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Final report for the AFOSR (2002-2005)

Principal Investigator: Franco Nori
Summary of Research Activities in our group

We perform theoretical studies of complex dynamics in materials. We use physically-motivated models
to make predictions which can be tested experimentally and are useful to better understand the observed
phenomena. We are currently working on several projects, including: quantum computing (superconducting
Josephson-junction qubits, scalable quantum circuitry, improved designs for the control, coherent oscillations,
and readout), vortex dynamics in superconductors, new fluxtronics devices, complex collective phenomena,
and nano-magnetism. We are also working on biologically-inspired solid-state devices that can control the
motion of quanta. Collective transport of interacting particles has been a frequent unifying theme on many of
our projects.

Most of our work focuses on one underlying physical phenomenon: superconductivity. This work is done
in close interaction with several experimental groups. A much smaller part of our work focuses on
magnetism. We provide theoretical support to several experimental groups.

The main goal of most of our research is to explore novel ways of control and manipulation at small
length scales (from mm to nm). A fraction of our work focuses on motion-control (e.g., controlling the
motion of small particles in colloids, or flux quanta in superconductors, or generating THz radiation from
moving vortices), while most of our research focuses mostly on (quantum mechanical) state-control (e.g.,

controlling the quantum state of a qubit).

The issue of “control”, both motion-control and
quantum-state-control, is important to the future of
nanoscience. How can the motion of tiny particles and of
quanta be best controlled? How can the quantum mechanical
state of a small device, acting as a two-level system, be best
manipulated? These are crucial questions, with potentially
applications to new technologies. We have pioneered several
areas related to “control” and manipulation at the microscopic
scale. For instance, in the area of quantum computing, the
topics we have worked are summarized on the left. The (X,Y)
numbers in parentheses on the left diagram refer to X
completed projects so far (either published or submitted) and Y
projects to be completed in the future. All of these are projects
related to this grant. The number (9) refers to projects prior to
this grant, not counted in the list at the end.




[] completed and Published [ 1n Progress Future Projects

Scalability and Connecting arbitrary pairs of qubits

Quantum Computing Qubit in a QED cavity
on a scalable circuit (*) QC operations in a QED cavity

(*) Generating non-classical
Effective readout

Two-qubit coupling
Fast two-bit operations

photons using a QED cavity

Entangled qubits. Analysis of experimental data on entanglement

Low decoherence circuits Coupling qubits via

a current-biased JJ

Qubit tomography:
(1) solid state devices; (2) charge qubits Bell inequality test

Errors due to:
*) non-identical qubits
*) delays between operations

Systematic noise and
algorithmic accuracy

Summary:

We pioneered the area of particle-motion control with interacting particles, and we still hold a prominent
position in this field. Our work in this area has been featured, e.g., in Physics Today and by the press in
several continents. For instance, we contributed to the Einstein celebration special issues on Brownian
motion to: the German Physical Society (the centenary issue of the Annalen der Physik, with just nine
articles), the American Physical Society, and the British Institute of Physics. In the past few years, this area
we pioneered has become a hot topic, attracting top experimental groups on vortex dynamics. For instance,
the opening sessions of the (Sept. 2005) international conference on vortex physics were devoted to vortex
motion control, and our work was prominent in all those presentations. Our other work on the general area of
“collective transport of interacting particles” (especially vortices) still attracts considerable attention
(including plenary talks at international conferences). Lately, we began working on the dynamics of
Josephson vortices exploring new ways to (1) generate, (2) filter, and (3) detect THz radiation. Our very
recent work on this area is also attracting interest from several groups.

In the area of control of the quantum-mechanical state of two-level systems (i.e., qubits) we have focused on
superconducting (SC) qubits and related topics. For instance, in 2001, we pioneered the idea of placing a charge
qubit inside a microcavity, years before the 2004 Yale experiments. We also did the first systematic studies of:
(1) solid state quantum tomography, (2) Bell inequalities in SC qubits, (3) photon generation using qubits inside
cavities, (4) quantum electromechanics of buckling nanotubes, etc. The color chart above summarizes our work
in the area of quantum computing.



Sub-theme: Controlling the motion of small particles and flux quanta (analytics and numerics)
Researchers: S. Savel’ev, F. Marchesoni, B.Y. Zhu, P. Hanggi, F. Nori

(1) Summary of Research Activities

Initially inspired by biological motors, new types of nanodevices have recently been proposed for
particle motion control, including particle separation, smoothing atomic surfaces, and superconducting
vortex manipulation. Some of these devices have been realized experimentally to manipulate vortices,
particles in asymmetric silicon pores, as well as charged particles through artificial pores and arrays of
optical tweezers. The manipulation of tiny particles, which are strongly influenced by their noisy
environment, has required novel approaches to control their motion. If small particles are driven by an ac
external force (or by a fluctuating force) on an asymmetric substrate, their ac motion can be rectified, thus
providing useful work.

Using analytical and numerical approaches, we studied the collective stochastic rectification of ac-driven
vortices due to the “ratchet effect” produced by asymmetric pinning sites [1,2,3]. The regular structure
studied in [1] produces a dc voltage from ac driven vortices for any value of the magnetic field. Moreover,
using two interpenetrating square pinning sublattices [2] allows a precise control of the collective motion
of the vortices, including stepmotors. We also studied [1] the transport of vortices in superconductors with
triangular arrays of boomerang- or V-shaped asymmetric pinning wells, when applying an alternating
electrical current. We numerically obtained, for the first time, magnetic "lensing" of fluxons (Left fig.). Our
proposed vortex lens provides a near threefold increase of the vortex density at its "focus" regions. These
results can be extended to other systems (e.g., colloidal particles or electrons in nanodevices).

Recent experiments on transport of K and Rb ions in an ion channel and particles of different size in
asymmetric silicon pores pose the question of how directed motion of two or more species affect one another.
Other experimentally accessible binary systems include two-size species of particles moving through silicon
nanopores or two species of vortices in strongly anisotropic layered superconductors.

We studied (both analytically and via numerical simulations) the motion of two interacting species of
small particles, coupled differently to their environment [3,4]. We find three ways of controlling the particle
motion of one (passive) B species by means of another (active) A species: (i) dragging the target particles B
by driving the auxiliary particles A, (ii) rectifying the motion of the B species on the asymmetric potential
created by the A-B interactions (see the right fig.), and (iii) dynamically modifying (pulsating) this potential
by controlling the motion of the A particles. This allows easy control of the magnitude and direction of the
velocity of the target particles by changing either the frequency, phase and/or amplitude of the applied ac
drive(s). Our findings could be potentially used for vortex motion control, for separating tiny particles with
different masses, charges, interactions, etc, and for delivering target particles or small molecules, which
weakly interact with cell membranes, into cells (e.g., drug delivery), among many other applications in
nano-scale solid state devices.

(2) Future Plan

We also plan to obtain the crucial figure of merit characterizing the performance of different experimentally
realizable devices. This area of research (pioneered by our group) is very hot now, because several devices
for controlling vortex motion, particle motion in ion channels, optical and magnetic tweezers, and
artificial micro-pores are now in the stage of experimental realization. Indeed, some of our
proposals have been already experimentally realized.
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(4) Representative publications

[1] B.Y. Zhu, F. Marchesoni, and F. Nori, “Controlling the Motion of Magnetic Flux Quanta”, Phys. Rev.
Lett. 92, 180602 (2004); “Biologically inspired devices for easily controlling the motion of magnetic flux
quanta”, Physica E 18, 318 (2003).

[2] B.Y. Zhu, F. Marchesoni, V.V. Moshchalkov, and F. Nori, “Controllable step motors and rectifiers of
magnetic flux quanta using periodic arrays of asymmetric pinning defects”, Phys. Rev. B 68, 014514 (2003);
“Easily-controllable collective stepmotor of magnetic flux quanta” Physica C388-389, 665 (2003);
“Controllable stepmotors and rectifiers of magnetic flux quanta”, Physica C404, 260 (2004).

[3] S. Savel'ev, F. Marchesoni, and F. Nori, “Controlling Transport in Mixtures of Interacting Particles using
Brownian Motors”, Phys. Rev. Lett. 91, 010601 (2003); “Manipulating Small Particles in Mixtures far from
Equilibrium”, Phys. Rev. Lett. 92, 160602 (2004); “Stochastic transport of interacting particles in
periodically driven ratchets”, Phys. Rev. E 70, 061107 (2004); “Interacting particles on a rocked ratchet:
Rectification by condensation”, Phys. Rev. E 71, 011107 (2005).

[4] S. Savel’ev, F. Marchesoni, P. Hinggi, and F. Nori, “Nonlinear signal mixing in a ratchet device ”,
Europhys. Lett. 67, 179 (2004); “Transport via nonlinear signal mixing in ratchet devices”, Phys. Rev. E 70,
066109 (2004).

(5) Concluding remarks
We have pioneered this field from the very beginning (1999), and we are the most prominent theory group

working in this area, which is now attracting growing interest. Indeed, there is a race involving several top
experimental groups exploring novel ways to control vortex motion inside superconductors.



Sub-theme: Vortex motion control (collaborations with experimental groups)
Researchers: S. Savel’ev, F. Nori, Y. Togawa, K. Harada, A. Maeda, A. Tonomura

(1) Summary of Research Activities

We studied [1] a device that can easily control the motion of flux quanta in a Niobium superconducting film
grown on an array of nanoscale triangular pinning potentials (Fig. 1). Even though the input ac current has zero
average, the resulting net motion of the vortices can be directed along either one direction, the opposite direction,
or producing zero net motion. The remarkable reversal in the direction of the rectified current is due to the
interaction between the vortices trapped on the magnetic nanostructures and the interstitial vortices (Fig. 1). The
applied field and input current strength can tune both the polarity and magnitude of the rectified current. All the
observed features are explained and modeled theoretically considering the interactions between particles (Fig. 2).
This is the first fabricated ratchet system showing strong effects due to the correlated motion of the interacting
particles, responsible for its current inversion. Also, a sawtooth vortex rectifier we proposed in 1999 was
experimentally studied in [2]. This is the first experimental imaging of vortex motion inside rectifiers.

All previous proposals used spatially-asymmetric potential energies in order to control its transport

properties. We proposed [3] completely new types of ratchet-like systems that do nof require spatially
asymmetric potentials in the samples. As specific examples of this new general class of ratchets, we propose
devices that control the motion of flux quanta in superconductors and could address a central problem in
many superconducting devices, including qubits; namely, the removal of trapped magnetic flux that produces
noise. In extremely anisotropic layered superconductors placed in a tilted magnetic field, there are two
interpenetrating vortex lattices consisting of Josephson vortices (JVs), aligned parallel to the CuO, planes,
and pancake vortices (PVs), oriented perpendicularly to those planes. We show that, due to the JV-PV mutual
interaction and asymmetric driving, the AC motion of JVs and/or PVs can provide a net DC vortex current.
This controllable vortex motion can be used for vortex pumps, diodes and lenses (Fig. 3). These proposed
devices sculpt the microscopic magnetic flux profile by simply modifying the time dependence of the AC
drive, without the need of samples with static pinning. Recently, the predicted lensing effect [3] has been
experimentally observed [4]. We perform simulations [4] describing an experimental device to guide flux
quanta in layered superconductors using a drive which is asymmetric in time instead of being asymmetric in
space (i.e., the first experimental ratchet without spatial asymmetry). Moreover, considering the dragging of
out-of-plane pancake vortices (PVs) by the in-plane JVs, our simulations successfully describe several
experimental manipulations of the entire micromagnetic profile in layered superconductors.
Again, in our general area of research on “Collective transport of interacting particles”, we found many
analogies between the friction force felt by moving vortices in superconductors and charge density waves.
These experiments were described [5] both analytically and numerically. Mechanical analogs were also used.
Also, mechanically vibrated granular media was studied [6] in order to extend the fluctuation dissipation
theorem to very dissipative non-equilibrium systems.

(2) Future Plan

We plan to continue our fruitful collaborations in this area. The field of vortex ratchets is a very exciting and dynamic
one at the moment. There are several imaginative applications for devices based on the control of superconducting
vortices. Probably the most topical are those which exploit the control of flux motion in flux qubits. There is also
interest in finding ways to remove vortices from active (e.g., SQUIDs) and passive (e.g. filters) superconducting
devices since they lead to a large amount of unwanted noise.
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(4) Representative publications

[1] J.E. Villegas, S. Savel'ev, F. Nori, EM. Gonzalez, J.V. Anguita, R. Garcia, and J. L. Vicent, A
superconducting reversible rectifier that controls the motion of magnetic flux quanta, Science 302, 1188
(2003). Also a Perspective.

[2] Y. Togawa, K. Harada, T. Akashi, H. Kasai, T. Matsuda, F. Nori, A. Maeda, A. Tonomura, “Direct
Observation of Rectified Motion of Vortices in a Niobium Superconductor”, Phys. Rev. Lett. 95, 087002
(2005)

[3] S. Savel'ev, F. Nori, Experimentally realizable devices for controlling the motion of magnetic flux quanta
in anisotropic superconductors, Nature Materials 1, 179 (2002).

[4] D. Cole, S.J. Bending, S. Savel’ev, A. Grigorenko, T. Tamegai, F. Nori, Ratchet without spatial
asymmetry: Controlling the motion of magnetic flux quanta using time-asymmetric drives, preprint.

[5] A. Maeda, Y. Inoue, H. Kitano, S. Savel’ev, S. Okayasu, 1. Tsukada, F. Nori , Nanoscale Friction: Kinetic
Friction of Magnetic Flux Quanta and Charge Density Waves, Phys. Rev. Lett. 94, 077001 (2005)

[6] G. D'Anna, P. Mayor, A. Barrat, V. Loreto, F. Nori, Observing Brownian motion in vibration-fluidized
granular matter, Nature 424, 909 (2003). Also the cover of that issue, and a News and Views.

(5) Concluding remarks
This very recent work is attracting considerable attention from the research community, has motivated

experiments from top groups, has been published in top journals, and has been featured by the press
worldwide.



Sub-theme: Using layered superconductors to generate, filter, and detect THz radiation
Researchers: S. Savel’ev, A. Rakhmanov, V. Yampol’skii, F. Nori

(1) Summary of Research Activities

The recent growing interest in terahertz (THz) science and technology is due to its many important
applications in physics, astronomy, chemistry, biology and medicine, including THz imaging, spectroscopy,
tomography, medical diagnosis, health monitoring, environmental control, as well as chemical and biological
identification. A grand challenge is to generate and control electromagnetic waves in Bi,Sr,CaCu,04.4 and
other layered superconducting compounds because of its Terahertz frequency range. Considering recent
advantages in sample fabrication, we propose several experimentally realizable devices for generating [1]
continuous and pulsed THz radiation in a tunable frequency range as well as for filtering [2] and detecting
[3] THz radiation.

For electromagnetic waves in any conducting media, the electric field E is very weak with respect to the
magnetic field H: E << H. Also, for in-plane radiation: £ << H. Thus, only a small fraction (about E/H) of
the radiation can leave the sample. This is the so-called “impedance mismatch” problem [1] that has severely
limited progress in this field for years. Now, we are also considering c-axis short-wavelength out-of-plane
radiation [1]. This radiation has a strong enough in-plane electric field E, to overcome the
superconducting-vacuum interface. Indeed, £, and the magnetic field both are of the same order of
magnitude, similar to the one for waves propagating in the vacuum. This solves the important impedance
mismatch problem [1]. The out-of-plane radiation can be emitted, for instance, by a fast moving Josephson
vortex moving in a periodically modulated Bi221 samples. So we propose [1] to use modulated Bi2212
samples to generate out-of-plane THz radiation which can leave the sample without a severe impedance
mismatch problem.

Another proposal [2] is potentially useful for controllable THz filters. The Josephson vortex (JV) lattice
is a periodic array that scatters electromagnetic waves in the THz frequency range. We show [2] that JV
lattices can produce a photonic band gap structure (tunable THz photonic crystal) with easily tunable
forbidden zones controlled by the in-plane magnetic field. The scattering of electromagnetic waves by JVs
results in a strong magnetic-field dependence of the reflection and transparency. Fully transparent or fully
reflected frequency windows can be conveniently tuned by the in-plane magnetic field. [2]

Our suggested design for THz detectors [3] employs the predicted (in [3]) surface Josephson (J.) plasma
wave, which can propagate along the superconductor-vacuum surface when the wave frequency is below the
J. plasma frequency. We derive [3] that the incident THz wave can resonantly excite the surface wave at
certain angles between the incident wave and the sample surface. This results in a strong increase of
absorption of THz wave in the sample and resonant peak of the sample resistance. The position of the peak
allows the determination of both the frequency and direction of the incident THz wave [3].

(2) Future Plan

We plan to considerably extend our very recent, and still preliminary, work in this area. This also nicely
matches FRS future plans to expand activities studying THz science. We also plan to study different types of
radiation, including the very promising “transition radiation”, generated by relatively slow Josephson
vortices moving through a modulated sample.



(3) Figures

0050 008 U 0018 ~ 0.037 0027 - 0008 RO - O
0037 - 0080 [] 0008 - 0018 [l 004 - 0027

Top: a Josephson vortex (JV) producing radiation.
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Only red waves with certain frequencies
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back, shown as the reflected blue waves.

(4) Representative publications

[1] S. Savel’ev, V. Yampol’skii, A. Rakhmanov, F. Nori, Generation of tunable terahertz out-of-plane
radiation using Josephson vortices in modulated layered superconductors, Phys. Rev. B 72, 144515 (2005).
cond-mat/0508715

[2] S. Savel'ev, A.L. Rakhmanov, F. Nori, Using Josephson Vortex Lattices to Control Terahertz Radiation:
Tunable Transparency and Terahertz Photonic Crystals, Phys. Rev. Lett. 94, 157004 (2005)

[3] S. Savel’ev, V. Yampol’skii, F. Nori, Surface Josephson plasma waves in layered superconductors,
published in cond-mat/0508716. Phys. Rev. Lett. 95, 187002 (2005)

[4] S. Savel’ev, V. Yampol’skii, A. Rakhmanov, F. Nori, Nonlinear optical effects with JJ vortices, Nature
Physics, in press, August 2006.

(5) Concluding remarks

This work is very recent. In spite of this: (1) it has received good evaluations from referees used by top
journals; (2) it has been featured in the press; (3) it has received several invited and plenary talks; more
importantly, (4) several experimental groups are now beginning work in order to implement our proposals
(as always, experimental results will take time).



Sub-theme: Controlling Physical Properties of Superconducting and Magnetic Systems:
increasing critical currents, nonlinear instabilities in superconductors, manipulating magnetic
nano-disks, and magnetic-domain motion control

Researchers: S. Savel’ev, A. Rakhmanov, V. Misko, F. Nori

(1) Summary of Research Activities

Recent achievements in nano-technology now allow the fabrication of different arrays of small magnetic
dots of various shapes and different interdot spacings. Such dot arrays are potentially useful for memory
elements, magnetic field sensors, and logic devices, among other applications.

Using the rigid magnetic vortex model, we develop [1] a substantially modified Landau theory approach
for analytically studying phase transitions between different spin arrangements in circular submicron
magnetic dots subject to an in-plane externally-applied magnetic field. We introduce a novel order
parameter: the inverse distance between the center of the circular dot and the vortex core. This order
parameter is suitable for describing closed spin configurations such as curved or bent-spin structures and
magnetic vortices. Depending on the radius and thickness of the dot as well as the exchange coupling, there
are five different regimes for the magnetization reversal process when decreasing the in-plane magnetic field.
The magnetization-reversal regimes obtained here cover practically all possible magnetization reversal
processes. Moreover, we have derived the change of the dynamical response of the spins near the phase
transitions and obtained a "critical slowing down" at the second order phase transition from the high-field
parallel-spin state to the curved (C-shaped) spin phase. We predict a transition between the vortex and the
parallel-spin state by quickly changing the magnetic field—providing the possibility to control the magnetic
state of dots by changing either the value of the external magnetic field and/or its sweep rate. We study an
illuminating mechanical analog (buckling instability) of the transition between the parallel-spin state and the
curved spin state (i.e., a magnetic buckling transition). In analogy to the magnetic-disk case, we also develop
a modified Landau theory for studying mechanical buckling instabilities of a compressed elastic rod
embedded in an elastic medium. We show that the transition to a buckled state can be either first or second
order depending on the ratio of the elasticity of the rod and the elasticity of the external medium. We derive
the critical slowing down for the second-order mechanical buckling transition.

Magnetic domain walls (MDWSs) can move when driven by an applied magnetic field. This motion is
important for numerous devices, including magnetic recording read/write heads, transformers and magnetic
sensors. A magnetic film, with a sawtooth profile, localizes MDWs in discrete positions at the narrowest
parts of the film. We propose [2] a controllable way to move these domain walls between these discrete
locations by applying magnetic field pulses. In our proposal, each applied magnetic pulse can produce an
increment or step-motion for an MDW. This could be used as a shift register. A similarly patterned magnetic
film attached to a large magnetic element at one end of the film operates as an XOR logic gate. The
asymmetric sawtooth profile can be used as a ratchet resulting in either oscillating or running MDW motion,
when driven by an ac magnetic field. Near a threshold drive (bistable point) separating these two dynamical
regimes (oscillating and running MDW), a weak signal encoded in very weak oscillations of the external
magnetic field drastically changes the velocity spectrum, greatly amplifying the mixing harmonics [3]. This
effect can be used either to amplify or shift the frequency of a weak signal [3].

We study [4] the critical depinning current J; versus the applied magnetic flux ®, for quasiperiodic (QP)
one-dimensional (1D) chains and 2D arrays of pinning centers placed on the nodes of a five-fold Penrose
lattice. In 2D QP pinning arrays, we predict analytically and numerically the main features of J.(®),
and demonstrate that the Penrose lattice of pinning sites provides an enormous enhancement of
J«(®), even compared to triangular and random pinning site arrays [4]. This huge increase in J
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could be useful for applications.

We consider [5] magnetic flux moving in superconductors with periodic pinning arrays. We show that
sample heating by moving vortices produces negative differential resistivity (NDR) of both N- and S-type in
the voltage-current characteristic (VI-curve). The uniform flux flow state is unstable in the NDR region of
the VI-curve [5]. Domain structures appear during the NDR part of the VI-curve of an N-type, while a
filamentary instability is observed for the NDR of an S-type. The simultaneous existence of the NDR of both
types gives rise to the appearance of self-organized two-dimensional dynamical structures.

(2) Future Plan
We are considering the control of chirality on magnetic nanodisks. We are planning to simulate critical
slowing down in magnetic disks. Also operation of several linked magnetic logical devices will be
considered. We plan to help experimentalists to achieve an important goal: to strongly increase the critical
current Je(®), by using samples with quasiperiodic arrays of defects.

(3) Figures

0.0 r bn é'| ()] 6;

(4) Representative publications
[1] S. Savel’ev, F. Nori, “Magnetic and mechanical buckling: Modified Landau theory approach to study
phase transitions in micromagnetic disks and compressed rods”, Phys. Rev. B 70, 214415 (2004).

[2] S. Savel’ev, A. Rakhmanov, F. Nori, “Experimentally realizable devices for domain wall motion control”,
New Journal of Physics 7, 82 (2005).

[3] S. Savel’ev, A. Rakhmanov, F. Nori, “Nonlinear amplifier and frequency shifter using a tunable periodic
drive”, Phys. Rev E 72, 056136 (2005).

[4] V. Misko, S. Savel’ev, F. Nori, “Critical currents in quasiperiodic pinning arrays: One-dimensional chains
and Penrose lattices”, Phys. Rev. Lett. 95, 177007 (2005). Also published in cond-mat/0502480, and its long
version published in PRB (2006)..

[5] V. Misko, S. Savel’ev, F. Nori, “Non-uniform self-organized dynamical states in superconductors with
periodic pinning”, Phys. Rev. Lett. 96, 127004 (2006).

(5) Concluding remarks
These results are very recent. In spite of this, several experimental groups have expressed interest in testing
these proposals. Two have already started experiments based on these proposals.
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Sub-theme: Superconducting qubits in microcavities
Researchers: J.Q You, Y.X. Liu, L.F. Wei, and F. Nori

(1) Summary of Research Activities

In [1] we investigate the quantum dynamics of a Cooper-pair box with a superconducting loop in the
presence of a nonclassical microwave field. We demonstrate the existence of Rabi oscillations for both
single- and multiphoton processes and, moreover, we propose a new quantum computing scheme (including
one-bit and conditional two-bit gates) based on Josephson qubits coupled through microwaves.

Based on the interaction between the radiation field and a superconductor, we propose [2] a way to engineer
quantum states using a SQUID charge qubit inside a microcavity. This device can act as a deterministic
single-photon source as well as generate any Fock states and an arbitrary superposition of Fock states for the
cavity field. The controllable interaction between the cavity field and the qubit can be realized by the tunable
gate voltage and classical magnetic field applied to the SQUID.

In [3] we propose how to generate macroscopic quantum superposition states using a microwave cavity
containing a superconducting charge qubit. Based on the measurement of charge states, we show that the
superpositions of two macroscopically distinguishable coherent states of a single-mode cavity field can be
generated by a controllable interaction between a cavity field and a charge qubit. After such superpositions of the
cavity field are created, the interaction can be switched off by the classical magnetic field, and there is no
information transfer between the cavity field and the charge qubit. We also discuss the generation of the
superpositions of two squeezed coherent states.

In [4] we propose a method to create superpositions of two macroscopic quantum states of a single-mode
microwave cavity field interacting with a superconducting charge qubit. The decoherence of such
superpositions can be determined by measuring either the Wigner function of the cavity field or the charge
qubit states. Then the quality factor Q of the cavity can be inferred from the decoherence of the superposed
states. The proposed method is experimentally realizable within current technology even when the Q value is
relatively low, and the interaction between the qubit and the cavity field is weak.

In [S] we analyze the optical selection rules of the microwave-assisted transitions in a flux qubit
superconducting quantum circuit (SQC). We show that the parities of the states relevant to the
superconducting phase in the SQC are well defined when the reduced external magnetic flux f=f/2; then the
selection rules are the same as the ones for the electric-dipole transitions in usual atoms. When f is shifted
away from 0.5, the symmetry of the potential of the artificial "atom" is broken, and a so-called A-type
"cyclic" three-level atom is formed, where one- and two-photon processes can coexist. We study how the
population of these three states can be selectively transferred by adiabatically controlling the electromagnetic
field pulses. Different from f-type atoms, the adiabatic population transfer in our three-level fatom can be
controlled not only by the amplitudes but also by the phases of the pulses.

In [6] we began studying biological circuitry, instead of only quantum circuitry. The goal there was to
help find correlations within a very large network or circuit.

(2) Future Plan
This is a very exciting area of research that we pioneered early on in 2001, and the Yale experiments have
confirmed (in 2004) that this was a very fruitful direction. This approach is now attracting considerable
attention.
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(3) Figure
Cavity quantum electrodynamics (QED) for a Cooper-pair

D, (I)f(t) box with a SQUID loop, where the (yellow) charge box is
coupled to a segment of a superconducting ring via two
identical Josephson junctions, shown in green above, and a
voltage V is applied to the charge box through a gate
capacitor Cg. In addition to a static magnetic flux @, as
denoted by the solid (red) lines with arrows, applied
through the SQUID loop to control the effective Josephson
coupling energy, a time-dependent microwave field @ (t)
in a quantum cavity, schematically shown above by the
dashed (blue) lines with arrows, also threads through the
SQUID loop.

(4) Representative publications

[1]J.Q. You and F. Nori, Quantum information processing with superconducting qubits in a microwave field,
Phys. Rev. B 68, 064509 (2003)

[2] Y.-X. Liu, L.F. Wei, and F. Nori, Generation of nonclassical photon states using a superconducting qubit
in a microcavity, Europhys. Lett. 67 , 941 (2004)

[3] Y.-X. Liu, L.F. Wei, and F. Nori, Preparation of macroscopic quantum superposition states of a cavity
field via coupling to a superconducting charge qubit, Phys. Rev. A 71, 063820 (2005)

[4] Y.-X. Liu, L.F. Wei, and F. Nori, Measuring the quality factor of a microwave cavity using
superconduting qubit devices, Phys. Rev. A 71, 063820 (2005)

[5] Y.-X. Liu, J. Q. You, L.F. Wei, C. P. Sun, and F. Nori, Optical Selection Rules and Phase-Dependent
Adiabatic State Control in a Superconducting Quantum Circuit, Phys. Rev. Lett. 95, 087001 (2005)

[6] P. Carninci et al, The transcriptional landscape of the mammalian genome, Science 309, 1559 (2005).

(5) Concluding remarks

In the summer of 2001, we submitted to PRL one of the earliest, if not the first, proposal on QC using qubits
inside a cavity. The PRL referees admitted that our work was very original, but they felt that it would never
be implemented. Eventually, our manuscript was published in PRB, in 2003. Over a year later, in the Fall of
2004, the Yale group published experiments proving that SC qubits inside cavities could have Rabi
oscillations. These results, which we anticipated in 2001 and sent in our preprint to Yale in 2002, are now
attracting considerable attention. Since then, we have been studying ways to generate several types of
non-classical photon states using a SC qubit in a microcavity, and other related proposals. The latter are very
recent proposals (2005) that will be relevant to future experimental studies.
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Sub-theme: Superconducting charge qubits: coupling, scalability, control, entanglement generation.
Researchers: J.Q You, Y.X. Liu, L.F. Weli, J.S. Tsai, and F. Nori

(1) Summary of Research Activities

A goal of quantum information technology is to control the quantum state of a system, including its
preparation, manipulation, and measurement. However, scalability to many qubits and controlled
connectivity between any selected qubits are two of the major stumbling blocks to achieve quantum
computing (QC). In [1] we propose an experimental method, using Josephson charge qubits, to efficiently
solve these two central problems. The proposed QC architecture is scalable since any two charge qubits can
be effectively coupled by an experimentally accessible inductance. More importantly, we formulate an
efficient and realizable QC scheme that requires only one (instead of two or more) two-bit operation to
implement conditional gates.

In [2] we present an experimentally implementable method to couple Josephson charge qubits and to
generate and detect macroscopic entangled states. A large-junction superconducting quantum interference
device is used in the qubit circuit for both coupling qubits and to implement the readout. Also, we explicitly
show how to achieve a microwave-assisted macroscopic entanglement in the coupled-qubit system.

Josephson qubits (JQs) without direct interaction can be effectively coupled by sequentially connecting
them to an information bus: a current-biased large Josephson junction treated as an oscillator with adjustable
frequency [3]. The coupling between any qubit and the bus can be controlled by modulating the magnetic
flux applied to that qubit. This tunable and selective coupling provides two-qubit entangled states for
implementing elementary quantum logic operations, and for experimentally testing Bell's inequality.

In [4] we propose an effective scheme for manipulating quantum information stored in a superconducting
nanocircuit. The Josephson qubits are coupled via their separate interactions with an information bus, a large
current-biased Josephson junction treated as an oscillator with adjustable frequency. The busis sequentially coupled
to only one qubit at a time. Distant Josephson qubits without any direct interaction can be indirectly coupled with
each other by independently interacting with the bussequentially, via exciting/deexciting vibrational quanta in the
bus. This isa superconducting analog of the successful ion trap experiments onquantum computing. Our approach
differs from previous schemes that simultaneously coupled two qubits to the bus, as opposed to their sequential
coupling considered here. The significant quantum logic gates canbe realized by using these tunable and selective
couplings. The decoherence properties of the proposed quantum system are analyzed within the Bloch-Redfield
formalism. Numerical estimations of certain important experimental parameters are provided.

In superconducting circuits with interbit untunable (e.g., capacitive) couplings, ideal local quantum
operations cannot be exactly performed on individual Josephson qubits. In [5] we propose an effective
dynamical decoupling approach to overcome the “fixed-interaction" difficulty for effectively implementing
elemental logical gates for quantum computation. The proposed single-qubit operations and local
measurements should allow testing Bell's inequality with a pair of capacitively-coupled Josephson qubits. This
provides a powerful approach, besides spectral-analysis [Nature 421, 823 (2003); Science 300, 1548 (2003)], to
verify the existence of macroscopic quantum entanglement between two fixed-coupling Josephson qubits.

(2) Future Plan
We plan to extend these studies to flux and phase qubits, as well as to SC qubits inside cavities.
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(3) Figure

Schematic diagram of the proposed scalable and switchable quantum computer. Here we explicitly show
how two charge qubits (not necessarily neighbors) can be coupled by the inductance L, where the cyan
SQUIDs are switched on by setting the fluxes through the cyan SQUID loops zero, and the green SQUIDs
are turned off by choosing the fluxes through the green SQUID loops as ®,/2. This applies to the case when
any selected charge qubits are coupled by the common inductance.

(4) Representative publications

[1]1J.Q. You, J.S. Tsai, and F. Nori, Scalable Quantum Computing with Josephson Charge Qubits, Phys. Rev.
Lett. 89, 197902 (2002)

[2] J.Q. You, J.S. Tsai, and F. Nori, Controllable manipulation and entanglement of macroscopic quantum
states in coupled charge qubits, Phys. Rev. B 68, 024510 (2003)

[3] L.F. Wei, Y.-X Liu, F. Nori, Coupling Josephson qubits via a current-biased information bus, Europhys.
Lett. 67, 1004 (2004)

[4] L.F. Wei, Y.-X. Liu, and F. Nori, Quantum computation with Josephson qubits using a current-biased
information bus, Phys. Rev. B 71, 134506 (2005)

[5] L.F. Wei, Y.-X. Liu, and F. Nori, Testing Bell's inequality in a constantly coupled Josephson circuit by
effective single-qubit operations, Phys. Rev. B 72, 104516 (2005). Also published in quant-ph/0408089.

(5) Concluding remarks
These are very novel proposals on the issues of coupling, scalability, operations, etc. in quantum circuits.
Most of these are quite recent (2004 and 2005).
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Sub-theme: Superconducting qubits: flux qubits, decoherence reduction, quantum tomography.
Researchers: J.Q You, Y.X. Liu, L.F. Wei, Y. Nakamura, and F. Nori

(1) Summary of Research Activities

A central problem for implementing efficient quantum computing is how torealize fast operations (both
one- and two-bit ones). However, thisis difficult to achieve for a collection of qubits, especially for those
separated far away, because the interbit coupling is usually much weaker than the intrabit coupling. In [1] we
present an experimentally feasible method to effectively couple two flux qubits via a common inductance and
treat both single and coupled flux qubits with more realistic models, which include the loop inductance. The
main advantage of our proposal is that a strong interbit coupling can be achieved using a small inductance, so
that two-bit as fast as one-bit operations can be easily realized. We also show the flux dependence of the
transitions between states for the coupled flux qubits.

Charge fluctuations from gate bias and background traps severely limit the performance of a charge qubit
realized in a Cooper-pair box (CPB). In [2] we present an experimentally realizable method to control the
dephasing effects of these charge fluctuations using two strongly capacitively coupled CPBs. This
coupled-box system has a low-decoherence subspace of two states and we calculate the dephasing of these
states using a master equation approach. Our results show that the inter-box Coulomb correlation can
significantly suppress decoherence of this two-level system, making it a promising candidate as a logical
qubit, encoded using two CPBs.

In [3] we propose a method for the tomographic reconstruction of qubit states for a general class of
solid-state systems in which the Hamiltonians are represented by spin operators, e.g., with Heisenberg-,
XXZ-, or XY-type exchange interactions. We analyze the implementation of the projective operator
measurements, or spin measurements, on qubit states. All the qubit states for the spin Hamiltonians can be
reconstructed by using experimental data.

In [4] we propose an approach to reconstruct any superconducting charge qubit state by using quantum
state tomography. This procedure requires a series of measurements on a large enough number of identically
prepared copies of the quantum system. The experimental feasibility of this procedure is explained and the
time scales for different quantum operations are estimated according to experimentally accessible parameters.
Based on the state tomography, we also investigate the possibility of the process tomography.

(2) Future Plan

We plan to expand on the projects listed above. Most of our previous work has been in charge qubits. We
plan to continue work for other types of qubits, including flux-charge, flux, and phase qubits.
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(3) Figure

Strongly coupled Cooper-pair boxes used for reducing decoherence. A bias voltage V; is applied to the ith
charge box through a gate capacitance C;, and a symmetric dc-SQUID is coupled to the box. Also, each
box is connected to a detector via a probe junction (or a less invasive point contact). The two boxes are
closely-spaced long superconducting islands with sufficiently large mutual capacitance C,,, and the barrier
between them is strong enough to prohibit the inter-box Cooper-pair tunneling.

(4) Representative publications

[1]J.Q. You, Y. Nakamura, and F. Nori, Fast two-bit operations in inductively coupled flux qubits, Phys. Rev.
B 71, 024532 (2005)

[2] J.Q. You, X. Hu, and F. Nori, Correlation-induced suppression of decoherence in capacitively coupled
Cooper-pair boxes, Phys. Rev. B 72, 144529 (2005). Also published in cond-mat/0407423

[3] Y.-X. Liu, L.F. Wei, and F. Nori, Qubit tomography for solid-state systems, Europhys. Lett. 67, 874-880
(2004).

[4] Y.-X. Liu, L. F. Wei, and F. Nori, Tomographic measurements on superconducting qubit states , Phys. Rev.
B 72, 014547 (2005)

[5]1J.Q. You, J.S. Tsai, and F. Nori, Hybridized solid-state qubit in the charge-flux regime, Phys. Rev. B 72,
in press (2005)

(5) Concluding remarks

First proposal on solid-state quantum tomography, an area which we are pioneering. Very novel proposals on
coupling, scalability, operations, etc. These are very recent results (mostly published during 2005) and
experiments on these will be done in the future (some groups already started).
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Sub-theme: Quantum electromechanics, quantum transducers, EPR states, quantum
algorithms, controllable couplings among qubits.
Researchers: L.F. Wei, Y.X. Liu, S. Savel’ev, J.S. Tsai, and F. Nori

(1) Summary of Research Activities

Analyzing recent experimental results, we find [1] similar behaviors and a deep analogy between
three-junction superconducting qubits and suspended carbon nanotubes. When these different systems are
ac-driven near their resonances, the resonance single-peak, observed at weak driving, splits into two
sub-peaks when the driving increases. This unusual behavior can be explained by considering quantum
tunneling in a double well potential for both systems. Inspired by these experiments, we propose a
mechanical qubit based on buckling nanobars--a NEMS so small as to be quantum coherent. To establish
buckling nanobars as legitimate candidates for qubits, we calculate the effective buckling potential that
produces the two-level system and identify the tunnel coupling between the two local states. We propose
different designs of nanomechanical qubits (fig. 1) and describe how they can be manipulated. Also, we
outline possible decoherence channels and detection schemes. A comparison between nanobars and well
studied superconducting qubits suggests several future experiments on quantum electromechanics.

In [2] we propose an experimentally realizable method to control the coupling between flux qubits, so far
an important open problem. In our proposal, the bias fluxes are always fixed for the two inductively-coupled
qubits. The detuning of these two qubits can be initially chosen to be sufficiently large that their coupling is
almost negligible, and then each qubit can be treated independently. When an external field is applied to one
of the qubits, a well-chosen frequency of the external field can be used to compensate the detuning and
couple the qubits. This proposed method avoids fast changes of the transition frequencies of the qubits or
bias magnetic flux through the qubit loops, and also offers a remarkable way to implement any logic gate as
well as tomographically measure flux qubit states.

In [3] we propose an efficient approach to prepare Einstein-Podolsky-Rosen (EPR) pairs in
currently-existing Josephson nanocircuits with capacitive-couplings. In these fixed-coupling circuits,
two-qubit logic gates could be easily implemented while, strictly speaking, single-qubit gates cannot be
easily realized. For a known two-qubit state, conditional single-qubit operations could still be designed to
evolve only the selected qubit and keep the other qubit unchanged; the rotations of the selected qubit depend
on the state of the other qubit. These conditional single-qubit operations allow to deterministically generate
the well-known Einstein-Podolsky-Rosen pairs, represented by EPR-Bell (or Bell) states, at a macroscopic
level. Quantum-state tomography is further proposed to experimentally confirm the generation of these
states.

During the unavoidable delays between operations in a quantum algorithm, coherent errors will
accumulate from the dynamical phases of the superposed wave functions. In [4] we explore the sensitivity of
Shor's quantum factoring algorithm to such errors. Our results clearly show a severe sensitivity of Shor's
factorization algorithm to the presence of delay times between successive unitary transformations. A
particularly simple phase-matching approach is proposed in this paper to avoid or suppress these coherent
errors when using Shor's algorithm to factorize integers. The robustness of this phase-matching condition is
evaluated analytically and numerically.

(2) Future Plan
We plan to expand on the most promising projects listed above. These are very recent, and we are still
exploring options about what topics to expand on, within the group of papers listed below.
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(3) Figures
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(4) Representative publications

[1]S. Savel’ev. X. Hu, A. Kasumov, F. Nori, Quantum electromechanics: Quantum tunneling near resonance
and qubits from buckling nanobars, published in cond-mat/0412521. Featured in Scientific Am., page 28,
April 2005.

[2] Y-X. Liu, L. F. Wei, J. S. Tsai, F. Nori, Controllable coupling between flux qubits, published in
cond-mat/0507496

[3] C.P. Sun, L.F. Wei, Y.X Liu, F. Nori, Quantum transducers: Integrating Transmission Lines and
Nanomechanical Resonators via Charge Qubits, published in quant-ph/0504056

[4] L.F. Wei, Y.-X. Liu, M.J. Storcz, F. Nori, Macroscopic Einstein-Podolsky-Rosen pairs in superconducting
circuits. Published in quant-ph/0508027.

[5] L.F. Wei, X. Li, X. Hu, and F. Nori, Effects of dynamical phases in Shor's factoring algorithm with
operational delays, Phys. Rev. A 71, 022317 (2005)

(5) Concluding remarks
First proposal on quantum electromechanics (quantum tunneling near resonance and qubits from buckling
nanobars). This work has been featured, e.g., by the United Press International, Scientific American (in about

eight translations). First proposal on (1) quantum transducers, (2) macroscopic EPR pairs in SC circuits, and
(3) the effects of dynamical phases in Shor's factoring algorithm with operational delays.
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Research Achievements
A. Publications
[Original Papers]
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L1,

12

13.

14.

15.

16.

17

J.Q. You, J.S. Tsai, and F. Nori “Scalable quantum computing with Josephson charge qubits”,
Phys. Rev. Lett. 89, 197902 (2002)

F. Nori and Y.L. Lin, “Quantum interference in superconducting wire networks and Josephson
junction arrays: An analytical approach based on multiple-loop Aharonov-Bohm Feynman
path-integrals”, Phys. Rev. B 65, 214504 (2002)

S Savel’ev, J. Mirkovic, and K. Kadowaki, “Elasticity of combined pancake and Josephson
vortex lattice”, Physica C 378/381, 580-583 (2002)

S. Savel’ev and F. Nori, “Experimentally realizable devices for controlling the motion of
magnetic flux quanta in anisotropic superconductors”, Nat. Mater. 1, 179-184 (2002)

J. Mirkovic, S. Savel’ev, E. Sugahara, K. Kadowaki, “Anisotropy of vortex-liquid and
vortex-solid phases in single crystals of Bi2Sr2CaCu20s+4: Violation of the scaling law”, Phys.
Rev. B 66, 132505 (2002)

S. Savel’ev, J. Mirkovic, and K. Kadowaki, “Influence of force-free current on vortex lattice
melting transition”, Physica C 378/381, 495-498 (2002)

J. Mirkovic, S. Savel’ev, E. Sugahara, K. Kadowaki, “Melting transition in single crystals of
Bi2 Bi2Sr2CaCu208+d studied by the c-axis and in-plane resistivity measurements in parallel
magnetic fields”, Physica C 378/381, 428-432 (2002)

J. Mirkovic, S. Savel’ev, E. Sugahara, K. Kadowaki, “Dimensionality of vortex solid and liquid
phases in single crystals of Bi2Sr2CaCu20s+d studied by the resistivity measurements”, Physica
C 378/381, 491-494 (2002)

S. Savel’ev, F. Marchesoni, and F. Nori, “Controlling the collective motion of interacting
particles: analytical study via the nonlinear Fokker—Planck equation”, Physica C 388/389,
661-662 (2003)

S. Savel’ev, C. Cattuto, F. Nori, “Force-free current-induced reentrant melting of the vortex
lattice in superconductors”, Phys. Rev. B 67, 180509 (2003)

J.Q. You, J.S. Tsai, and F. Nori, “Experimentally realizable scalable quantum computing using
superconducting qubits”, Physica E 18, 35-36 (2003)

B.Y. Zhu, F. Marchesoni, V.V. Moshchalkov, and F. Nori, “Controllable step motors and
rectifiers of magnetic flux quanta using periodic arrays of asymmetric pinning defects”, Phys.
Rev. B 68, 064509 (2003)

J.W. Wambaugh, F. Marchesoni, F. Nori, “Shear and loading in channels: Oscillatory shearing
and edge currents of superconducting vortices”, Phys. Rev. B 67, 144515 (2003)

S. Savel’ev, F. Marchesoni, F. Nori, “Controlling transport in mixtures of interacting particles
using Brownian motors”, Phys. Rev. Lett. 91, 010601 (2003)

B.Y. Zhu, F. Marchesoni, and F. Nori, “Biologically inspired devices for easily controlling the
motion of magnetic flux quanta”, Physica E 18, 318-319 (2003)

B.Y. Zhu, L. Van Look, V.V. Moshchalkov, F. Marchesoni, F. Nori, “Vortex dynamics in
superconductors with an array of triangular blind antidots”, Physica E 18, 322-324 (2003)

J.Q. You and F. Nori, “Cooper-pair-box qubits in a quantum electrodynamic cavity”, Physica E
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F. Marchesoni, B.Y. Zhu, F. Nori, “Anomalous interstitial dynamics, Stokes' drift, and current
inversion in AC-driven vortex lattices in superconductors with arrays of asymmetric
double-well traps”, Physica A 325, 78-91 (2003)

J.Q. You and F. Nori, “Quantum information processing with superconducting qubits in a
microwave field”, Phys. Rev. B 68, 064509 (2003)

J.Q. You, J.S. Tsai, and F. Nori, “Controllable manipulation and entanglement of macroscopic
quantum states in coupled charge qubits”, Phys. Rev. B 68, 024510 (2003)

L.F. Wei and F. Nori, “An efficient single-step scheme for manipulating quantum information of
two trapped ions beyond the Lamb-Dicke limit”, Phys. Lett. A 320, 131-139 (2003)

Y. Pashkin, T. Tilma, D.V. Averin, O. Astafiev, T. Yamamoto, Y. Nakamura, F. Nori and J.S. Tsai,
“Entanglement of two coupled charge qubits”, Int. J. of Quantum Info. 1, 421-426 (2003)

J.E. Villegas, S. Savel’ev, F. Nori, E.M. Gonzalez, J.V. Anquita, R. Garcia, and J.L. Vicent, “A
superconducting reversible rectifier that controls the motion of magnetic flux quanta”, Science
302, 1188-1191 (2003)

G. D’Anna, P. Mayor, A. Barrat, V. Loreto, and F. Nori, “Observing Brownian motion in
vibration-fluidized granular matter”, Nature 424, 909-912 (2003)

J.Q. You, J.S. Tsai, and F. Nori, “Quantum computing with many superconducting qubits”, New
Directions in Mesoscopic Physics, edited by R. Fazio, V.F. Gantmakher, and Y. Imry, Kluwer
Academic, Dordrecht, pp. 351-360 (2003)

S. Savel’ev, J. Mirkovic, and F. Nori, “Fluctuations in the Josephson-Pancake combined vortex
lattice”, Physica C 388, 653-654 (2003)

S. Savel’ev, J. Mirkovic, K. Kadowaki, and F. Nori, “Vortex lattice melting in very anisotropic
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rectifiers of magnetic flux quanta using periodic arrays of asymmetric pinning defects”,
International Symposium on Mesoscopic Superconductivity and Spintronics: In the Light of
Quantum Computation (MS+S2004), Atsugi (2004)

J.Q. You, J.S. Tsai, and F. Nori, “Macroscopic quantum entanglement in coupled charge qubits”,
International Symposium on Mesoscopic Superconductivity and Spintronics: In the Light of
Quantum Computation (MS+S2004), Atsugi (2004)

S. Savel’ev, F. Marchesoni, and F. Nori, “Resonances in a SQUID ratchet driven by two
frequencies”, International Symposium on Mesoscopic Superconductivity and Spintronics: In
the Light of Quantum Computation (MS+S2004), Atsugi (2004)

S. Savel’ev, C. Cattuto, and F. Nori, “Force-free current-induced reentrant melting of the vortex
lattice in superconductors”, International Symposium on Mesoscopic Superconductivity and
Spintronics: In the Light of Quantum Computation (MS+S2004), Atsugi (2004)

S. Savel’ev, “Experimentally realizable devices for controlling the motion of magnetic flux
quanta in anisotropic superconductors”, International Symposium on Mesoscopic
Superconductivity and Spintronics: In the Light of Quantum Computation (MS+S2004), Atsugi
(2004)

V. Misko, “Stability of vortex-antuvortex molecules in mesoscopic superconducting triangles”,
International Symposium on Mesoscopic Superconductivity and Spintronics: In the Light of
Quantum Computation (MS+S2004), Atsugi (2004)

F. Nori, “A superconducting reversible vortex diode that controls the motion of magnetic flux
quanta”, International Symposium on Mesoscopic Superconductivity and Spintronics: In the
Light of Quantum Computation (MS+S2004), Atsugi (2004)

V. Misko, “Guidance of vortices and vortex ratchet effect in high-Tc superconducting thin films
with special arrangements of antidots”, International Symposium on Mesoscopic
Superconductivity and Spintronics: In the Light of Quantum Computation (MS+S2004), Atsugi
(2004)

Y.X. Liu, L.F. Wei, and F. Nori, “Generation of nonclassical photon states using a
superconducting qubit in a microcavity”, International Symposium on Mesoscopic
Superconductivity and Spintronics: In the Light of Quantum Computation (MS+S2004), Atsugi
(2004)

L.F. Wei, Y.X. Liu, and F. Nori, “Testing bell's inequality with a superconducting nanocircuit”,
International Symposium on Mesoscopic Superconductivity and Spintronics: In the Light of
Quantum Computation (MS+S2004), Atsugi (2004)

J.Q. You, Y. Nakamura, and F. Nori, “Long-range inductive coupling between flux qubits”,
International Symposium on Mesoscopic Superconductivity and Spintronics: In the Light of
Quantum Computation (MS+S2004), Atsugi (2004)

F. Nori, “Circuitry with superconducting qubits”, Quantum Computing Program Review,
Florida, USA (2004)

F. Nori, “Terahertz generation and vortex motion control in superconductors”, 2005 APS March
Meeting, Los Angeles, USA (2005)

X. Hu, J.Q. You, and F. Nori, “Correlation-induced suppression of decoherence in capacitively
coupled Cooper-pair boxes”, 2005 APS March Meeting, Los Angeles, USA (2005)

S. Savel’ev, and F. Nori, “Magnetic and mechanical buckling: Modified Landau theory
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approach to studay phase transitions in micromagnetic disks and compressed rods”, 10th
International Vortex State Studies Workshop (IVW-10), Mumbai, India, (2005)

98. V. Misko, S. Savel’ev, F. Marchesoni, and F. Nori, “Separating particles according to their
physical properties: Transverse drift of over-damped interacting particles through
two-dimensional ratchets”, 10th International Vortex State Studies Workshop (IVW-10),
Mumbai, India (2005)

99. A. Maeda, Y. Inoue, H. Kitano, S. Savel’ev, S. Okayasu, I. Tsukada, and F. Nori, “Nano-scale
friction : kinetic friction of magnetic flux quanta and charge-density waves”, 10th International
Vortex State Studies Workshop (IVW-10), Mumbai, India (2005)

100. R. Wordenweber, P. Dymashevski, and V. Misko, “Guidance of vortices and vortex ratchet
effect high-Tc superconducting thin films with special arrangements of antidots”, 10th
International Vortex State Studies Workshop (IVW-10), Mumbai, India (2005)

101. J. Villegas, E. Gonzalez, M. Gonzalez, J. Anguita, S. Savel’ev, F. Nori, and J. Vicent, “Vortex
lattice dynamics on ratchet potentials”, 10th International Vortex State Studies Workshop
(IVW-10), Mumbeai, India (2005)

102. S. Savel’ev, and F. Nori, “Controlling vortex motion in superconductors”, The 3rd

International Symposium on Nanotechnology (JAPAN NANO 2005), MEXT, Tokyo (2005)

103. J.E. Villegas, S. Savel’ev, F. Nori, E. Gonzalez, J. Anguita, R. Garcia, and J. Vicent
“Controlling vortex motion in superconductors”, International Nanotechnology Exhibition &
Conference (Nano tech 2005), Tokyo (2005)

104. Y.X. Liu, J.Q. You, L.F. Wei, C.P. Sun, and F. Nori, “Selection rules of superconducting flux
qubits”, International Conference on Nanoelectronics, Nanostructures and Carrier Interactions
(NNCI2005) (NTT Basic Research Laboratories and Solution Oriented Research for Science
and Technology (SPRST)), Atsugi, Japan (2005)

105. Y.X. Liu, S. Ozdemir, A. Miranovicz, and N. Imoto, “A study on the effects of damping on
qubits using Kraus Representation”, International Conference on Nanoelectronics,
Nanostructures and Carrier Interactions (NNCI2005) (NTT and SPRST), Atsugi, Japan (2005)

106. S. Savel’ev, X. Hu, and F. Nori, “Quantum electromechanics: Qubits from buckling nanobars”,
International Conference on Nanoelectronics, Nanostructures and Carrier Interactions
(NNCI2005), Atsugi, Japan (2005)

107. F. Nori, “(1) Controlling vortex motion, (2) Vortex kinetic friction, and (3) Critical currents in
quasiperiodic pinning arrays”, IV International Conference on Vortex Matter in Nanostructured
Superconductors (VORTEX 1V), (JSPS, ESF), Crete, Greece (2005)

108. S. Savel’ev, A. Rakhmanov, and F. Nori, “Using Josephson vortex lattices to control THz
radiation: tunable THz photonic crystals”, IV International Conference on Vortex Matter in
Nanostructured Superconductors (VORTEX 1V), (JSPS, ESF), Crete, Greece (2005)

109. V. Misko, S. Savel’ev, and F. Nori, “Critical currents in quasiperiodic pinning arrays:
One-dimensional chains and Penrose lattices”, IV International Conference on Vortex Matter
in Nanostructured Superconductors (VORTEX 1V), (JSPS, ESF), Crete, Greece (2005)

110. S.J. Bending, D. Cole, S. Savel’ev, F. Nori, T. Tamegai, “Vortex ratchets in hightly anisotropic
superconductors”, IV International Conference on Vortex Matter in Nanostructured
Superconductors (VORTEX IV), (JSPS, ESF), Crete, Greece (2005)

111. R. Wordenweber, E. Hollmann, B. Rosewig, V. Yurchenko, T.J. Johansen, V.R. Misko,
O.Plyushchay, “Vortex manipulation in microstructured high-Tc films up to high frequencies”,
IV International Conference on Vortex Matter in Nanostructured Superconductors (VORTEX
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IV), (JSPS, ESF), Crete, Greece (2005)

112. Y.X. Liu, J.Q. You, L.F. Wei, C.P. Sun, and F. Nori, “Pulse phase-depenent adiabatic state
control in flux qubit circuit”, The 8" International Symposium on Foundations of Quantum
Mechanics in the Light of New Technology (ISQM-Tokyo’05), Hatoyama, Japan (2005)

113. S. Savel’ev, X. Hu, and F. Nori, “Quantum electromechanics: qubits from buckling nanobars”,
The 8™ International Symposium on Foundations of Quantum Mechanics in the Light of New
Technology (ISQM-Tokyo’05), Hatoyama, Japan (2005)

114. V. Misko, S. Savel’ev, and F. Nori, “Controlling the motion of flux quanta using quasiperiodic
pinning arrays: Enhancement of the critical currents in one-dimensional chains and Penrose
lattices”, The 8" International Symposium on Foundations of Quantum Mechanics in the Light
of New Technology (ISQM-Tokyo’05), Hatoyama, Japan (2005)

115. S. Savel’ev, A. Rakhmanov, and F. Nori, “Using Josephson vortex lattices to control THz
radiation: tunable THz photonic crystals”, The 8" International Symposium on Foundations of
Quantum Mechanics in the Light of New Technology (ISQM-Tokyo’05), Hatoyama, Japan
(2005)

116 F. Nori, “Superconducting Qubits”, International Conference on recent challenges in novel
quantum systems (NQS2005), Camerino, Italy (2005)

117. J.Q. You, Y. Nakamura, and F. Nori, “Fast two-bit operations in inductively coupled flux
qubits”, International Conference on recent challenges in novel quantum systems (NQS2005),
Camerino, Italy (2005)

118. J. Villegas, S. Savel’ev, F. Nori, E. Gonzalez, J. Anguita, R. Garcia, and J. Vicent “A
superconducting reversible rectifier that controls the motion of magnetic flux quanta”,
International Conference on recent challenges in novel quantum systems (NQS2005),
Camerino, Italy (2005)

119. J.Q. You, and F. Nori, “Quantum information processing with superconducting qubits in a
microwave field”, International Conference on recent challenges in novel quantum systems
(NQS2005), Camerino, Italy (2005)

120. F. Nori, “Superconducting qubits”, The Frontiers of Science within Nanoscience, workshop at
Boston University, Boston, USA (2005)

121. F. Nori, “Superconducting qubits”, Quantum Computing Program Review, Tampa, USA (2005)

[ Presentations at conferences in Japan |

1. F. Nori, “Theoretical studies of magnetic flux bundle dynamics in superconductors”, EE#f|Z 3
3B F /A AORER  BETFRIEMES N —TOREEZEEXL T, HK (2002)

2. B.Y. Zhu, “Biologically-inspired devices to control the motion of flux quanta”, HitK* & @
B e S BEEEICE T 2iRREOME : SE—RBEMICHmITT) , WUE, (2002)

3. F. Nori, “Vortex dynamics in Kagome lattice”, Seminar at Advanced Research Laboratory,
Hitachi, Ltd., Hatoyama (2002)

4. F. Nori, “Localized melting in vortex structures”, Seminar at Advanced Research Laboratory,
Hitachi, Ltd., Hatoyama (2002)

5. J.Q. You, “Controllable manipulation of macroscopic quantum states in coupled charge qubits”,
Seminar at NEC Fundamental Research Laboratories, Tsukuba (2002)

6. F. Nori, “Controlling the motion of magnetic flux quanta in superconductors”, CREST First
NANOFAB Workshop: Theoretical developments of Nanosuperconductors and its applications,
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10.

11.

12,

13.

14.

15,

16.

17.

18.

19.

20.

21.

Kyoto (2003)

J.Q. You, J.S. Tsai, and F. Nori, “Scalable quantum computing with Josephson charge qubits”,
CREST First NANOFAB Workshop: Theoretical developments of Nanosuperconductors and its
applications, Kyoto (2003)

T. Tilma, Y. Pashkin, D. Averin, Y. Nakamura, J.S. Tsai, and F. Nori, “Entanglement in
multi-qubit superconducting circuits”, CREST First NANOFAB Workshop: Theoretical
developments of Nanosuperconductors and its applications, Kyoto (2003)

S. Savel’ev, “Vortex pumps for crossing lattices in very anisotropic superconductors”, CREST
First NANOFAB Workshop: Theoretical developments of Nanosuperconductors and its
applications, Kyoto (2003)

S. Savel’ev, C. Cattuto, and F. Nori, “Force-free current-induced reentrant melting of the vortex
lattice in superconductors”, CREST First NANOFAB Workshop: Theoretical developments of
Nanosuperconductors and its applications, Kyoto (2003)

S. Savel’ev, F. Marchesoni, and F. Nori, “Resonances in a SQUID ratchet driven by two
frequencies”, CREST First NANOFAB Workshop: Theoretical developments of
Nanosuperconductors and its applications, Kyoto (2003)

B.Y. Zhu, L. Van Look, V.V. Moshchalkov, F. Marchesoni, and F. Nori, “Vortex dynamics in
superconductors with an array of triangular blind antidots”, CREST First NANOFAB
Workshop: Theoretical developments of Nanosuperconductors and its applications, Kyoto
(2003)

B.Y. Zhu, F. Marchesoni, and F. Nori, “Biologically inspired devices for easily controlling the
motion of magnetic flux quanta”, CREST First NANOFAB Workshop: Theoretical
developments of Nanosuperconductors and its applications, Kyoto (2003)

B.Y. Zhu, F. Marchesoni, V.V. Moshchalkov, and F. Nori, “Controllable step motors and
rectifiers of magnetic flux quanta using periodic arrays of asymmetric pinning defects”, CREST
First NANOFAB Workshop: Theoretical developments of Nanosuperconductors and its
applications, Kyoto (2003)

J.Q. You, and F. Nori, “Quantum information processing with superconducting qubits in a
microwave field”, CREST First NANOFAB Workshop: Theoretical developments of
Nanosuperconductors and its applications, Kyoto (2003)

Y. Pashkin, T. Tilma, D.V. Averin, O. Astafiev, T. Yamamoto, Y. Nakamura, F. Nori and J.S. Tsali,
“Time evolution of entanglement in coupled Josephson junction qubits”, CREST First
NANOFAB Workshop: Theoretical developments of Nanosuperconductors and its applications,
Kyoto (2003)

S. Savel’ev, and F. Nori, “Experimentally realizable devices for controlling the motion of
magnetic flux quanta in anisotropic superconductors”. CREST First NANOFAB Workshop:
Theoretical developments of Nanosuperconductors and its applications, Kyoto (2003)

F. Nori, “Controlling the motion of vortices in superconductors and quantum computing using
superconducting qubits”, & 17 [ElIfE 2 KEMT S R T T A, REKFMENFZEAT, Tokyo (2004)

N. Mitarai, H. Nakanishi, [@&EEL2BRERAROBE 07 74V , BAYEFEES 2004 4F
RERR, (FH, @) (2004)

F. Nori, and S. Savel’ev, “(I) Controlling vortex motion in superconductors and (II) Kinetic
friction of magnetic flux quanta and charge density waves”, Joint Workshop on
Superconductivity (NFS2004/VPJ12), (JST), Osaka (2004)

S. Savel’ev, and F. Nori, “(I) Magnetic and mechanical buckiling: Modified Landau theory
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approach to studay phase transitions in micro-magnetic disks and compressed rods, and (II)
Quantum electromechanics: Qubits from buckling nanobars”, Joint Workshop on
Superconductivity (NFS2004/VPJ12), (JST), Osaka (2004)

22.N. Mitarai, H. Nakanishi, [@&#E2BQEREROEBE 07 7 A0V , FEKFEHERBHTH
ZeiT [HEMERAOEIR & RO LS, HE (2004)

C. Awards received during 2002-2005

1. Franco Nori, "Fellow of APS (American Physical Society)", American Physical Society, March
2003

2. Franco Nori, "Fellow of the Institute of Physics", Institute of Physics (IOP), U.K., July 2003

Sergey Savel’ev, "Best Presentation Award", Tata Institute of Fundamental Research, Jan. 2005

4, Misko Vyacheslav, "Best Presentation Award", Tata Institute of Fundamental Research, Jan.
2005

w

D. Press Releases

2002: Our publication:

“Scalable Quantum Computing with Josephson junction Qubits", J.Q.

You, J.S. Tsai, and F. Nori, in “Physical Review Letters” 89, 179 (November 2002) (available on
line from http:/link.aps.org/abstract/PRL/v89/€197902) has been featured in several- places,
including:

The December 11 to 18, 2002, issue of the “Technology Review News”, Page 1. Available at
http://www.trnmag.com/. It features our results, and also four other stories for that week.

The article, titled “Design links quantum bits”, is in
http://www.trnmag.com/Stories/2002/121102/Design_links_quantum_bits_121102.html
and it is relatively long (for a news piece).

November 22, 2002: United Business Media's “Electrical Engineering Times”, described as “The
Industry Source for Engineers and Technical Managers Worldwide”, has an article describing our
results (titled: “Superconducting junctions eyed for quantum computing” and available at
http://www.eetimes.com/story/OEG20021122S50013).

“Electronics Weekly”, November 06, 2002, News; Pg. 5, on our results on “Quantum qubits”.

October 23, 2002. “Paper Discusses Circuitry for Quantum Computing”, in “Supercomputing
online”. Available at http://www.supercomputingonline.com/article.php?sid=2756

Our work motivated the long article “Thoughtful about uploading", Bill Tammeus, Kansas City Star,
November 2, 2002.

October 2002: Featured in “Innovations Report”, “Forum fiir Wissenschaft, Industrie und Wirtschatft,
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a technical news site in Germany.
http://www.innovations-report.com/berichte/ansicht_ctypl.php3?id=13910

October 23, 2002, featured in “Ascribe - The Public Interest Newswire”.
October 24, 2002, featured in “NewsWise”, that covers new science and technology developments.

The December 2002 issue of “Science and Technology Trends” (number 21, Dec. 2002) has a
one-page article featuring our November 2002 PRL results. This is a publication of the “Science
and Technology Foresight Center" of the National Institute of Science and Technology Policy
(NISTEP). The latter is part of the Ministry of Education, Culture, Science and Technology.
Japan.

It is available on-line in English at
http://www-personal.engin.umich.edu/¥~nori/scalable/Science Trends Japan-b.pdf

and in Japanese in
http://www.nistep.go.jp/achiev/ftx/jpn/stfc/stt021j/0212 02 topics/200212_topics.html#tp_info 01
in http://www.nistep.go.jp/index-j.html

The summary is in
http://www.nistep.go.jp/achiev/ftx/jpn/stfc/stt021j/0212_01 outline/200212_outline.html

Press coverage also appeared in
http://www.umich.edu/~newsinfo/Releases/2002/0ct02/r102302a.html
news-wire web page in the USA

http://www.ascribe.org/cgi-bin/d?asid=20021023.083538

another news wire info

http://www.newswise.com/articles/2002/10/SCALABLE.UMI.html?sc=wire

Newspaper articles overseas include the following ones:
“Japan Industry News” of the “Japan Industrial Journal", page 2, Thursday, October 24, 2002.
“Daily Industrial Newspaper” (the Nikkan Kogyo Shinbun), page 4, Thursday, October 24, 2002.

“Nikkei” (this important newspaper is the Japanese version of the “Wall Street Journal”), Friday,
October 25, 2002.

“Science News” (in Japan), November 8, 2002.

2003. The “NEDO Kaigai Report” (published biweekly and featuring news articles and
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summaries as well as other information related to science and technology). It is published by the
Information Center of the New Energy and Industrial Technology Development Organization
(NEDO), a semi-governmental organization affiliated with Japan's Ministry of Economy, Trade and
Industry.

2002: Our publication “Experimentally-realizable devices for controlling the motion of magnetic
flux quanta in anisotropic superconductors", S. Savelev and F. Nori, published in “Nature
Materials” 1, 179 (November 2002), has been:

Listed on the cover of the November issue of ‘“Nature Materials”.

also featured in a pedagogical two-pages “News and Views", “Nature Materials” 1, 143 (2002),
titled: “Controlling the Motion of Quanta".

“Nikkei” (this important newspaper is the Japanese version of the “Wall Street Journal”), Monday,
January 6, 2003. An article on Page 23 describing these results.

November 6, 2002. “Stories of modern science, from UPI”, by Ellen Beck. (UPI = United Press
International).

November 13, 2002. “Electronics Weekly”, Pg. 6. “US and Japanese scientists control magnetic
flux quanta".

The UM press release in
http://www.umich.edu/~newsinfo/Releases/2002/Nov02/r110402¢.html

was covered by news agencies and newswire services, including:

“Innovations Report“, “Forum fur Wissenschaft, Industrie und Wirtschaft“, a technical news site in
Germany;

http://www.innovations-report.com/berichte/ansicht_ctypl.php3?id=13910

“AScribe, The Public Interest Newswire”;

“NewsWise” that covers new science and technology developments.

2002: Our work on “‘Biologically-inspired solid-state devices for the control of the motion of
quanta" is nicely highlighted in the “Molecular Motors” first feature article of the November, 2002,
Physics Today, page 38.

http://www.physicstoday.org/vol-55/iss-11/p33.shtml?jsessionid=2714771041499442571

=35 -



also available in PDF (without need to register on-line) at
http://www.physik.uni-augsburg.de/theo1/hanggi/309.pdf

2003: Our work “Observing Brownian motion in vibro-fluidized granular matter”, by G. D'Anna, P.
Mayor, A. Barrat, V. Loreto, F. Nori, “Nature” 424, 909-912 (August 21, 2003), available on-line at
http://www.nature.com/nature/links/030821/030821-1.html

has been featured in (the list below is very incomplete):

The Cover Story of Nature (August 21st 2003 issue of Nature). The text accompanying the cover
photo was: “Against the Grain. Brownian motion in a non-equilibrium system".

A companion “News and Views" in that issue of Nature.

“Science Letter”, September 15, 2003. http://www.NewsRX.net

Several TV programs. Three examples (of about five minutes each totally devoted to our work)
were broadcasted in Europe (one on the German “Fokus" (by “MTW: Menschen Technik
Wissenschaft”), a different program in Italian, and a quite different one in French.

Also in radio programs (e.g., Radio Swiss International).

Featured (in all languages of the European Union) in the High-Tech News of “Euronews".

Long Newspaper articles include “Il Secolo XIX”, Agosto 27, 2003, page 31, (in Italian) in the
section on ‘'Research and Science". Also, “it Sole 24 Ore”, Settembre 11, 2003, the most

important Italian newspaper on finances and the economy.

Featured in the long article: “Nel Mondo dei Granelli di Sabbia", “Scienza ¢ Conoscenza”,
9-12-2003.

the article was in
http://www.mosac.com/fisica/news/leggi.php?codice=191.

News coverage in French include the following three newspapers: L"Hebdo, Le Temps, 24 Heures.

News coverage in German include the following four newspapers: Tages-Anzeiger, Neue Z¥"urcher
Zeitung, St. Galler Tagblatt Gesamtausgabe, Basler Zeitung}.

Interviewed by the newspaper Nikkei, Japan.
The University of Michigan press release in

http://www.umich.edu/news/index.html?Releases/2003/Aug03/r082003
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http://ipumich.temppublish.com/cgi-bin/print.cgi?Releases/2003/Aug03/r082003
was covered by news agencies and newswire services, including:

“The Resource for Science Information” (BrightSurf.com).
http://www.brightsurf.com/news/aug_03/EDU_news_082503_c.php.

One of the few “*Today's Science News" for August, 25, 2003.
“Innovations Report* (Forum fur Wissenschaft, Industrie und Wirtschaft, Germany). August, 25,
2003.

http://www.innovationsreport.de/html/berichte/physik _astronomie/bericht-20770.html

“Global Technology Market Place” (GlobalTechnoScan.com). Weekly Magazine on New
Technology. Issue 27th Aug to 2nd Sept. 2003.

http://www.globaltechnoscan.com/27thAug-2ndSep03/granular_materials.htm

“EurekAlert! Public News”. A Service of the American Association for the Advancement of Science,
with support from the US Department of Energy and the US National Institutes of Health.
Eurekalert.org is described as the premier web site for science

news since 1996. Public release date: 22-Aug-2003.
http://www.eurekalert.org/pub_releases/2003-08/uom-gmn082203.php

“Science News”. 8/22/2003.
http://sciguy.com/News/Article.asp?ArticleID=5410

“Headline News”. NewsHub.com. 22-Aug-2003. http://NewsHub.com

“Knowledge Science”. http://www.kenkyu40.net/index.php

“Health News” (HealthNews.ws) 8/24/2003. http://www.healthnews.ws/index.aspx?id=394
World Wide News Headliner.

The EPFL press release is in

http://news.swiss-science.ch/news/news-docs/sabled.pdf (in German)
http://news.swiss-science.ch/news/news-docs/sable.pdf (in French)

2003: Our work on vortex dynamics in superconductors was featured in part of a television program,
prepared by the Danish Broadcast Corporation, about the study of superconducting materials.
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2003: Our recent publication “Controlling Transport in Mixtures of Interacting Particles using
Brownian Motors”, by S. Savel'ev, F. Marchesoni, and F. Nori, Phys. Rev. Lett. 91, 10601 (2003),
available on-line at http://link.aps.org/abstract/PRL/v91/e010601, has been featured in:

for several weeks as the top-listed research news in the front page of the University of Michigan
web site (www.umich.edu). This web site gets a lot of traffic everyday. The

actual press release is in
http://www.umich.edu/news/Releases/2003/Jun03/r061903.html.

A very non-technical and brief graphical summary is in
http://www.umich.edu/news/Releases/2003/May03/img/ratchets.jpg

“Newswise/Science News” also appeared in “Small Times magazine”
(presenting technological advances in nano-science). http://www.smalltimes.com

http://www.smalltimes.com/document display.cfm?document id=6259
“Le Scienze”, the Italian version of Scientific American, among other science news outlets.

featured in the article “Conveyor Belt on a nanometer scale", published in “Machine Design”, No.
19. Vol. 75, Pg. 35; October 9, 2003.

2003: Our recent publication “Reversible Rectifier that Controls the Motion of Magnetic Flux
Quanta in Superconductors”, by J.E. Villegas, S. Savel'ev, F. Nori, E.M. Gonzalez, J.V. Anguita, R.
Garcia, and J.L. Vicent, “Science”, 302, 1188 (2003) has been featured in several venues
including:

an “Enhanced Perspectives" in Science 302, 1159 (2003). It is available on-line at
http://www.sciencemag.org/cgi/content/full/302/5648/1159 .

This is the only “Enhanced Perspectives" of that issue of “ Science”, with dozens of links with
further information on the subject, and one of three “Enhanced Perspectives” covering all of physics
for 2003.

prominently featured in the page “This week in Science” of that issue of “Science” (Nov. 14, 2003).

High-Tc Update (November 2003).
http://www.iitap.iastate.edu/htcu/notabene.html  (November 2003)

Newspapers in Europe (e.g., El Pais, Madrid), Japan, and the USA.

Spain Nano-technology Network:
http://www.nanospain.net/nanospain$_{}$papers$ {}$g.htm

Nanopic site:
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http://www.nanopicoftheday.org/2005Pics/January2005/25MagFluxRectifier.htm

2005: Our work on mechanical qubits (by S. Savel'ev, X. Hu, and F. Nori) has been featured in

several venues including:

Scientific American, April 2005, page 28. “Qubit Twist: Bending Nanotubes as Mechanical

Quantum Bits.”
http://www-personal.engin.umich.edu/~nori/Sci-am-mechanical-qubits.pdf

United Press International (UPI). “Nano World: Nano for quantum computers”.
http://www.upi.com/view.cfm?StoryID=20050317-124226-2271r

2005: Our recent publication “Using Josephson Vortex Lattices to Control THz Radiation: Tunable
Transparency and THz Photonic Crystals”, by S. Savel'ev, A.L. Rakhmanov, and F. Nori, Physical

Review Letters 94, 157004 (2003), has been featured in several venues including:
PhysicsOrg.com: The latest Physics and Technology News.
http://www.physorg.com/printnews.php?newsid=3767

Daily Science News, http://www.sciencenewsdaily.org/story-3767.html

Also at SciCentral ("Gateway to the best scientific research news sources"),

Air Force News (http:/afpet.ft-belvoir.af.mil/topnews.asp),

Broad Education (http://broad-education.com/news-18670.html), and PhysicsNews.com.

PhysicsLink.com. Physics and Astronomy online. http://www.physlink.com/index.cfm ¥¥
http://www.physlink.com/News/042205ThzPhotonicCrystal.cfm ¥¥

The UM press release is in
http://www.umich.edu/news/index.html?Releases/2005/Apr05/r041805a
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A central problem for implementing efficient quantum computing is how to realize fast operations
(both one- and two-bit ones). However, this is difficult to achieve for a collection of qubits, especially
for those separated far away, because the interbit coupling is usually much weaker than the intrabit
coupling. Here we present an experimentally feasible method to effectively couple two flux qubits
via a common inductance and treat both single and coupled flux qubits with more realistic models
which include the loop inductance. The main advantage of our proposal is that a strong interbit
coupling can be achieved using a small inductance, so that two-bit operations as fast as one-bit ones
can be easily realized. We also show the flux dependence of the transitions between states for the

coupled flux qubits.

PACS numbers: 74.50.+r, 03.67.Lx, 85.25.Cp

I. INTRODUCTION

Josephson-junction circuits can exhibit quantum be-
haviors. Among qubits based on Josephson-junction cir-
cuits, the charge qubit realized in a Cooper-pair box can
demonstrate quantum oscillations.! An improved version
of this circuit has showed quantum oscillations with a
high quality factor.? In addition to charge qubits, flux
qubits achieved in a superconducting loop with one® or
three Josephson junctions* have been studied and some
of these have shown quantum dynamics.® The phase
qubit consists of a large-area current-biased Josephson
junction.®

Capacitive couplings of two superconducting qubits
(both charge-7 and phase-types®) were attained recently
in experiments, and quantum entanglement was observed
in these systems. Also, controllable interbit couplings of
charge qubits were proposed using a variable electrostatic
transformer,® a current-biased Josephson junction!® and
a tunable dc-SQUID.!! These interbit couplings can
link nearest neighboring qubits. Actually, there are
quantum-computing protocols (e.g., adiabatic quantum
computing!?) that only demand nearest-neighbor cou-
plings. However, for more general quantum-computing
protocols, it is desirable to achieve strong enough cou-
plings among non-neighboring qubits as well. When
charge qubits are coupled by LC-oscillator modes'? or
by an inductance,'* long-ranged interbit couplings can
be realized, but a very large value of the inductance is
needed. An alternative way of coupling charge qubits was
proposed using a Josephson junction.!®1®!7 Moreover,
the charge qubit can be very sensitive to the background
charge fluctuations, which generate noise that severely
limits the performance of charge-qubit devices and, un-
fortunately, is difficult to reduce.

In this paper, we present an experimentally feasible

method to effectively couple two flux qubits. In con-
trast with the charge qubit, the flux qubit is insensitive
to the charge noise. In this qubit, the major noise is
due to the fluctuations of the magnetic fluxes. Estima-
tions show that the flux qubit can have a relatively high
quality factor.!® Here we include the effect of the loop
inductance in a three-junction flux qubit and couple two
flux qubits via a common inductance. Because the criti-
cal current of each Josephson junction in the flux qubit
is larger than that in the charge qubit, we can produce a
strong interbit coupling using an inductance as small as
20 pH (corresponding to a loop of approximately 16 um
and comparable to the loop inductance of the single flux
qubit currently achieved in experiments), and thereby
two-bit operations as fast as one-bit ones can be eas-
ily achieved, improving the efficiency of quantum com-
puting. Moreover, we show a novel flux dependence of
the state transitions in two coupled flux qubits. We find
that, except for some specific values of the external flux,
the forbidden transitions in the two coupled flux qubits
become allowed when the parameters of the two qubits
change from being initially equal to each other and then
making these different.

Coupling two flux qubits by a mutual inductance was
proposed in Refs. 19,20,21 and was recently realized in
experiments.?223 Here we treat both single and coupled
flux qubits using more realistic models which include the
loop inductance. We numerically solve the Schrodinger
equation to obtain the energy levels and the eigenstates
of the flux-qubit systems. This numerical method allows
us to extend our study to the larger inductance regime.

The paper is organized as follows. In Sec. II, we study a
single flux qubit containing loop inductance. It is shown
that the system can still be used to achieve a qubit even
for a larger loop inductance of L ~ 1 nH. Section III
focuses on two flux qubits coupled by a common induc-
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FIG. 1: (a) A flux qubit, where an external magnetic flux ®.
pierces the superconducting loop that contains three Joseph-
son junctions and an inductance L. The Josephson energies
and capacitances of the junctions are Ej1 = Ej2 = Ej,
C1=C2 =C, Ej3 = aFEy, and C3 = aC. Here we choose
a = 0.8 and E; = 35E., where E. = ¢2/2C. (b) Two
flux qubits coupled by a common inductance L., where the
external flux ®. is applied within the left loop AiL.B1A;.
The parameters of each flux qubit are EY) = E{) = E(),
e =0 =09, BY) = o8, and € = a0, with
i = 1,2. Here we choose a; = 0.8 and E{) = 35E{"), where
EY = e?/2C"). To implement a readout of the flux-qubit
states, a switchable superconducting flux transformer is em-
ployed to couple the dc-SQUID magnetometer with the in-
ductance L in (a) or L. in (b) during the quantum measure-
ment. However, this coupling is switched off in the absence
of a readout.

tance. In Sec. IV, we study the state transitions induced
by the microwave field. Section V deals with the circu-
lating supercurrents and quantum measurement. Finally,
the discussion and conclusion are given in Sec. VI.

II. SINGLE FLUX QUBIT

We first consider a single flux qubit in the absence of
a quantum measurement, where the dc-SQUID magne-
tometer for measuring quantum states of the flux qubit
is decoupled from the qubit. As shown in Fig. 1(a),
the flux qubit consists of a superconducting loop with
three Josephson junctions and the total inductance of
the whole loop is L. Fluxoid quantization around the
loop imposes a constraint on the phase drops across the
three junctions:

¢1— d2+ ¢3+2nf' =0, (1)

where
ff=Ff+—+—. (2)

Here, ®o = h/2e is the flux quantum, f = ®./®¢ repre-
sents the reduced magnetic flux, and

I = Iysin ¢y, 3)

with Iy = 2wE;/®g, is the circulating supercurrent.
When the loop inductance is included, the Hamiltonian
of the single flux qubit is

P2 p2
ey )4 m lr
H 2M,  2M,, (85, &m), )

with the potential energy given by
U(¢p,dm) = E7[2+ a — 2 cos ¢, cOS P
—acos(2m f' + 2¢m)] + %sz. (5)

Here P, = —ih0/0¢yx (with k = p and m), M, =
(®0/27)22C, My, = Mp(1 + 2), and

¢p = (61 + ¢2)/2,

bm = (¢1 — ¢2)/2. (6)
Also, the supercurrent I can be rewritten as
I=Iysin(¢p + 6m)- (7)

The Hamiltonian (4) is reduced to Eq. (12) in Ref. 19
when L — 0.

Figure 2 presents the contour plots of the periodic po-
tential U(¢p,dm) for f = 0.5 and @ = 0.8. The nu-
merical results show that the minima of the potential
preserve the two-dimensional centered cubic lattice even
for a large loop inductance. For inductance ratio

BL=L/L, (8)

from zero to one (where L; = ®¢/2nl, is the Joseph-
son inductance of the junction), a well defined double-
well potential structure exists at each lattice point even
though at higher energies the well shapes are modified
by the loop inductance L. This double-well structure is
required for achieving a two-level system. As shown in
Fig. 3, the lowest two levels of the single-qubit system are
not significantly affected by the variation of 31, because
the corresponding two eigenstates are mainly contributed
by the weakly Br-dependent ground state in each well.
However, since varying L significantly modifies the well
shapes at higher energies, the excited states within or
above the wells (which, as seen in Fig. 3, dominantly
contribute to the eigenstates corresponding to the third
and higher levels) become pronouncedly 31-dependent.
Indeed, Figure 3 shows that the top three levels are sen-
sitive to the variation of 3. Moreover, with the loop
inductance increasing to 8 = 4 [see Fig. 2(c)], a more
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FIG. 2: Contour plots of the potential energy U(¢p, ¢m), in
units of E;, for « = 0.8 and f = 0.5. Here B = 2nIoL/®Po =
(a) 0, (b) 1, (c) 4, and (d) 10. Notice that the well defined
double-well potential structure vanishes in (d), and thus the
flux qubit breaks down.

distorted double-well structure appears at each lattice
point, and a local energy minimum develops along the
diagonal direction between every two adjoining double-
well structures. These newly-developed local minima will
affect the two-level system achieved for the qubit. When
the loop inductance increases even more to 81, = 10 [see
Fig. 2(d)], the periodic potential is even more distorted.
In this case, the well defined double-well potential struc-
ture vanishes, and thus the flux qubit breaks down.

The energy spectrum and the eigenstates are deter-
mined by

H\I’(¢pa ¢m) = E\P(¢p,¢m)- (9)

Figure 3 shows the dependence of the energy levels on
the magnetic flux for B, < 1. Here we choose E; =
35E,, where the charging energy E. is defined as E, =
€2/2C. These parameters are close to those used in a
recently fabricated flux-qubit device.® Around f = 0.5,
in sharp contrast with the higher energy levels, the energy
difference '

A=61 — &0 (10)

between the lowest two levels is not sensitive to the vari-
ation of 8. In Fig. 4, we show the energy separation of
the two lowest levels, A, as a function of 8;,. We find the
interesting result that A((L) is almost flat at f = 0.5
(0.011 < A(BL)/E; < 0.0135) when 0 < (1 < 0.85.
These features indicate that, even with a large loop in-
ductance of By = 1, in the vicinity of f = 0.5 the two

(b) B, =0.1
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FIG. 3: Energy levels of a single flux qubit versus reduced
flux f for different values of 3, where only the levels of the
states i), i = 0 to 5, are shown. Here the energy F is in units
of EJ.

lowest eigenstates (denoted by |0) and |1) for the ground
and the first excited states, respectively) remain to be
suitable basis states for a flux qubit. Within the subspace
of qubit states spanned by |0) and |1), the Hamiltonian
is reduced to

H = &,]1)(1] + €0/0)(0). 11)

If the average energy (€1 + €9)/2 is chosen to be the new
zero-point energy of the flux qubit, the Hamiltonian can
be further expressed as

H= -;—Ap,, (12)

where p, = |1)(1| — |0)(0|. In Ref. 24, the effects of
the loop inductance in a flux qubit are considered us-
ing a perturbation approach, where the Hamiltonian is
expanded into three parts: an inductance-free Hamil-
tonian, an inductance-related harmonic oscillator term,
and a small correction term. This perturbation method
is valid for Br < 1 since the correction term is propor-
tional to the loop inductance of the flux qubit. Instead
of using the perturbation approach, we numerically solve
Eq. (9) to obtain the eigenvalues and eigenstates of the
system. This numerical method allows us to extend our
study to the regime of B, ~ 1, where the lowest two
eigenstates of the system can still be used for achieving
a qubit. Using the experimental value® Iy ~ 0.5 pA, this
regime corresponds to a loop inductance of L ~ 1 nH.
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FIG. 4: Energy difference A between qubit states 1) and |0)
as a function of 3 for f = 0.5. Here A is in units of E.

III. COUPLED FLUX QUBITS

To couple two flux qubits, we use a common induc-
tance L. shared by these two qubits [see Fig. 1(b)]. Here
the external flux @, is applied within the loop A, L.B; A;.
Also, the circuit is designed in such a way that the mutual
inductance between loops A;L.B1A; and A;B; By Az A,
may be ignored. This is achieved when only a small frac-
tion of the flux generated by one loop passes through
the other. (If this were not to be the case, the interbit
coupling can still be achieved by the common inductance
L., but the interaction Hamiltonian takes a more com-
plicated form.) Phase drops through the three Josephson
junctions of the ¢th flux qubit are constrained by

¢ — o) + 68 4 2n [f + (LiLi + I;Lc)/®o] = 0, (13)

where i,7 = 1,2 (l # ]), Ly = L.+ Ly, and Ly =
L.+ Lij2 + Lpz. The total supercurrent through L. is

I=1+1I, (14)
where
I; = Ip;i sin(¢pi + i), (15)

with Io; = 27E /@0, ¢pi = (8" + ¢4”)/2, and fmi =
(61 - 957)/2.

The Hamiltonian of the two coupled flux qubits can be
written as

H = Hy, + Hy + Hy. (16)

Here H; is the Hamiltonian of the ith isolated flux qubit,
with loop inductance L; and circulating supercurrent I,
which has the form in Eq. (4) but with f’ replaced by

LiL;
by

fi=r+ (17)

4

Also, E;, C and « are replaced by Esi), C® and ;. The
interaction Hamiltonian is

Hy= LI - ia,-ES"Hi, (18)
i=1
where
II; = cos(y; + 2mI;L./®o) — cos;, (19)
with
¥i =21 f{ + 2¢mi, (20)
and 7 # j.

The supercurrent I; flows through each of the three
Josephson junctions in the ith flux qubit, so I; can also
be written as

I, = a;Ip; sin ¢
= —Q,'Iog' sin {27r(f‘-l+Ich/(p0) +2¢m.'}, (21)
where ¢,j = 1,2 and ¢ # j. Taking advantage of this re-

lation for I;, one can expand the interaction Hamiltonian
(18) as

2
Hy = -MhL - Y aEP, (22)
i=1
where
1 L\* 2 L\"
N=i1 ey Y S ) =t (P
® ; [3ﬁl" (Io;‘) * 1552' (10.‘) i J ’
(23)
and

1
Ei = 5 COS(21I’f,»I + 2¢mi)
Lx® & B
2 (2L =54 (=L
) [BLJ (101') * (101‘> e
with B = 2mlpiLc./Po < 7/2. The term —AL.11; in

H; produces an interbit coupling between flux qubits 1

and 2, while a.-ESi) &; slightly modifies the energy levels
of the ith flux qubit.
When 81; = 2nlp;L./Po < 1, H; is approximated by

» (24)

Hy= =L 5l (25)

because aiE(J‘)H,- ~ L.I1I; in this case. Within the
qubit-state subspace of the ith isolated flux qubit, H;
is reduced to

1

H; =
2

Aipy) y (26)

where pt) = |1,)(1;| — [0;)(0s]. In the vicinity of f
0.5, because the supercurrents I; at states |1;) and |0

)
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FIG. 5: Energy levels of two coupled flux qubits versus re-
duced flux f for Ly /Le = 0.1 and (Li2 + Ls2)/Le = 0.2.
The parameters Sr; = 2nloiL./®o are (a) Br1 = PBr2 = 0.03,
(b) Br1 = 0.03, Brz = 0.04, (¢) Br1 = Prz = 0.07, and (d)
Br1 = 0.07, Brz2 = 0.1. Here the energy F is in units of E_(,l).

have equal magnitudes but opposite directions, I; can be
written as

I = aip{® + b[1:)(0i] + b}]0:)(Li, (27)

where a; = (1;|;|1;), and b; = (1;|;]0;). Because the
supercurrent I; at state |1;) (i.e., a;) is proportional to
the slope of the energy level that corresponds to state |1;)
with respect to f (see, e.g., Ref. 19), it falls to zero at the
symmetric point, f = 0.5, where the level becomes flat.
Also, our numerical results show that b; becomes a real
number at f = 0.5. Thus, we can rewrite I; at f = 0.5
as

L = b;p®, (28)

with pg) = |15)(0;] + |0;)(1;]. For Bri < 1, the Hamilto-
nian at f = 0.5 can be cast to

2
1 :
H=Y o8 - xo"6, (29)
=1
with
X = Lcbyba. (30)

It is clear that the interbit coupling persists at f = 0.5.

Figure 5 shows the energy spectrum of the two coupled
flux qubits around f = 0.5. In order to realize fast two-
bit operations while keeping the leakage from the qubit
states to other higher energy states small, we choose the
interbit coupling strength to be comparable to the en-
ergy difference, at f = 0.5, between the basis states |1;)

5

and |0;) of each qubit. As shown in Figs. 5(a) and 5(b),
the energy spectrum remains similar in the vicinity of
f = 0.5 when the two flux qubits have different values
of parameters. Furthermore, the two higher energy lev-
els, €3 and €4, in the first four energy levels (i.e., €x with
k = 1 to 4) of the two coupled flux qubits are flat in a
relatively broad range around f = 0.5; this flat region
is much broader than the corresponding flat-energy-level
range of the single flux qubit around f = 0.5. The flux-
independent level €3 in Fig. 5(a) corresponds to a singlet
eigenstate, while other three levels correspond to triplet
eigenstates. As expected, the transitions between this
singlet state and other three triplet states are not allowed
by the microwave perturbation [cf. Fig. 6(a)]. Similar
spectral results were also obtained by Storcz and Wil-
helm?! and by Majer et al.?? using simpler model Hamil-
tonians for two coupled flux qubits. However, because a
different setup is used for coupling two qubits, the four
energy levels are flipped in Ref. 22. As in Ref. 21, since
X > 0, the interbit coupling is ferromagnetic, in sharp
contrast with the antiferromagnetic coupling obtained in
Ref. 22, where the corresponding coupling parameter x
is negative. When the interbit coupling increases further,
the flat region for both levels €3 and ¢4 widens for two
qubits having identical parameters [see Fig. 5(c)], but €3
and €4 become much different in this region when the two
qubits are not identical [see Fig. 5(d)]. Moreover, it can
be seen that the gap between levels ¢; and e; and that
bewteen €3 and €4 become narrow at f = 0.5 with the
interbit coupling increasing.

In the case of Fig. 5(a), because 2wIp;L./Po = 0.03,
the common inductance is L. ~ 20 pH if the critical
currents Io; are equal to the experimental value® Iy ~ 0.5
uA. Such a small inductance is experimentally realizable,
e.g., using a loop of diameter d ~ 16 um. Also, our
numerical calculations show that b; ~ 0.66I at f = 0.5.
The interbit coupling is thus of the order x = L.bybs =~
0.013E;, which is equal to the energy difference A at f =
0.5 of the single flux qubit with 8, = 0.03. Therefore,
the corresponding two-bit operation is as fast as the one-
bit operation. Moreover, at f = 0.5, the first four energy
levels, ek, k = 1 to 4, of the coupled flux qubits can be

_ approximated by

1 1
€1 = _iEA) €3 = EEBy
1 i)
€= —'2-EB, €4 = §EA, (31)

where

Ey = [(A1 + A2)2 + 4x2]l/2,
Ep = [(A1 — A2)% + 4x?)/2. (32)

The gap between levels €2 and €3 is Ep, which increases
with x. The gap between levels €; and €; and that be-
tween €3 and €4 are given by E4 — Ep. Figures 5(a)
and 5(b) correspond to x =~ A;; in Fig. 5(a) where
A; = Ay = A, the two equal gaps, E4 — Eg, at f =0.5
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FIG. 6: (a) Moduli of the transition matrix elements t;; be-
tween single-qubit states |i) and |j) versus reduced flux f.
(b) and (c) Moduli of the transition matrix elements between
coupled-qubit states |e;) and |e;) versus f for Ly /L. = 0.1
and (Li2 + Ls2)/Lc = 0.2. Here [ti;] is in units of Io®x in (a)
and Ip1®x in (b) and (c).

are (v2 — 1)A. When x further increases, the value of
E 4 — Ep decreases; namely, the two equal gaps become
narrow [cf. Figs. 5(c) and 5(d)].

IV. STATE TRANSITIONS

When a microwave field with an appropriate frequency
w is applied through the superconducting loop of the sin-
gle flux qubit, a transition between two states occurs.
Now, the total flux within the loop is @, + @, where

O = Dx cos(wt + 0) (33)

is the microwave-field-induced flux through the loop. For
a weak microwave field, the single flux qubit experiences
a time-dependent perturbation

H'(t) = —I®x cos(wt + 6), (34)

and the transition matrix element t;; between states [i)
and |j) is given by (i|I®x|j). Similarly, when the mi-
crowave field is applied through the left loop A;L.B;A;
of the coupled flux qubits, the transition matrix element
ti; between the coupled-qubit states |¢;) and |e;) is then
<€¢|I@x|€j).

Figure 6(a) presents the flux dependence of |t;;| for
transitions |0) — [1), [0) — |2), and |1) — |2) in a sin-
gle flux qubit. Because of the symmetry of the wave
functions, |tgp2] = 0 at f = 0.5, and thus the transition
|0) — |2) is forbidden. Also, it can be seen that |to;| is

6

not sensitive to the variation of 8z, while |toz| and |¢;5]
are suppressed by increasing 8r,. This observation is con-
sistent with the energy spectrum in Fig. 3, where the gap
between the lowest two levels 0 and 1 is not significantly
changed, but the gap between levels 1 and 2 increases
with 8. In Figs. 6(b) and 6(c), we show the flux depen-
dence of |t;;| for all possible transitions in the coupled
flux qubits. When the two flux qubits have the same
parameters, the transitions |e;) — |e3), |e2) — |e3), and
les) — |e4) are forbidden because |ti;| = 0 [see Fig. 6(b)].
However, they are allowed (except for some specific val-
ues of f) when the parameters of the two flux qubits are
different [see Fig. 6(c)]. At f = 0.5 in particular, |t;s]
has the largest value, while |t24] has a smaller value and
others are either zero or much smaller.

For a single flux qubit with 8y = 0.03, the energy
difference A between states |1) and |0) is 0.01291E; at
f = 0.5. Using an experimental value® for the critical
current Ip ~ 0.5 pA, we obtain E; ~ 1.03 meV. The
energy difference of 0.01291E; corresponds to a gap of
v =~ 3.2 GHz. The one-bit operation can be implemented
using a resonant microwave field. For a weak driving
field, the Rabi frequency o, is given by |to1|/k. The typ-
ical switching time is m/€o; when the states |0) and |1)
flip. For instance, because |to;1| &~ 0.661g®x at f = 0.5,
the switching time is about 3 ns for Ip®x ~ 1 weV.
If the leakage from these two states to others is small,
one can realize a fast one-bit operation, e.g., with a
switching time 7/Qo; ~ 10v~! (= 3 ns), by increasing
the microwave-field intensity. Let the energy difference
between states [0) (|]1)) and [1) (|2)) be hwo; (Awiz).
When the field is tuned to be resonant with the tran-
sition |0) — |1), the ratio of the transition probabilities
between |1) — |2) and |0) — |1) can be estimated as

P _ (ﬁ)” sin®(@r/2) (35)
por \ Q) sin®(Qo17/2)’

where
Q = [0 + (wiz — wor)?]"/?, (36)

Q32 = [ti2|/h, and T is the duration of the microwave-
field pulse. When 7 = 7/Qg; ~ 10!, using the numer-
ical results fuwg; = 0.01291E;, hw;2 = 0.18763E;, and
[t12/t01] =~ 0.38 at f = 0.5, we have

P12 o 1.5%107S. (37)

Po1
This implies that the leakage to other states is small for a
fast one-bit operation implemented via a microwave field.
Corresponding to Fig. 5(a), |€1) and |e2) at f = 0.5 are
approximated by

700) +[11)),

T
VAT

lea) = %uon +[10)), (38)



FIG. 7: (a) Supercurrents I versus reduced flux f at eigen-
states |0) and |1) of a single flux qubit for B, = 0.03. (b) Su-
percurrents I versus f at eigenstates |ex), k = 1 to 4, of two
coupled flux qubits for Br1 = Br2 = 0.03. (c) Supercurrents
I, I, and I versus f at eigenstates |ex), k = 1 to 4, of two
coupled flux qubits for BL1 = 0.03 and Br2 = 0.04. Here we
choose Ly1 /Lc = 0.1 and (L12+ Ly2)/Lc = 0.2 for the coupled
flux qubits. The supercurrents are in units of Ip in (a) and
Im in (b) and (C)

with
A+ (A2 4 x2)1/2
x ;

Initially preparing the system at the (entangled) ground
state |1 ), one can produce the mazimally entangled state
|e2) using a microwave-field pulse of duration 7 = 7/Q;2,
where the Rabi frequency 2,2 is given by |ti2|/h for
a weak driving field. At f = 0.5, we have hw;s =
0.00528FEy, hweq = 0.03124FE;, and It24/t12| ~ 0.41.
When the microwave field is in resonance with the tran-
sition |e;) — |e2) at f = 0.5,

n= (39)

P2 44 x1078 (40)
P12
for 7 = /2 ~ 20m/wy2. This implies that a fast two-

bit operation can also be implemented using a microwave
field.

V. SUPERCURRENTS AND QUANTUM
MEASUREMENT

The circulating supercurrents flowing through the in-
ductance L or L. are different for different eigenstates.
This property can be used for implementing a readout of
the qubit states. For a single flux qubit, around f = 0.5,
the supercurrents I at eigenstates |0) and |1) (i.e., (0|7|0)
and (1|I]1)) have equal magnitudes but opposite direc-
tions [see Fig. 7(a)]. During quantum measurement, one

T

can switch on the flux transformer to couple the induc-
tance L with a dc-SQUID magnetometer [cf. Fig. 1(a)]
to distinguish the two eigenstates of the qubit because at
these two states the supercurrents I through L generate
two different fluxes in the SQUID loop of the magnetome-
ter. In general, if the single flux qubit is at the superpo-
sition state ¢1|1) +co|0), the measurement will show that
the qubit has probability |c;|? at the eigenstate |i), where
i = 0,1. For the two coupled flux qubits, the supercur-
rents through the common inductance L. take different
values at its four eigenstates.

Similar to the single flux qubit, a switchable flux trans-
former can be used to couple L. and the SQUID loop
of the magnetometer for reading out the coupled-qubit
states because the supercurrents I at different eigenstates
contribute different fluxes in the SQUID loop of the mag-
netometer. The supercurrents I; at the four eigenstates
of the coupled qubits are shown in Fig. 7(b) for two flux
qubits having identical parameters. Since I; = I; in this
case, the total supercurrent I is 2/;. When the param-
eters of the two flux qubits become different, the total
supercurrents I look similar to those in Fig. 7(b), but I;
and I (which flow through the Josephson junctions of
the qubits) change drastically [cf. Fig. 7(c)]. Also, it can
be seen that at the eigenstates of the system the circulat-
ing supercurrents in both single and coupled flux qubits
fall to zero at f = 0.5. To read out the qubit states, one
can shift the system away from this point.

VI. DISCUSSION AND CONCLUSION

For the charge qubits coupled by LC-oscillator
modes'® or by an inductance,!* the inductances pro-
posed to be used are ~ 3.6 uH or ~ 30 nH, respec-
tively, for a two-bit operation ten times slower than the
typical one-bit operation. An inductance for coupling
charge qubits similar to that in Ref. 13, particularly, has
a value much larger than L. (= 20 pH) for coupling flux
qubits. It is difficult to fabricate in a small size with-
out introducing a strong coupling with the environment.
Because two-bit operations are much slower than one-bit
ones in the inductively coupled charge qubits, an effi-
cient scheme is thus required to minimize the number of
two-bit (as opposed to one-bit) operations to obtain a
conditional gate.!* However, for inductively coupled fluz
qubits, the above limitation in using two-bit operations
for constructing a conditional gate is removed since two-
bit operations can be as fast as one-bit ones. In this
case, any schemes for constructing conditional gates be-
come efficient by minimizing the number of operations
that are used (either one- or two-bit). Note that the
common inductance of L. ~ 20 pH can produce a strong
interbit coupling. As a result, two-bit operations as fast
as one-bit ones can be achieved. This common induc-
tance is comparable to the loop inductance, L ~ 10 pH,
of the single flux qubit currently realized in experiments.

To couple several flux qubits, the inductances of all



loops involved could be small, comparable to the loop
inductance of a single flux qubit currently realized in ex-
periments. This is the case we studied in the present
paper, where two coupled flux qubits are considered. If
a number of flux qubits are coupled, the inductances of
some loops will become larger, but the common or shared
inductance for producing the interbit coupling can still be
chosen small (about 20 pH). If the circuits except for the
line A; L.B; (corresponding to the common or shared in-
ductance) could be screened from the environment (that
is a big challenge for experimentalists for sure), the main
noise would be due to the small common or shared in-
ductance.

In conclusion, we have proposed an experimentally re-
alizable method for inductively coupled flux qubits that
can achieve two-bit operations performing as fast as one-
bit ones. We treat both single and coupled flux qubits
with more realistic models including the loop inductance.
Moreover, we show that the coupled flux qubits have
novel flux-dependent behaviors in the transitions between
states. We find that the forbidden transitions in the cou-

pled two flux qubits become allowed (except for some
specific values of the external flux) when the parameters
of the two qubits change from being initially equal to
each other and then making these different.
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Charge fluctuations from gate bias and background traps severely limit the performance of a
charge qubit realized in a Cooper-pair box (CPB). Here we present an experimentally realizable
method to control the dephasing effects of these charge fluctuations using two strongly capacitively

coupled CPBs.

This coupled-box system has a low-decoherence subspace of two states and we

calculate the dephasing of these states using a master equation approach. Our results show that
the inter-box Coulomb correlation can significantly suppress decoherence of this two-level system,
making it a promising candidate as a logical qubit, encoded using two CPBs.

PACS numbers: 03.67.Pp, 74.50.4+r

Advances in nanotechnology have led to the success-
ful fabrication of ever smaller solid-state devices, whose
behaviors are increasingly quantum mechanical. In par-
ticular, various superconducting nanocircuits have been
proposed as quantum bits (qubits) for a quantum com-
puter [1, 2, 3, 4]. In the meantime, it has long been rec-
ognized that background charge fluctuations can severely
limit the performance of microelectronic devices, par-
ticularly those based on the manipulation of electrical
charge, such as single electron transistors [5] and su-
perconducting Cooper-pair boxes (CPBs) (6, 7, 8]. The
struggle to suppress or even eliminate noise from charge
fluctuations in superconducting devices has been a pro-
longed battle with limited success. Here, instead of fo-
cusing on perfecting materials, we propose an alternative
experimentally-realizable method to suppress the effects
of these charge fluctuations using two strongly (capaci-
tively) coupled CPBs. We demonstrate how the inter-box
Coulomb correlation can help generate a two-state sub-
space with reduced decoherence for the coupled CPBs,
and then outline a scheme to manipulate and character-
ize the encoded qubits.

Cooper-pair boxes are one of the prominent candi-
dates for qubits in a quantum computer. Recent exper-
iments [9] have revealed quantum coherent oscillations
in two CPBs coupled capacitively and demonstrated the
feasibility of a conditional gate as well as creating macro-
scopic entangled states. An efficient scalable quantum-
computing scheme [10] has also been proposed based on
charge qubits. It has been shown (8] that while operat-
ing at the degeneracy point (where the two lowest charge
states have the same energy in the absence of Josephson
coupling), the charge-qubit states are quite coherent with
a decoherence time of 7 ~ 500 ns. When the charge-qubit
system is operated away from the degeneracy point, it
experiences strong dephasing by the charge fluctuations,
and the decoherence time of the system is greatly reduced

[6, 8]. Clearly, effective suppression of the charge noise is
of essential importance for the practical implementation
of scalable quantum computing.

Two different CPBs generally experience uncorrelated
charge fluctuations as they are most strongly affected by
their own gate bias and the nearest fluctuating charge
traps. However, if two boxes are strongly coupled ca-
pacitively, the fluctuations affecting one box will affect
the other through the Coulomb coupling. In the limit
of extremely strong inter-box coupling (corresponding
to an infinite mutual capacitance between two CPBs),
the two boxes would experience an identical charge en-
vironment, so that, in principle, a decoherence-free sub-
space [11] could be established for coupled-box states.
However, in reality this limit involves more than just the
two lowest energy states, making the coupled boxes un-
suitable as two-level systems. Thus, can we still achieve
decoherence-suppressed logical qubit encoding in capac-
itively coupled boxes? Below we show that there indeed
exists an intermediate parameter regime where a strong
inter-box Coulomb correlation can induce a significant
suppression of decoherence in certain two-box states, so
that considerable benefit can be reaped by encoding a
logical qubit in terms of these states.

Characterization of two coupled CPBs. — The pro-
posed circuit consists of two capacitively coupled CPBs
(see Fig. 1). Each CPB is individually biased by an ap-
plied gate voltage V; and coupled to the leads by a sym-
metric dc-SQUID. The dc-SQUID is pierced by a mag-
netic flux ®;, which provides a tunable effective coupling
E;i(®;) = 2EY; cos(m®;/®o), where ®y = h/2e is the
flux quantum. The Hamiltonian of the system is

Hs = ) [Bei(ni — ngi)® — Eji(®:) cos pi]

+Em(nL — nzr)(nr — nzr), (1)

with ¢ = L, R for left and right. Here the charging energy
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FIG. 1: Strongly coupled Cooper-pair boxes. A bias voltage
Vi is applied to the ith charge box through a gate capacitance
C;, and a symmetric dc-SQUID (with Josephson coupling en-
ergy EY; and capacitance Cy; for each junction) is coupled
to the box. Also, each box is connected to a detector via
a probe junction (or a less invasive point contact). When a
measurement is performed, the probe junction is biased with
an appropriate voltage Vsi. The two boxes are closely-spaced
long superconducting islands with sufficiently large mutual ca-
pacitance Crm, and the barrier between them is strong enough
to prohibit the inter-box Cooper-pair tunneling.

E,; of the ith superconducting island and the mutual ca-
pacitive coupling E,, are given by [12] E; = 2¢2Cx;/A,
and E, = 4€2Cp,/A, with A = Cx;Cyj — CZ,, where
Cyi = Cpy + C; + Cy; is the total capacitance of the ith
island. The offset charge is 2enz; = Qvi+ Qoi, where Qo;
is the background charge, and Qvi = C;V; + Cpi Vi is in-
duced by both the gate voltage V; and the probe voltage
Vibi. The average phase drop ¢; across the two Josephson
junctions in the de-SQUID is conjugate to the number of
the Cooper pairs n; on the box. Both CPBs operate in
the charging regime E.; > E;; and at low temperatures
kT < E.. The states of the two coupled boxes can
thus be expanded on the basis of the charge eigenstates
InLng) = [nL)|ng).

When the two CPBs are strongly coupled, the total
Hamiltonian can be rewritten in terms of the total charge
on the coupled boxes and the charge difference across the
boxes (assuming for simplicity Cyp, = Cxr = Cyx so that
E.p = Ecr = Ec):

AE
Hg = <E‘c - T) (nL +nRr—ngL — nIR)2

AFE
=5 (nL — nr — nzr +nzr)” (2)

where AE = 2¢2/(C,, + Cg). Notice that E. is es-
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FIG. 2: Dependence of the energy levels of the coupled-box
system on the reduced offset charge nzr for n.r = 0.5. Here
we choose AFE; = Eci/4, and Ey; = Eci/lﬂ, with i = L, R.
The two lowest levels remain nearly unchanged in a wide re-
gion around the degeneracy point (nzr,nzr) = (3, 3)-

sentially determined by junction and gate capacitances,
representing the charging energy of individual Joseph-
son junctions, while AE represents the charging energy
of the large capacitor C,,. Around the double degener-
acy point of (nzz,nzr) = (3, %), the two lowest energy
states, |t), of this coupled-box system have a splitting of
E%/2(E. — AE).

At the degeneracy point (ngzz,nzr) = (3,3), the low-
est two states are |£) = (|01) & |10))/v/2, which are de-
generate because the states [01) and |10) have the same
energies. When the tunable Josephson couplings are
switched on, the degeneracy is removed and the states
|£) are given by |) = (|01) & |10))/Vv/2 + |64+ ), where
|0%+) = O(E;(®:)/Em)[a+(]00)£|11))+- - -|. These two
states, and the corresponding energy levels (see Fig. 2),
remain nearly unchanged in a wide region around the de-
generacy point. At the degeneracy point, the Josephson
coupling cannot lead to a direct transition between these
two states since one is symmetric while the other anti-
symmetric, so that the relaxation of the excited state
|-) to |+) is prohibited. As long as the system does
not stray too far from the degeneracy point, we expect
that the relaxation should still be much slower than pure
dephasing. Furthermore, the symmetry in these states
implies that they are also well insulated from pure de-
phasing due to charge noise, as we will show below. It is
thus quite natural to adopt these two coupled-box states
|£) to achieve a logical qubit. Below we calculate the
dephasing properties of the |t+) states and discuss how
they can be coherently manipulated.

Correlation-induced coherence-preserving subspace. —
To clarify the origin of the correlated environments for
the two coupled CPBs, we study the fluctuations [13] of



the reduced offset charge from n,;, which could originate
from the gate voltage V;, probe voltage V;;, and back-
ground charge Qo;. Below we examine how the Coulomb
correlation can help suppress the effects of this noise in
the two-island subspace of |+) states.

We can use a simple two-level system language to de-
scribe each of the boxes around the degeneracy point

(nzL,mzr) = (3,3), and rewrite the Hamiltonian in
terms of the Pauli matrices:
1
Hgs = Xi:Hi b ZEmazLUzR, (3)
1
H; = [gi(nzi) + €m(naj)]02i — §EJi(‘I’i)0xi,

where €;(nz:) = Eci(nzi — 3), €m(nej) = 3Em(nz; — 1),
| )i = 10)i, | 1)i = [1)i, and ¢,j = L,R (i # j). The
higher energy states do not affect the coherence proper-
ties of |+) at the level of approximation of our calculation.

The interaction Hamiltonian between the CPB system
and the environment is

Hi= E(Ec.'ts‘n:.‘ + %Emén,j)azi, (4)
1

with i,j = L, R, and ¢ # j. Though each CPB is di-
rectly coupled to a different environment by itself, the
inter-island Coulomb interaction ensures that the envi-
ronment is partly shared between the two islands, caus-
ing the CPBs to experience two correlated noises. When
each of the two environments is modeled by a thermal
bath of simple harmonic oscillators described by the an-
nihilation (creation) operator b;; (b}.-), the Hamiltonian
of the whole system, including the two baths, is

H=Hgs+ Hp + Hj,
Hp = Z(m"LbLLan + hwnrblgbar),  (5)

-2 Z ("" 2E ) x®,

with i, = L, R (i # j). Here, the bath operator X(‘) =
2E0ng;isgivenby X® = 3 Azl = 3 hk{ (0]
b ) with K(t) = m’/\/ 2m,,,-75m.

With the two CPBs experiencing correlated environ-
ments, the system has unusual dephasing properties that
can be exploited to enhance the decoherence time. Here
the master equation approach is used to derive the deco-
herence time of the system. As shown in [14], the reduced
density operator, p(t), of the system in the interaction
picture is approximately governed by

L / 47’ TrglHi () P()]

- / ar’ / dr" T g [Hy (') Hi (") P(2)
—H(7")P(t)H; (")) + H.c., (6)

3

where H;(t) = e!(Hs+He)t/A [ e=i(Hs+Hp)t/h ig the in-
teraction Hamiltonian in the interaction picture, and
P(t) = p(t)pp(Hp), with pp(Hp) = e 5 /Trp[e~PHz|
being a time-independent bath density operator in ther-
mal equilibrium at temperature T. Here we focus on
the pure dephasing case with E;;(®;) = 0, which can
be solved analytically. In the subspace with basis states
|b) = |01) and |c¢) = |10), the states of the two coupled
CPBs have novel decoherence properties. It can be de-
rived that the reduced density matrix elements p,. and
Peb (thus py_ and p_) obey: poc, peb, P+~ p—+ ~ €747,
where the decoherence time 7 of the coupled-box system
is given by

1 Em
LY (-2 s@N @, @
i+=L,R
with J;() = WZ"[K,(.i)]25(Q — wni) being the spec-
tral density function of each bath, and N() =

coth(h§2/2kgT"). For a symmetric case E.; = E.gr = E.,
so that AE = E. — 3 E,, we obtain

(%) 5

i=L,R

Ji(QN(Q)la—o, (8)

In the limit of strong inter-box coupling, AF <« E., pure
dephasing can then be strongly suppressed. For exam-
ple, if we choose AE = E_/4, the prefactor takes the
value 1/16, so that the dephasing time becomes more
than one order of magnitude longer than when the boxes
are only weakly coupled. This is in strong contrast to the
corresponding single CPB expression for pure dephasing
1/7 = J(2)N(Q)|a-o, which is purely determined by the
bath spectral density function J.

Preparation and measurement of the coherence-
preserving states. — Now that we have obtained a
decoherence-suppressed subspace for two strongly cou-
pled CPBs, the question now becomes how to prepare
and measure these states.

Coherence-preserving quantum states can be prepared
as follows. First, consider an initial point on the n, L—
nzgr plane that is away from the degeneracy point (2, 3)-
The lowest state of the system is |00) at this point.
Then, shifting the point adiabatically (e.g., along the
nzL = ngr direction) to the region around the degener-
acy point, we arrive at the coherence-preserving ground
state |+). Finally, using a two-frequency microwave to
interact with the system for a period of time (basically a
Raman process), as in the trapped ion case [15], one can
obtain any superposition of |+) states, so that an arbi-
trary single qubit operation is feasible. Readout of the
logical-qubit states can be achieved through various ap-
proaches. For instance, one can rotate the logical qubit
states to the charge eigenstates |01) and |10). Then sim-
ple charge detection using either single electron transis-
tors or other charge probes can determine the state of the



coupled CPBs. Let us consider the specific case of em-
ploying probe junctions [9]. When appropriate bias volt-
ages Vj; are applied to the probe junctions, the measured
current I; through the ith probe junction is proportional
to the probability for the ith box to have a Cooper pair
in it.

Discussion. — Decoherence in two coupled qubits [16,
17] and during a conditional gate (18] has attracted
much attention recently. It has also been shown that a
decoherence-free subspace exists for two physical qubits
coupled to the same bath [17]. Very recently, Zhou et
al. [19] proposed an encoded qubit using a pair of closely
spaced CPBs sharing a common lead, and the two boxes
were assumed to couple to an identical bath. In their
proposed setup, fluctuations originating from the gate
voltage may be identical because of the common lead.
However, the often very important background charge
fluctuations cannot be so since these fluctuations origi-
nate from local charge traps near each box. Indeed, as
shown in Eq. (4), their proposed identical bath could only
be achieved in the limiting case of E.; = %Em. Unfor-
tunately, in this limiting case, the two-level-system de-
scription for each individual CPB breaks down for the
paired boxes, thus the proposed single-bath scenario can
never be achieved. As shown in our study of the cou-
pled CPBs [20], though the ideal single-bath case can-
not be realized to obtain a decoherence-free subspace,
we can employ the strong inter-box coupling to achieve
a coherence-preserving logical qubit where the correlated
baths suppress the decoherence in the coupled CPBs.

In conclusion, we have shown that in two strongly ca-
pacitively coupled CPBs, the charge fluctuations expe-
rienced by the two boxes are strongly correlated. This
inter-box Coulomb correlation can create a two-box sub-
space of two states in which pure dephasing is strongly
suppressed due to the correlation, while relaxation is also
suppressed because first order transitions are prohibited.
Therefore, we have demonstrated that these two coupled
CPBs can be used to encode a logical qubit that pos-
sesses superior coherence properties. We also discussed
how such logical qubits can be manipulated and mea-
sured.
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A goal of quantum information technology is to control the quantum state of a system, including its
preparation, manipulation, and measurement. However, scalability to many qubits and controlled con-
nectivity between any selected qubits are two of the major stumbling blocks to achieve quantum com-
puting (QC). Here we propose an experimental method, using Josephson charge qubits, to efficiently
solve these two central problems. The proposed QC architecture is scalable since any two charge qubits
can be effectively coupled by an experimentally accessible inductance. More importantly, we formulate
an efficient and realizable QC scheme that requires only one (instead of two or more) two-bit operation

to implement conditional gates.

DOI: 10.1103/PhysRevLett.89.197902

The macroscopic quantum effects in low-capacitance
Josephson-junction circuits have recently been used to
realize qubits for quantum information processing, and
these qubits are expected to be scalable to large-scale
circuits using modern microfabrication techniques.
Josephson-qubit devices [1] are based on the charge and
phase degrees of freedom. The charge qubit is achieved in
a Cooper-pair box [2], where two dominant charge states
are coupled through coherent Cooper-pair tunneling [3],
while the phase qubit is based on two different flux states
in a small superconducting-quantum-interference-device
(SQUID) loop [4,5]. Experimentally, the energy-level
splitting and the related properties of state superpositions
were observed via Cooper-pair tunneling in the Joseph-
son charge device [6,7] and by spectroscopic measure-
ments for the Josephson phase device [8,9]. Moreover,
coherent oscillations were demonstrated in a Josephson
charge device prepared in a superposition of two charge
states [2]. These striking experimental observations re-
veal that the Josephson charge and phase devices are
suitable for solid-state qubits in quantum information
processing. The next immediate challenge would include
implementing a two-bit coupling and then scaling up the
architecture to many qubits. Here, we focus on the
Josephson charge qubit realized in a Cooper-pair box
and propose a new quantum-computing (QC) scheme
based on scalable charge-qubit structures.

A straightforward way of coupling Josephson charge
qubits is to use the Coulomb interactions between charges
on different islands of the charge qubits (e.g., to connect
two Cooper-pair boxes via a capacitor). A two-bit opera-
tion [10], similar to the controlled-NOT gate, was derived
using this interbit coupling, but it is hard to switch the
coupling on and off [1] in this scheme as well as to make
the system scalable because only neighboring qubits can
be coupled. A scalable way of coupling Josephson charge
qubits was proposed [1,3] in terms of the oscillator modes
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in an LC circuit formed by an inductance and the qubit
capacitors. In this design, the interbit coupling is switch-
able and any two charge qubits can be coupled. However,
there is no efficient (i.e., using one two-bit operation) QC
scheme for this design [1,3] to achieve conditional gates
such as the controlled-phase-shift and controlled-NOT
gates. Moreover, the calculated interbit coupling terms
[1,3] apply only to the case when two conditions are met:
(i) the eigenfrequency w; of the LC circuit is much
faster than the quantum manipulation frequencies (which
limits the allowed number N of the qubits in the circuit
because w; . scales with 1/+/N) and (ii) the phase con-
jugate to the total charge on the qubit capacitors fluctuates
weakly. These two limitations do not apply to our ap-
proach. In our proposal, acommon inductance (but no LC
circuit) is used to couple all Josephson charge qubits. In
our scheme, both dc and ac supercurrents can flow
through the inductance, while in [1,3] only ac supercur-
rents can flow through the inductance and it is the
LC-oscillator mode that couples the charge qubits.
These yield different interbit couplings (e.g., oy0, type
[1,3] as opposed to 0,0, in our scheme). To have a
controllable interbit coupling, we employ two dc
SQUID:s to connect each Cooper-pair box. Our proposed
QC architecture is scalable in the sense that any two
charge qubits (not necessarily neighbors) can be effec-
tively coupled by an experimentally accessible induc-
tance. More importantly, we formulate an efficient QC
scheme that requires only one (instead of two or more)
two-bit operation to implement conditional gates. To our
knowledge, this is the first efficient scalable QC scheme
for this type of architecture.

The proposed quantum computer consists of N Cooper-
pair boxes coupled by a common superconducting in-
ductance L (see Fig. 1). For the kth Cooper-pair box, a
superconducting island with charge Q; = 2en, is weakly
coupled by two symmetric dc SQUIDs and biased by an

© 2002 The American Physical Society 197902-1
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FIG. 1. Schematic diagram of the proposed scalable and
switchable quantum computer. All Josephson charge-qubit
structures are coupled by a common superconducting induc-
tance. Here, each Cooper-pair box is operated both in the
charging regime E. > EJ, and at low temperatures kzT <
E.. Moreover, the superconducting gap is larger than E, so
that quasiparticle tunneling is prohibited in the system.

applied voltage Vy, through a gate capacitance C;. The
two symmetric dc SQUIDs are assumed to be identical
and all Josephson junctions in them have Josephson cou-
pling energy EY, and capacitance Cj;. Each SQUID
pierced by a magnetic flux ®y, provides an effective
coupling energy given by —E;(®Py)cosdiap), with
E ;i (@) = 2EY, cos(m Py, /Py), and Py = h/2e is the
flux quantum. The effective phase drop ¢4z, with sub-
script A(B) labeling the SQUID above (below) the island,
equals the average value, [@f, 5 + ¢F,5]1/2, of the
phase drops across the two Josephson junctions in the
dc SQUID, where the superscript L (R) denotes the left
(right) Josephson junction. Since the size of the loop is
usually very small (~ 1 um), above we have ignored the
self-inductance effects of each SQUID loop. The
Hamiltonian of the system is H =YY  H, +1iLP?,
with Hk given by Hk = El.k(nk = nXk)2 = Ejk(q)Xk) X
(cosgys + cosgyg). Here, E ., = 2¢%/(C, + 4Cj,) is the
charging energy of the superconducting island and / =
>N, I is the total persistent current through the super-
conducting inductance, as contributed by all coupled
Cooper-pair boxes. The offset charge 2eny; = CyVy; is
induced by the gate voltage Vy,;. The phase drops ¢k,
and @5, are related to the total flux ® = ®, + LI
through the inductance L by the constraint ¢Ly — ¢k, =
27® /P, where P, is the externally applied magnetic
flux threading the inductance L. Without loss of general-
ity and in order to implement QC more conveniently, the
magnetic fluxes through the two SQUID loops of each
Cooper-pair box are designed to have the same values but
opposite directions; this simplifies the form of the
Hamiltonian. (If this were not to be the case, the interbit
coupling can still be realized, but the Hamiltonian of the
qubit circuits takes a more complicated form.) Because
this pair of fluxes cancels each other in any loop enclosing
them, then ¢fy — oL, = ¢f; — @F,. This gives rise to
the constraint ¢;p — ¢4 = 27®/P,, for the average
phase drops across the Josephson junctions in the
SQUIDs. The common superconducting inductance L
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plays the role of coupling Cooper-pair boxes. The cou-
pling of selected Cooper-pair boxes can be implemented
by switching on the SQUIDs connected to the chosen
Cooper-pair boxes, and the persistent currents through
the inductance L are composed of contributions from all
the coupled Cooper-pair boxes.

One- and two-bit circuits.—For any given Cooper-pair
box, say i, when ®y, =1®; and Vy, = 2n, + 1)e/C;
for all boxes except k = i, the inductance L connects only
the ith Cooper-pair box to form a superconducting loop
[see Fig. 2(a)]. The Hamiltonian of the system can be
reduced to [11]

H=g, (VXI) 0-(’) E.’l((DXl' q)er L)(.T(‘), (1)

where &;(Vy) is controllable via the gate voltage Vy;,
while the intrabit coupling E ;;(®y;, ®,, L) can be con-
trolled by both the applied external flux ®, through the
common inductance, and the local flux ®y; through the
two SQUID loops of the ith Cooper-pair box. The intrabit
coupling E; in (1) is different from that in [1,3] because
a very different contribution by L is considered. To couple
any two Cooper-pair boxes, say i and j, we choose @y, =
1@, and Vy; = (2n; + 1)e/C; for all boxes except k = i
and j. As shown in Fig. 2(b), the inductance L is shared
by the Cooper-pair boxes i and j to form superconduct-
ing loops. The reduced Hamiltonian of the system is
given by [13]

H= Y [a(Vx) o

k=i,j

—Epo®1+ 1, 0(")0'&’)- (2

Here the interbit coupling II;; is controlled by both the
external flux ®, through the inductance L, and the local
fluxes, ®y; and Py;, through the SQUID loops.
Quantum computing—The quantum system evolves
according to U(r) = exp(—iHt/h). Initially, we choose
Oy, =3Py and Vy, = (2n; + 1)e/C, for all boxes in
Fig. 1, so that the Hamiltonian of the system is H = 0
and no time evolution occurs. Afterwards, we switch
certain fluxes ®y; and/or gate voltages Vy, away from
the above initial values for certain periods of times, to
implement logic gates required for QC. For any two
Cooper-pair boxes, say i and j, when fluxes ®y,; and
(ij are switched away from the initial value ®,/2 for a
given period of time 7, the Hamiltonian of the system
becomes H = —E,,o-i) = E,JU&’ + 11 Jag)agj This an-
isotropic Hamiltonian is Ising-like [14], with its aniso-
tropic direction and the “‘magnetic” field along the x axis.
When the parameters are suitably chosen so that E,; =
E;; = I1;; = —mh/4r for the switching time 7, we ob-
tain a controlled-phase-shift gate, Ulps = e, =
exp{iZ[1 - o — ¥ + oV U}, which does not alter
the two-bit states |+) [+);, |+)%]=);, and |— )il+); but
transforms |—);|—); to —|—);|—);. Here, the phase factor
¢'™/* corresponds to an overall energy shift of the Hamil-
tonian, and |+) are defined by |=) = (| 1) = | 1))//2.
To obtain the controlled-phase-shift gate Ucpg for the

basis states | ;| 1);, | il D, 1 il 1)), and | 1);] 1)}, one
197902-2
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(a)

FIG. 2.

(a) One-bit circuit with a Cooper-pair box connected to the inductance. (b) Two-bit structure where two Cooper-pair boxes

are commonly connected to the inductance. Here, each SQUID connecting the superconducting island is represented by an effective

Josephson junction.

needs to combine Ugpg With suitable one-bit rotations.
For any Cooper-pair box, say i, one can shift flux ®y;

and/or gate voltage Vy; for a given switching time 7
to derive one-bit rotations. A universal set of one-

bit gates UY(a) = ¢i@? and vd(p) = B where
a = —¢,(Vy,)r/h and B =E,;7/Hh, can be defined by
choosing E;; = 0 and &;(Vy;) = 0 (which can be done
with suitable choices of ®y; and Vy;) in the one-bit
Hamiltonian (1), respectively. Any one-bit rotation can be
derived in terms of these two types of one-bit gates.
For instance, the Hadamard gate is given by
H, = e 2UP@UP@UL@). Using H,;, we de-
rive the controlled-phase-shift gate Ucps: Ucps
HIHUpsH H ;. The one-bit rotation V; = eimoy'/4
is glven by V= UU)( ”)U(’)(”)U(’)(") Combmmg
V; with Ucps, we obtain the controlled-NOT gate,
UCNOT V/ UcpsV;, which transforms the basis states
as [Tl D;— IT)IT),, DA D= 1l Dy 1Dl 1 —
LDl 1), and [ Dl ;= 1 1il ;. A sequence of such con-
ditional two-bit gates supplemented with one-bit rotations
constitute a universal element for QC [15]. Usually, a two-
bit operation is much slower than a one-bit operation. Our
designs for conditional gates Ucps and Ucnor are efficient
since only one (instead of two or more) two-bit operation
Utps is used.

Persistent currents and entanglement.—The one-bit
circuit modeled by Hamiltonian (1) has two eigenvalues

EY = £E,, with E; = [¢}(Vy;) + E}]'/2. The corre-

sponding eigenstates are |¢%¥) = cos&;| 1); — sing&;| 1),
and  |¢@) = sing| 1); + coséi| I);,  where ¢ =
jtan~'(E;;/e;). At these two eigenstates, the per-

sistent currents through the inductance L are
given by (WYY = £(E,li/E)) sin(m®,/ Do)+
(wL1%;/2®) sin(27r®,/P,), where the expansion in I is
retained up to the linear term in 7;. When a dc SQUID
magnetometer is inductively coupled to the inductance L,
these two supercurrents generate different fluxes through
the SQUID loop of the magnetometer and the quantum-
state information of the one-bit structure can be obtained
from the measurements. To perform sensitive measure-
ments with weak dephasing, one could use the under-
damped dc SQUID magnetometer designed previously
for the Josephson phase qubit [4,8].
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For the two-bit structure described by Egq. (2), the
Hamiltonian has four eigenstates and the supercurrents

through inductance L take different values at these states.
The fluxes produced by the supercurrents through L can

also be detected by the dc SQUID magnetometer. For
instance, when &;(Vy;) = 0 and E;; > 0 for k = i and j,
the four eigenstates of the two-bit structure are

1D =30 D = 1D D; = Tl D+ T D)),
12) = ‘5‘(| il T), + | T):' 1), = Wil T), =1 il 1),)
13> =3 Dl D = 1A D; + 1D D = 1Dl D)),

|4 = 30Dl Dy + 1Dy + 1D 1 + 111 D).

When expansions in /; and /; are retained up to the linear
terms in 7; and 7;, the corresponding supercurrents
through inductance L are (k|I|k) = I;sin(7m®,/D;y) +
(wLI2/2®,) sinmw®,/®,) for k = 1 to 4, where I, =
=t L) 2y= Iy=1Iy, I3=1y—1  and Iy=
I.; + 1. These supercurrents produce different fluxes
threading the SQUID loop of the magnetometer and
can be distinguished by dc SQUID measurements. If the
two-bit system is prepared at the maximally entangled
Bell states W) = (| )] 1); = | 1)l 1);)/v2, the super-
currents through L are given by (¥®)|[|¥(®)) =
(wL/2®p)U,; * I.;)* sin2m®,/ D). These two states
should be distinguishable by detecting the fluxes (gener-
ated by the supercurrents) through the SQUID loop of the
magnetometer.

Discussion.—The typical switching time 7!’ during a
one-bit operation is of the order /i/E9. For the experi-
mental value of E9 ~ 100 mK, there is 7" ~ 0.1 ns. The

switching time 7@ for the two-bit operation is typically
of the order (h/L)(®P,/mES)?. Choosing EY ~ 100 mK
and 7@ ~ 107" (i.e, 10 times slower than the one-bit
rotation), we have L ~ 30 nH in our proposal, which is
experimentally accessible. A small-size inductance with
this value can be made with Josephson junctions. Our
expansion parameter 7 is of the order mLE)/®3 ~ 0.1.
Our inductance L is related with the inductance L’ in [1,3]
by L' = (C;/C,p)*L. Let us now consider the case when
7@ ~ 107, For the earlier design [3], C; ~ 11C,, since
C,/C; ~ 0.1, which requires the inductance ~3.6 uH.
Such a large inductance is difficult to fabricate at nano-
meter scales. In the improved design [1], C; ~2C,
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greatly reducing the inductance to ~120 nH. This induc-
tance is about 4 times larger than the one used in our
scheme.

All charge qubits suffer decoherence due to the fluctu-
ations of voltage sources and fluxes. Reference [1] shows
that the gate voltage fluctuations play the dominant role
in producing decoherence. The estimated dephasing time
is 7, ~ 107* s, allowing in principle 10® coherent single-
bit manipulations. When a probe junction is used for
measurements, the experimental observations of coherent
oscillations in the Josephson charge qubits show that the
phase coherence time is only about 2 ns [2,16]. In this
experimental setup, background charge fluctuations and
the probe-junction measurement may be two of the major
factors in producing decoherences. Though the charge
fluctuations are important only in the low-frequency re-
gion and can be reduced by the echo technique [16] and
by shifting the gate voltage to the degeneracy point, an
effective technique for suppressing charge fluctuations
still needs to be explored. As for the measurement, it
has also been a challenge to design effective detecting
devices.

In conclusion, we propose a scalable quantum com-
puter with Josephson charge qubits. We employ a common
inductance to couple all charge qubits and design switch-
able interbit couplings using two dc SQUIDs to connect
the island in each Cooper-pair box. The proposed QC
architectures are scalable since any two charge qubits
can be effectively coupled by an experimentally acces-
sible inductance. Furthermore, we formulate an efficient
QC scheme in which only one two-bit operation is used in
the conditional transformations such as controlled-phase-
shift and controlled-NOT gates.
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Figure 1. This is a schematic diagram of two micro-circuits, one with one qubit (left) and
the other with two coupled qubits (right). Using a plumbing analogy, with an electrical
charge taking the place of water, the yellow box is like a reservoir, storing charge
(actually, storing pairs of superconducting electrons). This charge can be pushed in and
out of the box using a pump (the voltage, V1) that moves the charge through the “valves”
or “faucets” (the red boxes, known as Josephson junctions) and into the superconducting
wires acting as “pipes.” The blue magnetic field controls the strength of the red barriers,
and thus can control the flow of electrons in and out of the yellow charge box.



Figure 2. This is a schematic diagram of a micro-circuit with seven qubits. The applied
magnetic field (shown in blue) can be chosen to have two specific values. One value
closes the red “faucets” of each yellow charge storage box. The other value selects two
qubits by opening the corresponding red valves, so electronic charge can come in and out
(controlled by the voltages that act as “charge pumps”). Thus, two qubits, from the total
of seven, are coupled with each other. This idea can be extended to an arbitrary number
of qubits.
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Abstract. Two of the major obstacles to achieve quantum computing (QC) are (i) scalability
to many qubits and (ii) controlled connectivity between any selected qubits. Using Joseph-
son charge qubits, here we propose an experimentally realizable method to efficiently solve
these two central problems. Since any two charge qubits can be effectively coupled by an
experimentally accessible inductance, the proposed QC architecture is scalable. In addition,
we formulate an efficient and realizable QC scheme that requires only one (instead of two or
more) two-bit operation to implement conditional gates.

Introduction

Josephson-qubit devices [1] are based on the charge and phase degrees of
freedom. The charge qubit is achieved in a Cooper-pair box [2], where two
dominant charge states are coupled through coherent Cooper-pair tunnel-
ing [3]. Using Cooper-pair tunneling in Josephson charge devices [4, 5] and
via spectroscopic measurements for the Josephson phase device [6, 7], it
has been possible to experimentally observe energy-level splitting and re-
lated properties for state superpositions. In addition, using Josephson charge
devices prepared in a superposition of two charge states [2], coherent oscil-
lations were observed. While operating at the degeneracy point, the charge-
qubit states are highly coherent [8] (Q = 2.5 x 10%), with a decoherence time
of 7 ~ 500 ns. These important experimental results indicate that the Joseph-
son charge and phase devices are potentially useful for solid-state qubits in
quantum information processing. Important open problems would now in-
clude implementing a two-bit coupling and then scaling up the architecture
to many qubits. Here, we propose a new quantum-computing (QC) scheme
based on scalable charge-qubit structures. We focus on the Josephson charge
qubit realized in a Cooper-pair box.
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The Coulomb interaction between charges on different islands of the charge
qubits would seem to provide a natural way of coupling Josephson charge
qubits (e.g., to connect two Cooper-pair boxes via a capacitor). Using this
type of capacitive interbit coupling, a two-bit operation [9] similar to the
controlled-NOT gate was derived. However, as pointed out in [1], it is difficult
in this scheme to switch on and off the coupling. Also, it is hard to make
the system scalable because only neighboring qubits can interact. Moreover,
implementations of quantum algorithms such as the Deutsch and Bernstein-
Vazirani algorithms were studied using a system of Josephson charge qubits
[10], where it was proposed that the nearest-neighbor charge qubits would be
coupled by tunable dc SQUIDs. In the semiconductor literature, scalability
often refers to reducing the size of the device (packing more components). In
QC, scalability refers to increasing the number of qubits coupled with each
other.

A suggestion for a scalable coupling of Josephson charge qubits was pro-
posed [1, 3] using oscillator modes in a LC circuit formed by an induc-
tance and the qubit capacitors. In this proposal, the interbit coupling can be
switched and any two charge qubits could be coupled. Nevertheless, there is
no efficient (that is, using one two-bit operation) QC scheme for this pro-
posal [1, 3] in order to achieve conditional gates—e.g., the controlled-phase-
shift and controlled-NOT gates. In addition, the calculated interbit coupling
terms [1, 3] only apply to the case when the following two conditions are met:
(i) The quantum manipulation frequencies, which are fixed experimentally,
are required to be much smaller than the eigenfrequency wyc of the LC
circuit. This condition /imits the allowed number IV of the qubits in the circuit
because wyc scales with 1/ V/N. In other words, the circuits in [1, 3] are not
really scalable.

(ii) The phase conjugate to the total charge on the qubit capacitors fluctuates
weakly.

IMPROVED AND SCALABLE COUPLING BETWEEN ANY SELECTED QUBITS

The limitations listed above do not apply to our approach. In our scheme,
a common inductance, but no LC circuit, is used to couple all Josephson
charge qubits. In our proposal, both dc and ac supercurrents can flow through
the inductance, while in [1, 3] only ac supercurrents can flow through the
inductance and it is the LC-oscillator mode that couples the charge qubits.
These yield different interbit couplings (e.g., o0y type [1, 3] as opposed to
0.0 in our proposal).

We employ two dc SQUIDs to connect each Cooper-pair box in order to
achieve a controllable interbit coupling. Our proposed QC architecture is
scalable in the sense that any two charge qubits (not necessarily neighbors)
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Figure 1. Schematic diagram of the proposed scalable and switchable quantum computer.
Here, each Cooper-pair box is operated in the charging regime, Ecx > EY,, and at low
temperatures kT < Ecx. Also, the superconducting gap is larger than E, so that quasi-
particle tunneling is strongly suppressed. All Josephson charge-qubit structures are coupled
by a common superconducting inductance.

can be effectively coupled by an experimentally accessible inductance. We
also formulate [11] an efficient QC scheme that requires only one (instead of
two or more) two-bit operation to implement conditional gates.

This Erice summer-school presentation is based on our work in [11]. Addi-
tional work on decoherence and noise-related issues appears in, e.g., [12, 13].
Also, work more focused on entanglement and readout issues appears in
[14]. Other interesting studies on charge qubits can be found in [15] for the
adiabatic controlled-NOT gate, in [16] for geometric phases, and in [17, 18,
19, 20] for the dynamics of a Josephson charge qubit coupled to a quantum
resonator.

Proposed scalable and switchable quantum computer

Figure 1 shows a proposed QC circuit consisting of N Cooper-pair boxes
coupled by a common superconducting inductance L. For the kth Cooper-pair
box, a superconducting island with charge Q) = 2eny is weakly coupled by
two symmetric dc SQUIDs and biased, through a gate capacitance Ck, by an
applied voltage Vx. The two symmetric dc SQUIDs are assumed to be equal
and all Josephson junctions in them have Josephson coupling energy Egk and
capacitance Cji. The effective coupling energy is given by the SQUIDs, each
one enclosing a magnetic flux ® xx. Each SQUID provides a tunable coupling
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—Ejk(®xk) cos ¢ra(B), With
Ejk(®xk) = 2E; cos(m®xx /Do), 1

and &9 = h/2e is the flux quantum. The effective phase drop ¢ 4(p), with
subscript A(B) labelling the SQUID above (below) the island, equals the
average value, [¢£ A(B) +¢fA( B)] /2, of the phase drops across the two Joseph-
son junctions in the dc SQUID, where the superscript L (R) denotes the
left (right) Josephson junction. Above we have neglected the self-inductance
effects of each SQUID loop because the size of the loop is usually very small
(~ 1 um). The Hamiltonian of the system then becomes

N
il
H=Y H 4+ =LI%, 2
k=1 ¢ 2 ()

with Hj given by

Hy. = Eg(nk — nxk)? — Eji(®xk)(cos dxa + cos xp). 3)

Here
Eg = 2¢*/(Ck + 4C) @)

is the charging energy of the superconducting island and I = "0, Iy is
the total persistent current through the superconducting inductance, as con-
tributed by all coupled Cooper-pair boxes. The offset charge 2en xx = CkVxk
is induced by the gate voltage Vx. The phase drops ¢,’; 4 and ¢,I;B are related
to the total flux

® =0, +LI %)
through the inductance L by the constraint
Sk — $ka = 212/ B0, ©6)

where &, is the externally applied magnetic flux threading the inductance L.
In order to obtain a simpler expression for the interbit coupling, and without
loss of generality, the magnetic fluxes through the two SQUID loops of each
Cooper-pair box are designed to have the same values but opposite directions.
If this were not to be the case, the interbit coupling can still be realized, but the
Hamiltonian of the qubit circuits would just take a more complicated form.
Because this pair of fluxes cancel each other in any loop enclosing them, then

$kp — Oka = Ok — Fa 7
This imposes the constraint
kB — Pk = 212/ P ®)
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Figure 2. Simplified diagram of the circuit shown in Fig. 1. Here we explicitly show how
two charge qubits (not necessarily neighbors) can be coupled by the inductance L, where the
cyan SQUIDs are switched on by setting the fluxes through the cyan SQUID loops zero, and
the green SQUIDs are turned off by choosing the fluxes through the green SQUID loops as
®( /2. This applies to the case when any selected charge qubits are coupled by the common
inductance [21].

for the average phase drops across the Josephson junctions in the SQUIDs.
The common superconducting inductance L provides the coupling among
Cooper-pair boxes. The coupling of selected Cooper-pair boxes can be imple-
mented by switching “on” the SQUIDs connected to the chosen Cooper-pair
boxes. In this case, the persistent currents through the inductance L have
contributions from all the coupled Cooper-pair boxes. The essential features
of our proposal can be best understood via the very simplified diagram shown
in Fig. 2.

ONE-BIT CIRCUIT
As seen in Fig. 3(a), for any given Cooper-pair box, say ¢, when
1
Oxk = 5%0, Vxk= (2nk + 1)e/Ck

for all boxes except k = 1, the inductance L only connects the ith Cooper-
pair box to form a superconducting loop. The Hamiltonian of the system can
be reduced to [11]

H= ei(VXi) U?) - EJi(QXi) ‘I’e’ L) U;(:), (9)
where 1
ei(Vxi) = EEd[CiVXi/e —(2n; + 1)] (10)

is controllable via the gate voltage Vy;, while the intrabit coupling E j; can
be controlled by both the applied external flux ®, through the common in-
ductance, and the local flux ®x; through the two SQUID loops of the ith
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Figure 3. (a) One-bit circuit with a Cooper-pair box connected to the inductance. (b) Two-bit
structure where two Cooper-pair boxes are commonly connected to the inductance. Here,
each SQUID connecting the superconducting island is represented by an effective Josephson
junction.

Cooper-pair box. Retained up to second-order terms in the expansion param-
eter

1y = wL1y/Po, (11)
where
I = —mE;i(®xi)/ o, (12)
we obtain
Eji(®xi,®e, L) = Eji(®x:) cos(m®e/Po) &, (13)
with
1 o.9
E=1- 5771» sin®(n®,./®p). (14)

The intrabit coupling E j; in (9) is different from that in [1, 3] because a very
different contribution by L is considered.

TWO-BIT CIRCUIT

To couple any two Cooper-pair boxes, say ¢ and j, we choose
1
Oxk = 5%0, Vxk = (2nk +1)e/Ci

for all boxes except kK = ¢ and j. As shown in Fig. 3(b), the inductance L is
shared by the Cooper-pair boxes ¢ and j to form superconducting loops. The
reduced Hamiltonian of the system is given by [11]

H= z [Ek(VXk)O'gk) - —E_Jk O':S:k)] + I1;; Ug)dy). (15)
k=%

Up to second-order terms,

Eji(®xi,Pe, L) = Eji(®x:)cos(m® /Do) &, (16)
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with
1

5 (1 + 3n}) sin* (7®e /@), (17)

=1

and
I;; = — LIl sin®(n®e /o). (18)

Here the interbit coupling II;; is controlled by both the external flux &,
through the inductance L, and the local fluxes, ® x; and ® x;, through the
SQUID loops.

Using these two types of circuits, we can derive the required one- and two-bit
operations for QC. Specifically, the conditional gates such as the controlled-
phase-shift and controlled-NOT gates can be obtained using one-bit rotations
and only one basic two-bit operation. For details, see Ref. [11]. A sequence of
such conditional gates supplemented with one-bit rotations constitute a uni-
versal element for QC [22, 23]. Usually, a two-bit operation is much slower
than a one-bit operation. Our designs for conditional gates Ucps and UcnoT
are efficient since only one (instead of two or more) basic two-bit operation is
used.

Persistent currents and entanglement

The one-bit circuit modeled by Hamiltonian (9) has two eigenvalues Eg) =
+E;, with .
E; = [e}(Vx:) + E5i] 2. (19)

The corresponding eigenstates are

|¢$)> = cos&;|1)i —sin&|l)i,
[p®) = sin&|1); + cos&il L), (20)
where i
& = - tan"}(Ei/e). (21)

2
At these two eigenstates, the persistent currents through the inductance L are
given by

@@y _ o [ Baida ) L‘I’e) wLI%\ . (27r<I>e)
(¢’¢|I|¢i)—i( E; )sm(% +{ 28, )0 5, , (22)

up to the linear term in 7;. In the case when a dc SQUID magnetometer
is inductively coupled to the inductance L, these two supercurrents gener-
ate different fluxes through the SQUID loop of the magnetometer and the
quantum-state information of the one-bit structure can be obtained from the
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measurements. In order to perform sensitive measurements with weak de-
phasing, one could use the underdamped dc SQUID magnetometer designed
previously for the Josephson phase qubit [6].

For the two-bit circuit described by Eq. (15), the Hamiltonian has four eigen-
states and the supercurrents through inductance L take different values for
these four states. The fluxes produced by the supercurrents through L can also
be detected by the dc SQUID magnetometer. For example, when e, (Vxk) =
0and E j > 0 for k = i and 7, the four eigenstates of the two-bit circuit are

1) = 500 D5 = 1l 15 = 1l 105+ 1 sl 13,),
[20 = 201 1+ Dl Ly = 10 195 = 14l 1),
3 = (1l = Dl Ly + 1 00l 135 = | 14l 1),
4 = SO D+ D D3+ D D+ D). @)

Retained up to linear terms in 7; and 7);, the corresponding supercurrents
through the inductance L are

. (mPe\ wLIZ . (2n®,
= <tlia 24
(k|I|k) = I sm( T ) + 23, sm( i ) (24)

for k = 1 to 4, where

I = —(la + 1), Ty =Iej = Ig,

I3 = I — ch, Iy=15+ ICJ'. (25)
These supercurrents produce different fluxes threading the SQUID loop of the

magnetometer and can be distinguished by dc SQUID measurements. When
the two-bit system is prepared at the maximally entangled Bell states

1
[w)) = 75 ild; £ [1:015), (26)
the supercurrents through L are given by
e — L 2 (272
(EO9) = 2o (1 £ 1) sm( i ) @7

These two states should be distinguishable by measuring the fluxes, generated
by the supercurrents, through the SQUID loop of the magnetometer.
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Estimates of the inductance for optimal coupling

The typical switching time 7(!) during a one-bit operation is of the order of
h/EY. Using the experimental value E} ~ 100 mK, then 7(!) ~ 0.1 ns. The
switching time 7(2) for the two-bit operation is typically of the order

73 ~ (K/L)(®o/7EY)%.

Choosing EY ~ 100 mK and 7@ ~ 107() (i.e., ten times slower than the
one-bit rotation), we have
L ~ 30nH

in our proposal. This number for L is experimentally realizable. A small-
size inductance with this value can be made with Josephson junctions. Our
expansion parameter 7) is of the order

n~m2LEY/®% ~ 0.1.
Our inductance L is related with the inductance L’ in [1, 3] by
L' = (Cs/Ca)*L. (28)

Let us now consider the case when 7(2) ~ 107(1). For the earlier design [3],
Cj ~ 11Cy, since Cy/Cy ~ 0.1, which requires an inductance L’ ~ 3.6 uH.
Such a large inductance is problematic to fabricate at nanometer scales. In the
improved design [1], C; ~ 2Cg, greatly reducing the inductance to L' ~
120 nH. This inductance is about four times larger than the one used in our
scheme, making it somewhat more difficult to realize than our proposed L.

Conclusion

We propose a scalable quantum information processor with Josephson charge
qubits. We use a common inductance to couple all charge qubits and design
switchable interbit couplings using two dc SQUIDs to connect the island in
each Cooper-pair box. The proposed circuits are scalable in the sense that
any two charge qubits can be effectively coupled by an experimentally acces-
sible inductance. In addition, we formulate [11] an efficient QC scheme in
which only one two-bit operation is used in the conditional transformations,
including controlled-phase-shift and controlled-NOT gates.

erice.tex; 4/08/2004; 11:35; p.9



10

Kluwer Academic Publishers

Acknowledgments

We thank Yu. Pashkin, B. Plourde and Xuedong Hu for useful discussions.
This work is supported in part by ARDA, the AFOSR, and the US National
Science Foundation grant No. EIA-0130383.

e 0D

10.
11
12.
13:
14.
15.
16.

18.
19;
20.

22.
23.

References

See, e.g., Y. Makhlin, G. Schon, and A. Shnirman, Rev. Mod. Phys. 73, 357 (2001), and
references therein.

Y. Nakamura, Yu. A. Pashkin, and J.S. Tsai, Nature (London) 398, 786 (1999).

Y. Makhlin, G. Schon, and A. Shnirman, Nature (London) 398, 305 (1999).

Y. Nakamura, C.D. Chen, and J.S. Tsai, Phys. Rev. Lett. 79, 2328 (1997).

V. Bouchiat, D. Vion, P. Joyez, D. Esteve, and M.H. Devoret, Phys. Scripta T76, 165
(1998).

C.H. van der Wal, A.C.J. ter Haar, F.K. Wilhelm, R.N. Schouten, C.J.P.M. Harmans, T.P.
Orlando, S. Lloyd, and J.E. Mooij, Science 290, 773 (2000).

J.R. Friedman, V. Patel, W. Chen, S.K. Tolpygo, and J.E. Lukens, Nature (London) 406,
43 (2000).

D. Vion, A. Aassime, A. Cottet, P. Joyez, H. Pothier, C. Urbina, D. Esteve, and M.H.
Devoret, Science 296, 886 (2002).

F. Plastina, R. Fazio, and G.M. Palma, Phys. Rev. B 64, 113306 (2001).

J. Siewert and R. Fazio, Phys. Rev. Lett. 87, 257905 (2001).

J.Q. You, J.S. Tsai, and F. Nori, Phys. Rev. Lett. 89, 197902 (2002).

E. Paladino, L. Faoro, G. Falci, and R. Fazio, Phys. Rev. Lett. 88, 228304 (2002).

J.Q. You, X. Hu, and F. Nori, preprint.

J.Q. You, J.S. Tsai, and F. Nori, preprint.

D.V. Averin, Solid State Commun. 105, 659 (1998).

G. Falci, R. Fazio, G.M. Palma, J. Siewert, and V. Vedral, Nature (London) 407, 355
(2000).

O. Buisson and F.W.J. Hekking, cond-mat/0008275; also in Macroscopic Quantum
Coherence and Quantum Computing (Kluwer Academic, Dordrecht, 2000), p. 137.

F. Marquardt and C. Bruder, Phys. Rev. B 63, 054514 (2001).

A.D. Armour, M.P. Blencowe, and K.C. Schwab, Phys. Rev. Lett. 88, 148301 (2002).
J.Q. You and F. Nori, preprint.

Additional schematic color diagrams for the proposed circuitry appear in
http://www-personal.engin.umich.edu/nori/scalable/scalableQC _figs.pdf

S. Lloyd, Phys. Rev. Lett. 75, 346 (1995).

D. Deutsch, A. Barenco, and A. Ekert, Proc. R. Soc. London, Ser. A 449, 669 (1995).

erice.tex; 4/08/2004; 11:35; p.10



PHYSICAL REVIEW B 68, 024510 (2003)

Controllable manipulation and entanglement of macroscopic quantum states
in coupled charge qubits
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We present an experimentally implementable method to couple Josephson charge qubits and to generate and
detect macroscopic entangled states. A large-junction superconducting quantum interference device is used in
the qubit circuit for both coupling qubits and implementing the readout. Also, we explicitly show how to
achieve a microwave-assisted macroscopic entanglement in the coupled-qubit system.

DOI: 10.1103/PhysRevB.68.024510
I. INTRODUCTION

Quantum-mechanical systems can exploit the fundamen-
tal properties of superposition and entanglement to process
information in an efficient and powerful way that no classical
device can do. Recently, Josephson-junction circuits have re-
ceived renewed attention because these may be used as qu-
bits in a quantum computer.' Based on the charge and phase
degrees of freedom in Josephson-junction devices, charge??
and phase qubits* ® have been developed. Also, a type of
solid-state qubit can be realized in a large-area current-biased
Josephson junction.”®

Experimentally, coherent oscillations were demonstrated
in a Josephson charge qubit prepared in a superposition of
two charge states.” More recent experimental measurements’
showed that the charge qubit at suitable working points can
have a sufficiently high quality of coherence (Q,~2.5
% 10%), corresponding to a decoherence time T ,~500 ns.
Current-biased Josephson junctions can also have long deco-
herence times’® and Q. can reach 10%. These exciting ex-
perimental advancements demonstrate the potential of Jo-
sephson qubits for manufacturing macroscopic quantum-
mechanical machines. Towards the practical implementation
of a solid-state quantum computer, the next important step
would be the coupling of two qubits and then scaling up the
architecture to many qubits.

In this work, we present an experimentally implementable
method to couple two Josephson charge qubits and to gener-
ate and detect macroscopic quantum entangled states in this
charge-qubit system. Motivated by very recent experimental
results,” we employ a superconducting quantum interference
device (SQUID) with two large Josephson junctions to
implement the readout. The generation of the macroscopic
entanglement is assisted by applying a microwave field to
each charge qubit. The key advantage of our design is that
the SQUID can also produce an experimentally feasible and
controllable coupling between the two charge qubits. As
verified in a single qubit,’ the coupled charge qubits may be
well decoupled from the readout system when the measure-
ment is not implemented. Moreover, our design can be

0163-1829/2003/68(2)/024510(8)/$20.00
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readily extended to coupled multiple'® qubits as well as any
selected pairs (not necessarily neighbors).

The paper is organized as follows. In Sec. II, the control-
lable coupling between two charge qubits is proposed using a
large Josephson junction or a large-junction dc SQUID. Also,
we demonstrate how this interbit coupling can be conve-
niently used to generate the controlled-phase-shift gate. In
Sec. III, we study the microwave-assisted macroscopic quan-
tum entanglement in the coupled charge qubits, where the
microwave fields are coupled to the qubits via gate capaci-
tances. Section IV focuses on the readout of the quantum
states in the coupled-qubit system. Finally, the discussion
and conclusion are given in Sec. V.

A. Other qubit coupling schemes

A different type of interbit coupling from the one studied
here was proposed using the Coulomb interaction between
charges on the islands of the charge qubits.!" As pointed out
in Ref. 1, the interbit coupling in this scheme is not switch-
able and also it is hard to make the system scalable because
only neighboring qubits can be coupled. Implementations of
quantum algorithms such as the Deutsch and Bernstein-
Vazirani algorithms were studied using a system of Joseph-
son charge qubits,'? where it was proposed that the nearest-
neighbor superconducting islands would be coupled by
tunable dc SQUIDs. In Ref. 13, a pair of charge qubits were
proposed to be capacitively coupled to a current-biased Jo-
sephson junction where, by varying the bias current, the
junction can be tuned in and out of resonance with the qubits
coupled to it.

Another different type of interbit coupling was
proposed'* in terms of the oscillator modes in an LC circuit.
In contrast, we use a large junction or a large-junction dc
SQUID (but no LC circuit) to couple the charge qubits. In
our scheme, both dc and ac supercurrents can flow through
the charge-qubit circuit, while in Refs. 1 and 3 only ac su-
percurrents can flow through the circuit. These yield different
interbit couplings (e.g., the 0,0, type' as opposed to 7,0,
in our proposal). As revealed in Ref. 10, the 0,0, type in-
terbit coupling can be conveniently used to formulate an ef-
ficient quantum computing scheme.

©2003 The American Physical Society
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FIG. 1. Schematic diagram of two charge qubits coupled by a
large Josephson junction (denoted by a square with an X inside) of
coupling energy E, and capacitance C,. To make the effective
charging energy of the large Josephson junction as small as re-
quired, a large capacitance C| is placed close to and in parallel with
it. Each filled circle denotes a superconducting island, the Cooper-
pair box, which is biased by a voltage Vy; via the gate capacitance
C; and coupled to the bulk superconductors by two identical small
Josephson junctions (each with a coupling energy E; and a capaci-
tance C ;). Here the arrow near each Josephson junction denotes
the chosen direction for the positive phase drop across the corre-
sponding junction.

Moreover, the calculated interbit-coupling terms in Refs.
1 and 3 only apply to the case in which the following two
conditions are met:

(i) The eigenfrequency w; of the LC circuit is much
faster than the quantum manipulation frequencies. This con-
dition /imits the allowed number N of the qubits in the circuit
because w; ~ scales with l/\/ﬁ. In other words, this implies
that the circuits in Refs. 1 and 3 are not really scalable.

(i1) The phase conjugate to the total charge on the qubit
capacitors fluctuates weakly. Our interbit-coupling approach
discussed below is free from these two limitations.

II. CONTROLLABLE COUPLING OF CHARGE QUBITS
A. Coupling qubits with a large junction

We first use a large Josephson junction to couple two
charge qubits (see Fig. 1). Each qubit is realized by a
Cooper-pair box, where a superconducting island with excess
charge Q,=2en; (i=1,2) is weakly coupled to the bulk su-
perconductors via two identical small junctions (with Joseph-
son coupling energy E ;; and capacitance C ;) and biased by
an applied voltage Vy, through a gate capacitance C;. The
large Josephson junction on the left has a coupling energy
E ;o (much larger than E ;) and a capacitance C . As in the
single-qubit case,’ close to the large Josephson junction, we
also place a large capacitance C in parallel with it, so that
the effective charging energy of the large Josephson junction
can be ignored (even though the capacitance of the large
junction might not be large enough). Moreover, we assume
that the inductance of the qubit circuit (i.e., the two Cooper-
pair boxes with the nearby junctions, and the superconduct-
ing lines connecting these two qubits with the large Joseph-

PHYSICAL REVIEW B 68, 024510 (2003)

son junction) is much smaller than the Josephson inductance
of the large junction. The Hamiltonian of the system can be
written as

2

H= [Ec,‘(’;i“",\'i)z_Eji(cos (Z)M+COS &iB)]
i=1
—E cos y (1)
where
E. = = 2
47 C+2C, @)

is the charging energy of the superconducting island and
ny;=C;Vyil2e is the reduced offset charge (in units of 2e)
induced by the gate voltage. Flux quantization around loops
containing the phase drops of the involved junctions gives
the constraint

which gives

N 3 (wfbe l,)
bia=di— D, _57-

- , (7P, 1,
( , @

¢i8=¢i+ d)l) #-2_7

where the average phase drop ¢,=(,,+ ¢,5)/2 is canoni-
cally conjugate to the number, 7, , of the excess Cooper pairs
on the ith superconducting island:

(&, n]=i, j=12.
Here ¢,, and ;5 (i=12) are the phase drops across the
small Josephson junctions above (4) and below (B) the ith

Cooper-pair box.
The Hamiltonian (1) can be rewritten as

2

> ad, 1. .
H=2 Eci(ni—n‘\q)z—ZE},cos(———y)cosd)
i=1 d, 2

— E o cos y. (5)
The externally applied flux ®, threads the area between the
large Josephson junction and the left Cooper-pair box. It in-
duces circulating supercurrents in the qubit circuit. The total

circulating supercurrent / has contributions from the two
charge qubits:

I=i+1,, (6)
where
Wi, o ('nd)e 1 ) .
=21, sin| ==~ 5y |cos b, (7)

with ;= wE ;/®,. This total supercurrent flows through
the large Josephson junction and it can also be written as

I=1,siny, (8)
with [y=2mE ;,/®,. From Egs. (6)—(8) it follows that
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ol (7D, 1., :
Iysiny =2 sin|l =——— =y |(I., cos ¢, + 1., cos ¢,).
©)
When the coupling energy E ;;=®,I,;/m of each Josephson

junction connected to the charge box is much smaller than
that of the large Josephson junction in the circuit, the phase

drop 7 across the large junction will be small. Expanding the

operator functions of y in Eq. (9) into a series and retaining
the terms up to second order of the parameters

1.
== (<1),

i IO = 172’ (10)

we have

P,
y= 2sm( )(m cos ¢, + 7, cos ¢,)

27d,
—sin( = )(m cos ¢, + 7, cos ¢,)2. (11)
0

It is clear that the phase drop 7y across the large Josephson
junction is controllable via the applied flux @, .
For Hamiltonian (5), we also expand the operator func-

tions of 7y into a series and retain the terms up to second
order of 7;. Moreover, we consider the charging regime with
E; much larger than E;; . Also, we assume that the tempera-
ture is low enough (kzT<E_;) and the superconducting gap
is larger than E;, so that quasiparticle tunneling is strongly
suppressed. In this case, only the lowest two charge states are
important for each qubit operating around the degeneracy
point Vy;=(2n;+ 1)e/C;. In the spin-} representation based
on the charge states |n;)=|1);, and |n;+1)=||); of each
Cooper-pair box, the Hamiltonian of the system can be re-
duced to

[¥]

=23 [eVx)ol~Euod)-xo{"e®, (12)
i=1

with
i [Evs

ei(Vxi)=5Ee |[—=——(2n;+1) (13)

and
Ej; EJ,cos( )5,, (14)

where
=1 2 2+ 3 7%)sin? nq>e) 15
§=1-—g(7;+37;)sin T, ) (15)

and i,j=1,2 (i#). The interbit coupling x is given by

®e
X=Lj.1, sin? 4’0 (16)
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where the large Josephson junction acts as an effective induc-
tance of value

Lymis?

T

It is clear that the interbit coupling is switched off at ®,

=0. It is well known that a large Josephson junction can act

as an inductance (e.g., Ref. 1). Here we explicitly show a
specific way that it can be used to couple qubits.

Retaining up to second-order terms in the expansion pa-

rameters 7;, the total circulating current / can be written as

(17)

7D,
j= 2sm( )(lcl cos ¢,+l,2 cos ¢2)
P,

1

27d,
——sm( )(Iclcos$|+lc2 cos ). (18)
Iy P,

In the spin-3 representation, it is given by

7D,
I= sm( 5 )[[cla“)+1020'(2’]

1 27P
= mSin(Toi)[lgl Flgs+ 2l L a0t 0],

(19)
which depends on the states of the charge-qubit system.

B. Coupling qubits with a SQUID

There are somewhat conflicting requirements imposed on
this circuit. To obtain a large value for the effective Joseph-
son inductance L ;= ® /2], a relatively small / is needed,
so that a large interbit coupling can be achieved. However,
when the large Josephson junction is also employed for a
readout, it is desirable to use a large /,. This permits a larger
range of /,, so that a higher resolution in distinguishing
qubit states can be achieved in the quantum measurement
based on the switching of the supercurrent through the large
junction.

These two opposite requirements can be conveniently
solved if the leftmost large Josephson junction in Fig. I is
replaced by a symmetric dc SQUID with two sufficiently
large junctions (see Fig. 2). Instead of ®, inside the circuit
loop between E j, and the first qubit (as in Fig. 1), we now
apply a flux & inside the large-junction dc SQUID loop (see
Fig. 2). This SQUID can be used both for coupling the two
charge qubits and implementing the readout. When the read-
out is not active (/,=0), we can choose a suitable flux @
inside the SQUID loop to generate a larger interbit coupling.
For 7,=0, the reduced Hamiltonian of the coupled-qubit
system and the total circulating current / have the same
forms as in Eqs. (12) and (19), but with @, and I, replaced
by $®, and

. 7,
Iy=2I cos o, )’ (20)
where Ij=2mE})/®,. When the readout is active (see Sec.
IV), @ is chosen as zero to obtain a larger effective Joseph-
son coupling energy.
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Readout Ib Qubit Circuit
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FIG. 2. Schematic diagram of the coupled-qubit circuit with a
biased-current source of impedance Z(w). The dc SQUID, with
two junctions of large EY,, plays the role of both coupling the
charge qubits and implementing the readout. Here the large capaci-
tance C, placed close to and in parallel with the dc SQUID is
included in the impedance Z( ).

Cr|En

Current Source

C. Controlled-phase-shift gate

When the system works at the degeneracy points with
€;(Vx;)=0, the Hamiltonian becomes

H=—E,,oﬁ')—EJZU,(‘z)—XUil)ULZ). (21)

For instance, when E‘J,-> 0, i=1,2, its four eigenvalues are
Ep+Epn-x,
Ejp—Eptx,
Ep—Eptx,

—En-Ep-x. (22)

The corresponding eigenstates are |e | ,e,), |e;,g2), |g1.€5),
and |g,,g,), where

1
|€i>= ﬁ(”)i_“)i)v

1
,gi>:$(”)i+|l>i)- (23)

Because they are also the eigenstates of the two uncoupled
charge qubits, when prepared initially at an eigenstate, the
system does not evolve to an entangled state even in the
presence of interbit coupling. As shown below, one can take
advantage of this property to implement the measurement. In
addition, this property can be used to construct efficient con-
ditional gates. For instance, if

E; =E;p=x, (24)
the controlled-phase-shift (CPS) gate is given by
Ucps(7)=eX"*U, (25)

with
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U=e Mt =expli(x7/h)[ 0"+ oP+ oV},
(26)

at 7=ah/4x. This gate transforms the basis states |e ,e,),

le1.g2), |g1-€2), and [g,,g,) as
ler,es) 100 0 ley,e2)
ler,g2) 0 10 0 ler.g2)
e | "0 0 1 0 || lgren | 7
lg1.g2) 0 0 0 -1 lg1,82)

The generation of this conditional two-bit gate is efficient
because the condition (24) can be realized in one step via
changing the gate voltages Vy;, i=1,2, and the flux &,
simultaneously. Also, the architecture is scalable because
multiple charge qubits can be coupled by connecting them in
parallel with the large-junction SQUID. If the two Josephson
junctions in each Cooper-pair box are replaced by small-
junction dc SQUIDs, any selected pairs of charge qubits (not
necessarily neighbors) can be coupled.'’

I1I. MICROWAVE-ASSISTED MACROSCOPIC
ENTANGLEMENT

When a microwave field is applied to the Josephson
charge qubit, Rabi oscillations occur in the system.'® These
oscillations can also be demonstrated by coupling a quantum
resonator to the charge qubit.'’ Here we apply the micro-
wave field to the Cooper-pair box via the gate capacitance, as
in Refs. 9 and 14, but each charge qubit is driven by a dif-
ferent microwave field.'® In this situation, ny; in Eq. (1) is
replaced by

Cd,
?) Eaci- (28)

nyitngci=ny+
Here d; is the thickness of the gate capacitor and

éACi = gx,- a,-+£:‘- aT (29)

1

is the microwave electric field in the gate capacitor of the ith
Cooper-pair box, where a; is the annihilation operator of the
microwave mode. Because the microwave wavelength is
much larger than d;, &,; can be considered constant in the
gate capacitor. In the charging regime, the Hamiltonian of
the system (including the microwave fields) can be written as

2
H= 21 [ei( VXi)ggi)_E_Jio-ii)+ hawy; aiaif
=

+o{)(K; a;+K} aiT)]_X O'J(:I)‘T;(rz)v (30)
where
K _(EciCidi 8
s T (31)

Here, we also consider the system working at the degeneracy
points &,(Vy;)=0, i=1,2. When #fw,;~2|E | and under
the rotating-wave approximation, the Hamiltonian is cast to
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2
H= 2 [_E.Iio'.(ri)+ﬁw)xiaia!+ (Ki|ei>(gi|ai+H-c-)]
i=1

- xoMVa® (32)

Without interbit coupling, each Josephson charge qubit ex-
hibits Rabi oscillations between states |e;,/;) and |g;,/;
+1), where |/;) is a photon state with /; photons. For the

resonant case with fiw,;=2|E |, the eigenvalues of each
charge-qubit system are given by

=g, > %mi, (33)
where
Epi=hwy(l;+1), (34)
and
m%l&-lﬁ (35)

is the Rabi frequency. Though entanglement occurs between
each charge qubit and the nonclassical microwave field, the
two qubits do not entangle with each other since the system
evolves as

[¥(0)=¢1())|a(0)), (36)
where
[gi()) =sin(Q;1)]e; 1)) +cos(Qyt)|g; . Li+1)  (37)

if the system is initially prepared at state |g,,g,,/,+ 1./,
+1). However, in the presence of microwave fields, when
the interbit coupling is switched on, the coupled-qubit sys-
tem exhibits complicated quantum oscillations and it will
evolve to the entangled state. For instance, in the resonant
situation, the eigenvalues are given by

€14 =E01+E02iﬁ/\|,

€3 =EgtEp*hA,, (38)
where
A= [(Q2Q,)2+(x/£)?]'". (39)
The state of the coupled-qubit system evolves as
[¥(0)=Ci(D)]ey,e2,11,1)+ Cat)|e) 82,11 .15+ 1)
+Cy(0)|g1.e2,01+ 1,15)
+Ca(1)|g1,82,11 + LI +1). (40)
For the system prepared initially at |g,,g,,/,+ 1,l,+1),

1
Ci(1)= E{RZ(I)"RI(’)+i(X/ﬁ)[S2(t)_Sl(t)]}s

1
Cy()= 5[(Q|+92)S|(I)+(n|_Qz)Sz(t)],
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1
C3(0)=5[(Q1+Q2)8,(1) — (2~ Q3)S20)],

|
Ca(t)= 5{R,(t)+R2(t)+i(x/ﬁ)[S|(t)+S2(t)]},
(41)
where

sin(A;t)
A,

Ri(t)=cos(A;t), S;(t)= (42)
For a two-level system interacting with a single-mode field,
the Rabi oscillations can be explained using either quantum
or semiclassical theory, where the single-mode field is de-
scribed quantum mechanically or treated as a classical
field.'” Here the quantum oscillations of coupled charge qu-
bits (namely, the Rabi oscillations in coupled two-level sys-
tems) are studied using quantum theory, where the micro-
wave field coupled to each qubit is quantized. This also
applies to the classical-field case, in which the quantum os-
cillations are still described by Eq. (40), but |e,,e;,/,/5),
lev,ga,0y,lat 1), g1,e0,li+ 1Dy), and |gy,g5.0+ 1,
+1) are replaced by |e;,e,), |e1,82), [g1.€5), and |g},g>).

Figure 3 shows the occupation probability |C,(¢)|? as a
function of time r. For instance, when |C,(7)|>=1, both
charge qubits are in their excited states. It can be seen that
|C,(#)|? looks very different when the interbit coupling is
switched on or off. The macroscopic entanglement between
the two coupled qubits can be explicitly shown at (),
=0, (=Q). In this case, when t.,=nmh/Wy, with n
=1,23,..., and

W=[(2hQ/x)*+ 1] (43)
|¥(t)) becomes

I‘I'(tem)): C(ten)ler €2, Ja)
+C4(tcnt)|glag2’ll+1912+1)v (44)

where

1
Ci(tep)= 5[-— cos(nm)+exp(inm/W)],

1
Cy(ten) = 5[cos(n ) +exp(inm/W)]. (45)

The peaks away from either zero or 1 shown in Fig. 3(a)
correspond to this kind of entangled state. Furthermore, if
suitable values of W are taken, the maximally entangled state
with |C,|2=|C4|*=4% can be derived. This state is a macro-
scopic Schrodinger-cat state of the two charge qubits. For
instance, if AQ/y= V312, the coupled-qubit system evolves
to the maximally entangled state at the times given by

{0 = (214 1) wh/2y, 1=0,12,... . (46)

This entangled state corresponds to the half-probability
peaks in Fig. 3(c).
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FIG. 3. Occupation probability |C,(#)|? as a function of time.
@ Q,=0,xk=0,; b Q,=120,x/4=Q,; ) Q,
=Q,,x/h=\30,2; (d Q,=120Q,.x/Ek=VBQ,2; (&) Q,
=Q,,x=0; () Q,=1.2Q,,x=0. The time is in units of Q] ".

IV. QUANTUM MEASUREMENT

To implement a readout, we bias a current pulse 7, to the
qubit circuit (see Fig. 2), as in the single-qubit case.” Now, a

term — ®y7,8/21r, with

5:2 ';'L+';'R+4§7 (bia—din) |, 47)

should be added to the Hamiltonian (1), where & is the av-
erage phase drop of the total qubit circuit and it can be writ-
ten as

wd,

3=y—m, (48)

with y=%(y, + yz). Here we set the flux & equal to zero to
have a larger effective Josephson coupling energy. In the
spin-+ representation based on charge states, the Hamil-
tonian of the system is also reduced to Eq. (12). The interbit
coupling is here induced by the bias current and given by

x=L 1., sin’(y,/2), (49)
where the effective inductance is

@

L, = —
77 27l cos v,

(50)

and
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FIG. 4. Eigenstate dependence of the supercurrent through the
SQUID as a function of the bias current /,. Here, E;, =E

='§'Ejo- [1)=ley.ez), [2)=le,.g2), [3)=Ig1.e;), and [4)
=|g1.82)-

Yo=sin"'(1, /1), (51

with Iy=4mE"/®, and I,<I,. The intrabit couplings are

E ;i=E jicos(y,/2) &, (52)
where
&=1-a(n;+37))sin’(y/2), (53)
with
2+cos
g (54)
8 cos’ ¥,

and i,j= 1,2 (i#). The supercurrent through the SQUID,
Iysiny = I,=sin(yo/2)[ [0} +120%"]

Y
2

]_ 2 (1) (2)
+ tan yo[ I, + 1, + 21,1 0% o],

41,

c

(55)

has contributions from both the bias current and the current
from the Josephson charge qubits.

At the working points with £,(Vy;)= 0, the eigenstates of
the system are also |e;,e,), |e;,g2), |g,.€2), and |g,.g5).
In Fig. 4, we show the dependence of the supercurrents
through the SQUID on the eigenstates of the charge-qubit
system. The supercurrents through the SQUID increase with
the bias current and the difference between the supercurrents
at different (nondegenerate) eigenstates widens. For the mea-
surement setup shown in Fig. 2, the supercurrent through the
SQUID is the largest at the eigenstate |e,,e,) and it first
reaches the maximal value /, (namely, the critical current)
when the bias current /, approaches a value /gy near /.
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Around this value, the supercurrent through the SQUID
switches, with a very large probability P,, from the zero-
voltage state to the dissipative nonzero-voltage state in the
quasiparticle-current branch and the measurement on the
voltage is carried out. However, due to environmental noise
as well as thermal and quantum fluctuations, the switching
actually occurs before the supercurrent through the SQUID
reaches /). At [,~Isy, the supercurrents through the
SQUID will also switch to the nonzero voltage state at other
eigenstates, but the switching probabilities are small. In the
ideal case, if the difference between the large switching
probability P, and the small ones is close to 1, then, in
principle, a single-shot readout would be achieveable. As
shown in Ref. 9, the Josephson-junction switching experi-
ment can provide sufficient accuracy to discriminate the state
le,,e,) from others.

The operation and readout of the macroscopic entangle-
ment of the coupled-qubit system can be implemented by
simultaneously applying a pulsed microwave field (with the
same duration 7) to each charge qubit. The sequence would
be:

(i) before the microwave fields are applied, the flux @
through the SQUID is set equal to zero and no interbit cou-
pling exists;

(ii) the flux ®; is switched on to a certain nonzero value
exactly at the start of the microwave pulse and off at the end
of the microwave pulse. Within the microwave pulse dura-
tion 7, the evolution of the system is described by Eq. (40);

(iii) a pulsed bias current /, is applied to perform a mea-
surement after the microwave pulse.

During the measurement, the quantum state of the charge-
qubit system collapses to the eigenstate |e,,e,) with prob-
ability |C,(7)|>. This probability is proportional to the
switching probability P, of the SQUID. Because of relax-
ation, the envelope of the measured switching probability P,
decays exponentially with time. This is used to obtain the
relaxation time.>® Ramsey fringes of the probability P, can
be used’ to determine the decoherence time of the coupled-
qubit system. For each given microwave pulse duration 7,
through repeated measurements, one can determine the oc-
cupation probability |C,(7)|? and thus deduce the informa-
tion about the macroscopic entanglement between the
coupled charge qubits [see Figs. 3(a) and 3(c)].

V. DISCUSSION AND CONCLUSION

Finally, we estimate some important parameters using
available quantities for the single charge qubit. Here we con-
sider the maximally entangled case shown in Fig. 3(c), in
which Q,=Q,=Q, and

3
it
2

=
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Taking 27/ =0.22us, as derived from the Rabi oscillation
of the measured switching probability,” we have x/#
~(0.25 GHz. Reference 9 also gives E;/A=~16.5 GHz.
Choosing

Ejy~ SE;~SE,,

and using the relation for y, we obtain ®;~0.35®,. For
®,=0, the expansion parameters are

LTI
771'_ 10 R

for Ejy~5E ;. When ®;~0.35®, they become 7,~0.14.

The results are sufficiently accurate when E; and y are re-
tained up to second- and higher-order terms in the expansion
parameters 7;. When ®; approaches ® /2, the interbit cou-
pling strengthens. The reduced Hamiltonian of the system
also has the same form as Eq. (12), but higher-order terms in
the expansion parameters should be included to obtain accu-
rate results.

Here we consider the charging regime with E_,>E; in
order to obtain analytical results. We expect that the interbit
coupling can still be realized in the regime with E_,~E;,
i.e., the regime used by the Saclay group in the experiment
on a single Josephson qubit.” In this latter regime, the results
can only be obtained numerically, but a relatively long deco-
herence time would be expected for the coupled-qubit sys-
tem to work at the degeneracy points because at these points
the states are more stable against the variations of both the
offset charges and the flux ®, or ®,.

Very recently, quantum oscillations were experimentally
observed in two coupled charge qubits.'"® Also, a novel
method for the controllable coupling of charge qubits was
proposed using a variable electrostatic transformer.'® In con-
trast with our interbit coupling scheme, these studies involve
capacitively-coupled (as opposed to inductively-coupled)
charge qubits. The main advantage of this inductive coupling
among qubits is that it allows a controllable link between any
selected qubits, not necessarily nearest neighbors.

In conclusion, we employ a large-junction SQUID to
couple Josephson charge qubits and implement a readout.
This architecture is readily scalable to multiple qubits. When
the system works at the degeneracy points, where the
dephasing effects are suppressed, it is shown that the macro-
scopic entanglement can be generated with the assistance of
microwave fields. Also, we show the quantum measurement
of the macroscopic entanglement.

ACKNOWLEDGMENTS

We thank X. Hu and B. Plourde for useful comments. We
acknowledge support from the U.S. ARDA, AFOSR, and the
U.S. National Science Foundation Grant No. EIA-0130383.

*Corresponding author. Email address: nori@umich.edu

'See, e.g., Y. Makhlin, G. Schon, and A. Shnirman, Rev. Mod.
Phys. 73, 357 (2001), and references therein.

2Y. Nakamura, Yu. A. Pashkin, and J. S. Tsai, Nature (London)

398, 786 (1999).

3Y. Makhlin, G. Schon, and A. Shnirman, Nature (London) 398,
305 (1999).

4. E. Mooij, T. P. Orlando, L. Levitov, L. Tian, C. H. van der Wal,

024510-7



J. Q. YOU, J. S. TSAI, AND FRANCO NORI

and S. Lloyd, Science 285, 1036 (1999); T. P. Orlando, J. E.
Mooij, L. Tian, C. H. van der Wal, L. S. Levitov, S. Lloyd, and
J. J. Mazo, Phys. Rev. B 60, 15 398 (1999).

5C. H. van der Wal, A. C. J. ter Haar, F. K. Wilhelm, R. N.
Schouten, C. J. P. M. Harmans, T. P. Orlando, S. Lloyd, and J. E.
Mooij, Science 290, 773 (2000).

5. R. Friedman, V. Patel, W. Chen, S. K. Tolpygo, and J. E.
Lukens, Nature (London) 406, 43 (2000).

Ty Yu, S. Han, X. Chu, S.-I. Chu, and Z. Wang, Science 296, 889
(2002).

85 M. Martinis, S. Nam, J. Aumentado, and C. Urbina, Phys. Rev.
Lett. 89, 117901 (2002).

e Vion, A. Aassime, A. Cottet, P. Joyez, H. Pothier, C. Urbina,
D. Esteve, and M. H. Devoret, Science 296, 886 (2002); A.
Cottet, D. Vion, A. Aassime, P. Joyez, D. Esteve, and M. H.
Devoret, Physica C 367, 197 (2002).

19J. Q. You, J. S. Tsai, and F. Nori, Phys. Rev. Lett. 89, 197902
(2002). A longer version of this work is available online in
cond-mat/0306208.

ITE, Plastina, R. Fazio, and G. M. Palma, Phys. Rev. B 64, 113306
(2001).

12]. Siewert and R. Fazio, Phys. Rev. Lett. 87, 257905 (2001).

PHYSICAL REVIEW B 68, 024510 (2003)

13A. Blais, A. Maassen van den Brink, and A. M. Zagoskin, Phys.
Rev. Lett. 90, 127901 (2003).

My Nakamura, Yu. A. Pashkin, and J. S. Tsai, Phys. Rev. Lett. 88,
047901 (2002).

AL D: Armour, M. P. Blencowe, and K. C. Schwab, Phys. Rev.
Lett. 88, 148301 (2002); O. Buisson and F. W. J. Hekking, in
Macroscopic Quantum Coherence and Quantum Computing
(Kluwer Academic, Dordrecht, 2001), pp. 137-145; F. W. J.
Hekking, O. Buisson, F. Balestro, and M. G. Vergniory,
cond-mat/0201284 (unpublished); F. Marquardt and C. Bruder,
Phys. Rev. B 63, 054514 (2001).

LA Q. You and F. Nori, cond-mat/0306207, Phys. Rev. B (to be
published) studied the quantum dynamics of a Cooper-pair box
with a nonclassical microwave magnetic field going through the
superconducting loop, instead of a microwave voltage (electric)
oscillation applied to the gate capacitance.

7M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge
University, Cambridge, England, 1997), Chaps. 5 and 6.

Byu. A. Pashkin, T. Yamamoto, O. Astafiev, Y. Nakamura, D. V.
Averin, and J. S. Tsai, Nature (London) 421, 823 (2003).

9D, V. Averin and C. Bruder, cond-mat/0304166 (unpublished).

024510-8



PHYSICAL REVIEW B 68, 064509 (2003)

Quantum information processing with superconducting qubits in a microwave field

J. Q. You"?? and Franco Nori'**
'Frontier Research System, The Institute of Physical and Chemical Research (RIKEN), Wako-shi 351-0198, Japan
2Center for Theoretical Physics, Physics Department, Center for the Study of Complex Systems, The University of Michigan, Ann Arbor,
Michigan 48109-1120, USA
3National Laboratory Sfor Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083,
China
(Received 16 June 2003; published 22 August 2003)

We investigate the quantum dynamics of a Cooper-pair box with a superconducting loop in the presence of
a nonclassical microwave field. We demonstrate the existence of Rabi oscillations for both single- and multi-
photon processes and, moreover, we propose a new quantum computing scheme (including one-bit and con-
ditional two-bit gates) based on Josephson qubits coupled through microwaves.
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1. INTRODUCTION
A. Background

Quantum computing deals with the processing of infor-
mation according to the laws of quantum mechanics. Within
the last few years, it has attracted considerable attention be-
cause quantum computers are expected to be capable of per-
forming certain tasks which no classical computers can do in
practical time scales. Early proposals for quantum computers
were mainly based on quantum optical systems, such as
those utilizing laser-cooled trapped ions,"? photon or atoms
in quantum electrodynamical (QED) cavities,>* and nuclear
magnetic resonance.” These systems are well isolated from
their environment and satisfy the low-decoherence criterion
for implementing quantum computing. Moreover, due to
quantum error correction algorithms,’ now decoherence® is
not regarded as an insurmountable barrier to quantum com-
puting. Because scalability of quantum computer architec-
tures to many qubits is of central importance for realizing
quantum computers of practical use, considerable efforts
have recently been devoted to solid-state qubits. Proposed
solid-state architectures include those using electron spins in
quantum dots,”® electrons on helium,'® and Josephson-
junction (JJ) charge (see, e.g., Refs. 11-13 and 15) and JJ
flux (see, e.g., Refs. 14 and 15) devices. These qubit systems
have the advantage of relatively long coherent times and are
expected to be scalable to large-scale networks using modern
microfabrication techniques.

The Josephson charge qubit is achieved in a Cooper-pair
box,'"" which is a small superconducting island weakly
coupled to a bulk superconductor, while the Josephson flux
qubit is based on two different flux states in a small
superconducting-quantum-interference-device (SQUID)
loop.'*! Cooper-pair tunneling and energy-level splitting as-
sociated with the superpositions of charge states were experi-
mentally demonstrated in a Cooper-pair box,'®!” and re-
cently the eigenenergies and the related properties of the
superpositions of different flux states were observed in
SQUID loops by spectroscopic measurements.'® In particu-
lar, Nakamura ef al.'® demonstrated the quantum coherent
oscillations of a Josephson charge qubit prepared in a super-
position of two charge states. In addition, Vion et al? ex-
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tended coherent oscillations to the charge-flux regime and
Chiorescu ef al.?' studied the quantum dynamics of the flux
qubit. Moreover, two charge qubits were capacitively
coupled by Pashkin ef al.** and coherent oscillations were
also observed in this coupled-qubit system. Furthermore,
other superconducting devices (e.g., Refs. 23 and 24) have
also exhibited coherent oscillations. In addition, several other
types of studies (see, for instance, Refs. 25 and 26) have
been made on superconducting qubits.

B. This work

In this paper, we show that the coupled system of a
Cooper-pair box and a cavity photon mode undergoes Rabi
oscillations and propose a different quantum computing
scheme based on Josephson charge qubits.?” The microwave-
controlled approach proposed in our paper has the significant
advantage that any two qubits (nor necessarily neighbors)
can be effectively coupled through photons in the cavity. In
addition to the advantages of a superconducting device ex-
hibiting quantum coherent effects in a macroscopic scale as
well as the controllable feature of the Josephson charge qubit
by both gate voltage and external flux, the motivation for this
scheme is fourfold:

(i) The experimental measurements'® showed that the en-
ergy difference between the two eigenstates in a Cooper-pair
box lies in the microwave region and the eigenstates can be
effectively interacted by the microwave field.

(ii) A single photon can be readily prepared in a high-Q
QED cavity using the Rabi precession in the microwave
domain.”® Moreover, using a QED cavity, Ref. 29 produced a
reliable source of photon number states on demand. In addi-
tion, the cavity in Ref. 29 was tuned to ~21 GHz, which is
close to the 20 GHz microwave frequency used in a very
recent experiment’’ on the Josephson charge qubit. Further-
more, the Q value of the cavity is 4X 10'° (giving a very
large photon lifetime of 0.3 sec).

(iii) Our quantum computer proposal should be scalable to
10%-10® charge qubits in a microwave cavity, since the di-
mension of a Cooper-pair box is ~10—1 um.

(iv) The QED cavity has the advantage that any two qu-
bits (not necessarily neighbors) can be effectively coupled
through photons in the cavity.

©2003 The American Physical Society
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FIG. 1. Cooper-pair box with a SQUID loop, where the charge
box is coupled to a segment of a superconducting ring via two
identical Josephson junctions, shown in white above, and a voltage
V, is applied to the charge box through a gate capacitor C, (on the
left side of the above diagram). (a) A static magnetic flux ®,, as
denoted by the solid lines with arrows, pierces the SQUID loop to
control the effective Josephson coupling energy. (b) In addition to
®,, a microwave field d)»,(r), schematically shown above by the
dashed lines with arrows, is also applied through the SQUID loop.

Also, we study multiphoton processes in the Josephson
charge qubit since, in contrast to the usual Jaynes-Cummings
model (see, e.g., Chap. 10 in Ref. 31), the Hamiltonian in-
cludes higher-order interactions between the two-level sys-
tem and the nonclassical microwave field. As shown by the
very recent experiment on Rabi oscillations in a Cooper-pair
box,*® these higher-order interactions may be important in
the Josephson charge-qubit system.

Note that the driving microwave field is typically gener-
ated using an electrical voltage acting on the charge qubit via
a gate capacitor. Here, the microwave field is applied as a
magnetic flux piercing the SQUID loop of the qubit in order
to perform the unitary transformations needed for quantum
computing.

The dynamics of a Josephson charge qubit coupled to a
quantum resonator was studied in Ref. 32. In contrast to our
study here, the model in Ref. 32 involves: (a) only one qubit,
(b) only the Rabi oscillation with a single excitation quantum
of the resonator (as opposed to one or more photons), and (c)
no quantum computing scheme.

II. CHARGE QUBIT IN A CAVITY
A. Cooper-pair box with a SQUID loop

We study the Cooper-pair box with a SQUID loop. 111519
In this structure, the superconducting island with Cooper-pair
charge Q=2ne is coupled to a segment of a superconducting
ring via two Josephson junctions (each with capacitance C,
and Josephson coupling energy E ). Also, a voltage V, is
coupled to the superconducting island through a gate capaci-
tor C,, ; the gate voltage V,, is externally controlled and used
to induce offset charges on the island. A schematic illustra-
tion of this single-qubit structure is given in Fig. 1(a). The
Hamiltonian of the system is

CeVe :
H=4FE_|n— P —E(®)cos o, (1)

where
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2

e
= — 2
Ee 2C+2C ) @
is the single-particle charging energy of the island and
gy
EJ(CI))=ZEJUCOS —d) (3)
0

is the effective Josephson coupling. The number n of the
extra Cooper pairs on the island and average phase drop

1
‘P=5(‘P|+<Pz)

are canonically conjugate variables. The gauge-invariant
phase drops ¢, and ¢, across the junctions are related to the
total flux @ through the SQUID loop by the constraint

2 - 4
P27 P ‘”'q)o’ (4)
where @ (= h/2e is the flux quantum.

This structure is characterized by two energy scales, i.e.,
the charging energy E. and the coupling energy E, of the
Josephson junction. In the charging regime E.>E ;, and at
low temperatures kzT<<E,, the charge states |n) and |n
+1) become dominant as the controllable gate voltage is
adjusted to V,~(2n+1)e/C,. Here, the superconducting
gap is assumed to be larger than E_., so that quasiparticle
tunneling is greatly reduced in the system.

Here we ignore self-inductance effects on the single-qubit
structure.”> Now @ reduces to the classical variable ®,,
where @, is the flux generated by the applied static magnetic
field. In the spin-3 representation with charge states |1)
=|n) and || Y=]|n+ 1), the reduced two-state Hamiltonian is
given by”"5

1
H:E(Vg) U:_—Z—E./(q)u)o-,lv (5)
where

CeVy

e(Vy)=2E, —2n+1)]. (6)

This single-qubit Hamiltonian has two eigenvalues

EBo=gF—
= 2

E, (7)
with

E=[4s(V,) + EX(® 1'%, (8)
and eigenstates

le)=cos& [T)—sing [1),
lg)=sing |1)+ cos& [L), ©

with
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L 4 By (10)
&= 2tan 7e )
Using these eigenstates as new basis, the Hamiltonian takes
the diagonal form

1
H==Ep,, (11)

where

p:=le)(e|-lg)gl. (12)
Here we employ {|e),|g)} to represent the qubit.

B. Interaction of the charge qubit with a microwave field

When a nonclassical microwave field is applied, the total
flux @ is a quantum variable

=D, +P[1), (13)

where @ is the microwave-field-induced flux through the
SQUID loop [see Fig. 1(b)]. Here we assume that a single-
qubit structure is embedded in a QED microwave cavity with
only a single-photon mode \. Generally, the vector potential
of the nonclassical microwave field is written as

A(r)=uy(r)a+uf(r)a’
=|u\(r)|(e %a+e'%at)A, (14)

where a'(a) is the creation (annihilation) operator of the
cavity mode. Thus the flux @ is given by

®_/=lll>)\|(e_i0a+eioa7), (15)

with

P, = Sgux-dl, (16)

where the contour integration is over the SQUID loop. Here,
0 is the phase of the mode function u,(r) and its value
depends on the chosen microwave field (see, e.g., Chap. 2 in
Ref. 31). For instance, if a planar cavity is used and the
SQUID loop of the charge qubit is perpendicular to the cav-
ity mirrors, one has #=0.

We shift the gate voltage V', (and/or vary ®,) to bring the
single-qubit system into resonance with k photons:

E~khw,, k=123,.... (17)

Expanding the functions cos (m®,/®) and sin (7®/®g) into
series of operators and employing the standard rotating wave
approximation, we derive the total Hamiltonian of the system
in this situation (with the photon Hamiltonian included),

+Hy, (18)

e s
=3 pzT w)‘aa+5

Hy=p.f(a'a)+[e *%e)(gla*g®(ata)+H.c.].

Here
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7d

f(afa)=—E,0sin(2g)cos(dT‘)F(a*a), (19)
0
with

1 3
F(ata)= 3'-!-¢2(2a*a+ 1)— H¢4[2(a*a)2+2a7a +1]

5
+ 6—'¢6[4(ata)3+6(a?a)2+ 8ata+3]—- ...,

(20)
where ¢=7|®,|/®,, and
7P,
g(Zm—l)(afa)=EJocos(2§) Sin(T)G(Zm_])(aTa),
0
7,
g(z’”)(a*a)=Emcos(2§)cos( T )G‘Z"’)(a'a),
0
21
with m=1273,..., and
1 1
G<”(a*a)=¢—2—,¢3a7a+ 4—'¢5[2(a*a)2+1]—
e Lo i
G\“(a a)=2—'¢ —F(ﬁ (2a'a—1)
15 et 5
+6_'¢ [(a'a)s—ala+1]— ...,
3)( b i B
G“Y(a a)=—3—!¢ +§-¢ (ata=1)= ..
G®(at )—_L 4+i¢6(2 ta=3)—
a'a)= Y @ 51 a\a=3)=z1.c;
v (22)

where g(a'a) is the k-photon-mediated coupling between
the charge qubit and the microwave field. This Hamiltonian
(18) is a generalization of the Jaynes-Cummings model to a
solid-state system. Here multiphoton processes™® are in-
volved for k>1, in contrast with the usual Jaynes-
Cummings model for an atomic two-level system interacting
with a single-photon mode, where only one photon is ex-
changfd between the two-level system and the external
field.

III. RABI OSCILLATIONS IN MULTIPHOTON PROCESS

The eigenvalues of the total Hamiltonian (18) are

Es(lLk)=hw,|l+ %(k+ 1)+ %[_f(l)—f([+k)]

f

v 3],k+nl,b (23)

=2
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and the corresponding eigenstates, namely, the dressed states
are given by

|+,0)=e"*%cos 5 |e,I)+ siny |g,I+k),
|-.y=—siny |e,))+e*Pcosn |g,l+k), (24)
where

Q,=2g0U+B)[(I+1)(I+2)---(I+ )] (25)
is the Rabi frequency,

S1x=(Elh—kw\)+[f(D)+f(I+Kk)]/Hh, (26)
and
I ,
n= 2tan (——5“( . 27

Here, k is the number of photons emitted or absorbed by the
charge qubit when the qubit transits between the excited state
|e) and the ground state |g), and / is the number of photons
in the cavity when the qubit state is |e).

When the system is initially at the state |e,/), after a
period of time ¢, the probabilities for the system to be at
states |g,/+ k) and |e,l) are

2
k

Q
g1+ k| (1)) |* =—sin’

1
5(612,k+912,k)l/2t]’

Orut Qs
(28)
and
(e () =1~ [(g.1+ k| g(n))I*. (29)
Thus the probabilities are oscillating with frequency
Qpai= (84 + Q7 )" (30)

This is the Rabi oscillation with k photons involved in the
state transition; when k=1, it reduces to the usual single-
photon Rabi oscillation.

Very recently, Nakamura er al.*° investigated the temporal
behavior of a Cooper-pair box driven by a strong microwave
field and observed the Rabi oscillations with multiphoton
exchanges between the two-level system and the microwave
field. Different to the case studied here, the microwave field
was employed there to drive the gate voltage to oscillate.
Here, in order to implement quantum computing, we con-
sider the Cooper-pair box with a SQUID loop and use the
microwave field to change the flux through the loop.

A. Analogies between Rabi oscillations and the AC
Josephson effect

Rabi oscillations have been observed a long time ago in
atomic physics. It is a relatively new development to observe
Rabi oscillations in a condensed-matter system. Since the
Josephson effect can be used for this purpose, it is instructive
to point out analogies and differences between Rabi oscilla-
tions and the Josephson effect.
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(i) Both Rabi oscillations and the AC Josephson effect
involve interactions of the photons with electrons (for Rabi
oscillations) or a junction (for AC Josephson effect); (ii) the
radiation must be tuned creating two-level transitions; (iii)
the junction behaves like an atom undergoing transitions be-
tween the quantum states of each side of the junction as it
absorbs and emits radiation.

However, the Rabi oscillation is a strong-coupling effect’'
and produces long-lived coherent superpositions.

IV. QUANTUM COMPUTING

Let us consider more than one single charge qubit in the
QED cavity, and the cavity initially prepared at the zero-
photon state |0). We first show the implementation of a
controlled-phase-shift operation. Here a single photon pro-
cess, k=1, is used to implement quantum computing.

(i) For all Josephson charge qubits, let

1
®EZE¢0,
then cos (m®,/®y)=0, which yields

flata)=0.

Furthermore, the gate voltage for a control qubit, say 4, is
adjusted to have the qubit on resonance with the cavity mode
(E=hw,) for a period of time (where single photon is in-
volved in the state transition), while all other qubits are kept
off-resonant. The interaction Hamiltonian (in the interaction
picture with Hy=%Ep,) is given by

Hin=e¢ "%e) (g| ag"(a’a)+Hc., (31)
and the evolution of qubit 4 is described by

U (0,t)=exp(—iHyt/h). 32)

This unitary operation does not affect state |g),|0), but
transforms |g),4|1) and |e),|0) as

|g)4l1)— cos (an)lg) 4|1)—ie™"sin (ar) e} |0},

|e)410)— cos (ar)le) 4/0) —ie"’sin (ar)[g)4l 1), (33)

where a=g("(1)/A. To obtain the controlled-phase-shift
gate, we need the unitary operation with =0 and interac-
tion time ¢, = 7/2a, which gives

|g)4l1)— —ile)40),

le)4|0)— —ilg)l1). (34)

This operation swaps the qubit state and the state of the QED
cavity. A similar swapping transformation was previously
usedlfor the quantum computing with laser-cooled trapped
ions.

(ii) While all qubits are kept off-resonant with the cavity
mode and the flux @, is originally set to ®,= 3P, for each
qubit, we change @, to zero for only the target qubit, say B.
In this case, the evolution of the target qubit B is described in
the interaction picture by
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Up(t)=exp(— iHyt/h), 35)

where the Hamiltonian is

Hin=(|e)s(el—|g)s({g])f(a'a). (36)

This Hamiltonian can be used to produce conditional g)hase
shifts in terms of the photon state of the QED cavity.” Ap-
plying this unitary operation to qubit B for a period of time
t,=mh/2|f(1)—f(0)|, we have®

lg)510)—e"|g)5(0),
le)5|0)— e~ "#le)g|0),
lg)sl1)—ie™|g)gl1),

le)gl1)— —ie™"le)g|1), (37)
where B=mf(0)/2|f(1)—f(0)|.

(iii) Qubit A is again brought into resonance for #5
=m/2a with #=0, as in step (i). Afterwards, a controlled
two-bit gate is derived as a controlled-phase-shift gate com-
bined with two one-bit phase gates. In order to obtain the

controlled-phase-shift gate Uy, which transforms
lg)alg)s. 18)ale)s, le)lg)s, and [e)]e)p as
lg)le)s 1 0 0 0) /lgle)s
lg)ale)s - v e 0 lg)ale)n (38)
le)alg)s 0 01 0 ledalg)s |
le)ale)s 0 0 0 =1/ \[e)le)s

one needs to further apply successively the unitary operation
given in step (ii) to the control and target qubits with inter-
action times t,=3w#/4|f(0)| and ts=(2m7—|B|)A/[£(0)],
respectively.

In analogy with atomic two-level systems,"3 one can use
an appropriate classical microwave field*® to produce one-bit
rotations for the Josephson charge qubits. When the classical
microwave field is on resonance with the target qubit B, the
interaction Hamiltonian becomes

Q.
Hisz[e “’|e)3(g|+H.c.], (39)
with
QO =2E (2€)si (ﬂcp")("lq)’{) (40)
= il =— I\ —=—|;
JoCOS S d)o (Do

where the value of the phase v depends on the chosen mi-
crowave field (see, e.g., Chap. 2 in Ref. 31) and d)f is the
flux through the SQUID loop produced by the classical mi-
crowave field. For the interaction time 7= 77/2(), the unitary
operation

Ve(v,te) =exp(—iHints/h) (a1

transforms |g) and |e) as
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l > iV
|g)5—>$(|g)g—te le)s),

| )
|e)B——>-\/—5(|e)B—ie""|g),,). (42)

In terms of this one-bit rotation, the controlled-phase-shift
gate U 5 can be converted to the controlled-NOT gate,'

aw m o 1 5
Cyp=Vp ~330/Ys V3730 (43)

A sequence of such gates supplemented by one-bit rotations
can serve as a universal element for quantum computing.’’

V. DISCUSSION AND CONCLUSION

For microwaves of wavelength A~ 1 cm, the volume of a
planar cavity is ~1 cm®. For SQUID loop dimension
~10~1um, then 10°~10* charge qubits may be constructed
along the cavity direction. Furthermore, for a two-
dimensional (2D) array of qubits, 10°~10® charge qubits
could be placed within the cavity.”® This number of qubits is
large enough for a quantum computer. For practical quantum
information processing, one needs to improve the experi-
mental setup to have a QED cavity with a high enough Q
value so as to implement more quantum operations within
the long photon lifetime of the cavity. Alternatively, one can
also increase the number of permitted quantum operations
within the given photon lifetime of the cavity by strengthen-
ing the coupling between the charge qubit and the micro-
wave field. Because the typical interaction energy between
the charge qubit and the microwave field is propositional to
®, , the qubit-photon coupling can be strengthened by in-
creasing the area enclosed by the SQUID loop and the field
intensity (e.g., by putting a high-u material inside the
SQUID loop).

In the conditional gates discussed above, the two charge
qubits are coupled through photons in the QED cavity. Our
approach is scalable, but similar to the coupling scheme us-
ing an L C-oscillator mode,'""'® only a pair of charge qubits at
a time can be coupled. In order to implement parallel opera-
tions on different pairs of qubits, one can make use of a
multimode QED cavity or more than one cavity, where dif-
ferent cavity modes couple different pairs of qubits simulta-
neously. Moreover, our approach might have potential appli-
cations in quantum communications using both the qubit-
photon coupling (to convert quantum information between
charge qubits and photons) and the photons, acting as flying
qubits, to transfer quantum information between remotely
separated charge-qubit systems.

In conclusion, we have studied the dynamics of the
Cooper-pair box with a SQUID loop in the presence of a
nonclassical microwave field. Rabi oscillations in the multi-
photon process are demonstrated, which involve multiple
photons in the transition between the two-level system and
the microwave field. Also, we propose a scheme for quantum
computing, which is realized by Josephson charge qubits
coupled through photons in the QED cavity.
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Based on the interaction between the radiation field and a superconductor, we propose a way to engineer
quantum states using a SQUID charge qubit inside a microcavity. This device can act as a deterministic single
photon source as well as generate any Fock states and an arbitrary superposition of Fock states for the cavity
field. The controllable interaction between the cavity field and the qubit can be realized by the tunable gate
voltage and classical magnetic field applied to the SQUID.

PACS numbers: 42.50.Dv, 74.50.+t, 42.50.Ct

The generation of quantum states of the radiation field
has been a topic of growing interest in recent years. This
is because of possible applications in quantum communica-
tion and information processing, such as quantum networks,
secure quantum communications, and quantum cryptogra-
phy [1]. Based on the interaction between the radiation field
and atoms, many theoretical schemes have been proposed for
the generation of Fock states [2, 3] and their arbitrary super-
positions [4, 5]. Experiments have generated single-photon
states in quantum dots [6], atoms inside a microcavity [7],
and other systems [8]. A superposition of the vacuum and
one-photon states can also be experimentally created by trun-
cating an input coherent state or using cavity quantum electro-
dynamics [9]. However, how to generate an arbitrary photon
state by virtue of the interaction between the radiation field
and solid state quantum devices seems to be unknown both
theoretically and experimentally. Recent progress in super-
conducting quantum devices (e.g., [10, 11]) makes it possi-
ble to do quantum state engineering experiments in these sys-
tems, and also there have been proposals on superconduct-
ing qubits interacting with the nonclassical electromagnetic
field [12, 13, 14, 15, 16, 17].

Here, we present an experimentally feasible scheme to gen-
erate quantum states of a single-mode cavity field in the mi-
crowave regime by using the photon transition between the
ground and first excited states of a macroscopic two-level sys-
tem formed by a superconducting quantum interference de-
vice (SQUID). This artificial two-level “atom’ can be easily
controlled by an applied gate voltage V; and the flux ®. gener-
ated by the classical magnetic field through the SQUID (e.g.,
[14, 18]). The process of generating photon states in this de-
vice includes three main steps: (i) The artificial atom operates
at the degeneracy point by choosing appropriate values for Vg
and ®.. There is no interaction between the quantized cavity
field and “atom” at this stage. (ii) Afterwards new Vg and ®.
are selected such that the cavity field interacts resonantly with
the “atom” and evolves during a designated time. (iii) The
above two steps can be repeated until a desired state is ob-
tained. Finally, the flux ®. can be adjusted to a special value,

(a) (b)
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FIG. 1: (a) A charge qubit formed by a SQUID device, equivalent
to a controllable macroscopic two-level system, is placed into a su-
perconducting microwave cavity in (b). The coupling between the
quantized cavity field and qubit system is realized via the magnetic
flux @ x through the SQUID.

then the interaction is switched off, and the desired photon
state appears in the cavity. This process is similar to that of a
micromaser [2] and it is described below.

Model.— The macroscopic two-level system studied here is
shown in Fig. 1 (a). A SQUID-type superconducting box with
n. excess Cooper-pair charges is connected to a superconduct-
ing loop via two identical Josephson junctions with capacitors
Cj and coupling energies Ej. A controllable gate voltage Vg
is coupled to the box via a gate capacitor Cg. We assume
that the superconducting energy gap A is the largest energy.
Then, at low temperatures, the quasi-particle tunneling is sup-
pressed and no quasi-particle excitation can be found on the
island. Only Cooper pairs coherently tunnel in the supercon-
ducting junctions. The above assumptions are consistent with
most experiments on charge qubits. Then the standard Hamil-
tonian [18] 1s

Hgp = 4Ech(ne — ng)2 —2E; cos("§x> cos O, (1)
0
where ®x is the total flux through the SQUID loop and ®,
the flux quantum. Thus, the superconducting loop is used
to control the Josephson coupling energy by adjusting the
flux through this loop. Below, we show that it can also
switch on and off the qubit-field interaction. The dimension-
less gate charge, ng = CgVj/2e, is controlled by V. The



single-electron charging energy is Ecn, = e2/2(Cg + 2C}).
© = (¢1 + ¢2)/2 is the quantum mechanical conjugate of the
number operator n. of the Cooper pairs on the box, where ¢;
(i = 1,2) is the phase difference for each junction. The su-
perconducting box is assumed to work in the charging regime
with condition kgT € Ej <« Eq < A where T and kp
are temperature and Boltzmann constant respectively. If the
gate voltages is near a degeneracy point ng = 1/2, the super-
conducting box is a charge qubit [18], which is a controllable
two-level system characterized by the two lowest charge states
|g) (for n. = 0) and |e) (for n. = 1). However, if the quasi-
particle excitation cannot be completely suppressed, a contin-
uum of low-lying quasi-particle states will be present, and the
Hamiltonian (1) cannot be reduced to a system with two en-
ergy levels even when the gate voltage is near the degeneracy
point [19].

Now we further consider that the qubit is placed in a
single-mode microwave superconducting cavity, depicted in
Fig. 1(b), the flux ®x through the SQUID can be expressed
as [12, 13, 14] &x = &. + ®4 where the flux ®. and
®, =na+n’ a' are generated by a classical applied mag-
netic field and the quantized cavity field, respectively. Here
n = [su(r) - ds and u(r) is the mode function of the cavity
field, with annihilation (creation) operators a (a'), and S is
the surface defined by the contour of the SQUID. Considering
the above, we obtain

H = hwala + E,o0, 2)
— Ej(o4 + 0-)cos % (@I +na+n* aT)]
where the first two terms represent the free Hamiltonians of
the cavity field with frequency w = 4FE,/h and the qubit
with the energy £, = —2Ec(1 — 2ng), I is the identity oper-
ator. The third term is the nonlinear photon-qubit interaction
which is switchable by the flux ®.. The charge excited state
|e) and ground state |g) correspond to the eigenstates ||) and
| 1) of the spin operator o, respectively. The cosine in Eq. (2)
can be further decomposed into classical and quantized parts,
and the quantized parts sin[n (7 a+ H.c.)/®o] and cos[r(n a+
H .c.)/®o) can be further expanded as a power series ina (a').
Here, the single photon transition between the states |e, n)
and |g, n + 1) satisfies the condition (7|n|/®¢)vn + 1 K 1,
where n is the number of photons; therefore all higher or-
ders of m|n|/®o can be neglected and only a single-photon
transition is kept in the expansion of Eq. (2). Using the no-
tation for trapped ion systems (e.g., [20]), the first red (blue)
sideband excitations Bacy + H.c. (Baoc_ + H.c.) for inter-
actions of the cavity field and the qubit [13], with photon-
qubit coupling constant 3 = (7mnEj;/®)sin(n®./Po), can
be obtained by adjusting the gate voltages V; and the flux ®..
They correspond to 2E, = hw (2E, = —hw) and dimension-
less gate charge ng = 1 (ng = 0). Also {(o4 + o_) with
& = Ejcos(m®./®y) is called the carrier [13], which corre-
sponds to ng = 1/2. The Hamiltonian (2), with the above
assumptions, is our model.

Preparation process.— We choose |0,g) as our initial
state, where the cavity field is in the vacuum state |0) and
the qubit is in the ground state |g). The goal is to prepare an
arbitrary pure state of the cavity field

N

N
)= caln,g)=19)® Y caln) (3)

n=0

where |n) denotes the Fock states of the cavity field with ex-
citation number n = 0,1,2,---. A Fock state [m) with m
photons is a special case of Eq. (3) with conditions ¢,, = 0 for
alln #mwith0 <m < N.

Thermal photons in the cavity have to be suppressed in or-
der to obtain the vacuum state |0). In the microwave region
0.1 ~ 15 cm, the mean number of thermal photons (n.y) sat-
isfies 3.0 x 107298 < (ny,) < 0.043 at T = 30 mK, and
1.7 x 1071% < (nyy) < 0.26 at T = 60 mK. These tempera-
tures can be obtained experimentally (e.g., in [11, 21]).

After the system is initialized, two different processes are
required to engineer the state of the cavity field. The first pro-
cess involves rotating the qubit state, but keeping the cavity
field state unchanged. This stage can be experimentally re-
alized by tuning the gate voltage and classical magnetic field
such that ng = 1/2 and ®. = 0; then the time evolution oper-
ator Uc(t) of the qubit in the interaction picture is

Uc(t) = cos(Qt)] + isin(Q1t)(|g)(e| + le)(g]) (4)

where Q; = Ej/h. The subscript “C” in Uc(t) denotes the
carrier process, which can superpose two levels of the qubit,
and it can also flip the ground state |g) or excited state |e) to
each other, after a time t = m(2p — 1)/28;, with positive
integer p.

The second process is the first red (blue) sideband excita-
tion, which can be realized by tuning the gate voltage and
classical magnetic field such that ng = 1 (ng = 0) and
&, = ®y/2. Thus, in the interaction picture, the time evo-
lution operators Ug () for the red (Ug(t) for the blue) of the
cavity field and qubit can be expressed [22] as

Ur(t) = Ree(t)le)(el + Rgg(t)l9)(gl

— iRge(t)|g)(e| — iReg(t)]e)yl (5)
or
Us(t) = Rgg(t)le)(e| + Ree(t)]g) (gl
— 1Rge(t)|e)(g]| — iReg(t)|g) (el (6)
with Reg(t) = [e“sin (|Q2|t\/aa_7) /\/;1;7_] 8, Rge(t) =
Bly(t), Reelt) = cos(|faltvVaaT), and Ry(t) =

cos (lelt\/afa), where we have assumed that Q, =

mEj/h®¢ = |Q2]e*’, in which the phase § depends on the
mode function of the cavity field u(r). The red sideband exci-
tation described by operator Ug(t) can entangle |g,n + 1)
with |e,n), or flip |g,n + 1) to |e,n) and vice versa, by



choosing the duration of the interaction between the cavity
field and the qubit. From Eq. (5), it is easy to verify that
the emission probability P, of the upper level for the qubit
is P, = sin?(|Qa|tv/n + 1). We find that P, = 1 when
[Q2|tv/n+ 1 = w(2k — 1)/2, with positive integer k. So
when t = n(2k — 1)/(2|Q2|v/n + 1), there are n + 1 pho-
tons in the cavity and the qubit is in its ground state. The
first blue sideband excitation, denoted by Ug (t), can entangle
state |e, n + 1) with state |g, n), or flip |e,n + 1) to |g, n) and
vice versa. Below we use the carrier and the first red sideband
excitation, represented by Uc(t) and Ugr(t), as an example
showing the generation of an arbitrary quantum state of the
cavity field.

Using the quantum operations Uc(t) and Ur(t) in Egs. (4)
and (5), the single photon state |1) can be generated from
the initial vacuum state |0). That is, we can first flip the
ground state of the qubit to the excited state when the con-
dition ¢, = m/2 is satisfied for the carrier Uc(¢;), then
we turn on the first red sideband excitation Ur(t2) and let the
photon-qubit system evolve a time ¢, satisfying the condition
|Q02|t2 = n/2. Finally, we adjust the classical magnetic field
such that ®. = 0; thus the interaction between the cavity field
and qubit vanishes, and a single-photon state exists in the cav-
ity, that is,

1) ® |g) = Ur(t2]) Uc(t1) [0) ® |g)- @)

Also any Fock state |m) can be easily created from the vac-
uum state |0) by alternatively turning on and off the quantum
operations in Egs. (4-5) to excite the qubit and emit photons
during the time interval 7. The latter is divided by 2m subin-
tervals Ty, 79, -+, Toi—1, T2l *** , Tom—1, T2m Which satisfy
conditions | |72—1 = /2 and |Qz |Vl + 1 = m/2 where
Il =1,---,m. This process can be described as

Im)®lg) = Ur(m2m)Uc (r2m-1) -- 'UR(Tz)Uc(T1)|0)®Igg-

(8)
Finally, the classical magnetic field is changed such that &, =
®y, and an n-photon state is provided in the cavity.

Our next goal is to prepare superpositions of different Fock
states (e.g., @1|0) + a2|1)) for the vacuum |0) and single
photon |1) states. This very important state can be deter-
ministically generated by two steps, Uc(t]) and U (t3), with
ty = m/2|Q2|; that is

(@1|0) + a2|1)) ® |g) = Ur(t3)Uc(t1)I0) @ lg)  (9)

where the operation time ¢ determines the weights of the
coefficients of the superposition a; = cos(2;¢}) and a; =
e~*® sin(Q;t}). If the condition t| = m/4% is satisfied, then
we have a superposition (|0) + e~*#|1))/v/2 with equal prob-
abilities for each component and the relative phase between
them can be further specified by the phase of the mode of the
cavity field.

An arbitrary target state (3) can be generated from the ini-
tial state by alternatively switching on and off the carrier and
first red sideband excitation during the time 7", which can be

3

divided into 2n subintervals {,--- , 7. That is, the target
state can be deterministically generated as follows

N
[¥) =D enln, g) = U(T)0, g), (10)

n=0

where U(T") is determined by a sequence of time evolu-
tion operators associated with chosen time subintervals as
U(T') = Ur(m30)Uc(m3n-1) - - - Ur(72)Uc(r1). Therefore,
the coefficients c,, are

cn = (9, n|UR(730)Uc(720-1) - - - Ur(2)Uc(71)[0, 9).

(11
Reference [4] has explicitly discussed how to adjust the
rescaled times to obtain the expected state by solving the in-
verse evolution of Eq. (10). Ideally, any state of the cavity
field can be created according to our proposal by adjusting
the gate voltage, classical magnetic field, and duration of the
photon-qubit interaction. It is very easy to check that the state
(3) can also be created by the carrier and blue sideband exci-
tation whose time evolutions Uc(t) and Ug(t) are described
by Eqgs. (4) and (6).

Environmental effects.— We now discuss the environmen-
tal effects on the prepared states, which are actually limited by
the following time scales: the relaxation time 73, the prepara-
tion time 7, of the excited state, and the dephasing time 75 of
the qubit, the lifetime 7, of the photon and an effective interac-

tion time rc(") which corresponds to the transition from |n, e)

and [n+ 1,g). If Ty, 7, > 7, 7™, then the Fock states
can be prepared. If the condition Ty, T3, 7p > Te, ™ is
satisfied, then the superposition can also be obtained.

Now let us estimate the photon number of the obtainable
Fock state in a full-wave cavity. In microwave experiments,
it is possible to obtain very high-Q superconducting cavi-
ties, with Q values around 3 x 10% to 5 x 100 [2, 23],
which correspond to the lifetimes of the microwave region
from 0.001 < 7, < 0.15s1t0 0.167 < 7, < 25 s. The
parameters of the charge qubit [24] without the cavity are
2E;/h = 13.0 GHz (so the operation time corresponding to
a completely excited qubit is about 7, & 3.8 x 10~*! 5). The
lifetime of the excited-state for the qubit 73 = 1.3 x 10~¢ s,
i.e. 7 <« Ti. For an estimate of the interaction coupling
between the cavity field and the qubit, we assume that the
cavity mode function is taken as a standing-wave form such
as B, = —iy\/hw/eoVc?(a — a') cos(kz), with polarization
along the normal direction of the surface area of the SQUID,
located at an antinode of the standing-wave mode; then the
interaction between the cavity field and the qubit reaches its
maximum and the interaction strength can be expressed as
|8l = w|n|E3/®0 = (7SE3/c®o)\/hw/eoV. For example,
if the wavelength of the cavity mode is taken as A\; = 0.1
cm, then 7|n|/® ~ 7.38 x 10~% « 1, where the dimen-
sion of the SQUID is taken as 10 um and the mode function
u(r) is assumed to be independent of the integral area be-
cause the dimension of the SQUID, 10 um, is much less than
0.1 cm, for the wavelength of the cavity mode. In this case,
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