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Abstract: We investigate the optical nonreciprocity induced by the parametrical amplifi-
cation and the radiation trapping in an atomic photonic bandgap system both theoreti-
cally and experimentally. We use two pumping fields to generate entangled photon pairs
from spontaneous parametric four-wave mixing, as well as the signals in which they can
be enhanced by the feedback dressing effect. Therefore, the frequency difference and
the shape change due to this feedback dressing on the two-arm ramps of one round trip
are observed. Such optical nonreciprocity can be easily controlled by multiple experi-
mental parameters (frequency detuning, power, and phase) of the dressing beams. In
addition, the enhancement and suppression switching induced by the double dressing or
triple dressing conditions are also studied. This optical nonreciprocity can contribute to
the development of quantum information processing and quantum communications.

Index Terms: Four-wave mixing (FWM), photonic bandgap, optical nonreciprocity.

1. Introduction

Optical nonreciprocity resembles optical bistability, which is common optical properties in atomic
media. Optical bistability has been investigated over the last several decades and observed in
vaious materials. Along different lines, electromagnetically induced transparency (EIT) [1]-[3]
can effectively decrease the absorption of incident beams and has been researched since it
may have potential applications in nonlinear optics and wave-mixing processes [4]. Besides, in
atomic system, optical bistability plays important role in four-wave mixing (FWM) in thick atomic
vapor with two counter-propagating laser beams [5],[6]. If the two laser beams have the same
frequency and propagate in the opposite directions, the electromagnetically induced grating
(EIG) will be generated in thick atomic vapor [7]-[10], which establishes a photonic band gap
(PBG) structure [11], [12]. For thick atomic vapor, radiation trapping that results from the reab-
sorption of spontaneously emitted photons [13], [14] has also been studied extensively in astro-
physics, plasma physics, and atomic spectroscopy [15], [16].
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Fig. 1. (a) Five-level energy system. (b) Schematic of a PBG structure (formed by two coupling
beams Ej3 and Ej) dressed by E» and E. (c1)-(c3) Dressed energy level schematics. (d1)—(d3)
Calculated dressed period energy level.

In addition, a spontaneous parametric FWM (SP-FWM) process generates two weak fields
(Stokes field and anti-Stokes field) in a forward cone. With signal filed injected into the
Stokes port, the system can experience optical parametrical amplification (OPA) process [17].
Recently, schemes for realizing FWM OPA process have also been experimentally and theo-
retically studied [18].

In this paper, the optical nonreciprocity characterized as the parametrically amplification or
radiation trapping, which is similar to the optical bistable (OB) behavior, has been experimen-
tally observed and discussed for the first time, This optical nonreciprocity refers that the gener-
ated signals can not be overlapped when the signals on the rising edge and the falling edge
are folded. Meanwhile, the frequency difference and change of shape between the folded sig-
nals (the probe transmission signals (PTS), FWM, and fluorescence signals (FLS)) can be ob-
served and effectively controlled by multiple parameters. Moreover, we study the PBG FWM
enhancement and suppression switching induced by the double dressing or triple dressing
effects.

2. Experimental Setup and Theoretical model

2.1. Experimental Setup

Our experiment is performed in a rubidium atomic cell, and the rubidium cell is wrapped by
p-metal and heated by the heater tape, so we can control the temperature of Rb easily. The rel-
evant energy levels for 8Rb atoms are shown in Fig. 1(a), which is composed by
5S512(F =3)(|0)), 5S1/2(F =2)(I3)), 5Ps/2(|1)), 5D3/2(|4)) and 5Ds,>(|2)). The probe laser
beam E; (frequency wy, wave vector k¢ and Rabi frequency Gy) connects |0) — |1), coupling la-
ser beams E; (w3, k3 and Gj) and Eg (w3, k’3 and Gj) connect the transition [3) — [1), the
dressing laser beam Es (w2, k2 and Go) and E4 (w4, k4 and Gs) connect |1) — |2) and [1) — |4),
respectively. Here, G; = u,E;j/h is the Rabi frequency with transition dipole moment p,;. As
shown in Fig. 1(b), the coupling fields E; and E; propagate through 85Rb vapor in the opposite
direction of each other, which will generate a standing wave Esi = y[Escos(wst — ksx) +
Ejcos(wyt 4 kgx)] [19]. The standing wave will lead to a PBG structure, which will be modified by
the dressing fields E» and E4. Then, the probe field E; propagating in the same direction of Ej
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Fig. 2. (a) Phase-matching geometrical diagram of the OPA process. (b) Energy schematic of the
FWM OPA process. (c) Two-arm ramps of one round trip and the intensity of the signals changes
from 0 to 500 nW. The annotation A; indicates the detuning of the dressing field E; or Ej.

through the ®°Rb with a small angle between them, and the dressing fields E» and E, propagate
in the opposite direction of E; with a small angle. According to the phase-matching condition
ke = k1 + k3 — ki, the PBG FWM (Ef) and the PTS are detected by a photodiode and an ava-
lanche photodiode detector (APD), respectively. In addition, the FLS caused by spontaneous
decay are captured by another photodiode detector. Lastly, the power of each laser beam can
be modulated by a polarized beam splitter (PBS) and half-wave plate (HWP), the frequency de-
tuning (A; = Q; —wj) can be modulated through the laser's piezoelectric transducer (PZT)
driver.

In addition, due to the periodicity of the standing wave field, we can obtain the periodic energy

levels as displayed in Fig. 1(c). As shown in Fig. 1(c1), |Gs1|? splits the level |1) into two sub-
states expressed as |Gz1£), which are periodic along the x direction. The single-dressed case
is shown in Fig. 1(c2), where E, acts as single dressed field on the states |Gz1+) and splits the
initial two substates further into secondary dressed states |Gz1 — Go+) and |Gs1 + Got). For the
doubly-dressed case in Fig. 1(c3), when E4 is turned on, |Gs1 £ Got) are further split into
dressed states |Gs1 £ Go + G4£). The corresponding spatial periodic energy levels are shown
in Fig. 1(d1)—(d3).

2.2. PTS and PBG FWM With Feedback Dressing

In order to investigate the influence of nonreciprocity in PBG FWM process, we further study
an optical parametric amplification (OPA) process as depicted in Fig. 2. In our experiment,
when we compare the folded signals on the rising edge and the falling edge (a frequency round
trip ranging from —10 GHz to 10 GHz) as shown in Fig. 2(c), we find that these signals have ob-
vious frequency difference and shape change (see Figs. 3-6), and this optical nonreciprocity
can be attributed to the OPA process.

First of all, we study the FWM OPA process. When Ei, E3 and Ej are opened, the PBG
FWM satisfies the phase matching condition kr = k1 + k3 — k3. However, if the power of Ej is
high enough and it is far detuned from |0) — |1), a spontaneous parametric FWM process will
occur in the degenerate two-level atomic configuration [see Fig. 2(b)], which generates two
weak fields (Stokes field Ezg and anti-Stokes field Esgg) with the phase matching condition
2k3 = k35 + k3zs in the left cone [see Fig. 2(a)]. Then, the generated Efr signal is naturally in-
jected into the input Stokes port of the SP-FWM process and it is parametrically amplified in
Fig. 2(a) [19]. Second, the Ej field has a similar effect with E3, which generates two weak fields
(Stokes field E; and anti-Stokes field Ey,), satisfying 2k; = k3, + kg, in the right cone [see
Fig. 2(a)]. Therefore, the PTS will be parametrically amplified in Fig. 2(a). One can clearly see
that the PTS and FWM OPA process have a feedback dressing effects, which are held respon-
sible for the optical nonreciprocity phenomenon in our experiment.

Theoretically, considering the feedback dressing effect of the PTS and PBG FWM written as

|GFT|2e"WFT and |GFR|26i””FR, the amplified PTS and PBG FWM can be described by the energy
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Fig. 3. Measured (a) PTS, (b) PBG FWM, and (c) FLS versus A, with laser fields (1) all on,
(2) E1, (3) Es, (4) Ej, and (5) Es, and Ej turned off from top to bottom, respectively. Mea-
sured (d) PTS, (e) PBG FWM, and (f) FLS versus A, with ¢, =0 at different discrete A; as
(1) 0, (2) —20, (3) —-40, and (4) —-60 MHz from top to bottom, respectively.
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Fig. 4. Measured (a) PTS, (b) PBG FWM, and (c) FLS versus A, with Ay = A3z =0, ¢2 =0, and
the power of E; is set as 9.2, 17.1, and 25.7 mW from bottom up, respectively. Measured (d) PTS,
(e) PBG FWM, and (f) FLS versus A, with ¢, = 0 and the temperature of 3°Rb increases from 42 °C
to 63 °C, respectively.
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Fig. 5. Measured (a) PTS, (b) PBG FWM, and (c) FLS versus A, with Ay setting as (1) -250,
(2) -200, (3) -150, (4) -80, (5) —40, and (6) 0 MHz, from top to bottom, respectively. Measured
(d) PBG FWM and (e) FLS when we change the phase of E, as (1) —«/6, (2) —7/3, (3) —7/2,
(4) —=, (5), —7n/6, and (7) —4x/3, respectively, with ¢4 =0 and temperature T = 60 °C.
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Fig. 6. Measured (a) PTS and (b) FLS versus A4 at ¢» = 7/3, with the phase of E4 setting as (1) =,
(2) 27/3, (3) /3, (4) 0, (5) —n/6, and (6) —7/3, respectively. Measured (c) PTS, (d) FLS versus A4
at p4 = m with the phase of E» setting as (1) 7, (2) 27/3, (3) n/3, (4) 0, (5) —7/6, (6) —=/3, and (7)
—m/2, respectively.

system and Liouville pathways, and the corresponding density matrix elements can be written
as [20]

) iGy

| dio+ |G dso + + ©. (1)
° 10 | 31|2/ 30 |GQ‘26i¢2/dZ1 |G4|29i 4/d41d10+ |GFT|29"5‘°FT/I 00
— —iG1G3 G,
pg%)_ 18343 ( )

(dho + |Ga1|?/cho + | Go[?€i%2 /o1 + |Gal? €94 /a1 + | Ger|* €97 /T'0 )% o

where dig =T'19+ A1, dzg =T'30+iA1 —iA3, Go1 =190+ iA1+ iAo, dsy =T4g+ iy +ils,
Ay = Qo —wi, Ao =01 —ws, |Ga|? =|Gsf® + |G4° + 2GsGjcos(2ksx), frequency detuning
A; = Q; —w; (Q; is the resonance frequency of the transition driven by E;), GF = ugEfr/h is the
Rabi frequency of the feedback [21]-[23], and I’ is transverse relaxation rate between [i) and
lj). The feedback dressing on the PTS and FWM OPA process are represented by the term
|Ger[e/™ and |Grr|?e™#, respectively. Terms ¢, and 4 are the phase factor of the dressing
|Go[?€/%2 /dby and |Ga[?€/#* /dy1. According to the relation egxE = Nyiip (N is the atom density),
the susceptibilities can be written as

m _ N L 3)
heo dio + |Garl®/ cao + | Ga[* €/ /oy + | Ga|* €%+ / da dho + |G [ €4 /Too
iNpi2 1
x® = -2k (4)

~ heo (dho + |Gai]?/dso + |Gol€i%2 /oy + |GalP €%+ /dy1 + |Ger|P€i#F /To0)? dlsg

Vol. 8, No. 3, June 2016 4501311



IEEE Photonics Journal Optical Nonreciprocity in PBG FWM

Moreover, the nonlinear coupled wave equations [24] OE,(x)/0x = —aEp(x) + ke*k*E,(x)
and —0E,(x)/0x = —aE,(x) + ke"»*XE,(x) are given to estimate the reflection efficiency, where
E,(x) and E.(x) stand for the PTS and PBG FWM signals, respectively. The reflectivity R and
transmission T at certain x are given as

2

1 —eh X + e/\;dx
and T =

k (A7 + aA)—1e,\2+dx _ ()\1+ + aA)—1eA5dx

e(A;+/\1)dx()\1— _ )‘T)
(A7 +a)eM®* — (AT +a)el ¥

where dy is width of the sample in x direction. \¥ = —Ak,/2 + [(a — iAky/2)? —kz]”2 and
A5 = A\f + iAky, where Ak is the phase mismatch magnitude. Take the reflection signals (PBG
FWM) as example, the photon numbers of the output Stokes and anti-Stokes fields are
(&8¢ waout) = Glain + an) + (G—1) and (b, bout) = (G —1)(&/an) + (G — 1), where a(b) is the
annihilation operator of Esg(Esas), and G = {cos[2t\/ABsin(p1 + ¢2)/2] + cosh[2tv/ABcos(p +
v2)/2]}/2 is the gain of the process with the modules A and B (phases ¢1 and ¢») defined as
p%?s)t) = Ae¥' and P%(?st) = Be'¥2, respectively. In addition, the parametrically amplified PTS
can be discussed in the same way, the photon numbers of the output Stokes and anti-Stokes
fields of the OPA are (&l ,&%,) = G(aLal) + (G—1) and (B! ,b.,) = (G—1)(@. )+ (G-1),
respectively.

2.3. FLS With Feedback Dressing

In our experiment, radiation trapping will occur when light interacts with thick media, and the
fluorescence signals (FLS) will be trapped in this process, which also has a feedback dressing
effect. Therefore, we can find the optical nonreciprocity phenomenon from the folded FLS. The-

oretically, considering the feedback dressing |GF|_|29’V’FL of the FLS, the second-order fluores-

0 & @ E <2;>

cence FLgy is described by py, —‘>p10 —1>p1 . By solving the coupled density-matrix

equations, the FLg; is dressed and the expression of png can be modified as
) —|Gi[?
T11(di + |Ga1[?/cho + |Ga[* €72/ doy + |Gal? €%+ /day + | GrL|* €77 /Tg0)

2

/)21 ()

where |GFL|2e"WL is the feedback dressing term by radiation trapping [13]. Via Liouville pathway
E: E;

pQ B, B 2 T )8 72 ) we can obtain the fourth-order FLg, signal as

@) _ |G | Ge?
Poo = 2 2 (6)
(dio + |GrL2|"/T00) (02 + |Ga|"€'v2 /dio) a5T'22
where ds = I'>1 + iA,. Similarly, for the fourth-order fluorescence FLg4 with beams E, and E4
turned on, the FLg, is given as

2\ A (2
o4 |G1]”|Gal . @
“ T44(cho + |GaP €92 /doy + | Grral? €97 /T10) (dat + | Gal? €% /i) dls

The intensities of the FLS are fr,, = N/J,pﬁ), FFLp, = N,up(;é) and k., = N,upﬂ), respectively.

2.4. Phase Control of Frequency Difference
Considering OPA and radiation trapping in the above mainly produce an un-neglected feed-
back dressing |Gr|?e'#r (|Ger|?e*™, |Ger|?€/®, and |Gr|?€/#%) in the FWM process. The three
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signals (PTS, PBG FWM and FLS) have the frequency difference and the shape change. In the
following, the optical nonreciprocity phenomena based on frequency difference and the shape
change are studied.

Because of OPA or radiation trapping, the folded signals on the rising edge and the falling
edge can not overlap. This phenomenon is analogous to the optical bistable behavior. Then the
nonreciprocity reflected from the change of nonreciprocal phase Ay is as follows:

ASO = N(”Zuplup - n2down/down) Wp//c =M 6’/0 (8)

6 is the frequency difference, ny is the linear refractive index of the Rb cell, and n. is the nonlin-
ear refractive index. The feedback intensity /,, (or kiown) is generated at the same scanning fre-
quency, which is approximately equal to R or T distinctly. Therefore, the frequency difference 6
and the intensity of the beam I, and lown are the functions of the probe field (Ey) and the
dressing field (E2 and Ejy), respectively.

Additionally, the suppression and enhancement of these signals play a very impor-
tant role in the PBG FWM process. For instance when we scanning A,, the primary
Autler-Townes (AT) splitting [25] is caused by dressing field E, and the corresponding
eigenvalues are A = [Ap + (AZ + 4|Ga|?cos(¢2))"/?]/2, the secondary AT splitting is caused
by the feedback dressing term Gg and the corresponding eigenvalues are
At = [A} + (A} + 4|GePcos(oF)) 2] /2(A)p = —Aq — A, ). Adjusting A, = 0 to satisfy the reso-
nance condition, we can get A\. = G, and therefore, the split energy levels are A\, + Gr and
A_. Therefore, the suppression and enhancement conditions of G, are Ay+ A, =0 and
Ay + AL = 0, respectively. With the double feedback dressing effects, the suppression and en-
hancement conditions are Ay + A, =0 and A¢+ AL + Ay =0, respectively. Further, when
we scan A4, the split energy levels are XN, £Gf and )., where

Ai i+ = [Af+ (A4 + 4|Gy[?cos(p4))"/?]/2, the suppression and enhancement conditions are
Ap+ A =0and Aq+ e+ A+ Airs = 0 with AJ = Ag — Ay — Aps.

3. Results and Discussions

According to the experiment results (see Figs. 3—-6), we study the nonreciprocity of coexisting
PTS, PBG FWM and FLS in detail. The frequency difference (6) is observed between the rising
ramp and falling ramp. The right lines show the signals on the rising ramp and the left ones
stand for the signals on the falling edge, and the shape change can be evaluated with the differ-
ent areas between the signals (right lines and right lines) and the same baseline. Such nonreci-
procity behave similarly to the OB effect.

3.1. Double-Dressing Nonreciprocity

Fig. 3 represents nonreciprocity of signals versus scanning detuning A, with different fields
blocked [see Fig. 3(a)—(c)] or different Ay [see Fig. 3(d)—(f)], respectively. First, when Ey, Ej,
and Ej turned on, the phase matching condition kr = k1 + k3 — k3 is satisfied, and each
peak [Fig. 3(a)] can be seen in the PTS, which denotes that the transparent degree in-
creases, and each peak is the EIT satisfying the A;+ A =0 and caused by the dressing
term |Gy|e/¥2/dby in (1). For frequency difference (§), because the right peak and left peak
in Fig. 3(a1) has the same baseline, the feedback intensity /, is not equal to lyown in (8), but
Noup = Madown; therefore, (8) can be changed to Ay = Nna(lup — lsown)wpl/C = n1él/c. It is obvi-
ous that ¢ induces the different I, or kown On the rising edge and the falling edge. Moreover,
the feedback intensity Iy, (lown) has the feedback term |Grr|?€™#F™ so that the § can be detected
on the same baseline in Fig. 3(a). Further, it can be seen that ¢ decreases from top to bottom in
Fig. 3(a), and this phenomenon also can be explained from (8), where n, is related to field E;
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(E2, E3 or E5) when (lyp — lsown) is fixed and 6 is proportional to n,. It is clear that 6 decreases
due to the change of n, in Fig. 3(a1)—(a5). For example, it can be noticed that § with all beams
on [see Fig. 3(a1)] is bigger than that with beam E3 and Ej blocked [see Fig. 3(a5)].

Then, we consider the nonreciprocal phase behavior influenced by the feedback dressing in
Fig. 3(b). The & is induced by the feedback term |Grr|°€'* in (2), and it decreases from top to
bottom in Fig. 3(b1)—(b5). In particular, it is clear that 6 in the Fig. 3(b1) is the biggest due to the
largest n.. At the same time, for FLS in Fig. 3(c), the ¢ induced by the feedback term |GFR|Ze”>"FH
in (5) decreases from top to bottom in Fig. 3(c1)—(c5).

For corresponding PBG FWM and FLS in Fig. 3(b) and (c), when no beam is blocked in
Fig. 3(b1) and (c1), the PBG FWM shows that two digs appear on the baselines in Fig. 3(b1),
which are induced by the dressing term |G, |?e/#2/dbq in (2). Each dip shows the PBG FWM re-

lated to R in (2) from reflection of the PBS structure. In Fig. 3(c1), the FLS is a sum of

(p§21> —|—p(2‘2), the emission peak (p<242)) represents the fourth-order FLg, induced by fields (E; +

E,) in (6), and the background signal (p221>) is the second-order FLg; induced by fields Ej
(Es, E3) in (5). Comparing Fig. 3(c1) with Fig. 3(c5), we find that the emission peak becomes
lower in Fig. 3(c5) due to the term |Gsq[?/dso in (5). When Ej is blocked, no signal can be de-
tected in Fig. 3(a2)—(c2) because the phase matching condition ks = k1 + ks — kj is not satis-
fied. For the same reason, when the beams are turned on except Es or Ej, the PTS
decreases obviously, and the PBG FWM disappears in Fig. 3(b3) and (b4). Meanwhile, the
peak in FLS also becomes smaller in Fig. 3(c3) and (c4). When E; and E; are blocked, the
intensities of the PTS and FLS become smallest in Fig. 3(a5) and (c5), and the dip of PBG
FWM becomes the shallowest in Fig. 3(b5) because the term IGs1\2/d30 is disappeared in
(2). From Fig. 3(a)—(c), the input intensities f,, IrL, R and T can be obtained, which satisfy
energy conservation (I, + R+ T)/k, = 1.

Especially, when Ej is blocked in Fig. 3(a3), a peak (on one ramp) comes from the second or-
der nonlinearity effect which can be called electromagnetically induced gain. In this case, the
beam E; becomes a weak probe laser beam, which probes the transition |3) — |1). Meanwhile,
E, connects the upper transition |1) — |2) with the condition Az + A, = 0. Generally, the density

matrix element pé? can be obtained via the perturbation chain pg%) R p(113) 2, p(223), we have

pE) = —GyGy/(diz + |G1[?/cos + | Gal?/ b + | Ga1[? /Tag + |G'|? /T's3) chs. Similarly to Fig. 3(b3),
beam E, probes the upper transition |1) — |2) while Ey connects the lower transition |0) — |1).
As the condition Ay + A, = 0 is satisfied, the EIA dip appears in Fig. 3(b3). Via the perturbation
chain pl <5 oV 22, )2 we have p&) = —GiGy/[dio + |Gl P/ ds1 + | Gal? /a1 + |G/ /T33] ot
Therefore, when the beam Ej is blocked, the peak (dip) can be seen in Fig. 3(a4)—(b4).

On the other hand, we investigate the optical nonreciprocal behavior affected by double
dressing \GF|29"WF and |Gg|2e"’*92/d21 with different Ay as shown in Fig. 3(d)—(f), respectively. For
PTS, Fig. 3(d) presents that the EIT peak increases gradually due to different Ay in the
0oy = T'op + iAy + iA,. For PBG FWM, a dip is induced by E» in Fig. 3(e) because of the dress-
ing term |Gz |?e/#2 /dby. For the FLS in Fig. 3(f), the dip gradually becomes shallower with A1 set-
ting far from resonance gradually, which is corresponding to the weakening process of EIT. On
the contrary, the peak in the dip is FLg gets stronger with Ay increasing because the FLpg, is
suppressed due to the dressed term d> + |Gg|ze’¢2/d1o in (6).

Finally, in the Fig. 3(d)—(f), the § decreases slowly from bottom to top. These experimental
phenomena can be explained by the reasons similarly to those Fig. 3(a)—(c). Since n. is a func-
tion of A4, with Ay = Nna(lyp — liown)wpl/C = mél/c, 6 changes with Ay while (lyp — lyown) iS
fixed. Especially, in Fig. 3(f3) and (f4), comparison of the areas between the two signals with
the same baseline, one can see that the left dip is wider and deeper than the right one due to
different €' in the feedback term |G |2 e/r.
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In Fig. 4, we concentrate on the optical nonreciprocity with doubly dressing (|GF|26"W and

|Gg|2e’¢2/d21) effect by changing the power of E> ((a)—(c)) and the temperature of the rubidium
(8°Rb) atomic vapor ((d)—(f)). From bottom up, § increases gradually as shown in Fig. 4(a)—(c),
because n, is function of the power of E,. In particular, owing to different ¥ in IGFRIZe’WH, we
can see that the left dip is deeper than the right dip in Fig. 4(b2) and (b3). Further, when the
power of E; becomes 9.2 mW [see Fig. 4(b1)], the dip profile is asymmetric and the left dip is
deeper than the right one. For the PBG FWM in Fig. 4(b), a dip appears in every curve when
the double suppression condition Ay + AL + A, = 0 is satisfied. The suppression dip becomes
deeper with increasing power duo to the enhanced dressing effect of E, in Fig. 4(b1)—(b3). In
Fig. 4(c), the enhancement peak in each curve becomes bigger with increasing the power of Es.

Next, as temperature affects the density N, we analyze nonreciprocal behavior when the tem-
perature of Rb is sufficiently high to reveal its feedback dressing. In Fig. 4(d)—(f), it can be seen
that 6 increases slowly from bottom up, as it is associated with the term N (Nauplup — N2down ldown )
according to (8). If the temperature was set to 63 °C, the left peak (EIT) is taller than the right

peak in Fig. 4(d1) because of the different e/ in the term |Grr|?€#™. Further, the intensity of

PTS is proportional to the equation P(") = Nupsy, and therefore, the height of EIT for PTS in-
creases from small to large as shown in Fig. 4(d1)—(d4). For the PBG FWM shown in Fig. 4(e),
the depth of the suppression signal increases from shallow to deep following the equation

PR = Nupﬁ?)). With similar reasons, the intensity of the FLS increases from weak to strong as

shown in Fig. 4(f) because of I ,, = N,upﬁ) and lr,, = N,up<242). Fig. 4(g)—(i) are the correspond-
ing theoretical results, which agree with the experimental results in Fig. 4(d)—(f).

3.2. Triple-Dressing Nonreciprocity

In Fig. 5, we focus on optical nonreciprocity with triple dressing by changing A, (see
Fig. 5(a)—(c)) and phase of E, (see Fig. 5(d)—(e)), where the triple dressing (|Gr[*e’*,
|G4?€'+ /dyy and |Ga|?€'%2/dbq) are considered. First, in Fig. 5(a), with E;, Es, E;, E; and E,4
turned on, we study the signals by scanning A4 at different A+. The peaks (EIT) are the dressed
PTS induced by the third level dressing effect of E4, and the two-photon resonance condition
A4 = —Aq that determines the two-photon dressing term |Gz|2e%2/dby + |G4|? €' / dyy is satisfied
in Fig. 5(a). Especially, it can be see that each EIT peak has two small peaks in Fig. 5(a) due to
AT splitting. This phenomenon can be explained as the secondary dressed states |Gz + Got)
are split into tertiary dressed states |Gz + G» + Gy4+) [see Fig. 1(c3)]. For PBG FWM, dip ap-

pears in each curve due to |G4|Ze"’*94/d41 in (2). Because of the interplay between E, and Ej4, the
suppression dip is the shallowest at A, = —A. Based on the similar method, we can find that

the emission peak in each curve is the FLg,4 signal related to pf&) in (7). At the resonance point

A4 = —Aq, the intensity of the peak is the smallest due to the term d; + |G4|?/ds1 in (5).

For optical nonreciprocal phenomenon, One can see that change of § is not obvious in
Fig. 5(a)—(c), but the term e*Frcan influence the shape of signals, and therefore, the line-
width of left dip in Fig. 5(b5) is about 90 MHz which is much wider than that in Fig. 5(b4).

Then, we especially focus on the phase (p2) modulation on the PBG FWM [see Fig. 5(d)] and
FLS [see Fig. 5(e)]. When the dressing beam E shifts with a small phase (p2) from its normal
directions, the behavior of the detected signal will change significantly, and it could be manipu-
lated by the orientations of induced dipole moments. For the PBG FWM, the switch between the
suppression and enhancement appears in Fig. 5(d), because the suppression and enhancement
conditions under the triply dressing condition are Ay + A} =0and A1+ s+ A x +A, 2 =0
with A = Ay — A\; — Ay It is clear that the suppression-enhancement switch of PBG FWM is
reflected in the variation in signal’s intensity with different ¢». For instance, the enhancement
peak of PBG FWM can be detected when ¢ = —x/6 in Fig. 5(d1), and with ¢, altered to —x/2
(or —m) in [see Fig. 5(d3) or (d4)], the partial suppression dip and the partial enhancement peak
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can be detected, then turn to pure enhancement peak with v» = —77/6 in Fig. 5(d5). Finally, the
enhancement peak of PBG FWM reaches its maximum when ¢, = —77/6 in Fig. 5(d5). For FLS

in Fig. 5(e), with gochanging, the suppression dips FLg, (pﬁ)) change from shallow to deep in
the beginning, and then changes to shallow again, as shown in Fig. 5(e1)—(e4). When
w2 = —77/6, the suppression dip is the deepest in Fig. 5(e6). The peaks in the dips represent

FLRs (pﬂ)), and the peaks get higher and then get shallower with p» changing from —x/6 to
—47/3, as shown in Fig. 5(e1)—(e7).

On other hand, ¢ decreases slowly from bottom up from in Fig. 5(d) and (e). In addition, one
can see that the feedback term |GFR|2€i“’FR affects the switch between the suppression and en-
hancement of PBG FWM in Fig. 5(d). For example, the left line in Fig. 5(d2) has a suppression
dip and two small enhancement peaks.

In this section, we investigate the optical nonreciprocity modulated by two phases > and ¢4
with the triple dressing effects considered. Comparing Fig. 6(a) and (b) with Fig. 6(c) and (d),
the striking difference is that the § changes from small to big and then decreases in Fig. 6(c)
and (d) from bottom up by changing ¢ (fixing ¢4 = 7). However, the change of ¢ in Fig. 6(a)
and (b) is not obvious by changing ¢4 (fixing p» = 7/3). Then, we turn to the PTS, the EIT
(peak) and EIA (dip) switching can be seen in Fig. 6(a) and (c). For example, when we fix
w2 = /3, the PTS is converted from EIA [see Fig. 6(a6)] to partial-EIT and partial-EIA [see Fig. 6
(ab—a4)] and finally to EIT [see Figs. 6(a3—a1)] along the increasing of 4. The reason of such
switch between EIT and EIA is that the dressing effect gets modulated as ¢4 altered.

Finally, from these experimental results (Figs. 3—6), we can find some differences of the opti-
cal nonreciprocity between double dressing (see Figs. 3 and 4) and triple dressing (see Figs. 5
and 6). It is clear that such nonreciprocal enhancement-suppression switching in triply-dressed
system is more obvious than in doubly-dressed system. For example, in Figs. 3 and 4 EIT
peaks in PTS and suppression dips in PBG FWM with double dressing can be seen, while dou-
ble small peaks [see Fig. 5(a)], the EIT-EIA switch [see Fig. 6(a) and (c)] in PTS, and the en-
hancement-suppression switching [see Fig. 5(e)] in PBG FWM are observed under triple
dressing case.

4. Conclusion

In summary, we have experimentally presented results that show the optical nonreciprocity of
the PBG FWM processes in a thermal rubidium atomic vapor cell, in which the frequency differ-
ence and the shape change can be detected from parametrically amplification (PTS, PBG
FWM) or the radiation trapping (FLS). Further, we can control the frequency difference and
shape change in this nonreciprocity process by easily manipulating the corresponding parame-
ters (the frequency detuning, the powers, the temperature of atoms and the phase) of the dress-
ing beams. Particularly, the switch between EIT and EIA had been observed by changing the
phase difference. Besides, by comparing the optical nonreciprocity under double dressing and
triple dressing cases, we find the degree of shape change by triple dressing is more sensitive
than double dressing. Such nonreciprocity could be used in amplification processing of triode
and quantum information processing.
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