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e Josephson qubits and sources of dissipation

e Models of environment & analytical methods
e Noise spectra: Ohmic environment, 1/f noise
e Higher-order contributions, nonlinear coupling

e Energy renormalization and the Berry phase



Josephson Charge Qubits
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Josephson Flux / Phase Qubits E; > ¢*/20

e SQUID type devices
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e Current biased Josephson junctions
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Sources of Dissipation

e Intrinsic sourses:
e 1/f: background charges, fluxes, crit. current - strong
e quasiparticles -

e clectromagnetic radiation -

e nuclear spins - 7@7
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e Other errors:
e leakage out of 2-state Hilbert space
e crrors in manipulations / preparation

e unknown couplings




Weak coupling: Golden rule

weak noise!
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Expt.: 1/f (low-frequency) noise = strong dephasing
suppress dephasing:

- cosn = 0 [purely transverse coupling]

- echo techniques Nakamura et al. 02, Vion et al. ’02



1/f noise: models
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H = —§AE o, + (cosn o, —sinn o) X + Hpam Sx(w) = ﬁ
e Fiq. models: sub-Ohmic spin-boson model
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fixes antisymmetrized correlations
e model by 2-state fluctuators: Paladino et al. *02; non-gaussian effects
. . o 2
e gaussian X (¢) with spectrum Sx(w) = Ef,;/|w|

Longitudinal (n = 0) 1/f noise, “classical” treatment
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Non-gaussian effects for transverse or nonlinear coupling




Quadratic coupling: motivation & naive analysis

1/f noise, transverse coupling
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Next order (beyond Golden rule) is relevant

n = /2 protects from 1/ f noise

Golden rule for  Fy/p < AE
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At low frequencies (adiabatic approx.) H = —%AE (X) 0.+ Hpatn

New scale
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Nonlinear coupling

Dephasing by quantum detector (symmetric de-SQUID detector) in off-state

OFF ~ ON
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Recent experiments
Charge-flux qubit with phase read-out (Saclay design):

Vion et al. 02
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Symmetry point: AE(Vy) = 0 and 0E;(Pxg)/0Px = 0:
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Nonlinear coupling

H = —%AE &Z+&ZV(t)+Hbath later V = ;TOXQ, X(t) — gaussian

Linked-cluster expansion:
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Quadratic coupling: various spectra (1/f, Ohmic)

e Results:
e decay laws of coherence:

Ohmic noise:

1/ f noise:
<p, (>
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t i t
e dephasing times: Gaussian non—-Gaussian
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e Renormalization of noise: = +oX XX+

higher orders (non-gaussian) relevant < strong renormalization

\ 1/ f saturates at low freq.
| may be relevant for
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Gaussian at: not too short times short times

e Noise with short-time correlations = gaussian (=only lowest order needed)
and o< exp(—T,t)
(Ohmic: 7. ~ h/kgT)
At t > 1. (04(t)) xexp(—t-S(w=0))
Iy, = T | ES eff. suppressed by cooling down



Calculation: 1/f noise, quadratic longitudinal coupling
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Justification: periodic b.c.

diverging series can be resummed formally for det-regularization
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Discussion

e higher orders: typically give effects at longer times:
X°/E; — Sxs~ (Ef/f/Eg)an %/|W|

e reduction X, — X ﬁ
o why X? (cf. Leggett 80’s)

— comparison to X

— non-gaussian effects
e treatment of slow modes w;, < w < 1/t:

— neglect (spin-echo)
— long-time correlations governed by (X?2),

— long-time correlations governed by (X?2).en

Summary

e transverse 1/ f noise: subleading order relevant
reduction to quadratic longitudinal coupling

e quadratic coupling to Ohmic noise:
— gaussian at relevant times (~ 7,)

~Te " oc T? - eff. suppression by cooling

e quadratic coupling to 1/ f noise:
— gaussian at short times; (o, (t)) oc exp(—t>In*¢)
— nongaussian at longer times (o, (t)) o exp(—t)
— intermediate asymptotics

e gaussian properties and noise renormalization

e model of 2-state fluctuators: gaussian treatment of X? justified
and explains correction to the Golden rule [Paladino et al. ’02]



