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Electromagnetically induced transparency is a quantum interference (QI) effect in a coherent system, in which
the similar but distinct effect of Autler—Townes splitting (ATS) without QI also happens concurrently. The Akaike
information criterion (AIC) has been proven to be an efficient and objective method to discern them by evaluating
their relative AIC weights for different Rabi frequencies of the coupling field. Here, we investigate in detail the
influence of the dephasing effect on the AIC weights of QI and ATS, and present the transition among destructive
QI, constructive QI, and ATS without QI by controlling the dephasing rates. By comparing the effects of differ-
ent dephasing rates on the QI and ATS weights, we show that the field-phase-diffusion dephasing provides more
feasibility than the atom-collision dephasing in control of QI and ATS. Therefore, precise and selective dephasing
engineering can be realized by manipulating the linewidths and phase correlation of the fields. This indicates that
various collision-related effects (e.g., collision-dephasing-induced coherences) can be experimentally studied using
more controllable field-phase-diffusion dephasing instead of buffer-gas-controlling collision dephasing. © 2019

Optical Society of America
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1. INTRODUCTION

The interaction of atomic ensemble with fields shows a variety
of fascinating phenomena such as electromagnetically induced
transparency (EIT) [1-3] and has potential applications in
quantum information processing [4,5] and quantum engi-
neering [6—8]. Since the optical properties of EIT media can
be greatly modified and controlled by the coupling field, the
ElT-related effects have been widely used for active and quan-
tum control of light, such as slow light propagation [9,10],
light storage and quantum memory [11-15], nonclassical light
preparation [16-19], giant Faraday rotation [20], and tunable
optical buffer [21].

Generally, EIT is a joint effect of quantum interference (QI)
and Autler—Townes splitting (ATS) in an atomic system driven
by a coupling field [22-25], which splits the excited state into
two dressed states. QI occurs between the two excitation path-
ways, leading to a narrow and deep transparent window, i.c.,

EIT effect. When the Rabi frequency of the coupling field is
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much larger than decay rates, QI can be neglected due to well-
separated dressed states, and the probe absorption spectrum
is just a superposition of two Lorentzian profiles with a wide
transparent window, i.e., ATS effect [26,27]. Due to the wide
transparency window and the reversible transfer of atomic spin
and photonic coherences, ATS has been used for laser cooling
[28], high-resolution spectroscopy [29,30], and especially for
high-speed and broadband storage of photons [31].

Both EIT and ATS create transparency windows but the
underlying mechanisms are different. The narrow and deep
transparency window in EIT is due to QI, while the much wider
one in ATS is just a result of the well-separated dressed states.
The Rabi frequency of the coupling field is responsible for dis-
cerning these two similar but distinct effects, and the very weak
(or strong) coupling field gives rise to EIT (or ATS) [24,25,32].
In most cases in which the Rabi frequency is comparable to the
decay rates, the crossover between EIT and ATS occurs and
remains an active topic [33-36].

Recently, an objective method based on the Akaike informa-
tion criterion (AIC) [37,38] was proposed to discern EIT and
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ATS [24], and it allows one to quantitatively determine the rela-
tive weights of EIT and AT'S from experimental spectra, without
the knowledge of any experimental parameter. Moreover, this
method sets a threshold of the coupling Rabi frequency, Qu,
to characterize the transition from EIT to ATS as the Rabi fre-
quency increases. Due to its feasibility in experiments, the AIC
method has been successfully employed in whispering-gallery
microcavities [34], plasmonic waveguide and coupled res-
onator systems [35], circuit quantum electrodynamics systems
[36], etc.

Apart from the Rabi frequency, which creates the atomic
coherence, the dephasing is also an important and inevitable
process. In general, dephasing arises from perturbations by the
environment and destroys the atomic coherence, which results
in EIT [1]. It has been shown that collisional dephasing can
lead to the transition from EIT to electromagnetically induced
absorption (EIA) [39]. Atomic collisions also result in the loss of
spin angular momentum to the motional angular momentum
and being destroyed, which broadens the magnetic linewidth
[40-42]. Thus, it is expected that dephasing plays a key role in
the study of the transition between EIT and ATS.

In this paper, we study in detail the influences of various
dephasings on AIC-based distinguishing of QI and ATS, and
highlight the crucial role of dephasing. We show that dephasing
can lead to the transition among destructive QI (EIT), con-
structive QI (EIA), and ATS without QI. When one uses AIC
to differentiate EIT (EIA) and ATS, not only the coupling Rabi
frequency but also the dephasing rates should be considered.
Furthermore, compared to the Rabi frequency, the dephasing
provides more degrees of freedom to control the AIC weights
of QI and ATS. By comparing different dephasing effects, we
show that the field-phase-diffusion dephasing has much more
feasibility than the atom-collision dephasing in control of QI
and ATS. More importantly, we show that the correlation or
anti-correlation between the phases of the coupling and probe
fields is crucial to enhance QI or ATS. Our work highlights the
crucial role of dephasing in manipulation of QI and ATS for

various quantum engineering applications.

2. DEPHASING OF THE ATOM-FIELD
INTERACTION SYSTEM

We consider a A-type three-level system with one excited
and two lower states, as shown in Fig. 1(a). It is driven by
a coupling field E, =& e @t and a probe field
E, =5pe’int’i¢P(t) with amplitude &), angular fre-
quency @, (), and phase ¢,(,)(#). This system can be found,
e.g., in the D1 line of °Cs for |e) =|6P;), F =4),
|m) = 6812, F =4), and |g) =16S,,, F =3) [43]. The
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Fig. 1. (a) Atom-field system. (b) Mechanism of decoherence in
atoms.
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spontaneous decay rates from |e) to |m) and |g) are T,,
and T, respectively, and the total spontaneous decay rate
of |e) is ' =T, +T,, (=27 x4.56 MHz for '%Cs D1
line). The detunings of the coupling and probe fields are
S =w, —w, —w, and §,=w, —w,, respectively, with
W, () the frequency of |e) (|m)) with respect to a zero reference
frequency of |g).

In this system, the interaction of atoms with fields induces the
atomic coherence, which is usually destroyed by the environ-
ment, i.e., the atoms experience decoherence. This decoherence
is caused mainly by atom—atom collisions, and vacuum and field
fluctuations [see Fig. 1(b)]. The Hamiltonian of the system is

(h=1)
H=[w, +dw,(t)]o,, + [w,, + 6w,,(£)]0m

— Q00 Q eTr i WG, 4 Hec,

(1

with 0;; = Il) (]|(Z, ] =e, m, g) Qf(}’) = dem(eg)gf(},) is the
Rabi frequency of the coupling (probe) field, and 4, () is the
dipole matrix element of the transition |e) <> |m)(|g)).

The atomic collisions give rise to the random shifts dw, ()
and dw,, (¢) of |e) and |m), respectively [44—46], resulting in the
decoherence of atoms. They are independent of each other and
can be described by 8-correlated Gaussian stochastic processes
with

<8we(m) (t)) =0, (2a)
(8e(my (11)800my (12)) =200 8ty — 1), (2b)

(B, (11)dw, (1)) =0, (2c)

where )/e((drzz) is the auto-correlation coefficient. In the follow-
ing discussion, we will prove that the collisional dephasing
rate equals )/e(f ;). This atomic-collision-induced dephas-
ing occurs in the atomic vapor cell with buffer gas. For the
case of an anti-relaxation cell, the decoherence mechanism is
different [40].

Apart from the collision-induced decoherence, the fluctua-
tions of interacting fields also induce decoherence. In general,
both theamplitude &, () and phase ¢, ,) of the field exhibit ran-
dom fluctuations due to the spontaneous emission in the gain
medium of a laser. However, if the laser is operating sufficiently
far above threshold, the amplitude fluctuation can be ignored,
and the field can be described by the phase diffusion model [47],
in which @¢.(,)(#) undergoes diffusion: ¢.>[(P)(t) = le(p)(2),
with

(ie(p) (0)) =0, (3a)

(e (e () = 2 8(11 — 1), (3b)

(et (8)) = 2Lp\ kP8 (1 — 1), (3c)



Research Article

where the phase-diffusion rate ZKC(?;) equals the linewidth of
the field, and ¢, € [~1, 1] is the Pearson correlation coef-
ficient [48,49]. ¢, >0 (¢, <0) denotes the correlation
(anti-correlation) between the phases of the coupling and probe
fields.

Generally, atomic collisions and field phase diffusions are two
independent processes, and thus we have

(8We(my (1) e (py (£2)) = 0. (4)

Introducing a unitary transformation U (t) =o0. +
efzw[tfzqﬁ,(z)o,mm + efzwptfmp(t)o_gg and L}sing ¢f(17)(t) —
Me(p)(2), the Hamiltonian becomes Hyy = iUUT+ UHU =
]"[1 + Hz, Wlth

Hy = —08:0mm — 8,045 — Q:0u — Q0. +H.c., (5a)

Hy = 8w, (£)0ee + [80, (1) + e ()]0 + 1, ()T, (5D)

Here, U(#) can be regarded as a transformation to a rotating
frame with random phases. (If we ignore ¢, () (¢), U(?) repre-
sents a transformation to a usual rotating frame.) The master
equation is

,Oz_l[[—ll, ,0]—1[[—[2, p]_ﬁvacpa (6)

with
r
‘Cvacp = E(Geep + paee) - Fempeeamm - Fegpeeogg- (7)

According to the theory of multiplicative stochastic processes
[47], the equation of motion of the average p is obtained:

(P) =—ilHy, (p)] = Lyac(p) —/ de([H(2), [Fh(7), pI])
0

=—i[H, (p)] — L:vac(p) - ‘Cco[(p) - ﬁph(p)s

8)
with

Leot{0) = 7V [0ee, [0ves (01 + ¥, L0y [0y (011,
9)

Lph<p> = K[(d) [Gmmv [ammv <,0>]] + K/(;d) [agg’ [agg’ (P)]]

+ 8p\ Kk ([ [ggs ()] + (04 [0ms (0)T1) -
(10)

The first term in Eq. (8) describes the coherent interaction
inducing the atomic coherences, which are represented by the
off-diagonal elements p;;. Lya.(p) represents the spontaneous
decay due to the vacuum fluctuation. Leoi(p) and Ly (p) give
the dephasing induced by the atomic collisions and the field
phase diffusions, respectively. The decoherence rate of p;; is

Yij = (i1(Lyac(0) + Leot{p) + Lon{o)7)/{pij), and we have

r r
)/fm=5+yg(713)a yeg=5+ygng)s Vmg=)/,f1?)7 (11)

with the dephasing rates
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v =r ¥+ +1, (12a)
v =y P+, (12b)

r =y + @ 4l =20,k (120)

Equations (11) and (12) show that the decoherence of the
atom-field system originates from (i) spontaneous decay (I'/2);

(ii) atomic-collision-induced dephasing ()/e((cz)); (iii) field-
phase-diffusion-induced  dephasing (Kc(((i;;)); and  (iv)

field-phase-correlation-induced dephasing (—2¢,, I([(d)/c](,d)),

which takes negative value for ¢, > 0 or positive value for
ep <0, implying that the phase correlation can weaken or
enhance the dephasing between the lower states |72) and |g).

The QI and ATS effects coexist in the present atom—field
system and are influenced by the dephasing. In the following
discussion, we focus our attention on the influence of dephasing
on the relative weights of QI and ATS. The discussion also
shows the possibility to control the weights via manipulating the
dephasing with the phase correlation of fields.

3. INFLUENCE OF DEPHASING ON THE
RELATIVE WEIGHTS OF QI AND ATS

The absorption spectrum of the probe field is determined by the
imaginary part of the susceptibility x, which is proportional to
atomic coherence p,,. Here, we consider the case of §. = 0 for
the resonant coupling field. By solving the steady-state solution
({p) = 0) of Eq. (8), we obtain the susceptibility

_ Nadey

8p = 1Vmg
= 13
ot (13)

(8]) - iyeg)((sp - lymg) - Q% '

X (peg) =K

with ¥ = Nadfg /€0, atomic number density /V,, and vacuum

permittivity &o. x has two poles 84 =ig +i,/n? — Q2 and

thus can be decomposed as

X =k SP—iVmg :E( .]+ + ]— >
6,806, —8) 2\8,-8, 8,5

(14)
where J+=1=£n/\/n*—Q2, with n= (Ve — ¥my)/2 and
2 = (Yeg + Vmg)/2. The term \/n? — Q2 is a real or imaginary
number for || > 2, or |n| < ., giving rise to different forms
of x. Here, we consider the absorption spectrum under the
conditions of || > Q,., || ~ Q.,and || K ..

(i) For [n| > €., the absorption spectrum can be written as

aQr=aqQ1 + o

_x [(1+n/\/772—9?) (¢ + v = 2)
2 8+ (¢ + v —)

+(1_”/”2_93)@_”2_93)] (15)
5+ (e = vir =)’

The absorption spectrum «qr, as shown by the black line
in Fig. 2(a), is a result of the overlapping of wider positive aq;
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5,, /F 5,) /F
(), (b) Absorption spectra for €2, = 0.2T" (a) and 2, = 2I" (b) with yrf}? = 0. (c)—(e) Absorption spectra with €2, =T" when y,f};) =0.6I

(o), yyf};) =0.1T" (d), and yrf};) =T (e), corresponding to n = 0,0.25T", and —0.2T", respectively. The other parameter is yeEgD) =0.1T.

(blue line) and narrower negative aq, (red line) Lorentzian
profiles, leading to the absorption suppression at resonance, i.e.,
EIT. In this case, the EIT absorption spectrum is considered as
the QI effect.

(i) For |n| <« K2, the absorption spectrum [black line
in Fig. 2(b)] is simply a superposition of two independent
Lorentzian profiles of @a; and ava (blue and red lines):

OATs = a1 + Qa2

K g 4
= — + .
2 [(6,, SR DR S RN Y +g2]

(16)

These two Lorentzian profiles are located at +,/Q2 — n? ~
£, with the same linewidth g. In this case, the system exhibits
an ATS feature without interference [50].

(iii) For |n|~ 2., the absorption spectrum can be
expressed as

black line) is suppressed, representing destructive QI (DQI),
i.e., EIT. On the other hand, when 1 < 0, as shown in Fig. 2(e),
the total absorption (ctq/a, black line) is stronger than the ATS
absorption (ctats, red line), i.e., constructive QI (CQI).

In order to differentiate QI and ATS, the AIC is adopted
to evaluate their relative weights quantitatively. For i) QI and
ii) ATS cases, the absorption spectra can be rewritten as

C? C?
aQr= = 1 RS z_, (18a)
8p+$1 8P+§2
Cc? Cc?
TS = (18b)

(8, — 81 +&2 " (8, +81)° + &%

where the parameters Cyz), C, &1(2), &, and 81 can be calculated
from Eqs. (15) and (16). One can use these two approximation
models oqr and axrs to fit the experimental data with fitting
parameters Cy(2), C, &1(2), &, and 8;. The AIC of aqyars) is
defined as Iquars) = 2Kquarsy — 2 log Laiars)  [37,38],

N R

OQ/A = OATS T Q2 =

4 4
_l’_
[(31) /R ) g (5, -/ —n2)2+g2}
8, + Q2 —n?

o +
2VE = L+ ) e

The first two Lorentzian profiles are exactly the same expres-
sion aars of ATS in Eq. (16), and the last two terms (denoted
by aqn) are therefore related to the terms for QI. When
n=r/4+ ()/e(gD) — )/,9;))/2 =0, aqn vanishes, and the
absorption is completely determined by ATS [see Fig. 2(c)].
When n # 0, both QI and ATS terms (aqp and axrs) have
influences on the absorption, and one cannot readout which
one is dominant. Note that the QIs for 7 > 0 and 1 <0 are
different. When 1 > 0, as shown in Fig. 2(d), compared to the
ATS absorption (aars, red line), the total absorption (aq/a,

5, =/ ] 7
N S

where Kqiars) =4(3) is the number of fitting parameters,
and Lqiars) is the maximum of the likelihood function. The
relative weight of aqyars) is given by the per-point Akaike
weight

¢~ lars) 2N

WQIATS) = (1 9)

e~ IQ/2N 4 ,—Ixrs/2N’

with the number of fitting points 2V, and wqr + wars = 1.
Akaike weight wqiars) quantitatively represents how well
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aqiars) fits the experimental data and thus determines the
relative weight of the QI (ATS) effect. wqyats) increasing from
0 to 1 means that QI (ATS) becomes stronger.

Here, we use the model Im x [see Eq. (13)] to simulate the
experimental data to be fitted by qiats). The calculated Akaike
weight wqrars) now represents how close aqyars) is to Im x.
As an example, in Fig. 3, we use aqr and aars (blue and red
lines) to fit the simulated data (black lines), and calculate their
Akaike weights wqr and wars, respectively. It can be seen that
decreasing |n| or increasing €2, makes QI weaker and ATS
stronger.

Figures 4 and 5 display the dependences of the QI and ATS
weights (wqr and wars) on the atomic-collision-induced
dephasing (/¥ and y?) and field-phase-diffusion-induced
dephasing (¥, K[(,d), and ¢.,), respectively. We consider
the three conditions: (i) 7 = 0 for a boundary of DQI and CQ],
as denoted by the solid white lines in Figs. 4 and 5, for which
In| < €2, and thus the absorption spectrum is determined
by ATS without QI, i.e., WATS = 1 and wqr = 0. (ii) n> 0 for
absorption suppression with DQI. (iii) 7 <0 for enhanced
absorption with CQI. As |17] increases, wqy increases while wars
decreases. In other words, one obtains strong QI in the region far
away from the boundary. In the region of n > 0 (n < 0), QI is
destructive (constructive), resulting in a suppressed (enhanced)
resonant absorption, as analyzed above. Therefore, |1| deter-
mines the strength of QI, and the sign of n gives the nature of
QI. Also note that wqp becomes smaller for a larger €2, regard-
less of the values of dephasing rates (see the change from the
second column to the last column in Figs. 4 and 5), which is in
consistent with the previous studies [24,25].
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The white dashed lines in Figs. 4 and 5 denote wqr = wars =
0.5, which is the critical condition for the transition from QI to
ATS. In the range from wqr = 0 (solid white lines) to wqr = 0.5
(dashed white lines), the ATS effect dominates, while in the
range wqr > 0.5, the QI effect dominates. This critical condi-
tion depends on the dephasing rates ()/E((d ;), Kf‘(i;), and ¢,,) and
the coupling Rabi frequency (€2,), and thus can be considered
as a criterion to differentiate QI and ATS from experimental
parameters.

By comparing Figs. 4 and 5, it is seen that the field-
phase-diffusion-induced dephasing is more flexible than
atomic-collision-induced dephasing in control of the weights
of QI and ATS. Experimentally, the collisional dephasing rates
are generally adjusted by changing the partial pressure of the
buffer gas filled in the atomic vapor. It is difficult to get the
exact values of dephasing rates, and one cannot adjust only y,@
(J/,E,d)) while keeping y,ff) (ye(d)) unchanged. Instead, it is much
easier to adjust the laser linewidths and correlation coefficients
using the phase modulation and locking techniques. Thus, the
field-phase-diffusion-induced dephasing can be precisely and
selectively controlled. Also, the field-phase-diffusion-induced
dephasing has more degrees of freedom than atomic-collision-
induced dephasing. Apart from the phase diffusion rates («c¥
and Kl(’d))’ the phase correlation between the coupling and probe
fields is crucial for manipulation of wqr and wars. As the cor-
relation coefficient ¢., changes from 1 (complete correlation)
to —1 (complete anti-correlation), the region of DQI (1 > 0)
becomes small, while the region of CQI (1 < 0) becomes large
(see the change from the first row to the last row in Fig. 5),

() —Imz| o3} (b)
04T wg, = 0.49
wats = 0.51

= =0 0.2 fwats = 0.11

0.1

et
.........

==y wo =089 ¥ )

—Imy (C) —Imy
"% | 0 4}wg =089 "=y
==y wats = 0.11 =m0y

0.2

- ”
''''''

-

Fig. 3.

Fitting the absorption spectra to get the relative weights of QI and ATS when (a) Q. =0.5T, yeng) =0.1T (n =0.25T"); (b) 2, =0.5T,

)/eng) =0.5T (n=0.45T"); and (c) 2, = 0.28T", yeng) =0.1T (n = 0.25T"). The other parameter is yrfl?) =0.1T.
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Fig.4. Dependences of (a) 7 and (b)—(d) wqr (wars = 1 — wqp) on y D and y@ with (b) Q. = 0.8T, (c) Q. = 1.5T, and (d) Q. = 3T". The white
lines indicate n = 0 (wqr = 0 and wars = 1), and the solid white dashed lines indicate wq = wars = 0.5. The other parameters are Kc(d) = K;d) =

0.1T"and ¢, = 0.
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(0), (), and (k) , = 1.5T"; (d), (h), and (I) , = 3I". The phase-correlation coefficient ., = 1 (first row), 0 (second row), and —1 (third row). The
solid white lines indicate = 0 (wqr = 0 and wxrs = 1), and the white dashed lines indicate wq; = wars = 0.5. The other parameters are y 9=

7Y =0.02T.

i.e., one can use phase-correlated coupling and probe fields to
improve QI.

4. CONCLUSION

Using the theory of multiplicative stochastic processes, we have
investigated the dephasing effect of an atom—field system involv-
ing atom—atom collisions and field phase diffusion, and have
obtained the corresponding dephasing rates. Based on this and
utilizing AIC, we have studied the influences of atom-collision
dephasing and field-phase-diffusion dephasing on the relative
weights of Ql and ATS. The transition among DQI (EIT), CQI
(EIA), and ATS without QI can be obtained via changing the
dephasing rates. The continuously and selectively controllable
features of the field-phase-diffusion dephasing provide a way to
realize the precise dephasing engineering via manipulating the
linewidths and phase correlation of fields. Previous discussions
focus mainly on the influence of coupling Rabi frequency on
QI and ATS weights. In this discussion, we have highlighted the
role of dephasing rates for distinguishing QI and ATS.
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