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Cavity-assisted enhanced and dephasing-immune squeezing in the resonance fluorescence
of a single quantum dot
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We theoretically demonstrate the enhanced and dephasing-immune squeezing in the resonance fluorescence
of a single quantum dot (QD) confined to a pillar microcavity and driven by a continuous wave laser. We employ
a formalism based on polaron master equation theory for incorporating the influence of exciton-phonon coupling
quite accurately in the dot-cavity system. We show a significant enhancement of squeezing due to cavity coupling
of the QD as compared to that of an ideal single two-level system in free space. Particularly, we show a fourfold
enhancement in squeezing as compared to that of a single QD without cavity coupling. We further demonstrate
the persistence of squeezing even when the pure dephasing becomes greater than the radiative decay rate. These
features are attributed to the cavity-enhanced coherence causing partial reduction of the deteriorating effects of
phonon-induced incoherent rates. We also show that the deteriorating effects of phonon-induced incoherent rates
on squeezing can be partially circumvented by properly adjusting the detunings.
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I. INTRODUCTION

The system of a single quantum emitter coupled to the
tailored electromagnetic vacuum modes is of both fundamen-
tal and practical interest due to its novel spectral features.
Tailoring of the ambient electromagnetic modes of a quantum
emitter, by placing it inside a cavity, gives rise to several
practically useful effects such as inhibition and acceleration
of the radiative decay rate of the quantum emitter, vacuum
Rabi splitting, and Mollow triplet [1-4]. Further, fundamental
understanding of such systems has led to the observation
of several intriguing phenomena such as photon antibunch-
ing, entangled photons, and squeezed light. These now serve
as the key building blocks in the development of quantum
technologies ranging from quantum information to quantum
metrology [5—-10]. Particularly, squeezed light is quite use-
ful and essential in quantum metrology for carrying out the
measurements beyond the standard quantum limit [11-13].
Squeezing refers to a possible reduction in the fluctuations
of one of the canonically conjugate variables below the mini-
mum at the expense of enhancing that of the other within the
Heisenberg uncertainty principle. Squeezed light generation
has been demonstrated through the quadratic process and the
Kerr effect in nonlinear systems [14,15], four-wave mixing in
atomic and solid-state systems [16—19], cavity quantum elec-
trodynamics [20,21], Bose-Einstein condensation [22], and
optomechanical systems [23-26]. All these processes depend
upon the quadratic form of the bosonic operators and multi-
photon processes.

It was first predicted in 1981, and later realized experi-
mentally, that squeezing can be obtained through a radically

*parvendral 986 @ gmail.com
Tagni @physics.du.ac.in

2469-9926/2020/102(4)/043715(8)

043715-1

different approach that does not require the quadratic form
of the bosonic operators [27]. It involves the interaction of a
two-level emitter with a resonant light field. This unique form
of squeezing stems from a buildup and survival of steady-
state coherence in the weak excitation regime. Recently such
form of squeezing was observed both experimentally and
theoretically in the resonance fluorescence from a resonantly
excited quantum dot (QD) [28,29]. The achievable degree of
squeezing was found to be quite low because of the limited
coherence generation in the weak excitation regime. Addition-
ally, unlike the real atoms, QDs are unavoidably coupled to the
phonon bath of lattice vibrations, which generally introduces
the phonon-induced dephasing and incoherent scattering of
the exciton states of the QDs [30-36]. These phonon-induced
incoherent processes were also shown to greatly limit the
achievable degree of squeezing by hindering the building up
of exciton coherence. Furthermore, there was no squeezing
obtained whenever the pure dephasing rate of the QD exciton
state becomes comparable to or greater than the radiative
decay rate, which is a quite common scenario in QDs [28].
However, there exist few proposals for enhancing the squeez-
ing either by advantageously harnessing the exciton-phonon
coupling in a very strongly driven single QD [37] or by
emitter-cavity coupling [38].

In this paper, we show that the coupling of a cavity mode
to an appropriately driven QD can facilitate the enhanced
and dephasing-immune squeezing. The numerically calcu-
lated value of squeezing is found to be much greater than
the maximum obtainable squeezing from an ideal two-level
system in free space. We also show a fourfold enhancement
in squeezing as compared to that which is obtained in a
single QD without cavity coupling. It is also shown that a
fair amount of squeezing persists even when the pure dephas-
ing rate exceeds the radiative decay rate. The enhanced and
dephasing-immune squeezing is shown to be facilitated by
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the cavity-enhanced coherence. It is worth mentioning that
we also utilize the cavity coupling advantageously for obtain-
ing the enhanced squeezing similar to Ref. [38]. However,
in contrast, we employ a rigorous theoretical formalism for
incorporating the unavoidable exciton-phonon coupling in a
realistic dot-cavity system at the typical cryogenic tempera-
tures. We further derive a simple and effective polaron master
equation with the analytical forms of various phonon-induced
incoherent rates. This enabled us to explicitly analyze and in
fact to partially reduce the deteriorating effects of phonon-
induced incoherent rates on squeezing by properly adjusting
the detunings. Furthermore, apart from the squeezing in the
fluorescence field, we also demonstrate the squeezing in the
cavity field.

II. THEORETICAL MODEL

A. Model Hamiltonian and polaron transformation

We consider a single self-assembled InGaAs/GaAs QD
embedded in a single-mode pillar microcavity. A single QD
can be modeled as a two-level system with ground and ex-
citon states interacting with a single cavity mode driven by a
continuous wave (cw) laser field. The unavoidable coupling of
the exciton state to the longitudinal acoustic (LA) phonons is
included in our theoretical model for simulating a realistic cw
laser driven QD-cavity system quite accurately. The Hamilto-
nian of the model system describing the interaction of a QD
with LA phonons with the cavity mode excited by the cw laser
field can be written as

hQ
H =HhAy o 6™ + hAgata + 7(G+ +07)

+hglota+do™)+ Z hwqbgbq
q

+oto™ Y hng (bl + by), (1)
q

where A,; = w, — w; represents the detuning of the cw laser
field with respect to the exciton state, A¢ = w, — wy is the
detuning of the laser field with respect to the cavity mode, o™
and o~ describe the creation and annihilation of the exciton
state, 2 = pE /h is the Rabi frequency which quantifies the
coupling strength of the cw laser with the exciton, g is the
dot-cavity coupling strength, b; and b, represent the creation
and annihilation operators for mode g of the phonon bath, and
A4 tepresents the exciton-phonon coupling by means of the
deformation potential.

The exciton-phonon interaction in terms of effective
polaron-renormalized QD-laser and QD-cavity couplings can
be realized by transforming the Hamiltonian [Eq. (1)] to the
polaron frame as H' = e’He ", where P =0"0~ Zq rq/
a)q(b; — by) [39,40]. The polaron-transformed Hamiltonian
in terms of the modified QD-laser system, phonon bath, and
interaction part, respectively, are now given by

H, = i(Ay — Ap)o o™ + iAaa’a+ (B)X,, (2a)

Hy =" hogblb,, (2b)
q

H| = X;&q + Xulu, (2¢)

where X, = ’%Q(GJr +o07)+hglota+a'o), X, =
@(0+ —o7)+ihglcTa—a'oc™). Further, ¢, and
¢, represent the fluctuations operators defined as

{g=3(B++B_—2(B)) and ¢, =3(By—B_). The
coherent displacement operators of the phonon modes, B,
will then be B. = exp[£ ) q i—‘;(bz — by)]. The Hamiltonian,
Hj, describes the interaction of phonon-induced fluctuations
with the cw laser driven quantum dot. The thermally averaged
phonon displacement operators have the form (B.) =
(B_) = (B) = expl—3 [y dwZPcoth(s5%)],  where
T represents the temperature of the phonon bath. The
polaron shift Ap is given by Ap = fooo da)%. We further
simplify the formulation by including the polaron shift
in the definition of w, itself by redefining the detuning
as Ay = Ay — Ap. The phonon spectral function, j(w),
characterizing the exciton-phonon coupling can be expressed

as j(w) = a,mﬁexp(—%), where «p represents the strength
b

of exciton-phonon coupling and w; represents the phonon

cutoff frequency.

B. Polaron master equation theory

Several distinct theoretical approaches such as varia-
tional formulation, quasiadiabatic path integral, and polaron
transformation techniques have been employed for incor-
porating the influence of exciton-phonon interaction on the
dynamics of driven QDs [41-43]. However, the master equa-
tion based on the polaron transformation technique is quite
well known for facilitating the accurate results and much
faster computation under the suitable parameters regime:
(2 /a)b)z(l — (B)4) <« 1 [44]. Therefore in this work, we em-
ploy the polaron master equation theory for investigating the
influence of exciton-phonon interaction on squeezing in the
driven QD-cavity system. Following the procedural details
provided in Refs. [42-45], we derive the time-local master
equation (ME) of the reduced density operator, p(¢), of the
QD-cavity laser-phonon system specifically considered in this
paper. The polaron ME obtained under the second-order Born
approximation of QD-phonon coupling reads as

dp(t) i 1 [
= sys,p(n]—ﬁfo dr Y {Gu(2)

m=g,u

X X, X, e p(0)] + Hee} + Lp ()],
3)

where the polaron Green’s functions, G,,(t) = (£, (1), (0)),
are calculated to be Gy(t)= (B)*{cosh[¢(7)] — 1}
and Gy(7) = (B)?sinh[¢(1)] [39]. The polaron
correlation function, ¢(1), reads as ¢(r) =
fooo dw% [coth(%)oos(wt) — isin(wt)]. The second term
represents the phonon-induced incoherent processes. This
term explicitly depends on the phonon-bath temperature
and Rabi frequency via G,(r) and X, respectively.
The superoperator term, Lip(t)] = %;E [c71p() +
%f[o*a’]p(t) + %;E[a],o(t), is added phenomenologically
for incorporating the radiative decay (y) and pure dephasing
(y') rates of the exciton state along with the cavity decay
(x) rate. For gaining the essential physical insight into
the phonon-induced processes, we simplify Eq. (3) by
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approximating, e H'»TX, eH'wT x g7 H0TX GH0T  with
HS/ys =hAyoto~ + EAga'a. This approximation gives
accurate and much faster results only when Q! and g~! are
much larger than the phonon correlation time (tp, A 2 ps) or
when the detunings (A,;, A.,) are much larger than 2 and g
[32]. The simplified effective polaron master equation now
reads as

dp(t) _ i Do o o L
= H e Tl 1p@) + —£lo " 1p(0)
Fa%o’ ota
n "; £la'o " 1p(0)+ ‘;‘ £lotalp)+LIp)],

“4)

where th+ ('3, ) represents the phonon-induced rate of inco-
herent excitation (rate of incoherent deexcitation) of the QD
exciton state and Fg;"_ (1";1:r ) represents the phonon-induced
rate of cavity photon creation accompanied by the decay of the
exciton state (rate of cavity photon annihilation accompanied
by the excitation of the exciton state). These phonon-induced
incoherent rates are given by

o Q3 ® o
A ZTRReU dte:F’A*lf(e¢(’)—l):|, (5)
0

rgg”/“*azzgiRe[ / dteiiAf*t(e¢(f)—1):|, (5b)
0

where Qr = (B)2, gr = (B)g, and A, = w. — w, are the
phonon-renormalized Rabi frequency, phonon-renormalized
cavity coupling strength, and the detuning of the exciton state
with respect to cavity mode, respectively. The value of mean
phonon displacement,(B), is 0.91 for temperature 7 = 4 K.

C. Squeezing in the resonance fluorescence

Following Refs. [25,35], the amplitude quadrature of the
fluorescence field is defined as Ey = (ETet? + E~¢71),
where E* and E~ represent the positive and negative fre-
quency components of the electric field, and 6 represents the
quadrature phase. The squeezing properties can be investi-
gated by analyzing the normally ordered variance, (: AEH2 D=
(: E92 1) — (Eg)?, of the electric field quadrature as defined
above. For calculating the normally ordered variance of elec-
tric field quadrature, we use the correspondence between
atomic and field operators, E* = |e¢lc~ and E~ = |¢|o ™.
The normally ordered variance is given by (: AE}:) =
leP2((o*a™) — [(o)*) — 21{o )| cos(260)] [26]. Assum-
ing the proportionality constant, |€|, to be unity, we find that
the quadrature variance is minimum for the quadrature phase,
6 = 0, and is given by

( AE? 1) = 2(o o 7) — 207l (6)

Similarly, the squeezing properties of the cavity field
can be investigated by analyzing the normally ordered
variance, (: AX?:) = (: X7 :) — (Xp)?, of the cavity field
quadrature, defined as Xy = (ae” + afe™). The normally
ordered variance of cavity field is given by (: AX?:) =
2[a’a) — 2(a)(a®y — 2|({(a®) — (@)®)|]1 [17]. The fluorescence
field and cavity field are squeezed if their normally ordered
variance is negative, corresponding to a noise reduction below

the vacuum level. Thus the greater negative values of normally
ordered variance are equivalent to the higher squeezing. Theo-
retically, the maximum negative value of —0.125 of normally
ordered field variance can be obtained in the fluorescence of
an ideal single two-level system in free space [27,38]. For
the calculation of related expectation values including exci-
ton state population, (o *o ™), and exciton coherence, (o),
we chose to use the effective polaron ME [Eq. (4)] due to
its ability to facilitate efficient and much faster computa-
tion. Of course, we verified the numerical results obtained
by Egs. (3) and (4) and these are found to match quite well
across the range of chosen parameters. Note that in addition
to the satisfaction of the validity range of polaron ME theory
[Eq. (3)],(Q/a);,)2(1 — (B)4) < 1, the validity condition of
the effective polaron master equation [Eq. (4)], 7!, ¢! >
Ton, 18 also very well satisfied for the presently employed
typical parameters; viz., (Q/w;)*(1 — (B)*) =0.015 and
Q! ¢! =18.79 ps for Q, g =220 ueV at T = 4 K. There-
fore, the validity conditions for both full and effective polaron
master equations are clearly satisfied.

III. RESULTS AND DISCUSSIONS

For the investigation of squeezing in resonance fluo-
rescence, we use the relevant parameters of InAs/GaAs
self-assembled QDs for the simulation. The typical values of
the chosen parameters are y = 2 ueV, ap/(27)* = 0.06 ps?,
y’ = 0.5 ueV, and w, = 1 meV [35,36]. However, the values
of decay and pure dephasing rates can vary in the range of
1 —3 eV and 0.5 — 3 peV, respectively, for different dots
depending on their varying sizes and shapes. Therefore, for
the greater generality of our results, we also investigate the
effects of variation in decay and dephasing rates by treating
them also as variables. The other simulation parameters relat-
ing to the laser field and cavity are mentioned at appropriate
places either in text or in the figure captions.

A. Detuning-dependent profile of phonon-induced excitation
and deexcitation rates

First, we show in Fig. 1 the detuning-dependent profiles
of phonon-induced rates for the fixed values of Rabi fre-
quency, Qz = 100 eV, and cavity coupling strength gz for
two different temperatures, 7 = 4 and 10 K. The key feature
of Fig. 1(a) is the asymmetry between Fgl: and thf as a
function of the exciton-laser detuning, which is more pro-
nounced at a lower temperature of 4 K than at 10 K. Note
that th+ is maximum at the point where I'}} almost vanishes
at A,y ~ —1meV and vice versaat Ay; = 1 meV. Similarly
in Fig. 1(b), the detuning-dependent profiles of Fg;”i and
th+ ¢ exactly follow the same trend as those of I'yy and Fg; ,
but with the appropriate parameter, the cavity-exciton detun-
ing, A... In our present work, we appropriately exploit this
asymmetry as depicted in Fig. 3(b) to enhance the obtainable
squeezing.

B. Evolution of the fluorescence field variance as a function of
cavity-laser detuning

Further, in Fig. 2 we investigate the evolution of the
variance of a laser driven QD as a function of cavity
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FIG. 1. Detuning-dependent profiles of phonon-induced excita-
tion and deexcitation rates for a fixed value of Rabi frequency, Q2 =
100 neV, and cavity coupling strength, g = 100 neV, for the two
cases: (a) l"gl: (dashed cyan line), Fg; (solid green line) at T = 4 K,
and Fg; (dashed red line), Fl‘)’; (solid blue line) at T = 10 K and
(b) F;; ¢ (dashed cyan line), F[‘j;‘f (solid green line) at T = 4 K and
Fg}f ¢ (dashed red line), FI‘)’;‘V (solid blue line) at 7 = 10 K.

detuning A at three different Rabi frequencies Q2 with-
out incorporating the exciton-phonon coupling by setting
the concerned phonon-induced incoherent rates Fgg = thf =

Fg;l"f = Fgg 4 = 0. We deliberately chose a large exciton-
laser detuning, A,; = Qg, for restricting the significant flow

0.05
) —QR =50 peV

0 —-—0, =100 peV
Qp = 200 peV

~
Semn—m"

05 0 0.5 1 15 2

Acll‘/(Qg*'Ail)

FIG. 2. Evolution of the normally ordered variance, (: AE? :), as

a function of normalized cavity detuning, Ay//Q% + A2, for three

different Rabi frequencies, Qg = 50 ueV (solid red line), 100 pueV

(dashed-dotted blue line), and 200 peV (dashed green line), without

incorporating the exciton-phonon coupling. Magenta dashed line is

shown as a reference representing the maximum achievable negative

value of normally ordered variance, —0.125, in the fluorescence of
an ideal two-level emitter in free space.

0.1
_QR =50 peV
—-—-QR =100 peV
—~
o 0 Q, = 200 eV
w N,
<
S

_QR =50 peV

005 \ —r—0p=100uev 7

FIG. 3. Evolution of the normally ordered variance, (: AE 2 1), as
a function of normalized cavity detuning, Ay /v/ Q3 + A?, for three
different Rabi frequencies, Qg = 50 peV (solid red line), 100 neV
(dashed-dotted blue line), and 200 eV (dashed green line), with
the inclusion of the exciton-phonon coupling for the two cases
of exciton-laser detuning (a) A, = Qg, (b) Ay = —Qg. Magenta
dashed line is shown as a reference representing the maximum
achievable negative value of normally ordered variance, —0.125, in
the fluorescence of an ideal two-level emitter in free space.

of population into the exciton state for achieving the maxi-
mally possible squeezing [see Eq. (6)].

We have chosen the values of cavity coupling strength and
cavity decay rate as 0.6Q2g and 0.9, respectively throughout
this paper. It can clearly be observed from Fig. 2 that the vari-
ance (: AE? ) goes to minimum at about A ~ +/ 912e + A;ch-
These values of minima are much below the maximum achiev-
able negative value of variance, —0.125, of an ideal two-level
emitter in free space as compared in the figure. Further-
more, the minimum value of variance, (: AE? :) = —0.214,
is achieved for Qg = 200 peV. This obtained negative value
is slightly lower than the reported value of variance —0.236 in
Ref. [38]. This is primarily due to the inclusion of finite value
for pure dephasing (y’) in our numerical calculations.

We now investigate the actually achievable variance or
squeezing in the driven QDs by considering the unavoidable
exciton-phonon coupling as in Fig. 3. We show the evolution
of variance, (: AE? :), as a function of normalized cavity de-
tuning, Aq/~/ Q% + A2, by incorporating the exciton-phonon
coupling induced incoherent rates [see Eq. (5)] at phonon-bath
temperature, 7 = 4 K. It is clear from Fig. 3(a) that (i) the
minima of variance occurs around Ag ~ v/Q% 4+ A2, similar
to Fig. 2 and (ii) the order of minima are reversed as compared
to Fig. 2, i.e., at —0.173 for Qp = 50 neV and at —0.122
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for Qr =200 ueV. These are quite in contrast and opposite
to those obtained without incorporating the exciton-phonon
coupling. Furthermore, it is also clear from Fig. 3(a) that the
deteriorating impact of exciton-phonon coupling on variance
increases with the increasing Rabi frequency, eventually
causing the shifting of variance for Qg = 200 pueV above the
minimum achievable value of variance of an ideal two-level
emitter in free space. This Rabi frequency dependent effect of
exciton-phonon coupling on variance can easily be understood
from the analytically driven expressions of phonon-induced
incoherent rates as a function of Rabi frequency [see Eq. (5)].
In Fig. 3(b) we show the evolution of variance for the same set
of Rabi frequency and phonon-bath temperature, 7', but with
exactly opposite exciton-laser detuning, A,; = —Qpg. It can
be observed from Fig. 3(b) that maximum negative value of
variance —0.175 is obtained around Ag ~ —v/Q% 4+ A?, for
Qr = 50 neV, while the obtainable value of variance around
the same cavity detuning is now —0.145 for Qg = 200 peV,
which is clearly below the minimum achievable value of
variance of an ideal two-level emitter in free space. Therefore,
with the reversed exciton-laser detuning, A, = —Qg, the
negativity of variance increases; i.e., squeezing increases
appreciably, particularly for Qg = 200 pueV in comparison
with that of A,; = Q. This observed enhancement in the
squeezing at A,; = —Qp can be attributed to the asymmetry
of phonon-induced rates, particularly, Fg]: 4 and Fl‘)’;"f, with
respect to the cavity-exciton detuning, A.,, because they are
exactly fourfold greater than thf and Fgl: [see Eq. (5)]. For
Ay, Aq = +ve as employed in Fig. 3(a), the cavity-exciton
detuning, A, also turns out to be positive. Now, for
Aq = +ve values, the phonon-induced rate th+ 4 takes

appreciably greater value as compared to Fl‘)’;"_, particularly
for Qr = 200 eV as can be understood from Fig. 1(b). This
enables the dominant flow of population into the exciton state
resulting in the greater steady-state population in the exciton
state. Due to the increased population in the exciton state, the
negative value of variance shifts towards zero; i.e., squeezing
also decreases. However, for A,;, Ay = —ve as employed
in Fig. 3(b), the cavity-exciton detuning, A.,, also turns out
to be negative. For A, = —ve values, the dominant flow of
population is exactly in the opposite direction. Specifically,
Fgl:"* takes appreciably greater values compared to I'f, -
particularly for Qg =200 peV as again can be understood
from Fig. 1(b). Consequently, there is a phonon-assisted
decrease in the exciton state population, which results in
the increase in the negative value of variance indicating the
greater squeezing.

From the above discussion, it should be clear now that,
for the dot-cavity parameters considered in this paper, the in-
clusion of unavoidable exciton-phonon coupling significantly
decreases the negative value of the variance and hence the
obtainable squeezing in comparison with that without exciton-
phonon coupling. However, the value of variance of —0.175
obtained for A,;, Aq = —ve with Qg = 50 peV is still much
below the minimum achievable value of variance, —0.125,
in the fluorescence of an ideal two-level emitter in free
space. Moreover, this obtained value of variance (squeezing)
—0.175 (5.2 dB) is at least threefold (fourfold) greater than
the minimum value of variance (squeezing) —0.056 (1.1 dB)

~~~
-~
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= = 20"

(\l_ ]
~ !
= ! !
~ I
- 1 ]
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e 0.15 (o*07) =0.17
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0.1 : : : :
05 0 05 1 15 2
2 2
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FIG. 4. Evolution of exciton state population, (¢*o ™), and co-
herence, 2|(o ™) |?, as a function of cavity detuning, A.//Q2% + A2,
for the fixed value of Rabi frequency, Q2 = 200 ueV; cavity cou-
pling strength, gr = 0.6€2; and cavity decay rate, x = 0.9 Qg for
the two cases of (a) without exciton-phonon coupling at A, = Qg,
and (b) with exciton-phonon coupling at phonon-bath temperature,
T =4Kand A,; = —Qg. The values of the exciton state population,
(6070 7), and coherence, 2|(o~)|?, indicated in the figure represent
those values of without cavity coupling.

obtained for a single QD without cavity coupling as reported
in Refs. [28,29]. Note that the phonon-induced enhancement
in the negative value of variance of about —0.20 is reported in
a strongly driven single QD without cavity coupling [37].

However, in contrast, we employ a cavity coupling for
enhancing the squeezing and deliberately chose the Rabi fre-
quency to be in the eV regime, primarily because of the two
realistic and practical reasons. First, for example, the value
of required laser power will be 12.7 mW for a typical beam
spot area of 100 um? (I = 1.27 x 108 W/m?) for our chosen
Rabi frequency, Q2 = % = 200 eV, and for a typical value
of electric dipole moment of p =9.7 x 1072° C m, of the
exciton state [46]. This can be easily afforded by a broad set
of readily available cw lasers. In contrast, the required laser
power of 24 W (I = 2.4 x 10'! W/m?) for their chosen max-
imum Rabi frequency, 2 = 8 meV, is very difficult to achieve
with the readily available cw lasers [47]. Second, for the
experimental studies of cw laser driven QDs performed in the
ueV regime, the effective polaron master equation captures
even the effect of exciton-phonon coupling quite accurately
[32,48,49].

We have determined the maximally possible negative val-
ues of variance around Ay = +/ lee + A)Zd (from Figs. 2 and
3) irrespective of the exclusion or inclusion of exciton-phonon
coupling. We further investigate the evolution of few more
parameters such as exciton state population, (oo ™), and co-
herence, 2|{c ~)|?, as a function of cavity-laser detuning, Ay
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FIG. 5. Evolution of the normally ordered variance, (: AE 2 1), as
a function of exciton state radiative decay (y) and dephasing (y’)
rates, for a fixed value of Rabi frequency, 2z = 200 peV; cavity
coupling strength, gz = 0.6S2g; and cavity decay rate, k = 0.9 Q,
for the two cases of (a) without exciton-phonon coupling at A,; =
Qg, and (b) with exciton-phonon coupling at phonon-bath tempera-
ture, 7 =4 Kand A, = —Qi.

as shown in Fig. 4, for gaining more insight and a better un-
derstanding. We also provide their values with the same set of
parameters for the case of without cavity coupling in the figure
for the purpose of explicit comparison. It should be clear from
Figs. 4(a) and 4(b) that the value of coherence, 2|(c 7)|?, gets
enhanced significantly around cavity-laser detuning, A =
V% + A%, due to cavity coupling as compared to those
w1thout cavity coupling. However, it may be noted that in
Fig. 4(b) the value of coherence 2|(c~)|> around Ay =
v+ Afd is quite less than that in Fig. 4(a), causing the
decreased negative value of variance. This is primarily be-
cause of the partial loss of cavity-induced coherence due to the
phonon-induced incoherent rates. Furthermore, the difference
[(ocTo™) —2{o )|2] showing the maximum negative value
around Ay = vVQ% + AZZ is indicated in the figure by the
vertical magenta dashed dotted line. The significance of this
difference is that it is directly proportional to the normally
ordered variance (: AE?:) [see Eq. (6)] which is indicative
of the degree of squeezing. Therefore, the enhancement in
the squeezing can clearly be attributed to the cavity-enhanced
coherence, 2|(o~)|%, and reduced exciton state population
around cavity-laser detuning, A = VQ,% + A)zc , for both
with and without exciton-phonon coupling.

C. Evolution of the variance as a function of radiative decay and
pure dephasing rates

Next, we show the evolution of normally ordered variance
(: AE?:) as a function of radiative decay rate, y, and pure
dephasing rate, y’, without and with exciton-phonon coupling
in Figs. 5(a) and 5(b), respectively. It can clearly be observed

from Fig, 5(a) that the variance depicts quite weak dependence
on radiative decay rate y and a quite stronger dependence on
pure dephasing rate y’. However, the substantial amount of
negative variance still persists even when the pure dephasing
rate, y’, becomes significantly larger than the radiative decay
rate, y. More specifically, region I as indicated in the figure
(y :1=73; y':0.5 — 14) has the value of variance well be-
low —0.125 and, similarly, region Il (y : 1 — 3; ¥’ : 14 — 18)
possesses the value of variance well above —0.125. Now, in
Fig, 5(b), we analyze the evolution of variance with the same
set of parameters as those in Fig, 5(a) with exciton-phonon
coupling. It can clearly be understood that the variance again
depicts a quite weak dependence on radiative decay rate y
but a much stronger dependence on pure dephasing rate y’.
Specifically, with exciton-phonon coupling the range of re-
gion I reduces drastically from y : 1 —3; y':0.5— 14 to
y :1—3; y':0.5 — 4, while the range of region II expands
fromy:1—-3; y':14—-18toy :1—-3; y':4—18. Nev-
ertheless, the negativity of variance persists even when the
pure dephasing rate ' becomes much larger than the radiative
decay rate y. This is clearly in sharp contrast with and is
advantageous compared to the results reported in the bare QD
where negativity does not persist at all in the regime where
pure dephasing rate y’ becomes comparable or greater than
the radiative decay rate y [28]. Evidently, the persistence of
the negativity of variance is solely due to the cavity-enhanced
coherence. The smaller negative values of variance compared
to those without exciton-phonon coupling in Fig. 5(a) can

0.02
{.\ 0
N
>
< -0.02
-0.04
-1
IJ(QZ 2+A2)
0.02 (b) — Qg =25 pueV
- ——QR=5Op,eV,‘
it
>
g

2 2
AcI/J(QR+Ax|)

FIG. 6. Evolution of the cavity field variance, (: AX?:), as a
function of cavity-laser detuning, for two different Rabi frequencies,
Qr = 25 neV (solid blue line) and Qr = 50 ueV (dashed red line)
for the two cases (a) without exciton-phonon coupling and (b) with
exciton-phonon coupling at phonon-bath temperature, 7 = 4 K. The
cavity coupling strength, cavity decay rate, and exciton-laser detun-
ing are taken as 0.62g, 0.9, and —Qpg, respectively.
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be attributed to the partial loss of cavity-enhanced coherence
due to the phonon-induced incoherent rates as shown and
described in Fig. 4.

D. Evolution of the cavity field variance as a function of
cavity-laser detuning

Finally, we briefly investigate the squeezing in the cavity
field by analyzing the evolution of cavity field variance. In
Fig. 6(a), we show the evolution of the cavity field variance
as a function of cavity detuning A, at two different Rabi
frequencies g, without incorporating the exciton-phonon
coupling by setting the concerned phonon-induced incoherent
rates, Fg}f = I‘gl; = Fgli"f = Fg}:" = 0. It is clear that the
cavity field variance takes the negative values indicating the
squeezing in the cavity field as well. The maximum negative
value of variance is obtained at A, & 0 ueV for both the Rabi
frequencies. In Fig. 6(b), we show the evolution of the cavity
field variance with the exciton-phonon coupling. It can be un-
derstood that due to inclusion of exciton-phonon coupling, the
negative value of variance decreases, indicating the reduced
squeezing in the cavity field.

IV. CONCLUSION

We have demonstrated the cavity-enhanced and
decoherence-immune squeezing in the resonance fluorescence

of a cavity coupled single quantum dot using a rigorous
theoretical formalism based on the polaron master equation
theory. Compared to that of an ideal single two-level system in
free space, we show a significant enhancement of squeezing
due to cavity coupling of the QD even in the presence of
deteriorating exciton-phonon interaction. Furthermore, we
have also shown that a fourfold enhancement in squeezing
can be achieved in a cavity coupled single QD in contrast
with that of an isolated one. The squeezing is found to be
fairly robust for the increment in pure dephasing and persists
even when the pure dephasing rate exceeds the radiative
decay rate. We have shown that the enhancement in squeezing
is mainly facilitated by the cavity-enhanced coherence for
an appropriate amount of cavity detuning. The phonon-bath
temperature-dependent incoherent effects are shown to be
detrimental and do reduce the squeezing. However, the
deteriorating effects of phonon-induced incoherent rates on
squeezing can be partially circumvented by properly adjusting
the detunings. Moreover, we have also demonstrated the
squeezing in the cavity field.
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