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Experimental Demonstration of an Oscillator Stabilized Josephson Flux Qubit
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We experimentally demonstrate the use of a superconducting transmission line, shorted at both ends, to
stabilize the operation of a tunable flux qubit. Using harmonic-oscillator stabilization and pulsed dc
operation, we have observed Larmor oscillations with a single shot visibility of 90%. In another qubit, the
visibility was 60% and there was no measurable visibility reduction after 35 ns.
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In the past few years, great progress has been made in
improving the performance of all types of Josephson-based
qubits. Reported visibility and coherence times have pro-
gressed remarkably [1,2], and two-qubit demonstrations
have been reported [3]. To achieve further progress towards
truly scalable qubits, a promising next step is to couple the
qubit to a harmonic oscillator [1]. This strategy is particu-
larly suited to flux qubits, because the coupling strength
can be made extremely strong and because the problem of
exponential dependence of the qubit eigenfrequency on the
control parameters can be circumvented using harmonic-
oscillator stabilization [4]. In this Letter, we report an
experimental realization of this idea.

Our qubit [4,5] consists of three Josephson junctions,
three loops, and a harmonic oscillator as shown in the inset
in Fig. 1. The bare qubit has two control parameters [6], the
flux @ and the control flux ®,. This allows the qubit to
have a tunable difference frequency between the ground
and first excited states, f;;, and at the same time to be
biased at a degenerate point with respect to the flux pa-
rameter ®. This condition can be met for a wide range of
junction critical currents. This flexibility of our structure is
a very desirable property for a scalable qubit. To stabilize
the operation of our qubit and increase its coherence time,
we couple the bare qubit to the lowest mode of a super-
conducting transmission line, which we model as a har-
monic oscillator [4].

Figure 1 shows the simulated eigenfrequencies as a
function of the control flux for & = ®,. Below about
®. = 0.49 and, in particular, at the measurement point,
the potential has a double-well structure in the space of the
three junction phases (see Ref. [5] for a detailed analysis of
this potential), and the eigenstates of the qubit are |left) and
[right). fo; is very small through this region (<50 MHz),
but its exact value depends on unavoidable experimental
asymmetry between the two wells. The lowest resonant
frequency of the transmission line was selected to be
1.5 GHz. At the measurement point or ‘‘home base,” the
eigenstates of the qubit and transmission line are product
states; i.e., the two subsystems are effectively uncoupled. If
the control flux is increased to about 0.41®, the double
well changes to a single well, and the nature of the bare
qubit eigenstates changes |left) and |right) to |symmetric)
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and |antisymmetric). We have called this the “portal re-
gion” [4].

In the absence of the transmission line, the value of
fo1 would be exponentially increasing with control flux.
However, the presence of the transmission line creates an
avoided crossing in the eigenspectrum as shown in Fig. 1.
At larger values of control flux near the operating point, the
two lowest energy states are simple harmonic-oscillator
eigenstates. Superpositions of these states are highly co-
herent, because the eigenfrequency difference is indepen-
dent of the exact value of the control parameters or of the
critical current of the junctions. The qubit can be ““parked”’
here with minimum decoherence and crosstalk-induced de-
phasing. The value of A at the avoided crossing (Fig. 1) can
be made very large using inductive coupling between the
bare qubit and the transmission line.

Figure 2(a) plots the simulated supercurrent circulating
in the flux loop, and Fig. 2(b) is the corresponding mea-
sured plot. Both plots are obtained by fixing the value of
the ®, and ramping ® back and forth. As discussed else-
where [5], the observation of hysteresis in these plots
reflects the existence of a double-well potential. Along
the “symmetric line” or “S line,” the double well is
symmetric, so df,; /9P = 0 (this is referred to as the
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FIG. 1. The simulated eigenfrequency vs control flux for qubit
A, described below, for @ = ®,. The inset is a schematic
representation of the bare qubit coupled to a harmonic oscillator.
The mutual inductance (M in Fig. 3) between the bare qubit and
the transmission line is 200 pH.

© 2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.96.127001

PRL 96, 127001 (2006)

PHYSICAL REVIEW LETTERS

week ending
31 MARCH 2006

o5
P/
(=}
s = -
= o8
L — "
el e
g o2 [E
—
S A ————————
O o1 S

— (&) T

° S —————————

0.5 ——————
S oabE= =
= =
=
=
- oS
=
g o=
o
S

0.1

= == A

0.8 1 1.2

Flux (o)

FIG. 2. (a) Simulated current in the pickup loop vs flux P,
parametrized by the control flux ®.. (b) The corresponding
experimental data, measured for our qubit A (described below)
at a flux sweep frequency of 13 Hz. The square symbol marks the
measurement point, the open dot the operating point, and the
triangle the reset point. The solid vertical line is the *“S line”” or
symmetric-well line. The solid horizontal line near the operating
point represents the range of flux biases used to collect the data
shown in Fig. 4(b). The measured hysteresis is smaller than the
simulated because the simulation does not include thermal or
quantum fluctuations. The tilting of the measured data is a result
of inadvertent mutual inductance between the control-flux drive
loop and the flux loop. The hysteresis seen in the experimental
data near ® = 0.7®, is hysteresis of the measurement circuit
and not of the qubit.

“degeneracy condition” with respect to ®). If ® is de-
creased (or increased) from the S-line value, the well is
tilted so that the left (or right) well has a lower energy. Far
from the S line, the double well becomes a single well and
the hysteresis vanishes. This property allows the qubit to be
prepared in either the left or right eigenstates by simply
applying flux pulses. To operate the qubit, we dc bias the
qubit at the measurement point, and we apply a control-
flux pulse to bring the qubit to the operating point. In these
devices, we also apply a simultaneous flux pulse to com-
pensate for the tilting of the experimental curves. For small
amplitude control-flux pulses, the amplitude determines
the f(;. Usually, we adjust the amplitude to be well beyond
the avoided crossing in Fig. 1; in this case, f(; is simply the
resonator frequency. At the measurement point, a dc
SQUID is used to measure the circulating current in the
pickup loop so the state of the qubit can be determined.
The operation of our qubit involves only simple pulses
(as in, e.g., Ref. [7]); microwave excitation is not used. We
set the qubit in the |0) state at the measurement point,
rapidly pulse the qubit to the operating point, hold it there,
pulse it back, and measure the final state of the qubit. By
varying the amount of time at the operating point, we
observe Larmor oscillations of the final state of the qubit
between the |0) and |1) states. At the measurement point,
the transition rate between the two “‘deep” wells is ex-

ponentially small; i.e., the qubit is frozen in the left or the
right state. The measured 7, time is 5 ms or longer even
when operating at a noise temperature of 60 K on the flux
and control-flux lines. We note that the reset pulse se-
quence adiabatically cools the qubit.

A slow adiabatic control-flux pulse from the measure-
ment point to the operating point will not create a linear
superposition between the |0) and |1) eigenstates needed to
demonstrate Larmor oscillations in our qubit. The pulse
must have a fast enough rise time when passing through the
portal region so that the evolution there is not adiabatic.
For example, if the qubit is initially set in the left or |0)
state and adiabatically (slowly) pulsed through the portal
region, the qubit will remain in the |0) state even as this
state becomes the symmetric ground state. The wave func-
tion amplitude will smoothly go from being all on the left
side of the potential to being symmetrically in both poten-
tial wells. This evolution takes time and depends on the
effective mass. If the pulse rise time is fast enough and the
junction capacitance or effective mass is large enough, the
wave function will not have time to evolve out of the left
well, and the quantum system, after being pulsed though
the portal, will be in a linear combination of the symmetric
state |0) and the first excited state |1) (since this superpo-
sition state is confined to the left side of the potential).
Thus, an equal superposition of |0) and |1) is created [4].

The control-flux pulse takes the system from the mea-
surement point to the operating point. While the pulse must
rise rapidly through the portal, the rise time must be slow
enough to avoid excessive Zener tunneling near the
avoided crossing. Hence, we optimize our qubits to have
a large gap A. We can estimate the gap by measuring the
mutual inductance between the bare qubit and the trans-
mission line using the readout SQUID and then computing
the eigenspectrum using the measured parameter from the
plot in Fig. 2(b). We simulate the dynamics resulting from
the control-flux pulse using a numerical, time-dependent
solution of the Schrodinger equation; see [4,5]. We find
that for our parameters, a transit time of 0.4 ns though the
portal will create the required superposition state and avoid
excessive Zener tunneling. Our pulsing system only has a
rise time of 0.6 ns, but we create an effectively faster rise
time by increasing the amplitude of the control-flux pulse
by moving the operating point from about ®, = 0.45 to
0.60d,,. Because the bands are flat at large ®, in Fig. 1,
“overshooting” the operating point has no detrimental
effects.

Figure 3 describes the experimental setup we use to
operate our qubits. The dc current needed to flux bias the
qubit is provided by a battery, an ultrastable voltage regu-
lator, ultralow temperature coefficient of resistance resis-
tors, and two stepper-motor-controlled potentiometers for
coarse and fine adjustment. The dc currents bias the qubit
at the measurement point (the square in Fig. 2). The pulses
needed to operate the qubit are provided by a combination
of a Tektronix AWG430 arbitrary waveform generator,
which supplies the reset pulse (the triangle in Fig. 2), and
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FIG. 3. Schematic of the experimental setup.

a Tektronix DTGM30 pulse generator, which supplies the
operating pulse (the open dot in Fig. 2). We use a 1 us
reset pulse. The bare rise time of the pulse generator is less
than 0.1 ns. Each source can be independently rise-time
filtered and the outputs can be summed together. We use a
room temperature bias tee. There is an identical circuit for
the control flux.

We filter each signal to the qubit with a low-pass filter
made using bronze powder and epoxy, packed around a
single straight superconducting wire [8]. These filters have
a characteristic impedance of 50 () and an attenuation of
—20 dB at 1.5 GHz, which limits the (measured) rise time
of the pulse to 0.6 ns. The dc noise temperature of the flux-
bias circuits, without the pulse generators, is 4.7 K. The
two pulse generators have output noise temperatures from
500000 to 1000000 K, depending on their settings. By
using attenuators on their outputs, the dc noise level from
the generators at the qubit can be reduced, varying from 60
to 3 K. The bronze-powder filters attenuate the dc noise so
that, at the qubit operating frequency of f,; = 1.5 GHz,
the effective noise temperature is between 0.047 and 0.6 K,
depending on the pulse attenuators that are used. The entire
pulse launching circuit is designed to have a 50 ) charac-
teristic impedance. The largest measured impedance error
was 4 ().

The bare qubit is fabricated using Al stripes, Al oxide
junctions, and shadow deposition [9]. Most of the data
reported here are measured using junctions that are 300
by 300 nm in size and having a thermodynamic critical
current of 0.55 to 0.60 wA. The capacitance was estimated
to be 20 fF, including stray capacitance. The self-
inductance of the small loop of the qubit is 30 pH, and
each of the large loops has a self-inductance of 600 pH.
The bare qubit is flux and control-flux biased using micro-
strip transmission lines. The lines are 50 um wide pat-
terned on a 60 wm thick silicon wafer. At the bottom of the
wafer is a niobium ground plane. The mutual inductance
between the control lines and the qubit loops are both
0.5 pH. The bare qubit is inductively coupled to a niobium
microstrip transmission line. The line is directly shorted at
one end and shorted at the other end by the input loop of a
dc SQUID. Using the measured phase velocity of the line

and the self-inductance of the dc SQUID and the intercon-
necting wire bonds, we can predict the frequency of the
lowest mode of the transmission line resonator. The error
between the prediction and the measured value is very
small, about 80 MHz.

The readout SQUID was either an IBM or a Hypres thin
film dc SQUID. The SQUID is operated by ordinary an
100 kHz feedback loop that was modified to have better
stability and lower noise. The SQUID is operated in a
chopped mode. During the control-flux pulse, the SQUID
is blanked; i.e., the bias current and feedback and modu-
lation fluxes are zeroed. The qubit and SQUID were en-
closed in a superconducting box.

The measurement sequence has six steps: (1) apply the
reset pulse, (2) verify the state of the qubit (this is not really
necessary), (3) blank the SQUID, (4) apply the control-flux
pulse, (5) unblank the SQUID, and (6) measure the final
state of the qubit. The coupling between the SQUID and
the qubit is such that, given the SQUID noise level, we can
determine the state of the qubit in 100 us with essentially
no errors introduced by SQUID noise. This sequence is
repeated 300 times per second (the repetition rate could be
made much faster). Since the qubit has a huge barrier
between the left and right energy wells at the measurement
point, the noise associated with the SQUID measurement
and the blanking and unblanking of the SQUID do not
switch the state between left and right. After blanking the
SQUID, we wait 20 us to allow the qubit to relax into the
ground state of the well in which it lies.

Figure 4 summarizes the results of measurement on two
qubits, referred to here as A and B. Our best measured
visibility, on qubit A, is 90% as shown in Fig. 4(a). Here we
are, as discussed earlier, pulsing the control flux to beyond
the operating point in Figs. 1 and 2 to compensate for our
experimental rise time of 0.6 ns. The visibility is limited by
the speed of passage through the portal region and also by
imperfections in setting ® to its S-line value of ®,. We find
that increasing the rise time of the control-flux pulse from
0.6 to 2 ns reduces the measured visibility to 4%. Qubit A
has a particularly large visibility because the gap in the
energy spectrum at the avoided crossing is, according to
modeling, 730 MHz. In another device identical to qubit A,
except that the mutual inductance (measured) and energy
gap (inferred) is 4 times smaller, no signal is seen because
the Zener tunneling rate was too high.

Figure 4(b) demonstrates how changing the final flux
value away from the optimal value of 1.09, tilts the
potential left or right and changes the final switching
probability for qubit A. Each of the curves starts from the
same measurement point and involves pulsing the control
flux to the same value, but the value of the flux at the
operating point is varied over the range indicated in Fig. 2.
The middle curve on the seven curves in this panel is for
® = ®,,. For a more negative (or positive) pulsed flux, the
potential is tilted left (or right), and the mean probability of
switching is closer to O (or 1).
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FIG. 4. (a)—(c) Results for qubit A. (a) The probability of
switching from the initial starting well (left) to the other well
(right) after application of a control-flux pulse vs pulse duration
for &, = 0.6P,. Each data point represents the average of
460 single shot measurements. (b) The probability of switch-
ing vs pulse duration for seven uniformly spaced values of flux
(£0.035P,) at &, = 0.43®,, as depicted by the horizontal lines
of length 0.07®,, in Fig. 2. (c) shows the probability of switching
as the pulse duration is made longer. The observed Larmor
oscillation frequency of the upper three panels is 1.28 GHz.
(d) plots the Larmor oscillations of qubit B using only the
arbitrary waveform generator as a pulse source. The oscillation
frequency is 1.44 GHz and the coherence time is substantially
longer than 35 ns. The poorly defined behavior below 16 ns and
the gap in the oscillations from 16 to 21 ns result from pulse
distortions produced by the arbitrary waveform generator. When
the pulse length is less than a few times the inverse of the
maximum clock frequency (200 MHz), the resulting pulse
waveform is severely distorted.

Figure 4(c) plots the decay of the Larmor oscillations
with time for qubit A. The coherence time is limited by the
loop shunt resistor of the readout SQUID. This resistor is
not in parallel with a SQUID Josephson junction but in
parallel with the SQUID loop inductor; see Fig. 3. Using
measured values, the Q of the transmission line is predicted
to be 28, implying a predicted energy relaxation time of
23 ns. The measured time is approximately 25 ns, in good
agreement with our estimate. The loop shunt resistor is
usually added to a SQUID to suppress resonances in multi-
turn input loops but is really not needed in this situation.

If we remove the loop shunt resistor, or more weakly
couple the readout SQUID to the qubit, the coherence time

increases dramatically. Figure 4(d) shows data for qubit B,
which is one that is coupled more weakly to a different
readout SQUID whose loop shunt resistor has a signifi-
cantly larger resistance. At 35 ns, there is no measurable
decay of the Larmor oscillations. Qubit B has a problem
with reflections from the dc block, which abruptly termi-
nates the Larmor oscillations at 50 ns. But we can estimate
the energy relaxation time to be greater than 300 ns, lim-
ited by the SQUID junction shunt. While using a shunted
dc SQUID as a readout device is very convenient, achiev-
ing coherence times much longer than 1 us will be very
difficult, and a more conventional unshunted SQUID
readout scheme [2] will probably be required in future
experiments.

In conclusion, our work provides new evidence that
harmonic-oscillator modes embodied by transmission lines
will be superior carriers of quantum information. Our
system has several unique features that offer good pros-
pects for scalability, compared with other Josephson qu-
bits: The transmission line frequency, depending only on
one geometric parameter, the length, can be fixed with very
high precision. Its insensitivity to the magnetic flux envi-
ronment when parked on the transmission line will greatly
diminish the degree of unintended couplings between qu-
bits. The gradiometric design of the qubit can be exploited
to further reduce cross talk during gate operations, when
the qubit is moved off the operating point of Fig. 1. These
issues of scalability are the most important ones to be
explored in the next round of experiments on this qubit
system.
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