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We suggest the model of lattice low branch (LB) polaritons based on the array of weakly coupled micro-
size cavities, each containing a small but macroscopic number of two-level systems (qubits). We reveal
various dynamical regimes, such as diffusive, self-trapped, breathing and solitonic for polariton wave packet
propagation under tight-binding approximation. We focus our attention on the bright polariton soliton
formation in a high quality cavity array emerging due to two-body polariton-polariton scattering processes
that take place at each cavity under the qubit-light interaction. A physical algorithm for the spatially
distributed storage of optical information where various dynamical LB polariton soliton states are used is
proposed. This algorithm can be realized with the help of manipulating group velocity of a polariton soliton
in the cavity array and obtained by smooth variation of qubit-light detuning.
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1. Introduction

The current remarkable achievements with trapped atomic gases, semiconductor
technologies and photonic crystal devices represent important progress towards solving
problems for the design of novel devices operating at the quantum level of matter-light field
interaction [1]. In particular, memory devices recently proposed in quantum physics for the
above purposes explore different methods for the entanglement of atoms (or two- or multi-
level oscillators) with quantized electromagnetic fields and mapping of the quantum state of
light onto matter by using slow light phenomenon [2]. Physically, various quantum optical
memory protocols, widely discussed now for different types of interaction of quantized light
field with two or multi-level atoms are linear (see, e.g. [1,3]) as rule, and based on linear
coupling between matter excitations and quantized field. Actually, they can be realized
in very dilute atomic gases [4]. In this sense, the processes occurring in the systems as
well as relevant quantum optical memory protocols can be explained in a very elegant way
by using polaritons representing a linear superposition of a quantized field and collective
excitations in matter, [5]. In this case, the essential reduction of the group velocity of
an optical pulse emerging in the atomic medium, under EIT effect as an example, may
be controlled by a pump field and can be explained by polariton transformation in the
medium. More precisely, the group velocity of light in this limit is determined by the
velocity of atom-like polaritons that could be low enough due to large polariton mass that
is Mpol & My, cl. [6].

However, this simple physical picture, as well as quantum memory protocols, re-
quires essential clarification if we deal with optical pulse propagation in lattice structures.
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[t is worth noting that at present, various lattice models of qubit-light interaction of dif-
ferent dimensionality represent an important tool to provide quantum information storage
and processing within the framework of modern scalable quantum technologies, cf. [7,8].
In this sense, it seems promising to exploit cavity arrays (or 2D lattices) containing
two-level systems (atoms, quantum dots, Cooper pair boxes) strongly interacting with the
cavity field at each site [9,10]. Addressability and controlling of qubits at each cavity
make such systems good candidates for quantum computing [11]. Thus, if we speak about
the properties of the group velocity of polaritons in a lattice system, we should take into
account the fact that the group velocity in the lattices is strongly modified within the
Brillouin zone [12].

Nonlinear effects become important under the strong matter-field interaction in
semiconductor microstructures. Recently, macroscopic coherent effects such as polariton
lasing and superfluidity have been observed for low-branch (LB) exciton-polaritons in
semiconductor quantum well structures embedded in Bragg microcavities [13-15]. In such
systems, strong Kerr-like nonlinearity caused by two-body polariton-polariton interaction
leads to the formation of bright polariton solitons, even for a small number of particles;
this open new perspectives for storing and processing quantum information, cf. [16].

Thus, in solid state systems the behavior of a coupled matter-field state is connected
with the interplay between dispersion characteristics and strong nonlinearity. In this sense,
it seems to be important and useful to refer to the problem of dynamical phases of atomic
Bose-Einstein condensates (BEC) confined in a deep optical lattice potential [17,18]. In
particular, it is shown that intrinsically localized excitations, such as breathers and/or
solitons, as well as self-trapping and diffusive regimes can exist in the presence of a
repulsive atom-atom interaction.

In the present paper, we continue our theoretical investigation of mean field collec-
tive properties of coupled atom-light states — LB polaritons emerging due to the interaction
of two-level systems (qubits) with a single-mode optical field in a cavity array, [19]. In
previous work, we reveal the existence of bright polariton soliton solutions by using the
complex Ginzburg-Landau equation that was derived in the continuum limit, taking into
account the effects of cavity field dissipation and qubit dephasing [20]. Although we sug-
gested rubidium atoms for numerical simulations, our model could be applied to different
qubit systems, such as quantum dots, Cooper pair boxes, etc. One of the main features
of our approach is strong nonlinearity which occurs due to small cavity volumes occu-
pied by optical field, that is V' ~ (A\/2n)3, where X\ is light wavelength, n is refractive
index. Current nanotechnologies enable the design of such cavities by using, for example,
defects in semiconductor membranes, representing 2D photonic crystals [21], or cavities
with whispering gallery modes [22]. In this paper, we consider a tight-binding model that
includes neighbor hopping effects for photonic fields. This model leads to strong photonic
correlations and nonlinear properties for coupled matter-field states in the lattice. In prac-
tice, small period 1D lattices could be created by using silicon heterostructures [23] or by
a waveguide array [24].

The paper is arranged as follows: in Sec. 2, we explain in detail our model where
qubit-light interaction in a cavity array is realized at microscales. In this case, a tight-
binding model will be established. In Sec. 3, we introduce a coupled qubit-light excitation
basis for our system. Apart from the results obtained previously (see e.g. [20]), LB
polaritons emerging at each site of the cavity array are the subject of our study in the rest
of the paper. In order, to obtain polariton wave packet behavior in the QED cavity array, we
use a time dependent variational approach. Basic equations for the wave packet parameters
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and their general properties are established in Sec. 4. The main results of the paper are
given in Sec. 5 and relay to investigation of 1D lattice polariton wave packet dynamical
regimes. In Sec. 6 we propose a novel algorithm of storing of optical information by
using lattice polariton solitons. In the conclusion, we summarize the results obtained. In
the Appendix we discuss realistic properties of cavity-QED array parameters for two-level
rubidium atoms chosen as a qubit system and interacting with an optical field.

2. Qubit-light interaction model

i

X

—

Fig. 1. Schematic for the proposed 1D cavity QED arrays, where each
cavity contains an ensemble of two-level systems (TLS) — qubits. Parameter
d represents the size of the cavity, &, is characteristic spatial scale of the
optical field localization. The shaded region in the center of each cavity
depicts the TLS wave function of scale o,. In the paper we assume
that o, < & < d

We consider a one-dimensional (1D) array of small (microscale) cavities, each con-
taining an ensemble of small but macroscopic number N, of interacting two-level systems
(TLS) - qubits, see Fig. 1. The total Hamiltonian H for the qubit-light coupled system in
Fig. 1 can be represented as:

H = Hyps + Hpy + Hi, (1)
where Hrps is a quantum field theory Hamiltonian for noninteracting qubits, Hpy is
responsible for the photonic field distribution, and term H;j characterizes the qubit-light

interaction in each cavity. The parts of the total Hamiltonian can be written in the second
quantized form as:

. . A N\ .
fs= Y [ 4 (‘M ! veszs) b;dr, @)
. . A .

_ T =
Hpy = /@ph (— 2 + Vph) Ppndr, (3)
i = I / (1,81, + By ar. (4)

where M,; is a mass ol Iree two-level particles, M, is a mass of trapped photons. In
(2) - (4), quantum field operators @1’2(77), @)172(7:’) (Dpn(7), @;h(F) ) annihilate and create

particles (photons) at position 7 V. (7 = 1,2), and V,, are trapping potentials for TLS
and photons, respectively.
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In general, one can expand atomic (d ;) and photonic (<I>ph) field operators as follows:
() = djnpin (7)., pu(F) =) Un&n (), =12 (5)

where wave functions ¢,, (7), &, (7) are real (Wannier) functions responsible for the
spatial distribution of qubits and photons at n—site. They fulfill a normalization condition
[ (pjm (M) dF = [T2° (&, (7)*d = 1. In the Appendix, we use a variational Gaussian
ansatz approach for estimating ¢;, (), &, () functions.

Annihilation operators a;, and a,, in (5) characterize the dynamical properties of
qubit ensembles (quantum modes) at internal lower (|1)) and upper (|2)) levels, respectively.
Annihilation operator &n in (5) describes the temporal behavior of a photonic mode located
at the nth lattice cavity. Substituting (5) for (2)-(4) one can obtain:

2 M
s =30 Y [ atin = i (s + utinn )] ©
=1 n
M
Hor = 1S [wnntdhin — an (Gdni + 9l ) |, (7
- g
HI = hz \/—F [wIL&J{,n&Zn + d;ndl,nwn} 9 (8)

where N, = al n1n + &;ndg,n is an operator of a total number of TLS at nth lattice cell.

()

Frequencies wy;’ , wy,, pn and hopping constants 3;,, o, look like:

2
w7(zj) = %/ (2;}% (ﬁ%',n) + @5, nV;(xt ¥, n> dr, 9
1 oo -
Wn,ph = ﬁ/ <2Mat (an) + gnvphgn) dT, (10)
=1 [ (=i Voimrs + Vi) 7, (1)
jn A 2Mat 7m 7m+1 90]n ext Pj,n+1
1 h
Qp = —?_L/ [QM an v§n+1 +&n phfn+1] dr, (12)
g= H/ﬁn%,n%,ndﬁ (13)

Thereafter, we assume for simplicity that all cavities are identical to each other and
contain the same average number N = (N,) of qubits. In this case, it is convenient to
suppose that functions ¢;,, () are identical for all n, that is ;. () = ¢; 1 (7).

Parameter «,, = a in (12) describes overlapping of the optical field for nearest-
neighbor cavities. Coupling coefficients 3;, = f; in (11) are hopping constants for qubits
in the 1D lattice structure.

3. Polaritons in the cavity array

Now, we use the Schwinger representation to describe a matter-field interaction and
introduce TLS excitation operators S+ n = ag 201, S_ = CLLnagn and population imbal-

ance operator SZ,n = % (ag w2y — aina17n>. Then, we map the operators onto the atomic
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excitation operators bn, ¢L applying the so-called Holstein—Primakolf transformation:

S+ n — éiz \/ N — éjz(gm S’f,n = \/ N — éizén&m gz,n = é;&n - N/2 (14)

[t is worth noting that atomic excitation operators O g%L obey usual bosonic
commutation relations [gzgn,qgjn} = Omn. Strictly speaking, it is possible to treat the
operators a,, and as, describing particles at lower and upper levels respectively, as a;, ~
VN — &b el [19].

Thus, if number N at each cavity is macroscopic, but not so large, one can keep

all the terms in expansion of a;,. In this limit, for Hamiltonian H = ]f[L + ﬁc + ﬁNL, we
obtain the following:

Ho = =hY" |8l dnsr + atliis + HC (16)
Tor — 9 (Dot d2
==} 5 (didhdn + 1)) (17)
where we have introduced new parameters Wy, = w,(f) (1) +2B1 0, B = Pa.
Let us introduce lattice polariton operators as follows
él,n = nqjjn + Cnﬂgna éQ,n = Xn&n - Cn'J}na (18)

where X,, and C,, are Hopfield coefficients defined as:

¥ 1 5 1/2
(5)- (e tr)” 0

In Eq. (19), 6, = wy ph — @12 is a qubit-light field detuning chosen at each cavity.
Note that parameters X, and C,, are considered equivalent for all cavities (sites n), as-
suming that X = X,, and C' = C,,. This approach implies equal qubit-light detuning § = 4,
for all cavities as well.

Operators él,n and =, in (18) characterize two types of Bose-quasiparticles, i.e.
upper and lower branch polaritons occurring at each site of the lattice due to the matter—
field interaction. At the low den31ty limit, Egs. (18) and (19) represent the exact solution
that diagonalizes a linear part H, of the total Hamiltonian H.

At equilibrium, the lowest polariton branch is much more heavily populated. Here,
we use a mean-field approach to replace the corresponding polariton field operator =, with

its average value <én>, which simply characterizes the LB polariton wave function at the
nth cavity. For further processing, we introduce the nth normalized polariton amplitude
as v, = <_n> /\/ pol, Where Ny =" <§Lén> is the total number of LB polaritons at

the array. Under this approach, substituting (18) for (15)—(17) and keeping LB polariton
terms only, we arrive at:

M
1
H=h)_ [QLB W, |* = Qp (U2, + C.C.) + 5 W, (20)
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where we have introduced characteristic frequency g, polariton tunneling rate (2 and
interaction strength 2; as follows:

1 R Npo
Qup = 2 (@12 + Wn,ph — V0% + 492) Qe =pX"+al% = 2gCX3Tp1' @D

Actually, in the limit of negative and large qubit-light field detuning chosen as |J| >
g, 0 <0 (X >~g/|d],C ~1), the LB polaritons behave as photons, i.e. =5, ~v,. Thus,
we can represent the frequency parameters as Qg ~ wpn, Q1 = a, g = 2Npolg4/N |5\3.

In another limit, we can take [0 > ¢, § > 0 (X ~ 1, C' ~ ¢g/§ ) and then LB
polaritons behave as excited atoms, i.e. =3, ~ ¢,. We readily find for the coelficients

~ 2 292 Npol
g ~ W1, Q1 = B+ ak, Q= 5.

4. Time-dependent variational approach

To analyze different regimes of polaritons in the lattice, we study the dynamical
evolution of in-site Gaussian shape wave packet, which we represent as:

@ XWF e x@) + z@ (z — X(1))?

v,=  Nexp NOE

, (22)

where X (¢) and I'(¢) are a time dependent center and a width of the wave packet, respec-
tively, k(t) is momentum and 6 (¢) is curvature, N = (\/ﬁ/\/EF(t))l/2 is a normalization
constant (the wave packet amplitude). Lattice coordinate x relays to the number of sites

(cavities) n as x = nd. The wave packet dynamical evolution can be obtained in accordance
with a variational principle from the Lagrangian density:

M .
1 LoV, ovr N 1
L= hzn: {5 (xpn el ) —Qup [0, + Qp (V30,4 +C.C) — il |\11n|4] .
(23)

B Plugging Eq. (22) into Eq. (23), it is possible to calculate the effective Lagrangian
L by averaging the Lagrangian density (23), as

_ . or Od
L= EX — —— + 29 o
h [ 3 + 2Qr cos (kd) e WG

where we gave the following denotation o = 24 4 & Noting that Eq. (24) is valid
when parameter I'd is not too small, that is I'd > 1, cf. [17,18].

Using Lagrangian (24), one can obtain the following variational equations for the
canonically conjugate polariton wave packet parameters:

, (24)

; - : R A h (4 9 20d
k=0, X =2dQrsin(kd)e F:W’ sz(ﬁ—ﬁ)—l—ﬁrg. (25)
In Eq. (25), we also introduced an effective polariton mass in the lattice
2
M = 1 0°H _ MexMph (26)

TR T mal? 4 mp X

for which we use the definition of photon my;, = he” sec (kd)/2d*« and qubit exciton me, =
he? sec (kd) /2d?3 masses in the lattice respectively. In Eq. (26) H is the Hamiltonian for
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the system (25) that looks like:
h? h&hd
FEVERE e
Using Eq. (26) for the group velocity of a polariton wave packet one can obtain
_10H . htan(kd)
K T S T

The first equation in (25) implies that the momentum of a polariton wave packet is
preserved in time, i.e. k(t)|,_, = ko. Hence, we are able to consider the properties of a
polariton wave packet by fixing initial value of momentum k. For a small momentum such
as kd < 1, which is typically associated with the middle area of the Brillouin zone from
Egs. (26) and (28), one can obtain a convenient result for the polariton group velocity,
that is v, ~ A’Z—k where M* ~ he® /2d*Q)r.

In this paper, we are interested mainly in the polaritons with large and negative
effective mass M*. Practically, in this case we anticipate slow soliton regimes for a
polariton wave packet spreading in the lattice.

The maximal negative polariton mass M; = —he’/2d*Qr can be obtained at
cos (kd) = —1 that corresponds to the edge of the Brillouin zone, cf. [19]. Obviously,
the group velocity of a polariton wave packet vanishes, i.e. v, = 0.

For further analysis, it is also fruitful to rewrite Eq. (25) introducing dimensionless
variables p = kd, ¢ = X/d, v =T/d and n = 6d?. In this case, the set of Eq. (25) takes
the form of:

H— (27)

(28)

émwmsin)e”, 4= 20 o (Sop) 4 2 (29)
where t — /2 |Qr| and m* = 2|Qr| d*M*/h are dimensionless time coordinate and polari-
ton mass, respectively, wr = sgn (Qr), wr = Q/ (4/7 |u]).

Phase diagrams for various dynamical regimes are determined by the property of
polariton mass m* and by the sign of Hamiltonian H that is supposed to be a conserved
quantity. In particular, at m* > 0 a polariton wave packet exhibits diffusive and seli-
trapping regimes for which v — oo, n — 0 and v — const, n — oo at large, and in the
limit case — at infinite, time scales (t — o0), respectively.

A phase diagram of a polariton wave packet is richer in the case of a negative
polariton mass, i.e. at m* < 0. In this case, the sign of the Hamiltonian function H
becomes important, and in dimensionless coordinates, it looks like:

H = —wycos(p)e? + = (30)
g

The transition between different regimes occurs at H = Hy =0, which implies
cos (p) ~ 0; we denote Hy as the initial value of Hamiltonian H which is, obviously, a
conserved quantity in the absence of dissipation.

A physically important bound state for our problem occurs in the domain of negative
polariton mass (m* < 0) and this can be associated with the soliton formation for a
polariton wave packet. The polariton (bright) soliton wave packet propagates with the

initial width vy =~ (t =0), mass m* =mj <0 and velocity v, = —tan (py)/|mg| being
unchanged in time. The mass of a soliton wave packet can be found from:
1
— = wrcos (p) e 7. (31)

myg
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Strictly speaking, Eq. (31) defines a characteristic domain of the allowed wave
packet momentum where solitonic regime can be achieved. In particular, this domain is
determined by characteristic values of the polariton momentum which obeys the inequality
cos(p) < 0 that corresponds to the physical situation described in [17] for atomic BEC
lattice solitons.

5. Polariton wave packet dynamics

For further analysis, it is much better to regard special cases which reflect physical
features of polaritons in the lattice. In Fig. 2, we build a phase diagram for various
dynamical regimes of the polariton wave packet formation in the lattice. In particular,
according to our analysis of Egs. (29)-(31), we deal with only two domains defined for
cos (pg) > 0 and cos (py) < 0 respectively. To be more specific, we suppose that Qp > 0,
i.e. wr = 1.

In Fig. 2a, we plotted trajectories in the v — n plane which are relevant to the
area where cos(pg) > 0. Such trajectories can be found by using the equation for energy
conservation, i. e. H = Hy which implies that:

2 72 cos(po) 1\?
=5 (e [Eme-) .

From (32), when Hy > 0, we can obtain the maximal the value of the wave packet
width ymax = 7 for which a seli-trapping regime is realized. Actually, in this case,

polariton group velocity v, and elfective mass m* are limited by the value v, ~ % with

1
272 ax

mass m* = sec (pg) exp {%2“%8""2 + } respectively.
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Fig. 2. (a) - Dynamical phase diagram in § — cos(py) plane, and, (b) -
relevant Hamiltonian contour for d = 4um. Initial conditions are: 7y = 5,
no = 0. The right inset shows the behavior of inverse polariton mass 1/ m}
versus cos (pg). The dashed curve corresponds to the soliton regime and
separates two breathing domains, respectively

Asymptotic properties of the wave packet at infinite time (¢ — oo) for which n > 1
implies that LB polaritons in the cavity array can be [ully stopped, i.e. v, — 0 when the
effective mass goes to infinity, i. e. m* — oo, see Fig. 3a.

Now, let us consider the limit of the negative Hamiltonian, that is Hy < 0. At
long times, i. e. for t > 1 the width is v > 1; the LB polariton wave packet spreads with
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mass m* =~ 1/|Hy| and parameter n ~ %\/2 In [m* cos(po)] = np, that corresponds to the
diffusive regime of polariton wave packet propagation.

In practice, it is more convenient to change atom-light detuning ¢ for tuning
polariton-polariton scattering parameters. In this case, the equation Hy = 0 defines some
critical value é¢ of atom-field detuning for which transition between different regimes oc-
curs — see Fig. 3a. Analytically, it is easy to elucidate a polariton behavior for small
values of the momentum parameter cos(py). In this case, the critical value of ¢ can be
inferred from the equation %! = |cos (po)| e™?. Since the atom-field coupling parameter g
is essentially smaller than the photon tunneling rate « for the appropriate experimental
situation, the equation under discussion permits only negatively defined solutions for 4. In
other words, in this limit, we deal with photon-like polaritons for which modulus of critical

detuning d¢ approaches

4N0 o0 1/3

\60\:( L ) , (33)
2¢/70 |cos (po)| eV

where we suppose that condition g < |J] is satisfied.

Now we suppose that the initial wave packet momentum obeys to a condition
cos (po) < 0, which implies initially negative polariton mass, Fig. 3a. Analysis of different
regimes can be performed by using the initial value of Hamiltonian Hy = | 1*| + 21 which

mq
is certainly positive — see Fig. 3b. By using the energy conservation law Hy, = H, it is
easy to determine if Hy > |cos(pg)|, a wave packet width remains finite and we deal with
localized polariton states, i.e. with self-trapping or breathing regimes. Conversely, the
diffusive regime with v — oo and n = np occurs if Hy < |cos (po)|-
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Fig. 3. Trajectories in the n — v plane for various atom-field detuning ¢ in
the case where (a) — cos(pog) > 0 and, (b) — cos(py) < 0. The initial values
of the wave packet width and curvature are 79 = 5, 19 = 0, respectively.
Other parameters are: d = 4um, cos(py) = 0.5 for (a), and, cos(py) =
—0.2 for (b). In the inset the dependence of § on 7y for cos(py) = —0.2
is plotted. The magnitudes of §/27 beginning with the bottom line in (b)
are: —10GHz, d¢/2m ~ 5.112GHz (bold curve) for solid curves, respectively;
7.1GHz, 10GHz and 18GHz, 23GHz, 27GHz for dashed curves, respectively;
dr/2m =~ 36.138GHz (bold dashed-dotted curve); 60GHz and 200GHz for
dashed-dotted curves, respectively. The black dot in (b) corresponds to the
solitonic regime of wave packet parameters obtained at ds/27 ~ 13.422GHz
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The transition between the discussed physical situations is characterized by the
condition Hy = [cos(pp)|. Thus, polaritons with detuning § < d¢ undergo a diffusive
regime for which we asymptotically have v — oo and n — 0.

[f atom-field detuning belongs to d¢ < § < ds domain, the first breathing regime
can be obtained. The trajectories in n — v space are closed; the effective mass m* (¢) and
7 (t) oscillating in time. The latest one oscillates between the initial value , and the value
yose , that is 42 > ~y. For atom-field detuning chosen from the second breathing region
ds < 6 < Opg, parameters 7 (¢) and 7 (¢) also undergo temporal oscillations. However, in
this case, the width 79% of a polariton wave packet is limited by the initial value o, that
1S Ymin < 0-

Frequencies wpgr12 of small amplitude oscillations of the wave packet width ~ for
the above discussed breathing regimes could be easily found by linearizing Eqgs. (29)

around some average values 7; 5, and have the form:

W ) 1/2
e {8— (i _ 1) lcos(p)] — — (i _ 3) lcos(p)| } , (34)

’Yiz ’Y%,z 7%,2 7%,2
where indexes “1” and “2” are relevant to two types of breathing regimes, respectively.
The dashed curve in Fig. 2a (see also inset to Fig. 3b), which corresponds to
detuning ds and separates two breathing regimes, characterizes bright soliton solution of
Egs. (29) taken for 4y =0, n = 0.
On the other hand, a hali-matter—hali-photon polariton soliton with dg = 0 propa-

ngol'yerO
arccos <—4ﬁaN

Finally, if 6 > Jggr, a polariton seli-trapping regime is established. However, apart
from the case of cos (pg) > 0 in this limit one can obtain v — Y < 70 With n — 0.

gates in the cavity array with momentum pg ~

Fig. 4. Polariton wave packet group velocity v, versus time ¢ for 7y = 5,
cos(pp) = —0.2. Beginning from the top of the figure, §/27 = /27 =~
5.112GHz and vy = v, (t =0) = 2888030m/s (solid curve); 10GHz and
vo = 2150090m/s (upper dashed curve); /27 = ds/2m ~ 13.421GHz and
vo = 1630070m/s (dotted line); 23GHz and vy = 812925m/s (lower dashed
curve); §/2m = dpr/2m ~ 36.138GHz and vy = 387474m/s (dashed-dotted
bold curve); 60GHz and vy = 152560m /s (dashed-dotted curve)

Figure 4 demonstrates typical temporal dynamics of the wave packet group velocity
v, in the discussed case. For detuning § < ¢, we deal with the diffusive regime for which
a group velocity tends to the constant value v, ~ sin (py) asymptotically. On the other
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hand, a group velocity oscillates in time within the window ¢ < § < dpr (small-amplitude
oscillations of the group velocity are shown in the inset in Fig. 4). For § > dggr, i.e.
for a self-trapping regime, v, rapidly vanishes and goes to zero. The soliton regime is
established for atom-field detuning § = ds and is obviously characterized by a constant
value of the group velocity — dotted line in Fig. 4.

6. Physical algorithm of storing of photonic information

Different regimes obtained in the paper enable us to use them for the quantum
optical information storage with the help of LB polariton solitons. As an example, here
we establish a physical protocol of optical information storage by using specific points A
and B in the phase diagram represented in Fig. 2, these points corresponding to polariton
soliton formation. Physical principles of our protocol are established in Fig. 5. The protocol
is based on the manipulation with a group velocity of photonic field (polariton mass) in
the cavity array which has been discussed in detail in Sec. 4. In particular, at the first
(writing) stage a photonic wave packet should enter a cavity array completely. In this
case, LB polaritons are photon-like (2, o t,) with mass M* =~ m,,. Initially, soliton

parameters that correspond to point A in Fig. 2a were given by the values cos <p8h> =

—0.01, 0 = dpn = —2m x 12.763GHz, respectively. Then, we should switch atom-filed
detuning to magnitude 6 = d,x ~ 27 x 70.328GHz and choose LB polariton momentum
as cos(pg') = —1 for mapping optical information into coherent matter excitations. This
situation is displayed in Fig. 2 by moving across the solitonic phase boundary toward point
B that corresponds to matter-like LB polaritons (23, o« ¢,) with the mass M* ~ mey
posing low enough group velocity — see Fig. 4.

At the last stage the original wave packet can be reconstructed at the entrance of
the cavity array. The time interval g corresponds to the restoration of optical information
by using the process which is reversed with respect to detuning § and momentum p,. In
the ideal case, we should obtain the same, photon-like polariton soliton wave packet as a
result — see Fig. 5.

However, in the real world all time intervals characterizing writing, storing and
retrieving stages for quantum memory purposes strictly depend on dissipation and deco-
herence effects with a coupled qubit-light system in the cavity array. The specifics of
these effects that leads to diminishing quantum optical information storage fidelity de-
pends on the peculiarities of a concrete realization of the system represented in Fig. 1.
This important question requires separate analysis and this will be discussed elsewhere.

7. Conclusion

In this work, we consider the problem of lattice polariton soliton formation in the
array of weakly coupled qubit ensembles interacting with the quantized photonic field in
a tunnel-coupled cavity array — 1D lattice structure. Such cavities can be designed by
using photonic crystal structures with the defects posing small (micro-scale) spatial sizes.
We have demonstrated that this feature plays an essential role in the consideration of
fundamental tunneling processes between cavities at different spatial scales. In particular,
we focus on LB polariton wave packet properties obtained in the limit of strong qubit-
light coupling condition and under the low temperatures when the upper polariton branch
population can be neglected. We have shown that polariton wave packet exhibits four
different dynamical regimes. First, there is a diffusive regime for which a polariton wave
packet extends representing approximately a half matter—half photon quasi-particle state.
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Fig. 5. Coherent spatio-temporal evolution of (a) — photonic (WQ) and, (b)
— atomic excitation (|¢|2) components of the LB bright polariton soliton wave
packet propagating in 1D cavity array (cavities are shown as bold points in
x direction). The manipulation in time is realized by using scaled detuning
0 and momentum py, respectively, shown in (c) and, by group velocity — (d).
Axes are taken in arbitrary units

The second regime corresponds to intrinsically localized polaritonic modes; this is the so-
called breathing regime when a wave packet moves with an oscillating width. Third, we
deduce a self-trapping regime when a matter-like polariton wave packet can be stopped and
localized within a few cavities only. Finally, we elucidate the regime of bright polariton
soliton formation that corresponds to the propagation of the polariton wave packet in the
lattice with constant velocity and its shape unchanged. One of the important features
of the solitonic regime being under discussion is connected with the fact that it may be
formed for both photon-like and matter-like domains of a coupled qubit-light system in
the cavity array. Such a property of polariton solitons in our problem seems to be very
attractive for the storage of quantum optical information.

In this paper we suggest a new physical algorithm for quantum optical memory
which is based on the transformation and manipulation by polariton solitons in the cavity
array. Although we do not examine any dissipation and quantum decoherence effects for
a coupled qubit-light system considered in the paper, we hope that our approach opens
new perspectives for quantum information processing with the help of polariton solitons
containing a small particle number. Here, we would like to represent some arguments in
favor of our point of view.

Obviously, the quantum optical information can be stored within the time interval
that in practice depends on the qubit decoherence time and quality factor of a cavity array.
One can expect that for the qubits based on the semiconductor QDs cavity QED array it is
possible to achieve the storage time within tens of picoseconds domain with high enough
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fidelity, [25]. Conversely, if we use two-level ultracold atoms, or NV-centers in diamonds
as qubits we can operate with a memory device within tens of nanoseconds or more [26].

Second, our protocol of the optical information storage with the help of soliton
states posses some important advantages with respect to other methods, which are based
on the quantum information storage of operating other Gaussian-type optical pulses. In
particular, solitons seem to be much more robust to small perturbations. Even in the
presence of small dissipation and decoherence effects, it is possible to operate with a
soliton-like shape, preserving wave packets in accordance with perturbation approach for
polariton solitons, cf. [20].

Third, if dissipation and decoherence effects become significant, we hope that it
will be possible to find some solitonic regimes for pulse propagation that corresponds
to dissipation solitons. In this limit, solitons are formed due to some additional optical
pumping. Quantum properties of such solitons and the fragility of their quantum states
against decoherence and dissipation effects, which seem very important, especially for
quantum optical information memory devices, can be optimized by using non-classical
states for a pumping field, cf. [27].

Appendix: Estimation of tunneling coefficients for atomic system

Here, we discuss properties of parameters (11), (12) for the cavity-QED array
containing two-level atoms as a qubit system. To be more specific, we consider ultracold
two-level rubidium atoms with resonance frequency wis / 2m = 382THz that corresponds
to mean weighted rubidium D-lines. To get a variational estimate for the tunneling
coefficients mentioned above, we assume that the Wannier wave functions for atomic and
photonic parts localized at the jth cavity may be approached by (cf. [28]):

—(z—zn)? 7(‘1’;22Z2) —(z—=n)? 7(y2+z2
o

win (T) = Cje I & () = Cee 23 e 27 (A.1)

where C; = (7r3/2017j0]2«)_1/2 (G =1,2), C = (7r3/2§x£2)_1/2 are relevant normalization
constants. Taking into account the realistic values of variational parameters o, ;, o; and
&, &, which are widths of atomic and photonic wave functions, respectively, we assume

that:
0.4 <<0'j, fx <<f (AQ)

Here, we also propose some trapping of the atoms in the cavity. In the simplest
case, we can choose harmonic trapping potentials Vi, = Vipt + Vin With components:
Vi = 5 (g + b (7 2) . Vops = sBinsin? (ba) ~ 2242 (2 = 2)* . (A
where Er = h%k?/2M,; is recoil energy, s = Vy/ER is a dimensionless parameter which
denotes the lattice depth. We take a cylindrically symmetric trap potential with charac-
teristic axial and radial frequencies wmag, and wmag, 1 respectively. We suppose that the
minima of the 1D periodic potential (A.3) are located at the centers z,, = nd of nth cavity,
i e w,= (ZSERkQ/Mat)l/Q. For the typical values of trapping Irequencies wyag, and wy,
it is possible to obtain w, > wmag e, cl, [28]. Aflter substituting (A.1), for (11), (12) and
taking into account (A.2), for the atomic tunneling rate § we obtain:

a2 2 M2 —d? 2
R E) e ()
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In the experimental situation the second term in (A.4) is essentially smaller than
a2

h o102 (1 — %) The atomic tunneling

AMaio2
rate (3 is positive if the cavity effective size is d > V20, ~ 1.4140,. The latest one (o) is
typically few hundred nanometers in real experiments [18].

A calculation of the photon tunneling rate o between the cavities can be given in
the same way. In particular, we obtain:

h _ a2 d?
=———¢ ¥ [1——|. A5
T < 253) 4
Since M, > M, the relation || > |f] is fulfilled for the relevant tunneling rates
and we can assume that Qp ~ aC? in Eq. (21).

the first one. Thus, we can assume that § ~ —
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