge 1e transferred charge 2e

i
Transferred charge n > ey

Reflection at off-diagonal (electron-hole potential)
— can take place above gap.

V — 0: Supercurrent-carrying bound state

transferred charge 3e
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Noise in tunnel junctions

Single mode contact

T:
0 Subharmonic gap structure
SR i Crossoverto S x2eN < 1/V
2’ Residual noise at T = 1: Certain
. - about transport happening.
Wl el ’ f_:J, A\ _
B )/ (2 Gy ) —— uncertain about number of cycles
el o | (supergap AR!)
T<0S%and T = T>09
7 25 —
5 . _ T=100
= & RO s = = | T_0S7
e S T=1.00 £ 5 - | T=064
il | ;:j ‘.
t.:.. 3 M#f"’b T 10 |
B 2 ~ : 75 = E
4 ~ 2
e __._,f ; = k“-_“-—-——_
"0 05 1 15 2 25 '_ 025 05 075
evi/A ev /A 'C
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Noise in tunnel junctions

Counting Andreev cycles

Qualitative prediction S « 2enT"”(1 — T") for n-th order Andreev

Divergence as 1/ V.
Qualitative: a = 1, full model a ~ 0.8.

1QC
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Noise in tunnel junctions

Full tunnel junctions

Tunnel contact with fraction a pinholes

H(T)_Bf T T1) 1—&}‘*!7- T2|

T,=0986 T,=001 I,=0986 T.=001
> | % -
=19 —— : ==
. a=1e4 ” .__ e e
< " F < 00
-:-_ 5 | J.___F' :__
D | = 04
I : | f §
s ! =1ed
-J_.d-_ |. = = 5
. 05 ] - — =
1“""-—-.—. _._.____.—-'T'Ij E-0 =N !'
0 =
{ ).5 1 1.5 2 E = z -
evrA =

Pinhole can be hidden in current but dominate low-V-noise
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Noise in tunnel junctions

Summary

@ Spin-flip cotunneling
@ Noise in superconducting tunnel junctions

University of

W&ECI"]OO

- 22
IQ C Quantum - -
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