PHYSICAL REVIEW A 92, 053859 (2015)

Dynamically induced two-color nonreciprocity in a tripod system of a moving atomic lattice
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We study the two-color nonreciprocal effects of transmission and reflection in cold atoms driven into the tripod
configuration and confined in a moving optical lattice. Our numerical results show that a very high contrast of
the forward-backward transmission up to around 92% (reflection up to around 85%) is observable near the sharp
edges of two tunable photonic band gaps at lattice speeds of several meters per second. Such two-color optical
nonreciprocity is attained in fact by breaking the time-reversal symmetry with asymmetric Doppler shifts and
can be dynamically manipulated by varying the driving and coupling field detunings, the probe pulse length, the

atomic lattice velocity, etc.
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I. INTRODUCTION

In the past few decades, much attention has been paid to
the study of electromagnetically induced transparency (EIT)
[1-3], a quantum interference effect induced by a strong
coupling field, based on which the optical absorption of
a weak probe field can be largely suppressed in a small
frequency range while the large-dispersion property remains.
Electromagnetically induced transparency has many important
applications, such as slow light [4,5], quantum memory [6-9],
and nonlinearity enhancement [10,11]. It is well known that
the photonic band gaps (PBG) of a traditional photonic crystal
(PC) cannot be modulated because the periodic structure is
determined once a PC is grown. Recently, the tunable PBG
generated in cold atoms loaded in an optical lattice under
EIT conditions has achieved spectacular progress [12—-14].
Petrosyan’s work [12] showed that a new band gap may
arise within the transparent window, which is very narrow
and dynamically tunable. Then Schilke et al. investigated ex-
perimentally the Bragg reflection, reported the measurements
of transmission and reflection spectra and their dependence
on the experimental parameters, and discussed the limitations
of this system [15,16]. Recently, the study of optical nonre-
ciprocity with controlled PBGs has attracted a great deal of
interest [17,18].

Generally, it is hard to achieve nonreciprocity in the familiar
process of linear reflection and transmission of light [19],
which, however, can be engineered to develop advanced
materials and functional composite systems. Thus, great effort
has been made to achieve optical nonreciprocity recently, such
as using media with parity-time (P7) symmetry [20-29],
media with acousto-optical effects [30] or magneto-optical
effects [31], and nonsymmetric photonic crystals [32]. In
particular, P7 -symmetric periodic structures may exhibit
reflection nonreciprocity near the spontaneous P7 -symmetry
breaking point, i.e., an imbalance between the forward and
backward reflectivities [22]. Recently, it was found that the
nonreciprocal transmission can be achieved by setting the
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photonic crystal [17] and periodically distributed atoms [18]
into motion. When a photonic crystal moves, the counter-
propagating light is blueshifted and the copropagating light
is redshifted in the reference frame of the moving photonic
crystal due to the Doppler effect [18]. Because of the difficulty
of realizing the moving photonic crystal, they rendered the
optically induced photonic crystal moving in the static EIT
medium by slightly detuning the two counterpropagating
components of the standing-wave field [17]. Optical nonre-
ciprocity has been proposed for the realization of all-optical
diodes [33-35] and unidirectional light transport [36].

In this paper we extend the work [18] and study the
two-color nonreciprocal effect of transmission and reflection
in a moving cold atomic lattice driven into a four-level tripod
configuration. It should be noted that, in this paper, the
one-dimensional (1D) PBGs are formed by cold atoms trapped
in a 1D lattice as shown in [15] and this system may create
two new PBGs. We discuss in detail how the cold atoms move
at speeds of several meters per second and report that the
incident probe pulse propagating along the optical lattice can
be controlled and experience high nonreciprocal transmission
and reflection (namely, obvious forward-backward asymmetry
in transmission and reflection) within two frequency regions
corresponding, respectively, to the sharp edges of the two new
PBGs. Compared with previous work, we choose a more rea-
sonable atomic density distribution and a lower atomic speed
of 3 m/s in the optical lattice, which has been investigated ex-
perimentally [37]. We also analyze the density of states (DOS)
for probe photons, which is further evidence of the existence
of optical nonreciprocity. In addition, it is discussed that the
degree and frequency regions of the nonreciprocity could be
controlled by varying the driving and coupling field detunings,
the probe pulse length, the atomic lattice velocity, etc.

II. THEORETICAL MODEL AND EQUATIONS

As shown in Fig. 1(a), we study a four-level tripod atomic
system where levels |0), |1), |2), and |3) correspond to states
|5S|/2,F = 2,1’1’! = —2), |SS]/2,F = l,m = O), |551/2,F =
I,m = —1), and |5Ps3,F =2,m = —1) of *Rb atoms,
respectively. A static magnetic field is applied to break the
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FIG. 1. (Color online) (a) Energy-level diagram form of a four-
level tripod-type atomic system interacting with a probe field w,,, a
coupling field w,, and a driving field w,. (b) Atoms are trapped in an
optical lattice formed by a retroreflecting laser beam of wavelength
A that is far detuned from relevant atomic resonances. The confined
atoms are located at the standing-wave antinodes of period aj, =
Aan/2. The probe is assumed to travel in the z direction and the
coupling and driving fields propagate in the x direction. The periodic
multilayer structure is set to move with a constant velocity v along
its optical axis Z.

degeneracy of levels | 1) and |2). The atomic transition between
level |3) and level |0), |1), or |2) is coherently driven by a
probe, coupling, or driving field propagating in the Z, X, or
% direction with 6%, o~, or 7 polarization, respectively. The
probe field ), is detuned from the atomic transition |3) — |0)
by A, = w3y — wp, the coupling field w. is detuned from
the atomic transition [3) — |1) by A, = w31 — w,, and the
driving field w, is detuned from atomic transition |3) — |2)
by Ad = w33 — Wy.

Under the electric dipole and rotating-wave approxima-
tions, the interaction Hamiltonian can be rewritten as

0 0 0 @
0 A, — A, 0 Q*
H@)=—h b ¢ ¢ 1
(1) 0 0 Ay —Ag @ | )]
Q, Q. Q A,

from which it is straightforward to attain 16 dynamic equations
for the mutually coupled density-matrix elements p;; with
h,k € {1,2,3,4}.

In the weak probe limit, the above density-matrix equations
can be reduced to

9:p10 = —[yi0 — i(Ap — A pio + 2] p3o,
3020 = —[y20 — i(A, — Ap)p2o + 2030, (2)
9030 = —[y30 —iAplp30 + 12010 + iR2q020 + P2,

as we assume that pgg = 1, p1; = p22 = p33 =0, and py; =
p31 = p3» = 0 without introducing notable errors. Here yyy is
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the decay rate of atomic coherence for the transition |z) <—
|k). Thus we can solve Eq. (2) analytically in the steady state
(9 pnr = 0) to obtain the probe susceptibility

N (2)|dos|? P30

xp(2) = 2eh Q,
_ N(2)|dos|? 1Y10Y20 3)
260k YigyaoVio + Vio2% + 13022

where yjy = y10 — i(Ap = Ac), 39 = y20 — i(A) — Ag),and
Y30 = V30 — i A, are the complex dephasing rates and N(z) is
the inhomogeneous atomic density as a function of the lattice
position z.

These cold ¥Rb atoms are trapped in a standing-wave
dipole trap, which is used to store any desired small number
of cold atoms, formed by a red-detuned retroreflected laser
beam of wavelength A, [see Fig. 1(b)]. The temperature T
of the inhomogeneous atomic sample is usually related to the
trapping depth Uy, of the optical potential by a constant factor
N = U/ kpTy (Where kp is the Boltzmann constant). The
laser forming the lattice must have a wavelength A, > X39 to
generate the dipole traps. This means that the Bragg condition
can only be fulfilled with a nonzero propagation angle 6
between the probe and the lattice beams, which should be
small enough so that the probe interacts with the lattice
over its entire length. From the geometric Bragg condition
Ao = A3p/ cos @, we can thus define Al = Al — Ao as the
shift. It is also worth noting that the inhomogeneous sample
density has a big Gaussian profile [see Fig. 1(b)], which is quite
typical for cold atomic clouds in a magneto-optical trap [38]
and can be defined by N, (z) o< exp[—20(z — L/2)?/L?], with
L being the length of lattice [39], while each dipole-trap
period of the optical lattice exhibits a small Gaussian density
distribution N,(z) o 1/y/2m0, expl—(z — zi — aia/2)*/207]
with an rms width o, = Ay, /27 /27 along the lattice axis %,
zi = (i — 1/2)ay, being the central position of the ith period
along Z (i = 1,2,...,n) and apx = L/n being the length of
each period. Then the density distribution of the whole sample
N(z) should be expressed by a piecewise function, which
has n pieces. The ith piece is N;(z) = N'exp[—(z — z; —
alan/2)2/2azz] exp[—20(z; — L/2)*/L?], with N’ = aN,, and
N,, being the average atomic density, where the constant factor

« can be determined by N, L = 2751 f'a:;i §2 N;(z)dz.

In this atomic sample, the probe field may experience three
PBGs, which can be verified by utilizing the transfer-matrix
method [40]. In brief, the first step is to construct a transfer ma-
trix M; of the jth single period, which should be decomposed
into, e.g., 100 sublayers of the same thickness 8, (<Kaja) but of
different atomic densities N(z;) with (I € 1,100). The transfer
matrix m (z;) of each sublayer is the product of a propagation
matrix with a discontinuity matrix whose coefficients are given
by the Fresnel coefficients (see [41]) and is related to the
elementary reflection and transmission coefficients r; and ¢;
as

4)

m;(z;) =

1 ff(ZI)—r;(Zz) ri(zr)
)| —ri@) I

Then M; =m(z1)---mj(z;)---m;(zi00). The second step
is to attain the transfer matrix M for the whole atomic
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sample of length L = nay,y. Since the inhomogeneous sample
density distribution is not the same in each dipole-trap period
as we have analyzed in the preceding paragraph [also see
Fig. 1(b)l, M # M’}. We should multiply transfer matrices
of all partitioned periods to attain the total transfer matrix
M =M ---M;---M,. Then it is easy to calculate the probe
reflectivities and transmissivities

M(]z) 1
M2 M2z

with M(;;) being one matrix element of the total transfer
matrix M.

In addition, we note that PBGs can also be examined by
the sufficiently reduced DOS for probe photons. This can be
calculated by following the method in Ref. [15] via

24+n@+r@ 11|
I —ri(2r(2)

normalized to the free-space DOS. In Eq. (6), r; and r, are
the complex reflection coefficients experienced by photons w,,
emitting to, respectively, the left and right ends of the 1D
atomic lattice from position z.

In the rest frame, the frequency-dependent reflectivity
R(w) and transmissivity 7 (w) are reciprocal. However, in the
laboratory frame [as shown in Fig. 1(b), the optical lattice
is set to move with a constant velocity v along its optical
axis Z], at a given incident frequency «’, the transmissivities
T (') and reflectivities R(w’) are different between the two
propagation directions +Z and —Z since the Doppler effect
gives rise to two different rest frame frequencies. Generally,
for a Gaussian pulse of central frequency «/, and spatial
length £’ propagating through the moving multilayer along
+Z or —2Z, the corresponding laboratory frame reflectivity and
transmissivity need to be written as [18]

r
c/2m
x R((1 F v/c)), (7
r
cV2m
x T((1Fv/c)w). )]

As expected from the Doppler effect, the band gaps
experienced by the forward and backward monochromatic
light of frequency &' are shifted by Fw'(v/c). Here the
multilayer structure we consider has a smooth frequency
dependence of the reflectivity and transmissivity over the
pulse bandwidth ¢/L’. Thus, forward-backward asymmetry
in pulse transmission and reflection can be characterized
by the nonreciprocity parameters AT(a);)) = T+(w’p) - Tf(a);)
and AR(w;) = R+(a);) — Rf(w;,), which can be calculated by
expanding 7 and R in Taylor series [18]

2
R, =

2
’ TVL = ‘ (5)

D(z) =Re [ (6)

o0
R(w)) = / de 1@ =12/
—00

o0
Ti(a);’) ~ / da e~ @'~/ 2/ L))
—00

AT (o)) ~ —v/c{20[dT () /do] + 2c/L)

x [d*T (0),)/dw?]}, 9)
AR(w)) ~ —v/c{20)[dR(w))/dw] + (2c/ L)
x [d*R(w),)/dw?]}. (10)

PHYSICAL REVIEW A 92, 053859 (2015)

This means that for a nearly monochromatic pulse (£ —
00), an appreciable degree of transmission or reflection
nonreciprocity would require a sharp frequency derivative
|dT (w)/dw| or |dR(w)/dw|, respectively.

III. RESULTS AND DISCUSSION

As expected from the Doppler effect, the optical response
of a moving atom will be changed. The main manifestation
is that the probe susceptibility will experience a frequency
shift along the direction of motion. As the effects of a
single atom on the probe propagation could be neglected,
unless the probe field is on the single-photon level, a moving
homogeneous atomic ensemble should be further considered.
The probe transmissivity and absorption coefficient of the
moving atomic ensemble will be changed due to the Doppler
frequency shift experienced by the probe susceptibility. Then,
if the forward-incident probe frequency is within the EIT
window, the backward-incident frequency may be located at
the absorption peak, which will give rise to forward-backward
nonreciprocity in probe transmission and absorption. For a
moving atomic lattice, the probe transmissivity and reflectivity
will be changed due to the existence of PBGs and their
Doppler frequency shifts. This will give rise to forward-
backward nonreciprocity in probe transmission and reflection.
By controlling the corresponding parameters properly, the full
reflection in one direction and full transmission in the other
direction can be achieved simultaneously.

In this section we explore, via full numerical calculations,
how to generate and manipulate two-color nonreciprocal
reflection and transmission in the coherently driven atomic
lattice in terms of the pulse reflectivity and transmissivity, the
pulse nonreciprocity parameter, and the density of photonic
states. We first examine the probe reflectivity and transmis-
sivity profiles in the rest frame. As shown in Fig. 2(a), three
PBGs may appear as three high reflection platforms R;, R;,
and R3. The highlighted sharp edges of the first two PBGs R,
and R,, which are contributed by the coupling and driving
fields, are useful to obtain the large nonreciprocal effects
for a nearly monochromatic pulse with a full bandwidth of
1.0 MHz (£’ = 300 m). Meanwhile, two transmission peaks
T, and T, with sharp edges are also attained as shown in
Fig. 2(b).

In this system, the far-detuned standing-wave dipole trap
is formed by two counterpropagating laser beams with
equal intensities and optical frequencies v; and v,, which
produces a position-dependent dipole potential U(z,t) =
Uty cos? [ (Avt — 2z/Maw)], where z is the position of the
atoms and Av is the frequency difference of two beams.
Two independent acousto-optic modulators control the value
of Av producing an optical lattice moving at velocity v =
AAv/2. The depth of the optical dipole trap can be written as
Upe = noEg, where ng depends on units of the recoil energy
Er = h*k?/2m. The typical kinetic energy of the trapped atom
is considerably smaller than the trap depth, so the atoms could
avoid running away from the dipole trap. By controlling the
motion of the standing wave, the atoms can be transported with
a constant velocity of several meters per second. In Ref. [37]
the atoms could be accelerated from 0 to 10 m/s in 100 us
with a constant transportation efficiency of more than 95%.
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FIG. 2. (Color online) Rest frame (a) reflectivity and (b) trans-
missivity for an atomic Bragg mirror with inhomogeneous atomic
density N(z). Other parameters are £ = 300 m, y30 = y31 = Y3 =
Yy = 6 MHz, Yo1r = Y02 = 0008)/, Q(. = Qd = 5)/, A =—-Ay =
42y, N;y =20x10? cm™3, py3=1.0x10"% Cm, Ay =
794.983 nm, Az = 794.969 nm, Al = 0.25 nm, n = 3.5, and
L = 3.0 mm.

In the following we will examine the optical response of our
system in the laboratory frame.

In Fig. 3 we show the forward-backward asymmetry in
reflection and transmission according to the nonreciprocity
parameters AR(w),) = Ri(w),)— R_(¢)) and AT(w),) =

0.9
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FIG. 3. (Color online) (a) Reflection nonreciprocity parameter
AR, and (b) transmission nonreciprocity parameter A7), as functions
of the detuning of the probe central frequency w/, from the atomic
resonance w3y computed with v = —3 m/s (black line with squares)
or v = 3 m/s (red line with circles). Other parameters are the same
as in Fig. 2.
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T+(a);))— T_(w;,). As we can see, two large nonreciprocity
parameters appear within two frequency regions that corre-
spond, respectively, to the two sharp edges of PBGs R, and
R, highlighted in Fig. 2. The two transmission (reflection)
nonreciprocity peaks |AT)| ~ |AT:| (|JAR| = |AR;|) may
reach around 92% (85%), even at speeds as slow as 3 m/s. This
means that within these two frequency regions, the incident
probe pulse can be transmitted almost totally in one direction
but not in the other direction (reflected totally in the other
direction). Changing the sign of v (reversing the motion of
the atomic lattice) would change the signs of the two-color
reflection and transmission nonreciprocity parameters. It is
worth noting that the existence of PBGs and motion-induced
nonreciprocity are not unique to this trapped atomic gas setup.
The similar nonreciprocal effects can also be achieved, for
example, by using the traditional moving photonic crystal, but
the nonreciprocal output is low since the edges of PBGs are
not sharp enough. However, in our scheme, the nonreciprocity
can be enhanced by using laser-induced quantum interference.
The underlying physical reason is that deeply narrow EIT
windows can be generated by using laser-induced quantum
interference. This will further give rise to narrow PBGs with
sufficiently sharp edges, which is the key to high nonreciprocal
output [see Egs. (9) and (10)]. Finally, we note that the peak
transmission (reflection) nonreciprocity will reduce to around
56% (68%) if the ratios between two-photon and one-photon
decay rates (yo1/y and yn/y) are increased by one order
of magnitude from their current values, keeping all other
system parameters constant. This nonreciprocity reduction,
however, can be compensated for by properly choosing other
parameters, e.g., Rabi frequencies of the coupling and driving
fields, to narrow down the EIT windows.

In Fig. 4 we plot the local density of photonic states D(z)
with the probe central frequency w’p within the sharp edge
of the first PBG R; as a function of the lattice position z.
Here + and — correspond to a probe pulse propagating forward
(+2) and backward (—2), respectively. As we can see, D (z)

1.5

-
o

Dy(z)and D (z)

(=]
o
T

" " 1 " "
00 05 10 15 20 25 30
Z (mm)

FIG. 4. (Color online) Density of states D.(z) (red line with
circles) and D_(z) (black line with squares) as functions of atomic
lattice position z computed for (w), — w3)/y = —4.6andv =3 m/s.
The gray line corresponds to a homogeneous atomic medium of the
same average density N,, = 2.0 x 10'> cm™3. Other parameters are
the same as in Fig. 2.
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decreases gradually from 1 to nearly O when it is integrated over
the lattice length, while D_(z) increases from 1 at first and then
decreases back to nearly 1 again when it is integrated over the
lattice length. This means that when the atomic lattice moves in
the forward direction +2Z, the density distribution of the probe
field propagating forward (42) through the atomic lattice will
decrease gradually and become nearly zero at the sample’s exit,
while the one of the probe field propagating backward (—2)
through the atomic lattice will attain the nearly the same value
at the sample’s exit. In other words, the probe field propagating
forward will almost not get out of the moving atomic lattice,
while the one propagating backward will almost get out totally.
The underlying physics is that, due to the Doppler effect, the
band gaps experienced by the forward and backward probe
fields with central frequency a);7 [(w’p — w30)/y = —4.6] are
shifted by :Fa);(v /c). Namely, the forward probe field will
experience a band gap R;, while the backward probe field
will experience a transmission peak 77 (see Fig. 2). Note
that D_(z) increases at first and then decreases when it is
integrated over the lattice length and attains the largest value
in the lattice center. The underlying physics is the slow light
propagation. The group velocity of a probe field in an EIT
medium is ultraslow and inversely proportional to the atomic
density. In this work the inhomogeneous sample density has
a similar Gaussian profile [see Fig. 1(b)]. Thus, the group
velocity of the probe field will get slower when the probe
field penetrates deeply into the center of the lattice. Then
more probe photons will be found in the center of the lattice.
The DOS with the probe central frequency within the sharp
edge of the second PBG R; has the same profile as the
one with the probe central frequency within the sharp edge
of the first PBG R; and is not shown here. This is further
evidence of the existence of two-color reflection (transmission)
nonreciprocity.

In Fig. 5 we analyze the relationship between the frequency
regions of the nonreciprocity parameter AR (AT) with the
detunings A, and A,. As the absolute values of detunings
A./v30 = —Ag/y30 decrease, the two frequency regions of the
nonreciprocity peaks become close. The underlying physics is
that the BPGs will appear within the two resonant transparent
windows whose positions depend on the coupling and driving
detunings A, and Ay. In particular, when A, = A, = 0, only
one frequency region with very large nonreciprocal effects
may exist within the single degenerated transparent window.

In Fig. 6 we further show the dependence of the absolute
value of the nonreciprocity parameter |AR;| (|AT;|) on the
pulse length £’ and sample velocity v, respectively. The
parameter AR, (AT) is not shown here since AR, & AR
(AT, =~ AT)) with these parameters. Figure 6(a) shows that
both |AT| and |AR;| will be enhanced monotonically with
increasing pulse length £'. Specifically, they increase quickly
when £ < 180 m, change slowly when £ > 180 m, and
remain invariant when £’ > 300 m. Figure 6(b) shows that
both |ATj| and |AT;| are enhanced monotonically when the
sample velocity v is increased. Specifically, they increase
quickly when v < 2.5 m/s, change slowly when v > 2.5 m/s,
and keep invariant when v > 3 m/s. Thus, both the two-color
nonreciprocal reflection and nonreciprocal transmission can be
manipulated by modulating the pulse length £’ and the sample
velocity v properly.
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FIG. 5. (Color online) (a) Reflection nonreciprocity parameter
AR and (b) transmission nonreciprocity parameter AT as functions
of the normalized probe detuning (a);, — w3)/y computed for v =
—3 m/s with A./y = —A,/y =5 (green line with triangles), 2.5
(red line with circles), and O (black line with squares). Other
parameters are the same as in Fig. 2.

Finally, it is worth noting that any level configuration that
leads to double EIT windows can in principle give rise to
two PBGs in an atomic lattice, which further allow for the
emergence of similar two-color nonreciprocity due to the
Doppler effect. However, the nonreciprocal effect depends on
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FIG. 6. (Color online) (a) Absolute value of pulse nonreciprocity
parameters |AT;| (black line with squares) and |AR,| (red line with
circles) as functions of £’ computed for v = 3 m/s. (b) Absolute value
of pulse nonreciprocity parameters |AT;| (black line with squares)
and |AR,| (red line with circles) as functions of v computed for
L' = 300 m. Other parameters are the same as in Fig. 2.
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whether the EIT windows are narrow enough and whether the
edges of the PBGs are sharp enough. The tripod configuration
we considered here is the simplest and most available one to
obtain double EIT windows, which can lead to PBGs with
edges sharp enough under proper parameter conditions. Thus
it can be used to achieve the ideal two-color nonreciprocity.
Also note that the detunings of both control fields have been
set to have opposite signs in this work. Actually, this is not
a required condition. In principle, as long as the detunings
of both control fields are different, two (nondegenerate) EIT
windows will appear in different frequency ranges and two
(nondegenerate) PBGs will be observed. However, it should
be noted that the detunings cannot be too large so as to weaken
the effective coupling between the control field and the atoms.
The nonreciprocity experienced by the probe field will arise
within the frequency regions where the PBGs exist, namely,
where the two-photon resonant conditions between the probe
and coupling fields are satisfied. The nonreciprocity has no
direct relationship to whether the detunings of both control
fields have opposite signs or not. The reason for this parameter
setting is just that we expect to show basically symmetric
spectra and to make the figures much more refined.

IV. CONCLUSION

In summary, we have discussed the two-color transmission
and reflection nonreciprocity of a moving optical lattice with
an inhomogeneous Gaussian atomic density distribution. We

PHYSICAL REVIEW A 92, 053859 (2015)

found that two-color nonreciprocal effects with a high degree
can be attained in two spectral regions, which can be char-
acterized by large reflection and transmission nonreciprocity
parameters and large differences between densities of photonic
states in two counterpropagating directions. The degree and
frequency regions of the nonreciprocal effects could be easily
controlled by modulating the frequencies of coupling and
driving fields, the velocity of the cold atoms, and the probe
pulse lengths. The transmission nonreciprocity can be used to
produce optical diodes or optical isolators, while the reflection
nonreciprocity can be used to design invisible metamaterials,
such as those absorbing the electromagnetic waves emitted
from radar to minimize the corresponding reflection and
scattering. The technique shown here could be easily extended
to other multilevel systems with multicolor nonreciprocal
effects.
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