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Spectroscopy and coherent manipulation of single and
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Measurements of three-junction flux qubits, both single flux qubits and coupled flux qubits, using a coupled direct
current superconducting quantum interference device (dc-SQUID) for readout are reported. The measurement procedure is
described in detail. We performed spectroscopy measurements and coherent manipulations of the qubit states on a single
flux qubit, demonstrating quantum energy levels and Rabi oscillations, with Rabi oscillation decay time TRabi = 78 ns and
energy relaxation time T1 = 315 ns. We found that the value of TRabi depends strongly on the mutual inductance between
the qubit and the magnetic coil. We also performed spectroscopy measurements on inductively coupled flux qubits.
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1. Introduction
Based on the basic properties of quantum mechanics such

as entanglement and state superposition, quantum informa-
tion processing[1], once realized, has long been recognized as
having a much stronger computational power in comparison
with classical information processing. The basic unit of quan-
tum information processing is a quantum two-level system,
called a qubit. Though the qubit has been successfully im-
plemented in many different physical systems such as nuclear
magnetic resonance (NMR), trapped ions, cavity-quantum-
electro-dynamics (CQED), and solid state systems,[2–9] there
are still great challenges toward realizing practical quantum
information circuits. Among these challenges, two are espe-
cially important: one is obtaining a long coherence time, and
the other is a controllable coupling between qubits or scalabil-
ity. Qubits based on NMR and trapped ions have long coher-
ence time, but scalability in these qubit systems is difficult. In
comparison, scalability to a large structure is straightforward
for qubits based on solid state systems due to their well es-
tablished micro fabrication techniques. One drawback of the
solid state qubits is their relatively short coherence time. For
this reason, superconducting qubits,[5,10] i.e., qubits based on
Josephson junctions, are especially attractive, as the supercon-
ducting state is separated from the normal state by an energy
gap and is a dissipationless state, a relatively longer coherence
time can be achieved in superconducting qubits in comparison
to other types of solid state qubits.

Superconducting qubits utilize the nonlinear property of
Josephson junctions[11] to form a quantum two-level system

suitable for quantum information manipulation and storage.
As the superconducting state is an intrinsic coherent state, su-
perconducting qubits behave like natural atoms in many as-
pects despite their huge dimensions, which could be as large
as several hundred micrometers. For this reason, besides serv-
ing as promising candidates for realizing quantum informa-
tion processing, superconducting qubits can also be taken as
artificial atoms, giving rise to a rich field for demonstrating
and testing fundamental quantum mechanical phenomena on a
macroscopic scale.[12] Such artificial atoms have great advan-
tages over the natural atoms because of their design flexibility,
and they can easily be tuned by external parameters such as a
magnetic flux. Different types of superconducting qubits, such
as charge qubits,[13] quantroniums,[14] flux qubits,[15–20] and
phase qubits,[21] have been realized in the last two decades.
Intensive research works, both theoretical and experimental,
have been done in the field of superconducting qubits, and ex-
citing results like the coherent manipulation of the qubit quan-
tum states have also been demonstrated. Nevertheless, realiz-
ing practical quantum information circuits still remains a chal-
lenging task. A lot of critical problems have yet to be solved.
In this paper, we present our work on the measurements of flux
qubits, both single flux qubits and coupled flux qubits.

The type of flux qubit we study is the three-junction flux
qubit, or the persistent-current qubit.[15] It is a low inductance
superconducting loop interrupted by three sub micron sized
Josephson junctions (Fig. 1(a)); two of these junctions have
equal junction areas, and the other one has a junction area that
is α times smaller (0.5 < α < 1). The value of α , together
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with the Josephson energy EJ = hIc/4πe and charging energy
Ec = e2/2C, characterize the flux qubit, where h is Planck’s
constant, Ic and C are the critical current and the junction ca-
pacitance of the big junctions, respectively. The ratio of EJ/Ec

is typically 10 < EJ/Ec < 100. With appropriate parameters,
if the flux threading the qubit loop Φe is around (n+1/2)Φ0,
where n is an integer, Φ0 = h/2e is the flux quantum, the flux
qubit has a double-well potential with two minima separated
by an energy barrier (Fig. 1(b)). The classical states in these
two minima correspond to opposite circulating currents ±Ip

in the loop, and tunneling between the two minima leads to
suppositions of these two states. On the basis of these two
circulating current states, |+〉 and |−〉, the Hamiltonian of the
flux qubit can be written as[15]

Hqb =−
1
2
(εσz +∆σx), (1)

where σ z and σ x are the Pauli matrices, ε = 2Ip(Φe− (n+
1/2)Φ0), ∆ is the tunnel coupling between the two circulating
current states. The energy difference between the lowest two
qubit eigenstates |0〉 and |1〉 is E01 =

√
ε2 +∆ 2. The circulat-

ing currents of these two qubit states are
〈
Ipi
〉
= −∂Ei/∂Φe

(Fig. 1(c)). They have opposite signs and vanish at the sym-
metric point (n+1/2)Φ0.
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Fig. 1. (a) Schematic diagram of the three-junction flux qubit. Crosses
are Josephson junctions. (b) Double-well potential of flux qubit at the
symmetric point Φe = (n+ 1/2)Φ0 and schematic diagram of the two
lowest energy eigenstates. The vertical axis is energy; the horizontal
axis is the phase coordinate. (c) Energy levels and circulating currents
in the qubit loop of the two lowest energy eigenstates as a function of
flux threading the qubit loop Φe.

A readout of the qubit state can be performed by induc-
tively coupling a direct-current superconducting quantum in-
terference device (dc-SQUID) to the qubit loop to measure the
flux generated in the SQUID loop by the circulating current
of the qubit. For the ground and excited states, the fluxes are
in two opposite directions. This leads to the total flux (that
is, the external bias flux plus the flux generated by the qubit)
detected by the dc-SQUID differing slightly for the two qubit
states. Consequently, the switching current of the dc-SQUID,

which is under-damped, will be slightly different too. Close to
the symmetric point, the circulating current in the qubit loop
vanishes or is too small to be directly detected by the readout
SQUID, the qubit has to be adiabatically shifted away from
the symmetric point by using a rectangular shift flux bias pulse
during the readout process. To reduce back actions of the read-
out SQUID to the qubit, the readout SQUID is only weakly
coupled to the qubit.

2. Sample and measurement setup
Our samples are fabricated on thermally oxidized silicon

substrates (the oxidation layer is 500 nm in thickness) as de-
scribed previously.[22] In brief, big structures such as on-chip
resistors, bonding pads, and the bottom planes of shunting ca-
pacitors are fabricated using photolithography and thin film
deposition. Two separate steps are involved. The first step
is to fabricate the bottom planes of shunting capacitors, which
are thin films of aluminum heavily oxidized after deposition to
form an insulating layer on the surface. The second step is the
fabrication of bonding pads and on-chip bias resistors, which
are thin films of gold. This gold layer also serves as a quasipar-
ticle trap. Small structures such as qubits, readout SQUIDs,
and the top planes of shunting capacitors are fabricated us-
ing electron beam lithography and aluminum thin film deposi-
tion. Key elements of the qubits and the readout SQUIDs are
Josephson junctions; they are formed by using the well known
Dolan bridge double-angle shadow evaporation technique.[23]

The qubit loop is 20 µm×20 µm, and the SQUID loop is
24 µm×24 µm. The mutual inductance Msq between them is
28 pH. The junction sizes of the large junctions of the qubit
and the junctions of the SQUID are 0.074 µm2. The ratio
α is 0.76. The critical current density of the junctions is
about 0.34 kA/cm2, the critical current of the SQUID junc-
tions is about 250 nA each. The junction capacitance is about
110 fF/µm2. The shunting capacitor of the readout SQUID
(Csh) is about 10 pF. This capacitor is made on-chip, together
with an on-chip bias resistor, to form a resistor–capacitor (RC)
filter.

After fabrication, the samples are cut into 6 mm×6 mm
chips. The chip to be measured is mounted into a copper
sample holder to shield it from radio-frequency (rf) radiations.
The sample holder is thermally attached to the mixing cham-
ber of a dilution refrigerator with a base temperature of about
30 mK.[24] The dilution refrigerator is shielded with three µ-
metal layers at room temperature to provide a stable magnetic
environment for the sample.

Figure 2 shows the schematic diagram of the measure-
ment setup. All control and readout pulses are generated by
a computer controlled 4-channel arbitrary waveform genera-
tor (AWG). The readout and microwave pulses are sent to the
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sample by wide bandwidth coaxial cables, attenuated at differ-
ent temperature stages of the dilution refrigerator. Down at the
base temperature the readout pulses go through a copper pow-
der filter (CPF) for filtering the high frequency noises and then
are converted to current bias pulses for the readout SQUID by
the bias resistor. In our measurement setup, the bias resistor
consists of an on-chip resistor of 250 Ω and a 5 kΩ resistor
mounted outside the sample holder in series. The microwave
pulses are coupled to the qubit through the mutual inductance
between the on-chip microwave antenna and the qubit loop.
Switching voltage signals go through a CPF and several RC
filters (RCF) before reaching the room temperature amplifier.
The magnetic flux bias for the qubit and the SQUID is pro-
vided by a niobium superconducting coil close to the sam-
ple. The bias line and voltage line of the readout SQUID go
through several stages of filtering to obtain a sufficient isola-
tion of the readout SQUID from the external environment.
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Fig. 2. Schematic diagram of the measurement setup. Shaded area is on
chip.

3. Measurement
To detect the qubit state, a short readout pulse, several

nanoseconds typically, is sent through the bias line to the read-
out SQUID, which switches to the voltage state with some
probability. The switching voltage signal Vs of the readout
SQUID is sent out to a low noise differential amplifier at room
temperature and the amplified signal is then sent to a thresh-
old detector to determine the occurrence of switching. Due to
heavy filtering, the bandwidth of the voltage line is usually no
more than a few MHz; for this reason the short readout pulse
has a trailing hold plateau with an amplitude just above the
retrapping current of the readout SQUID to maintain it in the
voltage state for a sufficiently long time for the amplifier to
pick up the voltage signal (Fig. 3). The switching probabil-
ity is obtained by averaging over N measurements. To choose
the proper N, we measure the switching probability versus N
(Fig. 4(a)). The value of P should converge to a probabil-
ity value after N exceeds some value, typically several thou-
sands, and this is the proper value for N. If P is not convergent

(Fig. 4(b)), then the measurement system is unstable over time,
and unknown noise or perturbation sources have to be tracked
out before any further measurement is possible. In our mea-
surements, N is typically 8000. After each measurement, the
qubit is relaxed to the ground state |0〉 by waiting a sufficiently
long time before the next qubit state manipulation and readout
sequence. We perform our measurement at a repetition rate of
16 kHz.

MW pulses

Vs

Ib

MW

Fig. 3. Schematic representation of the flux qubit microwave control
pulses, SQUID readout pulse Ib, and switching voltage signal Vs. The
switching voltage signal Vs is amplified by a low noise amplifier at room
temperature, and a threshold detector (dashed line) determines the oc-
currence of the switching.
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Fig. 4. (color online) Switching probability versus average times N. (a)
Value of P converges to a probability value after N exceeds some criti-
cal value, indicating the proper choice of N. (b) Measurement result of
an unstable system.

The readout pulse height is adjusted so as to maximize the
difference of the switching probability between the two qubit
states |0〉 and |1〉, the measurement fidelity. Due to the limited
bandwidth of the SQUID current bias line, if the duration of
the readout pulse is too short, the actual pulse height Ib that the
readout SQUID receives will be much shorter than that at the
input side. To determine the proper pulse duration time, we
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measure the pulse height for 50% switching probability ver-
sus the pulse duration time (Fig. 5). We can see that the pulse
height goes up rapidly as the pulse duration time becomes too
short, this indicates the lower limit of the duration time of the
readout pulse. The readout pulse in our measurements has a
1 ns rise time and a duration time of 10 ns, the hold plateau is
5 µs in duration.
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Fig. 5. (color online) Readout pulse height Ib for 50% switching prob-
ability versus pulse duration time.

Transitions between qubit states are induced by irradiat-
ing the qubit with microwave pulses. These microwave pulses
are induced by an on-chip waveguide that is terminated at the
end with an antenna. This microwave antenna is inductively
coupled to the qubit loop. In spectroscopy and coherent state
operation measurements, the microwave pulses are followed
by the readout pulse to detect the final qubit state. These pulses
are sent down to the sample through different cables, and this
inevitably induces different time delays between them. So
even if they are perfectly matched in time on the input side,
they could be mismatched at the qubit side, and the difference
can be as large as several tens of nanoseconds. Since the du-
ration time of these pulses is on the order of nanoseconds, this
difference is considerable in many cases. We make careful cal-
ibrations for these pulses to avoid the mismatch. Using the fact
that under strong microwave irradiation, the critical current of
the readout SQUID will be suppressed, resulting in a higher
switching probability, for a very short readout pulse and a mi-
crowave pulse of some duration time, we measure switching
probability P as a function of time delay between the ending
of the microwave pulse and the start of the readout pulse tsp

and microwave power Pmw (Fig. 6(a)). The region where the
switching probability increases with the microwave power is
where the microwave pulse and the readout pulse overlap. Ne-
glecting the very short readout pulse, we can clearly see that
the delay time difference between these two pulses is about 18
ns. Adding this time difference when generating the pulses
makes them perfectly matched at the qubit side. Since the
microwave pulses should not induce suppression of the criti-
cal current of the readout SQUID, results of this measurement
also indicate the proper microwave power to be used in the

spectroscopy and coherent state manipulation measurement,
that is, it should be somewhat below the microwave power in
Fig. 6(a) where the switching probability starts to increase.

Calibrations for the time delay difference between the
flux shift pulse and the readout pulse can be done in the same
fashion. The microwave pulses not only need to be matched to
the readout pulse in time domain, they must also have well de-
fined pulse shapes at the qubit side. After going through sev-
eral stages of attenuators and connectors, deformation of the
microwave pulses might occur. To check for this, we measure
switching probability P as a function of time delay between
the end of the microwave pulse and the start of the readout
pulse tsp and microwave mixer control pulse amplitude Vmx at
a microwave power that is strong enough to induce the incre-
ment of the readout SQUID switching probability. Figure 6(b)
is the measurement result of using three equally separated mi-
crowave pulses; it shows the three microwave pulses at the
qubit side with well defined pulse shapes as expected. This
measurement result also indicates the proper microwave mixer
control pulse amplitude Vmx.
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Fig. 6. (color online) (a) Switching probability P as a function of time
delay between the ending of the microwave pulse and the start of the
readout pulse tsp and microwave power Pmw. The time delay differ-
ence between the readout pulse and the microwave pulse is −18 ns. (b)
Switching probability P as a function of time delay between the end-
ing of the microwave pulse and the start of the readout pulse tsp and
microwave mixer control pulse amplitude Vmx.

The first step in flux qubit measurement is to locate the
qubit steps on the SQUID average switching current Ic ver-
sus applied magnetic flux Φ∗e curve (Fig. 7(a)), where the
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flux threading the qubit loop is (n + 1/2)Φ0 (n is an inte-
ger). As the circulating current of the qubit changes sign at
these points, they are revealed as tiny steps on the Ic–Φ∗e curve
(Fig. 7(a)). At the presence of microwave irradiation, the
resonant absorption and excitation of the qubit from ground
state |0〉 to excited state |1〉 will induce peaks/dips on the
qubit steps (Fig. 7(b)). We use spectroscopy to map out the
spectrum of the qubit. By applying 500 ns long microwave
pulses of varying frequencies, we measure the switching prob-
ability of the readout SQUID at fixed pulse height for dif-
ferent magnetic flux biases Φe. If the qubit goes into reso-
nance with the microwave, the qubit states |0〉 and |1〉 will
be equally populated after the long microwave pulse irradia-
tion, resulting in a switching probability change of the readout
SQUID. Figure 8 is the measured spectrum of our single flux
qubit. Due to the vanishing circulating current in the vicin-
ity of Φ0/2, the spectrum line is not visible in this region, an
adiabatic flux bias shift pulse has to be employed to measure
the qubit response in this vicinity as mentioned before. The
spectrum line can be well fitted with the hyperbolic formula
f =

√
∆ 2 +(2Ip(Φe−Φ0/2)/h)2. From the fitting, we can

get Ip = 160 nA and ∆ = 1.2 GHz. Small kinks and breaks are
visible on the spectrum line. This is due to the unstable mag-
netic environment of our measurement system, as the whole
spectrum takes more than 24 h to acquire, drifts or sudden per-
turbations of the magnetic environment during this long period
are reflected on the spectrum line.

We next perform coherent state manipulation measure-
ment. By applying a resonant microwave pulse of fixed fre-
quency and amplitude, Rabi oscillations[25] have been ob-
served. The switching probability of the readout SQUID oscil-
lates with the duration time of the resonant microwave pulse,
indicating that the qubit state oscillates between |0〉 and |1〉.
Figure 9 shows our Rabi oscillation measurement results in
two different measurements. They are measured far away
from the symmetric point of the spectrum, the so called op-
timal point where the qubit is most insensitive to flux noises.
The data are well fitted with exponentially damped sinusoidal
oscillations, with decay time TRabi = 6 ns for panel (a) and
TRabi = 78 ns for panel (b). The main difference between these
two measurements is the mutual inductance between the mi-
crowave antenna and the qubit loop Mmq, it is 125 pH in panel
(a) and 0.05 pH in panel (b). The Rabi decay time is extremely
short for panel (a) because Mmq in this measurement is too big,
which leads to a strong coupling of the qubit to the external en-
vironment.
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magnetic flux Φ∗e . Inset shows an enlarged view of one qubit step. (b)
Normalized qubit step at the presence of microwave irradiation. The
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Fig. 10. (color online) (a) Rabi oscillations at different microwave pow-
ers; lines are exponentially damped sinusoidal fits to the data. (b) Rabi
oscillation frequency vs. microwave amplitude; A is microwave power
in arb. units; line is a linear fit. (c) Decay of the excited state; line is an
exponential decay fit to the data with decay time T1 = 315 ns.

By varying the microwave power, we measure the Rabi
oscillations at different microwave powers (Fig. 10(a)). Fig-
ure 10(b) shows the Rabi oscillation frequency versus mi-
crowave amplitude. The key signature of the Rabi oscillation,
a linear dependence of the oscillation frequency on the mi-
crowave amplitude, is clearly shown. We further study the
relaxation of the qubit from the excited state. This is done by
applying a coherent π pulse to rotate the qubit state from |0〉 to
|1〉, waiting for some time, and performing the readout. Fig-
ure 10(c) shows the result, which shows an exponential decay
of the |1〉 state occupation probability, with a relaxation time
T1 = 315 ns. The π pulse is determined by the Rabi oscil-
lation measurement result above. The relaxation time is much
longer than the Rabi decay time, indicating the extremely short
dephasing time of our sample, as reflected in the fact that we
do not observe any oscillation signals when we perform the
Ramsey fringe measurement. We attribute the extremely short
dephasing time to strong low frequency noises in our measure-
ment system, as is also reflected on the kinks and breaks in the
spectrum line.

To realize large scale quantum circuits, coupling between
qubits is necessary. There are several ways to realize coupling
between flux qubits, such as fixed inductive coupling, tun-
able coupling through a SQUID[26] or another flux qubit.[27]

We present our spectroscopy measurement result on induc-
tively coupled flux qubits. Figure 11(a) shows the coupled
flux qubits sample. Three flux qubits are placed side by side
in a shared edge arrangement to enlarge the mutual inductance
for stronger coupling. The three flux qubits are designed to be
identical, but the fabricated samples will always have slightly
different parameters. We have performed spectroscopy mea-
surements on this coupled flux qubits sample. Figure 11(b)
shows the energy spectrum, two flux qubit spectrum lines are
clearly visible on the spectrum. One branch of one of these
spectrum lines has a deviation from the conventional hyper-
bolic shape, this might be the result of strong coupling be-
tween two of the three flux qubits. But as the spectroscopy
signal is very weak and the spectrum line is not clear enough,
we are not sure at this point.

In the measurement of this coupled flux qubits sample,
besides the signal being very weak, the maximum switch-
ing current goes down as the magnetic coil current increases
and the full width at half maximum (FWHM) of the switch-
ing distribution goes up as the magnetic coil current increases
(Figs. 11(c) and 11(d)), indicating considerable heating of the
magnetic coil current. So we have not carried out any further
measurements like coherent manipulations of the qubit states.
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Fig. 11. (color online) (a) Scanning electron microscope (SEM) picture
of the coupled flux qubits sample; the qubit loops are 15 µm×15 µm.
(b) Energy spectrum of the coupled flux qubits sample. (c) The maxi-
mum switching current goes down as the magnetic coil current increases
and (d) the FWHM of the switching distribution goes up as the magnetic
coil current increases, indicating considerable heating of the magnetic
coil current.

4. Conclusion

In conclusion, we have fabricated and performed quan-
tum measurements on flux qubits. On single flux qubits, the
measurement results show quantum energy levels and coher-
ent Rabi oscillations, with Rabi oscillation decay time TRabi =

78 ns and T1 = 315 ns. The coherence time determined from
the Rabi oscillation depends strongly on the mutual inductance
between the qubit and the microwave attenna. In practice, we
should optimize the mutual inductance so that, on one hand,
the electromagnetic interference from the microwave attenna
would not reduce the coherence time substantially, on the
other hand, the microwave power on the qubit is large enough
for quantum manipulations. We have also performed spec-
troscopy measurements on inductively coupled flux qubits.
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