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A four-level double-ladder cold atoms system with spontaneously generated coherence trapped in a moving opti-
cal lattice is explored to achieve optical nonreciprocity. When spontaneously generated coherence (SGC) is present, the
remarkable contrast optical nonreciprocity of light transmission and reflection can be generated at each induced photonic
bandgap in the optical lattice with a velocity of a few m/s. However, when the SGC effect is absent, the optical nonreciproc-
ity becomes weak or even vanishing due to the strong absorption. It is found that the optical nonreciprocity is related to the
asymmetric Doppler effect in transmission and reflection, meanwhile the degree and position of optical nonreciprocity can
be tuned by the SGC effect and the Rabi frequency of the trigger field.
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1. Introduction

The effective approach to control light transport in arti-
ficial optical materials has been paid a great deal of atten-
tion in the last few decades for designing various photonic
devices.?! As a prominent artificial material, photonic crys-
tal (PC)[3! possesses a photonic band gaps (PBG) structure,
which has a dielectric constant periodically arranging in space
and exhibits a series of marvelous behaviors about light prop-
agation and interaction. However, in a traditional PC, the po-
sition and width of the PBG cannot be changed when the peri-
odic structure is formed. So, people have proposed the use
of electromagnetically induced transparency (EIT)[*! to ob-
tain tunable PBG in cold atoms driven by a standing-wave
field. =81 It is important to note that the spatially periodic co-
herent effect can be generated in cold atoms confined in an

[9-14] In a theoretical paper, Petrosyan showed

optical lattice.
that such a system could induce a new PBG under the condi-
tion of EIT.[°) Whereafter, Schilke et al. have experimentally
observed the Bragg reflection induced by PBG and character-
ized its dependency on the experimental parameters.'!%!!] Re-
cently, optical nonreciprocity based on tunable PBG has been
studied extensively.l'>!6] In fact, optical nonreciprocity of
light transmission and reflection is impossible to generated in
a linear and passive system. So, people have proposed various
projects to achieve optical nonreciprocity, such as designing

[17

nonsymmetric photonic crystals'!”! and exploring media with

parity-time symmetry,!'8! and media with magneto-optical
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effects.!?

' In particular, some researches have shown that
large optical nonreciprocity of transmission can be obtained
by setting the photonic crystal!’>! and exploiting the asym-
metric Doppler shift in moving distributed atoms. 1629211 Op-
tical nonreciprocity has the potential application in informa-

§[22.23

tion processing, e.g., all-optical diode I and unidirec-

tional light transport. [>4]

So far, most studies on the optical nonreciprocity ef-
fect are based on the laser induced atomic coherence,[16:20:21]
and it is necessary to have at least one coupling field to
form the atom coherence. However, spontaneously gen-
erated coherence (SGC) can also create the atomic coher-
ence, while SGC refers to the quantum interference between
spontaneous decay channels from closely placed upper lev-
els to a ground level.[?>?°1 The SGC has been exploited to
obtain amplification without inversion,?’?8] narrowing and
quenching of spontaneous emission, >%3% refractive index en-
hancement without absorption,?!! as well as coherent pop-
ulation transfer.[*? Recently, in many researches, people
have achieved dynamically induced more PBGs[**331 and

electromagnetically induced gratings[36-37]

s[38

as well as optical
precursors*3! under the assistance of SGC. In this paper, we
study the effect of SGC on the optical nonreciprocity of trans-
mission and reflection in a moving optical lattice filled into a
four-level ladder cold atoms system. By numerical calcula-
tion, we find that the atomic system has a significant optical

nonreciprocity effect in two cases of resonant or off-resonant

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11347137, 11247201, and 11247005) and the Twelfth Five-year Program
for Science and Technology of Education Department of Jilin Province, China (Grant No. 20150215).

TCorresponding author. E-mail: banuo2008@163.com
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

054207-1


http://dx.doi.org/10.1088/1674-1056/26/5/054207
mailto:banuo2008@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 26, No. 5 (2017) 054207

trigger field when SGC is present. However, the optical non-
reciprocity effect seriously weakens when SGC is nonexistent.
In addition, the degree of the nonreciprocity is related to the
frequency difference of two close upper states, and the posi-
tion of the nonreciprocity can be dynamically modulated by
controlling the trigger field frequency.

2. Atomic model and relevant equations

The four-level double-ladder atomic system is shown in
Fig. 1(a), where the closely lying doublet levels |2) and |3)
have a frequency difference 26. A weak probe field propagat-
ing in the Z axis couples the ground state |1) with two closely
lying upper levels |2) and |3), and the Rabi frequencies are
Qp1 =E,-di»/2h and Qy = E, - dy3/2h. The levels |2) and
|3) are simultaneously coupled to the excited state |4) by a trig-
ger field propagating in the X axis and the corresponding Rabi
frequencies are Qr; = Bt - dya /2% and Qry = Et - d34/2h,
where E,, (Et) represents the amplitude of the probe (trigger)
field and d;; denotes the electric dipole moment of the tran-
sition |i) — |j). For simplicity, we assume in the following
that the angle a between di, and d;3 is equally partitioned
by E, while d34 is antiparalled to d»4, as shown in Fig. 1(b).
Then we set d13/d12 =p, d43/d42 =q, -Qpl = .sz/p = .Qp,
and -QTI = .QTz/q = .QT.
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Fig. 1. (color online) (a) Schematic diagram of a four-level double Ladder-
type system with two closely spaced upper levels |2) and |3) strongly coupled
via spontaneous emission. (b) Arrangement of the probe (trigger) electric field
E, (Er) and the relevant dipole moments d, and d;3 (dp4 and d34). (c)
An atomic ensemble is filled into a 1D optical lattice of period @y = Ajay/2
which is generated by a retroreflected laser beam with wavelength Aj,. The
density of trapped atoms takes on a Gaussian distribution in each period of the
1D optical lattice. The probe and trigger fields propagate in the z axis and x
axis, respectively. The 1D optical lattice is assumed to move with a velocity
v along its optical axis z.

Under the electric-dipole and rotating-wave approxima-
tions, according to the Weisskopf—Wigner theory of sponta-
neous emission, the probe susceptibility is derived by analyt-

ically solving the equations of motion for the probability am-
plitudes in a steady state, which can be written as

_ V(PP + Y —12p1) + (p—q)* @}
% (Bh+7) —QHPh+1v—i2qm3) |

x (o) ey

where B = cag¥a1 /2@y, ag = No (z) |das|* @/ (c&ohya1) is the
absorption cross section, with Ny (z) being the inhomogeneous
atomic density as a function of position z, @, is the probe fre-
quency, 1 =15/2, Y, = Ay — 0 +1I3/2, 4 = Ap+ 6 +iI3/2,
Y4 =Ap+Ar+ili/2, and Y3 = k\/I313/2, with I3, I3, and Iy
being the spontaneous decay rates for the corresponding states.
Ap = ) — (1 4+ @31) /2 and At = @1 — (042 + @43) /2 de-
note the detunings of the probe and trigger fields, respectively.
The cross coupling term between the two spontaneous emis-
sion pathways, which refers to SGC, is described as kv/T313 /2,
where k = dj5 - di3/ |di2| |d13| = cos a is related to the align-
ment of the two spontaneous emission dipole matrix elements.
When oo =0 and k = 1, SGC is generated from the two decay
channels, while if &« = 7/2 and k = 0, there is no SGC.

Now we investigate the case that a great deal of cold
atoms are trapped in the 1D optical lattice with period ajy cre-
ated by retroreflecting a laser beam of wavelength Aj, = 2ay.
along the z direction as shown in Fig. 1(c). The constant fac-
tor 11 = Up/ksT relies on the temperature of the atomic sys-
tem 7 and the trapping depth of the optical potential Up. In
each period of the optical lattice, the atomic density exhibits
a Gaussian distribution with width 6(z) = Ajaw/(27/7). It is
noted that the wavelength of the optical lattice has Ay > A3;
to obtain the dipole traps. It reflects that the Bragg conditions
Ao = A31/ cos O can be satisfied and the little shift is defined as
AMaee = Mae — Ao for a propagation angle 6 between the probe
and the lattice beams which is nonzero. In the following, we
use the transfer-matrix method to verify whether the induced
PBGs depend on the SGC effect. First, we deduce the 2 x 2
unimodular transfer matrix m; of the j-th single period, which
can be divided into 100 sublayers with the same thickness &z
for different densities N(z;) with (I € 1,100) and the transfer
matrix of each sublayer can be written as

L [ (z)—r3 () riz)
e j o (Z;) Jl ) (2)

where r;(z;) and t;(z1) denote the elementary reflection and

mj(z) =

transmission coefficients, respectively. Then we obtain M; =
mj(z1)-mj(z2)---m;j(zio0). Second we can evaluate the trans-
fer matrix M for the whole atomic medium of length L = naj,y.
It is simply to attain the probe reflectivities and transmissivi-

ties as
R (L>—‘M“2) 2 3)
T M)
1P
T, (L) = @
(&) ‘Muz)

with M(; ;) being one matrix element of the transfer matrix M.
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It is noted that the density of states (DOS) for the probe
photons can be reduced sufficiently when PBGs are opened
up. The expression of DOS can be deduced using the method
in Refs. [10] and [11], which can be written as

2+n(2) +n(z) 1)

[~ n@n() ©)

D(z) =Re (
where r; (z) and r; (z) respectively denote the complex coeffi-
cients originated from photons @, emitting to the left and right
ends of the 1D atomic lattices along the z direction.

Generally, the reflection and transmission of light are
reciprocity in the rest frame. However, by considering the op-
tical lattice moving with a constant velocity along its optical
axis z, with a given frequency @’ propagating along +7 in the
laboratory frame, the transmissivity T (') and refelectivity
R(®') are different in the two propagation directions due to
the Doppler effect which leads to two different rest frame fre-
quencies. For a Gaussian pulse with central frequency a)[’) and
spatial length L’ traveling along +7 and —Z through the mov-
ing optical lattice, the corresponding lab frame transmission
and reflection can be expressed as

/ °° VAT rn\2
(o) = o [ aoren (b Rl

xT ((1Fv/c) @), ©)
o) = S [ el
<R (15 /) ). o)

So the optical nonreciprocity in pulse transmission and reflec-
tion takes place as the forward and backward lights of fre-
quency @' are shift by F@’ (v/c), which can be defined as
AT, (o), L') = Ty (0') = T ('), AR, (@),L') = Ry (') —
R_(@'). Then, we can expand T (®) and R (®) in Taylor se-
ries as

AT (@}) ~ ~v/e{20} [4T (0}) /dw] + (2¢/L')*

p
% [T (o) /de?] }, 8)
AR (ap) ~ ~v/c{20} [dR (0]) /do] + (2¢/L)?
x (@R (0f) /de?] }, ©)

which mean that an appreciable degree of transmission and re-
flection nonreciprocity would require sharp frequency deriva-
tives |dT (®) /dw| and |dR (®) / d®|, respectively.

3. Numerical calculation and discussion

Now we investigate the effect of SGC on the probe sus-
ceptibility ¥ (@), and further show that the generation of
PBGs and optical nonreciprocity are relevant to the SGC by
numerical calculations. In Fig. 2, we plot the imaginary part
of the susceptibility as a function of the probe detuning with

and without SGC for resonant or off-resonant trigger field, re-
spectively. According to Refs. [35] and [36], when the trig-
ger field has a large detuning, i.e., At > I (which indicates
a weak interaction between the trigger field and the system),
the destructive quantum interference based on SGC leads to
that all the population is trapped into dark state |Wy) =
[8]1)+£,(]2) —13))] /1/6 +2Q2. So a transparency win-
dow appears at A, = 0. Then, when the trigger field is res-
onant At = 0, this means a strong interaction between the
trigger field and the atom, which leads the single dark state
|ark) to couple with level [4) , so two dark states are obtained
as [Pha) = [811) + 2 (12) — 13) FV214))] /1 /6 + 202 at
the frequencies of A, = +1/2Q7. Thus, we can see that two
EIT windows are separated by a narrow absorption peak in
Fig. 2(b). However, for the case of no SGC effect, the probe is
partly absorbed in the single EIT window (see the black solid
of the inset in Fig. 2(a)) and the two EIT windows (see the
black solid of the inset in Fig. 2(b)).
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Fig. 2. (color online) The absorption spectra of probe field versus the
normalized probe detuning A]’3 /7. The red and black lines correspond
to the case with and without SGC, respectively. The relevant parame-
ters are I} = I3 = I3 =2y, y= 1.0 MHz, § = 40.0y, Qr = 15; (a)
Ar = 607, (b) At = 0. The two insets display more detail about the
probe absorption in the two cases.

As it is expected, owing to the Doppler effect and the
forming PBGs, the probe transmission and reflection of the
moving atomic lattice are changed. This will cause forward—
backward nonreciprocity in probe transmission and reflection
along the two propagation directions due to the Doppler fre-
quency shifts. In the following, we explore how the SGC
affects the pulse reflectivity and transmission and the optical
nonreciprocity parameter for resonant and off-resonant trigger
fields, respectively. In Fig. 3, we give the probe reflectivity
and transmissivity spectra in its rest frame versus the probe
detuning. We can see that when the trigger field is far away
from resonant, one induced PBG is generated at A, = 0 due to
the SGC effect (see the red line in Figs. 3(a) and 3(b)). How-
ever, when the trigger field is resonant, two symmetric PBGs
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arise at A, = ++/2Qr, which are attributed to the trigger field
and the SGC effect (see the red line in Figs. 3(c) and 3(d)). It
is noted that when the SGC effect is absent, the pulse reflec-
tivity and transmission are obviously decreased, therefore the
PBGs are hardly formed (see the black line in Fig. 3). The
physical mechanism for forming the PBG structure is that the
SGC effect can induce a strongly transparent background for
the off-resonant trigger field and the transparent background is
divided into two EIT windows by the trigger for the resonant
case. Figure 4 exhibits the nonreciprocity parameters of reflec-
tion AR (@;) and transmission AT (@;) for the probe field as
a function of the probe detuning in the laboratory frame. We
can see that in the presence of SGC, there is one large nonre-
ciprocity parameter nearby A, = O for the off-resonant trigger
field (see the red line in Figs. 4(a) and 4(b)), and two large
nonreciprocity parameters arise in two frequency regions cor-
responding to A, = +1/2Qr for the resonant case (see the red
line in Figs. 4(c) and 4(d)). On the contrary, in the absence
of SGC, the nonreciprocity effect clearly weakens and even
disappears as shown by the black line in Fig. 4. Thus, the en-
hanced nonreciprocity parameters can be achieved in deeply
narrow EIT windows which are induced by the SGC effect. In
addition, we also discuss the nonreciprocity parameters as a
function of the probe field detuning by changing the Rabi fre-
quency of the trigger field Qr in Fig. 5. It is shown that the
Rabi frequency of the trigger field has a significant role to play
in controlling the positions of the nonreciprocity parameters.
It is because the positions of the windows rely on the trigger
field Rabi frequency, i.e., A, = j:ﬁ.QT.

Figure 6 displays the densities of photonic states D (z)
and D_ (z) as a function of the lattice position z with or with-

R (v=0)

R (v=0)

30

—30 0
Ap/y

60

out SGC for a resonant or off-resonant trigger field, where +
and — denote a probe pulse traveling along the forward and
backward of z, respectively. We can find that in the presence
of SGC, D~ (z) gradually decreases to nearly 0 in the integrat-
ing lattice length, while D_ (z) becomes spatially periodically
oscillating and related to the lattice position z. When SGC is
absence, D (z) is close to 0.4 for the off-resonant trigger field
and approaches 0.1 for the resonant case, while the oscillation
amplitude of D_ (z) is gradually weak in the integrating lattice
length. The reason is that when the forward probe field experi-
ences a wide bandgap, the probe photons cannot penetrate the
moving atomic lattice; while the backward probe field experi-
ences a high transmission peak, the probe photons can propa-
gate the atomic lattice with slow light. Figure 7 shows how the
length of pulse L' and the moving velocity of atomic lattice v
affect the absolute value of the nonreciprocity parameter |AR)|
(|AT]). We can find that when L' > 200 m and v > 3 m/s, |AR)|
and |AT | are both enhanced for the case with SGC. However,
when SGC is absent, |AT | becomes very weak and |AR| has a
large value in a small area. In addition, we show the relation-
ship between the absolute value of the nonreciprocity param-
eter |AR| (JAT|) with the frequency difference & of the levels
|2) and |3) in Fig. 8. We can see that the absolute value of the
nonreciprocity parameter significantly increases and reaches
above 90% in the vicinity of 407 in the case of SGC (see the
red line in Fig. 8). While the absolute value of the nonre-
ciprocity parameter becomes small in the case of none SGC
(see the black line in Fig. 8). Thus the frequency difference
0 has an important effect on the degree of the nonreciprocity,
because the widths of the transparent windows are related to
the frequency difference 6.
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Fig. 3. (color online) The reflectivities and transmissivities of probe field in the rest frame for a 3.0 mm long sample, the atomic density is
No = 1.0 x 10" cm™3 and Ajyq = 780.787 nm, AL = 0.25 nm, ) = 3.5, (a), (b) for Ar = 607; (c), (d) for Ar = 0, the other parameters are the
same as those in Fig. 2. The red and black lines correspond to the case with and without SGC, respectively.
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Fig. 4. (color online) The nonreciprocity parameters of reflection (AR) and transmission (A7) versus the normalized probe detuning for
v =3 m/s, with (a), (b) At = 607 and (c), (d) At = 0. The red and black lines correspond to the cases with and without SGC, respectively.
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Fig. 5. (color online) The nonreciprocity parameters of (a) reflection (AR) and (b) transmission (AT versus the normalized probe detuning for
different Rabi frequencies of the trigger field with Q1 = 10y (green solid), Qr = 157 (red solid), and Q1 = 207 (blue solid), respectively, when
the SGC is present and the trigger field is resonant.
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Fig. 6. (color online) Densities of states D (z) (the solid line) and D_(z) (the dashed line) as a function of atomic lattice position z for
AI’) = 4.8y, At = 607 in panel (a); and Al'J = 18.67, At = 0 in panel (b). The red and black lines correspond to the cases with and without SGC,

respectively.
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Fig. 7. (color online) The absolute values of nonreciprocity parameters of (a), (c) reflection (|AR|) and (b), (d) transmission (|AT|) versus the

moving velocity of atomic lattice v and the pulse length L' for A)
and panels (c) and (d) correspond to the case without SGC.
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18.67 and At = 0. Panels (a) and (b) correspond to the case with SGC;
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Fig. 8. (color online) The absolute values of optical nonreciprocity parameters |AR| and |AT| as functions of the frequency difference & of

the levels 2) and [3) for A, = 4.8y, At = 60y in panels (a) and (b); and Ay

correspond to the cases with and without SGC, respectively.

It is well known that it is hard to find a real atomic
with near-degenerate levels and nonorthogonal dipole mo-
ments. However, the SGC could be obtained in charged
quantum dotsB®°! and quantum wells™?! as well as the
dressed-state picture of a coherently driven atom.!*!=*3] In
fact, our discussed configuration with SGC is the same
as the one given in Fig. 9(b) in the dressed-state pic-
ture of the coupling field 2..1**) As a possible experiment,
our studied system can be realized in the ¥’Rb atom in

Fig. 9(b), where the levels |1), |2'), |3), and |4) corre-

18.67, At = 0 in panels (c) and (d). The red and black lines

spond to |52S; 5, F =1,m=—1), |58 ,F =2,m=+1),
|5°Py)2,F =1,m=0), and |5°P| 5,F =2,m = +2) , respec-
tively. It can be found that the two closely lying upper levels

|2) and |3) in Fig. 9(a) may be seen as the coherent super-
position of the levels |2’} and |3’) driven by Q, ie., [2) =
cos01]2') —sin0|3') and |3) = cos@[2') + sinBH|3'), where
tan6 = (Ac + /A2 +402) /29, with A, being the detuning
of the field, and the frequency difference 26 = \/m

can be manipulated.
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4)

S SE— 1)
(a) (b)
Fig. 9. (a) Four-level double ladder-type system with SGC. (b) A real

four-level N-type atomic system. The former is equivalent to the latter
in the dressed-state picture of the coupling field £2..

4. Conclusion

We have investigated the optical nonreciprocity effect of
a 1D moving atomic lattice with a Gaussian density distribu-
tion and exhibiting a four-level ladder type atomic system with
SGC effect. It can be found that when the trigger field is far-
resonant, one PBG with a large nonreciprocity effect can be
formed in the transparency window by the SGC effect. When
the trigger field is resonant, two well PBGs can lead to en-
gendering two color nonreciprocal effects with SGC. How-
ever, when SGC is absent, the degree of nonreciprocal effect
is declined obviously as the system absorbs strongly the probe
field. We hope that these findings are helpful to design pho-
tonic devices, e.g., optical diodes, optical isolators, and invisi-
ble metamaterials.
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