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Trap noise in losephson

® SQubits and noise

® Surface roughness

® Noninteracting traps
® |nteracting traps

® quasiparticles
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Superconducting qubits 101

The Josephson effect Josephson relations
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Fingerprints of noise

T processes: Relaxation Pure dephasing:
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Fingerprints of noise

T processes: Relaxation

Energy ex-
change with
noise
1 b
Rate: T S (%>

Oecupation Probability of “1°

Junction @, mm—
resonatorsz *
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Pure dephasing:
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Rate: — x S (O) (if Markovian)
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EChO: Nakamura et al., PRL 2001
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Sources of decoherence

Josephson junction Circuitry: Under control

Microwave Static and SQUID
pulses pulsed flux read-out
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Sources of decoherence

Josephson junction
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Critical current noise in
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Impact on qubits

Trapping mechanism
(b)

van Harlingen et al., PRB 2004
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Impact on qubits

Trapping mechanism
(b)

Fluctuation of barrier

W
Aly

van Harlingen et al., PRB 2004
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Trap noise in losephson

® SQubits and noise

® Surface roughness

® Noninteracting traps
® |nteracting traps

® quasiparticles
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Junction roughness

1]
D

® Transmission coefficients for tunnel jct 7' < 1
® phase qubit: ~ 10° channels, T~ 0.003

® Rough junction 1" e~ W2mU=F) <1 disordered d
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Multiple Andreev reflection

P ev>2A/1 ! eV>2An2 '} ev>24A3
transferred charge 1e transferred charge 2e transferred charge 3e
T=0.1
e Higher order process 72" 1|
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eEn 0.01 | _
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S| / (2 GN A) N —
0.0001 ! -
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Shot noise at hig

T,=0986 T,=0.01 T,=0986 T,=0.01
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® lowV — large n = large g* — strong noise
® dominates noise even with low pinhole fraction a

® todo:V=0, w>0
G. Heinrich and FKVY, PRB 2009
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Trap noise in Josephson

® SQubits and noise
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Trap noise physics

® Trap occupation N

® occupied trap charges
barrier: blocks charge

® radius ) A = 2

® Critical current noise
St = (61.(t)oI(t)) x

® Also: Charge noise

n

(t)

n

(0))

N

W

Superconductor

v &

MUIti'traP meChanism: Faoro et al., 2005; Shnirman et al., 2004
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Normal conducting charge

trap
H = (g —ep)dfd+ Z cile+ Y (Aicffé@- + h.c.)

® Fano-Anderson

Hamiltonian A
%Y
® Bath Fermions C; A€,
S ~
® |ocal level, d infinite @ EFY-
repulsion
%66
e Bandwidth |€; — €r| < €
\ 4

Solution: Bogoliubov transform, compound Fermions
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Noise crossover
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Noise crossover

4
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® Weak coupling: Lorentzian
centered at f=0

® Strong coupling: f-noise
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Noise crossover
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® Weak coupling: Lorentzian
centered at f=0

® Strong coupling: f-noise
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Noise crossover

030} Weak coupling
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® Weak coupling: Lorentzian ~2
centered at f=0 2
C
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Superconductor+Trag

H = E €Ny + E Ekﬁkﬁ
o k,o

> Aél et +he + > Adiére + hoc
k k,o

® Mean field BCS

® two couplings: BCS
+hopping

e Still quadratic
Hamiltonian

® Noninteracting impurity
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Superconductor+Trag

H = E €Ny + E Ekﬁkﬁ
o k,o

> Aél et +he + > Adiére + hoc
k k,o

® Mean field BCS

® two couplings: BCS
+hopping

e Still quadratic
Hamiltonian

® Noninteracting impurity

€

ﬁ

Andreev states
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Noise channels

e,=0; y=0.5A; K,1=0.1A

0.3 T I

m— || NOISE 1. Continuum-continuum
- = == Continuum-continuum transitions 5 Sub

’<']\ 02l - = = Subgap resonance ] > SUUHEp fesaiance

E ' - == (Continuum-Andreev transitions +g, 3. Andreev-continuum

N

——

3

N

W

0 R 3 4 5 6
hol/A
® Noise channels between Andreev Bound
States and continuum

® analytical results
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Junction resonators from

o
4r
3t ® [mpact of noise
L2t peak on qubit
~ 1
0y ® Avoided crossing
1 between qubit
2y and pair of
-3

Andreeyv states

hQ JE,

de Sousa, Hecht, von Delft,Whaley, FKVV, PRB 2009
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Trap noise in losephson
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Need to include U

Dangling bond Large on-site repulsion

® |nteracting Hamiltonian:

H = Hy + Un iy

U
® e-h-Symmetry point € = —5

® Generalization by interpolation

Cuevas et al., PRB 2001;Vecino et al., PRB 2003
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Normal electrodes: Kondo effect

1 “4 Manybody
l Kondo
0 » resonance
at Er
T < Ty
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Perturbative solution

Normal electrodes: Kondo effect

1 A Manybody
| Kondo
0 » resonance
at Er
T < T
iA Superconducting electrodes: Low DOS at Er
- Extremely low Kondo temperature
T SRRt I < A
FY A as longas I' <
e U U
C Perturbation theory in T or A
v




Perturbative solution

Normal electrodes: Kondo effect

1 “4 Manybody
| Kondo
0 » resonance
at Er
T < Ty
€
N Superconducting electrodes: Low DOS at Er
1 Extremely low Kondo temperature
3% ¢ SNl FEFCEEEEEEEEE [ < A
FY A as longas I' <
e U U
C Perturbation theory in T or A
v Tr ~ A  Faoro etal., 2006, 2007, 2008
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Hamiltonian and energ

\ I U - Ef
e
A
iTK \/
\
Left SC Josephson Right SC
Junction

~ (1 i1 (1) A(1
H = Z ekn,({i + Z Ae'? céT)céf +h.c. + (1 < 2)+
k,s k
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Problems with Hartree-Fock

L owest order in U = Hartree Fock

® Enforces artificial symmetries, breaks
others

® no Kondo scale

® gets a number of features right for SCs

Our approach:
Second order perturbation theory, one order

beyond HF

Rozhkov and Arovas, PRL 1999;Yoshioka and Ohashi, J. Phys. Soc. |pn. 2000
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Second-order self energy

Definitions: E(U) — % + o(U)w XA = B(U, 9)A

(ZZF U, 6) = X2 + (o) (27%2

§>§ %

T

Compare to FRG: Constant self-energies - artefact?




Andreev bound states

0.8
0.6

0a] O\

0.2+

-0.2-
—0.4-/
-0.67

-0.8-

Reproduces NRG results

Poles of GF:
Fourth order equation

Ey ~ f(U)Acos (% — 5)
Zero-width states!

Zeroes at singlet-
doublet transition

Bauer, Oguri, Hewson, |. Phys CM 2007
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Andreev bound states

Poles of GF:
Fourth order equation

Ey ~ f(U)Acos (% +(5>

Zero-width states!

Zeroes at singlet-
doublet transition

RePrOdUCeS N RG reSUItS Bauer, Oguri, Hewson, . Phys CM 2007
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1

SC singlet
= Cooper sz
pair

Kondo singlet
0.

= electrode

screening

2 3 4
Colour =off-diagonal weight ﬂ—[; Again, close to NRG

I 1
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0.6

0.5 1

0.4

S (w)/A

0.2

0.1

0.0 -

Critical current number

noise

0.3 -

. ® Flows out of
U=07xr noninteracting
=== U=09n=nrT case

® strong f=0 noise

M.Ansari and FKVY,
in preparation
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Zero- and pi-junctions

Free Energy E =FE;(1—cos¢) E; >0
S I > | Ground state: » = 0 mod27

0E,(9)
0

1
Microscopic expression [ = —
pic exp 5 En:
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Zero- and pi-junctions

Free Energy E =FE;(1—cos¢) E; >0
S I > | Ground state: » = 0 mod27

0E,(9)
0

1
Microscopic expression [ = —
pic exp 5 En:

S I S Local moment modifies scattering phase:
More complicated I(¢) relation

Possible: Ground state at ¢ = mmod27 ‘pi-junction’

Other pi-junction-mechanisms: unconventional
superconductor, mesoscopic nonequilibrium
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dependence

- I T T
A 5
-0.27
4
-0.4
3
-0.67 0
' |
0 1 2

> Transition to pi

junction with
interaction ... but
on background of
regular junction
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Current

\
\ 5/8 T
I 1/2
3/8
| 1/8
0and 1
1/8 |—"
1/4
3/8

1/2
0.974 — | |

Tl

Discontinuous: Potentially noisy transition
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Current noise

T

Can go up with interaction before dropping
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Trap noise in losephson

® SQubits and noise
® Surface roughness
® |nteracting traps

® quasiparticles
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Hot quasiparticle noise

Z(w)

N

® correlated process: hot
quasiparticle - qubit

® contribution to T,/

® not sensitive to direction
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Hot quasiparticle noise

® correlated process: hot
quasiparticle - qubit

® contribution to T,/

\ ® not sensitive to direction
Z ()

J.M. Martinis et al., PRL 2009
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Quasiparticle transition rate

[y = - /dEdE/ pr(E)pr(E") fL(E)[1 — fr(E")|Pot(E, E')

RT€2

DOS
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Quasiparticle transition rate

4
RT€2

[y = /dEdE/ pr(E)pr(E") fL(E)[1 — fr(E")|Pot(E, E')

DOS

Piot(E,E") = /dt e tH1 {(u2 v?) — 2uve™ 2% cos gb} e~ 15 () =5(0)]
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small for phase qubits




Quasiparticle transition rate

- 4

't = Roe? /dEdE/ pr(E)pr(E") fL(E)[1 — fr(E")|Pot(E, E')
DOS

Piot(E,E") = /dt e_ZEt vz) — 2uve 2% ¢os gb} e~ 1S(t)=5(0)]

small for phase qubits

C
In,m> O In+1.m-1>
0,0> [,-1>
| 2 |
%
|1,-1>

10,0> 2,-2>
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Quasiparticle transition rate

- 4

't = Roe? /dEdE/ pr(E)pr(E") fL(E)[1 — fr(E")|Pot(E, E')
DOS

Piot(E,E") = /dt e_ZEt v2) — 2uve 2% ¢os gb} e~ 1S(t)=5(0)]

small for phase qubits

e
In,m> O A o e|eCtl‘on-ho|.e m|xec!
10,0> 11> processes: diagonal in gp

¢ space, off-diagonal in charge
space
i ® phase sensitivity+dressing by

zero point fluctuations
0,0> [1-1> 2,-2>
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® rate driven by environment
but reduced by dressing

p=/2/Rk

FKWY, U. Sinha, A. Sinha, in preparation
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Trap noise in losephson

® |ow-V shot noise in rough junctions
® junction resonators from traps
® new noises from interactions

® quasiparticle decay
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