Decoherence and 1/ f noise in Josephson qubits
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Abstract

We analyse decoherence in Josephson qubits induced by background charges responsible for 1/ f noise. To this end
we introduce a quantum mechanical model of a discrete environment. The discrete nature of the environment leads
to a number of new features which are mostly pronunced for slowly moving charges.
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Solid state nanodevices are studied as possible im-
plementation of a quantum computer [1] because of
advantages which may come from their tunability and
integrability. Recently quantum coherent behavior has
been detected in superconducting nanocircuits [2]. On
the other hand decoherence may represent a serious
limitation [3], due to the presence of low energy exci-
tations in the solid state environment. Sources of de-
coherence in Josephson nanocircuits are fluctuations
of the surrounding ciruit, quasiparticle tunneling, fluc-
tuating background charges (BC) and flux noise [4,5].
We focus on decoherence due to a discrete environ-
ment which describes the most serious limitation for
Josephson charge qubits, i.e. noise originated from fluc-
tuating charged impurities, which are random traps for
single electrons in dielectric materials close to the is-
land. These fluctuations cause the 1/ f noise observed
in Single Electron Tunneling devices [6,7]. A charge-
Josephson qubit [4] in a BCs environment has been
recently studied [8] by the following Hamiltonian (the
same model for the BCs has been used in Ref [9])
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where the qubit is described by Pauli matrices, with
couplings 0 E, = Ec(1—C,V;/e), the tunable charging
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bias and E, the Josephson energy. Each BC is modeled
by a localized electronic level (b, b}, €ci) close to the
junction which may tunnel, with tunneling amplitude
Tki to a band (cgi, czi, ki)

Hi = eciblbi + Z[Tkiczibi +h.c]+ Z ERiChiChi
k k

The coupling is such that each BC produces a bistable
extra bias v; for the qubit. In the relaxation regime
each BC has total switching rate ~; = 271']\](601-)|Ti|2
(N is the density of states of the band, |Ti:|* ~ |T:|?).
We take ~; distributed according to ~ 1/v for v €
[Ym,vm], to reproduce 1/ f noise [10].

We found [8] that decoherence due to each BC de-
pends qualitatively on the ratio gi = v;/vi. A weakly
coupled BC (g; < 1) behaves as a source of gaussian
noise, fully characterized by the power spectrum s;(w)
of the fluctuations of the extra bias vibgbi. Instead a
strongly coupled BC (g; > 1) may show pronounced
features of its discrete character, as saturation effects
and dependence on initial conditions. Here we present
results for different kind of operations and it turns out
that decoherence is sensitive to different physical as-
pects of the BC environment.

We first consider decoherence during the time evolu-
tion of the qubit, relevant for single shot measurements.
For 6 Ec = 0 we use the Heisemberg equations of mo-
tion [8] and find that when strongly coupled (or slow)

17 June 2002



BCs are present the dephasing rate does not depend
only on the total power spectrum S(w) = . si(w).
Indeed different sets of BCs with the same S(w) may
determine different dephasing, as a result of saturation
of the strongly coupled BCs, g; > 1. A more powerful
analysis can be performed for E; = 0, since in this case
we have pure dephasing and the model can be solved
exactly [8]. For incoherent dynamics of the BCs we
found an analytic form for the decay of the coherences
in the density matrix of the qubit (in the charge basis)

p1o(t) x exp [— Z Li(t) + iéEi(t)] . (1)

A spectral analysis of the effect of a 1/ distribution
shows that slow fluctuators v < (v;) are uneffective
(Fig.1). This is entirely due to the discrete nature of
the environment and does not occur if we approximate
the effect of BCs with an oscillator environment.
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Fig. 1. Saturation of slow BCs for a 1/f spectrum. The param-
eters chosen give typical experimental noise levels. Labels are
the number of decades of noise included, [ym,ya = 10'2Hz].
Dashed lines correspond to the oscillator approximation. I'(t)
is almost unaffected by strongly strongly coupled charges.

We now study the effect of measurements repeated
in the total time tmmeqas. Decoherence comes also from
the dynamics of the BCs for ¢t € [0,tmeas] (this is
analogous to inhomogeneous broadening in Free Induc-
tion Decay experiments [7,11]). The result Eq.(1) has
to be averaged over different initial conditions of the
BCs. This amounts to use averaged initial conditions in
Eq.(1). Fast enough charges are averaged during tmeas
so a rough approach is to use the thermal averages for
charges with v > 5 = min({v:), 1/tmeas). Results in
Fig.2 (dotted lines) show that in this case dephasing,
at short times, is approximately given by the oscillator
environment approximation with a lower cutoff taken
at w ~ 7 and clarify the validity of the estimate pro-
posed in Ref.[12]. We also checked more accurate aver-
aging procedures (solid lines in Fig.2), which account
for time correlations of the BCs dynamics, and found
that they are important only if tmeas ~ (vs).

We finally consider a “charge” echo process [7]. A
semiclassical analysis yields an expression similar to
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Fig. 2. Effect of different averages over initial conditions of the
BCs. The dashed line correspond to the oscillator environment
approximation with a lower cutoff taken at w ~ ~. Power
spectrum as in Fig.1, (v;) = 10"Hz, Y = 1Hz, vy = 10°H 2.

Eq.(1), where as expected only BCs with v > 1/t (¢ is
half of the duration of the total echo process) play a
role. If this BCs are “weakly coupled” (i.e. t < 1/{v;)
as probably occurs in the experiment [7]) then they be-
have as an oscillator environment. This result clarifies
the validity of the estimate proposed in Ref.[12].
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