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Time-Resolved Measurement of 

Dissipation-Induced 


Decoherence in a Josephson 

Junction 
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We determined the dissipation-induced decoherence time (DIDT) of a super- 
conducting Josephson tunnel junction by time-resolved measurements of its 
escape dynamics. Double-exponential behavior of the time-dependent escape 
probability was observed, suggesting the occurrence of a two-level decay- 
tunneling process in which energy relaxation from the excited to the ground 
level significantly affects the escape dynamics of the system. The observation 
of temporal double-exponential dependence enables direct measurements of 
the DIDT, a property critical to the study of quantum dynamics and the 
realization of macroscopic quantum coherence and quantum computing. We 
found that the DIDT was T, > 11 FS at T = 0.55 K, demonstrating good 
prospects for implementing quantum computing with Josephson devices. 

Use of solid-state devices (SSD) is regarded as 
one of the most promising approaches for the 
development of quantum computers (QC), due 
to the relative ease of circuit design, fabrication, 
and scaling up (1-10). However, coupling be- 
tween SSD and the environment results in dis- 
sipation, and hence decoherence. Here, deco- 
herence refers to processes that lead to expo- 
nential decay of superposition states into inco- 
herent mixtures. The severity of decoherence is 
characterized by the decoherence time-the 
time constant T of the exponential decay. Both 
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dissipation (with decoherence time T,) and 
phase relaxation (with T,) lead to decoherence 
(11-15). Realization of QC will depend criti- 
cally on our ability to create and preserve co- 
herent superposition states so that decoherence 
presents the most fundamental obstacle (11- 
16). One way to increase the decoherence time 
in SSD is to use superconducting qubits (SQ) 
based on superconducting quantum interference 
devices (SQUIDS) (flux qubits) or single-pair 
tunneling devices (charge qubits) (3-10). For 
both types of SQ, the Josephson junction is the 
key element and it is the dissipation of the 
junctions that will Set the limit on decoherence 
time. Furthermore, for SQUID qubits T;' and 
T;l are predicted to be proportio~al to t& level 
of dissipation (1 7, 18). Therefore, the feasibility 
of implementing QC with SQ depends on 
whether dissipation in Josephson junctions can 
be made sufficiently low to keep the error rate 
to a tolerable level. However, experimental de- 
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termination of either T, or T, is extremely dif- 
ficult for superconducting devices because in 
each measurement only a single device, rather 
than an ensemble of identical devices, is avail- 
able for signal detection. Furthermore, prior to 
this work no time-domain measurement with 
resolution comparable to the decoherence time 
scale of SQ has been demonstrated. For these 
reasons, no time-resolved measurement of T, 

(or T ~ )  has been reported yet. Recent attempts 
to determine the effective damping resistance of 
a Josephson junction in a SQUID were incon- 
clusive due to the questionable method of data 
analysis used and the indirect nature of the 
measurement technique (19, 20). We present 
time-resolved measurements of T, in a NbN/ 
AINMN Josephson junction. The measured 
decoherence time, T, > 10 FS at T = 0.55 K, 
corresponds to a qubit quality factor T,/T, -
lo4 (where T,, - 1 ns is the typical gate tme  of 
SQUID qubits), demonstrating strong potential 
for QC employing NbN SQUID qubits (12). 

The equation of motion for a current biased 
Josephson junction, Cd2@/dt2 + R- 'd@/dt = 
-aU/d@, is homologous to that of a particle of 
mass C moving in a washboard potential 
U(@)= E, COS(~T@/@,)-Ib@ - with damping 
constant R-', where C is the junction capaci- 
tance, R is the shunt resistance, @, =hl2e is the 
flux quantum, E, = 1,@,/2~r is the magnitude 
of maximum Josephson coupling energy, Icis 
the critical current of the junction, I, is the bias 
current, and @ = (cp/2~)@,, where cp is the 
phase difference across the junction. For ib = 
I,/Ic < 1, the potential has a series of metastable 
weis. The dc voltage across the junction is zero 
when the particle is trapped in a potential well. 
The depth of the potential well decreases as ib is 
increased and becomes zero for ib 2 1. In the 
presence of thermaVquantum fluctuations, a 
junction initially trapped in the zero-voltage 
state can escape from the potential well to enter 
the finite-voltage state. 

Previous experiments have demonstrated 
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that when damping is sufficiently low the junc- 
tion is a macroscopic quantum object with 
quantized energy levels (21, 22). For weak 
damping, the quality factor of the junction is Q 
= w,RC, where w, = (~TI~/C@,)'" (1 - i2)1'4 
is the plasma frequency of the junction. The 
primary effect of weak damping (Q >> 1) on 
the intrawell dynamics of the junction is that at 
low temperature (k,T << level separation) the 
width of an excited level In), with energy En, is 
given approximately by 6En - En/Q (23, 24). 
In thermal equilibrium, escape from the poten- 
tial well is dominated by macroscopic quantum 
tunneling (MQT) from the ground level 10) for 
T << hwJ&. By contrast, in a nonequilibrium 
state the excited levels could have excessive 
population that can be created by rapidly ramp- 
ing up the bias current andlor applying dc pulse 
or microwave excitations. For nonequilibrium 
states, tunneling from excited levels can be 
important to the escape process. In particular, 
tunneling from overpopulated excited levels 
can dominate the escape process even at tem- 
peratures much higher than the crossover tem- 
perature for the ground state MQT, as demon- 
strated by recent experiments (25). 

At low temperatures, the simplest non-
equilibrium escape process that involves tun- 
neling from both the ground and the excited 
levels is the two-level decay-tunneling 
(TLDT) process (Fig. l) ,  which allows a 
direct measurement of T ~ .For a junction with 
probability p, ,(O) in the level I 1) at t = 0, the 
probability of finding it remaining in the 
zero-voltage state at t > 0 is given by 

where r' = rl + rd, r,(r,) is the escape rate 
from the level 10) (I 1)) out of the potential well, 
rdis the spontaneous decay rate from I 1) to 1 O), 
and y = pll(0)[l - rd/( r l  - r,)] is bounded 
between zero and unity. The transition from 0 )  
to I), which is negligible at low temperature, 
was not included in the model. 

The interlevel decay rate, 

is x R p l  (16). Where, E l  - E, is the energy 
separation between levels 10) and I I), RQ = 
h/4e2 is the resistance quantum, and + = 
cp12r. For quadratic potentials T, +El /Q in 
the limit of k,T << E l  as expected (23, 24). 
The + matrix element and E l  - E, can be 
calculated from the independently measured 
junction parameters so that R can be deter- 
mined directly from rd. 

The most distinctive feature of the TLDT 
process is the double-exponential decay of P(t) 
(Eq. 1). The time-dependent escape probability, 
P,,,(t) = 1 - P(t), has two characteristic time 
scales: the average lifetimes, 7, - l/r, and T' 

Fig. 1, Illustration of the TLDT process de- 
scribed in the text. 

= l l r ' ,  of the junction in levels 0 )  and I I), 
respectively. However, whether the double-ex- 
ponential time dependence can be observed 
depends crucially on the relative magnitude of 
the three rate constants. Qualitatively speaking, 
if the junction is initially in 11) and T, >> TI 
(i.e., y << 1) the system will decay rapidly t i  
0 )  before having a chance to escape from 1 1). 
Thus, only the slow component of the double- 
exponential behavior of P,,,(t) can be observed. 
In the opposite limit of rd<<rl(i.e., y ;= 1) the 
system mainly escapes from I 1) before decay- 
ing to 10). Therefore, only the fast component 
can be observed. Because iunction resistance 
increases as temperature is lowered, one ex- 
pects the former (latter) behavior at high (low) 
temperatures. The situation is quite different for 
the intermediate temperature regime where rd 
is comparable to TI (i.e., y ;= 0.5). In thls case, 
the probabilities of escaping out of the zero- 
voltage state from either 0) or I 1) are approx- 
imately equal and the double-exponential be- 
havior should be observed clearly, from which 
three parameters, y, r,,and r',can be extracted 
directly from the measured P,,,(t). Although 7, 

cannot be determined exactly from esC(t) mea- 
surement due to the incomplete knowledge 
about pll(0), its lower bound is set by 1K'  
since r '  > rd. 

In our experiment, we used a 10 p,m2 by 10 
p,m2 NbN/AlN/NbN tunnel junction to measure 
the time-dependent escape probability at 10 
mK 5 T 5 4.25 K. The junction was fabricated 
on a single-crystal MgO substrate at ambient 
temperature (26). The critical temperature of 
the junction was -16 K. The gap energy A and 
normal state resistance Rn were 2.7 meV and 20 
ohms, respectively. The critical current, lc= 

150.86 pA, was determined from switching 
current distribution measurements. Icremained 
essentially constant below 4.2 K. The plasma 
frequency and capacitance of the junction, de- 
termined from resonant activation measure-
ments (21), were w,/2a = 18.195 ? 0.001 
GHz at 4.2 K and C = 5.8 ? 0.6 pF. C was 
much greater than the parasitic capacitance 
(<0.3 pF) of the leads within the junction's 
electromagnetic horizon (27), so the impedance 

Bias current r 
Time 

Junction voltage 

2 h  r 
I 

f ~ , 
0 Time 

Fig. 2. (A) A schematic of the t iming of the 
constant and "dc pulse" current applied t o  the 
junction. (B) The junction's voltage response, 
and the definition of test. 

loading effect of the leads was negligible. The 
junction was embedded in a superconducting 
microstrip resonator with a fundamental fre- 
quency of -40 GHz so that it was effectively 
decoupled from the leads at w < wp. The junc- 
tion was mounted in a helium-filled oxygen-free 
copper cell, which was thermally anchored to 
the mixing chamber (MC) of a dilution refng- 
erator. All leads to the cell were filtered with 
electromagnetic interference (EMI) filters at 
room temperature, low-pass filters at 1.4 K. and 
cryogenic microwave filters (28) at MC temper- 
ature. A semirigid cryogenic coaxial cable, with 
20 dB attenuators at 1 K plate and MC, couples 
microwave or dc pulses to the junction. Battery- 
powered low-noise preamplifiers were used to 
monitor the bias current and junction voltage. A 
solid copper shelded room, double-shelded ca- 
bles, and shielded metal connectors formed a 
continuous conducting enclosure that extended 
from the sample to the battery-powered part of 
the setup. The computer and ac-powered instru- 
ments were placed outside the shielded room 
with connections via optically coupled isolation 
amplifiers. Measurements of the junction's volt- 
age noise spectrum showed no peak at 60 Hz 
and its harmonics. Extensive diagnostic tests 
were performed using low critical current junc- 
tions (Ic - 1 to 10 FA) to ensure that extrinsic 
noise from the measurement circuit was negli- 
gible down to 10 mK. 

The conventional method of measuring es- 
cape probability P,,, versus bias current cannot 
provide information about the time dependence 
of P,,, at constant i,, so we have developed a 
time-domain technique with nanosecond reso- 
lution for Pe,,(t) measurement. For each escape 
event, we s&ed the cycle by ramping up the 
bias current to a constant value i, where escape 
rate was negligibly small. The bias current was 
maintained at this level for a shoti time (- 10-3 
s) to allow the system to reach thermal equilib- 
r i m .  Using a pulse generator, a "dc pulse" of 
amplitude Ai, and width t,,, 5 1 ps was then 
applied to the junction at t = -t,,, (Fig. 2). 
The pulse produced a nonequilibrium popula- 
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