
Detection of a persistent-current qubit by resonant activation
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We present the implementation of a scheme to detect the quantum state of a persistent-current qubit. It relies
on the dependency of the measuring superconducting quantum interference device plasma frequency on the
qubit state, which we detect by resonant activation. With a measurement pulse of only 5 ns, we observed Rabi
oscillations with high visibility(65%).
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Superconducting circuits containing Josephson junctions
are promising candidates to be the building blocks(qubits)
for future quantum computers.1 Coherent dynamics have
been observed with several different qubit designs. Complex
sequences of rotations on the Bloch sphere could be per-
formed in NMR-like experiments: Rabi, Ramsey, spin-echo,
and composite pulse sequences were demonstrated.2–5 In
these experiments, the detection of the qubit energy state is
done after the coherent operations have been accomplished
by reading out a macroscopic detector with an output that is
correlated to the qubit energy eigenstate. By averaging the
signal delivered, one infers the qubit eigenstate occupation
probability.

A hysteretic dc superconducting quantum interference de-
vice (SQUID) has been succesfully employed to measure the
state of a flux qubit5 (a similar scheme was used in Ref. 3 in
the case of a split Cooper pair box). In this experiment, a fast
dc current pulse(DCP) sent through the SQUID induced
switching to the finite-voltage state conditional on the qubit
state. In this Rapid Communication, we propose and demon-
strate a readout method, faster than the previous one, which
does not require a large bandwidth line to inject current
through the SQUID and thus will allow a stronger filtering of
the bias lines. The method is based on the dependence of the
SQUID plasma frequency on the qubit’s state measured by a
resonant activation microwave pulse(RAP). We compare
Rabi oscillations obtained by the two schemes in exactly the
same conditions, and show that the RAP method significantly
increases the contrast.

The persistent-current qubit consists of a micron-size su-
perconducting loop intersected with three Josephson
junctions.6 It is threaded by a magnetic fluxFx generated by
an external coil. When the total phase across the three junc-
tionsgq is close top (meaning thatFx is close toF0/2), the
loop has two low-energy eigenstates(ground stateu0l and
excited stateu1l) well separated from the higher-energy ones,
and can thus be used as a qubit. They are linear combinations
of two statesu↑l and u↓l that carry an average persistent-
current of +Ip and −Ip and are coupled by tunneling. The
effective Hamiltonian readsH=−hsesz/2−Dsx/2d in the
{u↑l, u↓l} basis, wherehD /2 is the tunneling matrix element
between the two basis states, ande=2IpsFx−F0/2d /h. This
leads to an energy separation between the two statesE1
−E0;hfq=hÎD2+e2.7

The average current in stateuil si =0,1d I i
=−k]H /]Fxli can be computed from the previous equations.
It is shown in the inset of Fig. 1(c) for the parameters of our
sample. The qubit is inductively coupled to a hysteretic dc
SQUID whose critical current depends onI i by an amount
MIia, whereM is the mutual inductance between the qubit
and the SQUID(including both kinetic and geometric con-
tributions), anda=]IC/]Fx is the slope of the SQUID modu-
lation curve. The requirement imposed upon any detection
scheme is to detect the small(about 2%) variation in the
SQUID critical current associated with a transition between
the qubit states in a time shorter than the qubit’s energy
relaxation timeT1. A method was demonstrated in Refs. 3
and 5. It consists of applying a short DCP to the SQUID at a
valueIb during a timeDt, so that the SQUID will switch out
of its zero-voltage state8,9 with a probability PswsIbd. For
well-chosen parameters, the detection efficiencyD
=maxIbuPsw

1 −Psw
0 u, wherePsw

0 sPsw
1 d is the switching probabil-

ity if the qubit is in the ground(excited) state, can approach
1. The switching probability then directly measures the qu-
bit’s energy level population.

The Al/AlOx/Al tunnel junctions as well as the SQUID
and qubit’s aluminum loops were obtained by e-beam lithog-
raphy and shadow evaporation on an oxidized silicon sub-
strate. The SQUID was shunted by an on-chip aluminum
capacitor and connected to the current injection line through
a 400V on-chip gold resistor[see Fig. 1(a)]. Both current
and voltage lines were filtered by copper-powder filters,10

yielding a rise time of 10 ns for the bias current pulses. The
voltage across the SQUID was amplified at room tempera-
ture and sampled by an acquisition card. By repeating the
measurements typically 10 000 times at a rate of 25 kHz
(allowing the system, including the qubit, to relax to its
ground state between successive experimental sequences),
we derive the switching probability. Pulsed microwave irra-
diation was applied to the qubit through a coaxial cable at-
tenuated by 20 dB atT=1.5 K. The rise time of the micro-
wave pulses was 500 ps. The sample was enclosed in a
copper box thermally anchored to the mixing chamber of our
dilution refrigerator(base temperature 25 mK) to shield it
from RF noise.

The parameters of our qubit were determined by fitting
spectroscopic measurements with the above formulas. For
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D=5.855 GHz,Ip=272 nA, the agreement is excellent[see
Fig. 1(c)]. We also determined the coupling constant between
the SQUID and the qubit by fitting the qubit “step” appear-
ing in the SQUID’s modulation curve7 [see inset of Fig. 1(c)]
and foundM =20 pH. We first performed Rabi oscillation
experiments with the DCP detection method[Fig. 1(b)]. We
chose a bias pointFx, tuned the microwave frequency to the
qubit resonance, and measured the switching probability as a
function of the microwave pulse durationtmw. The observed
oscillatory behavior[Fig. 2(a)] is a proof of the coherent
dynamics of the qubit.

The contrast of the Rabi oscillations was observed to
strongly depend on the exact bias pointFx, ranging from 5 to
40 %. This visibility was lower than in our previous
experiment.5 We optimized the amplitudeIb of the current
pulse for eachFx by measuring the switching probability as
a function ofIb both without microwavefPsw

0 sIbdg and after a
p pulsefPsw

p sIbdg. Typical data are shown in Fig. 2(b). The

solid black curvePth
0 sIbd is a fit to Psw

0 sIbd assuming that
switching occurs by thermal activation across the potential
barrier9 with an escape temperature of 200 mK. The dashed
line Pth

1 sIbd was calculated with the same parameters assum-
ing that the qubit is always in stateu1l. The curvePsw

p sIbd is
then well approximated by a weighted sum of the curves
Pth

1 sId and Pth
0 sIbd with coefficientsp0=0.68 andp1=0.32

(gray solid line). The maximum difference between the two
curvesPth

1 sId and Pth
0 sIbd being 85%, we conclude that the

detection efficiencyD of our detector should be of this order,
but that the excited state of our qubit is only populated up to
32% when switching to the finite-voltage state occurs. Thus,
it seems that the qubit partially relaxes towards its ground
state during the measurement process. As we will show be-
low, this problem does not occur with the alternative mea-
surement scheme described hereafter.

The SQUID, connected to the capacitorCsh by aluminum
wires of inductanceL, behaves as an oscillator with a char-
acteristic frequency called the plasma frequency, 2pfp=fsL
+LJdCshg−1/2. This frequency depends on the bias currentIb

and on the critical currentIC via the Josephson inductance
LJ=F0/ s2pIC

Î1−Ib
2/ IC

2d. Thus, the plasma frequency takes
different valuesfp

s0d or fp
s1d depending on the qubit’s state.

This effect has already been observed in Ref. 11 by measur-
ing the transmission of a weak probe at a frequency close to
fp while keeping the SQUID in the zero-voltage state. With a
probe of larger power, it has recently been demonstrated that
a Josephson junction could switch between two distinct os-
cillation states while staying in the zero-voltage regime, due
to its nonlinearity.12 Such a bifurcation amplifier could be
used to detect the state of a charge qubit.13 Here we apply a
microwave pulse at a frequency close tofp

0. We adjust the
power so that the SQUID switches to the finite voltage state
by resonant activation14 if the qubit is in stateu0l, whereas it
stays in the zero-voltage state if it is in stateu1l. If the two
resonant activation peaks corresponding to the frequenciesfp

0

and fp
1 are distinct enough, the switching probability of the

SQUID measures the probability that the qubit is in the state
u0l. Similarly, in Ref. 4, the quantum state of a current-biased
Josephson junction(phase qubit) has been detected by apply-
ing a microwave pulse that induces switching determined by
the qubit state. In our experiment, the detector is distinct
from the qubit. Although switching to the finite-voltage state
is a dissipative process potentially harmful for quantum com-
putation, the specific interest of this scheme is that it allows
to heavily filter the bias-current line since no fast dc or rf
pulse is needed there.

A typical resonant activation peak is shown in the inset of
Fig. 3. Its width depends on the frequency, ranging between
20 and 50 MHz. This corresponds to a quality factor between
50 and 150. The peak has an asymmetric shape, with a very
sharp slope on its low-frequency side and a smooth high-
frequency tail, due to the SQUID nonlinearity. We were able
to qualitatively recover these features by simple numerical
simulations using the RCSJ model.15 The resonant activation
peak can be unambiguously distinguished from environmen-
tal resonances by its dependence on the magnetic flux thread-
ing the SQUID loopFsq. Figure 3 shows the measured peak
frequency for different fluxes aroundFsq=1.5F0, together

FIG. 1. (a) Atomic-force microscope(AFM) picture of the
sample(the scale bar indicates 1mm). Two layers of aluminum
were evaporated under ±20° with an oxidation step in between. The
Josephson junctions are formed at the overlap areas between the
two images. The qubit is the small loop containing three Josephson
junctions; the SQUID is the outer loop and contains two large junc-
tions. The SQUID is shunted by a capacitorCsh=12 pF connected
by aluminum leads of inductanceL=170 pH(solid black line). The
current is injected through a resistor(gray line) of 400 V. Micro-
wave pulses are applied via a shortcut(“MW line” in the figure). (b)
DCP measurement method: the microwave pulse induces the de-
sired Bloch sphere rotations. It is followed by a current pulse of
duration 20 ns, whose amplitudeIb is optimized for the best detec-
tion efficiency. A 400 ns lower-current plateau follows the DCP and
keeps the SQUID in the running state to facilitate the voltage pulse
detection.(c) Larmor frequency of the qubit and(inset) persistent
current in the ground state versus external flux. The squares and
(inset) the circles are experimental data. The solid lines are numeri-
cal adjustments giving the tunneling matrix elementD, the persis-
tent currentIp, and the mutual inductanceM. The dashed line in the
inset is the calculated persistent current in the excited state.
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with the measured switching current(dashed line). The solid
line is a numerical fit to the data using the formulafp

=(2pÎhL+F0/ f2pICsFsqdgjCsh)
−1. From this fit we deduce

the following values Csh=12±2 pF and L=170±20 pH,
close to the design. We are thus confident that the observed
resonance is due to the plasma frequency.

We then measure the effect of the qubit on the resonant
activation peak. The principle of the experiment is sketched
in Fig. 4(a). A first microwave pulse at the Larmor frequency
induces a Rabi rotation by an angleu1. A second microwave
pulse of durationt2=10 ns is applied immediately after, at a
frequency f2 close to the plasma frequency, with a power
high enough to observe resonant activation. In this experi-
ment, we apply a constant bias currentIb through the SQUID
sIb=2.85mA, Ib/ IC=0.85d and maintain it at this value
500 ns after the microwave pulse to keep the SQUID in the
running state for a while after switching occurs. This allows
sufficient voltage to build up across the SQUID and makes
detection easier, similarly to the plateau used at the end of
the DCP in the previously shown method. At the end of the
experimental sequence, the bias current is reduced to zero in

order to retrap the SQUID in the zero-voltage state. We mea-
sured the switching probability as a function off2 for differ-
ent Rabi anglesu1. The results are shown in Fig. 4(b). After
the microwave pulse, the qubit is in a superposition of the
states 0 and 1 with weightsp0=cos2su1/2d and p1

=sin2su1/2d. Correspondingly, the resonant activation signal

FIG. 2. (a) Rabi oscillations at a Larmor frequencyfq=7.15 GHz measured with the DCP method.(b) Switching probability as a function
of current pulse amplitudeIb without [closed circles, curvePsw

0 sIbd] and with[open circles, curvePsw
p sIbd] a p pulse applied. The solid black

line Pth
0 sIbd is a numerical adjustment toPsw

0 sIbd assuming escape in the thermal regime(escape temperatureT=200 mK). The dashed line
[curvePth

1 sIbd] is calculated with the same parameters for a critical current 100 nA smaller, which would be the case if stateu1l was detected
with probability unity. The gray solid line is the sum 0.32Pth

1 sIbd+0.68Pth
0 sIbd.

FIG. 3. (Inset) Typical resonant activation peak(width
40 MHz), measured after a 50 ns microwave pulse. Due to the
SQUID nonlinearity, it is much sharper at low than at high frequen-
cies.(Figure) Center frequency of the resonant activation peak as a
function of the external magnetic flux(squares). It follows the
switching current modulation(dashed line). The solid line is a fit
yielding the values of the shunt capacitor and stray inductance
given in the text.

FIG. 4. (a) Principle of the RAP detection scheme. After the
Rabi pulse, a microwave pulse at the plasma frequency resonantly
enhances the escape rate. The bias current is maintained for 500 ns
above the retrapping value.(b) Resonant activation signal for dif-
ferent Rabi angles. Each curve was offset by 5% for visibility. The
Larmor frequency wasfq=8.5 GHz. Pulse 2 duration was 10 ns.(c)
Resonant activation peak without(full circles) and after (open
circles) a p pulse. The continuous line is the difference between the
two switching probabilities. The black arrow indicates the fre-
quency at which the data of Fig. 4(d) were taken.(d) Rabi oscilla-
tion measured by dc current pulse(gray line, amplitudeA=40%)
and by resonant activation method with a 5 ns RAP(black line,A
=62%), at the same Larmor frequency.
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is a sum of two peaks centered atfp
0 and fp

1 with weightsp0
andp1, which reveal the Rabi oscillations.

We show the two peaks corresponding tou1=0 (curve
Psw

0 , full circles) andu1=p (curvePsw
p , open circles) in Fig.

4(c). They are separated byfp
0− fp

1=50 MHz and have a simi-
lar width of 90 MHz. This is an indication that thep pulse
efficiently populates the excited state(any significant prob-
ability for the qubit to be inu0l would result into broadening
of the curvePsw

p ). The difference between the two curves
Ssfd=Psw

0 −Psw
p [solid line in Fig. 4(c)] gives a lower bound

of the excited state population after ap pulse. Because of the
above-mentioned asymmetric shape of the resonant activa-
tion peaks, it yields larger absolute values on the low- than
on the high-frequency side of the peak. Thus the plasma
oscillator nonlinearity increases the sensitivity of our mea-
surement, which is reminiscent of the ideas exposed in Ref.
13. On the data shown here,Ssfd attains a maximumSmax

=60% for a frequencyf2
* indicated by an arrow in Fig. 4(c).

The value ofSmax strongly depends on the microwave pulse
duration and power. The optimal settings are the result of a
compromise between two constraints: a long microwave
pulse provides a better resonant activation peak separation,
but, on the other hand, the pulse should be much shorter than
the qubit damping timeT1, to prevent loss of excited state
population. Under optimized conditions, we were able to
reachSmax=68%.

Finally, we fixed the frequencyf2 at the valuef2
* and

measured Rabi oscillations[black curve in Fig. 4(d)]. We

compared this curve to the one obtained with the DCP
method in exactly the same conditions(gray curve). The con-
trast is significantly improved, while the dephasing time is
evidently the same. This enhancement is partly explained by
the rapid 5 ns RAP[for the data shown in Fig. 4(d)] com-
pared to the 30 ns DCP. But we cannot exclude that the DCP
intrinsically increases the relaxation rate during its rise time.
Such a process would be in agreement with the fact that for
these bias conditions,T1.100 ns, three times longer than
the DCP duration.

In conclusion, we demonstrated a method for detecting
the state of a persistent-current qubit. We exploited the de-
pendence of the SQUID’s plasma frequency on the qubit’s
state, which we measured by applying a microwave pulse
that induces resonant activation. It provided large detection
efficiency even for short microwave pulsess5 nsd. The con-
trast of the Rabi oscillations was mainly limited by the reso-
nant activation peaks separation. By improving the quality
factor of the plasma oscillator and using composite pulses,
we might thus reach the single-shot regime while keeping the
bias current line heavily filtered and having a large dephas-
ing time.
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