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We investigate a four-level tripod atomic sample trapped, respectively, in a one-dimensional order and disorder
(atom number fluctuation) optical lattice to achieve the tunable and robust three-color reflections in the regimes
of zero absorption. Based on electromagnetically induced transparency (EIT) and the periodic modulation of the
atom number density, there are three reflection regions of high probe reflectivity in different frequency ranges,
respectively. Such three-color reflections arise from the double-EIT atomic structure in the optical lattice and
can also be observed by the suppression of the density of photonic states. One of them appears in the large
detuning range, and the other two locate in two EIT windows, respectively, which are relatively narrow and can
be dynamically manipulated flexibly. It is worth noting that such reflection scheme has strong robustness, i.e.,
it is immune to the atom number fluctuation in the disorder structure. Our results have potential applications in
all-optical networks with respect to fabricating efficient devices (such as reflectors and diodes) for manipulating

multicolor photon flows.
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I. INTRODUCTION

In the past few decades, artificially optical materials, which
have almost arbitrary variations of material properties that are
not available in natural mediums, have provided an enormous
degree of freedom for the control of light propagation [1-3].
Among them, as a prominent metamaterial, the photonic crys-
tal (PC), famous for its photonic band gaps (PBGs), has been
extensively studied [4-7]. In recent years, much effort has
been devoted to fabricate PCs in the visible-wavelength range,
even in the near-infrared communication band [8—10]. Due to
the periodical spatial modulation of the refractive index in a
PC, PBGs arise near the Brillouin-zone boundaries [11-15].
For the strong confinement of light, PBGs are widely applied
in light storage [16], high-precision sensing [17], ultrafast
optical switch [18], integrated photonic circuits [19], low-
threshold nanolasers [20], and so on.

However, once the traditional PC is generated, the periodic
structure will no longer change, and thus the PBG structure is
almost fixed. Typically, additional freedom of light manipula-
tion using PBGs can be provided by the regime of the optical
lattice trapping cold atoms of Gaussian density distribution in
each period [21,22], which has been used to fabricate non-
Hermitian optical materials of parity-time (PT) symmetry
or antisymmetry [23-25], and realize dynamically controlled
PBGs theoretically and experimentally [26-30]. The other
regime for tunable PBGs is the uniformly distributed atomic
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system driven by coherent standing-wave (SW) fields based
on electromagnetically induced transparency (EIT) [31-36].
Under the Bragg scattering condition, PBGs arise from the
periodic atomic density distribution in the first regime and
the periodic atomic coherences induced by the resonant cou-
pling from the SW field in the other one. Furthermore, such
a modulation relies on the order and periodicity of those
structures [37-39]. Thus, it is expected that more applications
of those regimes will be explored, such as the modulation of
multicolor photon flows. However, in the optical lattice, the
imperfect manufacturing process or random distributions of
atoms may destroy the periodicity, so the disorder should be
considered for generating PBGs [24,40—42]. Disorder plays a
crucial role in the dynamic control of interacting particles and
transport properties of quantum systems [43,44]. Thus, we
will realize the multicolor PBGs in the atomic lattices driven
by traveling-wave fields and maintain the robustness of light
propagation.

In this paper, we propose a scheme for studying photonic
properties, respectively, in a one-dimensional (1D) order and
disorder optical lattice fulfilled with Gaussian-distribution
cold ¥Rb atoms driven into a four-level tripod-type EIT
configuration by traveling-wave coupling fields. This paper is
organized as follows. Section II is devoted to the theoretical
description of such a system. e.g., the fixed system of the
atomic lattice interacting with proper coupling laser beams
and the equations for calculating the probe susceptibility,
dispersion relation, and the density of photonic state (DOS).
Section III exhibits the three reflection regions appearing in
two EIT windows and in an off-resonant range, respectively.
Results show that two PBGs in the regime of EIT are more
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FIG. 1. (a) Energy-level diagram form of a four-level tripod-
type atomic system interacting with a weak probe field of Rabi
frequency (detuning) €2, (A,) and two strong-coupling fields of
Rabi frequencies (detunings) 2.1 (A.;) and Q. (A.y), respectively.
(b) Scheme of one-dimensional optical lattice of periodicity ay filled
with these driven tripod atoms. (c) Probe and coupling fields travel
along the lattice axis z, and the probe field has a small angle 6 relative
to the z axis.

sensitive to the frequency and intensity of coupling fields, the
width of the atomic distribution, and geometric Bragg detun-
ing of the optical lattices. Note that the photonic properties
have very strong robustness, i.e., immune to a common kind
of disorder (the atom number fluctuation) in the optical lattice.
Section IV gives a conclusion.

II. MODEL AND METHODS

Our atomic configuration is shown in Fig. 1(a). Here we
consider that an ensemble of cold ’Rb atoms are driven into
a four-level tripod system, where a weak field of frequency
w, (amplitude E,) probes transition |1) < |4) of wavelength
A41, a coupling field of the frequency w,.; (amplitude E.;)
drives transition |2) <> |4), and the other frequency w.,
(amplitude E.,) drives |3) <> |4). The corresponding Rabi
frequencies (detunings) are Q2, =E, - d14/2h (A, = w41 —
a)p)s ch = Ecl ' d24/2h (Acl = W42 — a)cl)’ and QCZ = EcZ .
d34/2h (An = w43 — we2), with d;; and w;; being dipole
moments and resonant frequencies on relevant transitions.
To be more concrete, levels |1), |2), |3), and |4) may
refer to |5$1/2, F = 1, mrg = 0), |5S1/2, F = 1, mr = —1),
15812, F = 1,mp = 1), and |5Ps2, F = 1, mp = 0) of ¥ Rb
atoms’ D2 line broken by static magnetic fields in order. Such
a tripod structure can also correspond to hyperfine levels of
87Rb atoms with the D1 line [45]. These atoms are trapped
in a 1D optical lattice of the periodicity ag with Gaussian
density distribution within each lattice as shown in Fig. 1(b).
The optical lattice is formed by a red-detuned retroreflected
laser beam of wavelength A, = 2ag along the z-axis lattice
direction. In Fig. 1(c), two coupling fields transmit along the z
axis, while the probe field has a little angle 6 (cos6 = A, /ApLat)
relative to z. To our attention, the relation Ay 5 > A4 should be
satisfied in order to trap atoms.

In each period, the atom number density along z is

No(l+ A jrana)o [ (c-z/202]

Ni(z) = e

(D

with the average atomic density Ny, the kth lattice center
zr = (k — 1/2)ag with periodicity ag = AApa/2, and the half
width o, = Ara /(2 /n) where n = 2Uy/(kpT) is related
to the trapping depth U, of the optical potential and the
temperature 7 of the atomic sample. In particular, it seems
that the width o, — 0 when 7" — 0; however, when T — 0
and o, < ag, the width o, should be limited by the size of the
Wannier function in a given lattice minimum, which could be
approximated by the ground state of the harmonic approxima-
tion close to the minima. In addition, A jrand (|A jrand| < 1)
varying along z are the random numbers corresponding to the
atom number fluctuation so that Ny(1 + A jrang) can describe
a kind of disorder, i.e., the atom number fluctuation in this
1D lattice. Here, we set density Ny to be relatively small, i.e.,
7x10" ¢cm? hereafter, so that the average distance between
two atoms is much longer than the size of each atom. Thus,
the interaction of atoms can be neglected here, when the
temperature 7' (~140 ©K) is not ultralow. In addition, the
alkaline-earth atoms such as Yb may also be trapped in an
optical lattice and then be used in such a study [46,47].

Under the rotating-wave and electric-dipole approxima-
tions, the atom-field interaction Hamiltonian is

Hp = h[(Ap — AcDI2) 21 + (Ap — A2)I3) (3] + A, |4) (4]
— A[Qp14) (1] + Q1 [4) (2] + Qe214) 3] + Heel]. (2)
Then, the equations of motion of the density matrix are written
as
3021 = [i(Act — Ap) — va1lpa1r — iQ2p004 + Q27 P41,
0 p31 = [i(Acr — Ap) — y31lp31 — iQ2pp3s + 127,041,
0 pa1 = — ((A, + Yar)par + iQ2p(011 — p44)
+ Q21021 + 102031, 3)
with the conjugation condition p;; = p};. Here, y;; = (I'; +
I';)/2 denotes the complex coherence dephasing rate with
I[i=>, Tin I'j =), I, being population decay rates. In
the weak probe limit of 2, < 2.1, 2, constrained by p;; >~ 1,

P2 = p33 =~ pag = 0. Den51ty matrix equations can be solved
in the steady state 9t 0;; = 0,

Q*
P
P41 = 2 2 : 4)
12011 12| + 1 — A
Ap—Ac =y Ap—Aa—ys1 41 r

The complex probe susceptibility in this atomic medium
yields

N (@)dar|* par

— 5
8()71 Ql’ ( )

xp(@) = x,(2) +ix,(2) =
and the spatially periodic refractive index n,(z)=
1+ xp(z), depending on the modulation of the atom
polarizability. Here we further rewrite cosf = Ap0/ALa0

in the vacuum with A,0/A, = Arao/ALac = np, Which
means that the “geometric” Bragg condition with the shift

AMpat = ALat — ALa0 T€QUires nonzero propagation angle 6.
Subject to this condition,
_2A)\'Lat
/ - I
+ixy) ~ ———, 6
Xp X, o (6)
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which can predict the point of A, for reflective bands appear-
ing [28,30].

The reflection and transmission properties can be described
by a 2x2 unimodular transfer matrix m, of each lattice by
dividing the period into enough thin layers of given number
S [48]. Therefore, m,, can be written as

r(z:
(2 ):|’ %

v () = rp(z)?]
1,(z;) —rp(zj) 1

my(z;) =

with j € (1, 5), the elementary reflection coefficient r,, and
transmission coefficient ¢, determined by the complex refrac-
tive index n,,. Then, the matrix M ’[j of the kth period is

My =my(z1) X - X mp(z) X -+ X my(zs). (8)
With the transfer matrix M’ ﬁ, we can solve the equation
e?*r0 — Tr(My)e"r® +1 =0 ©9)

to check the dispersion and extinction rate (w vs «,, the Bloch
wave vector k), = /c[’7 + ik for an infinite medium. As is well
known, band gaps appear at the edge of the first Brillouin zone
K, = 7 /ap and k; # 0, where the Bragg condition is fulfilled.
In the following, the total 2x2 transfer matrix for this 1D
atomic lattice of the finite length L = Kay can be written as

L _ aglag2 k K
M:=MM2 - ME- - ME (10)

which may be used to deal with the 1D problems, and the
3D problems may be solved by Maxwell wave equations
approximated by 3D Gaussian functions [33]. Then, with this
2x2 transfer matrix, it is straightforward to obtain the probe
reflectivity, transmissivity and absorption:

2

ML(12)
Rp(L): MIZ(ZZ) B
P
2
T,(L) = W ,

(1)

The spectrum property can be expressed by a sufficiently
reduced density of state (DOS) for probe photons, i.e., the
reflection appears with the reduction of the DOS [49], which
is given by

Ap(L) =1 —=Ry(L) — Ty(L).

2471y @)+r, (@) B

1 —rf@r, ()

1

D,(z) =Re (12)

by using the complex reflection coefficients r,;* (z) and r;(z)
of probe fields emitting along the +z axis and —z axis,
respectively, and considering a position in the middle of the
lattice. It is worth emphasizing that Eq. (12) can be applied
for a finite lattice in order to compute the local DOS.

III. RESULTS AND DISCUSSIONS

First, we will check the photonic properties of 1D ordered
cold atomic lattices with Gaussian atomic distribution in
each period with the randomly called number A jrang = 0. As
shown in Figs. 2(a) and 2(b), there are three frequency regions
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FIG. 2. (a), (b) Real parts (red solid line) and imaginary parts
(black dash-dotted line) of Bloch wave vector k,. (c), (d) Reflec-
tivities R,(L) (red solid line) and €.Im x,(L) (black dash-dotted
line). (e), (f) DOS of probe field at the center of the lattice as
functions of probe detuning A,. Parameters are I'y; = I'yy = I'y3 =
'=6.0 MHz, Q,=0.048 MHz, Q. =Q, =Q. =3, Ay =
0.0 MHZ, Acz =10.0 MHZ, }VLmO =781 nm, )\.,,() = 780.24 nm,
Ay =0.50m, o, = Ay /(4n/21n), n =15, L=3.0mm, Ny =
7x10" em ™3, djy = 2.0x107% Cm.

of K;,)»Lat /27 =1 and KI/,’ # 0 corresponding to the forbidden
band for light propagation. Figures 2(c) and 2(d) of the probe
reflection and transmission spectra further show that three
reflection regions of high reflectivity appear in three different
frequency regions. The first two narrow reflection regions
appear in the EIT windows (near the resonance) at A, C
—5 ~ 0 MHz (denoted by R1) and 7.5 ~ 10 MHz (denoted
by R2), while the third wide one (denoted by R3) locates at the
off-resonance region. The physical reason can be expressed
as follows. In the field-atom system of periodic structure,
the condition of the existence of the perfect reflection is the
cooperation between satisfying Bragg scattering and decreas-
ing light absorption. Among the three-color reflections, two
narrow ones appear in two EIT windows due to such a tripod-
type structure, and the wide one in the far-detuning range
without loss due to the far resonance. Figures 2(e) and 2(f)
show the local DOSs in and out of the frequency range of
reflection regions, which can relatively intuitively describe
the existent of photons inside the sample. The reflections
arise corresponding to the obvious reduction of local DOSs
because of the attenuation solution of the Bloch wave-vector
loss, which means there is a propagation solution mismatch
between the incident wave and optical latices, related to the
evanescent wave.

Though there are three high reflections R1, R2, and R3
(> 83%), we focus on the two narrow EIT reflections (R1
for A, = Acy, R2 for A, = A.,) due to their dynamic control
by adjusting the coupling fields. Moreover, the narrow spectra
have good practical applications for the photon modulation in
the light-atom interaction.

Figure 3(a) shows the tunability of reflections by one
coupling detuning A, in the case of single-photon resonance
(A:1 = 0). As expected, the reflectivities of two reflections
R1 and R2 can reach to 90%; however, R1, due to its nearness
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FIG. 3. Plots of EIT reflections R1 and R2 vs probe detuning
A, and coupling detuning A, with (a) Q. = Q¢ = Q. =3T
and (b) Rabi frequency of coupling fields €2.. (c) The widths of
reflections (R1 and R2) and the minimum of absorptions [A,(1) and
A,(2)] vs Rabi frequency of coupling fields £2.. Other parameters are
the same as Fig. 2.

of A, =0, is obviously wider than R2, though the width of
R2 is increased while that of R1 is slightly decreased with
increasing A.,. Respectively, the two reflections merge into
a large wide one following the two-photon resonance (A, =
A = 0) [see Fig. 3(a)]. Figure 3(b) shows the influence of
coupling intensities on the reflections. It is found that the re-
flectivities and widths of both reflection regions are increased
with increasing €2.. In particular, R1 is much more sensitive
to the intensities of the coupling fields, whose reflectivity is
greater than 90% with Q. > 3T [see Fig. 3(b)]. Essentially,
the change in the reflectivity and width of reflection is decided
by that of the EIT property. Respectively, the absorption lines
become more and more smooth, with the minimum of A,(1)
almost lower than 0.1. There is little difference between the
minima of A,(1) and A,(2), which results in a straightfor-
ward variation of reflections, though the widths of the two
reflections are obviously distinct. It is of special interest that
double EIT reflections of relatively narrow width and high
reflectivity can be obtained by modulating the coupling fields
at Q. >~ 13.5 MHz [see Fig. 3(c)].

As mentioned above, the Bragg scattering condition is
fundamental for the generation of PBGs; then its influence
will be checked by varying the Bragg detuning AXp, (the
lattice wavelength) either in the red detuning AXp, > 0 or in
the blue one AAy, < 0. As shown in Fig. 4(a), both reflections
become increasingly wider with increasing |AApy|, but the
reflectivities decrease. It is worth noting that when Alp, ~
0, the probe susceptibility is about zero so that there are
inefficient reflections, even though the Bragg condition is
fulfilled. That is why a small angle 6 is needed for the phase
matching. It is interesting that two EIT reflections have a good
symmetry relative to the point of A, = (A.; + A»)/2 which
intersects AAp, = 0 by modulating AAp, from negative to
positive. It can be explicated clearly by Eq. (6), i.e., the
imaginary part of the susceptibility x;’ = 0 and the real part
Xp = —2AApa/ALa for satisfying the Bragg condition, which
means the positions of the appearance of the reflections are

10 15 20

5
A (MHz)

FIG. 4. (a) EIT reflections R1 and R2 vs probe detuning A, and
Bragg detuning AXp,. (b) Real parts (red solid line) and imaginary
parts (black dash-dotted line) of average probe susceptibilities vs
probe detuning A,, where the two horizonal dots are given by
—2AMLat/ALat (AALy = 0.5 nm for blue dots and AAp, = —0.5 nm
for olive dots). Other parameters are the same as Fig. 2.

the points where the horizonal line (—2 A\, /ALy intersects
with Rey,, and locate in the EIT windows (Imy,, is zero). We
can clearly see the specific points A, and Ay, (B, and Byy)
[see Fig. 4(b)] corresponding to the points A}, and A} (B,
and B} ) [see Fig. 4(a)] with the reflections higher than 80%
for Al = 0.5 nm (Arpy = —0.5 nm).

Finally, we examine PBGs in a 1D disorder atomic lattice,
while considering the atom number fluctuation as a common
kind of disorder. Specifically, a lossy atomic lattice has been
used with disorder distribution of atomic number density. In
this system, we only consider that the atom number fluctuates
along z. Because the tightly trapped cold atoms have Gaussian
density distribution with a little width o, >~ a¢/7 in each
period, and ayp = A, /2, even the small range of the atomic
fluctuations is also obvious. However, the transverse range of
the motion of atoms depends on the waist of light that forms
the optical lattice, which is more than 10Ay . So the perturbed
disorder along the transverse has a small effect on the atomic
density, and thus the transverse fluctuations have been ignored
in our regime.

Here we use the random number A jgr,,g through the
lattice as shown in Eq. (1); Fig. 5(a) shows the Gaussian
(Gaussian-like) atomic number distribution without (with)
the disorder in one period, where the black solid line with
triangles describes that without disorder when A jrana = 0
and the red solid line with circles (olive solid line with
squares) shows that with a slight (drastic) vertical fluctuation
when A jrang € (=0.1,+0.1) [Ajrana € (1, +1)]. Then, as
displayed in Fig. 5(b), compared with that in the order lattice,
the two reflection regions just change a little with considering
the atomic number fluctuation, i.e., only R1 becomes slightly
wider even with the random A jgrang in the maximum random
range (—1, +1). Thus, the two EIT reflections show strong
robustness that is immune to this disorder. It is worth em-
phasizing that the scattering mean-free path is much less than

053856-4



DYNAMICALLY TUNABLE THREE-COLOR REFLECTIONS ...

PHYSICAL REVIEW A 101, 053856 (2020)

X10"
1.0
@ 10 (b)
@ J\‘ :L
§ os ol \T 0.6 =
N 04 0.4 =
z 0.2 u
0.2
’ ' s 0.0
0.0 L ‘ , ‘
0 100 200 300 400 -10 -5 0 5 10
[Z-a (k-1)](nm)
1.2 2.1}
C 4
(©) A =-2.5.0NHz )
7 09 1.8} =
8 1.50 [ 8
8 06 . 8
0.3 1.2
0.0  ommmemem——— ook . ., . .,
0.0 05 1.0 15 2.0 25 3.0 0.0 05 1.0 1.5 20 25 3.0

Z(mm) Z(mm)

FIG. 5. (a) Atomic density distribution in the kth cell. (b) Reflec-
tions R1 and R2 vs probe detuning A,. (c) DOS of probe photons
w, at the center of R1 for A, = —2.5 MHz. (d) DOS of probe
photons w, outside R1 and R2 for A, = 2.0 MHz in the 1D order
lattice (black solid line with triangle) and in the disorder lattices
for A jrang € (—0.1, 40.1) (red solid line with circle) and A jrayg €
(—1.0, 4+1.0) (olive solid line with square). Other parameters are the
same as Fig. 2.

the size of the system with the small number fluctuation such
as Ajrand € (—0.1,40.1). As a result, the system may be in
the localized regime. When it is relatively long, corresponding
to the large number fluctuation, even reaching the maximum
Ajrand € (—1.0,41.0), the scattering mean-free path is al-
most the size of the sample. Then, the system may be regarded
as the ballistic one.

Furthermore, the robustness can also be observed via the
DOSs. In the order and disorder optical lattices, Figs. 5(c)
and 5(d) show the DOSs of A, = —2.5 MHz in the frequency
range of the reflection R1 and ones of A, =2.0 MHz out
of the frequency range of two reflection regions as functions
of the lattice axis z, respectively. It is clear that compared
with those in the order lattice, the DOSs may all decrease
with the increasing of the random fluctuation range, which
means the existence of a photon in the sample may be sup-
pressed to a certain extent due to the atomic fluctuation. In
particular, in Fig. 5(c), the DOSs in the range of the reflection
regions always remain very low in the lattice, which implies
the photons also are prevented from propagating through

the lattice by the robust photonic gaps of high reflectivity.
However, the DOSs out of the range of the reflection regions
not only decrease but also oscillate more obviously, especially
in the middle of the sample. The behavior of photons inside
the sample may be more sensitive to the atomic fluctuation.
In general, as expected, such a tunable reflection scheme
has strong robustness for forbidding propagation in the
photonic gaps.

IV. CONCLUSIONS

To summarize, we presented a study of multicolor reflec-
tions in a sample of cold atoms driven into a four-level tripod-
type EIT configuration trapped in a 1D order and disorder
optical lattice. In our system, there are three reflection regions
of high reflectivity, and two narrow ones near a two-photon
resonance located in two EIT windows and another one in
the large detuning range. The narrow and high EIT reflection
regions attract our attention because of their excellent tun-
ability in terms of relevant parameters of the coupling fields
and atomic lattice. In particular, under the Bragg scattering
condition, the position and width of the reflections can be
modulated via controlling the frequency and intensity of the
coupling fields, the Bragg detuning. In addition, we examine
the effect of a typical kind of disorder in the atomic lattice,
i.e., atomic number fluctuation, on the photonic band gaps. It
is noted that this reflection scheme is immune to the disorder,
and photonic properties in the frequency range of such pho-
tonic gaps exhibit strong robustness. Here, all ordered ®’Rb
atoms are chosen with Zeeman sublevels via the circularly
polarized optical pumping technique, in regard to a possible
experiment. Therefore, such a robust reflection scheme may
be used to explore all-optical switching and routing devices
involving multicolor photons.
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