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Chiral phase modulation and a tunable broadband perfect absorber
using a coherent cold atomic ensemble

Yi-Xin Wang,' Yan Zhang ®,!>" Lei Du®,? and Jin-Hui Wu'
1School of Physics and Center for Quantum Sciences, Northeast Normal University, Changchun 130024, China
2Department of Microtechnology and Nanoscience (MC2), Chalmers University of Technology, Gothenburg S-412 96, Sweden

® (Received 28 July 2023; accepted 2 November 2023; published 21 November 2023)

We investigate the two-channel nonreciprocal scattering of a coherent atomic ensemble under the linear spatial
Kramers-Kronig modulation, which has potential applications in chiral phase modulation and broadband coher-
ent perfect or asymmetric absorbers that yet are typically unavailable in conventional continuous atomic media.
In the regime of electromagnetically induced transparency, we observe the direction-dependent (chiral) phase
modulation, which may enrich the burgeoning chiral quantum optics and can be used for implementing photonic
filters, unidirectional amplifiers, and coherent asymmetric absorbers. By simplifying the stringent generation
condition of coherent perfect absorption (CPA), we demonstrate the possibility of realizing two-channel CPA
with broadband and sharp edges. Our proposal may be used to design and integrate some all-optical functional
devices at extremely low power levels for quantum information processing and optical communication networks.
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I. INTRODUCTION

The ability of asymmetric (chiral) manipulation on photon
flows is a crucial technology for both classic and quan-
tum communications, enabling nonreciprocal transmission
and amplification [1-8], unidirectional reflection [9,10], chiral
topological states [11,12], nonreciprocal chaos [13,14], and
nonreciprocal quantum entanglement and steering [15,16],
to name a few. This thus inspires growing research interest
in corresponding photonic circuits and devices [17-19]. Re-
cently, there has been a focus on phase nonreciprocity and
its applications, such as the nonreciprocal phase shift [20],
phase transition [21], and phase modulation [22]. Further-
more, the nonreciprocal phase sensitivity enables asymmetric
transmission of waves, which plays a crucial role in spe-
cific information communication schemes involving one-way
signal-controlling tasks [23].

However, light transmissions are typically reciprocal for
normal natural and artificial media as per the Lorentz recip-
rocal theorem [24]. Moreover, the atomic media also usually
exhibit reciprocal light reflection, and the reflection can be
made perfect by utilizing photonic band gaps as a fundamen-
tal photonic manipulation technique [25-31]. Given this, a
much effort has been made to break the reciprocity of these
systems, with the underlying physical mechanisms includ-
ing the magneto-optical effect [32], the Doppler effect [1,4],
moving atomic lattices [3,9,33], optical parity-time symme-
try [34-36], and so on. Recently, the spatial Kramers-Kronig
(KK) relation has opened up a promising route for devel-
oping nonreciprocal optics [10], which can physically and
mathematically explain many unidirectional reflectionless be-
haviors based on non-Hermitian optical modulations without
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requiring partial or time-reversal symmetries of the refrac-
tive index. However, engineering specific spatial structures of
media remains challenging, and previous schemes with fixed
spatial KK media lack the tunability [37-40]. Given this, a
more advanced technique called spatial KK modulation has
been developed. More specifically, one uses a laser beam
with a linearly spatial-varying intensity to drive atoms, thus
modulating the complex reflective index to satisfy the spatial
KK relation [41].

As an excellent candidate for controlling light with
light [42,43], coherent perfect absorbers have been demon-
strated in systems where the incident energy is delivered
through multiple channels, such as the single-channel [44]
scattering scheme and the two-channel scattering scheme
that involves a medium being bilaterally illuminated with
a complex potential. The underlying phenomenon, coher-
ent perfect absorption (CPA) arising from the interplay of
interference and absorption [45,46], can be interpreted as
the time-reversed lasing or antilasing effect [47,48], and
its implementation does not require time-reversal symme-
try [49,50]. The nonlinear response of CPA to the incident
wave form allows for flexible control over light scattering
and absorption [43,51]. In data processing, CPA provides
a means of modulating a signal by another coherent opti-
cal signal under a linear strategy, different from that used
with nonlinear optical media [52,53]. This enables the im-
plementation of linear optical switches, modulators, and logic
gates [42,51,54,55], which can be operated at extremely low
power levels. The perfect absorber has been demonstrated in
various systems, such as the metasurface/meta-atoms [56],
cavity systems [57-59], chiral media [60], and optical lat-
tices [61]. With the realizations with quantum optics, CPA
has found applications in the quantum fields, particularly
in scenarios involving few-photon and entangled-photon
states [62—-64].
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Implementing two-channel CPA requires simultaneous
destructive interference between forward-scattering (trans-
mission) and backward-scattering (reflection) fields on both
sides of the medium. This strict realization condition may
result in a single narrow CPA peak [47,48]. To broaden the
CPA peak, one can reduce the thickness of the medium to the
operating wavelength or use media with stronger loss [65-67].
These methods, however, may weaken the light transmission,
and it is also challenging to suppress the reflection by the
space-varying refractive index. Moreover, many applications
of CPA, such as solar energy harvesting and antireflecting
stealth technologies, have been limited due to the narrow op-
erable wavelength range [44]. Although broadband CPA has
been explored using engineered material structures [68—70]
or cavity quantum electrodynamics systems [58,71,72], devel-
oping more alternative platforms for achieving two-channel
broadband CPA would be important and tempting.

This paper proposes an alternative approach for imple-
menting CPA using a two-channel nonreciprocal-scattering
scheme with a coherent cold atomic medium subject to spa-
tial KK modulation. On one side of the medium, the photon
flow is sensitive to the relative phase of the two incident
waves (of opposite directions), while on the other side it
remains unaffected. Our model exhibiting nonreciprocal scat-
tering can serve as a four-port device (with two input and
two output ports) that allows for controlling the outgoing
photon flow on demand [42]. Furthermore, by employing a
unidirectional modulation scheme, we simplify the strict CPA
condition, which requires complete destructive interference
on both sides, to a looser one related only to one-sided in-
terference. In addition, based on the chiral phase modulation
and coherent absorption, we also can realize the coherent
asymmetric absorber, which may have applications related to
sensing [73]. One can thus realize unconventional CPA with a
relatively broad bandwidth.

II. MODEL AND EQUATIONS

As shown in Fig. 1(a), we consider a designed cold 87Rb
atomic medium with length L, where each atom is driven into
a four-level N-type configuration consisting of two excited
states, |4) and |3), and two ground states, |2) and |1), as
depicted in Fig. 1(b). These states correspond to the hyperfine
levels of the *’Rb atom, where [4) = |5P3), F = 3), |3) =
|5P1/2,F = 1), |2) = |551/2,F = 2), and |1> = |551/2,F =
1). A strong-coupling (driving) laser beam of Rabi frequency
Q. =E;-dy/2h (2; =E;-di4/2h) and detuning A, =
w, — w3y (Ay = wyg — wyy) is coupled to the transition |2) <>
[3) (|1) <> [4)), with d;; and w;; being the electric-dipole mo-
ment and the resonant frequency of the corresponding atomic
transition. In addition, a weak resultant wave field of Rabi
frequency Q = E - dy3/2% (with E = EI" + EX) and detuning
A = w — w3 probes the transition |1) < |3).

For spatial KK modulation upon the medium, the inten-
sity of field €2, should be linearly varied along the x axis
(this can be achieved by employing a neutral density filter),
ie., [Qy(x)|* = |Qq0|*x/L, with Q49 being the maximum at
x = L. Using the electric-dipole and rotating-wave approxi-
mations, the interaction Hamiltonian of the four-level system
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FIG. 1. (a) The sketch of a cold ’Rb atomic medium coupled
by a strong-coupling (driving) beam of Rabi frequency €2, (£2,) and
frequency w, (w,) along the z axis. The medium is bilaterally illu-
minated by two weak incident waves, EI" and EIl, respectively, with
frequency w relative to the £x axis at an angle 6. (b) The four-level
configuration of the 8’Rb atom coupled by a coupling (driving) beam
Q. [Q4(x)] and probed by the weak wave field 2. (c) An equivalent
three-level configuration with a dynamic shift 6(x) of level |1) upon
the adiabatic elimination of level |4). The population decay rate from
level [i) to level | j) is denoted by I';;.

can be expressed as

0 0 @ Q)
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Considering that field €2, is far-detuned from transition |1) <
[4) (Ag > 40, ['41.42), we can adiabatically eliminate state
|4). Thus, the four-level configuration reduces into an effec-
tive three-level A-type one, with a space-dependent energy
shift of 8(x) = |Qy(x)|?/ Ay = Sox/L, with 8y = |Qq0|*/ A4
for level |1) [see Fig. 1(c)].

In the weak-probe limit, the complex probe susceptibility
of the effective three-level system is written as

_ Noldisl? i

x(A, x) = ;

2)

with Ny being the atomic number density, y»; (y31) repre-
senting the dephasing rate of the spin (optical) coherence,
and A’(x) = A + 8(x) denoting the space-dependent effective
detuning. Here A/ = A, — A’(x). The imaginary part Im[x]
and the real part Re[x] of x, which vary in space, govern
the local absorption and dispersion properties, respectively.
Im[x] and Re[x] can be mapped from the frequency do-
main to the space domain while maintaining the KK relation.
The corresponding space-dependent refractive index can be
expressed as n = /1 + x. The spatial KK relation can be
defined by Re[x (A, x)] = 1P [i" X9 45 110,41), with P
being the Cauchy integral principal value. Here, we use a
well-designed field to modulate the medium instead of recon-
structing the system’s structure for the spatial KK relation.
As a result, our scheme has the edge over conventional ones
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due to its greater tunability [41]. In addition, in comparison
to Ref. [41], we extend the effective two-level configuration
for realizing spatial KK modulation to a three-level one. This
extension introduces a richer set of controllable parameters
and, more importantly, the nontrivial quantum coherent ef-
fect of electromagnetically induced transparency (EIT), which

J

plays a crucial role in achieving satisfactory results in this
work.

The dynamical propagation of the forward component E*
(backward component £7) of the incident field through the
Jjth layer of the medium is described by a 2 x 2 unimodular
transfer matrix, M;(A, d, 0) [74], i.e.,

ET(x+d) ET(x)
( E-(x+d) )ZMf(A’d’9)< E-(x) ) &)

with
(' + cos B)e'Kdn —

1
M:(A,d O)= —— o
i€ ) 4’ cos @ ( (n? — cos?0)eKdn —

Here n' = njcos 8 in accordance with the law of refraction,
with B being the refraction angle and n; being the refractive
index in the jth layer. The total transfer matrix M(A, L, )
of the entire medium can be obtained by multiplying transfer
matrices of all layers successively. By illuminating only the
left or right side of the medium, one can obtain the complex
reflection and transmission coefficients for the left- and right-
incident waves as

. o My (A, L,0)
F=ret = —— 7
Mx»(A,L,6)
~ i, MlZ(A,Lv 9)
ry=ne" = ————,
My (A, L,0)
. 1
£ — i __
=1t = —, 5
b T Mu(AL L 6) ©)

with the corresponding moduli r;, 7., and ¢ and phases ¢y, ¢,
and ¢,.

By using Egs. (2) and (5), one can investigate the optical
response of a tunable atomic medium subjected to spatial
KK modulation. Figure 2 shows that the complex refractive
index n can be displaced along the x axis with the incident
detuning A, the coupling Rabi frequency €2., and the level
shift §y (related to the intensity and frequency of the driving
beam), respectively. In the spatial domain, n exhibits a KK
profile (with an evenlike Re[n] and an oddlike Im[#]) and two
peaks due to the equivalent three-level structure. As shown in
Figs. 2(a) and 2(b), when |8y| approaches 0, the double peaks
move to opposite directions, respectively, and the profiles of
n gradually broaden. The peaks disappear at §o = 0 due to
n = 1 on resonance, corresponding to the regime of EIT [75],
where, however, the optical response is space independent.
Figures 2(c) and 2(d) demonstrate the linear increase in sep-
aration between double peaks with .. However, when A
varies, the peaks move linearly along the medium together
due to the equivalent contribution of A and &(x) to n in
Eq. (2). Under spatial KK modulation, the medium exhibits
a unidirectional reflectionless feature, as shown in Fig. 2(g).
When |8y| < 20y31, the KK profile of 7 is much broader than
the medium, rendering n approximately uniform throughout
the medium and thereby breaking the spatial KK relation.
Consequently, the EIT window appears, and the reflection
is suppressed. With an increase in |§y| (leaving the EIT

(n' — cos §)*e—ikdn

(n/2 _ 00529 )efinn'

(n/2 _ COSZQ)einn/ _ (n/2 _ COSZe)e—inn’ (4)
("' + cos )’ e iK' _ ( — cos@)eiKdn |’

[
window), the transmission significantly decreases and reflec-
tion appears. Note that . = 0 (r; = 0) when r; # 0 (r, # 0);
i.e., unidirectional reflectionlessness is realized in the regime
of spatial KK modulation. Moreover, the reversal of the KK
profiles of n [see Figs. 2(a) and 2(b)], via changing §g — —4y,
enables the switching of the side of unidirectional reflection-
lessness.

To observe two-channel scattering, we employ the scatter-
ing matrix § that can relate the incident wave amplitudes E}Q" L
to the outgoing ones E g“,g [see Fig. 1(a)] as

EQ N  ( ERN (6 R El,
Eout =S Einei¢ - 7 7 Ein ip ’
R L r 1 L e
(6)

with ¢ being the relative phase between the two incident
waves. Then, we obtain

EM =t " ER 4 rEPe ),
EQ" = 1™ EIN 4 tEMe @), @)
The scattering intensities on both sides are
S; = (r,Ei“)2 + (tE,ien)2 + 2rtEPER cos (¢ + ¢ — ¢1),
(8a)
_ in\2 in)2 in r~in
Sk = (RER)” + (tE")” + 2rtE"ER cos (¢ + ¢, — b,).
(8b)

Each scattering intensity comprises transmission and re-
flection components and an interference term involving
phases.

If one requires the absence of the left-side scattering
(S, = 0), the coherent condition must be satisfied as

dr+o¢=¢ +Qk+ D, tVIgx=nIL, )

with k = 0, 1, 2, ... Here I; = 1g9cE"(E")* (i = R and
L) represents the intensity of incident waves. Likewise, Sk =
0 should satisfy the coherent condition as

G+d=¢,+Qk+r, tJI =rIg. (10)

Then CPA can be achieved by satisfying both Egs. (9)
and (10), which represent the co-occurring complete destruc-
tive interference on both sides.
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FIG. 2. (a) Im[n] and (b) Re[n] as functions of position x and
shift 6y with A = —§y/2 and Q2. = 10y3;. (¢) Im[n] and (d) Re[n]
as functions of position x and coupling Rabi frequency €2, with
A = —§p/2 and §y = 200y3;. (e) Im[n] and (f) Re[n] versus po-
sition x and probe detuning A with . = 10y3; and 8y = 200y3;.
(g) Transmission amplitude ¢ (black dotted curve) and reflection
amplitudes 7, (red solid curve) and r, (blue dashed curve) versus shift
8o with A = —§y/2 and Q. = 10y3,. Other parameters used in the
calculations are § = 0, y3; = 27 x 2.87 MHz, y»; = 27w x 1.0 KHz,
dz=179%10"%® Cm, Ny=2.0x10" ecm=3, L=5.0 um,
A.=0,and A = 795 nm.

II1. SPATIAL-KK-MODULATION-INDUCED
CHIRAL PHASE MODULATION

The two-channel scattering is sensitive to the incident
phase and is influenced by the space-dependent complex re-
fractive index. Consequently, under spatial KK modulation,
it will significantly differ from conventional scattering. To
confirm the parameter regime for spatial KK modulation, we
use the following integral as a figure of merit for the spatial
KK relation:

§—X

foL lRe[x(A,x)] - %’P fOL —Im[X(A‘S)]ds]dx
Dig(A) =

‘fOL Relx (A, x)dx

(1)
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FIG. 3. (a) Right-side scattering Sk (red solid curve) and left-side
scattering Sy (blue dotted curve) versus the relative phase ¢ with A =
—100y3;. (b) Contrast C as a function of detuning A and relative
phase ¢. (c) Figure of merit Dy, verse detuning A. Here 6o = 200y3,,
I =1.15, [, =1, and Q. = 10y3;, and other parameters are the
same as those in Fig. 2.

Here, Dy = 0 corresponds to the unbroken KK phase, where
the spatial KK relation is fully satisfied; |Dxx| = £1 denotes
the broken KK phase, where the relation is entirely destroyed;
and the transition regime between these two phases is charac-
terized as 1 < |Dy| < O.

For the analysis, we use the relative intensities of incident
waves Ig 1, and scattering Sg ., which are described in terms of
the unit of %806‘|E0|2 and under the regime of the weak-field
limit (29 = Eo - dj3/2h < Q,.4, y31). Figure 3(a) displays
the nonreciprocal behavior of the right- and left-side scatter-
ing S against the relative phase ¢ in the regime of spatial
KK modulation. Notably, S; is immune to the phase, while Sk
exhibits typical periodical variation. This is caused by the fact
that Sy, loses the interference term and solely consists of the
nonzero transmission component due to the negligible 7; aris-
ing from the one-way suppression of reflection under spatial
KK modulation, coinciding with Eq. (8a). In other words, we
achieve one-sided interference for two-channel scattering aris-
ing from spatial KK modulation. Thus, a noteworthy feature in
phase sensitivity is its dependence on direction, which could
be referred to as the chiral (unidirectional) phase modulation
upon scattering behavior, whose underlying physics is that
the complex coupling between the atomic medium and light
waves depends on the direction. This may have the potential to
enhance the burgeoning field of chiral quantum optics [8,76—
78].

The chiral phase modulation enables the nonreciprocal
scattering typically, with a few exceptions where it reverts
to reciprocity, as shown in Fig. 3(a). Unidirectional (perfect
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nonreciprocal) scattering occurs at certain phase points, re-
lated to the one-sided complete destructive interference. This
can enable the coherent asymmetric absorber. It allows for
stable outflows on one side while absorbing them completely
on the other. In typical four-port devices, the signals from
two output ports are phase sensitive [54,56]. However, our
scheme offers the possibility of the phase modulation on one-
sided photon flows through chiral phase modulation while
keeping the other unaffected. This feature could be exploited
to develop a unidirectional transmission modulator and an
all-optical unidirectional switch [42,79,80].

To demonstrate whether scattering is reciprocal or nonre-
ciprocal, we plot the scattering contrast C for Sy g in Fig. 3(b),
given by

St — Sk
S. + Sr

As shown in Fig. 3(c), C also exhibits periodic changes
between 0 (reciprocity) and 1 (unidirectionality) with ¢
in the range of A € [—190y3;, —10y3;], corresponding to
the unbroken KK phase where |Dy| = 0. However, achiev-
ing perfect nonreciprocity is not possible in the regions of
[—210y31, —188y31] and [—12y31, 10y31], which correspond
to the phase transition region where 0 < |Dy| < 1. The scat-
tering behavior exhibits trivial reciprocity when modulating
the medium into the broken KK phase. Furthermore, the non-
reciprocity also depends on the incident wave frequency. We
note that reversing the direction of unidirectional scattering is
possible by changing the sign of A,. This scheme allows for
the unidirectional flow of light waves of specific frequencies
by adjusting the phase, and the direction of unidirectionality
can also be switched without changing the incident wave
intensity. This feature can be used to develop photonic filters
based on phase modulation. Note that the relative phase can
be expressed as ¢ = kAL, with k being the wave vector and
AL being the optical path difference that can be adjusted
by introducing an additional delay on the path of one of the
light waves in experiments. Thus, this phase modulation on
scattering is a linear operation and results in reduced power
requirements.

. (12)

IV. OTHER TUNABILITY ON
NONRECIPROCAL SCATTERING

We explore other tunable methods for manipulating non-
reciprocal scattering, including the effect of incident wave
(coupling beam) intensity. Figures 4(a) and 4(c) exhibit sim-
ilar nonlinear variations in the right-side scattering Sg as one
of the two incident waves is increased, provided when r, and ¢
are relatively close corresponding to Eq. (8b). This character-
istic is commonly observed in other studies about controlling
light with light, such as with planar metal metamaterials [42].
However, in contrast, nontrivial behavior of scattering on the
phase-nonsensitivity side will occur with the incident intensi-
ties, as shown in Figs. 4(b) and 4(d), respectively. Specifically,
Sy, is proportional to Ix but remains unchanged with /. This
observation can be elucidated by Egs. (8a) and (8b) and is
attributed to the chiral phase modulation. This asymmetric
controlling light with light is of interest for asymmetrical tasks
in quantum communication.

2 1
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FIG. 4. (a) Right-side scattering Sg and (b) left-side scattering
S, versus incident intensity Ir with fixed I, = 1. (c) Sg and (d) S,
versus I with fixed Iz = 1. Curves represent ¢ = 0 (red solid curve),
¢ = 0.4z (blue dotted curve), ¢ = 7 (green dashed curve), and
¢ = 147 (black dot-dashed curve). (e) Sk and (f) S, as functions
of coupling Rabi frequency €2, and relative phase ¢ with Iz = 1.15
and I, = 1. Here y = 200y3; and A = —§y/2, and other parameters
are the same as those in Fig. 2.

The effects of coupling beam intensity on nonreciprocal
scattering are shown in Figs. 4(e) and 4(f). Scattering S on the
phase-sensitivity side can vary periodically with the coupling
intensity and phase. However, S; on the phase-nonsensitivity
side remains robust against the coupling intensity and the
phase. The maximum value of Sk can reach 1.28 when [, =
1 and Igx = 1.15 via the competition between constructive
interference and atomic decay, resulting in the amplifica-
tion of the single-sided output optical signal. This coherent
atomic scheme, as a four-port device, may serve as a tunable
all-optical amplifier compared to other metamaterials [42].
Notably, this mechanism has the advantages of not requiring
additional gain pumping, having no harmonic noise, and pos-
sessing intrinsic nonlinearity [45].

V. BROADBAND CPA PLATFORM

By exploiting chiral phase modulation, we investigate the
scattering behavior of coherent atomic media over a wide
range of incident angles 6 for a perfect absorber. As 6
increases, the propagating path in the medium lengthens, ac-
counting for contact with more atoms and then increasing
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FIG. 5. (a) Right-side scattering Sk, (b) left-side scattering S;,
and (c) absorption fact A as functions of incident angle 6 and relative
phase ¢ with §; = 100y3; and A = —§,/2. The intensity ratio of two
incident waves Ig/I; satisfies Eq. (10) with I, = 1. Other parameters
are the same as those in Fig. 2.

atomic absorption. Using an atomic ensemble, the perfect ab-
sorber may be achieved through stronger medium absorption
and wave interference. To quantify absorption performance
with energy conservation, the absorption factor is used as

UL+ 1g—SL — Sr)
(I +1Ir) .

A

13)

Figure 5(a) shows that as 6 increases on both sides, Sg
varies periodically between the maxima 0.22 and the minima 0
with ¢ due to interference. For relatively large values of 9, the
component of the incident wave that could enter the medium
is so weak that the scattering can be ignored. In Fig. 5(b), the
disappearance of S, occurs because the originally weak trans-
mission of the right-incident wave [see Fig. 2(g)] is perfectly
absorbed as 6 is increased. Thus, with appropriate values of
¢, both-side scattering can be eliminated simultaneously due
to the interference and absorption, the process of which is re-
stricted by the condition in Eq. (9), but not by Eq. (10). These
behaviors are visible in Fig. 5(c), where some bands of A >~ 1
appear, indicating CPA. When 6 becomes sufficiently large
(60° < 6 < 90°), the incident wave may be almost entirely
absorbed normally due to the spontaneous decay of atoms,
which is unrelated to the coherent process. In contrast to the
stringent conditions of traditional CPA, which requires satis-
fying both Eqgs. (9) and (10) simultaneously, the requirement
of CPA in our coherent atomic media is significantly relaxed,
as only one of those coherent conditions needs to be fulfilled.

1F ' e
r LY _ﬂ.'
0.8 |
1
0.6 1
< 0.95
0.9
0.4+
0.85
ool 20 -0 0 10 |
0 : N ;
-150 -100 50 0 50
A/7f31

FIG. 6. Maxima of absorption factor A as a function of detuning
A with 8, = 100y3;, over the incident angle 6 ranging from 0° to 60°
and the relative phase ¢ ranging from 0O to 2. The intensity ratio of
two incident waves, I/I;, satisfies Eq. (10) with /;, = 1. The insert
is an enlarged view. Other parameters are the same as those in Fig. 2.

Then, this simplification may allow for achieving a perfect
absorber with greater ease and over a broader range of spectra.

Figure 6 shows the investigation of the maximum absorp-
tion over the incident angle 6 ranging from 0° to 60° and the
relative phase ¢ from O to 2. In the unbroken KK phase,
the absorption factor A > 0.98 over the frequency interval
[—110y31, —10y31], indicating the presence of a broadband
continuous CPA platform that drops off sharply beyond these
intervals. This unique platform has a flat top and sharp edge,
making it highly sensitive to the incident wave frequency. The
coherence requirement on both sides for typical CPA results in
one point or only a few isolated CPA points in spectra [46,67].
This case can be found in the range of [—12y3;, —10y3;] (see
the insert of Fig. 6). Within the KK phase transition region,
this range corresponds to asymmetric reflection rather than
unidirectional reflectionlessness, and thus, the CPA points
only occur when the both-side CPA condition is met. The
underlying physics for the broadband CPA is that the coherent
atomic system’s tunability provides sufficient tunable param-
eters combined with significant simplification of the coherent
condition. This CPA platform and nonreciprocal scattering
may be used for special all-optical logic gates by defining the
threshold intensity [42]. The optical nonreciprocal behavior
based on CPA also has been demonstrated in photonic lat-
tices [61].

It is noteworthy that the coherent atomic system’s unique
properties may make it an excellent platform for integrating
functional devices and circuits [81] while atom chips have
been developed using nanofabricated wires to trap and guide
atoms [82]. These atom chips have been utilized for quantum
metrology, information processing, and device miniaturiza-
tion and integration [83—-85]. Hence, it is reasonable to
anticipate that our scheme could be implemented on atom
chips to further integrate all-optical devices for optical com-
munication networks and photonic information processing.
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VI. CONCLUSION AND OUTLOOK

We use a coherent ’Rb atomic ensemble to investigate
the effects of spatial KK modulation on two-channel scatter-
ing, aiming to identify potential applications in nonreciprocal
scattering and chiral phase modulation with abundant tunable
parameters. The spatial-KK-relation-induced one-sided inter-
ference results in the chiral phase modulation that allows us
to achieve perfect nonreciprocal scattering, enabling an asym-
metric absorber and photonic filter with phase modulation.
The scattering on the phase-sensitivity side periodically varies
with the phase and the coupling beam intensity and shows
typical nonlinear variation with the intensity of both incident
waves. However, the scattering on the phase-nonsensitivity
side is immune to the phase and coupling intensity and robust
to the incident wave intensity from the same side but linearly
varies with the incident wave from the other side. This can act
as a unidirectional amplifier based on one-sided constructive
interference. With the looser condition for perfect absorption
and tunability in this system, we realize a coherent perfect

absorber that can operate over a wide range of incident angles
and exhibit a broadband platform with sharp edges.

Our study suggests that this coherent atomic continuous
medium exhibits excellent potential for a wide range of four-
port two-channel all-optical devices. These devices include,
but are not limited to, special light coherence filters and
splitters, optical switches, and unidirectional modulators and
amplifiers based on nonreciprocal scattering and chiral phase
modulation, as well as coherent photodetectors, logical gates,
photonic sensors, and variable attenuators. These devices can
operate at extremely low power levels in the EIT regime. The
ability to flexibly control nonreciprocal scattering properties is
expected to expedite the development of integrated and minia-
turized photon devices and communication technologies.
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