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Abstract: We propose a novel mechanism of light manipulation by using the
quantum metamaterial which consists of a large number of linearly arranged superconduc-
ting charge qubits. The experimental confirmation of this idea may open up a new way to

potentially powerful quantum computing.
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1. INTRODUCTION

The concept of metamaterials dates back to
1967, when Victor Veselago predicted the materials
with simultaneously negative effective dielectric
constant (¢) and magnetic permeability (x«) which
achieve negative values of refractive index [1].
However, due to the lack of the natural materials
with predicted features, this subject was neglected in
the next thirty years until 2000, when the first mate-
rials with negative relative magnetic permeability
was made [2]. These media, metamaterials, are arti-
ficial; composite structures built up of multiple,
usually periodically arranged, identical unit elements
(cells) with size substantially smaller than the
wavelength of the incident electromagnetic radia-
tion. Originally, the metamaterials were conceived
with an aim to achieve new and unusual passive
electromagnetic properties such as negative refracti-
ve index and artificial magnetism. Such metamateri-
als are made of the conventional substances such as
metals or dielectrics. The whole concept may be
substantially advanced introducing the quantum
degrees of freedom. It may be achieved by embed-
ding the controllable, essentially quantum systems
(e.g. molecules, quantum dots, cold atoms, Joseph-
son junctions (JJ)), into larger structures in order to
tailor their effective properties [3—7]. Owing to their
quantum nature, these new media-quantum metama-
terials (QMM), possess a number of novel features
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which do not appear in ordinary ones. Thus, the
notion of QMM in narrow sense concerns the artifi-
cial optical media that [3—7]:

— are composed of quantum coherent unit
elements with engineered parameters;

— exhibit controllable quantum states of the-
se elements;

— maintain quantum coherence for times far
exceeding the traversal time of an electromagnetic
signal.

Superconducting circuits with Josephson jun-
ctions exhibit relatively high coherence times,
extremely low dissipation and behave as artificial
atoms [4] which make them good candidates as
building blocks of QMMs. These circuits are fabri-
cated at micrometer scale and operate at mK tempe-
ratures, which, in final instance, ensures that the
energy spectrum of such quantum-mechanical
system comprises only of the two lowest levels. For
that reason the JJs based superconducting circuits
may be viewed as artificial two-level atoms.
Accordingly, these structures may be used as qubits
- controllable quantum two-level systems for
quantum computing [4,8]. Specifically, several vari-
ations of Josephson qubits that utilize either charge,
flux or phase degrees of freedom have been used to
implement a working quantum computer that could
have enormous potential across a wide range of
fields [1-9].
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In this paper we propose a novel aspect of the
use of qubits in the quantum information processing.
It consists of manipulating the light, its slowing
down in particular, by employing the self-induced
transparency (SIT). There are many ways of achie-
ving slow light, among them SIT is one of the earli-
est [10—13]. Currently, the techniques based on
electromagnetically induced transparency (EIT) in
natural atoms [14] and metamaterials [15] are among
the most widely used. These approaches turn out to
be a powerful tool; nevertheless, the experiment of
quantum EIT requires a special setup with extreme
constraints, which cannot be easily achieved. For
this reason, an efficient and simple way of light
slowing is still a challenging problem. We propose a
conceptually very simple approach which relies on
SIT in superconducting QMM.

2. MODEL

To explore such a possibility, we consider the
EM wave propagating in the superconducting QMM
which consists of an infinite, equally spaced (at dis-
tance /) one-dimensional (1D) chain of the super-
conducting charge qubit (SCQ) array placed in a
transmission line built up of two superconducting
strips of infinite length and a certain width (D) [6,7];
each SCQ, in the form of a tiny superconducting
island, is connected to each bank of the resonator by
a Josephson junction (JJ). A single SCQ [4] at milli-
kelvin temperatures provides an artificial two-level
»atom” in which two quantum states, the ground and
the first excited one, are coherently superposed by
Josephson coupling.

The minimal theoretical model that describes
such a structure is specified by the simple Hamilto-
nian:

+ . Vim)+V,,(n)
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In order to simplify further consideration we
use Josephson energy E;=®olo/(2zC), as an energy
unit.

The first two sums stand for the SCQ and free
light in the medium, while the third one corresponds
to their interaction. Here we skip the details of the
quantization of the qubit system and express its
Hamiltonian in terms of the creation and annihilation
operators. Since the qubit may be only in the ground
(0) and excited (1) states with corresponding energi-
es —E ,, normalization condition: ¥, a"ya,=1, holds
for each qubit unit. The electromagnetic field is
represented by means of the dimensionless vector
potential a, = 2zD A,, /@y, while the meaning of
parameters is: f=(87D E;)" (®y/2m)* - dimension-
less speed of light in QMM, @, - the magnetic flux
quantum, /. and C are JJs critical current and capaci-
tance, 4 and e being the Planck's constant and elec-
tron charge, respectively. Finally, the values of the
qubit parameters and its interaction with EM field
are defined by means of the eigenstates and eigenva-
lues of the Mathieu equation [6,7].

3. LIGHT PROPAGATION IN QMM:
MAXWELL-BLOCH EQUATIONS FOR
QMM

The description of light propagation in these
media involves Schrédinger equation (SE) for QMM
and Maxwell equation for EM wave. We took that

p.p'n

qubit is in the superposition state |y) = Zl}/pa;‘@
p

and derived evolution equations for qubit amplitudes
¥, from the SE. In order to describe the propagation
of EM radiation in this system we introduce the
components of the qubit Bloch vector-R,= |[¥,|* -
Wl Ry =¥ o+ oW, and R, =i( ¥ o¥,-¥" ¥p). In
this way we obtain a set of nonlinearly coupled
Maxwell-Bloch equations. It may be solved by pas-
sing to the continuum limit (a,— a(x,t)) and under
the resonance condition A—2® = 0 and bz employing
the slowly varying envelope approximation.

It turns out that the character of the solutions
strongly depends on the choice of initial and
boundary conditions. Thus, R,(—o) =—1, g&(—©)=0
and R,(—o = 1), &(—»)=0, we found that the elec-
tromagnetic radiation propagates through the tran-
smission line in form of the Lorentzian pulse:

e(r) = ——L—
1+ L > 2)

TP
whose amplitude ¢y=4/p and duration time

7, = [(E)/(howy)]w(c—v)/(ouv) are related through
€01, =4 0ou(p =wE;(c—v)/(vhwy)). In terms of
these solutions, inversion population attains R, = —1
tf(w(c—v))2 v] &, while c=f ko, with
k=t{w’—Q%}"?/B being the wavevector of the EM
radiation in the waveguide. The plus (minus) sign in
the earlier equations corresponds to absorbing
(amplifying) QMMs.
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This is a well known result obtained in the
studies of two photon SIT [11], and, exhibits quite
similar features. The most interesting result is the

dependence of the pulse velocity on input parame-
ters ggand duration time 7,-

v=B{1=[(hw )/E)] ([((Y/(@)])’ }'° [1 = [(ropcho)/(wE)] . 3)

Apparently, the enhanced light slowing down,
even stopping, is possible for conveniently adjusted
qubit parameters.
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Figure 1. The velocity of SIT pulse in units of f as a fun-
ction of the pulse amplitude ¢, for absorbing (solid cur-
ves) and amplifying (dashed curves) quantum metamate-
rials .

Thus, for absorbing initial conditions, more
intense pulses propagate faster, and there is an upper
limit on the pulse velocity
Vo = BUI=2[(Virt V (E~E/ )] ([(hao J(E])* 72,
along with a SCQ-parameter-dependent condition
2[(VootVi)/(E~E))]([(hw)/(Ep])’ < 1. For
amplifying initial conditions, the superradiant pulse
has an inverted Lorentzian form. In this case,
however, more intense pulses propagate slower,
while they exist only when their velocity exceeds the
threshold value vy. The latter implies that the dura-
tion of superradiant pulses cannot exceed
=wE/(uohw,). The normalized velocity-amplitude
curves for both absorbing and amplifying media are
shown in Fig. 1. The results presented in Fig. 1 cor-
respond to the choice: V;;+Vy=1.6(E,—E,)’.

4. CONCLUDING REMARKS

The propagation velocity of the SIT pulse in
an absorbing QMM could be significantly less than
the speed (P) of ,free” pulse in the waveguide,
which could in principle be controlled coherently by
an external field [14] or by real time tuning of the
qubit parameters. Superradiant pulses, on the other
hand, could travel through the transmission line with

their speed exceeding B. An ability to control the
flow of optical, in the broad sense, information may
have a technological relevance for quantum compu-
ting [16]. Note that the total inversion, i.e. excitation
or de-excitation of all qubits during the pulse propa-
gation is possible only if y = 0, due to the matrix
elements V;; and V; the latter shift the energies of
the qubit states (Stark shift) violating thus the reso-
nance condition.
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TOR

MAHUITYJIAIIMJA CBETJIOIIRY IIOMORY KBAHTHUX METAMATEPUJAJIA

Caxerak: [Ipeanoxumiym cMO HOBM MEXaHM3aM MaHUITyJIMCamba CBeTIomhy KOpH-
mhemeM KBaHTHUX MeTamarepHjajia rpal)eHux oJ] BeJIMKor Opoja jinHeapHo pacropelenux
CYIepIpOBOJHHUX ,,Q”-0uToBa. EXcriepuMeHTaHa TOTBp/a OBE Hieje Moria Ou OTBOPUTH

HOBE ITyTEBE y Pa3BOjy KBAaHTHHUX padyHapa.

KbyuHne peun: YcnopaBame CBETIOCTH, CyNEpPIPOBOJHH KBAHTHH MeTamarepuja-

7Y, KBaHTHA UH(OpPMATHKa U padyHapH.



