N

N
N

HAL

open science

Strong tunable coupling between a superconducting
charge and phase qubit

Aurélien Fay, Emile Hoskinson, Florent Lecocq, Laurent Lévy, Frank. W. J.
Hekking, Wiebke Guichard, Olivier Buisson

» To cite this version:

Aurélien Fay, Emile Hoskinson, Florent Lecocq, Laurent Lévy, Frank. W. J. Hekking, et al.. Strong
tunable coupling between a superconducting charge and phase qubit. Physical Review Letters, 2008,

100, pp.187003. 10.1103/PhysRevLett.100.187003 . hal-00201099

HAL Id: hal-00201099
https://hal.science/hal-00201099
Submitted on 23 Dec 2007

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00201099
https://hal.archives-ouvertes.fr

hal-00201099, version 1 - 23 Dec 2007

Strong tunable coupling between a superconducting charge and phase qubit
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(Dated: December 24, 2007)

We have realized a tunable coupling over a large frequency range between an asymmetric Cooper
pair transistor (charge qubit) and a dc SQUID (phase qubit). Our circuit enables the independent
manipulation of the quantum states of each qubit as well as their entanglement. The measurements
of the charge qubit’s quantum states is performed by resonant read-out via the measurement of the
quantum states of the SQUID. The measured coupling strength is in agreement with an analytic
theory including a capacitive and a tunable Josephson coupling between the two qubits.

PACS numbers: Valid PACS appear here

Interaction between two quantum systems induces en-
tangled states whose properties have been studied since
the 80’s for pairs of photons [ﬂ], for atoms coupled to pho-
tons [F] and for trapped interacting ions[f. In the last
decade, quantum experiments were extended to macro-
scopic solid state devices opening the road for application
within the field of quantum information. In supercon-
ducting circuits, theoretical proposals [, E, E] and ex-
perimental realizations on interacting quantum systems
were put forward. In these systems coupling has been
achieved between a quantum two-level system (qubit)
and a resonatorl[], {, as well as between two identi-
cal qubits, , In these pioneering circuits the
interaction between the quantum systems was realized
through a fixed capacitive or inductive coupling. The
tunability of the coupling strength appears as an impor-
tant issue to optimize the control of two or more cou-
pled quantum systems. Indeed it enables to decouple
the quantum systems for individual manipulations and
to couple them when entanglement between the quan-
tum states is needed. Recently different tunable cou-
plings between two identical qubits have been proposed
and measured[@, @, E, E, . In this Letter we re-
port for the first time on a tunable composite coupling
between a charge qubit, an asymmetric Cooper pair tran-
sistor (ACPT) and a phase qubit, a dc SQUID. In our
circuit (see Figfl) the coupling is composed of two inde-
pendent terms, a fixed capacitive and a tunable Joseph-
son part, leading to a tunability of the total coupling.

The dynamics of the current biased dc SQUID can be
described by the Hamiltonian of an anharmonic oscilla-
tor: Hg = 2hu,(P? + X?) — ohyp, X? where v, is the
plasma frequency of the SQUID. Here P and X are the
reduced charge and phase conjugate operators[@. In
our case the anharmonicity prevents multi-plasmon ex-
citation and therefore the system at low energy reduces
to a two-level system with levels denoted by |0) and |1)
corresponding respectively to the zero- and one-plasmon
state. At low energies the SQUID Hamiltonian there-
fore reads Hg = hvss? /2 where ¢, is the Pauli matrix.
The frequency between these two levels vg depends on
the working point and is determined by the dc flux &g
through the SQUID loop and the bias current I,. The

FIG. 1: Electrical schematic of the coupled circuit. The
working point is controlled by a dc gate voltage Vj, a current
biased I, and the fluxes &7 and ®s. The current I.,; and
Iny produces a flux on the SQUID and transistor through
respectively the mutual Mg, Mr and Mgf, M;ff. The high
frequency (hf) line is also used to produce a pw flux pulse
and a nanosecond flux pulse for the escape measurement of
the SQUID. On the left side a SEM image of the asymmetry
Cooper pair transistor.

ACPT can be described as a two-level system with quan-
tum states denoted by |—) and |+) for respectively the
ground and first excited state. The hamiltonian of the
ACPT takes the form Hy = hVT&ZT /2 where vr depends
on the gate-induced charge n, and the phase difference
0 across the transistor. We now turn to the coupling of
both quantum systems in a circuit shown in Fig.. As
the ACPT is in parallel to the SQUID, both a Joseph-
son and a capacitive coupling appear between these two
quantum systems. The Josephson coupling results from
the phase relation along the loop between the transistor
bias and the closer SQUID junction. The capacitive cou-
pling is explained by the charge displacement between
the transistor and SQUID capacitance. The total cou-
pling can be tuned in our circuit from about 1.2GHz
down to 0.1GH z.

The ACPT consists of a superconducting island con-
nected by two Josephson junctions of different surfaces
of about 0.02 ym? and 0.05 pm?, respectively to the su-
percondcuting electrodes. The dc SQUID comprises two
large Josephson junctions of 5 pum? area each, enclosing
a 347 pm? superconducting loop. The ACTP and the



SQUID Josephson junction closer to the ACPT realizes a
second loop of 126 um? surface. The coupled circuit is re-
alized by a three angle shadow evaporation of aluminum
with two different oxydations respectively for the SQUID
junctions and the ACPT junctions. Measurements are
performed in a dilution fridge at 7' = 30 mK. The mi-
crowave (pw) flux and charge-gate signal are guided by
50 Q2 coax lines and 40dB attenuated at low temperature
before reaching the circuit through a mutual inductance
and the gate capacitance, respectively. The measurement
of the quantum states of the circuits is performed by a
nanosecond flux pulse which produces switching to the
voltage state of the SQUID[RC].

We first study the individual resonant frequency of the
SQUID and the ACPT (Fig. ff). Spectroscopy measure-
ments of the SQUID are performed by a pyw flux pulse fol-
lowed by a nanosecond flux pulse. The escape probabil-
ity shows a resonant peak associated with the transition
|0) — |1) (inset (a) of Fig. fl). The SQUID resonance fre-
quency vg can be tuned from 8 GHz to more than 20GHz
as a function of the bias current I, and the magnetic flux
®g in the SQUID loop. {From flux calibration, we obtain
Mg = 0.13 pH and M2/ = 1.58 pH. From the measured
resonance frequency vg the SQUID parameters such as
E:? , Eg and the total SQUID inductance L can be deter-
mined with a precision better than 1%. We find a critical
current of I¥ = 1346nA, a capacitance C° = 0.227pF
per junction, an inductance L = 190pH and an induc-
tance asymmetry of n = 0.29 between the two SQUID
arms. These values are similar to typical parameters of
previous samples@]. When the SQUID’s working point
frequency increases from 8GHz to 20GHz the resonance
width changes from 200MHz to 20MHz. The finite width
is consistent with a 10nA RMS current noise and a 1m®
RMS flux noise [@] Rabi-like oscillations have been mea-
sured with a typical decay time of about 10ns and a re-
laxation time of about 30ns. These times are shorter in
comparison to our previous SQUID sample. Moreover
a high density of parasitic resonances is observed in the
current sample (see Fig. 9 of Ref. [{]) which could ex-
plain these shorter times. The origin of these resonances
is still not completely understood but has been already
observed in other phase-qubits [@] All presented mea-
surements have been done at working points where these
parasitic resonances are not visible through spectroscopy
measurements.

The energy levels of the ACPT can be determined as
well by escape probability measurements on the SQUID
via resonant read out. We apply a puw signal of 1us on
the gate line at fixed frequency when the ACPT and the
SQUID are off resonance. If the applied puw frequency
matches the ACPT frequency the |+) level of the ACPT
is populated. For the measurement a nanosecond flux
pulse with a rise time of 2 ns drives the two systems adia-
batically across the resonance where the coupling is about
1 GHz (see below). The initial state |+,0) is thereby
transferred into the state |—, 1) [RJ]. Afterwards an es-
cape measurement is performed on the SQUID (Inset b
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FIG. 2: Experimental resonant frequency versus ®s for the
coupled circuit with I, = 1890 nA and ny, = 1/2. The blue
and red solid lines are the fit using the uncoupled hamiltonians
of the dc SQUID and the ACPT respectively. Inset: Escape
probability of the SQUID versus frequency probing (a) the
SQUID at @5 = 0.02 ®p and (b) the ACPT at &5 = 0.14 ®q
(fitted by a lorentzian law).

of Fig ).

The ACPT resonant frequency as a function of ¢ at
ny = 1/2 is shown in Fig. | Here § is given by the
relation § = ¢ + Ly [Fsin(p1)/®o — 2nPr /Py where
is ®p the dc flux inside the loop, ¢; the phase differ-
ence across the SQUID junction closer to the transistor
and L; the inductance of the corresponding branch of
the SQUID. In our set-up we have My = 0.047 pH and
M} = 0.35 pH and L; = 70 pH. The qubit resonant
frequency vr versus d can be fitted within 1% error by
considering that the |+) and |—) states are superposi-
tions of four charge states. The ACPT has two opti-
mal working points for qubit manipulations. The one at
(ng,0)=(1/2,0) was extensively studied in the Quantron-
ium symmetric transistor[@]. The (ng,d)=(1/2,7) work-
ing point appears as a new optimal point created by the
asymmetry of the transistor. The width of the resonance
peak far from the optimal points is typically 40 MHz
while close to the two optimal points § =0 and § = 7, it
is typically around 20MHz. From the two extreme reso-
nant frequencies v = 20.302 GHz and vy = 8.745 GHz,
the critical current of the two junctions can be deduced
and we obtain 17, = 30.1nA and I, = 12.3nA. From
the frequency spectrum v versus the gate charge ng,
we find a total transistor capacitance of CT = 2.9fF
and a gate capacitance Cy; = 29aF. Fig.a presents
Rabi oscillations in the ACPT at the new optimal point
(ng,0)=(1/2,m). The Rabi frequency follows a linear de-
pendance on the yw amplitude as expected for a two-level
quantum system. The two level system presents a long
relaxation time of about 800ns (Fig. fb).

Hereafter we consider the case when the two qubits are
in resonance (v = vg). Fig. ffa shows the measured es-
cape probability at the working point I, = 1647 nA and
®g = 0.03 @ for two different gate charges ny, = 1/2
and ny ~ 1 corresponding respectively to the in and off
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FIG. 3: The ACPT energy versus 6 at ng = 0.5 fitted by
the ACPT hamiltonian. Inserts: Measurements at § = 7.
(a) Escape probability versus pyw pulse duration for —3dBm
room temperature puw power. (b) Escape probability versus
delay time between the yw and the measurement pulse fitted
by an exponential decay (continuous line) giving 71 = 810ns.

resonance case. Off resonance, the ACPT frequency be-
ing very much larger than the SQUID resonance, only
one resonance peak is observed which corresponds to the
|1) state excitation of the SQUID. At ny = 1/2 the res-
onance condition between the ACPT and the SQUID is
satisfied for this working point. The coupling between
the two systems leads to a splitting of the resonance
peak of about 120 MHz into two peaks corresponding
to the two entangled states |0,+) £+ |1,—). The reso-
nance width is about four times thinner than the coupling
strength which demonstrates clearly the strong coupling
of the ACPT two-level system with the zero- and the one-
plasmon state of the de SQUID. In Fig. @b, the escape
probability versus ng and puw frequency is plotted at the
same working point. Far from the resonance condition
the value can be well estimated assuming two uncoupled
circuits. In the vicinity of ny = 1/2, anti-level crossing
occurs modifying the individual resonance frequency of
the two circuits. In Fig. Hc, the escape probability ver-
sus ®g and pw frequency is measured at nyz = 1/2 at
a different working point. Anti-level crossing is clearly
observed with a splitting of about 900MHz. The width
of the two resonances strongly depends on ®g and varies
from 200MHz to about 40MHz as the crossing point is
passed. This effect can be explained by the large differ-
ence of the resonance width of the SQUID and the ACPT
around this working point.

The coupling strength between the two qubits is mea-
sured at ny = 1/2 and at the working points where
the resonance condition vy = vg is satisfied. The fre-
quency splitting is plotted versus the resonant frequency
in Fig.ﬁ. The coupling is minimal at vy = 20.3GH 2z and
strongly increases with decreasing resonant frequency up
to a maximum value of 1.2 GHz. Note that when the
resonance frequency changes from 20.3 GHz down to 8.8
GHz the phase bias over the ACPT changes from § = 0
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FIG. 4: (a)Escape probability of the SQUID at the working
point I, = 1647 nA, &5 = 0.03 &g, 6 = 0.267. Blue curve: At
ng ~ 1 SQUID and ACPT are out off resonance (v ~ 31.6
GHz). Red curve: At ngy = 0.5 the resonance condition is
fulfilled leading to antilevel-crossing.(b) Pesc versus ng and puw
frequency at the working point I, = 1647 nA, &5 = 0.03 g
and § = 0.26m. ( c) Pesc versus ®g(d) and pw frequency at
the working point I, = 107 nA and ny, = 1/2. Blue color
corresponds to small P.s. , red color to large Pesc. Dashed
and continuous lines correspond to uncoupled and coupled
cases.



to § = m. We find therefore nearly zero coupling at § = 0
and a very strong coupling of 1.2 GHz at § = 7.

)
T /2 0
|
1.2 ® Experimental coupling| 1

< 1F —theoretical coupling |
I
So.8f
(@]
o 0.6
£
2 0.4r
o
O 0.2r

(0] . :

1 1 1 1
10 12 14 16 18 20
Resonant frequency (GHz)
FIG. 5: Coupling strength versus the frequency at the reso-
nance condition between the two circuits at ng = 1/2. The

points are experimental data and the continuous line is the
theoretical prediction.

For the theoretical analysis we consider that the tran-
sistor |—) and |4) states are superpositions of two
charge states and we neglect anharmonicity effects of
the SQUID potential on the frequency vg. We ob-
tain the following analytical expression for the coupling
strength at a gate charge of ng = 1/2: Heoupting =
(Bec/4)050% — Eej/2(cos(x — 8/2)okal + sin(y —

§/2)0%0%/2), where E.. = (1 — \)y/E2/hvyhv, and

Ecj=(1—p)\/ES/hwET with A = (CT = CT)/(CT +
CT)and p= (ET, — ET,)/(EL, + ET,) being the tran-
sistor capacitancé and Jbsephsén ener;gy asymmetry, re-
spectively. E2 =~ e2/2C° with C* the SQUID capac-
itance, EJT = E?@ + E§2 the transistor Josephson en-
ergy and tan(y) = —p tan(d/2). The coupling contains
two independent contributions: one related to the ca-
pacitance and the other one to the Josephson coupling of
the ACPT. Close to resonance, slow dynamics dominates

and the hamiltonian simplifies to a Jaynes-Cummings
type Hamiltonian Heoupling = % g(ai{a} + aga}r ) where
g=(E¢c/2—E.cos(x—09/2)) and a;r//; creates or anni-
hilates an excitation in the SQUID or the ACPT. At this
point we stress that the coupling strength at ny, = 1/2
depends only on the § parameter. If we replace one of the
transistor junctions by a pure capacitance (ET, = 0) we
obtain . ; = 0 and we retrieve the capacitivé coupling
[ calculated for a Cooper pair box coupled to a SQUID.
For a symmetric transistor (A = p = 0) the charge and
the Josephson coupling compensate each other, giving
zero coupling for any value of the § parameter. It is
the asymmetry of the transistor which enables non zero
coupling at the optimum point of the charge qubit. In
particular, for the case that A = p - which is realized for
a transistor containing two junctions having the same
plasma frequency - the total coupling vanishes at 6 = 0
but becomes non zero at the second optimum point at
0 = 7. By assuming an asymmetry of u = A = 41.9% for
our sample the coupling strength can be very well fitted
without any other free parameters as can be seen in Fig.
E. The slight discrepancy can be explained by a small
difference between A and pu.

In conclusion, we have demonstrated strong tunable
coupling between two superconducting qubits. Far from
resonance our quantum circuit enables us to control the
quantum dynamics of each qubit separately. At reso-
nance we demonstrate entanglement between the quan-
tum states of the charge and phase qubit which is con-
sistent with the exchange of a single energy quantum.
The measured coupling strength could be perfectly un-
derstood by an analytical coupling expression of the type
Jaynes-Cumings Hamiltonian. The quantum state mea-
surement of the charge-phase qubit has been performed
via resonant readout by measuring the quantum state
of the SQUID. Our result encourages the future devel-
opment of quantum information processing in solid-state
devices.

We thank for fruitful discussions. This work was sup-
ported by two ACI programs, by the EuroSQIP project
and by the Institut de Physique de la Matiere Condensée.
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