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Measurements of 1/ f noise in Josephson junctions at zero voltage:
Implications for decoherence in superconducting quantum bits
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Critical current fluctuations with a T/spectral densityf is frequency are potentially a limiting

source of intrinsic decoherence in superconducting quantunichitsty based on Josephson tunnel
junctions. Prior measurements of this noise were made at nonzero voltages whereas qubits are
operated in the zero voltage state. We report measurementd afoise in a dc superconducting
guantum interference device first, coupled to a resonant tank circuit and operated in a dispersive
mode at zero voltage, and, second, operated conventionally with a current bias in the voltage regime.
Both measurements yield essentially the same magnitude of critical currémioise. © 2005
American Institute of Physic$DOI: 10.1063/1.1846157

There is substantial interest in experiments demonstratdc superconducting quantum interference dey®@UID) at
ing coherent superpositions of quantum statemn super-  zero voltage, and compare the results with those measured
conducting circuits. These include a superconducting loo@n the same device in the voltage state.
interrupted by onkor threé Josephson tunnel junctions, the ~ We first consider a dc SQUID operated at zero voltage in
Cooper pair boX;* “quantronium,® and the current-biased @ way analogous to the rf SQUID in the dispersive regfme
Josephson junctio® A major challenge is to identify (inset, Fig. 3. Aflux & applied to the SQUID gives rise to a

mechanisms leading to relaxation and dephasing. In additiofirculating currentl around the loop, which in turn modifies
to the environment, there are at least two intrinsic mechathe inductance of the junctions. We relate fluctuations in the

nisms: the motion of weakly pinned flux vortices and theCritical currents to an equivalent flux noise. For a dc SQUID
motion of weakly trapped charges. Although the first can pavith inductance., |dgntlcal junctions, and zero extern_al bias
eliminated by making the superconducting films sufficientlyCUTTent, the phase differencés and &, across the two junc-
narrow? it is not obvious how to inhibit moving charges. ,

tions are related toJ by &=sini(-J/lg) and &,
Charge motion produces decoherence through both char 5esin(J/1o). Equating the phase change-s, around the

fluctuations in capacitive elements and fluctuations in thd0OP t0 2rd/do, whered;=(®—LJ) is the total enclosed

coupling energy of Josephson junctions, which gives rise tdlUx; and noting thai,=-4, we find
fluctuations in tgelscritical curreml,o.lo‘12 In the currently
accepted_ picturé®*a given charge either tunnels or is ther- J=1gsin[m(® — LI)/d,]. (1)
mally activated between two states, thereby producing a ran-
dom telegraph signal. A superposition of such independent
processes with a range of characteristic times produces noise
with a 1/f spectral densityf is frequency.’’ The dephasing . — open loop
effects of critical current 1f/ noise have been calculated by 3 4
Martinis et al*® and Van Harlingeret al*® . Ip

In prior measurement$:*? low-T, Josephson junctions
were resistively shunted and operated at nonzero voltage.
Fluctuations in critical current were inferred from either fluc-
tuations in the voltage across the junction, in the case of
current bias, or in the current through the junction, in the
case of voltage bias. On the other hand, the superposition of
quantum states in qubits always takes place in zbeo-

voltageregime. Given the difficulty in understanding the de- T 3 4 s evs ! >
pendence of the critical current noise on voltéﬁﬁ, is of 1 0
considerable interest to determine the noise at zero voltage. Frequency (Hz

In this Letter we report measurements of thd hbise in a
FIG. 1. Spectral densities of critical current noise of the dc SQUID operated

in the dispersive modg@nse). The solid line is for open-loop operation with

3Electronic mail: michael.mueck@ap.physik.uni-giessen.de no flux modulation; a line with slope -1 has been drawn through the data.
PElectronic mail: jclarke@physics.berkeley.edu The dotted line is for closed-loop operation with flux modulation.
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Although at first sight Eq(1) might suggest thad is  ited the 80-nm Nb counter electrolfeafter patterning and
periodic in 2D, there is a “hidden periodicity®* even for ion milling this layer, we deposited and patterned a 25-nm-
arbitrarily small values ofB =2LIy/®, the SQUID can thick Pd film to form resistive shunts, each with resistance
make a transition to a neighboring solution of Ef)) in a R~=~30(. The maximum critical currenf2l,) was 0.9uA
range of applied flux that increases wjgp. The probability —and the estimated loop inductance 300 pH; thgs=0.13.
of this transition occurring between two wells in the two- All measurements were performed with the SQUID im-
dimensional potential landscape, characterizedpgndd,,  mersed in liquid helium and surrounded with a supercon-
depends sensitively o. Thus, whend is swept from zero  ducting shield.
to a sufficiently high value and back to zero, the SQUID can To perform the zero-voltage measurements, we coupled
undergo two transitions, in general at different valuesbof  the SQUID inductively to a coil of Nb wire, with an induc-
The ensuing hysteresis loop gives rise to dissipation, thugance of about 0.18H, in parallel with a 1.5 pRceramio
modifying the quality factoQ of a rf tank circuit to which  capacitor. The tank circuit was driven off resonance with a
the SQUID is coupled. Fortunately, as we describe later ir860-MHz currentl ¢ of fixed amplitude, and the voltagés
the discussion of the experimental results, one can distinacross the tank circuit was measured using a ¢4lg@ K)
guish experimentally between dissipative and dispersive bdow-noise amplifier. After amplification, the 360-MHz signal
havior, and for the moment we assume that the SQUID doewas demodulated; the demodulated signal was calibrated
not undergo such transitions. with a small flux change applied to the SQUID at a flux bias

A fluctuation &1, in the critical current of one of the near(2n+1)®y/4. Fluctuations in the junction critical cur-
junctions at constant applied flux produces a fluctuation inents modulated the SQUID inductance and thus the resonant
the circulating current frequency of the tank circuit, generating fluctuations in the

. demodulated signal. We note that when the tank circuit was
SNgsinfm(P — LI)/ Do) ) (2)  driven on resonance, there was no discernible change
1+ (mLl/Pg)cog m(P = LI)/ D] more than 1% of the maximum change off resonaicehe
f voltage when we varied the flux through the SQUID. This
inding confirms that the SQUID was operating overwhelm-
ingly in the dispersive mode, and that any transitions that
could produce dissipation were rare.

5D (7l o/ Do)cog (D — LI)/ D] We measured the flux noise of the SQUID and converted
3J(6P) = 1+ (mLdg/ Do) cog m(® — LI/ D] ) it to critical current noise as follows. Fg8 =0.13 andd
=(2n+1)®y/4, Eqg.(1) yields J=0.6, and from Eq.4) we
Writing Eqgs.(2) and(3) in terms of the spectral densities of find Sb(f)/([)ézo_lzs (f)/|g_ We note that, given the inac-
the circulating current noise, critical current noise and fluxcyracy of noise meaosurements, this is essentially the same
noise, $,(f), S (f), and Sy(f), respectively, we equate the resylt as that calculated for the dc SQUID operated in the

aJ(dl) =

We can also obtain an expression for the fluctuation in th
circulating current due to a fluctuation in flukb at constant
critical current:

resulting expressions fd)(f) to find voltage regime. Figure 1 shows the inferred spectral density
of the critical current noise in the SQUID measured in two
Se(f) _ Zso(f)tanz[ (@ - LI)/Dy] (4) different ways. First, the flux noise was measured open loop
(1)5 - 772|§ 77 0 as described above; the noise exhibits & ddwer spectrum.

. However,a priori this noise could arise from either critical

We have included a factor of two to account for the uncor-cyrent fluctuations or from the motion of flux vortices. Sec-
related fluctuations in the two critical currents. For givengnd in addition to the 360-MHz modulation, the flux in the
values ofLlo/do and® one can solve Eq.l) numerically  sQuID was modulated at 100 kHz with a peak-to-peak am-
for J to find an explicit relation betweef(f)/®y* and plitude of ®,/2. The 100-kHz voltage was demodulated with
So(f)“oz- a lock-in detector, integrated, and coupled via a resistor to

In the case of a current-biased dc SQUID operated conthe inductor of the tank circuit to flux lock the SQUID. This
ventionally at a nonzero voltage, incoherent fluctuations inmethod greatly reduces fl/noise due to critical current
the two critical currents contribute to fluctuations in the fluctuations?® but does not affect the f/noise due to flux
current-voltage characteristics in two wégsn-phase com- motion. We see in Fig. 1 that the fLhoise is eliminated by
ponents produce fluctuations in the voltage across thehis double modulation technique, and thus unequivocally
SQUID that can be eliminated with flux modulation. Out-of- arises from critical current fluctuations rather than flux mo-
phase fluctuations produce a fluctuating current around thgon. The residual white noise was due predominantly to in-
SQUID loop, and thus a fluctuating flux; these can be elimirinsic noise in the SQUID. We note that the use of flux
nated by a combination of flux modulation and bias currenimodulation to eliminate 1f/ critical current noise in Nb rf

reversal. When the SQUID is operated with flux modulationSQUIDs at frequencies down to less than 1 Hz is well
and without bias current reversal, for typical Earameters thestablished®
out-of-phase contribution to the flux noise®y(f)/®j Subsequently, we measured thef hoise in the same
zO.lSO(f)/I(Z) for a flux bias of(2n+1)®,/4 (n is an inte-  device operated in the conventional manner. The SQUID was
gen. biased with a constant currely, and flux modulated at 100
Our measurements were made on a dc SQUID wittkHz with a peak-to-peak amplitude dfy/2 (inset, Fig. 2.
Nb-Al-Al,O,-Nb tunnel junctions grown on an oxidized Si The alternating voltag® across the SQUID was amplified
wafer and patterned with conventional photolithography. Theby a room-temperature transformer and a low-noise ampli-
4-um? junctions were defined by windows in SiO. After fier, demodulated with a lock-in detector, integrated, and
briefly ion milling the 100-nm-thick Nb base layer, we de- coupled via a resistor to an inductor coupled to the SQUID to

posited a 10-nm-thick Al film, oxidized in situ and depos- form a flux-locked loop. The output voltage was calibrated
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4 . I about dissipation in the shunt produced by the bias current,
— w/o b'of - 5 which can raise the effective junction temperature substan-
4 reversa t tially above the bath temperatuf.
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