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Abstract

We investigate the quantification of entanglement between the photonic and excitonic modes in a
semiconductor microcavity injected with squeezed light. By deriving and subsequently establishing
the solutions to the quantum Langevin equations, we quantify the transient entanglement and the
steady-state entanglement between the photonic and excitonic modes in the low-excitation regime.
It turns out that the cavity mode and the exciton mode are entangled in both the weak and strong
coupling regimes, and there is the entanglement between the cavity mode and the exciton mode even in
the absence of direct coupling between them. Furthermore, though the transit entanglement increases
with the squeeze parameter, it decreases with the initial average intensity of the cavity mode. Also, we
demonstrate that, in the strong coupling regime, the steady-state entanglement grows with coupling
strength while, in the weak coupling regime, it decreases.
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1. Introduction

Extensive researches have been carried out to quantify the photon—photon entanglement in the past
few years [1-5]. This is because the entanglement between two field modes has been widely utilized
in basic tests of quantum physics [6] and in quantum information processing [7]. Several models have
been developed for the generation of photon—photon entanglement in the last few years; one of the
most common schemes is the correlated emission laser [8-10]. For instance, the entanglement between
the field modes due to a correlated emission laser and the coherence induced through the coherent
superposition of the top and ground levels of the injected atoms has been investigated in [3], taking into
consideration the environment-induced decoherence. Subsequently, such schemes as three-level and four-
level quantum beat lasers were introduced because of the coherence provided by the external coherent
field [11,12]. Entanglement occurs not only between the field modes; the matter modes can also be
the source of entangled states [13—-15], which are employed to store and locally manipulate quantum
information in continuous-variable quantum networks. In addition, these systems are not susceptible to
the environmental degrees of freedom that cause the phenomenon of decoherence.

Recently, different candidates have been introduced for manipulating and storing quantum informa-
tion. Semiconductor cavity quantum electrodynamics (QED) is one of the most interesting fields of
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research, with both practical applications and fundamental implications [16-19]. In regard to the basic
features, semiconductor cavity QED provides a platform for studying the interaction between the exciton
and confined photon in optical cavities, and, in the realm of practical application, semiconductor cavity
QED offers the potential to create optical devices with unique properties for quantum computing [20,21].
In a semiconductor microcavity, the Coulomb interaction between the hole in the valence band and the
excited electron in the conduction band creates an exciton. This interaction is strongly coupled with the
electromagnetic field in the cavity, forming the cavity polariton.

The squeezing properties of the excitonic mode in a microcavity with a quantum well and injected
with squeezed light were presented in [22,23]. The squeezing of the excitonic mode grows with increase
in the squeeze parameter. The nonclassical features of the fluorescent light generated by a quantum
well in a microcavity with a nonlinear medium were considered in [24,25]. The authors showed that
the fluorescent light demonstrated squeezing and bunching, with the degree of squeezing depending on
the amplitude of the pump mode. In addition, the entanglement between the photon and exciton in a
semiconductor microcavity containing a quantum well was considered in [26], applying the Wehrl entropy
and the generalized concurrence. The authors showed that strong coupling between the environment and
the system decreased the amount of entanglement.

In this study, we explore the photon—exciton entanglement in a semiconductor microcavity with a
quantum well and the input squeezed light. The considered scheme has attractive applications in quan-
tum information science, such as quantum teleportation, entanglement swapping, and linear quantum
computation. Our study is limited to the weak excitation regime, where the amount of excitons in the
microcavity is very low to ignore the exciton—exciton interaction. Recently, the squeezing and statisti-
cal features of the exciton mode in a semiconductor microcavity driven by external coherent light and
injected with squeezed light have been investigated in [27], where the authors showed that the exciton-
mode squeezing relied on the exciton—photon detuning. Moreover, the intensity and squeezing spectra of
a hybrid optomechanical system with an optical cavity containing a quantum well were studied in [28] by
applying the solutions to the quantum Langevin equations; the authors showed that the input squeezed
light influenced the intensity spectrum in the hybrid resonance regime.

Unlike the previous studies, where the emphasis was on statistical and squeezing properties, in our
study here, we devote ourselves to investigating the photon—exciton entanglement in a microcavity with
a quantum well coupled to a broadband squeezed vacuum. We demonstrate to what extent the tran-
sient entanglement and steady-state entanglement of the photon—exciton modes depend on the system
variables, using the the Duan—Giedke—Cirac—Zoller (DGCZ) criterion [29] and the logarithmic negati-
vity (LG) [30-32]. We apply the solutions to the quantum Langevin equations for the field and exciton
modes to study the steady-state entanglement as well as transient entanglement between the cavity mode
and excitonic mode.

2. Model and Master Equation

We consider a microcavity made of two Brag reflecting mir-
rors with a quantum well coupled to a single-mode squeezed One mode
vacuum reservoir; see Fig. 1. In order to excite an electron in squeezed
the conduction band, the input squeezed light interacts with light source
the quantum well. This results in a hole in the valence band

. . . Fig. 1. Sch f duct -
and the creation of an exciton, when the hole in the valence '8 cheme of a semiconductor micro

cavity containing a quantum well and cou-
pled to broadband squeezed light.
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band interacts with the electron in the conduction band.

The Hamiltonian of the system under study is given by

Hy = Naday +ig(alag — aral), (1)

where a; (d{) and as (d;) are the annihilation (creation) operators for the field mode and the exciton
mode, respectively, g is coupling strength between the field mode and the exciton mode, and A" = w, —w;
also, we (wp) represents the exciton (photon) frequency.

The master equation for the scheme under investigation, with the damping of the microwave mode
by broadband squeezed light and the excitonic mode by a vacuum reservoir, has the form

dp

o = A agazyp]+g[a§a2—ala;pHy[NH](?alpaI—aialp—paial)
1 o ot » A D an o ROV
+52N(2 1pay — aralp — paral) + o M(2a1par — a3p— pad + 2alpal —al’p— pal?)
o+ (sl — abasp — pabaz), (2)

where ¢ is decay rate of the field mode, « is the dissipation rate of the exciton by the spontaneous
emission, N = sinh?(r), and M = cosh(r)sinh(r), with 7 being the parameter defining the squeezed
light.

Taking into account the master equation, we determine the Langevin equations; they read

d . ”, R B

%al = _§a1 + gas + f1(1), (3)
d . ) . . 2

%CQ = - <1A' + %) as — gay + fa(t), (4)

where fi (t) is the reservoir noise operator for the cavity mode, which has the following non-vanishing
correlation functions:

(LOAE)) = (@) ) = seMét — 1), (5)
(L&) FL () = 5(N +1)8(t - t'), (O f(E) = No(t —t'). (6)

The operator fg (t) denotes the noise operator characterizing the coupling of the exciton mode with the
vacuum reservoir; it has the following non-vanishing correlation function:

(&) fL () = ot — 1), (7)

In this work, we are interested in the situation, where the cavity decay rate is equal to the exciton
dissipation rate through the spontaneous emission, and the cavity mode frequency coincides with the
exciton mode frequency. Thus, in view of these considerations and the assumption that » = vy =1T", we
can combine Egs. (3) and (4) and arrive at

%iﬁi = —Agdg + fe(t), (8)

where r
L = @y + id, e =5 £ig, Fe() = fi(t) £ifa(t). (9)

>
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Thus, the formal solution to Eq. (8) reads

Za(t) = 24(0)e Mt 4 / t e M) £y di (10)
0

Now applying Egs. (9) and (10), we can establish the following relations:

(1) = F(0)in(0) + G(1)aa(0 >+/t RO @+ [ G- R @ ()
as(t) = —G(1)in (0) + / Gt — ) Fi(F) dt + /0 R Vo) (12)

where
F(t) = cos(gt)e /2 and G(t) = sin(gt)e /2, (13)

3. Solutions of the Cavity Mode Operator and the Exciton Mode
Operator

Here, we seek to determine the average values of different products of the field mode operators and
the exciton mode operators by applying the fundamental equations, which appear in Egs. (11) and (12).
To this end, making use of these equations and based on the assumption that the field and the exciton
modes are initially in Fock states, along with the information that the field mode operator and the exciton
mode operator are not correlated with their corresponding Langevin noise forces at the initial time, we
can write that

(14)

Then, using the correlation functions for the cavity and exciton Langevin noise operators and carrying
out the integration, we readily arrive at

(a1(t)as(t)) = 2(1;1;]\1[92) (29 — 2g cos(2gt)e Tt — Fsin(2gt)e_rt) . (15)

One can calculate the following relations by applying the same techniques:

N
(@b (Das(t)) = sin®(gt)e  tn, + cos?(gt)e  in, + 5% 1 4g)
X (4g2(1 —e 1) —T2e T 4 T2 cos(2gt)e Tt — 29T sin(QQt)e_Ft) , (16)
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2 M

. _ 2 —Tt 2 Tt | 12 Tt . Tt
(a5(t)) = g 1 T9) (4°(1 — e ") —=T?e " + T cos(2gt)e ' — 2¢T sin(2gt)e "), (17)
I'N
<fl1&£> = —cos(gt)sin(gt)e M (ne + 1) + sin(gt) cos(gt)e T (ne +1) — T2+ 4g7)
x (29 — 2gcos(2gt)e " — T'sin(2gt)e "), (18)
I'N
<&J{&2> = —cos(gt)sin(gt)e ' n, + sin(gt) cos(gt)e 1 in, — (T2 1 4g7)
x (29 — 2gcos(2gt)e " — T'sin(2gt)e "), (19)
N
(@ ®a(t)) = sin®(gt)e Mne + cos®(gt)e ne + ST 1 ig7)
x (4g%(1 — e M) + T%(2 — e 1) — T? cos(2gt)e " + 2gT sin(2gt)e "), (20)
R M _ _ _ . _
(@2(t)) = g 119 (492(1 —e T 4+ T2(2 — e 1) — T2 cos(2gt)e 1t + 2¢T" sin(2gt)e Ft) ,

(21)

where n. and n. are the initial average intensity of the field mode and the exciton mode.

4. Entanglement between the Cavity Mode and the Exciton Mode

In this section, we investigate the field—exciton entanglement in a microcavity containing a quantum
well. Entanglement is a unique feature of a composite system, where a measurement done in one sub-
system of the composite system influences the quantum state of the other subsystem. The detection of
entanglement between the field modes emitted by correlated emission laser [3,5,33] and quantum beat
laser [12,16] have been intensively investigated by several authors. They showed the existence of the
entanglement between the cavity modes in a correlated emission laser, and the bipartite entanglement
depended on the rate of atomic injection. To quantify the bipartite entanglement between the photon and
the exciton, we employ the Duan-Giedke-Cirac—Zoller (DGCZ) criterion and the logarithmic negativity.

4.1. DGCZ Criterion

Here, we consider the DGCZ entanglement criterion to quantify the field-exciton entanglement in a
semiconductor microcavity. Within the DGCZ criterion, the condition for the field mode and the exciton
mode to be entangled takes place if the variances of any two operators § and ¢ of the field mode and the
exciton mode obey the following relation:

(A3)? + (A1)? < 2, (22)
with . A )
G— wa\%ﬂb‘b7 P pakpb’ (23)
while the operators o
T N R LR (24)
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are the quadrature fluctuating operators for the field mode and the exciton mode. In view of Egs. (23)
and (24), we obtain

(A8 + (AD? = 2|1+ (alay) + (alag) + (aldy) + (arad)

4.1.1. Transient Entanglement

Thus, using Eqgs. (15)—(21), one can easily rewrite Eq. (25) as follows:

. —r 1 L(e 2" —1)
2\2 2 _ 201 _ Tt 201 _ Tty
(A3)" + (At)* =2 (8g*(1—e ") +2I%(1—e ")) 21 iy

e
1 -
T om g

x (29 — 2gcos(2gt)e " — T'sin(2gt)e ") + e M (ne + ne) + 2sin(gt) cos(gt)e " (ne — ne) |- (26)

From this expression, we see that the field—exciton entanglement is influenced by the injected squeezed
light, the initial average intensity of the field mode, the photon—exciton coupling constant, and other
system parameters. In the following, we present the possible cases for controlling the entanglement
between the photon and the exciton by manipulating the system variables.

As one can see in Figs. 2—4, in spite of the fact 5 - - ' -

that the cavity mode and exciton mode are not en- . rig ]
tangled at the initial moment, transient entangle- I :;0'1 5
ment develops as time passes. The increased entan- 4 —_—— =02 |]

glement between the photon and the exciton in the
microcavity could be seen as the result of their long-
term interaction with one the other. In Figs. 2-4,
we also show that, over time, the amplitude of os-
cillations diminishes and eventually reaches a flat
condition at steady state. 2 1Y PRy

W W3- esnntraL S L
ini s DAL . e m == — -
e start by examining the dependence of st ENGL T

e e Y

the photon—exciton entanglement on the input
squeezed light. In Fig. 2, we present the plots of 10 1 2 T't 3 4 5
A&% 4+ Af? as a function of dimensionless time for

) ) Fig. 2. Entanglement measure, Eq. (26), vs T't for g/T" =
various values of the input squeeze parameter; one 5, n, = 0, n, = 1, and values of the squeeze parameter

can see that the photon-exciton entanglement dis- 1 equal to zero (the solid curve), 0.1 (the dashed curve),
appears at the initial moment, irrespective of the 0.15 (the dotted curve), and 0.2 (the dash-dotted curve).

value of the squeeze parameter r, and the entangle-

ment increases with time. However, a considerable degree of entanglement is realized between the photon
and the exciton over a longer period of time in the presence of the input squeezed light. For r = 0,
there is no field—exciton entanglement in the entire time interval; this demonstrates that the injected
squeezed vacuum is the source of quantum correlation between the field mode and the exciton mode.
We also see that the transient bipartite entanglement between the photon and the exciton grows with
the injected squeeze parameter, and the field mode and exciton mode are not entangled for all the time,
when the field mode is coupled to a vacuum reservoir. This is because the input squeezed field, not the
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Fig. 3. Entanglement measure, Eq. (26), vs I't for g/T' = Fig. 4. Entanglement measure As? + At?, Eq. (26), vs
2, r =0.1, ne = 1, and values of the initial average field Tt for r = 0.4, n =0, fie = 1, and values of g/T" equal to
photons n. equal to 0 (the solid curve), 1 (the dashed 1.5 (the solid curve), 1.75 (the dashed curve), and 2 (the
curve), and 2 (the dotted curve). dotted curve).

vacuum reservoir, adds quantum coherence to the system, which leads to the creation of field—exciton
entanglement.

We are also interested in studying the influence of the initial average intensity of the cavity mode on
the entanglement evolution between the cavity mode and the matter mode. In Fig. 3, we present the
entanglement measure as a function of dimensionless time for different values of the initial intensity of
the cavity mode. The field mode and the exciton mode start to entangle first without the initial average
photons, and entanglement formation between the photon and the exciton starts for I't > 2, when the
initial average photons are present.

In Fig. 3, we also observe that the field—exciton entanglement shows oscillatory behavior for n, = 0
and n. = 2, but the oscillatory nature disappears for n. = 1. This can be understood as the oscillatory
nature of the entanglement measure vanishes for n. = n, = 1. This is because there is no transfer of
energy between the field mode and the exciton mode. Also, for n. = 2, the photon—exciton entanglement
is above the curve n. = 1, while for n. = 0, it is below this curve. The effect of the initial average photons
is significant at the initial moment, and the influence of the initial average photons on the entanglement
decreases as time passes; this is due to the damping of these initial photons via one of the port mirrors.

In Fig. 4, we show the dynamical nature of the entanglement between the cavity mode and the exciton
mode for various values of g/I"; we see that the field—exciton entanglement depends on the field—exciton
coupling constant. At the initial moment, the field—exciton entanglement grows with increase in the
cavity—exciton coupling constant. With a further increase in time, the entanglement decreases with the
field—exciton coupling constant for a small interval of time. In the extended time frame, the entanglement
increases with the cavity—exciton coupling constant. Moreover, as the field—exciton coupling strength
increases, the entanglement function shows more oscillatory behavior. This is because an increase in
the photon—exciton coupling strength leads to a fast transfer of energy between the field mode and the
exciton mode. This, in turn, leads to increase in the Rabi frequency. Also, we observe that this increase
in the field—exciton mode interaction is the reason for the generation and loss of entanglement for large

g/T.
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4.1.2. Steady-State Entanglement

Within the extended time frame, the entanglement between the cavity mode and the exciton mode
becomes constant, showing the existence of steady-state entanglement. Here, we investigate the influence
of the injected squeezed light on the steady-state entanglement between the cavity mode and the exciton
mode. To this end, the steady-state entanglement is found to be
e —1)(4g®> +T?%) 29I'(e™?" —1)

I'2 + 442 o I24 4¢2

Here, it is essential to consider two cases: the first

(A5 4 (AB)2 =2 |1+ (

(27)

case is the condition, in which the cavity—exciton 19 I I I
coupling strength is much smaller than the dissipa- 18

tion rates, g < I' (weak coupling regime) while, in

the second case, the cavity—exciton coupling con- o~ 17

stant is much greater than the dissipation rates, <>]

g > T (strong coupling regime). To examine the ef- F e

fect of the input squeezed light on the steady-state é’

field—exciton entanglement, we present in Fig. 5 the 15

entanglement measure As?+ At? versus g/I" for va-

rious values of the injected squeeze parameter. It is 14

clear, from Fig. 5, that there is the photon—exciton

entanglement in the first case; this is because the 13, 05 1 /T 15 >

cavity is coupled to a broad-band squeezed light,
and the injected squeezed light can be the cause of
the photon—exciton entanglement in the weak cou-
pling regime. Also, it is not difficult to see that,
for a fixed value of the injected squeeze parameter
r, the amount of entanglement rapidly decreases with increase in ¢g/T" in the weak coupling regime and
reaches the minimum for a certain value of g/I', irrespective of the values of the squeeze parameter.
This demonstrates that the external quantum coherence of the injected squeezed light decreases as the
interaction between the photon and the exciton increases. A further increase in g/T" results in increase in
the amount of entanglement between the field mode and the exciton mode in the strong coupling regime.

Fig. 5. Entanglement measure As? + At?, Eq. (27),
vs g/I' for the squeeze parameter r equal to 0.1 (the
solid curve), 0.18 (the dashed curve), and 0.2 (the dashed
curve).

4.2. Logarithmic Negativity

We can also quantify bipartite entanglement by applying the logarithmic negativity defined by the
relation
En = max [0, — logy V5], (28)

where V; = \/ (x — v/x%2 —4det u)/2 is the smallest symplectic eigenvalue p of the partial transposed
correlation matrix of the field mode and the exciton mode, with x = det o4 + detop — 2det o 4. Also,
here, 04 and op denote the field mode and the exciton mode, while 045 denotes the correlation between
the field mode and the exciton mode, and o4, op, and o4p are related to the correlation matrix as

follows:
A 0AB
w= ! T ] . (29)
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The matrix elements of p read

o = 5K X+ X Ko = () (), (30)

where m,n = 1,2, 3,4 and the quadrature fluctuation operators are given by X =a —l—&}, Xy = ,

X3:d2+&;, and X4: ;
exciton mode occurs, when Ey > 1. Thus, in view of Eq. (28), for Ex to be positive, log, Vs must be
negative. This leads to the condition Vs < 1. Hence, the condition Vs < 1 is a sufficient condition for the
cavity mode and the exciton mode to be entangled.

As one can see in Fig. 6, Vs < 1 for all values 0.9
of ¢g/T', and this indicates that the cavity modes
and the exciton modes are entangled in both the
weak and strong coupling regimes. It is also obvi- >u>
ous in Fig. 6, that the generated entanglement de-
cays with the coupling strength until ¢g/I" = 0.28
for » = 0.4 in the weak coupling regime. This 08
feature of the generated entanglement between the
photon and the exciton is also observed in the
DGCZ criterion. Moreover, as one can see in Fig. 6,
the amount of entanglement increases with increase
in the squeeze parameter in the strong coupling 0.7 . . .
regime. In this case, also the entanglement measure "0 0.5 1 g /T 1.5 2
based on the DGCZ and the logarithmic-negativity . . )
criteria shows a compatible outcome. Morcover, we Fig. 6. The smallest eigenvalue V; of the field—exciton

. . modes vs g/v for the squeeze parameter r equal to 0.3

note that, as the input squeeze parameter increases, (the solid curve), 0.35 (the dashed curve), and 0.4 (the
the maximum value of the symplectic eigenvalue gashed curve).
shifts towards the weak coupling regime, i.e., the
value of ¢g/I', at which the minimum entanglement occurs, decreases. It is also revealed that the field—
exciton entanglement are maximum at g/I" = 0 (in the absence of coupling between the field mode and
the exciton mode), regardless of the value of the squeeze parameter. We hope that the cause of this
maximum entanglement of the photon—exciton modes is the externally injected squeezed photons. As
g/T increases from 0 to the point, at which the minimum entanglement occurs, the input squeezed pa-
rameter has a damaging effect on the photon—exciton entanglement. With a further increase in g/I", the

. The condition for the entanglement between the field mode and the

input squeeze parameter has an enhancement effect.

5. Conclusions

In this work, we considered a semiconductor microcavity with a quantum well and input squeezed
light. The transient entanglement and steady-state entanglement between the field mode and the exciton
mode were quantified, in view of the solution to the quantum Langevin equations. It turned out that
the field mode and the exciton mode were not entangled at the initial moment. The entanglement
between the two modes came into existence as time passed. Specifically, the transient photon—exciton
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entanglement appeared first without the initial average photons. Also, we observed that the input
squeezed parameter improved the transient photon—exciton entanglement whereas, in the strong coupling
regime, this entanglement was hurt by the initial mean cavity photons. Moreover, there existed robust
steady-state entanglement between the cavity photon and the semiconductor exciton in the absence of
coupling between them. This was due to the indirect coupling that appeared between the cavity mode
and the semiconductor exciton through their reservoir, despite the absence of a direct coupling between
them. Like the transient entanglement, the steady-state entanglement was also enhanced by the input
squeezed parameter in the strong coupling regime.
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