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We experimentally study the phase regulated switch between electromagnetically induced trans-

parency and electromagnetically induced absorption in probe transmission signal and the conver-

sion between enhancement and suppression in four-wave mixing and fluorescence signals for the first
time. By changing the relative phase, electromagnetically induced transparency can be converted

into electromagnetically induced absorption. In this process, the conversion from suppression to

enhancement is also obtained in four-wave mixing and fluorescence signals. This research can be

applied in non-linear optical device like optical switch and optical wavelength convertor.
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1 Introduction

Electromagnetically induced transparency (EIT) system
has a very large third-order Kerr nonlinearity effect
caused by atomic coherence and little linear absorp-
tion [1-3]. Based on these characteristics, four-wave mix-
ing (FWM) signal can be allowed to generate efficiently
within the EIT windows [3-6]. Meanwhile, fluorescence
signal can also be observed due to the spontaneous emis-
sion [3, 7, 8]. Furthermore, the switch between the EIT
and electromagnetically induced absorption (EIA) has
aroused much concern [9, 10]. It is also reported the con-
version between bright state (EIA in probe transmission
signal and enhancement in FWM and fluorescence sig-
nals) and dark state (EIT in probe transmission signal
and suppression in FWM and fluorescence signals) can
be realized by changing the dressing field power and the
frequency detunings of incident laser fields [9, 11, 12].
Besides, some experimental and theoretical studies have
demonstrated the switch between bright and dark states
caused by the regulated phase difference between the two
circularly polarized components of a single coherent field
[13].

In this paper, we experimentally investigate the
EIT/EIA switch and the conversion between enhance-
ment and suppression of FWM and fluorescence signals

by the phase modulation for the first time. We firstly
realize the conversion between bright and dark states by
modulating the relative phase in ladder type subsystem.
Then we consider the phase modulation in a Y-type sub-
system. Lastly, the dependence of the signal intensities
on the relative phases is given out. Different from other
researches [3-5], we explore a new technique to directly
observe the dressing effects in the experiment, which is
to change the probe field frequency detuning as the cou-
pling field frequency detuning is scanned. Further, we
can use this technique to observe the switch of dressing
effects.

2 Experimental scheme and theoretical model

Our experiment is carried out in a rubidium atomic vapor
cell, where the relevant energy levels 5S; /5 (|0)), 5P3/2
(]1)), 5D5/5 (|2)) and 5Dg/5 (|3)) constitute a four-level
Y-type atomic system, as shown in Fig. 1(a). The lower
transition |0) to [1) is probed by a weak probe laser beam
E; whose frequency is w; and wave vector is k1. Two cou-
pling laser beams Ey (wa, k2) and E} (wa, kb)) drive the
upper transition |1) to |2). Another two coupling laser
beams E5 (w3, k3) and Ef (ws, k) connect the other up-
per transition |1) to |3). In normal experiment, we place
the five laser beams in a square-box pattern as shown
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in Fig. 1(b). All the coupling beams Es, Ef, E3 and Ej
propagate through the Rb vapor cell in the same direc-
tion and the angles between any two are about 0.3°. The
probe field E; propagates in the opposite direction of Fs.
Here we study phase modulation switch and the normal
experimental configuration will be revised. The coupling
fields Ey and E) are deviated from the normal position
with an angle « as shown in Fig. 1(c¢). In our experimen-
tal system, the FWM signals generated by Fq, E3 and
E! in ladder-type |0) — |1) —|3) subsystem and by E;, Es
and FY in |0) — |1) — |2) subsystem are called Fp; and
Ers, respectively. In addition, we use Ry to represent
the single-photon fluorescence signal generated from |1)
to |0). Ry and Ry denote two-photon fluorescence signals
from |3) to |1) and from |2) to |1), respectively.

(@)
5Ds;— 5D ;
3y ® 7
S ol
E3|E3 Ry, /{‘\&4// b .
. f ,,' 1
5Ds), | |1> ,

58, F=3——1—1oy

Fig. 1 (a) Relevant 3°Rb four-level atomic system. (b) Normal
phase-matching configuration with ks propagating in the opposite
direction of ki. (¢, d) Abnormal configurations for ladder type
subsystem and Y-type system with the deflection angle .

In general, we can acquire the density matrix elements
p%) (related to EIT), p%) (related to FWM signal),
and pﬁ), p§42) and p§43) (related to fluorescence signals)
by solving the coupled density-matrix equations. With

the Liouville pathway pé%) L, p%) and considering the

dressing effect of Fy and Fj3, we can obtain p%)D D =
lGl/(dl + |G2|26iA¢/d2 + |G3|2/d3) (the SubSCI‘ipt DD
means double dressing), where dqy = I'g+iA1, do = I'yo+
I(Al +A2), d3 = F30+1(A1+A3), Al = Qifwi (Ql rep-
resents the level resonance frequency and I’;; represents
the transverse relaxation rate between states |i) and |5)).
Besides, we have introduced an additional phase factor
e®? (A® is related with the orientations of induced
dipole moments p1 and po [14]) into the dressing term
|G2|?/dz in p%)DD when considering the angle o between
E5 and the opposite direction of E;. For FWM signal
FEr1, the element pgDD can be expressed as p?iDD =
*lGlGQ(Gé)*/[(dl + |G2|2eiA¢'/d2 + |G3|2/d3)2d2] via
the Liouville pathway pé%) L, p%) L, pé%) ()] pg?(’)).
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Via the Liouville pathway p(()%) L, p%) (E) pﬁ),
The single-photon fluorescence Ry can be obtained as
Piipp = G/ [In(dy + |Gaf*/da + |Gaf?e™? /do)]
with doubly dressing effect. By the pathway p(()%) L,

) (B) pgé), we can also ob-

tain pg;)SD = |G1|?|G2|?/[I's2d1ds(ds + |G2|?e2®/dy)]
(the subscript SD means single dressing) and pé42)DD =
|G1[?|Ga |/ [Ta2dida(do+|Go|?€2® / (di+|Gs]? /d3))] vep-
resenting the single dressing and double dressing two-
photon fluorescence Ry, respectively.

1) E 2) (B1)" 3
Pgo) — Pgo) — Pgl

3 Analysis and discussion of experimental
results

First of all, we concentrate on the phase regulated switch
in ladder type subsystem, as shown in Fig. 2, where
we scan Ay at different discrete Ay with A¢ = —n/5
[Fig. 2(a)] and AP = 3n/5 [Fig. 2(b)]. In Fig. 2(al),
we can find that EIT peaks appear at negative detun-
ings. With the detunings turned from negative to posi-
tive, the probe transmission signal is converted from EIT
to partial-EIT-partial-EIA and lastly to EIA. However,
in Fig. 2(bl), EIA dips emerge at negative detunings
and the EIT peaks appear at positive detunings, which
is opposite to the case of A$ = —n/5 due to the mod-
ulation of the phase factor 2% in the dressing term
|G2|?ei2? /dy in p%)DD. In Fig. 2(a2), we can easily find
that the FWM signals at negative detunings are much
stronger than that at positive detunings because the
transition possibility at negative detunings is much big-
ger than that at positive detunings. By comparing Fig.
2(b2) with Fig. 2(a2), we can see that the FWM signals
become obviously weaker, which is the reason that the
incident light angle has larger deviation from the normal
position and the interaction region of the probe field and
the coupling field becomes smaller. The fluorescence sig-
nal [Figs. 2(a3) and (b3)] is made up of the single-photon
fluorescence Ry and two-photon fluorescence Ry. The dip
shows the suppression on Ry owing to the dressing effect
of Fy, which is corresponding to EIT. The peak in the
dip represents fluorescence R;, which is corresponding
to EIA. In Fig. 2(a3), with |A;] increasing, on one hand,
the dip (induced by the dressing term |G2|?¢®?/dy in
pﬁ)SD) becomes inconspicuous due to the reduced dress-
ing effect of Eo, and on the other hand, the peak (R;)
becomes strong due to the attenuate suppression induced
by the dressing term |G2|?e'2?/d; in pgé)SD. When the
phase switches from —m/5 to 3m/5, the peaks become
higher since the dressing effect induced by E2(ES) on Ry
changes from suppression (in correspondence with EIT)
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to enhancement (in correspondence with EIA). Mean-
while, the dips become shallower owing to the weakened
dressing effect of Eq(F%) on Ry at AP = 3xn/5. Figures
2(c) and (d) are the corresponding calculated results,
agreeing with Figs. 2(a) and (b) very well, respectively.
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Fig. 2 Measured probe transmission signals (al, bl), FWM sig-
nals (a2, b2) and fluorescence signals (a3, b3) versus Az with E3
and EY blocked when A is set at different discrete detunings. For
(al)-(a3) A¢ = —n/5 and for (bl)-(b3) AP = 3rn/5. The other
parameters are Py = 7.8 mW, P> = 2.3 mW, P} = 4.8 mW. (c,
d) The calculated curves corresponding (a, b), respectively.

In the following, we turn our interest to the phase reg-
ulated switch in Y-type subsystem. With Ey, Es, Ef and
E3 turned on and Ef blocked, we obtain the signals by
scanning Ao at different discrete A; with A¢ = 0 [Fig.
3(a)] and A9 = 3xn/4 [Fig. 3(b)]. In the probe trans-
mission spectrum [Figs. 3(al) and (b1)], the peak higher
than the baseline of each curve means the |0) —|1) — |2)
EIT and the dip lower than the baseline represents the
|0) —|1) — |2) EIA. The |0) —|1) — |3) EIT is denoted by
the peak of the global profile formed from the baselines.
By comparing the curves at A; + A = 0, —15 and —30
MHz, we can find that both the |0) — |1) — |2) EIT in
Fig. 3(al) and the |0) — |1) — |2) EIA in Fig. 3(b1) ar-
rive at their smallest amplitude at Ay + A3 = 0. This is
because the external dressing term |G3|?/ds induced by
Es(E%) in |0) — |1) — |3) subsystem has suppression on
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the |0) — 1) — |2) EIT (or EIA), which are expressed as
dl + |G2|2/d2 + |G3|2/d3 in pg%))DD' When AP = 0, most
of the curves in the probe transmission spectrum are pre-
sented as EIT. While the relative phase turned to 3m/4,
a majority of the curves change from EIT to EIA. In
this process, the FWM signals become stronger for that
the suppression effect on FWM signals comes with EIT
and the enhancement effect comes with EIA. For fluores-
cence signals in Y-type subsystem [Figs. 3(a3) and (b3)],
as a result of the suppression induced by the dressing
term |G3|?/d3 on Ry in pﬁ)DD, the profile consisting of
their baselines reaches its minimum at Ay + A3 = 0. The
peaks in the dips [Figs. 3(a3) and (b3)] represent the
two-photon fluorescence signals R, (pé42)DD). In Y-type
subsystem, we can also find the peaks in fluorescence sig-
nals get higher and dips get shallower with A @ changed
from 0 to 3m/4, which is for the same reason with that
in Fig. 2.
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Fig. 3 Measured probe transmission signals (al, bl), FWM sig-
nals (a2, b2) and fluorescence signals (a3, b3) versus Az with £
blocked and A3 = 110 MHz when A; is set at different discrete de-
tunings. For (al)—(a3) A¢® = 0, and for (b1)—(b3) AP = 3n/4. The
other parameters are P; = 7.8 mW, P = 6.9 mW, P; = 15.9 mW
and P3 = 46.1 mW.

Finally, we focus on the dependence of the signal in-
tensities on the relative phases A@. With E3 and Ej
blocked, the signals are obtained with the phase A ® con-
tinuously altered, as shown in Fig. 4. When the relative
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phase A @ changes from 77/6 to 2m/3, the probe trans-
mission signal transforms from weak EIA to strong EIA,
and then to weak EIA again. When we continue alter-
ing the phase, a weak EIT appears, then turns to strong
EIT and finally to weak EIT. In this process, the FWM
signal peak in Fig. 4(b) becomes higher and reaches its
maximum at A® = 25/3 due to the enhancement caused
by Es(F%) and then the FWM signal monotonically de-
creases for that the original enhancement effect turns
to suppression effect with A @ continuously changing. In
the fluorescence signals [Fig. 4(c)], the depth of the
dip reaches the maximum at A® = 0 on account of
the biggest EIT. Similarly, the peak of the two-photon
fluorescence R; induced by Es(E4) become highest at
A ¢ = m owing to the strongest EIA.
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Fig. 4 Measured probe transmission signals (a), FWM signals
(b), and fluorescence signals (c) versus A with AP = 7n/6,
n, 2n/3, n/3, 0 and —n/6 from bottom to top when FE3 and
Eé blocked. The other parameters are P; = 4.8 mW, Py, =
7.8 mW, P} = 7.3 mW and A; = —120 MHz.

4 Conclusion

In conclusion, we have demonstrated the phase regu-
lated switch. It has been observed in our experiment
that the suppression in FWM and fluorescence signals is
converted into enhancement in correspondence with the
switch from EIT to EIA with the relative phase altered
from 0 to 37/4. We can make use of the phase regulated
switch in non-linear optical device like optical switch
and optical wavelength convertor. Moreover, such phase
controlled switch could have potential applications in
optical communication and quantum information pro-
cessing when utilized in solid material such as Pr-doped
YSO crystals.
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