
Vacuum Rabi splitting due to strong coupling of a flux qubit and a coplanar-waveguide resonator

Abdufarrukh A. Abdumalikov, Jr.,1,†,* Oleg Astafiev,1,2 Yasunobu Nakamura,1,2,3

Yuri A. Pashkin,1,2,† and JawShen Tsai1,2,3

1The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-0198, Japan
2NEC Nano Electronics Research Laboratories, Tsukuba, Ibaraki 305-8501, Japan

3CREST-JST, Kawaguchi, Saitama 332-0012, Japan
�Received 19 August 2008; revised manuscript received 17 September 2008; published 10 November 2008�

We have experimentally studied a superconducting flux qubit strongly coupled to a single mode of a
high-quality transmission-type coplanar-waveguide resonator. The qubit-resonator coupling is revealed in the
resonator transmission spectrum as a vacuum Rabi splitting. In the dispersive regime the qubit energy levels
are spectroscopically probed. We observe a shift in the qubit transition frequency that linearly depends on the
number of photons in the resonator, which is attributed to the ac-Zeeman shift. The observations are in
agreement with the theoretical predictions.
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A two-level quantum system �e.g., spin 1/2� coupled to a
quantum harmonic oscillator is the object of cavity quantum
electrodynamics �cQED�. Such systems realized in micro-
wave1 and optical2 domains are of great interest in the study
of fundamental quantum mechanics of open systems as well
as the engineering of quantum states �e.g., squeezed,
Schrödinger-cat, and Fock states� and have also been pro-
posed for their use in quantum information processing.1–3

Ideas for circuit analogs of cQED have recently been pro-
posed and some have been demonstrated using supercon-
ducting macroscopic two-level systems �charge,4–11 flux,12,13

and phase14,15 qubits� coupled to electromagnetic or nanome-
chanical resonators.16,17 In recent experiments, a quantum
state has been stored and coherently transferred between two
superconducting phase qubits via a resonator14 and two
charge qubits have been successfully coupled using an on-
chip resonator as a quantum bus.9 Using a charge qubit,
single microwave photons have been generated by spontane-
ous emission8 and a single artificial-atom maser was experi-
mentally demonstrated.10 An advantage of superconducting
cQED systems over atomic ones is that the qubit energy can
be tuned by varying external magnetic field or gate voltage
providing control over the qubit-resonator interaction. More-
over, qubits remain at fixed positions and do not suffer from
the fact that the coupling energy g varies with position of
atoms in the cavity.

Unfortunately, charge qubits in the large charging energy
limit suffer from the low-frequency background charge fluc-
tuations. In order to minimize the effect of charge noise
which is the main source of decoherence in charge qubits one
needs to lower the charging energy by increasing its capaci-
tance with an expense of reduced anharmonicity.18,19 An al-
ternative approach would be the use of flux qubits instead of
charge qubits.20 Flux qubits are less susceptible to the charge
noise while having large anharmonicity. In the previous
works on flux qubits, lumped-element resonators with a rela-
tively low-quality factor �Q� have been used12,13,21 while
coupling to high-frequency resonators can be achieved more
straightforwardly by using distributed elements such as
coplanar-waveguide �CPW� transmission line resonators.20

With realizable system parameters, a coupling energy g of

the order of 100 MHz�h could be reached while the photon
decay rate � from the resonator could be less than 2�
�1 MHz. Also, recent experiments report the decay rate for
flux qubits of the order of ��2��1 MHz.22 Thus, the con-
dition for strong coupling g /h��; � is readily fulfilled.

In this Rapid Communication, we demonstrate strong
coupling between a flux qubit and a microwave field in a
high-Q resonator. The transmission spectrum of the system
shows vacuum Rabi splitting when the qubit is in resonance
with the resonator. In the dispersive regime, the coupling is
used to measure level separation between the states of the
flux qubit. We also demonstrate that the interaction between
the flux qubit and the photon field in the resonator gives rise
to a large ac-Zeeman shift of the qubit energy levels depend-
ing on the average photon number n̄ in the resonator. This
effect was observed earlier in atomic systems23 and with
charge qubits.6

We use an on-chip superconducting CPW resonator. The
resonator is described by the harmonic-oscillator Hamil-
tonian of Hr=h�r�a†a+1 /2�, where �r is the resonant fre-
quency and a† and a are the photon creation and annihilation
operators, respectively.

The flux qubit is a superconducting loop with four Jo-
sephson junctions.22 Three junctions are designed to be iden-
tical while the fourth one is smaller. Under the operating
condition of ���0 /2, where � is the applied external mag-
netic flux and �0 is the magnetic-flux quantum, the lowest
two energy levels of the qubit are well separated from the
higher levels and can be described by the Hamiltonian
Hq=− 1

2 ��	x+
	z�. Here � is the tunneling energy between
the two wells of the qubit potential,24 
=2Ip��−�0 /2� is the
energy bias of the qubit, Ip is its persistent current, and 	x,z
are Pauli matrices. The qubit parameters such as Ip and � are
predetermined during the fabrication process, while the third
parameter—the external magnetic flux �—is controlled dur-
ing the experiment.

The qubit is located close to the center of the resonator
where the current �and the magnetic field� has an antinode
and is coupled to the resonator via the mutual inductance M.
The corresponding Hamiltonian describing the magnetic-
dipole interaction is Hint=g�a+a†�	z. The coupling constant
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is found as g=MIpIr0, where Ir0=�h�r /Lr is the zero-point
current in the resonator and Lr is the total resonator induc-
tance.

The total Hamiltonian for the coupled system of a har-
monic oscillator and a two-level system is, therefore,

H = h�r�a†a +
1

2
� −

1

2
��	x + 
	z� + g�a + a†�	z. �1�

The coupling leads to the change in the dressed-state ener-
gies of the system from its bare values h�r�n+1 /2��h�a /2,
where n is the photon number in the resonator and h�a

=�
2+�2 is the energy-level separation of the bare qubit.
The CPW resonator is fabricated with wet etching of a

200-nm-thick Nb film deposited on a thermally oxidized sili-
con chip �Fig. 1�a��. The width of the central conductor is
20 �m, and the gap between the central conductor and the
ground plane is 10 �m resulting in the wave impedance of
about 50 . The resonator is defined by two discontinuities
in the central conductor of CPW. The fundamental-mode fre-
quency of the half-wavelength transmission-type CPW reso-
nator is �r�9.907 GHz. At temperatures T�50 mK, much
lower than h�r /kB�500 mK, the resonator is nearly in its
ground state with the thermal photon occupancy nth�8
�10−5. The total resonator inductance Lr�2.5 nH is esti-
mated from its geometry, which gives rise to Ir0�52 nA.
The measured quality factor of the resonator is Q�7�103.

The corresponding photon relaxation rate is �=�r /Q�2�
�1.4 MHz.

The central Nb conductor of the resonator is interrupted
near its center and an Al strip with a qubit is inserted in the
line �Fig. 1�b��. The Nb-Al interface is formed by a natural
Nb oxide. The strip has a constriction and is coupled to the
qubit mainly via the kinetic inductance of the shared part.
The geometric inductance is negligible in comparison to the
kinetic inductance. The strip and the qubit are deposited to-
gether using two-angle shadow evaporation technique. The
thicknesses of the first and the second Al layers are 20 and
30 nm, respectively. To form the tunnel junctions in the qu-
bit, Al is oxidized in an Ar+O2 mixture before the second
layer deposition �Fig. 1�d��.

This qubit-resonator system is characterized by measuring
the amplitude 	T	 and phase � of the microwave transmission
coefficient as a function of the probe power Pp and the probe
frequency �p using a vector network analyzer. The signal
transmitted through the resonator is amplified using a cryo-
genic amplifier at 4.2 K stage and room-temperature ampli-
fiers. In order to prevent leakage of thermal radiation we use
attenuators on the input line and isolators on the output line.
The energy bias 
 of the qubit is controlled by the external
field applied using a small coil.

The transmission spectrum as a function of the qubit en-
ergy bias is shown in Fig. 2. In the measurement we keep the
power Pp below 1�10−18 W at the input to the resonator,
which corresponds to the average number of photons inside
the resonator n̄= Pp /�h�r of the order of 0.01 at resonance
�see below�. This allows us to measure the transitions from
the ground state only. By tuning qubit energy h�a to h�r, we
observe vacuum Rabi splitting, i.e., the anticrossings be-
tween the resonator single-photon state and the qubit first-
excited state. The anticrossings can be observed when the
photon � �i.e., linewidth of the resonator� and the qubit decay
rates � are smaller than g /�; that is, the strong-coupling
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FIG. 1. �Color online� �a� Optical image of the superconducting
Nb coplanar-waveguide resonator on a 5�2.5 mm2 silicon chip.
�b� Electron micrograph of the Al strip with a qubit in the middle
overlapping the interrupted Nb central conductor on the left and the
right. �c� Schematic view of the qubit. �d� Flux qubit with four
Josephson junctions coupled to the resonator via kinetic inductance
of the shared part of the Al strip.
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FIG. 2. �Color online� Resonator transmission amplitude 	T	
plotted versus the probe frequency �p and the qubit energy bias 
.
Lower panels are enlarged plots of anticrossings. Dashed lines rep-
resent the fitting based on exact solutions of Hamiltonian �1�.
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condition is fulfilled. Away from the anticrossings, the qubit
and the resonator are effectively decoupled, which is re-
vealed as a resonant transmission at the frequency near �r.

In the dispersive limit, when the detuning �=h��a−�r� is
large in comparison with g, diagonalization of Hamiltonian
�1�, after transforming into qubit eigenbasis 	z� and using
rotating wave approximation, leads to the effective
Hamiltonian4

H � �h�r −
g1

2

�
	z��a†a −

1

2
�h�a +

g1
2

�
�	z�, �2�

where g1=g sin � and �=arctan�� /
�. The first term de-
scribes the dependence of the resonator frequency on the
qubit state 	z�, the detuning �, and the coupling energy g.
Thus, the state of the qubit can be inferred from the measure-
ment of the resonator frequency. On the other hand, the level
separation of the qubit h�̃a=h�a+2ng1

2 /�+g1
2 /� depends on

the number of photons in the resonator. The second term
proportional to n corresponds to the ac-Zeeman effect, and
the last term corresponds to the Lamb shift.

In order to find the level separation of the qubit, we mea-
sure the phase � of the transmitted probe signal depending
on the qubit states.6 The probe frequency is adjusted to maxi-
mum transmission through the resonator, which takes place
at �p=�r−g1

2 /h� when the qubit is in the ground state. The
qubit is then excited by applying an additional continuous-
wave �cw� microwave of frequency �e through the same in-
put port as the probe signal. For a large amplitude drive, the
populations of the qubit ground and excited states approach
1/2 when �e matches �̃a. In this case, the change in phase �
is expected to saturate at ��=arctan�g1

2 /����. By sweeping
�e and 
, we have mapped out the qubit energy-level sepa-
ration h�̃a �Fig. 3�a��. The phase shift due to the qubit exci-
tation is observed as narrow dark �below 9.9 GHz� and bright
�above 9.9 GHz� lines. As expected, for h�a�h�r we ob-
serve a negative change; while at h�a�h�r the phase change
is positive and decreases with the qubit energy. Note that we
can distinguish the qubit states even at its degeneracy point

=0. Using this technique, we have also measured the spec-
trum of the higher levels of the qubit �not presented in this
Rapid Communication�.

The spectroscopy results are fitted to the eigenstate of the
full Hamiltonian of the four-junction flux qubit �Fig. 3�b��.
From the fitting, we find the charging energy of the large
junctions EC�2.67 GHz�h, their Josephson energy EJ
�153 GHz�h, and the ratio of the small and the large junc-
tions ��0.58. The persistent current is found from the ex-
ternal flux positions of two anticrossings to be Ip�144 nA.
Using these parameters we fit the observed vacuum Rabi
splitting by diagonalizing Hamiltonian �1� �dashed lines in
Fig. 2� �Ref. 25� and obtain the coupling energy g�120
MHz�h. This gives an estimate of the mutual inductance
M =g / IpIr0�10.7 pH, which is close to the designed value
of 15 pH.26

For the spectroscopy we have used the dependence of the
resonator frequency on the state of the qubit. Correspond-
ingly, the resonator acts back onto the qubit through their
mutual coupling. In order to characterize the effect of this

“back action,” we measure the qubit spectrum at 
=0 for
various probe power Pp. In the low power limit Pp→0, the
qubit has a level separation h�̃a=h�a+g1

2 /��2.12 GHz�h
though the small Lamb shift is not resolved experimentally.
With increasing Pp, h�̃a shifts linearly �Fig. 4�, which is at-
tributed to the ac-Zeeman shift. At this particular energy bias

=0, the ac-Zeeman shift due to one photon is calculated to
be 2g2 /��−3.8 MHz�h. Thus, the dependence of the av-
erage intraresonator photon number n̄ on the input power Pp
can now be determined. With this relation, the probe power
level used in the measurements of the vacuum Rabi splitting
and the qubit spectrum is calibrated to be n̄�0.01.

In our experiments, we have achieved a strong coupling
of a superconducting transmission-type resonator with a flux
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FIG. 3. �Color online� �a� Intensity plot of phase � as a function
of energy bias 
 and exciting frequency �e. White stripes corre-
spond to the regions not measured. �b� Comparison of the experi-
mentally found level separation �symbols� with the fitting based on
exact solutions of the full Hamiltonian �line�.
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FIG. 4. �Color online� Comparison of the experimentally found
level separation shift �symbols� with a linear fit �line�.
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qubit, which is demonstrated by the observation of the
vacuum Rabi splitting in the transmission spectrum of the
resonator. In the dispersive regime, the strong coupling leads
to the shift of the resonator frequency depending on the qubit
states. Using this property we measured spectrum of the qu-
bit. We also observed the ac-Zeeman shift of the qubit level
separation due to the photon field in the resonator. The agree-

ment with theoretical predictions demonstrates that a flux
qubit coupled to a resonator is a well-tailored system for
cavity-QED experiments.
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