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We investigate the manipulation of the quantum interference (QI) in an electromagnetically induced trans-
parency (EIT) system via phase fluctuations and their correlation of interacting fields. We show that the field
fluctuation correlation and atomic dephasing rate have a similar effect to atomic coherence, and furthermore that
QI is dependent on the fluctuation and correlation. Using the theoretical model in a dressed-state representation,
the contribution of QI and Autler-Townes splitting (ATS) to probe absorption can be expressed in separate terms,
such that the obvious enhancement of QI is found with highly correlated fields while ATS remains unchanged.
In particular, when the relative large Rabi frequency of coupling field is applied, in which case the ATS plays
a more prominent role than QI, we can still modulate the QI to be higher than ATS with correlated fields. This
result could allow the strict EIT condition to be relaxed and be easily realized, or it may be a method to get a
narrow EIT window for applications in efficient light storage and quantum interface.
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I. INTRODUCTION

Electromagnetically induced transparency (EIT) [1-3] is
a phenomenon in which a deep transparent window appears
within a probe absorption spectrum with a linewidth even
narrower than the natural linewidth [4], and thus it leads to
extremely steep dispersion. EIT has been studied extensively
for many years due to its wide applications in the slowing of
light [5-8], optical storage [9-11], optical diodes [12], quan-
tum communication [13,14], and quantum computation [15].
Experimental and theoretical studies showed that EIT can be
used to enhance the nonlinear processes in atomic systems
[16,17], and the combination of EIT and four-wave mixing
(FWM) is a crucial way to generate narrowband biphotons
[18-20] and continuous-variable correlated twin beams at the
atomic transition wavelength [21-23], which are important
resources in quantum communication networks [24].

In general, the transparent window is a joint effect of
Autler-Townes splitting (ATS) [25,26] and quantum interfer-
ence (QI) in three-level atomic systems. ATS originates from
the dynamic Stark shifts of the two dressed states due to the
coupling field. QI between the two transitions from the two
dressed states to the ground state substantially deepens and
narrows the transparent window. When the Rabi frequency
of the coupling field is weaker than the decay rates, the two
dressed states are so close to each other that they can be
coupled to the same vacuum modes [27,28]. In this case, QI
play a crucial role while the effect of ATS can be ignored.
However, when the Rabi frequency of the coupling field is
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much stronger than the decay rates, the two dressed states are
well separated, resulting in a negligible QI and an obvious
ATS. Therefore, the Rabi frequency of the coupling field is
responsible for the discrimination and identification of the QI
and the ATS [29-32]. An objective method based on Akaike’s
information criterion (AIC) was proposed to discriminate
EIT and ATS from experimental data [29-31], and it has
been employed widely to quantitatively determine the relative
weights of the effects of EIT and ATS in various systems
[33-38].

Additionally, the nature of QI in the control of absorp-
tion via coupling fields was investigated for various atomic
schemes, showing that QI can be manifested through two
dispersive terms [39]. The narrow transparent window in an
EIT medium is actually a result of destructive QI. Theoretical
analysis showed that QI can be either destructive or construc-
tive by changing the dephasing rates, leading to a reduction
or enhancement of absorption [39,40]. In atomic media, it is
well known that the dephasing is caused by the atom-atom and
atom-environment collisions, which are difficult to precisely
control in experiments.

In this article, we investigate the manipulation of the
nature and strength of QI in a three-level atomic system
via controlling the phase fluctuations and correlation of the
coupling and probe fields. We show that the effect of the
phase fluctuations and correlation is to induce another type
of dephasing. This kind of dephasing, termed field-fluctuation
induced dephasing (FFID), can be controlled flexibly and
precisely by the phase modulation and locking techniques
in experiments. We calculate the probe absorption that is a
summation of an ATS term and a QI term in a dressed-state
representation, showing that QI is associated with not only
the Rabi frequency of the coupling field but also the dephasing
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FIG. 1. (a) A-type three-level
representation.

system. (b) Dressed-state

rates. The dependence of QI on FFID and the Rabi frequency
of the coupling field is analyzed in detail. In particular, the
phase correlation between the coupling and the probe fields is
shown to be a key factor to enhance QI.

II. FIELD-FLUCTUATION INDUCED DEPHASING

Consider the A-type three-level atomic system as shown
in Fig. 1(a), consisting of an excited state, a ground state,
and a metastable state, for example |1) = 6P, F =4),
|2) = 16812, F =3), and [3) =[6Si2, F =4) in the DI
line of *3Cs. The spontaneous decay rate from |i) to |j)
(i, j =1,2,3) is represented by y;;, and the decoherence

rate between |i) and |j) is [';j. T2 = (Y12 + v13)/2 + )/l(d),

Tis = (Y12 + 113)/2 + 7P + ®, and T3 = . y¥ and

y;d) are the collisional dephasing rates, which are generally
caused by the collisions among atoms. y1; = y13 = 2.3 MHz,

D~y ~0, T1, =T13=2.3 MHz, and Ty ~ 0 for

where Q. =d;3E./h and Q, = d,€,/h are the Rabi fre-
quencies of the coupling and probe fields, respectively, and
they are assumed to be real. d;; is the dipole moment of the
transition |i) <> |j). The phases ¢.(¢) and ¢,(¢) undergo dif-
fusion: @ (1) = pc(t) and @, (¢) = p(t). 9.(0) and ¢, (0) are
uniformly distributed between 0 and 277, and j.(¢) and ., (1)
are §-correlated Gaussian random processes with [41,42]

(me@)) = (up() =0, (2a)
(me(tDpe(t2)) = 26.8(t — 1), (2b)
(mp () up(82)) = 2K,0(t) — 12), (2¢)
(e pp(2)) = 2kcpd(t1 — 12). (2d)

Here the angular brackets denote the ensemble average with
respect to the distribution of random process (., (f) or p.(t).
2k and 2« , represent the linewidths of the coupling and probe
fields, respectively, and k., is the cross-correlation coefficient
of phase fluctuations between them. k¢, > 0 (., < 0) means
phase correlation (anticorrelation) between the coupling and
probe fields. If, for instance, the two fields are provided by two
independent lasers, one has «., = 0. The cross-correlation
coefficient k., varies in the range [— KKy, \JKcKp]. For
a typical diode laser (for example, TOPTICA DL PRO)
commonly used in experiments, the free-running linewidths
ke,p ~ 1 MHz. The linewidth of the laser can be adjusted up
to ~100 MHz via modulating the driving current by a wide-
band white-noise generator. The correlation (anticorrelation)
between the phases of the two lasers can be controlled, e.g.,
using an optical phase-locked loop.
Introducing the variables

P2 = p2e” ", Py =ply. P13 = prze'®?,
133Cs atoms. The frequency difference between the states |i) ) L ’ 112)_ o - .
and |j) is w;j = w; — ;. A strong-coupling field E.(t) = P31 =Py, Pz = pae T By =Py, (3)
Ece”[““””""'(’)] +c.c. drives the transition |1) < [3) reso- Egs. (1) become
nantly, while a weak probe field E, (1) = E,e /i TerO] 4
c.c. scans across the transition |1) <> |2) with detuning §, = S —iQ B +iQ 5 4a
w12 — vp. Here the field fluctuations are taken into account /?22 yizpu ' r '?21 ’ r iolz’ (42)
by introducing the time-dependent random phases ¢.(¢) and P33 = Yi3p11 — i2:031 + 182013, (4b)
@,(t), while £ and £, are deterministic variables. The equa- Pro = —(Tia +i8,)p12 + ipy ()12 + i p
tions of density matrix elements are .
—iQ,(o11 — p22), (4¢)
fo2 = yi2pin — iQ2ye" 0O pyy 1 iQ,e D py. (1a) P13 = —T13p13 +ipc(t)p13 +iQ,03 —iQLe(o11 — 033),
. i i o~ 4d
p33 = yi3p1 — Qe %O py +iQee' "V py3, (1b) . T 5.) ® ® @D
. . i P23 = —(To3 —i8,)P23 — iptp(t)P23 + ipne(t) P23
pr2 = —(Ti2 +i8,)p12 + iQee sy . p_Q y ’ ‘ o)
. —182:021 + 182,013 €
—iQue™ D (p1 — px), (Ic) o Pt
) ] o) o i) Considering the normalization condition py; 4 p2 +
P13 =—Tpiz +iQe o0 py3 —iQee™ " (o1 — p33), 033 = 1, Egs. (4) can be written as
(1d) ;
) . . o . o Pi=ZAiij+ZBij(l)Pj+Ci, )
pr3 = —(Ta3 = i8,)p23 — iQee™ Oy +iQ,e O py3, 7 7
(Te) where P;, A;;, B;j, and C; are
J
P = (pxn, p33, P12, Pa1, P13s P31, P23 P32 (6)
C =y, i3, =i, iQp, —iQ, i, 0, 0,)", (7
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—Y12 —Y12 i2, —iQ, 0 0 0 0
Y13 —Y13 0 0 Q. —i 0 0
2iQ, iR, —(Tn+is,) 0 0o 0 0 i
LR i, 0 ~(T—is,) 0 0 —if. 0 "
| 2iQ2, 0 0 -Tis 0 iQ, 0 ’
—iQ. -2 0 0 0 —I'13 0 —iL2,
0 0 0 iQ, i, 0  —(Tys—id,) 0
0 0 i 0 0 —i2, 0 —(T23 +i6p)
B(t) = diag(0, 0, ip, (1), —ipp(t), ipc(t), —ipe(t), —ipp(t) +ipe(r), ipp(t) —ipe(t)). )
[
B(r) satisfies  (Bjj(r)) =0 and  (Bj;(11)Bu(12)) =  on the other hand, the collisional dephasing rates y\* and

2Q;jud(ty — 1) with Qi obtained using Eqs. (2).
The average of P; over the distributions of ¢, and ¢, is

(P) = ZAij(Pj> + Z Qikj{Pj) + C;
J Jk
=Y Aij(Pj) + Qiiii(P,) + Ci, (10)
Jj

where we have used the fact that Q;;; does not vanish only
when i = j and k = [ since B(¢) is a diagonal matrix. From
Egs. (2) and (9), we have

03333 = Quaaa = —kp, Ossss = Qeses = —Ke»

07777 = Ossgs = —Kp — Kc + 2ch- (11)

The equations of the mean density matrix elements are then

(022) = yialpon) — iR2p(021) +i2,(012), (12a)
(033) = viz{p11) — iQe(Pa1) +iQ2:(P13), (12b)
(P12} = =12 +i8,)(P12) +iQep32) — iR, ((o11) = (o)),

(12¢)
(Pr3) = —T13(p13) +iQ2,(p23) — i (on1) — (p33)), (12d)

(p23) = —(To3 = i8,)(P23) — iQe(po1) +iQp(F13),  (12e)
with the effective decoherence rates
Fi2 = 2+ v13)/2 + ¥ + (13a)
T3 = +y3)/2+ V1(d) + )/3(d) + Ke» (13b)
Py = 1" + ke + kp — 2ucp. (13c)

Equations (12) and (13) specifically show that the phase
fluctuations and the correlation of the coupling and probe
fields (i.e., the linewidths and the cross-correlation coefficient
of the fields) have a similar effect to collisional dephasing only
on the off-diagonal elements of the density matrix. This means
that the phase fluctuations of fields cause the effect on the
off-diagonal coherence elements of the density matrix, e.g.,
the atomic coherence determined by p;» for the probe field.
We refer to this effect as field-fluctuation induced dephasing
(FFID) quantified by k., kp, and k.

In general, the spontaneous decay rates y;, and y,3 are only
determined by the selected atoms and cannot be changed, and

y3(d) can be changed by changing the pressure of the buffer
gas filled in the atoms in a vapor cell [43,44]. However, it is
difficult to get the exact values of the dephasing rates, and one
cannot adjust yl(d) (y;d)) while keeping y;d) (yl(d)) unchanged.
Instead, changing the linewidths and the cross-correlation
coefficient of lasers is relatively easy and purposeful using
phase modulations and locking techniques. In the following
sections, we mainly discuss the effect of FFID on QI, therefore
we set yfd) = 3(‘1) =0, and also yj, = y;3 = y for normal-
ization.

III. MANIPULATION OF QI VIA FFID

To demonstrate the manipulation of QI by FFID, we calcu-
late the probe absorption of the atomic medium in the dressed-
state representation |+) = (|]1) + |3))/ﬁ [see Fig. 1(b)],
which is determined by the susceptibility

_ Ndp 1
o Eogp ﬁ

where N is the atomic number density and € is the permittiv-
ity of vacuum. (f,,) and (p_,) satisfy the equations

({Py2) + (P-2)), (14)

(Py2) = —li(8) — Q) + ENPs2) — n{p-2)

+&<< ) = (Pis) — (P1-)) (15a)
72 P22 P++ P+-1),
(Poa) = —[i(8) + Q) + E1(P2) — n{p12)
1Q
(15b)

+ T;((pn) —{P—=) — {P=+)),
with

£ =Cn+T23)/2=y/2+ ke +26p — 2kep)/2, (162)
n={n—T15)/2=y/24 2y —K)/2. (16b)

& and 7 are the parameters characterized by the spontaneous
decay rate of atoms, the phase fluctuations of the coupling and
probe fields, and phase correlation of the fields.

Considering that the probe field is much weaker than
the coupling field, and keeping the probe field only up to
the first order and the coupling field up to all orders, we
obtain the mean density matrix elements (f;,) and (p_,) in a
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dressed-state representation:

3 >:& B, +Q)+&—7

P = A6, — Q0 EIG, + Q0 + 6 — 1P
(17a)

5y = 1% i(8p = Q) +£— 1

P2 T A TG, — Q0 HEIG, + Q0 + 6 — 1P
(17b)

The absorption of the probe field is then obtained,
Imy d + d + ®. (18)

(317 - Qc)z +€2

(8) + Q)* + €2

The first two terms of Eq. (18) are two Lorentzian absorption
profiles with the same linewidth £ and splitting width 2€2,.
The third term is expressed as

20[(i8, + )8, + & —n)+ Q2]
[(i8, + &)+ Q2][(i8, + &) — n* + Q2]

It can be seen from Eqgs. (15), (18), and (19) that p
determines the quantum interference between the transitions
|[+) <> |2) and |—) < |2). If n =0, we have & =0, and
Egs. (15a) and (15b) reduce to two independent equations,
meaning that the transitions [+) <> |2) and |—) < |2) are

® = —Re . (19)

independent without interference. As a result, the absorption
is simply the superposition of the first two terms of Eq. (18),
characterized as ATS [45]. This effect can be understood
from the A-type EIT system in Fig. 1(a), in which EIT is
obtained under the condition that the spontaneous decay rates
y12 and y;3 from the excited state |1) to the ground states
|2) and |3) are much larger than the nonradiative decay rate
y23 between the states |2) and |3), i.e., y12 (Y13) > v23. In
this case, n = (y12 + y13)/4 — v23/2 > 0. Any increase of the
nonradiative decay rate y»3 (i.e., n =y /2 — y23/2 ~ 0, e.g.,
due to large collisional dephasing in atoms) will reduce the
EIT effect. On the other hand, Eq. (16b) also shows that the
phase fluctuation «. has a similar effect on EIT as y»3, while
the phase correlation k., can compensate for this reduction.

The third term @& of Eq. (18) is the contribution of QI
between the two transitions in the absorption spectrum. If
® < 0 (P > 0), the absorption is suppressed (enhanced) rel-
ative to the case of ATS (& = 0), which is referred to as
destructive (constructive) QI. A large (small) |®| indicates
that QI has a strong (weak) effect on the absorption. It is
therefore concluded that the nature of QI is determined by the
sign of ® while the strength of the effect of QI is represented
by |®]|.

Next, we analyze the effect of FFID on & at §, =0
(for the case of resonance of the probe field), denoted as

0.5 0.5 0.5
0.4 0.4 (b) 0.4} (c)
- 03 - 03 ~ 0.3}
3 I 3 | II 3
< 0.2 < 020+ < 02+
0.1 A 0.1\ J 0.1 LI
0. _| 0. : 0. .
05 1. 15 2. 0. 05 1. 15 2 0. 05 1. 15 2.
Kely Kely Kely @ (arb. units)
0.5 0.5 0.5 ' 1
) 0a 04! (£)
0
> 0.3 I > 0.3 I I > 0.3} i
¥ 0.2 < 02} + < 02! + 1
0.1 / 0.1 01 4
0.k 1 o, . o, _| "
05 1. 15 2 0. 05 1. 15 2. 0. 05 1. 15 2.
Kely Kely Kcly 5
0.5 0.5 0.5 -
0.4 (2 0af () 0.4} (1)
- 03 - 03 s 0.3}
= | = | II <
< 02 < 0.2} + <02} + II
0.1 / 0.1 01f
0.k 1 0. | 0.k :
0. 05 1. 15 2 0. 05 1. 15 2. 0. 05 1. 15
Kely Kely Kely

FIG. 2. ®¢ vs k. and k), for k., = ,/k.k, (first column), k., = 0 (second column), and k., = —, /KK, (third column) with ., = 0.3y (first
row), Q2. = y (second row), and 2. = 3y (third row). The regions I, the regions II, and the black lines indicate &, < 0 (destructive QI), &y > 0
(constructive QI), and @y = 0 (no QI), respectively. The cross marks indicate the general EIT experiment condition, i.e., k. = k, = 0.2y

(linewidths of ~1 MHz).
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FIG. 3. @, vs Q. (a) for different k. withx, = 0.2y and k., = 0;
(b) for different «, with k. =y and k, = 0.2y. The cross marks
indicate Q. = Q¢ = |n].

Py = —2n[E(5 — m) + Q/1(E* + QD(E* — n* + QD). Fig-
ure 2 shows the dependence of ®( on k. and k, for k., =

kK, (the maximum phase correlation between the coupling
and probe fields), k., = 0 (no phase correlation), and k., =
—JKcKp (the maximum phase anticorrelation), respectively.
Regions I represent &y < 0 (destructive QI, i.e., EIT) while
regions II represent ®( > 0 (constructive QI). The black lines
in each figure are boundaries of the two regions and indicate
@y =0 (no QI). It can be seen from Fig. 2 that as «,

changes from KKy 0 — KKy, the region of destructive
QI (region I) becomes small, while the region of constructive
QI (region II) becomes large, showing that the FFID gives
rise to the manipulation of QI. One can improve the QI in
atoms using phase-correlated fields. The cross marks in each
figure of Fig. 2 show the case for the general EIT experiment
with two separate coupling and probe fields (the linewidth is
~1 MHz, i.e., k. =k, = 0.2y). It is seen that QI is always
destructive (&g < 0) in EIT experiments, and the EIT can be
enhanced (P decreases) using phase-correlated fields via the
phase-locking technique (k., > 0).

@, depends not only on ., kp, and k., but also on 2. [see
Eq. (19)]. It is seen from Fig. 2 that the effect of QI becomes
weaker for larger 2. In Fig. 3, we plot & as a function of €2..
®, tends to zero as €2, increases, implying that the effect of
QI becomes negligible. Actually, it can be easily verified that
limg _, o ®¢ = O regardless of the values of k., k,, and x,.
This fact can be understood straightforwardly in the dressed-
state representation [see Fig. 1(b)] where the splitting between
the two dressed states |£) is 2€2... For a small 2., |%) are close
to each other and can be coupled to the ground state |2) by the
same vacuum modes [27,28], leading to strong QI between the
two transitions |+) <> |2) and |—) <> |2). On the other hand,
for a large 2., |£) are well separated and can only be coupled
to |2) by different vacuum modes, implying that the effect of
QI is negligible and the absorption is mainly due to the effect
of ATS.

Actually, the total absorption in Eq. (18) is determined by
the first two Lorentzian terms (characterized as ATS) and QI
terms of ®. The relative weights of QI and ATS are the key
evidence to see which one is important. It is obvious in Figs. 2
and 3 that Q. is one factor to determine the weight of QI,
and is characterized by a threshold Q4 = || as discussed in
Refs. [29-31]. When Qy, < |n], the effect of QI is prominent
while the effect of ATS is negligible. When Qy, > |n|, the
effect of ATS dominates while the effect of EIT can be

05 055 — 0.57
040 04/ (B) 0404
~ 03] ~ 03] » 03] Quly
< 0.2f < 020 y / < 02f * 1.50
0.1 0.1f / 0.1f 1.25
0.k 0.k A 0.k ‘ -
0. 05 1. 15 2 05 05 1 45 2 1.00
Kely Kely 0.75
05 0.6F
) 0.50
0.4 05l
i : 0.25
=X Z 04
X 0.2 0
0.1 B8
0. 0.k 0.2F : . " .
0. 05 1. 15 2 -0.2-01 0. 0.1 0.2
Kely Kely KeplY

FIG. 4. Qg vs k. and k), for (a) k., = J/Kckp, (b) kep = JKcK, /2, (€) kep =0, (d) k¢p = — /KK, /2, and () k., = —,/Kck,,. The red lines
indicate Q2 = 0. The cross marks indicate the general EIT experiment condition, i.e., k. = k, = 0.2y (linewidths of ~1 MHz). Q, vs «, for

this condition is plotted in (f).
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ignored. For a moderate value of 2., both effects of EIT
and ATS are important. In our study, the threshold €24 can
be manipulated by FFID. Figure 4 shows the dependence of
Qu, on k. and k), for different k,. Qy, is intensely modulated
by «¢, kp, and k,, and can be enlarged. In this case, it is
possible to get prominent QI for larger €2.. For example, when
ke =y and k., = 0 [see Fig. 4(c)], Qun = 0 for any Q.. In
Fig. 4(f), we plot @, as a function of k., with typical EIT
experimental parameters k. = k, = 0.2y [also cross marks in
Figs. 4(a)—4(e)]. In a typical experiment, k., = 0 and Qy, =
0.4y (0.92 MHz for '*3Cs DI line) thus the effect of EIT
dominates when Qg < 0.4y. As k, increases to its maximum
value 0.2y, Q4 increases up to 0.6y (1.38 MHz for the 133y
D1 line), implying that the effect of EIT is prominent in a
wider range, i.e., 2, < 0.6y.

IV. CONCLUSION

In conclusion, we studied the quantum interference effects
induced by the phase fluctuations and their correlation of

the fields in a A-type EIT system. By calculating the probe
absorption in the dressed-state representation, we got the two
separated terms for Autler-Townes splitting and quantum in-
terference effects, respectively. The quantum interference and
the relative weights of Autler-Townes splitting and quantum
interference can be manipulated flexibly by field phase fluctu-
ations and the correlation. In particular, the weight of quantum
interference can be enhanced under the condition of a larger
Rabi frequency of a coupling field. This makes the EIT effect
easily obtained or enhanced under normal conditions.
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