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Coherence-mediated squeezing of a cavity field coupled to a coherently driven single quantum dot
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Coherence has been an important key for numerous applications of quantum physics ranging from quantum
metrology to quantum information. We report here a theoretical paper demonstrating how maximally created
coherence results in the squeezing of a cavity field coupled to a coherently driven single quantum dot. We
employ a polaron master equation theory for accurately incorporating the impact of exciton-phonon coupling on

squeezing.
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I. INTRODUCTION

Quantum coherence is an important ubiquitous feature of
quantum physics that results from the superposition of con-
stituent states of the quantum system. It has been exploited
extensively and serves as an important resource in many
diverse fields, such as quantum information and quantum
computing [1-3], quantum metrology [4—6], quantum biology
[7,8], and quantum transport [9,10]. Furthermore, the ability
to create and control the coherence is a key requirement for the
realization of several practically important concepts, such as
coherent population trapping and electromagnetically induced
transparency [11-16], steady-state population inversion [17],
and lasing without inversion [18]. Recently, coherence is also
shown to facilitate the squeezing of the resonance fluores-
cence of a two-level atom [19]. It is to be noted that this
approach is quite different from the usual approach based
on nonlinear processes in variety of systems, such as the
Kerr effect, multiwave mixing in atomic, solid-state systems
[20-23], cavity quantum electrodynamics, cavity optome-
chanics [24-26], and Bose-Einstein condensation [27]. Here,
it is quite worthwhile to mention that the squeezing that refers
to a noise reduction below the shot noise in either of the
quadratures at an expense of increased noise in a canonically
conjugate quadrature. Therefore, squeezing is found to be
quite useful for various applications in quantum metrology
and gravitational wave detection [28-31].

Recently, there has been great interest in utilizing the
solid-state systems, such as quantum dots, superconducting
circuits, and nitrogen-vacancy centers in diamond for the
generation of quantum light, viz. single photons, entangled
photon pairs [32-35], and squeezed light [36]. In particu-
lar, the squeezing of the resonance fluorescence (RF) of an
isolated single quantum dot (QD) in free space has been
demonstrated very recently [37-39]. However, for practical
applications, squeezing of the cavity mode field seems to be
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more useful and desirable too. This is particularly due to the
fact that the photons emitted through the cavity mode can be
extracted much efficiently through an optical fiber or a waveg-
uide as compared to the photons emitted through the free
space modes. In this paper, we theoretically demonstrate the
squeezing of the cavity field strongly coupled to a coherently
driven single QD. First, we investigate the optimum values
of parameters of a QD-cavity system such as Rabi frequency,
detunings, cavity coupling strength, and cavity decay rate for
obtaining the maximal squeezing of the cavity field. We show
that the squeezing of cavity field depends upon the exciton
coherence which couples back to the cavity mode via a two-
photon state. We further show that the buildup of maximal
exciton coherence causes the creation of coherence between
the Fock states of the cavity mode enabling the emergence of
the squeezing effect. Since the exciton state of a quantum dot
unavoidably interacts with the phonon modes, we also ana-
lyze the effect of the temperature-dependent exciton-phonon
coupling on the squeezing of cavity field by employing a
polaron master equation theory. It may be necessary to clarify
here that in Refs. [19,40], the optimal squeezing of RF of a
two-level emitter coupled to a cavity was demonstrated only
in the weak-coupling regime, whereas in the present paper
we show that the optimal squeezing of cavity field can be
obtained in a strongly coupled QD-cavity system in sharp
contrast with the earlier works. Furthermore, the squeezing
of RF was shown to depend only on the exciton coherence
by earlier works, whereas we show that the squeezing of the
cavity field depends on both the exciton coherence and the
two-photon process.

II. THEORETICAL FORMALISM

A. Model of the dot-cavity system

We consider a single self-assembled InGaAs/GaAs QD
strongly coupled to a single-mode pillar microcavity. The
QD is modeled as a two-level system considering its
ground and exciton states represented by |g) and |e), re-
spectively. A schematic of the relevant Jaynes-Cummings
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FIG. 1. Schematic of a single QD strongly coupled to a mode of
an optical cavity in the Jaynes-Cummings basis. The QD is excited
by a continuous wave (cw) laser light of frequency of w;. Two laser
photons are absorbed (red arrows) and reemitted (blue and green
arrows).

basis states ladder of a QD-cavity system is shown in
Fig. 1. Denoting the cavity photon states |n) with n =
0-2, ..., the Jaynes-Cummings basis states are given by
10 8) = [0)g), 11 £) =1/v2(I1)|g) £ 0)[e}), and |2 £) =
1/3/2(12)1g) £ |1)]e)). The A+ = @ — w,+ is the detuning
of laser light with respect to the frequencies of the dressed
states |n +) [24]. We consider that the QD is excited by a cw
laser light of frequency of w;. Two photons are absorbed from
the laser light (red arrows) and reemitted via the path shown
by blue and green arrows. The two-photon processes together
with the exciton coherence leads to the squeezing of the cavity
field as described in the next section.

B. Effective polaron master equation theory

In contrast to the real atoms, the exciton states of QDs
are unavoidably coupled to their phonon modes. For a typ-
ical coherently driven InGaAs/GaAs QDs, the coupling of
longitudinal acoustic phonon bath is found to be quite dom-
inant and influential as compared to the optical-phonon bath,
leading to the excitation-induced incoherent scattering and
dephasing of exciton and biexciton states of QDs [41,42].
Several theoretical methods, such as path integral, the vari-
ational method, and polaron transformation are utilized for
accurately incorporating the effect of exciton-phonon cou-
pling depending upon the various concerned parameters, such
as Rabi frequency, cavity coupling strength, and temperature
of the phonon bath [43-45]. In this paper, we chose to em-
ploy a polaron transformation-based equation, the so-called
effective polaron master equation (EPME). Under the suitable
parameter regime, this equation is quite known for providing
the accurate results, much faster computation, and deeper
understanding of the phonon-mediated processes through the
analytical form of phonon-induced incoherent scattering rates.
It is worthwhile to mention here that the EPME gives the ac-
curate results in the regime of Q7! and g ! being much larger

than the phonon correlation time (tpn ~ 2 ps) or when the
detunings (A, Acx) are much larger than the Rabi frequency
Q and QD-cavity coupling strength g. [46]. The EPME for
our QD-cavity system shown in Fig. 1 is given below. The
procedural details for deriving the EPME can be found in
Refs. [45-47],
re. re.

PO ity pO)+ Lo 1p(e) + Lo 1p(0)

u o~ d*a

+ 2 2 Lla'o 1pt)+—2—L[o " alp(t) + LIp()],

(D
The Hamiltonian of the QD-cavity system reads as

H, = hAgoto™ + hAClaTa
Q4 - + To—
+ (B)h 5(6 +o7)+g(cTa+a'o™)]|, (2)

where Ay = @, — w; is the detuning of the cw laser field
with respect to exciton state, whereas A, = w, — w; is
the detuning of laser field with respect to cavity mode.
The operators o+ = |e)(g| and o0~ = |e){g| are the raising
and lowering operators, and a’ and a are the one-photon
creation and annihilation operators. The thermally aver-
aged phonon displacement operator (B) is defined as (B) =
exp[— f 0 dwj(‘”)coth(2 KoT )], where T represents the tem-
perature of the phonon bath. The phonon spectral function
j(w) quantifies the exciton -phonon coupling and is defined
as j(w) = apw exp(— ) Here ap represents the strength

of exciton-phonon couphng, and wy, represents the cutoff fre-
quency of the phonon bath. The Rabi frequency is defined
as Q = uE/h, where p and E represent the exciton electric
dipole moment and electric field of the cw laser, respectively.
The operators Fg and I'¢, ph represent the phonon- -induced
incoherent excitation and deexcnatlon rates of the exciton
state, whereas I‘g;l‘f and Flf,’h+ “ represent the rates of phonon-
induced creation of the cavity photon accompanied by the
decay of the exciton state and annihilation of the cavity photon
accompanied by the excitation of the exciton state, respec-
tively. These phonon-induced incoherent rates are given as

- QZ [e9) )
e =TRRe[ / drei’A'xf(e¢(T)—1):| (3a)
0

F;J”/“;”=2g?€Re|: / dremcxf(e‘f’(f)—l)], (3b)
0
where, Qp = (B)Q2 and gg = (B)g. are the phonon-

renormalized Rabi frequency and phonon-renormalized
cavity coupling strength, respectively. The average phonon
displacement operator (B) is 091 at T =4 K. The term
¢(t) represents the phonon phase, which is given as
o(t) = fo da)’(w) coth(2 )eos(wT) — i sin(wT)] in
the continuum hmlt The last term L[p(¢)] in Eq. (1) is
added phenomenologically for incorporating the natural
radiative decay y pure dephasing y’ rates of exciton
state along with the cavity decay rate «. It reads as

Lip(t)] = 5LIo~1p(t) + S Llo* o~ 1p(t) + §LIalo().
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III. NUMERICAL RESULTS AND DISCUSSIONS

We investigate the squeezing of the cavity field by ana-
lyzing the variance of the quadratures Xy = %(a?e"e + ae™),
where 6 is an adjustable phase. Furthermore, we define the
variance and fluctuation of a with respect to the steady-state
value (a) as (AXQZ) = (X — (X))*) and Aa = a—{a),
respectively. The normally ordered quadrature variance for
6 = 0 is given by (: AX? :) = 1[(Aa Ad") 4+ Re(Aa?)]. For
a vacuum or coherent state, (Aa Aa') = Aa?> = 0. Thus, the
normally ordered variance is equal to the shot noise, that is
(: AX? ;) = 0. Therefore, the state of the cavity field will
be quadrature squeezed if the normally ordered variance
becomes negative, (: AX?:) < 0, corresponding to a noise
reduction below vacuum level. The normally ordered variance
in terms of the expectation values of cavity operators is as
follows:

(: AX*:) = H(d'a) — (a)(a’) + Re((a®) — (@)?)]. (D)

The squeezing of cavity field is investigated by numerically
solving Eq. (1) for calculating the expectation values of in-
volved operators in Eq. (4), via (O) = Tr(Op), where O is
an arbitrary operator. The term (Aa Aa’) = (a’a)—(a)(a") is
the incoherent part of the spectrum and, hence, can never be
negative. Therefore, this term should be as small as possible in
order to observe the squeezing, which can be achieved for low
enough excitation Rabi frequency or for a sufficiently large
detuning, Ax > Qg [24,46]. In the limit of large detuning, the
incoherent part becomes negligible compared to the coherent
part Re((a?) — (a)?) = Re(Aa?) and the normally ordered
variance reduces to

(: AX? 1) ~ L[Re(Ad?)]. (5)
We investigate the origin of squeezing using an approxi-

mate analytical expression of the normally ordered variance
[see the Appendix] given by

1
(- AX? 1) ~ —Re(K{o 7)), (6)
8R, _
(a) = Z(o7), (7)
We
Q
(@) = —K({o™), )
0%
-\ Qride . _ 2g§e
where (0 7) = e 18 the exciton coherence, K = o)

is a constant and @,+’s are the complex frequencies as de-
fined in the Appendix. It is evident from Eq. (6) that the
squeezing is directly depending on the exciton coherence and,
hence, highlights its importance for achieving the maximal
squeezing. Furthermore, the exciton coherence depends only
on the one-photon excitation process as it is concerned only
with one-photon dressed states |1+£), whereas in contrast, the
constant K affects the squeezing of the cavity field to the
two-photon dressed states |24) highlighting the importance
of two-photon processes as depicted in Fig. 1.

In simulation, we use the typical values of QD parame-
ters as y = 0.5 ueV, ap/(27)?> = 0.06 ps?, y’ = 1 peV, and
wp = 1 meV [45,46]. The maximum values of the employed
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FIG. 2. (a) Evolution of the variance as a function of A for
five different values of detuning, A,; = 0 (dotted black line), Ay =
—0.5Q; (dashed blue line), Ay = —1.0 (dashed-dot cyan line),
Ay = —1.5Q% (solid red line), and A = —2.0Q2; (green square).
(b) Evolution of the variance as a function of Ay at Ay = —1.5Q%
for four different values of Rabi frequency, Qp =5 eV (dotted
black line), 2z = 25 peV (dashed blue line), 2z = 50 ueV (dashed-
dot cyan line), and Qz = 100 ueV (solid red line). The values of
the other parameters are taken as Qg = 50 eV, gg = 1.5Q, k =
0.9Qg, and T = 4 K. The horizontal dashed black line is a refer-
ence demarkation above which variance is positive and, hence, no
squeezing.

Rabi frequency, €2, and cavity coupling strength g, are chosen
to be 109.89 and 164.83 ueV, respectively. It is to be noted
that for these values, ! and g;l turn out to be 38 and
25 ps, respectively, which are much greater than the phonon
correlation time (tp, A~ 2 ps). Therefore, in this paper, the
validity condition of EPME is clearly satisfied.

A. Evolution of variance as a function of detuning
and cavity coupling strength

We now investigate the optimum values of parameters
of the QD-cavity system, such as detunings A., Ay, and
Rabi frequency 2z for obtaining the maximal squeezing as
depicted in Fig. 2. We show the evolution of the variance
as a function of A for a fixed value of Qz = 50 ueV and
different values of Ay in Fig. 2(a). It can be observed that the
negative variance is maximum for A, = —1.5Q at Ay =

—0.3,/Q% + A2. We show the interdependence of various

parameters of concern in Fig. 3 for understanding the squeez-
ing better. We find that for Ay, = —1.5Qk, the incoherent
part {(a'a)—(a)(a') takes a minimum positive value together
with maximal negative value of exciton coherence (o ~) for

Ag = —0.3,/9% + A2 in comparison with the values of all

other detunings as clearly evident from Fig 3. Therefore, (a?)
which depends on (o ™) takes a larger negative value as com-
pared to a smaller positive value of — (a)? depending on (o ~)?
[see Egs. (7) and (8)]. Consequently, the negative variance
and, hence, squeezing gets increased as clearly illustrated and
further clarified in Fig. 3. Thus, with the chosen values of

Qr, gr, kK, Ay = —1.5Q, and Ay = —0.3,/Q% + A2 are
found to be the optimum for detunings. It should also be

noted that the exactly same squeezing can be achieved for
the same set of positive detunings Ay and A . We show the
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FIG. 3. Evolution of (a'a) (solid red line) and (a){a') (dashed
blue line) as a function of A for (a) Ay = —1.5Q% and (b) Ay =
—2.02&. Evolution of (c) coherence (¢~) and (d) (a?) — (a)? as a
function of A for two different values of detuning, A, = —1.5Q¢
(solid red line) and A,; = —2.0Q2; (dashed blue line). The values of
the other parameters are taken as Qg = 50 ueV, gg = 1.5Qk, k =
0.9Qg, and T =4 K.

evolution of variance in Fig. 2(b) as a function of A for the
various values of Qg for optimized Ay = —1.5Qk. It can
clearly be observed that the negative variance is maximum for

Qr =25 peVat Ay = —0.3,/Q% + A2 However, the nega-
tive variance decreases drastically for Qg = 50 and 100 peV.
This can particularly be ascribed as due to the phonon-induced

appreciable reduction in the exciton coherence with increasing
Qpr as explained in Sec. III B. Therefore, it is quite clear that

Ay =—1.5Qk, Aq =—03,/Q3 + A2, and Qg = 25 peV

xI°
are the optimum values for detunings and Rabi frequency,
respectively.

Furthermore, the occurrence of a greater squeezing in
Fig. 2(a) for Ay = —1.5Qf for A, = —0.3,/ Q,Ze + Ail can
be more clearly demonstrated with reasoning through the
evolution of various terms in Eq. (4) for the two different de-
tunings. In Figs. 3(a) and 3(b), we show the evolution of (a'a)
and (a){a") as a function of A for the two different values of
Ay = —1.5Qf and Ay = —2.0<2, respectively. It is clear
that for both these detunings, the difference [(a'a)—(a)(a’)]
never takes a negative value for any value of A, however, it is

minimum for Ay = —0.3,/Q% + A2, which is essential for
obtaining the maximally negative variance [see Eq. (4)]. Next,

we depict the evolution of exciton coherence (o ~) as a func-
tion of A for Ay = —1.5Qp and Ay = —2.0Q2¢ in Fig. 3(c).
It is clear that (0 ~) takes a larger negative value for Ay =
—1.5Q than A, = —2.0Q%. Since (a?) and (a)? depend on
(0~) and (o ~)?, respectively, therefore, (a?) — (a)? results in
a larger negative value for Ay = —1.5Qg than A, = —2.0Q
as shown in Fig. 3(d). All these together cause a larger squeez-

ing for Ay = —1.5Q for Ay = —0.3,/Q% + A2 Next, we
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FIG. 4. (a) Evolution of the variance as a function of gz for
five different values of cavity decay rate, x = 0.7Q (dotted black
line), « = 0.9Q¢ (dashed blue line), x = 1.1 (dashed-dot cyan
line), k = 1.3Q2 (solid red line), and ¥ = 1.5Q (green square). (b)
Evolution of the coherence as a function of Ay, without incorporating
the exciton-phonon coupling for two different values of Rabi fre-
quency, Qg = 25 and 50 peV (dashed blue and dotted black lines
are numerically calculated, whereas dashed-dot red and solid cyan
lines are analytically calculated). The values of other parameters are
taken as Qr = 25 pueV, Ay = —1.5Qg, Ag = —0.3,/Q2% + A%, and
T = 4 K. The horizontal dashed black line is a reference demarka-
tion above which variance is positive and, hence, no squeezing.

investigate the optimum values of gz and « with these opti-
mized values.

We show in Fig. 4, the evolution of the variance and co-
herence as a function of gg and Ay, respectively. It can be
understood from Fig. 4(a) that for g < k, the squeezing is
either zero or minimum. This is due to a vanishingly small
value of K for gg < k. It is also clear from Fig. 4(a) that the
maximum negative value of variance (maximum squeezing) is
obtained for k = 0.7Qpg with gg &~ 1.5Qf due to the increased
value of K in the strong-coupling regime together with en-
hanced exciton coherence. Therefore, the optimum values of
all concerned relevant parameters for achieving the maximum
squeezing are found to be Qp =25 ueV, Ay = —1.5,

Ag=—03,/92 + A2, k =0.7Q, and gg = 1.5Q%. Fur-

x1?

thermore, it should be noted that with these optimzed set of
parameters Qr = 25 ueV, gr = 1.5Qg, and x = 0.7Qg, we
operate in the strong QD-cavity coupling regime (g > «, ¥)
and a strong excitation regime (2g > y) [48]. Figure 4(b)
illustrates the evolution of exciton coherence where both the
numerically (dashed blue and dotted black lines) and the
analytically (dashed-dot red and solid cyan lines) calculated
coherence as a function of Ay for various Qg’s are com-
pared. It should particularly be observed that the analytically
calculated coherence matches well with the numerically cal-
culated coherence only for larger Ay but differs appeciably
for smaller Ay,. This is precisely due to the assumption that
the two-level QD system stays in its ground state for deriving
the expression of (o ~), which is perfectly satisfied only for
large detuned Ay > Qp excitation. Nevertheless, the approx-
imate analytical expression of (o ™) along with constant K
clarifies that how exactly squeezing effect emerges in the
present QD-cavity system [see Eq. (6)].
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FIG. 5. Evolution of (a) variance {: AX?:) and (b) cohrence
[(c~)| as a function of phonon-bath temperature, 7 at the
three different values of Rabi frequency, Qr =5 ueV (solid
blue line), Qz =25 ueV (dashed red line), and Qp = 50 ueV
(dashed-dot green line). The values of the other parameters
are taken as Ay = —1.5Qg, Ag = —0.3/Q% + A2, gr = 1.5,
and « = 0.7Qk. The horizontal dashed black line is a refer-
ence demarkation above which variance is positive and, hence,
no squeezing.

B. Evolution of variance and exciton coherence as a function
of phonon-bath temperature

So far, we have mainly investigated the squeezing of the
cavity field by analyzing the variance for a fixed phonon-
bath temperature 7 = 4 K. Therefore, we now display in
Fig. 5(a), the evolution of variance for a quite wider range
of phonon-bath temperature, ranging from 4 to 40 K for
three different Qg’s. It can clearly be seen that squeezing
persits only up to 7 = 8K for Q = 50 ueV, whereas it
can extend up to 7 =14 and T = 40K for Qg = 25 and
Qg = 5 ueV, respectively. Therefore, the squeezing effect is
quite supressesed within a very short range of temperature
for Qr = 50 peV. It should be noted that the magnitude of
phonon-induced incoherent rates I'; °, th_, Fgﬁ“_, and Fl‘)’}: a
are squarely proportional to the 2z and gg [see Eq. (3)].
Therefore, phonon-induced incoherent processes significantly
supress the exciton coherence especially for larger values of
Qg, resulting in the diminishing of squeezing within a shorter
range of temperatureas seen for Qg = 50 ueV. We further
illustrate this in Fig. 5(b) by showing the evolution of co-
herence (o0~) as a function of temperature 7 for the same
three Q2g’s as shown in Fig. 5(a). It can be observed that the
decrement of (o ~) increases with Qg as evident from slowly
varying (o) for Qg = 5 pueV as compared to Q2 = 25 and

FIG. 6. Histogram of density-matrix elements of the cavity
mode. (a) Phonon-bath temperature 7' =4 K and (b) phonon-
bath temperature 7 = 40 K. The values of the other parameters
are taken as Qg = 25 peV, Ay = —1.5Q, Ag = —0.3/Q2% + A2,
gr = 1.5Qk, and k = 0.72.

Qr = 50 pueV. Although, still coherence has a finite value
even at T = 40K for any chosen g, however, it does not
seem to be sufficient for the realization of squeezing. A suf-
ficient value of coherence (o ™) is required below which the
squeezing of cavity field does not persist as can be understood
from Figs. 5(a) and 5(b).

C. Coherence between the Fock states of the cavity mode

Figure 6 displays the histogram of the population of
different Fock states of the cavity mode and coherence
between them. They are calculated numerically by tracing
out the QD degrees of freedom using the quantum optics
toolbox in PYTHON (QuTiP) [47]. The steady state of the
cavity mode can be written as |{) = 2223 C,|n). Here, we
consider only up to two-photon Fock states since higher Fock
states are not occupied at all as can be observed from Fig. 6
itself. The density-matrix operator of cavity mode is given
as peay = [Y) (W] = [ICo?10)(0] + |Ci P1) (1] + |C2*12) 2] +
{CIC5I1) (0] + GCT12) (1] + GG 12)(0] + H.c.}] where
density-matrix elements |Cy|?, |C|?, and |C,|* represent the
occupation probabilty of zero-, one-, and two-photon Fock
states, respectively, whereas C,Cj, C,Cy, and C,Cjj represent
the cohrence among zero-, one-photon, one-, two-photon,
zero-, and two-photon Fock states, respectively. The diagonal
blue bars represent the occupation probabilities of the Fock
states, whereas off-diagonal bars represent the coherence
between the relevant Fock states.

The signifiance of coherence between Fock states becomes
clear and evident when we deduce the expressions for the
expectation values of annihilation operator a and a® using
(0) = Tr(Opcay). The expectation value of a and a” are given
as (a) = C,Cj + G,CY and (a*) = C,Cy, respectively. From
these expressions, it is quite easy to comprehend that if there
is no coherence (C,C; = C,Cy = C,Cy = 0) then the values
of (a) and (a?) will vanish, and variance can never be negative,
i.e., there will be no squeezing of the cavity field [see Eq. (4)].
It can be observed from Fig. 6(a) that each C,Cj, C,CY, and
C,C; has a finite value, resulting in the finite values of (a) and
(a®). Both (a) and (a*) depend on (o ~) [see Egs. (7) and (8)].
Therefore, it becomes clear that the exciton coherence (o ™)
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results in the creation of coherence among zero-, one-photon,
one-, two-photon, zero-, and two-photon Fock states of the
cavity mode. In Fig. 6(b), we show the histogram of the
density-matrix elements with the same set of parameters as
employed in Fig. 6(a) but at 7 = 40 K. It can be observed
that C,C;, C,Cy, and C,C; decrease appreciably. This occurs
due to the substantial reduction of the exciton coherence [see
Fig. 5(b)], and, therefore, no squeezing persists at 7 = 40 K.

IV. CONCLUSIONS

We have investigated a coherently driven quantum dot
strongly coupled to a single-mode pillar microcavity by
employing an effective polaron master equation theory for
accurately incorporating the effects of exciton-phonon cou-
pling. The detailed numerical investigation is carried out to
optimize the concerned parameters for obtaining the maximal
squeezing of the cavity field. We have derived an analytical
expression of the normally ordered varaince for clarifying
the connection between squeezing and exciton coherence. We
have shown that the squeezing origiates from the buildup
of maximal exciton coherence which results in the creation
of appreciable coherence among zero-, one-photon, zero-,
and two-photon Fock states of the cavity mode. We have
also investigated the effect of temperature-dependent exciton-
phonon coupling. It is shown that the squeezing decreases
with phonon-bath temperature, and it does not persist beyond
14 K at the optimum Rabi frequency Qz = 25 ueV.
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APPENDIX: DERIVATION OF THE VARIANCE [EQ. (6)]

We derive an analytical expression of the variance of cavity
field [Eq. (6)] by following Ref. [24]. However, it is to be
noted that in Ref. [24] the cavity mode is excited by the laser
light. Whereas, we consider a quantum dot which is directly
excited by the laser light. The time evolution of the expecta-
tion value of an operator, O is computed as % = Tr(O”LIl—f).
We derive the following equations for the expectation values
of relevant operators using Eq. (1) given in the main body of
the paper,

% — ildela) — grio )], (A1)

d(;t_> - i[d)a(a‘> + grlao,) + %(%)} (A2)
2

d{a) = 2i[@.(a®) — grlac )], (A3)

dt

d{aoc™)
dt

= i[(@ + @c){ao”) + grla*oy) + %(am}.
(Ad)

For simplicity, we neglect the phonon-induced incoherent
rates, Fl‘)’; , Fl‘)’h_, Fgﬁ"_, and Fg; % in the above equations.
The complex detunings are defined as &, = (—Aq +i§),
W, = (—Ayg + i%). The population inversion (o) is defined
as (0,) = [0to~ — o~ o"]. We assume that the population
in exciton state |e) is negligible under large-detuned driving
of QD, Ay > Qg. In this limit (o,) =~ —1, (ao;) = —(a),
(a’0,) =~ —{a®), and from Egs. (A1)—(A4), the steady-state
values of (a), (a*), and (o ~) read as

_ 8rS2R
@ = ST (AS)
) 8r %
_ , A6
@) Haude — g3 |[@e(@a + @) — &3] (A0
(07) = Sk (A7)

2I:(I)a&)c - g%?] .

From Egs. (A5) and (A6), the fluctuation of the cavity field
read as

222
Al = g%eQch

4[(1),1(1)6 — gﬁ]z[d)c(a)a + (Z)c) - g%g]

(A8)

The complex detunings of the dressed states are defined as

Wpt = (n— D, + %(a)a + @) + %\/471833 + (& — &)a)zv

(A9)
which allow us to write (o7, (a), (a*), and Aa® as
_ QR&)C
(07) =", (A10)
2(w141-)
Qrgr
(@) = ——, (A11)
2(@14@1-)
Q
(@) = —K(o), (A12)
We
Ad* = —K(o7)?, (A13)
where the constant K is given by
2
K= (Al4)
(@24 @)
The variance of the cavity field [Eq. (6)] reads as
(: AX? ) ~ —1Re(K(o7)). (A15)
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