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We report on radio-frequency �rf� measurements of the charge-phase qubit being under continuous micro-
wave irradiation in the state of weak coupling to a radio-frequency tank circuit. We studied the rf impedance
dependence on the two important parameters such as the power of microwave irradiation, whose frequency is
close to the gap between the two lowest qubit energy levels, and the temperature of the internal heat bath. We
have found that backaction effects of the qubit on the rf tank and vice versa, tank on the qubit, lead to a
negative as well as a positive real part of the qubit impedance Re Z��� seen by the tank. We have implemented
noise spectroscopy measurements for direct impedance readout at the extreme points corresponding to maxi-
mum voltage response and obtained absolute values of about 0.017 � for the negative and positive Re Z���.
Our results demonstrate the existence and persistence of the coherent single- and multiphoton Rabi dynamics
of the qubit with both negative and positive dynamic resistances inserted into the tank in the temperature range
of 10–200 mK.
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I. INTRODUCTION

Nowadays, the problem of building a new class of infor-
mation signal detectors based on solid-state Josephson qu-
bits, in which coherent phenomena such as single- and mul-
tiphoton Rabi oscillations occur, is under intensive
discussion.1–7 The behavior of these detectors would essen-
tially differ from that of quantum devices utilizing nonlinear
effects of macroscopic quantum tunneling, macroscopic
resonant tunneling, and superposition of macroscopic
states8–13 by the presence of intrinsic generation in the qubit
at the Rabi frequency. The variation in ground and excited
levels population of the qubit with the Rabi frequency results
in a periodic alteration of the magnitude and sign of the qubit
reactive parameter. Similar to the known classical electrody-
namics of Josephson junction in a resonator giving rise to the
effects of parametric amplification,14–16 the interaction of a
weak signal from the tank circuit with Rabi oscillations in
the qubit may lead to parametric amplification �attenuation�
effects, i.e., negative �positive� resistance being inserted
from the qubit into the tank circuit.17–19 The amplitude of
these effects will depend on the qubit decoherence time ��

�Rabi oscillations frequency band�; the latter must exceed the
period of oscillations in the tank circuit coupled with the
qubit, ���T=2� /�T, where �T is the tank circuit resonant
frequency.

It was shown20,21 that a qubit placed in microwave �MW�
field might show Sisyphus cooling effects21–23 in the oppo-
site limit ���T��R, i.e., when the qubit decoherence time
was less than the LC tank circuit oscillation period which
was about the relaxation time �R. The observation of the
negative resistance inserted by the qubit into the tank circuit
is possible in both cases. However, the resistance value and
its dependence on temperature, frequency, and microwave
power will substantially differ. In both cases, the character-

istics of the qubit-detector system will depend on the qubit’s
effective temperature Teff, which is contributed by the mea-
surement process itself, the physical temperature of the bath
Tbath, the quality of thermalization24 of the qubit input circuit
�gates�, etc. Note that in a region of large Teff values, the
observation of complicated classical electrodynamics associ-
ated with so-called pseudo-Rabi oscillations is possible.25

The aim of this work is to analyze experimentally coher-
ent processes in a charge-phase qubit26,27 being under con-
tinuous microwave irradiation in the state of weak coupling
to a radio-frequency tank circuit. It is important to note here
that our experiment is similar but not identical to that of Ref.
21. In this paper, we address the problem of coherent single-
and multiphoton Rabi dynamics of the charge-phase qubit
with ���T in a wide temperature range. The direct observa-
tion of absorption and irradiation properties of a strongly
driven qubit coupled to a rf tank circuit, being of fundamen-
tal interest, also has potential applications to quantum detec-
tors based on charge-flux qubits with self-Rabi frequency
pumping.

The paper is organized as follows. In Sec. II, the theoret-
ical description of a strongly driven charge-phase qubit
coupled to an rf tank detector and the analysis of measured
output functions are given. The main Sec. III is devoted to
the detailed experimental investigation of coherent single-
and multiphoton Rabi dynamics of the strongly driven
charge-phase qubit probed by an rf tank detector.

II. SYSTEM OF CHARGE-PHASE QUBIT AND
TANK CIRCUIT

The charge-phase qubit �Fig. 1� is topologically a single-
junction rf superconducting quantum interference device
�SQUID� whose Josephson junction is replaced by a single-
Cooper-pair transistor.26–29 The latter consists of two mesos-
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copic junctions with Josephson energies EJ1 ,EJ2 and capaci-
tances C1 , C2 coupled by a small island. The Hamiltonian
of the charge-phase qubit in the eigenstate basis within the
two-level approximation �ECP�	J�
�� and the small-
inductance limit reads as27,30–32

Ĥq =
1

2
�E�̂z =

1

2
�	J

2�
� + D2�ng��1/2�̂z, �1�

where the effective Josephson energy 	J�
�= �EJ1
2 +EJ2

2

+2EJ1EJ2 cos 
�1/2 is a function of the total phase bias across
both junctions 
=�1+�2 ��1 and �2 are phase differences at
the individual junctions�; D�ECP�1−ng�, parameter ng
=CgVg /e characterizes the polarization charge eng in the is-
land controlled by the gate voltage Vg via the charge-gate
capacitance Cg, and ECP= �2e�2 /2C
 is the two-electron Cou-
lomb energy of the island expressed through its total capaci-
tance C
=C1+C2+Cg regarding the rest of the system. The
inductance Lq of the qubit loop is assumed to conform to the
small-inductance limit �typically LqIc /�0�10−2, �0=h /2e
is the flux quantum�, so that the total flux through the qubit
loop ���e, 
�2��e /�0, and the potential �Josephson�
energy of the qubit is periodic on �. Thus, the charge-phase
qubit design permits the implementation of an in situ control
of Josephson coupling energy 	J�
� by means of external
magnetic flux �e and the effective charging energy D�ng� by
gate voltage Vg. The current operator of an isolated qubit
corresponding to the Hamiltonian �1� is given by27,30–32

Î =
2e

�

�Ĥq

�

= Iq�̂z, Iq�ng,
� =

e

�

EJ1EJ2 sin 


�E�ng,
�
, �2�

so that its basis states are discriminated by the two oppo-
sitely circulating in the qubit loop supercurrents Iq that cor-
respond to the ground and the excited qubit energy levels.

In the general case, at arbitrary ratio of the Josephson and
charging energies 	J�
� /ECP �while the two-level approxima-
tion �1� is determined by 	J�
� /ECP�1�, the energy spec-
trum and eigenfunctions of the charge-phase qubit are given,
respectively, by the Bloch bands En�q ,
� and the Bloch wave
functions �q ,
 ;n	 �n=0,1 ,2. . . is the band index and q
=eng is the quasicharge� that are numerical solutions of
Schrödinger equation with Hamiltonian containing all the
charge states and a periodic Josephson potential.26,29 Then
the lowest two energy levels n=0,1 form the basis of the

charge-phase qubit, so that Ĥq= �1 /2��E�̂z, where �E
=E1�ng ,
�−E0�ng ,
� is the energy gap between the two low-
est qubit levels.

In our experiments, the qubit is driven by coupling the
microwave field of frequency �0 and amplitude Vr to a volt-
age gate with constant voltage component Vg0, Vg=Vg0
+Vr cos �0t, and its dynamical properties are probed by the
well-known rf SQUID impedance measuring technique33,34

�IMT� following the conception of weak continuous quantum
measurements.17,35–38 In the IMT, the qubit is inductively
coupled to a high-quality tank circuit serving as a linear de-
tector. For the tank circuit driven by a small-amplitude ex-
ternal rf-bias current Irf cos �rft, the measured output func-
tions are the amplitude of the voltage oscillations VT and the
voltage-current phase shift �T. Also, the spectrum of voltage
fluctuations SV��� in the undriven tank can be sensitive to
qubit dynamics �the noise spectroscopy method�.

The IMT weak continuous measurements were effectively
used for microwave spectroscopy and characterization of
charge-phase qubits.31,32 There, the resonant response of the
qubit to microwave irradiation was observed through a
change in the average qubit Josephson inductance making
contribution to the reactive part of the tank impedance. Es-
sentially, different effects were predicted in Ref. 17, when at
resonant microwave irradiation there exist coherent low-
frequency �Rabi-type� oscillations in a qubit with frequency
nearby the tank resonant frequency. Then damping and am-
plification of the voltage signal VT, with respective modifi-
cation of the spectrum of voltage fluctuations SV��� in the
undriven tank and its quality factor, should be observed ow-
ing to the insertion of positive or negative dynamic active
impedance �resistance� into the tank circuit from a qubit.
These phenomena enable probing the coherent properties of
qubits necessary for quantum manipulations.

In the presence of the qubit, at the resonant condition
�rf=�T of driving the tank, the expressions for its effective
damping rate �̄T, the resonant frequency �̄T, the amplitude of
the voltage oscillations VT, and the voltage-current phase
shift �T have the form17,18

�̄T = �T + k2LqIq
2�T�zz� ��T� , �3a�

�̄T = �T

1 − k2LqIq

2�zz� ��T� , �3b�

VT =
Irf

CT

1


�k2LqIq
2�T�zz� ��T��2 + �̄T

2
, �3c�
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FIG. 1. Circuit diagram of the charge-phase measurement sys-
tem. The components situated at the lowest temperature are shown
in the dashed box. The qubit and LC tank circuit parameters are
Lq= �0.9�0.045� nH, Ic1,2�100 nA, CJ1,2�2.0 fF, Cg

= �0.18�0.02� fF, CT= �165�5� pF, LT= �0.173�0.003� �H,
�T /2�= �29.8�0.05� MHz, RT= �0.092�0.002� �, and Q0

=350�2; M = �0.365�0.005� nH and the parameter k2Q0

=0.3�0.03. The preamplifier and the part of the tank circuit placed
on 1 K pot are shown in the dotted boxes. All the electric lines are
equipped with copper powder �CP� filters and attenuators �A�.

SHNYRKOV et al. PHYSICAL REVIEW B 79, 184522 �2009�

184522-2



tan �T = − k2LqIq
2�T

�̄T

�zz� ��T� , �3d�

where �T is the own damping rate of the tank, k=M /
LTLq
�1 is the coupling coefficient, M is the mutual qubit-tank
inductance, LT and CT are the inductance and capacitance
of the tank, respectively, and �zz� ��� ,�zz� ��� are the real and
imaginary parts of the qubit magnetic susceptibility �zz���.
The latter is defined by the relation �d�Î	 /dt��

=�zz���MIq
2�dIT /dt�� and describes a low-frequency re-

sponse of the qubit to a tank probing signal. The rate of
absorbtion of weak signal energy by a qubit from a tank
U���= �1 /2���zz� ����MIqIT�2 �IT=VT /�LT is the current in
the tank�, according to properties of generalized
susceptibility.39 Thus, the function �zz� ��� defines the absorp-
tion ��zz� ����0� and irradiation ��zz� ����0� properties of a
driven qubit coupled to rf tank detector.

Renormalizations �3a� and �3b� of the tank parameters
�̄T , �̄T at resonance ��=�T� involves the renormalization of
the tank quality factor

Q =
�̄T

�̄T

=
�̄TL̄T

R̄T

=
�̄T�LT + Lq�

RT + Rq
, �̄T = �L̄TCT�−1/2,

Lq � LTk2LqIq
2�zz� ��T�, Rq � �TLTk2LqIq

2�zz� ��T� , �4�

where L̄T=LT+Lq is the effective inductance of the tank in-

cluding inserted from the qubit inductance Lq, and R̄T=RT
+Rq is the effective resistance of the tank including inserted
from the qubit resistance Rq �Rq���=Re Z���, where Z��� is
the qubit impedance seen by the tank�. The characteristic
impedance of the tank at resonance is

Rc =
VT

Irf
=

Q

�̄TCT

= Q2R̄T =
L̄T

R̄TCT

,

so that the tank voltage VT is inversely proportional to the

effective tank resistance R̄T. The Lorentzian-shaped voltage
fluctuations spectrum SV��� in the tank is characterized by
the renormalized quality factor �4�.

For the special case of charge-phase qubits, the theory of
Rabi oscillations and low-frequency qubit response have
been investigated in Ref. 18. The Rabi frequency �R of co-
herent low-frequency oscillations generated at near-resonant
driving of the charge-phase qubit by microwave field reads
as18

�R = 
�0
2 + 	2, 	 = �g − n�0, �g = �E/�, �	� � �0,

�0 = n�0 tan �Jn���, � =
2eVr

��0

Cg

C


cos � , �5�

where �0 is the core n-photon Rabi frequency, tan �
=	J�
� /D�ng��1. The most essential in our context low-
frequency parts of the functions �zz� ��� ,�zz� ��� in the pres-
ence of Rabi oscillations have the form18

�zz� ��� =
P0

�
��0

�R

2 �R − �

�� − �R�2 + �2 ,

�zz� ��� =
P0

�
��0

�R

2 �

�� − �R�2 + �2 , �6�

where � denotes the dephasing rate for the transverse com-
ponent of the Bloch vector to determine the qubit dynamics,
the polarization constant P0= �	 /�R���̂z	, ��̂z	=Sp��̂�̂z�=1
−2P+, P+�0.5 being the probability of the qubit excited
state ��̂ is the reduced density matrix of the qubit�, at that
0� ��̂z	�1. It is essential that the parameter P0 and there-
fore �zz� ��� and the qubit-induced contribution to the effec-
tive damping rate of the tank �̄T �Eq. �3a�� alter their sign
when the detuning parameter 	 does so. Thus the effective

resistance R̄T��̄T contains a negative contribution Rq from
the qubit at �g��e��n�0�	�0, �̄T��T� and a positive con-
tribution at �g��e��n�0 �	�0, �̄T��T�.

As seen from Eq. �6�, the functions �zz� ��� ,�zz� ��� have
nonmonotonous resonant character near n-photon Rabi fre-
quencies. In their turn, as follows from Eq. �2�, the weak
continuous quantum measurement output functions VT ,�T of
the tank detector expressed through �zz� ��� ,�zz� ��� have reso-
nant contributions conditioned by coherent Rabi dynamics of
the qubit at �R��T with small damping and decoherence
rates ���R. Notice that in previous spectroscopy experi-
ments with charge-phase qubits,31,32 there was only a small
changing in the tank effective resistance ����R and

�zz� ����0, R̄T�RT� and the voltage VT conditioned by
�zz� ��� could only decrease, as seen from Eq. �3c�. In the case
of coherent Rabi dynamics at �R��T, �zz� ��� can be non-
zero while �zz� ����0, and the voltage VT can both decrease
or increase relative to the voltage level of the passive tank
depending on the sign of �zz� ��T��Rq.

Recently, the quantum theory of the low-frequency linear
susceptibility of flux and charge-phase qubits subjected to
microwave irradiation was developed within the density-
matrix formalism in Ref. 19. This theory describes the para-
metric effects of reduction and amplification in signal and
quality of the tank coupled to charge-phase qubits in the
strong charge limit ECP�	J���.

The above theoretical outline gives only a qualitative pic-
ture of the effects in the system of charge-phase qubit and
tank detector and cannot allow for their quantitative descrip-
tion. First, the charge-phase qubit has such parameters that
ECP�	J��� in our experiment, while its Hamiltonian and the
energy spectrum are of more complicated structure as com-
pared to the two-level approximation �1�, and numerical
solving of the Schrödinger equation is needed for this struc-
ture to be found. Another important feature is a strong non-
linearity of the qubit’s response to the external electromag-
netic excitation due to the Josephson character of the energy
potential for the quantum coordinate of the system. As
shown in the quantum-mechanical model of a SQUID ring
coupled to an electromagnetic field,40 the energy levels of the
SQUID with coherent dynamics of magnetic flux change so
dramatically in time when excited by strong electromagnetic
field that their time averages essentially differ from the initial
system levels. The shape of the time-averaged energy levels
�E0	��e� and �E1	��e� in the high-power electromagnetic
field depends on its frequency and amplitude in a compli-
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cated manner, showing the compression between the levels
and the interference patterns of resonant interactions between
the two lowest ones. Similar by their nature effects are ob-
served in nonlinear quantum optics. So, a two-level atom in
strong electromagnetic field demonstrates nonlinear effects
of the compression of its energy �quasi�levels and Stark
effect.41 Another basic aspect of the theoretical consideration
of quantum dynamics of the qubit-detector system is taking
into account the temperature effect resulting in finite width
of the signal generation band in the qubit and in the tank,
thus determining eventually the shape of the observed signal
characteristics.

III. CHARGE-PHASE QUBIT AND
EXPERIMENTAL RESULTS

A. Qubit calibration

The sample �see Fig. 1� was fabricated by electron-beam
lithography and conventional two-angle technology of alu-
minum thin-film deposition to create two mesoscopic Jo-
sephson junctions with area SJ1,J2�3.5�104 nm2, tunnel
resistance RJ1,2�3.0 k�, and EJ1,2 /h�53 GHz. The esti-
mate of RJ1,2 was obtained from direct measurements of the
tunnel resistance of a large-area “witness.” Analysis of the
scanning electron micrograph of the sample shows that the
areas of the Josephson junctions in this charge-phase sample
differ by approximately 15%. The difference between the
areas of the junctions determines the asymmetry of the criti-
cal currents and leads to the optical evaluation of minimal
value of the effective Josephson energy 	J��� /h= �EJ1
−EJ2� /h�7 GHz of the Cooper-pair transistor. The two-
electron Coulomb energy evaluated on the basis of the geo-
metric transistor capacitance is ECP /h�17 GHz. The actual
value of ECP may be somewhat smaller due to the effect of
the stray capacitance of the island. Thus, the two character-
istic energies in the given qubit are on the same order of
magnitude and meet the adiabaticity condition 	J����ECP
��Al�0�.

Choosing ECP�	J��� instead of the strong condition
ECP�	J���, we decrease the influence of the nonequilibrium
noise of the charge on coherent dynamics of the qubit.2 For
the same purpose,29,42 both the ratio �Cg /C
�2�2�10−3 and
the ratio of the real part of the charge-gate line impedance to
the quantum resistance Re Zg��� /RQ�10−2 �RQ=h /4e2� are
made small in the given sample of the charge-phase qubit. To
reduce the qubit effective temperature Teff, all the input elec-
tric circuits were thoroughly filtered by multiresonance
�Cu�O powder filters, and the voltage supply resistor along
with the last stage of the copper filter of the charge-gate line
were placed onto 10 mK refrigerator stage for better thermal-
ization.

The island volume allows us to estimate the number of
states Neff and the characteristic temperature43 T�

=�Al�0� /kB ln Neff�120 mK, above which the number of
the quasiparticle excitations in the island abruptly rises from
zero.

The charge-phase qubit Hamiltonian �1� is sensitive to
any changes in magnetic flux coupled to the superconducting
loop. To minimize the external flux noise, the qubit super-

conducting loop is implemented as a first-order gradiometer
with minimum distance between the coils. The achieved bal-
ancing accuracy �difference between the areas of the gradi-
ometer coils� is on the order of one part in 103.

To read the change in the amplitude VT and phase �T of
the oscillations, the tank circuit was linked to a preamplifier
placed on 1-K-pot and room-temperature electronics. It
should be emphasized that the part of the tank circuit kept at
temperature T�1.7 K �1 K pot� �see Fig. 1� is a source of
high-frequency photons that can affect the qubit. Moreover,
in addition to amplifying the in-band Rabi signal, it is obvi-
ous that the preamplifier can also irradiate at extremely high
frequencies, thus increasing the effective temperature Teff of
the qubit. The qubit decoherence due to the backaction from
both the tank circuit and the preamplifier depends on many
parameters and was not analyzed yet in detail. We will return
to this problem below. To reduce Teff, the coupling coeffi-
cient was decreased to k�0.029 5 that led to the parameter
k2Q0�0.3. However, coupling to the tank circuit cannot be
made arbitrarily small in Rabi qubit-based detectors for the
purpose of reducing decoherence and should be optimized.
We have found that k2Q0�0.3 is close to the most optimal
value that provides maximum �Rabi� signal-to-noise ratio
due to the effect of high-frequency photons from the measur-
ing circuit. This value substantially differs from the usual
match condition k2Q0�1 for classic rf SQUIDs.16,33,34 De-
spite the fact that the main part of the tank circuit is placed at
T�10 mK, its effective noise temperature TT

N�400 mK in
our experiments. It can be shown17,29 that at �R=�T, the
tank with impedance �TLTQ0= �11.34�0.02� k� at mutual
inductance M =k
LTLq= �0.365�0.005� nH in the band �T
=85 kHz contributes sufficiently small noise flux �T

N�2
�10−6�0 to the qubit outside the region of the exact reso-
nance.

The previous measurements showed that superfluous
noises from the microwave line at galvanic coupling with a
qubit were unavoidable. Therefore, all experimental results
were obtained with the qubit placed in a Pb resonator in the
region of maximum electric field. The qubit was then con-
tinuously irradiated with a microwave field to introduce an
alternating voltage component Vr cos �0t. So, the capaci-
tance CE formally galvanicly coupled to the charge-gate ca-
pacitance Cg in Fig. 1 denotes—in fact—coupling of the qu-
bit charge gate to a microwave field. Since the distribution of
the electric field only approximately corresponds to that ex-
pected for an ideal resonator, we made preliminary measure-
ments of the qubit response to the microwave field as a func-
tion of its frequency in the range of 6.6–8.0 GHz.

A detailed analysis of the qubit dynamics has shown that
extremal positive �peak� and negative �dip� responses VT��e�
to low-amplitude microwave field were observed at fre-
quency f ��0 /2��7.27 GHz, with small deviations
0.010�0 and 0.017�0 from the point �e=0.5�0. Assuming
that the single-photon process of the higher-level excitation
occurs at frequency f =7.27 GHz, we find the effective Jo-
sephson energy 	J��� /h�6.4 GHz.

B. Single-photon Rabi response

Assuming that one should observe the resonant paramet-
ric response of the qubit in the region of Rabi frequencies
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�R��T when the microwave field frequency was near that
of single-photon transitions, we investigated in detail depen-
dencies VT��e� and �T��e� at various amplitudes �powers�
of the microwave field. Typical measurement results at f
=7.27 GHz are shown in Figs. 2�a� and 2�b�. It is clearly
seen from these curves that the single-photon resonant re-
sponse predicted by Eqs. �3�–�6� and smeared out by the
temperature noise and coupling to the readout device is ob-
served at an optimal microwave power. Change in the shape
of the dependence VT��e�, �VT�−Re Z���, due to the resis-
tance Re Z��� inserted from the qubit into the tank, allows us
to distinguish the following regions �g��e���0, �g��e�
=�0, �g��e���0, for which the inserted resistance take the
following values Re Z����0, Re Z���=0, and Re Z����0,
respectively. In the region �g��e���0, the negative resis-
tance is inserted into the tank and its quality increases due to
the transferring energy from the qubit to the tank. At reso-
nant condition �g��e�=�0, the tank energy is kept constant
on average, and in the region �g��e���0, energy is trans-
ferred in the counter direction from the tank to the qubit and
the tank quality factor decreases. In Figs. 2�a� and 2�b�, the
extrema of the dependencies VT��e��T��e� arising due to
single-, two-, and three-photon resonant excitations are la-
beled by arrows enumerated according to the resonance num-
ber. Each region of the resonant excitation is characterized

by the “peak” and “dip” extrema points �e to the left and to
the right of the point of strict resonance for �e�0.5�0 �and
vice versa for �e�0.5�0�, at which the maximum negative
or positive resistance is inserted from the qubit into the tank
circuit. The decrease, as well as increase, in the microwave
power compared to its optimal value results in falling of the
resonant response amplitude that is explained by the rise of
the detuning �=�R�Vr�−�T.

The variations VT��e� ,�T��e� in these experiments are
measured simultaneously and, since the rf generator fre-
quency is chosen from the condition �rf��T, the technique
sensitivity is maximal with respect to the change in the os-
cillations phase. On the contrary, sensitivity of the voltage
channel to small changes in the resonant frequency of the
tank �T near �T��rf is minimal. Notice the two-photon
resonant response seen fairly well in �T��e� curves in the
vicinity of �e=0.53�0 �Fig. 2�a��, whereas having signal-to-
noise ratio S /N�1 at VT��e� characteristics. The decrease in
the amplitude of the two-photon resonant response relative to
the single-photon one in Fig. 2�a� agrees with the theory17

that predicts the longest decoherence time in the point of
symmetry �e=0.5�0.

In the general case, variations in the phase as well as the
amplitude of the parametric oscillations in the tank circuit
are bounded to the change in its resonance frequency and
quality. Thus, the dependencies �T��e� and VT��e� presented
in Figs. 2�a� and 2�b� qualitatively confirm the existence of
the low-frequency part of the charge-phase qubit susceptibil-
ity function �6� as the Rabi frequency �R of the qubit passes
through the resonant frequency �T of the tank. Let us con-
sider the evolution of the signals VT in vicinity of the point

=�. As it follows from the expression �3�, the Rabi re-
sponse of the qubit in the point 
=� should vanish propor-
tionally to the square of the circulating current Iq

2. At low
amplitudes of the microwave field, the responses VT are re-
ally small as it is seen from Fig. 2�b�. However, at power
P=−65 dBm noticeable shifts �VT �as well as ��T� are ob-
served which signifies the appearance of circulating current
in the point 
=� at the expense of deviation of time-
averaged eigenenergies from stationary eigenenergies.40

We use the noise spectroscopy method for the direct im-
pedance measurements. In this case, the generator current
Irf=0 and the tank circuit is excited by thermodynamic fluc-
tuations, while its characteristics depend on the impedance
inserted from the qubit under continuous irradiation. Figure 3
displays the noise spectral density as a function of frequency
for the two extreme �peak and dip� points denoted by arrows
in Fig. 2�b� and at the degeneracy point 
=�. It is seen from
these amplitude-frequency characteristics measured at mini-
mal influence of the tank circuit on the qubit that Rabi oscil-
lations result in a visible change in the tank quality and a
shift of the tank resonant frequency in the peak and dip �e
points �curves and in Fig. 3, respectively�. As discussed
above, the sign of the Rabi impedance inserted from the
qubit is determined by the sign of the detuning 	=�g��e�
−�0 between the energy gap �g��e� and microwave field
frequency �0. From the quality factor values and the reso-
nant frequencies in the extreme points indicated in Fig. 3 and
using Eq. �4�, we deduce that the maximum value of the
negative resistance inserted into the tank Rq=Rpeak�

FIG. 2. Experimental results for the charge-phase qubit placed
in the region of the maximum electric field under continuous mi-
crowave irradiation with f =7.27 GHz. �a� Set of the curves of the
voltage-current phase shift �T��e /�0� in the tank circuit; �b� set of
the curves of the amplitude of the voltage oscillations VT��e /�0� in
the tank circuit. The curves parameter is the microwave power. The
arrows denote extrema of �T��e /�0� and VT��e /�0� for single-,
two-, and three-photon excitations. The signal shape near reso-
nances is determined by the finite width of the Rabi generation
band. The maximum response is observed at P�−65 dBm.
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−0.017 3 � practically coincides with the maximum posi-
tive resistance Rdip�0.017 6 � by the absolute magnitude,
while the alteration of its sign implies the transition from the
irradiation to the absorption properties of the qubit. The in-
ductance contributions in these points are small �Lq

peak�
−0.53�10−3LT , Lq

dip�1.68�10−3LT� and are also of oppo-
site signs. Variation in the quality factor between the extreme
points relative to the quality in the degeneracy point amounts
to the appreciable value �Qpeak−Qdip� /Q�34%.

Note that similar electrodynamics is typical for the para-
metric interaction of a resonator microwave signal with Jo-
sephson oscillations.14–16 In this classic analog, the maxi-
mum amplitude of the parametric effect is determined by
fluctuations of the average junction voltage that lead to
broadening of the Josephson generation band. So, assuming
that the rise of the qubit temperature in the considered case
of Rabi oscillations will result in broadening of their spec-
trum, one should expect some decrease in the amplitude of
the inserted negative impedance with increasing the bath
temperature.

The analysis of temperature dependencies demonstrates
that the amplitude of the inserted resistances Rpeak ,Rdip

within experimental accuracy does not depend on Tbath in the
interval Tbath=10–40 mK. The amplitude of the inserted im-
pedance decreased by 15% at Tbath=60 mK and the extrema
in curves VT��e /�0� smooth out in the interval 60–100 mK.
The increase in the bath temperature up to 150–200 mK
leads to the dramatic fall of the amplitude �VT. Note that the
calculated temperature T��120 mK, at which abrupt decay
of the coherent effects is expected, is close to the experimen-
tal data. The coherence degradation at T�T� is accompanied
by fast shortening of the decoherence time and widening of
the Rabi oscillation band. Further, temperature Tbath rise up
to 300–350 mK causes the Rabi impedance of the qubit seen
by the tank to vanish ��VT=0� within the noise level, i.e., the
coherent Rabi effects disappear.

The minimal effective temperature of the qubit estimated
to be Teff= �80�10� mK is determined mainly by the effect
of the readout circuit �tank detector and high electron mobil-
ity transistor �HEMT� amplifier� and leads to sufficiently
large uncertainty in the magnetic flux 
�= �kBLqTeff�1/2

�0.01�0 for the qubit under consideration. Anyway, the de-
pendence Re Z�����zz� ��� on the microwave power and the
temperature indicates the presence of coherent quantum os-
cillations at low temperatures that have potential applications
as a self-Rabi pumping signal in quantum information detec-
tors.

It is seen from the results presented in Fig. 4 that at the
bath temperature 350 mK near �e

dip�0.483�0 ,0.517�0, the
dips are still observed and are associated with the processes
of noncoherent quantum tunneling of Cooper pairs, without
forming a superposition of the charge states. Therefore, the
contribution of the coherent oscillations in the given tem-
perature interval is described as the difference between the
values of VT��e� obtained at 10 and 350 mK. Taking into
account that the presence of the coherent oscillations at op-
timal amplitude of the microwave field leads to a 17%
change in the tank quality, the evaluation can be made at our
parameters for the minimum decoherence time ��

min

�2� /�T�0.033 �s. While the charge-flux qubit is an ideal
frequency downshifter, one can evaluate �� from the high-
frequency resonance linewidth that yields three times as
large values of ���0.1 �s.

According to the theory,41 the enhancement of Qq is pos-
sible not only at the expense of lowering the noise tempera-
tures of the qubit and the tank but also due to narrowing of
the n-photon resonance band when going to the region of the
multiphoton Rabi oscillations. The evidence of the two- and
three-photon resonances in a similar charge-phase qubit was
demonstrated in the previous work.32

C. Multiphoton Rabi response

It follows41 from the theory of two-lewel atom in strong
low-frequency electromagnetic field that the quality of the
multiphoton resonance considerably rises, while the reso-

FIG. 3. Noise spectroscopy of the tank circuit obtained for the
charge-phase qubit, being under microwave irradiation with fre-
quency f =7.27 GHz. Set of curves of the noise spectral density of
the tank circuit as a function of frequency obtained at optimal mi-
crowave power �P�−65 dBm� in extreme points 1 �e

peak

�0.49�0 ,0.51�0 �Qpeak�360�, 2 �e
dip�0.483�0 ,0.517�0 �Qdip

�258�, and in the degeneracy point 3 �e�0.5�0 �Q�301�. The
resonant frequencies �T /2� in these points are 29.803, 29.770, and
29.795 MHz, respectively.

FIG. 4. Set of curves VT��e /�0� obtained under microwave
irradiation with frequency f =7.27 GHz. The microwave field am-
plitude is optimal for each curve. The curve parameter is the refrig-
erator temperature �measured with an estimated accuracy 5 mK�.
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nance order grows owing to the coherent addition of indi-
vidual transition amplitudes. The narrowing of distribution of
the excited level occupation probability must result in a natu-
ral filtration of noise photons in the above-discussed effect of
the interaction between the tank circuit current and the Rabi-
type oscillations in the charge-phase qubit. At the same time,
the amplitude of the synchronization effect causing the en-
ergy irradiation �absorption� by the qubit at frequencies close
to that of the multiphoton Rabi oscillations may increase. In
other words, the signal characteristics, the conversion steep-
ness, and the sensibility of a parametric detector based on the
charge-phase qubit must enhance when coming to the multi-
photon excitation. Depending on the interplay between quan-
tities included in Hamiltonian �1�, such a detector could be
sensitive to the induced charge such as rf single-electron
transistor detector44 and to the magnetic flux such as
SQUIDs �Refs. 33 and 34� and detectors based on the flux
qubit.45

During the multiphoton experiments, the parameters of
the charge-phase qubit, its position inside the resonator, and
the measuring circuitry �Fig. 1� to detect the response by the
technique of weak continuous measurement remained the
same, as in “single-photon” measurements described in the
previous section.

Spectroscopic studies were performed in wide �1–8 GHz�
frequency range to find the frequencies of the multiphoton
resonances of the charge-phase qubit �ng�1, 
��� �see
Fig. 5�. At sweeping the frequency of the small-amplitude
microwave field, the time-averaged upper-level occupation
probability goes through a pronounced maximum at fre-
quency values meeting the exact multiphoton resonance
condition46 that leads to the maximum qubit response. How-

ever, the effectiveness of excitation of the multiphoton reso-
nance depends on the generator power and the distribution of
the field in the resonator. So, if for a certain frequency of the
multiphoton resonance the charge-phase qubit is situated in a
peak �a node� of the electrical field then the amplitude
Vr cos �0t at the charge gate reaches its maximum �mini-
mum�. As seen from Fig. 5�b�, in our experiments good ex-
citation conditions occurred for single-, two-, three-, and
five-photon resonances; while from Fig. 5�a� it is seen that
the resonant parametric interaction of the qubit and the tank
circuit occurred at single- and five-photon resonances.

Therefore, we concentrated on the experimental study of
the five-photon resonance excited at a frequency close to 1.4
GHz �7.27 GHz /1.4 GHz�5�. Note that the microwave
generator-to-resonator and resonator-to-qubit transmission
lines have their own resonances �frequency-dependent cou-
pling between the MW generator and qubit�. This evokes a
nonmonotonic frequency dependence of the injected micro-
wave power and, with taking into account the nonlinear
transformation in the qubit, to the appearance of additional
spectral lines. Noticeable spread in the peaks positions along
the frequency axis and excessive peak width in Fig. 5 is
associated with a drift of the qubit parameters �1 / f noise�
because of the long-lasting ��4 h� frequency sweeping.
Therefore, at the next stage, analyzing the qubit response
�T�f� to the microwave field in a narrow frequency band, we
have found that the resonant frequency for the five-photon
transition was close to f =1.444 GHz.

To determine the effective width of the resonance line
�quality factor�, two series of measurements were performed
for the phase of oscillations in the tank circuit as a function
of the magnetic flux applied to the qubit and the microwave
field parameters �i� �T�
� at a fixed microwave field ampli-
tude Vr for several frequencies near f =1.444 GHz and �ii�
�T�
� at the resonant frequency f =1.444 GHz for several
microwave field amplitudes. Typical results for the measure-
ments of the series �i� and �ii� are shown in Figs. 6 and 7,
respectively. Since maximum detuning of the microwave
generator from the resonance for the set presented in Fig. 6 is
small ���0 /�0�0.014�, the power in the channel can be
considered as being practically constant while sharp depen-
dence of the �T�
� shape on the microwave field frequency
should be associated with the quality of the five-photon reso-
nance. It follows from the comparison between the series of
the measurements �i� and �ii� that the drop in the microwave
field power by 2 dB at fixed frequency f =1.444 GHz
�couple of curves in Figs. 7�a� and 7�b�� results practically in
the same transformation of the �T�
� shape as when the mi-
crowave field frequency changes from f =1.444 to 1.460
GHz or to 1.435 GHz at a fixed generator power �couple of
curves in Figs. 6�c� and 6�a� or Figs. 6�c� and 6�e�, respec-
tively�. Therefore, the effective quality of the five-photon
resonance in the charge-phase qubit reaches Qn=5
=1.444 / �1.460−1.435�= �58�5� at 2 dB change in the mi-
crowave power. Taking the two shape-alike dependences at
positive �Fig. 6�b�� and negative �Fig. 6�d�� detunings and
assuming that the population at a multiphoton resonance is
almost symmetric with respect to the detuning sign, we will
have for the resonance frequency f = �1.440+1.450� /2
�1.445 GHz that is close to the value determined earlier.

FIG. 5. Resonant excitation of the charge-phase qubit. Ampli-
tude VT�f� and phase �T�f� of the tank circuit oscillations �MIT

�10−4�0 , �rf��T� vs the frequency of the microwave field in the
charge gate of the charge-phase qubit with ng�1, 
��. The 1 / f
noise level becomes important because of the long-continued �4 h�
spectrum registration. Multiphoton resonance from the ground state
to the first-excited state induced by the photon frequency f
�1.4 GHz is clearly seen. The generator microwave field ampli-
tude is kept constant P=−60 dBm when frequency sweeping; the
bath temperature being 10mK.

COHERENT RABI RESPONSE OF A CHARGE-PHASE… PHYSICAL REVIEW B 79, 184522 �2009�

184522-7



Owing to the high effective quality of the five-photon
resonance, the response of the charge-phase qubit to the
charge variation considerably increases as compared to the
case of the single-photon excitation. As it is seen from Fig. 8,
the change in the polarization charge by �ng�1 causes �

�0.01� shift of the peaks and dips associated with the qu-
bit’s functions ����� ,�����. For the single-photon Rabi re-
sponse, we get the values which are five times as little. Typi-
cal amplitudes of change of �T in the five-photon experiment
is almost a factor of 5 as compared to single-photon mea-

surements, giving an estimate for the minimum decoherence
time of the five-photon Rabi oscillations ��=0.17 �s. This
confirms the above assumption about the lesser effect of
noise in the region of the multiphoton resonances. In connec-

FIG. 6. Set of signal characteristics �T��e /�0� of charge-phase
qubit in the microwave field in the vicinity of the five-photon reso-
nance at the bath temperature of 10 mK. The curves parameter is
the microwave frequency. The generator power P=−63 dBm is
kept constant for all the curves. The characteristics set �a�–�e� re-
flects the dependence of the probability excitation on the frequency
at �a� positive, ��b� and �d�� and negative, �e� detuning relative to
the resonance frequency �c� f =1.444 GHz.

FIG. 7. Set of signal characteristics �T��e /�0� of charge-phase
qubit in microwave field with frequency f =1.444 GHz. The curves
parameter is the microwave power. It is well seen that the depen-
dence taken at P=−65 dBm practically coincides with the curves
obtained at P=−63 dBm and at frequencies 1.460 and 1.435 GHz
�see Figs. 6�a� and 6�e��.

FIG. 8. �a� Signal characteristics �T
�1,2���e /�0� of charge-phase

qubit in microwave field �P=−70 dBm, f =1.444 GHz� for two
values: �1� ng�1 and �2� ng�0 in the charge gate. �b� The signal
difference �T

�2�−�T
�1� for the change �ng=ng

�1�−ng
�2��1.
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tion with this, it should be noted that the measurement of the
charging energy ECP of Hamiltonian �1� of a charge-phase
qubit in the single-photon resonance mode may bring up
considerably overestimated total capacitance of the island C


because of the charge-gate noise.
The characteristic behavior of �T�
� shown in Figs. 6–8

indicates that if the qubit is excited at frequencies close to
those of the five-photon resonance then peaks and dips are
observed �such as in the case of the single-photon excitation�
and caused by the alteration of sign of the Rabi impedance
inserted in the tank circuit when crossing the resonance re-
gion n��0��E�
 ,ng�. The increase in the tank circuit qual-
ity observed at the single- and five-photon excitations re-
flects the fact that the microwave field energy being
transformed by the qubit into Rabi-type oscillations is trans-
ferred to the tank circuit. The decrease in the quality corre-
sponds to the reverse energy flow.

The interference character of the interaction between the
microwave field with frequency �0 and the time-dependent
frequency equivalent energy gap �g�
 ,ng� of the charge-
phase qubit leads to a sharp dependence of the shape of the
signal characteristics of the qubit detector on the microwave
field parameters. An example of such a dependence which
emphasizes high sensitivity of the multiphoton spectroscopy
is shown in Fig. 9. In this case, the peak observed at 
=�
and frequency f =1.435 GHz transforms into a dip with
shifting the frequency of the microwave field by 5 MHZ, i.e.,
�f / f �3.5�10−3.

Observed quasiperiodicity of the signal characteristics
�T�
� , VT�
� of the charge-phase qubit �see Figs. 6 and 7� is
determined by the behavior of the quasienergy �qubit’s mac-
rolevels� population in the magnetic and electromagnetic
fields. The rise of 	J�
� at the deviation of the external mag-
netic flux from 0.5�0 leads to meeting the resonant condi-

tions for resonances of higher order, and the time-averaged
upper-level occupation probability reaches its maximum. If
the microwave power is such that the frequency of the ex-
cited multiphoton Rabi oscillations is close to the tank circuit
frequency, the interaction between the Rabi oscillations with
the tank circuit oscillations will turn again to the parametric
increase �decrease� in the signals. The typical period of such
dependence on the magnetic flux is determined by the qubit’s
energy gap �E��e� as a function of the magnetic flux.

IV. CONCLUSIONS

We have described experiments which demonstrated the
coherent Rabi-type oscillations in a charge-phase qubit being
under continuous microwave irradiation, involving single-
and multiphoton quantum dynamics in the state of weak cou-
pling to a radio-frequency tank detector. Our results show
that the charge-phase qubit appears to be quite sensitive as a
quantum parametric detector with self-pumping provided by
the inner Rabi generation �Figs. 2 and 6–9�. In the first series
of experiments, we measured the magnetic-flux dependence
of the qubit response, the qubit being irradiated by the mi-
crowave field with frequencies in the region of the single-
photon transitions �Fig. 2�. It was shown by the noise spec-
troscopy that the extrema appearing in the signal
characteristics �T��e /�0� and VT��e /�0� were mainly due
to the increase and decrease in the tank circuit quality and
reflected the fact that the power in these �corresponding to
the extrema� points flowed from the microwave field into the
tank circuit �peaks� and vice versa �dips� �Fig. 3�. With the
microwave power at its optimum value to provide the maxi-
mum response, we observed that the resistance Re Z��� in-
serted from the qubit into the tank circuit at the extrema
points rapidly fell in the region T�150–200 mK approach-
ing to zero in 250–350 mK region within the experimental
uncertainties �Fig. 4�. We believe that the effective noise
temperature of the qubit Teff�80 mK and the decoherence
rate in our experiments are determined by the irradiation
from the part of the tank circuit and the transistor placed at
T�1.7 K. The development of an improved type of readout
with small backaction effect would be a major step forward
for further improving characteristics of the qubit detector
with self-pumping by intrinsic Rabi generation. At the same
time, the extension of theory to nonzero temperatures would
be of great significance for understanding the temperature
effect on the coherent quantum phenomena in qubits47 and
conditioned by them detected signals. In the second series of
the experiments, we measured the qubit response to the
variation in the magnetic flux and the electric charge in mi-
crowave field near the five-photon resonance �Figs. 6–9�. An
enhancement of the quality of the multiphoton resonances, as
it was supposed according to the theory,41 results in the par-
tial filtration of noise photons and the increase in amplitude
of the signal characteristics of the detector associated with
the multiphoton Rabi oscillations. The fact that the high
transducing steepness is observed at the point 
=� for some
signal characteristics �T�
� in the region of five-photon reso-
nance points out to a sharp dependence of quasienergy on
microwave power and, hence, to a strong nonlinearity of the
system at high powers.40

FIG. 9. Interference-induced variation in signal characteristics
�T��e /�0� of the charge-phase qubit at the symmetry point �e

=0.5�0. Maximum �T�0.5�0��0.5 �a� transforms into minimum
�T�0.5�0��−0.4 �b� when the microwave frequency is detuned by
�f =5 MHz ��f / f =0.0035� at fixed microwave generator power
P=−63 dBm.
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