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To achieve a high degree of quantum noise squeezing, an optical cavity is often employed to enhance the
interaction time between light and matter. Here, we propose to utilize the effect of coherent population trapping
(CPT) to directly generate squeezed light without any optical cavity. Combined with the slow propagation speed
of light in a CPT medium, a coherent state passing through an atomic ensemble with a high optical density (OD)
can evolve into a highly squeezed state even in a single passage. Our study reveals that noise squeezing of more
than 10 dB can be achieved with an OD of 1000, which is currently available in experiments. A larger OD can
further increase the degree of squeezing. As the light intensity and two-photon detuning are key factors in the
CPT interaction, we also demonstrate that the minimum variance at a given OD can be reached for a wide range of
these two factors, showing the proposed scheme is flexible and robust. Furthermore, there is no need to consider
the phase-matching condition in the CPT scheme. Our introduction of high OD in atomic media not only brings
a long light-matter interaction time comparable to optical cavities, but also opens an alternative avenue in the

generation of squeezed light for quantum interface.
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I. INTRODUCTION

Even though the Heisenberg uncertainty relation sets a fun-
damental limit on the quantum fluctuations, the noise of light at
certain phases can be squeezed to fall below that of the vacuum
state [1]. The generation of squeezed light has provided the
platform to test quantum physics from the very beginning
[2]. Now as true applications, this nonclassical state has also
been used to enhance quantum metrology [3,4] and future
gravitational-wave detection [5,6]. Quantum noise squeezing
has been realized in a variety of physical settings, including the
optical parametric process [6—10], four-wave mixing [11-13],
cavity-QED [14], soliton propagation [15,16], Bose-Einstein
condensate [17], and optomechanical system [18,19].

With the process of degenerate parametric down-conversion
in a nonlinear crystal placed inside an optical cavity, the optical
parametric oscillator (OPO) and optical parametric amplifica-
tion (OPA) have provided efficient routines to produce a high
degree of squeezing. In particular, 12.7 dB squeezing below
vacuum fluctuation with a zero-area Sagnac interferometer was
implemented, and may lead to advanced gravitational-wave
detectors [6]. Assisted by a doubly resonant, nonmonolithic
OPA cavity, up to 15 dB squeezing was observed as the
state-of-the-art technology [8]. Further enhancement on the
degree of squeezing can be achieved with periodically poled
nonlinear crystals, via the time-delayed coherent feedback [9],
or by using periodically modulated driving fields [10].

Before being produced with the optical parametric process
in a nonlinear crystal [7], squeezed light was first realized
through the four-wave mixing process in an atomic vapor [11].
Although merely 0.3 dB squeezing was detected at that time, by
considering twin-beam squeezing in the double-A transition
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scheme, 8 dB squeezing was achieved with a vapor of rubidium
atoms later [12]. In the system of electromagnetically induced
transparency (EIT), not only slowing down but also storing
and retrieving squeezed-state light pulses have been studied
theoretically and experimentally [20-27]. The EIT system
plays a unique role as the quantum interface because of
its long-lived atomic ground states associate with the spin
coherence [28,29]. However, it is not favorable for the direct
generation of squeezed light due to its lack of nonlinear
interaction between slow light and the medium.

Inspired by the recent experimental advance of high optical
density or depth (OD) in atomic ensembles [30-32], in this
work, we study the direct generation of squeezed light under
the coherent population trapping (CPT) condition [33,34]. The
CPT system is very similar to the EIT system, formed by the
A-type transition scheme as shown in Fig. 1, except that its
two optical fields have compatible intensities. Without any
optical cavity, we show that a large OD in the CPT system not
only results in a very long light-matter interaction time arising
from the slow-light effect, but also benefits the generation of
highly squeezed light induced by the two-photon detuning in
the system. This single-passage generation of squeezed light
relies on the idea of using a large OD or, equivalently, long
medium length to enhance the light-matter interaction time,
similar to the concept of using an optical cavity.

Moreover, our scheme for squeezed-light generation is in
analogy to the periodic-poled nonlinear crystal for nonlinear
optical processes, but does not require the consideration of the
phase-matching condition. Compatible with optical parametric
processes, an enhancement of more than 10 dB squeezing is
exhibited at the output fields with an OD of 1000. Moreover,
the obtained squeezing is available for a wide range of input
light intensity and two-photon detuning. The squeezing can
be reached for a wide range of experimental parameters in
our scheme, showing it is flexible and robust. Because OD is
scalable with medium length, the best up-to-date squeezing can
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FIG. 1. Energy levels and excitations in the CPT system. |1) and
|2) are ground states; |3) is an excited state. The probe and coupling
fields have the compatible Rabi frequencies of €2, and €2, and the
detunings of A, and A.. They propagate in the same direction and
interact with an atomic ensemble.

likely be improved by increasing OD or medium length in the
proposed scheme. With such highly squeezed light generated
at the output fields, combined with the inherent capability
of storage and retrieval of quantum information carried by
light, our work may open a renewed interest in quantum
noise reduction, quantum memory, and quantum information
manipulation with atomic ensembles.

II. QUANTUM THEORY FOR COHERENT POPULATION
TRAPPING (CPT)

The CPT system consists of two optical fields interacting
with a three-level A-type system as shown in Fig. 1. The
two fields, named probe and coupling, drive the transitions
of |1) — |3) and |2) — |3), respectively. Under the rotating-
wave approximation, the interaction Hamiltonian of the
system is

H = —h[A,633(z,1) + (A, — A)Gn(z,1)]
_B[QP(Z,I)A Qo(z,1)
2

631(z,1) + > 632(z,1) + HC} 1)
where A, and A. are the probe and coupling detunings,
6;j = |i){jl| (i,j = 1,2,3) is the atomic operator whose expec-
tation value corresponds to an element of the density-matrix
operator, and Q p(z,t) and Qc(z,t) are the field operators whose
expectation values correspond to the probe and coupling Rabi
frequencies, respectively. We define 6 (= A, — A.) as the
two-photon detuning.

According to the Hamiltonian in Eq. (1), we can write
the corresponding Heisenberg-Langevin equations for atomic
operators as follows:

a . 1 N ~
EU/J,,U. = _Fu033 + %[O—wuH] + Fuua 2)

%6—;“) = _y;wé/w + %[éﬁv’ﬁ] + F;wa (,LL # v), (3)
where y,,, (u,v = 1,2,3)is the relaxation rate of the coherence
between states |w) and |v), I';, is the decay rate of the popula-
tion, and F, wv 1s the Langevin noise operator obtained by taking
the fluctuation-dissipation theorem into consideration. In this
work, we consider y;, is negligible [35]. Since I' represents
the spontaneous-decay rate of the excited state |3), 's = I" and
y23 = y13 = ['/2. The decay rates of |3) — |1) and |3) — |2)
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are set the same and, consequently, —I'y = — I’ =T"/2. The
complete equations can be found in Sec. 1 of the Appendix.

The propagations of the probe and coupling fields follow
the Maxwell-Schrodinger equations given by

<li + i)Q = i(r—a>613 4)

coar  az) " 2L ’

(13 4 3)9 _ i(r—“>623, 5)
cot 3z 2L

where « and L are the OD and length of the medium. For
simplicity, we use the same OD in the above two equations
under the assumption that the electric dipole moments of probe
and coupling transitions are equal.

To calculate the variances of output fields, we apply the
mean-field expansion to operators, i.e., each operator A is
divided into two parts as A = A + @, where A represents
the mean-field value and a corresponds to the fluctuation
operator. Then, one can linearize Eqs. (2) and (3) to arrive at
the following equations for the atomic fluctuation operators:

d r, i . i
35 =58 - EQpSm + EQPSB
i P . .
—5031Mp+§013u},+F11, (6)
J r, iQ o+ iQ*A
—8n = =833 — =Q.8 — Q¥
a2 = 588 = 5880 + S Q8
- % i + %023121 + F, @)
9 ( [5)§ iQ §3p + iQ*A
—812 = —(yia —i8)§12 — =28 —QF§
Y 12 Y12 12 5%ep 32 5 13
T
— 5%l + Emsui + Fio, (8)
94 r A A-}-iQ(A A)-i-iQA
—§n=—|=—iA.)§ —Q. (5 — $33) + =Q,,8
5523 > 5+ 2 —$3)+ 588
I I N
+ 5(022 — o). + 502112,; + Fa3, &)
J r . R I R . i .
="l iA, )83+ EQp(sll —833) + EQcSIZ
i i,
+§(011 —033)Mp+§01214c+F13, (10)
0 =311 + 822 + 833, (11)

where §;;, i, and 7. are the fluctuations of 6;;, Q »» and fZC,
respectively. In the above equations, 2,(z,t), 2.(z,t), and
0ij(z,t) are the solutions of the optical Bloch equations and
the Maxwell-Schrodinger equations of mean fields. Similarly,
from Eqs. (4) and (5), we can have the equations for the
fluctuation operators of the probe and coupling fields as

follows:
10 0 o
R P A T 12
<c8t+8z>up ’<2L>S” (12

1o o). _,(Te), -
cor "oz )TN\ o )

053818-2



OPTICAL-DENSITY-ENHANCED SQUEEZED-LIGHT ...

When steady-state or continuous-wave cases are considered,
all the time derivative terms in Eqs. (6)—(13) are dropped in
the calculation.

We focus on the quadrature variance (AX?) of the output
probe field, where

X(0)=e"a,+ "), (14)

In the above expression, 6 is the quadrature angle and a, =
it,/g (with g being the single-photon Rabi frequency) is the
dimensionless fluctuation operator of the probe field. To find
(A)A(Z), one needs to know the quantum correlations, i.e.,
(&[-Téz_,-), (a;a;) where i,j can be p (probe) or ¢ (coupling).
In Secs. 3 and 4 of the Appendix, we describe the procedure
of converting Egs. (6)—(13) to the equations of quantum cor-
relations, i.e., Eqs. (A24)—(A29). By scanning all quadrature
angles, one can find an optimum quadrature angle 6, which
minimizes the quadrature variance. The variance at 0y, i.€.,
degree of squeezing or simply squeezing, is given by

V = (AR Oo) = —|(@2)] — |(@l)] + 2(ala,) + 1. (15)

while Oy = (Arg[(&]z))] 4+ m)/2. We insert the solutions of
Egs. (A24)—(A29) into Eq. (15) to determine the output
variance.

III. OPTICAL DENSITY-ENHANCED SQUEEZED-LIGHT
GENERATION

It is known that the OD of the system («), two-photon
detuning (6), and input Rabi frequencies of the light fields
(2, and ) are the key factors for the CPT nonlinearity.
Consequently, the output squeezings of probe and coupling
fields are the functions of these three physical parameters.
Since the output squeezings depend significantly on the two-
photon detuning of two fields but negligibly on the one-photon
detuning of the individual field (A, or A.), we consider an
asymmetric detuning setting, i.e., A, = —A. = §/2. We also
set the input probe and coupling Rabi frequencies to be equal,
ie., 2,(0) = Q.(0) = 2, making the output squeezing of the
two fields the same. This enables us to report only on the output
squeezing of the probe field.

When the OD and two-photon detuning are fixed, there
exists an optimum input Rabi frequency of light fields to
maximize the output squeezing, as demonstrated in Fig. 2(a).
The result can be expected by considering the competition
between the CPT nonlinearity and light attenuation. A smaller
Rabi frequency increases the propagation delay time, i.e., the
light-matter interaction time, enhancing nonlinear efficiency
to improve the squeezing. On the other hand, a smaller Rabi
frequency also causes a larger attenuation of the light under
a nonzero two-photon detuning, adding more noises into the
system to undermine the squeezing. Hence, a suitable or an
optimum input Rabi frequency €2, produces a long interaction
time while keeping the attenuation low, resulting in the best
squeezing Vo, of the output field.

Similarly, for a given set of OD and input Rabi frequency,
there exists an optimum two-photon detuning to maximize
the output squeezing, as demonstrated by Fig. 2(b). At
the zero two-photon detuning, the CPT medium becomes
completely transparent and there is no nonlinear interaction
in the system, resulting in no squeezing at all. A nonzero
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FIG. 2. Output variance V, defined in Eq. (15), as a function of
input Rabi frequency €2 and two-photon detuning §. (a) « (i.e., OD)
= 1000 and 6 = 0.02T"; (b) @ = 1000 and €2 = 1.0I". The values of
the minimum variance or maximum squeezing in the two plots are
nearly the same. Q2 (Or o) is the optimum input Rabi frequency (or
the optimum two-photon detuning) that minimizes V under a fixed 8
(or 2).

two-photon detuning introduces the nonlinear interaction and
produces the squeezing. However, the two-photon detuning
is also accompanied by the attenuation of light, introducing
noise to the system. A suitable or an optimum two-photon
detuning 8, produces a large nonlinearity while keeping the
attenuation low, resulting in the best squeezing Voy s of the
output field.

The arguments in the previous two paragraphs, along with
the results illustrated in Fig. 2, can also be supported by
the analytical solution under some reasonable approximation.
Using Eqgs. (6)—(13), one can achieve

%ap = Pa, + Qal, + Ra. + Sa} + i, (16)
where § = z/L is the dimensionless length, d. = i./g is
similar to the definition of a,, i, = i(al'/2) f]; where fn
is the noise operator shown by Eq. (A14) of the Appendix,
and the coefficients P, Q, R, and S are functions of OD
(), two-photon detuning (6), and Rabi frequencies [2.(§)
and 2,(§)]. In the typical CPT experiments, the condition
of 8T « Q7 is usually satisfied and the attenuation of probe
and coupling fields is comparably small. We can neglect the
attenuation and solve the mean-field equations to obtain

Q(6) = QUE) ~ QeI
where
I's
€ = @

With the above ©,(§) and 2.(§), we find that P, Q, R, and
S are approximately equal to ae?/8, —i (e /4) expli(ae/2)E],
(ae?/8) expli(ce /2)E], and «ae?/8, respectively. The magni-
tudes of P, R, and § are all small as compared with that of Q.
Hence, we drop the terms of Pd,, Ré., and S&i in Eq. (16), and
derive the output variance of the probe field as the following:

ZQ2+Z
VaWor+1-loy+ 282

, 17
3427 {17

where

10l = —
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is the magnitude of coefficient Q, and

7 ae? | Q?

2 ( + 4r2)

comes from the non-zero noise correlations. To achieve
Eq. (17), we employ not only the conditions of € <« 1 and
[2:.(6)| = [R2,(8§)| ~ €, but also that of |0]? > 1, which is
reasonable at a large OD.

In Eq. (17), (/|QJ? + 1 — | Q|)> monotonically decreases
with |Q|, and Z(2 + Z)/(3 + 2Z) monotonically increases
with Z. One can immediately see that | Q| produces squeezing
and Z deteriorates squeezing. On one hand, |Q| = ae/4 =
[aT'/(422)]8, and aI'/(4Q2) is about the propagation delay
time of light fields in the CPT system. Either a smaller €2,
i.e., a longer delay or interaction time, or a larger § makes
a larger |Q| and enhances squeezing. On the other hand, as
Z o a€?/2, the quantity ae?/2 = a8’I'?/(2Q*) is about the
attenuation factor in a CPT system. Either a smaller 2 or
a larger ¢, introducing more attenuation of light and adding
more noise into the system, makes a larger Z and reduces
squeezing. Therefore, there exist optimum Q5 and op to
maximize the output squeezing. The analytical expression in
Egs. (17) qualitatively explains the behaviors of the numerical
results shown in Figs. 2(a) and 2(b).

Since available ODs in experiments are various, we are
interested in maximum achievable squeezings at different
values of OD. Figures 3(a) and 3(c) illustrate Vo o and
Qqpt as functions of the two-photon detuning, where Vi o
is the maximum squeezing obtained by scanning all input
Rabi frequencies. Similarly, Figs. 3(b) and 3(d) show Vi, s
and Jop as functions of the input Rabi frequency, where
Vopt,s 1S the maximum squeezing obtained by scanning all
two-photon detunings. We obtained all of the results in Fig. 3
by numerically solving Egs. (A24)—(A29). At a given OD,

(I R — ]
0.0 05 1.0

0.00 0.02 0.04 0.06 0.08
/T Q/T

FIG. 3. Optimized squeezing at different ODs. Black dotted,
green dash-dotted, blue solid, and red dashed lines represent the
OD values of 100, 300, 1000, and 3000, respectively. All results
were obtained by numerically solving Eqgs. (A24)-(A29). (a) The
maximum squeezing obtained by scanning all input Rabi frequencies,
Vopt.2»> as a function of two-photon detuning §; (c) the corresponding
Qope Vs 8. (b) The maximum squeezing obtained by scanning all
two-photon detunings, Vo5, as a function of input Rabi frequency
2; (d) the corresponding 8qp Vs 2.
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a rather large range of the value of Rabi frequency 2 or
two-photon detuning § can achieve similar squeezing, as
shown by Figs. 3(a) and 3(b). This is expected from Eq. (17).
Both |Q| and Z depend mainly on e, i.e., 8F/92. Thus,
various sets of § and  with the same value of §T"/ Q? all
result in similar degrees of squeezing. Figure 3(c) [Fig. 3(d)]
shows that the relation between Qﬁp[ and § [between /8op
and 2] forms a nearly straight line, further confirming the
above argument. Since the two-photon detuning and input Rabi
frequency are easily tunable in experiments, our results imply
that the proposed single-passage CPT scheme is very flexible
and robust.

A larger OD can always produce smaller variance or larger
squeezing, as demonstrated by Figs. 3(a) and 3(b). Such result
can be understood with the help of Eq. (17). To make the vari-
ance as small as possible, one must have |Q]> > land Z « 1.
Consequently, (/| Q2 + 1 — |0])? ~ 1/|Q|2 x 1/(0[262) and
ZQ2+ 2)/(3+2Z)~ 2Z/3 o ae? inEq. (17). This indicates
the optimum € o o ~3/4. Therefore, the minimum variance is
scaled as

Vopt X (18)

1
Ja’
which is consistent with the observation in Figs. 3(a) and 3(b),
i.e., one-order-of-magnitude increment of OD resulting in 5 dB
enhancement of squeezing. Note that since € is small and the
attenuation factor is ae? in the CPT system, the probe and
coupling transmissions of the data shown in Figs. 3(a)
and 3(b) are all larger than 88%. With an OD of 1000, which is
accessible by the current technology [30-32], we predict that
squeezing of 10 dB can be achieved. This result demonstrates
that the performance of our proposed single-passage CPT
scheme is comparable to the state-of-the-art schemes with
optical cavities [6,8].

It is worthwhile to note that the degree of squeezing is
affected by the relative magnitudes of the probe and coupling
Rabi frequencies, €2, and €2.. In the CPT case of 2, = Q. =
Q discussed here, the squeezing is most prominent. In the EIT
case of 2, <« Q, the squeezing disappears.

We have shown the steady-state quantum fluctuation of the
output probe field based on the single-passage OD-enhanced
CPT scheme. In general, fluctuation is time dependent. We
will discuss the frequency spectrum of output variance under
the condition that the squeezing is maximized at the center
frequency of the probe field. The calculation procedure of the
spectra can be found in Sec. 6 of the Appendix. Figures 4(a)
and 4(b) show the spectra of squeezing versus noise frequency
(w) at OD of 1000, with two sets of the two-photon detuning (6)
and the input Rabi frequency (£2). Both sets are optimum and
have the same ratio of § to Q2 that maximizes the squeezing at
w = 0. Similarly, Figs. 4(c) and 4(d) show the spectra at OD
of 300 with two sets of the optimum § and 2.

The four spectra in Fig. 4 have different bandwidths. At a
given OD (@), a larger input Rabi frequency (or, equivalently, a
larger two-photon detuning because the ratio of § to 2 is fixed)
makes the spectrum bandwidth larger. We estimate that the
bandwidth approximately follows the formula of ©2/(~/2aT").
This completely makes sense because the width of the CPT
transparency window is just proportional to Q2/(/aTl). As
for a frequency outside the transparency window, severe
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FIG. 4. Squeezing spectra of the probe field, i.e., output variance
V as a function of noise frequency w. (a) « (OD) = 1000, 2 (input
Rabi frequency) = 1.0I", and § (two-photon detuning) = 0.01T;
(b) = 1000, 2 = 1.4T", and § = 0.019T"; (c) @ = 300, 2 = 1.0T",
and § = 0.019T"; (d) o = 300, 2 = 1.4I", and § = 0.043I". The four
sets of 2 and § all optimize the squeezing at w = 0. In each spectrum,
the quadrature angle is kept the same.

attenuation of the light fields adds much noise to destroy the
squeezing.

Oscillation behavior is clearly seen in the four spectra of
Fig. 4. The comparison between Figs. 4(a) and 4(c) [or between
Fig. 4(b) and 4(d)] shows that a larger OD makes the oscillation
period shorter. In addition, the comparison between Figs. 4(a)
and 4(b) [or between Fig. 4(c) and 4(d)] shows that a larger
input Rabi frequency (or, equivalently, a larger two-photon
detuning) also makes the oscillation period longer. We estimate
that the oscillation period roughly follows the formula of 27 x
[2Q2/(al)]. In other words, the phase of the oscillation ¢ is
approximately equal to [aI"/(292%)]w. In the CPT system, the
propagation time of light (or light-matter interaction time) 4
is about oI"/ (4$22). Therefore, ¢ ~ 2wty, indicating that the
light-matter interaction time plays an important role in the
oscillation behavior.

Before the conclusion, we want to remark that the ideas to
generate squeezed light from EIT systems have been explored
[20,21] and the light-atom interaction through an EIT system
almost gives a linear response [27]. Even though one can
apply the ground-state decoherence to generate squeezed light
[21], it is far less efficient than using the two-photon detuning

J

PHYSICAL REVIEW A 96, 053818 (2017)

demonstrated in this work. Recently, the experimental advance
of high OD in atomic ensembles has made great progress,
i.e., OD of 1000 is readily accessible in several groups. The
large OD or long medium length mimics the long effective
path length for light in the cavity. Under the same optical
path length, slow light can increase the propagation time or
interaction time by 5-6 orders of magnitude, while such large
dispersive interaction extraordinarily results in a very little
attenuation. Utilizing the effect of slow light in the CPT system
is another key idea in our proposed scheme

IV. CONCLUSION

In summary, through the effect of coherent population
trapping (CPT), we have proposed an alternative concept
for the generation of squeezed light from coherent inputs
in a single passage. The CPT nonlinearity can be greatly
enhanced by the optical density (OD) of the system. An
OD of 1000, which is accessible by the current technology,
produces the squeezing of 10 dB, and a larger OD can
further increase the squeezing. Since the maximum achievable
squeezing of a given OD is rather insensitive to the input
Rabi frequency or the two-photon detuning individually, both
of which are the key parameters in the CPT nonlinearity, the
proposed scheme is very flexible and robust. Our study also
reveals that the bandwidth in the output squeezing spectra
is mainly determined by the width of the CPT transparency
window. Combined with light storage and retrieval, squeezed
light directly generated from high-OD CPT media has great
potentials in the applications of quantum optics and quantum
information manipulation utilizing continuous variables.
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APPENDIX

1. The Heisenberg-Langevin equations

The derivations to calculate output quadrature variance of fields in the steady-state region are addressed here. First of all, we
start with the Heisenberg-Langevin equations for atomic operators &, from the Hamiltonian given in Eq. (1), i.e.,

Jat 2

at 2

ot

3 N W S
—631=—| 5 tiA, )63 — 5(011 —633)82), —
5 TN, i A
—6n=—| = +ilA )63 — 5(022 — 633)82, —

0
9. _ 515
621 (V12 +i8)621 + %% 5

i

EQI 621 + Fii, (AD)
I A N
591,512 + Fa, (A2)
I A i a N
=0 623 — =631Q + Foy, (A3)
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0. T, i i
5,01 = 5035 — 503182 + 582,613+ Fuu, (A4)
0 T i i
5,02 =503 - EU3ZQ¢-+EQC 23+ Fa, (A5)
I A I A I A I A ~
5533 = —-T'é33 + 55319,; + 563290 - 591,513 - EQI Gz + F33, (A6)
9 i i
5512 = —(y12 —i8)612 — 50329,; + EQifm + Fi, (A7)
5 R N 2 S
o=z iA: )623 + 5(022 — 633)82 + 50219,; + I3, (A8)
3 T N\, i . i
508 =" E_IA]? 013+§(011—033)9p+§0129c+F13- (A9)

For the steady-state case, we drop the time derivation in the left-hand side. Then, we find the mean-field solutions both for field and
atomic operators, and expand the product of any two operators to first order of quantum fluctuations, i.e., AB ~ AB + Ab + Ba.
Here, A(B) and a(b) denote the mean field and corresponding quantum fluctuation of operator A(B). As the terms related to ab
are much smaller, one can safely ignore them.

As for the propagation equations for optical fields, shown in Egs. (4) and (5), we also separate the corresponding mean field
and their quantum fluctuation by the same procedure. When keeping the nonlinear effects in the mean-field equations, we can
obtain a set of linearized equations of motion for quantum fluctuations. In the following, we show the process in details to obtain
and solve mean fields and quantum fluctuations with a systematic approach.

2. Mean-field solutions

To have a clear illustration, we rewrite the mean-field part of Eqgs. (A1)—(A9) into a matrix form, i.e., Myx = b, with M,
explicitly written as

O* QF Q*
-7 0 —i—< —i—-L 0 — 0 0 0
Vi3 1 > 1 2 . lé* L
0 —7 0 0 —i=< =< —i—-L 0 0
"3 2 2 2 o
—i— 0 —(y12 +i8) 0 0 0 0 iTP 0
Q, 5
—i—" 0 0 0 0 r/2 0 0 i
= Q. QF ,
M; 0 i 0 0 r/2 i 0 (A1O)
0 0 1 0 0
.2, , QF
0 —i—" 0 0 0 0 ~(—id) 0 Qs
Q Q. Q.
0 0 =L 0 = =i 0 —y 0
1 ) o l ) lg% o V23
0 0 0 j—L 0 —i—L j—< 0 -y
) ) '3 )

where 713 =I'/2 —iA, and o3 = I'/2 — i A.. Here, the notations are defined as x! = (031,032,021,011,02,033,012,023,013)
and b” = (0,0,0,0,0,1,0,0,0). In Eq. (A10), we also have replaced Eq. (A6) with the help of population conservation, i.e.,
o1 +0op+o33 =1

The corresponding steady-state solution can be easily obtained by using the matrix algebra: x = M 'b. The two dipole sources
o3 = 013(Q p,Q;,QC,Qj) and o073 = 023(22 p,Q;,QC,Qj) count the nonlinear responses with respect to the optical fields. With
the solutions of o3 and 0,3 substituted into the mean-field part of Egs. (4) and (5), one can obtain the corresponding solutions
for optical fields.

3. Quantum fluctuation solutions

For the fluctuation operators in the atomic parts, as well as their Hermitian conjugates, we linearize Egs. (A1)-(A9) to obtain
the results shown in Egs. (6)—(10) of the main text. Again, in the steady state, we express the fluctuation operators in a matrix
form: Myy + Mau +r = 0, where y7 = (§31,832,821,511,822,833,512,523,513) gives the fluctuations of atomic operators, u’ =
(ﬁp,ﬁl,ﬁc,ﬁz) denotes the fluctuations of field operators, and r’ = (ﬁ31 ,ﬁ32,ﬁ21 ,Fl 1, Fzz, F33, Flz, FB, FB) are the corresponding
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Langevin noise operators, respectively. The matrix M3 is a 9 x 4 matrix, with the matrix elements having the form

0 —i(o11 — 033) 0 —ioy)
0 —iop 0 —i(0 — 033)
0 i023 —i0'31 0
1 —iU31 iU|3 0 0
Mz = 5 0 0 —i(732 i(723 . (All)

0 0 0 0

—i0’32 0 0 1013
0y 0 i(02 — 033) 0
i(o11 — 033) 0 io12 0

9x4

The atomic fluctuation part can be found by solving y = TM,u + Tr, where we define T = —Ml_l. With the solution of y,
we can have the expressions for the quantum fluctuations in two dipole sources §13 = y(9) and §3 = y(8), in terms of the field
fluctuation operators. In general, one can write §13 and §,3 in the following form:

S13 = Aritp + Biith, + Ciie + Dyl + fi3, (A12)

$23 = Asily, + Boith) + Catle + Dot} + fs. (A13)

Here, A;,B;,C;, and D; can be directly calculated from the matrix TM,, with the effective Langevin noise operators f13 and ]?23
obtained from the ninth and eighth elements of Tr. Moreover, we also have flj = fj, In particular, the explicit forms for f;3 and
f»3 can be found to be

9
fis=(Tr) =) Tory,
k=t (A14)

9
o3 = (Tr)g = Z Tgir.
=1

At the same time, we can obtain the steady-state solutions for fields from the propagation equation shown in Egs. (12) and
(13). They are

9 r
iy =i — s, (A15)
oE 2
9 r
Zie=if = )om, (A16)
Py 2

with a dimensionless length denoted as £ = z/L.
By substituting Eqs. (A12) and (A13) and their Hermitian conjugates into the propagation equation for field fluctuations
shown in Eqgs. (A15) and (A16), we can obtain a compact form for the noise operators for fields aT = (&p,&;,&c,&l):

0
—a=Ca+N. Al7
T + (A17)
Here, the two matrices of C and N have the explicit form as

Ay B C D, P 01 RS
C=i— 1 1 1 1 = 1 1 1 1 , AlS8
2| A B, Cy D, P, 0y R S (AL8)

-B; —-A; -D; -C; 0, P S R

Tars a2 s\

N:lg(fl,% — fizs f23, —f23) . (A19)

4. Equations of motion for quantum correlations

In order to calculate the quadrature variance in the output fields, we have to know the corresponding field-field correlations.
According to Egs. (A17)-(A19), one can obtain the equations of motion for all of the two-field correlations in the following
form:

0 ,
£<aaf ) = C(aa') + (aa’)C! + Z. (A20)

053818-7



YOU-LIN CHUANG, RAY-KUANG LEE, AND ITE A. YU PHYSICAL REVIEW A 96, 053818 (2017)

Here, the matrix Z shows the correlations of Langevin noise operators, denoted (NNT). That is,

fy _ L i
Z = (NN') = T(VDV ). (A21)
Here, we have applied the matrix product of Tr and the correlations of any two Langevin noise operators, i.e., (ﬁuﬁu) =

D, ¢/(NL). The diffusion coefficient D,,, can be obtained from the generalized Einstein relation [23]. Moreover, to link the
optical density (OD) and the related single-photon Rabi frequency, we also define o« = g2 NL/(cTI"). The matrix V shown in
Eq. (A21) has the form

To; To, To3 Tog Tos Toe Ty Tog Tog
=Ty -Tp, Tz -Twy -Ts -Ti -Ti;7 —-Tig —Tpo
V= , A22
T3, Ts2 Tg3 Tgq Tss Tse Tg7 Tsg T39 (A22)
T —Tn —-Ts —-Twu —Ts —Te —Tn —Ts —Twn/,,
with the corresponding diffusion coefficients in matrix D:
0 O 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 o33 0 0 0 0 0 0
0 0 0 Y1033 0 0 0 —Y1032 —Y1031
D=]0 O 0 0 o 0 0 —Y203 — Y2031 (A23)
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 yio33 0 0
0 o0 0 —Y103  —y03 O 0 12033 + Lo Toy
0 0 0 —yio13  —y013 0 0 Lo vio33 + oy

9%9

Based on Eq. (A20), and with the help of Egs. (A18) and (A19) and Eqgs. (A21)-(A23), the equations of motion for the quantum
correlations can be found as

%( S =2Pa))+ Q1(2(aha,) + 1) + 2Ry (apac) + 281 (apal) + ni. (A24)

%(&l, p) =2P/(ala,) + Qflas) + Q1(al) + Sjlayac) + Si(ahal) + Ri(apal) + Rialac) + na, (A25)
%(&f) = 2Ry(a7) + 2Py(apac) + 20:(alac) + Sa2(alac) + 1) + ns, (A26)

%(&j&g =2R)(ala.) + Q3(apac) + Qx(ahal) + Pyalac) + Pylayal) + S3(al) + Sa(al*) + na. (A27)
%(&,,ac) (P + Ro){apac) + Ri(aZ) + Pofas) + Sitalac) + Salapal) + Qi(ahac) + Qa((@ha,) + 1) +ns,  (A28)
%(&;ag = (P} + Ry)(alac) + Qi (apac) + Qa(al?) + Silal) + Ri(alac) + Paaha,) + Sa(ahal) +ne,  (A29)

(

where P| and R’ denote the real parts of P; and R,, while
n; (i = 1-6) are the corresponding noise-noise correlations.
The explicit expressions for n; have the forms

with n = [[a/ (2g)]2. As the case of coherent-state inputs is
considered, the initial conditions at & = O for these correlations
given in Eqs. (A24)—(A29) are set to be zeros. By solving
Eqgs. (A24)—-(A29) directly, one can find the corresponding
minimum value in the quadrature variance, as shown in

o Eq. (15).
ny =72(1,2) = —n(f13 f13), (A30)
o =22.2) = +n(f}; fis.) (A31)
5. Asymmetric detuning and unequal Rabi frequencies
ny = Z(3,4) = —n{fr f), (A32) of two optical fields
N In this section, we discuss the arrangement of asymmetric
ny = Z(4,4) = +n{fr3./23), (A33) detuning and unequal Rabi frequencies of two optical fields
. A on the squeezed-light generation. For the asymmetric detuning
ns = 2(1,4) = —n{f13/2), (A34) settings, we choose A, = —A. = §/2 as an illustration. By
N keeping the value of two-photon detuning as a constant, i.e.,
ne = Z(2,4) = +n(fy3./2), (A35) A, — A, =4, in Fig. 5, we reveal the optimized (minimum)
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FIG. 5. Left panel: The optimized (minimum) output variances vs the normalized Rabi frequency 2/I" with three different detuning
settings. Here, we have set 2, = Q. = 1I" and § = £0.02T". Right panel: Same as the left panel, but with an enlarged plot around the minimum
variance, for recognizing the difference between these three detuning settings.

output variance V as a function of normalized Rabi frequency
Q/T.

From Fig. 5, one can see only a slight difference in these
three detuning settings. It means that in our proposed scheme
the output variance is almost insensitive to the detuning
setting. Similarly, one can also consider the setting with
unequal Rabi frequencies of two optical fields. To give a clear
comparison, we denote the ratio between probe and coupling
Rabi frequencies as r = 2,/ €2.. Then, in Fig. 6, we show the
resulting output variance as a function of two-photon detuning
&/ T for different ratios. It is clear to see that we have the
strongest squeezing in the output variance when r = 1, which
just discloses the condition of CPT. Meanwhile, the squeezing
effect becomes very vague when the ratio is much larger or
smaller than 1. For example, in the setting with » = 0.1, which
corresponds to the condition of EIT, no significant squeezing
can be seen, as shown by the green curve in Fig. 6.

6. Squeezing spectra in the output fields

The quadrature variance in the output fields can be
measured directly in experiments. To calculate the variance
spectrum for the output fields, we need to take the time-

001 0015 0.02

detuning &/T

0.005

FIG. 6. The output variances vs the normalized two-photon
detuning §/ I" with four different Rabi frequency ratios r. Here, we
have considered A, = —A. =§/2and Q. = IT".

dependent fluctuations of field and atomic operators into
account. Here, we perform the Fourier transform for all the
fluctuation operators into the frequency domain, i.e., O(t) —
O(w). For the atomic fluctuations, we have

(A36)

with §7 = [531(0),532(@),521(@),511(@),52(0),533(w),512(w)
$23(w),513(w)], and T = —(M, +iwl,)"!. Here, I, is a
matrix whose nonzero matrix elements are 1 in the diagonal
part, but only with I,(6,6) = 0. In the frequency domain, the
propagation equations for field fluctuations are given by

J _ _ oL Ta A B
gap(a)) = lTap(a)) + 17 1(@)d,(w)

+ Bj(@)a},(—) + C(0)d(w)

+ D}(w)al(—w) + %} (A37)
0 _ _ oL _ n To A -
%ac(a))—lTac(w) i— 2(@)ad,(w)

+ By(@)a},(—w) + Cy(@)()

+ DY@l (—) + & 2;("))}, (A38)

where we have the coefficients A’ ,(®), Bj,(@), C|,(w),
and D} ,(w), obtained from the matrix product of T'M,
accordingly. As the quadrature operator in the output probe

field is defined as X p(w) =dy(w) + Zz;(—a)), we can calculate

the optima squeezing spectrum through the following formula:
S@) = (X(@)X (@)

—(ap(@)a,(—w))| — (@) (@)l (—w))|

+ (@l (~w)ay(~w)) + @ w). (A39)

With Egs. (A37)-(A39), the squeezing spectrum shown in
Fig. 4 can be generated.
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