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Decoherence in a Josephson-junction qubit

A. J. Berkley,* H. Xu, M. A. Gubrud, R. C. Ramos, J. R. Anderson, C. J. Lobb, and F. C. Wellstood
Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742, US

~Received 2 May 2003; published 18 August 2003!

The zero-voltage state of a Josephson junction biased with constant current consists of a set of metastable
quantum energy levels. We probe the spacings of these levels by using microwaves to induce transitions and
thereby enhance the escape rate to the voltage state. The widths of the resonances give a measurement of the
spectroscopic coherence time of the two metastable states involved in the transitions. We observe a decoher-
ence time shorter than that expected from dissipation alone in resonantly isolated 2035 mm2 area Al/AlOx/Al
junctions at 60 mK. The data are well fit by a model that includes the dephasing effects of both low-frequency
current noise and the escape rate to the voltage state. We discuss implications for quantum computation using
current-biased Josephson-junction qubits, including limits on the minimum number of levels needed in the
well.
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Research in 1980s definitively showed that the phase
ference across a single current-biased Josephson junctio
behave quantum mechanically.1,2 The recent proposal that a
isolated current-biased Josephson junction could serve
qubit3 in a quantum computer has preceded a resurgenc
interest in this simple system4–8 that has included observa
tions of Rabi oscillations as well as states of two coup
qubits.

Designing a quantum computer based on isolated Jos
son junctions raises many issues. Isolation of the junc
from its bias leads must be achieved by controlling the hi
frequency electromagnetic environment that the junct
couples to.2 At the very least, this isolation must be effectiv
around the resonant frequency of the junction. In addition
lower frequencies, current noise will tend to cause deco
ence in the junction state.9 Also, during typical gate opera
tions the junction will operate in a strongly anharmonic
gime that is reached by applying a large bias current thro
the junction. For this high bias regime, however, there is
increased escape rate from the upper qubit state. In this
per, we describe how both the escape rate and the
frequency current noise cause decoherence, and report re
on measurements of these effects in Al/AlOx/Al Josephson
junctions.

Consider a Josephson junction shunted by capacitancC,
having a critical currentI 0, and a parallel shunting imped
anceR(v) due to the external wiring~see Fig. 1!. The su-
percurrentI through the junction is given by the Josephs
relation I 5I 0sin(g), and the voltage byV5(F0/2p)dg/dt,
whereg is the gauge-invariant phase difference between
superconducting wave functions on each side of the junct
For I ,I 0, the phaseg may be trapped in a well of the
Josephson washboard potentialU52(F0/2p)I 0cosg
2(F0/2p)Ig or it may be in a running state with a nonze
average dc voltage.10

Quantizing the single junction system in the absence
dissipation leads to metastable states that are localized in
wells ~see Fig. 2! and adds the possibility of escape to t
continuum running states by quantum tunneling from thei th
level with a rateG i→` . The energy barrierDU5(I 0F0 /
p)@A12(I /I 0)22(I /I 0)a cos(I/I0)# to the continuum de-
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creases as the bias current is increased, leading to a r
increase in the tunneling rate with bias current:11

G i→`5vp

~432Ns!
i 11/2

~2p!1/2i !
e236Ns /5, ~1!

where vp5A(2pI 0)/(F0C)@12(I /I 0)2#1/4 is the classical
oscillation frequency andNs5DU/\vp is approximately the
number of levels in the well. As the energy barrier is low
ered, the energy levels of the states in the well move clo
together and the well becomes more anharmonic until,I
5I 0, the energy barrier disappears.

The observed escape rate of the system from the z
voltage state to the finite voltage state at a given bias poin
G5S i 50

n G i→`Pi , wherePi is the probability of the junction
being in thei th state. An ac currentI ac ~either external or
thermally generated! can induce transitions between levelsi
and j in the well with a rateG i→ j}u(F0/2p)I ac^ i ugu j &u2.
SinceG1→`.500G0→` for typical junction parameters, on
expects to see a large enhancement in the escape rate
microwave source is used to resonantly excite the sys
from the ground stateu0& to the first excited stateu1& ~see
Fig. 3!.2

Each microwave resonance in this system will be bro
ened due to the interaction of the junction with noise tra
mitted via the wiring which is described by the interactio

FIG. 1. Circuit schematic of current-biased Josephson junc
connected to anLC isolation network and a current source. All th
elements in the dashed box are represented by an equivalent
tanceR(v).
©2003 The American Physical Society02-1
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Hamiltonian Hint52(F0 /2p)I noiseg. Thermal noise and
dissipation at the transition frequencies will cause change
the populations of the states. At low frequencies, the reso
terms are insignificant and the noise only causes dephas

Considering just the ground stateu0& and the first excited
stateu1&, transitions arise from thermal excitation fromu0&
to u1&, a 1/RC decay rate fromu1& to u0&, and tunneling to
the continuum,G i→` for i 50 and 1. At temperatureT, the
combined transition rates from thermal and dissipative p
cesses are12

G0→15
1

RC@exp~DE/kT!21#
, ~2!

G1→05
1

RC@12exp~2DE/kT!#
, ~3!

whereDE5E12E0 is the difference in energy between th
two levels. ForkT!DE, the upward transition rate is muc
smaller than the downward rate. Tunneling to the continu
is much smaller for the ground state than for the excited s
in the anharmonic region of interest whereDU/\v.3.11

Thus, we expect that the full spectroscopic width of theu0&
→u1& transition is

FIG. 2. Josephson-junction potential energyU as a function of
the phase differenceg.

FIG. 3. Enhancement of escape rate under 5.7-GHz microw
drive. Left axis is the difference in escape rate with and with
microwaves divided by the escape rate without microwaves.
large errorbars on the left and right of figure come from a lack
counts in the escape histogram. The right peak isu0&→u1& quantum
transition, while left peak isu1&→u2&. Solid line is a Lorentzian fit
to two peaks.
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Dv5G1→`1G0→`1G0→11G1→0.G1→01G1→`

.1/RC1G1→` . ~4!

Equations~1! and ~4! imply that the level broadening,Dv,
depends on bias through theG1→` term and should excee
1/RC as the bias current approachesI 0.

To understand results on real junctions, we must also t
into account the dephasing effects of current noise in
system. For sufficiently low-frequency noise, we can mo
this nonresonant decoherence mechanism as a simple sm
ing of the response with bias. The resulting broadening of
spectroscopic width depends on how sensitive the reso
frequencyv is to changes in current,]v/]I ; an rms current
noises I produces an additional contribution to the spect
scopic width of approximately 2s I]v/]I . Including this cur-
rent noise contribution in the previous form for the spect
scopic width gives

Dv.1/RC1G1→`12s I]v/]I . ~5!

Both the second and the third terms in Eq.~5! depend on bias
current, so that care must be taken in disentangling the
effects.

Using double angle evaporation, we fabricated
35 mm)2 Al/AlO x/Al Josephson junctions withJc
.14 A/cm2. Direct measurements of the junction curren
voltage characteristics showed a subgap resistance of m
than 104 V at 20 mK. Escape-rate measurements were m
in an Oxford Instruments Model 200 dilution refrigerat
with a 20 mK base temperature. We were able to tune
critical current of the junction by means of a supercondu
ing magnet. The junctions were partially isolated from t
bias leads by a 10 nH surface mount series inductor and
pF capacitive shunt across the dissipative 50V transmission
line leads~see Fig. 1!. This isolation scheme was designed
that at the plasma frequency, the effective shunt resista
due to the leads would be stepped up from 50V to much
more than 103 V, increasing the intrinsicQ of the system. To
perform escape-rate measurements, we start a timer and
ramp the current slowly~5 mA/s! using an HP 33120A func-
tion generator through a 47 kV resistor and monitor the
junction voltage with a 2SK117 FET followed by an SRS5
amplifier. This output voltage is used to trigger the stop
timer, which is handled by a 20-MHz clock. Escape eve
were binned in time with widthtw.50 ns to create a
histogram H(t i). The escape rate is thenG(t j )
5(1/tw)ln@Si5j

` H(ti)/Si5j11
` H(ti)#. We convert the time axis to

current by calibrating the ramp current as a function of tim
We determine the spacing of the energy levels by comp

ing escape-rate curves with (Gm) and without (G0) a small
microwave drive current applied. Figure 3 showsDG/G0
5(Gm2G0)/G0 for a 5.7-GHz microwave signal. We chos
the power so thatDG/G0&10 on resonance to ensure th
occupancy ofu1& is small. Two Lorentzian peaks are appa
ent, corresponding to theu0&→u1& and u1&→u2& transitions.
By measuringDG/G0 for different applied microwave fre-
quency, we can measure how the bias current changes
energy-level spacing of theu0&→u1& transition @see Fig.
4~a!#.
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The data in Fig. 4~a! also allow us to compute]v/]I and
convert the full width at half maximumDI measured at eac
frequency@see Fig. 4~b!# to a width in frequencyDv or the
spectroscopic coherence time associated with the two lev
t51/Dv.

Figure 5 shows the coherence timet as a function of the
center current of eachu0&→u1& peak. We note that the co
herence time decreases markedly asI approachesI 0
.14.12mA, consistent with both escape-rate limiting of th
lifetime of the upper state and excess low-frequency cur
noise, as in Eq.~5!.

In principle, it is possible for the effective shunting im
pedanceR(v) to vary with frequency in such a way as
generate the changes int(v) seen in Fig. 5. We can rule ou
this explanation for the overall behavior oft(v) by chang-
ing the critical current of the junction and remeasuring at
same frequency. Such a process changesG i→` but notR(v)
in Eq. ~5!. Results for two differentI 0’s are plotted in Figs.
6~a! and 6~b!. Comparison of Figs. 6~a! and 6~b! reveals that
the coherence time at fixed frequency is lower for largerI 0.
Since this measurement is at fixed frequency, the effect c
not be due toR varying with frequency. On the other hand,
is consistent with current noise and escape-rate lifetime
iting.

To distinguish the effects of current noise and escape-
broadening in Eq.~5!, we need to obtain an independe

FIG. 4. ~a! Drive frequency vs center of theu0&→u1& resonance
peak forI 0514.12mA. The dashed line is a fit to theory.~b! Full
widths of each resonance forI 0514.12mA. ~Dataset No. 050902!.

FIG. 5. Coherence timet vs bias currentI. Note that the escape
rate from the ground state at 13.93mA is around 103/s while at
14.01mA, it is around 33106/s.
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measure of the junction parameters. For the low critical c
rent data, we fit the escape-rate curves without microwav13

and find I 0510.6560.01mA, C53.760.3 pF, andT560
63 mK. The 60 mK temperature was 40 mK above the b
temperature, probably due to self-heating. We also num
cally solved Schro¨dinger’s equation~for the washboard po-
tential with hard wall boundary conditions! and choseI 0 and
C to fit the data in Fig.~4!~a! ~dashed line!. This yieldedI 0
510.6660.07mA and C53.960.2 pF. The same analysi
for the high-I 0 case givesI 0514.14360.003mA and C
54.260.6 pF.

We now fit the coherence time data in Fig. 6 by varyingI 0
and C and comparing the results with the previously det
mined parameters. We findG1→` by solving Schro¨dinger’s
equation numerically. To estimate the rms current noises I ,
we note that the full current width at half maximum shown
Fig. 4~b! never drops below 10 nA. We thus assigns I
.5 nA. To get a unique fit, we also assumeRC
@1/(2s I]v/]I ). The solid lines in Fig. 6 show the resul
of this procedure. The dashed lines show the contribution
the broadening due to the escape rate alone, while the do
lines represent the current noise contribution. The parame
for the lifetime fits, I 0514.12mA, C53.7 pF, and I 0
510.645mA, C53.7 pF, agree with the parameters o
tained from Fig. 4, verifying the inclusion of current nois
and escape-rate-limited coherence in the model of Eq.~5!.
We note that as the bias current approachesI 0 ~low fre-
quency!, the escape-rate term begins to dominate the l
time, while for lower currents~high frequency!, the noise
broadening dominates.

If the junction qubit decoherence is dominated by curr
noise, the junction can be biased at low currents to red
dephasing. To achieveNop gate operations, each takin
Ng(2p/v) time, before decoherence occurs, requires
bias current be reduced toI dc /I c,2I c /s INopNg . In prin-
ciple, single junction gating schemes may allow such bias
at low currents where the junction is effectively decoupl
from current noise. However, typical single junction gate o
erations require high bias currents to split theu0&→u1& tran-

FIG. 6. Coherence timet vs bias currentI. Solid lines are the
theoretical fit for each dataset. Lower frequency corresponds
larger current. The parameters for the fit in~a! are I 0514.12mA
and C53.7 pF. For the fit in ~b! are I 0510.645mA and C
53.7 pF. The dashed lines represent the contribution from the
cape rate and the dotted lines the contribution from current noi
2-3



-

tin
ng
nt
be

h
in
an

he

ex-
ility
to
the

for
R.

for

.J

e

ys

a,

RAPID COMMUNICATIONS

A. J. BERKLEY et al. PHYSICAL REVIEW B 68, 060502~R! ~2003!
sition from theu1&→u2& transition by at least the Rabi fre
quency of theu0&→u1& transition. Given that all junction
systems will have some current noise, investigation of ga
methods that work at low bias current would be interesti

Finally, if low-frequency current noise is not a significa
issue,4 Eq. ~1! leads to the requirement that the junction
biased such that there areNs.

5
36 ln(NopNg)1

5
24ln(432Ns)

levels in the well. ForNop5106 and Ng510, we findNs
.4.

To conclude, we have measured the resonance widt
the transition between the lowest two quantum states
Josephson-junction qubit as a function of bias current,
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