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We present a system which allows to tune the coupling between a superconducting resonator and a

transmission line. This storage resonator is addressed through a second, coupling resonator, which

is frequency-tunable and controlled by a magnetic flux applied to a superconducting quantum

interference device. We experimentally demonstrate that the lifetime of the storage resonator can

be tuned by more than three orders of magnitude. A field can be stored for 18 ls when the coupling

resonator is tuned off resonance and it can be released in 14 ns when the coupling resonator is

tuned on resonance. The device allows capture, storage, and on-demand release of microwaves at a

tunable rate. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882646]

At the interface between quantum optics and integrated

electronics, superconducting circuits constitute a flexible and

scalable platform for quantum information processing based

on the manipulation of qubits and microwave photons.1–3

One of the main challenges is to develop basic tools required

to manipulate photons at the single photon level. Such func-

tionalities include, for instance, photon generation,4 detec-

tion, routing,5 and storage.6

A scalable architecture of a circuit quantum electrody-

namics (circuit-QED) experiment can have the structure of a

quantum network.7 In this scheme, propagating photons car-

rying bits of quantum information travel between nodes

where quantum information is processed through the interac-

tion of these photons with various quantum systems. Such

quantum systems can be superconducting quantum bits, spin

ensembles, quantum dots, or mechanical oscillators. Despite

recent progress in achieving a strong coupling with propagat-

ing photons, it is convenient to embed the quantum system

in a cavity where its coupling to the field is resonantly

enhanced.1 In this scheme, the cavity must be able to

exchange photons with its surrounding, for example, a

microwave transmission line. However, the ability for a cav-

ity to store photons for a long time is not compatible with its

ability to release them fast, since these two time scales are

linked.

In this article, we present a superconducting resonator

which features a controllable coupling to a transmission line

where photons can be emitted from the cavity, or, inversely,

where incident photons can be fed to the cavity. The cou-

pling of the resonator to its environment can therefore be

dynamically tailored to a specific goal, either preserving the

coherence of the quantum system or, on the contrary, ena-

bling its fast measurement and control. Adding new features

to a basic component of circuit-QED experiments such as a

superconducting resonator gives rise to new possibilities. For

example, making a resonator tunable in frequency8–10 has

led to parametric amplifiers11,12 and oscillators.13,14

Using a tunable coupling for a resonator effectively

tunes its external Q-value, and it is a way to control the emis-

sion and engineer the shape15,16 of photons initially stored in

a cavity. This is useful to transfer a quantum state with arbi-

trarily high fidelity between distant cavities.17 Moreover, a

tunable coupling can also be used for quantum bath engi-

neering. It indeed enables to control the damping of a quan-

tum system embedded in a cavity. This can be used for the

fast initialization of a quantum bit18 or for the creation of ar-

bitrary strongly squeezed states of the field.19

Our scheme uses a k=2 frequency-tunable resonator8–10

intercalated between a k=4 fixed-frequency resonator and a

transmission line (Fig. 1). The fixed resonator will be

referred to as the storage cavity, whereas the frequency-

tunable resonator will be referred to as the coupling cavity.

The coupling of the storage cavity to the transmission line

depends on the transmission of microwaves through the cou-

pling cavity. The latter behaves as a Fabry-P�erot cavity and

thus its transmission is frequency-dependent. The key feature

of the system is that the resonance frequency of the coupling

cavity can be adjusted with respect to the resonance fre-

quency of the storage cavity, which leads to a variable cou-

pling between the storage cavity and the transmission line. It

is the detuning between the two cavities which determines

the strength of the coupling.

The tunability in frequency of the coupling cavity is

obtained by introducing a superconducting quantum interfer-

ence device (SQUID) at its voltage node, i.e., in its middle.

The tunable inductance of the SQUID provides a variable

contribution to the resonator total inductance, and thus

makes its resonance frequency tunable. Moreover, its induct-

ance can be tuned extremely fast.

The coplanar transmission line resonators are made to

have a characteristic impedance Z0 ¼ 50 X. Their center con-

ductor as well as the ground planes is made of niobium. An

80 nm thick layer of niobium is sputtered on a high resistivity

silicon substrate, after HF cleaning and annealing at 700�.
a)mathieu.pierre@lncmi.cnrs.fr
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The niobium is etched through a UV5 resist mask defined

with electron-beam lithography. We use reactive-ion etching

with an NF3 plasma, followed by an oxygen plasma ashing

and subsequent chemical resist removal. The SQUID is

placed in a gap etched in the resonator center conductor. We

use e-beam lithography, double-angle evaporation of alumi-

num (50 and 70 nm thick), and lift-off to fabricate the

Josephson junctions. In order to get a good contact between

the niobium and the aluminum SQUID, an argon-ion milling

step is realized in situ in the deposition chamber, prior to the

evaporation of the two aluminum layers.

The sample is placed at the cold stage of a dilution re-

frigerator, at a temperature below 25 mK, inside a magnetic

shield. The magnetic flux in the SQUID loop is controlled

both by a coil located on the sample box and with an on-chip

current line. This line can be seen in Fig. 1(e). Whereas the

coil is used for static tuning, the on-chip line has a large

bandwidth, up to 12 GHz, and thus allows fast control of the

coupling. The microwave signal reflected from the sample

undergoes heterodyne demodulation, and both quadratures

are digitized and sampled at 200 MS/s.

First, the devices are characterized with reflection meas-

urements with a network analyzer as a function of the mag-

netic flux in the SQUID loop. The two coupled resonators

give rise to two resonance modes, each of which lead to a

Lorentzian-shaped signature in the reflection coefficient.

From their linewidth, the coupling of these two modes to the

transmission line can be extracted.

Two different samples were tested. Their properties can

be found in Table I. We present data on sample A, which

was optimized for obtaining a large tunability range. Sample

B had a less favorable internal quality factor, probably due

to small variations in the fabrication process. The natural fre-

quency of the storage cavity is f1A¼ 5.186 GHz. The fre-

quency of the coupling cavity is periodically tuned with the

flux (Fig. 2(a)). It evolves from a maximum value of

5.36 GHz obtained when the flux in the SQUID loop is an in-

teger number of flux quanta. It reaches a minimum value for

half integer flux quanta in the SQUID loop, well below

4 GHz, the lower bound of our measurement band. The two

cavities are on resonance at around a quarter of a flux quan-

tum. This shows up as avoided level crossings, indicating

that two modes arise from the coupling of the two cavities.

Fig. 2(a) shows the extracted resonance frequencies fþ and

f� corresponding to these two modes. Their evolution is well

reproduced with a simple analytical model

f6 ¼
1

2
ðf1 þ f2Þ6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ Df

2

� �2
s

; (1)

where f2 is the frequency of the coupling cavity, Df ¼ f2 � f1

is the detuning, and g ¼ CcZ0ð2f 2
1 þ f 2

2 Þ ¼ 18:3 MHz is the

coupling between the two resonators. The frequency of the

coupling cavity is given8,9 by f2 ¼ f 0
2 =ð1þ c0=cosðpU=U0ÞÞ,

where f 0
2 ¼ 5:810 GHz is the geometrical frequency of the

coupling cavity, i.e., as it would be without the SQUID. The

participation ratio c0¼ 8.4% is the ratio between the

Josephson inductance of the SQUID (at zero flux) and the in-

ductance of the cavity.

Fig. 2(b) shows the external quality factors extracted

from the reflection measurement. They are defined as

Qext ¼ xr=ð2CextÞ, where xr is the angular frequency of the

resonance mode and Cext is the coupling rate to the transmis-

sion line. Far from the resonance points, the two lines can be

interpreted separately in terms of coupling of each resonator

to the transmission line. The bottom line with Qext ’ 100 is

the result of the large, capacitive coupling of the coupling

cavity, which is fixed and set by the value of the capacitance

Cout. On the contrary, the upper line, corresponding to the

coupling of the storage cavity, strongly depends on the

detuning between the two resonators. The coupling indeed

varies over several orders of magnitude. The storage cavity

therefore evolves from a strongly overcoupled to a strongly

undercoupled regime as its external quality factor can be ei-

ther larger or smaller than its intrinsic quality factor of

600 000. Close to zero detuning, the two modes tend to have

equal coupling to the transmission line, which explains why

the two lines cross at these points.

FIG. 1. (a) Schematic of the device. A k=4 transmission line resonator (stor-

age cavity) is connected to the input port via a k=2 resonator with a SQUID

in its center (coupling cavity). (b)–(e) Optical microscope images of sample

A. Subfigures c, d, and e have the same scale. (b) Image of the 5� 5 mm2

chip, showing the coplanar waveguide resonators, from the input port on top

to the grounded end of the storage cavity. The circuit is etched in a thin film

of niobium. (c) Capacitor between the input transmission line and the cou-

pling cavity. (d) Capacitor between the two resonators. (e) Aluminum

SQUID in a gap of the niobium center conductor. The line on the right side

is used to induce magnetic flux in the SQUID loop.

TABLE I. Properties of the two measured devices: frequency of the storage

resonator, critical current of the SQUID, capacitance between the coupling

cavity and the transmission line, capacitance between the two resonators,

coupling rate of the coupling cavity to the transmission line, coupling of the

two resonators, internal quality factor of the storage cavity, minimum cou-

pling time, and maximum storage time.

Sample

f1
(GHz)

Ic

(lA)

Cout

(fF)

Cc

(fF)

j
(MHz)

g
(MHz) Qint

sr

(ns)

ss

(ls)

A 5.186 1.0 70 5.1 250 18.3 600 000 14 18.4

B 5.416 1.5 9.7 5.1 5 21.2 80 000 200 2.4
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The evolution of the couplings with flux can be modeled

with three free parameters, the two capacitances Cout and Cc

and the SQUID inductance LS. The transition rate describing

the leakage of the energy contained in each mode is the aver-

age between the transition rate for each cavity, with weights

taking into account how the coupled modes of the system

decompose in the uncoupled cavity modes. This translates

into the following equations:

Cþext ¼ cos2 h
2

� �
Cext;1 þ sin2 h

2

� �
Cext;2;

C�ext ¼ sin2 h
2

� �
Cext;1 þ cos2 h

2

� �
Cext;2;

(2)

where h ¼ arctan 2g=Dfð Þ is the mixing angle describing the

eigenmodes of the system. The model relies on analytical

expressions for the coupling of the two cavities. The coupling

cavity has a coupling rate Cext;2 ¼ j=2 ¼ x2ðZ0x2CoutÞ2=p.

The storage cavity has a residual coupling Cext;1 ¼ ð2=pÞ
x1ðZ0x1CcÞ2ðZ0x1CoutÞ2=ð1þ x1LS=Z0ð Þ2Þ. The best fit

gives Cc¼ 5.1 fF, Cout¼ 70 fF, and LS¼ 345 pH. At maximum

detuning, the external quality factor of the storage cavity

diverges because the SQUID not only detunes the coupling cav-

ity but also enhances the scattering of the photons leaking out.

The static characterization of the system proves that the

coupling of the storage cavity can be varied over several

orders of magnitude. In particular, this cavity can be

efficiently decoupled from the transmission line, for a suffi-

cient detuning between the resonators, which enables to store

a field inside. To demonstrate this, we performed time-

resolved measurements, in which a field is built-up from an

RF input pulse, stored, and released after a controlled delay.

Figs. 3(a) and 3(b) show the experimental protocol. Starting

at an intermediate detuning, corresponding to a coupling of

1/250 ns, a microwave pulse on resonance with the storage

cavity is applied to the input port of the device. Once a

steady-state field has been reached in the cavity, the detuning

is increased to its maximum, with half a quantum of flux in

the SQUID loop, and the input is turned off at the same time.

The measured output signal goes to zero (Fig. 3(c)), which

proves that the coupling is effectively off. After a delay, the

coupling is brought back to its initial value. The stored

energy is therefore emitted to the transmission line, which is

seen with a fast increase of the output signal, followed by an

exponential decay as the field leaks out to the transmission

line at a constant rate.

This experiment shows that the coupling can be turned

on and off with our device. Moreover, it provides a measure-

ment of the intrinsic lifetime of the cavity. Indeed, the longer

the delay is, the less signal is recovered. Fitting the exponen-

tial decrease of the recovered signals, we estimate a lifetime

of 18.4 ls or, equivalently, a quality factor of 6� 105. Note

that this experiment has involved the storage of an average

of 80 photons in the cavity. Moreover, we have checked that

it can also be done at the single photon level, at the price of

decreased signal to noise ratio.

To demonstrate that the coupling can be continuously

adjusted to a desired value, the experimental protocol can be

slightly modified. We now vary the detuning in the release

step. As a result, we observe that the output signal decays

exponentially at different rates, from a very slow decay

when the detuning is large, to a very fast decay when the

detuning is small (Fig. 3(d)). The amplitude of the output

signal also varies accordingly, since the same amount of

energy is released in all experiments. Fig. 3(f) shows the

decay time as a function of the flux in the SQUID loop in the

release step. This is a direct measurement of the cavity life-

time, provided that a factor 1/2 is taken into account in order

to obtain the energy decay time from the voltage decay time.

At around half a quantum of flux, this time is large and satu-

rates at the intrinsic lifetime of the cavity, which means that

the energy is lost rather than being released to the transmis-

sion line. At around a quarter of flux quantum, when the

detuning approaches zero, the output signal no longer shows

an exponential decay (Fig. 3(e)), which prevents from relat-

ing the decay time to the lifetime of the cavity. When the

two cavities are close to resonance, the stored microwave

field oscillates between the two cavities. The release

time is therefore limited by the transfer time, given by

1/4 g¼ 13.7 ns. Moreover, this oscillation is slightly under-

damped, since the lifetime of the coupling cavity 1=j is such

that j=2p < 4g. It therefore shows up as an oscillation super-

imposed on the output voltage decay. This is well repro-

duced by a model of the release mechanisms, which includes

low-pass filtering of the output signal to account for the

finite bandwidth (90 MHz) of the digitizer (Fig. 3(e)).

Nevertheless, the experiment shows that the storage cavity

FIG. 2. Spectroscopy measurements of sample A. (a) Evolution of the fre-

quencies of the two resonance modes as a function of flux in the SQUID

loop. Plain, red lines: fit with an analytical model taking into account the

coupling between the two resonators (see text). From the model, the reso-

nance frequencies of the two cavities in absence of coupling can be com-

puted (dashed lines). (b) External quality factors for both resonance modes,

extracted from the measurements. The upper line varies over several order

of magnitude, indicating the tunability of the coupling of the storage cavity

with the detuning. The red line is the model explained in the text.

232604-3 Pierre et al. Appl. Phys. Lett. 104, 232604 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.16.193.52 On: Thu, 21 Aug 2014 13:43:17



lifetime varies over three orders of magnitude, from 14 ns to

18 ls. Increasing Cout such that j=2p reaches 4 g would give

a critically damped device which would not show any oscil-

lation, and the release time would be limited by 4=j.

The tunable coupling system presented here has several

advantages. It is easy to implement in any circuit-QED lay-

out, where it can simply replace the usual coupling capaci-

tances. An extremely small coupling is naturally obtained

when the coupling cavity is maximally detuned and the

losses are limited by internal losses in the storage cavity. On

the other hand, the maximum coupling is set by the two

capacitances of the system. Couplings even stronger than

shown in this article should be easy to obtain. Furthermore,

with this coupling mechanism, the storage cavity is free from

Josephson junctions, which cause additional dissipation in

tunable resonators. Indeed, when the coupling is set to a

small value in order to store a quantum field or perform

coherent manipulation, no field exists in the tunable cavity.

This may explain why we reached a higher cavity lifetime

than previously reported for a cavity equipped with a differ-

ent, inductive tunable coupling.6

To conclude, we report on a superconducting circuit for

coherent manipulation of microwave signals. Its primary

function is to make the coupling between a microwave co-

planar resonator and a transmission line tunable. This is

interesting in circuit-QED experiments, for instance, to make

single-photon on-demand sources or to shape photons. We

demonstrated that the lifetime of a resonator can be tuned in

a large range, from 14 ns to 18 ls. This proves that, while

our system enables to achieve large couplings, it does not

enhance the cavity losses, and therefore allows to store

microwaves for a long time.
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Wilson and financial support from the European Research

Council, the European project PROMISCE and the

Wallenberg Foundation.

1A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.-S. Huang, J. Majer, S.

Kumar, S. M. Girvin, and R. J. Schoelkopf, Nature 431, 162 (2004).
2M. Hofheinz, H. Wang, M. Ansmann, R. C. Bialczak, E. Lucero, M.

Neeley, A. D. O’Connell, D. Sank, J. Wenner, J. M. Martinis, and A. N.

Cleland, Nature 459, 546 (2009).
3C. Eichler, D. Bozyigit, C. Lang, L. Steffen, J. Fink, and A. Wallraff,

Phys. Rev. Lett. 106, 220503 (2011).
4A. A. Houck, D. I. Schuster, J. M. Gambetta, J. A. Schreier, B. R. Johnson,

J. M. Chow, L. Frunzio, J. Majer, M. H. Devoret, S. M. Girvin, and R. J.

Schoelkopf, Nature 449, 328 (2007).
5I.-C. Hoi, C. M. Wilson, G. Johansson, T. Palomaki, B. Peropadre, and P.

Delsing, Phys. Rev. Lett. 107, 073601 (2011).
6Y. Yin, Y. Chen, D. Sank, P. J. J. OMalley, T. C. White, R. Barends, J.

Kelly, E. Lucero, M. Mariantoni, A. Megrant, C. Neill, A. Vainsencher, J.

Wenner, A. N. Korotkov, A. N. Cleland, and J. M. Martinis, Phys. Rev.

Lett. 110, 107001 (2013).
7H. J. Kimble, Nature 453, 1023 (2008).
8M. Wallquist, V. S. Shumeiko, and G. Wendin, Phys. Rev. B 74, 224506

(2006).
9M. Sandberg, C. M. Wilson, F. Persson, T. Bauch, G. Johansson, V.

Shumeiko, T. Duty, and P. Delsing, Appl. Phys. Lett. 92, 203501 (2008).
10A. Palacios-Laloy, F. Nguyen, F. Mallet, P. Bertet, D. Vion, and D.

Esteve, J. Low Temp. Phys. 151, 1034 (2008).
11T. Yamamoto, K. Inomata, M. Watanabe, K. Matsuba, T. Miyazaki, W. D.

Oliver, Y. Nakamura, and J. S. Tsai, Appl. Phys. Lett. 93, 042510 (2008).
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FIG. 3. Storage and release of microwaves with sample A. (a) and (b)

Sketch of the control pulse sequence. A 2 ls long microwave pulse on reso-

nance with the storage cavity is sent at the input port. The coupling, initially

at 1/250 ns, is set to zero for a variable storage time. Finally, the coupling is

set back to its initial value, allowing the release of the stored energy. (c)

Magnitude of the demodulated output signal for various storage times, rang-

ing from 18 to 78 ls. The input power is �120 dBm, corresponding to stor-

age of 80 photons on average. The recovered output amplitudes decrease

with a characteristic amplitude decay time of 37 ls (dashed line). (d) Output

traces obtained for several final detunings, associated with different cou-

plings, or equivalently, different decay rates. (e) Output trace obtained at

zero detuning (black dots) showing fast but nonexponential decay, and simu-

lated trace (blue line) using numerical resolution of a Lindblad master equa-

tion with an initial coherent state in the storage cavity. The trace has been

low-pass filtered with a cut-off frequency of 90 MHz. (f) Output signal

decay times extracted as a function of the final flux in the SQUID loop

(black dots). The red line shows the same decay rate calculated from the

coupling measurements shown in Fig. 2 (no fitting parameter). They differ

only when the decay rate saturates because of the intrinsic loss rate of the

storage cavity (blue line).
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