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Atom—nanowire coupling system is a promising platform for optical quantum information processing. Unlike the
previous designing of optical switch and transistor requiring a dedicated multi-level emitter and high fineness microcavity,
a new proposal is put forward which contains a single two-level atom asymmetrically coupled with two nanowires. Single-
emitter manipulation of photonic signals for bilateral coherent incident is clear now, since we specify atomic saturation
nonlinearity into three contributions which brings us a new approach to realizing light-controlled-light at weak light and
single-atom levels. An efficient optically controllable switch based on self-matching-induced-block and a concise optical
transistor are proposed. Our findings show potential applications in full-optical devices.
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1. Introduction

Optical switches and transistors, which are fundamental
to optical circuits, are expected to improve the performance
of the fiber-optic communication and optical digital comput-
ers, and to create new types of optical amplifiers to com-
pensate for signal attenuation along transmission lines.!!=3]
So far, much effort has been made to study and develop all-
optical switches and transistors in the schemes of optical lat-
tices and photonic crystals,*>! micro-resonators,®# nano-

9-121 opto-mechanisms, >4 and so on. Among

waveguides, [
these designs, the single-atom devices have natural advantages
in good performance of weaker operating light, but single-
emitter manipulation of photonic signals has remained elu-
sive yet,[!213:16] where a dedicated multilevel atom is always
selected which results in a much complicated construction

I7.181 However, if one can manipulate the photon am-

finally.!
plification in a single two-level system, it will simplify the
setup greatly and also has the potential to be integrated con-
veniently.

In this work, we introduce a method of light-controlled-
light by a single two-level emitter since light-controlled-light
is one of the core technologies of an all-optical network. "]
The potential for optical devices in direct manipulating light
remains unfulfilled due to lack of bulk materials with fast

strong optical nonlinearities,?*?!! causing most of schemes

DOI: 10.1088/1674-1056/ab48f2

of light-controlled-light at present to need a strong light
serving as the controlling light for prefabricating the opti-
cal medium into some specific initiation.!*>2° In order to
keep the medium in such an initial state all the time, the
working light or signal should be much weaker than the
controlling light, such as electromagnetically induced trans-
parency (EIT) in which strong light turns the medium state
into dark state and makes a weak resonant signal change from
opaque to transparent.[?”] However, strong-light controlling
may lead to some deficiencies, such as optical instability, mas-
sive loss of energy, etc. Therefore, lowering the intensity
of controlling light is critical in practice and recently an ap-
proach of controlling light with coherent weak light has been
introduced. 2%-28-30]

Recently, researches on nanowire-based systems show
that they are more competitive solutions than cavity-based
systems since nanowire exhibits good confinement and guid-
ing even when its radius is reduced to well below the optical

=35

wavelength.!! 1231351 In our previous researches, we have in-

troduced an atom—nanowires strong coupling system of rich

36.37] In this work, by introducing two coherent beams

physics.!
to cast onto a single two-level atom simultaneously, we show
an approach to controlling light with light (light-controlled
light) at weak light level and propose applications in all-optical

switch and transistor at single-atom level.
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2. Model and theory

The scheme of atom—-nanowires coupling system is pre-
sented in Fig. 1(a). A single two-level atom with transition
frequency @, coupled with two individual terminated metal-
lic nanowires with 100% reflectivity at the right ends is ex-
cited by two coherent input-light fields b;, and cj, from ports 1

[37.381 The semi-infinite nanowire termi-

and 2 simultaneously.
nated by in-built mirror (such as a spherical endcap whose ra-
dius equals the radius of the nanowire or a distributed-Bragg-
reflector!1-391) serves as single-sided waveguide cavity, and
excitons propagating on the wires will be completely reflected
by the mirror. Two nanowires are placed properly (such as ver-
tically) to exclude their direct coupling and they only interact
through the imbedded atom. Atomic nonlinearity shows richer
physics at the exposure of two driving beams than the case of

single light incident.

Fig. 1. Sketch of (a) atom—nanowires coupling system and (b) its po-
tential application as optically controllable switch and (c) optical tran-
sistor. Two gray terminated lines in panel (a) represent two terminated
nanowires and the small red circle is a two-level emitter asymmetrically
coupled to two nanowires. Gray rectangle in panel (b) and gray circle
in panel (c) represent atom—nanowires setup, respectively.

Assuming that two coherent light fields with the same fre-
quency @y are simultaneously incident on two ports: bj, =
|bin| on port 1 and ¢, = c|bin|e'? on port 2, where o is a pos-
itive number and ¢ is the initial phase difference. Here, both
bin and ¢, belong to the propagation mode of nanowires. Fol-
lowing a standard procedure, the dynamic behavior of the open
quantum system can be treated in the mean-field framework.
After a series of manipulations of derivation and transforma-
tion, nonlinear reflectivity r,, on port m (m = 1, 2) and trans-
mittivity #,,, from port m to port n (m, n = 1, 2) can be solved
analytically (the details are shown in Appendix A) from

ki 1
=1-— =1,2 1
rm F/2+1A 1+x7 (m ) )7 ( )
vV 1
Ko (m,n=1,2). )

toin = =5 ok ;
" C241iA 1+x

Here, A = @, — o is the atom-light detuning, x is the total
atomic saturation nonlinear factor, I" = ky + k» + ¥y is the total
decay rate which contains three components, i.e., ki (the rate
decaying into lower waveguide modes), k; (the rate decaying
into the upper waveguide modes), and 7, (the rate decaying

into the free vacuum modes). The effective Purcell factor is
P = (ki +kp)/va.'!

Until now, single atom saturation nonlinearity has been
well studied either in the case of single-beam incidence, or
in the case of two-beam incidence of which one is the strong
driving field producing a nonlinear optical environment and
the other is the weak linear probe field. In this work, single
atom saturation nonlinearity is truly produced by these two
beams, and the total nonlinear factor x is from three different
origins and expressed as

X = X1 +X2 + Xcoh- 3

Here, x| = Iyin/Py and xy = L, /P> are nonlinear fac-
tors induced respectively only by bj, and cj,, and xeon =
2(x1x2)/2cos ¢ originates from optical interference. Iy, =
|bin|? and Iiy = |cin|? are used to represent the two input light
intensities, and P, (m = 1, 2) is denoted as the critical inten-
sity for the incidence from port m and fulfills the following
equation

P, = (A% +T?%/4) )2k, )

The critical intensities P; and P, are not equal to each
other when the setup breaks the spatial symmetry. Both the
reflectivity and transmittivity are nonlinear with respect to
the intensity and phase of two driving light beams, which is
well consistent with the physics of coherent light-controlling-
light,[20:28-30]

Output field from each port is the superposition of
r-component (reflected component riby, or rci,) and #-
component (transmitted component #>icj, or t12bj,) and ex-
pressed below

bout = r1Din + 021 Cin, (5)

Cout = 72Cin +t12bin. (6)

Thus, the final output light intensity is related not only to sin-
gle atom saturation nonlinearity, but also to optical interfer-
ence between r- and 7-components. Output beams may be
suppressed by destructive interference or enhanced by con-
structive interference.

This study is superior to previous work where only atomic
saturation nonlinearity for single light incidence or optical in-
terference in linear regime is taken into account. In this work,
both atomic nonlinearity for bilateral incidence and that for
optical interference are considered, which makes us an ap-
proach to manipulating light scattering by using both of them.
We have proposed a single-atom nonlinear coherent perfect

1381 A more in-depth analysis

absorber in our previous work.
shows that light-controlled-light at a weak light level is also
available after carefully determining which is the essential to

optical switch and transistor.
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3. Discussion

3.1. Light-controlled-light

In previous incoherent light-controlled schemes,!?!=>7!

bulk materials or optical resonators were excited by strong
light to change their dielectric coefficients to control the trans-
mission of weak signals, or multi-level atoms are strongly ex-
cited by the gate photons to initialize atoms in some special su-
perposition to generate light controlling. These constructions
are so complicated that a dedicated atomic energy structure is
needed, and their nonlinearities are only generated by control-
ling light beams. Even in the recent coherent light-controlled

(20.28-301 gptical nonlinear performances only come

systems,
from optical interference, while the atomic saturation nonlin-
earities induced by light are omitted.

In this work, we introduce light controlling into a sim-
ple two-level system, which will simplify the light-controlled
setup greatly. Unlike previous work, this work takes into con-
sideration both atomic nonlinearity and optical interference.
As shown in our model, light scattering is dependent on total
atomic nonlinear parameter x and optical interference. It sug-
gests that a light can be manipulated not only by the intensity
of another light, but also by its relative phase, which provides
an approach to controlling strong light with weak light after
careful design.

For simplicity, we restrict our discussion in the resonant
case by setting A = 0 and fixing k| + k, = 8 to present the
strong coupling throughout this work, and examine the scat-
tering property of port 2 without loss of generality. In this
case, r-component and 7-component interfere destructively or
constructively when b, and cj, are in-phase or anti-phase, re-
spectively. Coupling strength is normalized by setting ¥, = 1
and all of the light intensities are normalized by the nonlinear
coherent perfect absorption intensity Inepa = k1(1—1/P?)/8.

We first show the reflected property controlled by a weak
coherent in-phase light. The difference between reflected light
beams with and without a controlling light b;, is shown in
Fig. 2(a), where reflected output intensity loou = |cour|* in-
creases with the increase of input intensity /i, constantly when
controlling light does not exist (I, = 0), while it drops to zero
followed by a sustaining increase to match the case of L, =0
when bj, exists (lpi, = 1). The reflected light shows an evi-
dent difference when controlling light is turned on. To explain
such a difference, atomic saturation nonlinear factors (x, xi,
X2, and x¢op) are also plotted in Fig. 2(b). Atomic nonlinearity
only comes from I.j, when Iy, does not exist (x = x;), while
it is strengthened when Iy, exists (x = x| + xp + Xcon) Since
Xcoh > 0.

The physics of controllable reflection originates from the
enhancement of atomic nonlinearity and destructive interfer-
ence. A larger nonlinear factor x results in a smaller ¢-
component and a larger anti-phase r-component when ¢ = 0.
They interfere destructively, which makes I.oy a remarkable

decline at first. Specially, at the point of Iy, = Lin = 1,

the completely destructive interference swallows any output,
which is called the nonlinear perfect photon absorption. 3840l
In the following discussion, we will show that the transmission

is also controlled by weak control light as expected.

Nonlinear factors

Icin

Fig. 2. Optically controllable reflection by in-phase controlling light in
symmetrical coupling system. (a) Ieour versus I, with and without in-
phase controlling light b;, = 1. (b) Nonlinear factor versus I, in the
presence of in-phase controlling light. Here, normalized parameters are
settobe Yy =1,k =ky =4,A=0,and ¢ =0.

3.2. Optically controllable switch

As mentioned above, transmission is also controlled at a
weak-intensity level, where bj, is specified as in-coming light
or signal, cj, the bias or controlling filed, and cqy the out-
coming light.

The transmitted curves of Iy versus Ly, for controlling
light I.;, =0, 1/4, 1/2, 1, and 2 in the in-phase case ¢ = 0 are
presented in Fig. 3(a), which shows an optically controllable
switch-like behavior. As shown in the figure, I.oy increases
steadily with I, increasing, which makes light easily prop-
agate from port 1 to port 2 due to the dipole-induced trans-
mission when I, does not exist (I;;; = 0). However, the de-
structive interference leads Iy to sharply decrease followed
by a slight increase when I, exists (Ij, = 1/4, 1/2, 1, and
2). Especially for the case of I, = 1, light transportation is
almost blocked when |bj,|> > 0.62, which can be explained as
self-matching-induced-block in the following discussion.

First we point out that such an optical block can be used
to fabricate an optically controlled switch whose scheme is
shown in Fig. 1(b). The switch is optically controllable by
turning the in-phase coherent controlling light I.;; = 1 on or
not. When controlling light is turned off (I, = 0), light can
propagate from port 1 to port 2 easily, while light transmission
is blocked when controlling light is turned on (I.j;, = 1). Con-
trast ratio C = 10 X 10g;o(Leout—cin=0/Icout—cin=1) i defined to
characterize the property of optical switch, where I.out—cin—0
and I.out—cin—1 represent outputting intensities ooy for i, = 0
and L, = 1, respectively. As shown in Fig. 3(b), contrast ratio
C is easy to exceed 30 dB in the range of 0.62 < |b,|*> < 4. The
infinite C for Iy, = 1 is the consequence of nonlinear perfect

photon absorption, 3840
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Next, we figure out that the physics behind the switch
is self-matching-induced-block, that is, the quasi-completely
destructive interference of the self-matched r-component and
t-component makes almost nothing output. When controlling
light is switched on (I, = 1), |r2|? increases while |t;5|* de-
creases constantly with the increasing of |bj,|?> due to atomic
saturation nonlinearity, and it leads the amplitudes of » com-

1.0} (a) iéo

— Iin=0

---Iin=1/4
s | Ici11:1/2
~8 0.5 _'_"Icin:]- ]

o Tin=2

Scattering property

Ibiu

ponent and ¢ component (i.e., r>¢i, and #12b;,) to match each
other adaptively in a wide range (as shown in Figs. 3(c) and
3(d)). Such the self-matched two components are the conse-
quence of the single atom saturation nonlinearity induced by
the two light beams. As r- and r-components are antiphase,
their quasi-completely destructive interference presents almost
no oy finally.

100 (b) R
o
2
&
—
% 50} .
el
=
o
O
O .
0 1 2 3 4
0.5r 72Cin
° - = = tiobiy
] —t12bin
5
'—g“ 0
< AN
-0.5F T~ -__ 1
0 1 2 3 4

Fig. 3. Optically controllable switch and self-matching-induced-block by in-phase controlling light in symmetrical coupling system. Panel (a)
shows curves of .oyt versus Iy, in the presence of in-phase controlling field cj,. Panel (b) shows optical block property of switch and its scheme
is plotted in Fig. 1(b). Panel(c) shows I,-dependent scattering property for |r2\2 and \1122. Panel (d) indicates I;,-dependent self-matching
amplitudes of rycj, and t12b;, in the presence of in-phase controlling light I;, = 1.

3.3. Optical transistor

Until now, all the setups of light amplification are per-
formed in a multi-level system. So there comes a question,
i.e., does an optical transistor exist in a two-level system? To
our interest, optically controllable transistor-like behavior is
uncovered when two coherent anti-phase beams enter into the
asymmetrical coupling setup and the broken spatial symmetry
takes effect.

The curves of I.ou versus I, are calculated at a se-
ries of bias light beams (Ij, = 0, 1/2, 1, 3/2, and 2) for the
antiphase case ¢ = 7 in the asymmetrical coupling setups
(k1 =6,ky =2,and k; =7, kp = 1). In the presence of nonzero
bias light (i, = 1/2, 1, 3/2, and 2), I.out presents a nonzero
background when I, = 0. After removing the background in-
tensity, we plot the curves of transmitted intensities versus in-
cident intensity in Figs. 4(a) and 4(c), which clearly show that
a slight amplification occurs in a proper regime. As shown in
the figure, when bias light does not exist (I.j; = 0), transmit-
ted intensity is less than incident intensity since part energy
is reflected and absorbed. However, when I, is switched on
(Lin = 1/2, 1, 3/2, and 2), part of bias light c;, is reflected
into coye to supply the transmitted light, and their constructive

interference makes amplification ratio I.out/Ipin > 1 finally.

The asymmetric atom—nanowire setup can be used to re-
alize a single-atom optical transistor and the scheme is shown
in Fig. 1(c). Although the light amplification ratio is not high,
we really show optical amplification can occur in the single
two-level system. Optical transistor regime and the ampli-
fication ratio in the present asymmetric setups are shown in
Figs. 4(b) and 4(d). The larger the value of k; /k,, the wider
the the transistor regime is. Only in the transistor regime does
the amplification ratio exceed 100%.

In the core of present light amplification a weak signal
bi, is used to disturb the scattering of a strong bias light cj,
for supplying the output light, and brocken spatial symmetry
takes effect. In the asymmetrical coupling setup of k; > k», we
achieve critical power P; < P> which indicates that a weaker
b, can produce a much considerable atomic saturation nonlin-
earity to perturb the scattering of cj,. The harder the spatial
symmetry is broken (corresponding to the larger of k;/kp),
the wider the transistor regime is. As ¢ = 7, the r- and ¢-
components are in-phase, and their constructive interference

makes light amplified without gain medium.
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Icout

Icout

Iyin

Tyin

0 10 20 30
Icin

Fig. 4. Transport property of optical transistor by anti-phase controlling light in asymmetrical coupling system. Panels (a) and (c) show that
Icout versus Iy, is dependent on the presence of antiphase bias field I.j,. Light amplification regime is restricted by the gray dotted line of
Icout = Ipin- Panels (b) and (d) display optical transistor regime and its amplification ratio. Scheme of optical transistor is shown in Fig. 1(c).

3.4. Fabrication feasibility

It is feasible to fabricate such an atom-waveguide cou-
pling system with the present technology by carefully design-
ing it. Atom interacts with metal nanowire through surface
plasmons propagating thereon, where interaction strength is
enhanced greatly. Recently, a strong coupling system contain-
ing a single emitter and a nanowire has been proposed.[!241:421
Atom-light coupling strength relates to the shape and ma-
terial of nanowire and the distance between them. For ex-
ample, consider a scheme where a fixed 20-nm-radius silver
nanowire (€ag = —50 + 0.61) embedded in the host material
with index n = 1.414, couples with an emitter 10 nm far from
the nanowire with emission wavelength of 1000 nm, and P
is about 37.13%1 Adopting such a scheme, it is not difficult to
adjust P to 8 by changing the atomic position since we take
ki 4+ k> = 8 in our discussion.

However, the setup of a single atom interacting with two
individual nanowires has not been reported experimentally so
far. The main challenge of the fabrication is how to exclude
their direct interaction between two nanowires while they both
strongly coupled with the imbedded atom. Two nanowires
should be close enough to the atom to generate strong atom—
nanowire coupling, while they should be far enough away
to exclude their direct coupling. Therefore, two nanowires
should be placed properly (such as vertically) to exclude their

direct coupling and only interact with the imbedded atom.
The other challenge is how to manipulate a single atom be-
tween two nanowires. Although few-atom transference and
manipulation has been realized recently by the technology of
magneto—optical trapping, it is still very difficult to trap and fix
a single atom between two nanowires. Therefore, great efforts
are still needed to construct such an atom—nanowires coupling

system.

4. Conclusions

In this work, we present a strong coupling system com-
posed of a single two-level atom and two individual terminated
nanowires undergoing two coherent input beams. The model
is worked out in the mean-field framework. Three contribu-
tions of single atom saturation nonlinearity and two compo-
nents of output fields are specified. Optical response is fully
determined by atomic saturation nonlinearity and optical in-
terference between r- and t-components.

The setup provides us with a method of generating the
coherent light-controlled-light, even at weak light and single-
atom level. For in-phase coherent incidence, we introduce an
optically controllable switch based on self-matching-induced-
block. The amplitude of - and #-components are self-matched
in a wide range, and their quasi-completely destructive inter-

ference generates almost no output light finally. For anti-phase
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incidence, a two-level atom optical transistor is proposed by
introducing the break of spatial symmetry. The core of present
transistor is using a weak signal to disturb a strong bias light,
which supplies the output light to make light amplified without
gain medium.

Such a single-atom switch and transistor may be the sim-
plest setups until now and may be integratable with silicon.
Furthermore, they have great potential convenience to assem-
ble optical circuits by waveguide-waveguide coupling. Our
findings show their promising applications in full-optical de-

vices.

Appendix A: Derivation of Eqs. (1)—-(6)

In the present model, the efficient Hamiltonian for the

coupled system driven by two coherent laser beams b;, and
oo ig[36:3839.43]
m

H = HAS, + (h\/k75+bm N +H.c.) C(AD

where H.c. represents the complex conjugate. Atomic oper-
ators are defined as S; = (le)(e| — |g)(g|)/2 and St = |e){g|
where |g) and |e) represent the ground and excited states, re-
spectively. The two driving fields b;, and cj, must belong to
the transmission modes of the nanowires to ensure light prop-
agating on them.

Following the standard processing, the equations of mo-
tion for the coupled system are given by Langevin equation,
and those expectation values of s = (S_) and s, = (S) are ob-
tained by adding a damping term of atomic spontaneous emis-
sion and by dropping the quantum fluctuation terms, and ex-
pressed as

r
§=—iAs— 75~ i(—2s;) <\/Ebm+ kZCin> )

§; = (i\/lgbi*ns—i—i\/kigc;‘ns—&—c.c.) —I'(s;+1/2). (A3)

Here, c.c. refers to two complex conjugate terms in the

(A2)

round bracket, and the superscript star is the conjugate value of
single complex quantity. Output fields characterized by quan-
tum input—output relations are related to the atomic transition
and input fields, and given as

bout = bin — 1/ k1, (A4)
Cout = Cin — 1/ k2. (AS)

Assuming that by, = |bi,| and ¢i, = a|biy|e'? (a is a pos-
itive number and ¢ is the relative phase), the steady solutions
can be obtained by setting the left time derivatives to be zeros.
The steady solution of dipole moment s is

i1(=28:)vVkibin (1 + a\/lmeiq))

r/2+iA (46)

s=—

Inserting Eq. (A6) into Eq. (A3), the steady atomic population
s, 1S
11
21+x’

(A7)

S; =

where x is the total atomic saturation nonlinear parameter. In
the present bilateral coherent incidence, atomic nonlinearity is
the consequence of two incident light beams and their interfer-
ence, they fulfilling

X = X1 +x2 + Xcoh, (A8)

where x; = |bin|?/P1 and x = |ciy|>/P> are the nonlin-
ear factors respectively induced by b;, and cj,, and xcon =
2(x1x2)'/2 cos ¢ is the effect of coherent interference. Here,
|bin|* and |cin|? represent the two input intensities. By, (m = 1,
2) is the critical intensity for the incident from port m, given
as

Py = (A*+T7%/4) 2k, (m=1,2). (A9)

In this work, the three contributions of atomic saturation
nonlinearity from each light and from their interference are all
explicated. The difference between P; and P, shows that the
degrees of atomic saturation nonlinearities are different even
for the same incidence from different ports in the asymmetric
coupling system. The total atomic nonlinearity is controllable
by varying the frequencies, intensities and relative phase of
two incident laser beams, as well as the atom—nanowire cou-
pling strength.

Using the quantum input—output relations of Eqs. (A4)
and (AS), the output field from each port can be obtained to be

k]JrOC\/k]kzeiq) 1
bout = bin | 1 — . A10
out 1n< F/2+1A 1+x ) ( )
; ko k1+a\/k1kzei¢ 1
=by | ael® — /= . . (All
Cout m( © Vi r2via Tix (A1)

Basically, each output light can be written as the super-
position of reflected and transmitted fields as seen in Egs. (5)
and (6). By rewriting Egs. (A10) and (A11), we can obtain the
reflectivity and transmittivity as given below

ko 1

=1-—" =1,2 Al2

Ym F/2+1A 1+x7 (I’I’l 5 )7 ( )
V. 1

Kok (m,n=1,2). (A14)

I = —— .
" C241A 14x]

Here, r,, (m =1, 2) is the reflectivity from port m, and
tmn (m, n =1, 2) is the transmittivity from port m to port n.
Thus, we work out the coupled system in the framework of
mean-field theory and obtain Egs. (1)-(6).
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