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Recently, theoretical and experimental nano-sized fundamental devices for optical circuits have been proposed at the
single-photon level. The assembly of a realistic optical circuit is now a reality. In this work, we introduce a single-photon
interconnector composed of two individual nanowires and an optical N-type four-level emitter that can turn the optical
connection on and off optically. Because of dipole-induced transmission at the single-photon level, a single photon can
travel between the two nanowires reciprocally, which guarantees its application as an all-optical interconnector.
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1. Introduction

Regarded as the ideal carries of quantum information,
photons are naturally considered as a substitute for electrons
in future information technology applications.!!-?! Controlling
the scattering properties of a single photon has attracted par-
ticular interest for its applications in quantum information. In
recent years, many fundamental devices for optical circuits,

6-10]

such as optical diodes>! and transistors!®~1%! at single-atom

sizes or single-photon levels, have been proposed theoretically
and experimentally.[!1=13]

If we imagine a time in the near future when such
single-photon optical elements have been fabricated, how
could we assemble a realistic optical mechanism efficiently
and conveniently? Although it is easy to perform single-
photon propagation in a traditional optical waveguide, it re-
mains challenging to control communication at the single-

16-21]

photon level.! Recently, research on single emitters

coupling with nano-waveguides has received considerable

attention. [2-10-22.23

1 These studies use light—matter interactions,
which are already a fundamental topic in physics.>*! Strong
light—matter interactions make the waveguide setup a promis-
ing candidate for connecting these elemental devices.[?>-20]

In this paper, we describe an optically controlled in-
terconnector composed of two individual terminated metal
nanowires and an optical N-type four-level emitter, as shown

in Fig. 1(a). The terminated waveguides are blocked by per-
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fect mirrors and light will be completely reflected by the right
ends. Two nanowires serve as two outside interfaces, and the
N-type four-level emitter serves as the inside coupler. Each
nanowire exhibits good confinement and guiding, even when
its radius is reduced well below the optical wavelength. The
atom has an N-type four-level structure |s) < |d) <> |g) <> |e)
with two stable ground states, |s) and |g), and two electronic
excited states, |d) and |e), as shown in Fig. 1(b). For exam-
ple, we can use the sublevels |s) = [6S;,, F =3, M = 3),
lg) = 16812, F =4, M =4), |d) = |6P3 ), F' =4, M' = 4),
and |e) = |6P3 5, F' =5, M’ = 5) of the D, line of atomic cae-
sium. We will show that the scattering properties of the system
are dependent on the initial state of the atom being prepared.
For an atom prepared in state |s), this atom structure
mediates an effective interaction between free-space photons
(photons resonant with the |s) — |d) transition serving as gate
photons) and nanowire-guided photons (photons resonant with
the |g) — |e) transition serving as the source) through a free-
space control laser that addressees the |d) — |g) transition. By
ramping the control laser power down to zero, we store a weak
gate pulse inside the atom and retrieve it at a later time by adi-
abatically reapplying the control beam.[®! Therefore, the atom
can be prepared in states |s) or |d) optically. We will show that
the atomic population in state |g) can open the transmission of

the source pulse through the system.
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nanowires, and the small red circle denotes an N-type four-level emitter, as shown in panel (b). (c) Schematic diagram of single-
photon interconnector. The dotted rectangle represents the coupling system of (a). Two optical devices A and B are connected to the

interconnector through two dielectric waveguides.

Between storage and retrieval, we apply a source pulse
from port 1. Here, the two nanowires only couple with the
|g) — |e) transition at different coupling strengths k; and
kp. Spatial symmetry occurs when k| = kp, whereas the sys-
tem is asymmetric when k; # k;. The atom—nanowire cou-
pling strengths k; and k; are dependent on the radius of the
nanowires and the position of the atom, and can be manipu-
lated in a very large range in realistic systems according to the
theoretical and experimental results.!!%->227-28] Therefore, the
source pulse will be completely reflected by the perfect mirror
on the end if the atom is prepared in state |s).

2. Model

For an atom prepared in ground state |g), and only
a single-photon Gaussian pulse impinging on the lower
nanowire from port 1, the four-state N-type structure degen-
erates to a two-level system, as the source photon only inter-
acts with the |g) — |e) transition, as shown in Fig. 1(b). In
the frame of rotation approximation, the interaction between
a single photon and a two-level emitter is modelled by the

Hamiltonian!!0-16-22]

H = Hy+ Hy, (1)
where
Ho = honGpe + /0 " dofopb’ (0)b(0) + o (0)c(o)],
Hi— hi/: d0[g15(0) G + g26(0) O] + Hec.,

where H.c. is the complex conjugate. o;; = |i)(j| (i,j = g.e)
represent atomic operators, @, is the transition frequency, and
b(w), c(w) are the annihilation operators for mode @ in the
two waveguides. g; and g, are the interaction strengths be-
tween the nanowires and the emitter, which are frequency-
independent because of the narrow bandwidth of the input
single-photon pulse. As we know, the interaction strength g;
(g2) is associated with the coupling strength k; (k> ), fulfilling
ki =2m{|gi|*) (i = 1,2), where angle brackets represent an an-
gular average. Therefore, coupling strength k; (i = 1, 2) states
two contradictory physical aspects: the interaction strength be-
tween the nano-waveguide and the emitter, and the energy leak

rate from the atom to nano-waveguide modes. This is why k;
is named the coupling strength or leak rate.

Without loss of generality, we take the emitter position
as the real-space origin (zoc = 0). The two nano-waveguides
are separated sufficiently that their direct coupling can be ne-
glected. We expand the Schrodinger-picture state | (7)) on
the basis of all states with one exciton,

Ill/> = /0 dwC?(f)bT(w)‘gaObaoC>
+ [ a0e0)c' (@)12,05.00 +e.(1)16.0,,0). @)

where |0,) and |0.) denote the vacuum states in the lower
and upper nanowires, respectively. At time r = 0, assume
that the atom is at the ground state |g), and only a Gaus-
sian single-photon wavepacket, which is defined as ¢{’(0) =
(2/77:A2)1/4ei(“’_“’ﬂ)t‘)_<“’_“’0)2/A2, is incident on the lower
nanowire from port 1 (@o and A are its central frequency and
full width at half maximum (FWHM), fulfilling awy/A > 1;
to = 20 /vg, —2z0 and v, are the position at which the peak of
the pulse passes at r = 0 and the propagating group velocity in
the nanowires, respectively).

After some algebra, we can solve the Schrodinger equa-
tion i%0|y)/dt = H|y) analytically. Because of the atom—
nanowire interaction, some reflected field remains in the ini-
tial nanowire, while the remainder is transported to the upper
nanowire or absorbed by the atom. The final shapes of the
reflected and transmitted pulses are associated with the dis-
tributions of |c(r — oo)|? (i = 1,2).12) Thus, we obtain the
final reflection coefficient r(w) = ,IEE‘O c$’(t)/c{(0) and trans-

mission coefficient ¢ (@) = tlirn c$(t)/c(0) as
—yo0

o) == o—a)’ ©)
1) = kil )

T2—i(o—wy)

Here, I' = ki + ky + 7 is the total decay rate due to the Pur-
cell effect and Y, is the atomic vacuum spontaneous emission
rate, representing the atomic energy loss other than to waveg-
uide modes. Therefore, P = I/ — 1 is the so-called Pur-
cell factor, which can be manipulated in a large range from

054208-2



Chin. Phys. B  Vol. 26, No. 5 (2017) 054208

near-zero to several hundred in present atom—photon coupling

(1022 o — @, represents the detuning between @y

systems.
and wy.

Note that although Eqgs. (3) and (4) are obtained follow-
ing a single-photon incident, they are in accordance with the
results obtained from a weak monochromatic laser incident
without the presence of atomic saturation nonlinearity. [1%-16-22]
Optical nonlinear responses can only be seen by considering
the interaction of a single emitter with not only a single pho-
ton, but also multiphoton input states. 1]

Atoms can be excited by single-photon incidents. By
performing a Fourier transformation on the incident single-
photon function Ej,(®) = |¢{(0) |2 in the frequency domain,
we obtain the wavepacket in the time domain as
1 _a2n?

8

Ein(t) = —=€

o e ioor, (5)

This shows that Ej,(7) is also a Gaussian function, with a
FWHM of trwim = 2v/2 /A and a central frequency of @.

A long pulse in the time domain implies a small elec-
tric field intensity and a weak atom-light interaction. There-
fore, the emitter shall rarely be excited at all times when
Yat/A > 1. Thus, we focus on a short pulse with 7, /A < 1
and fix %,¢/A = 0.1 throughout unless otherwise specified. As-
suming that the incident wavepacket is initially far away from
the emitter, we take fo = Stpwnm throughout this paper. At
this instance, there is a negligible initial interaction between
the atom and the pulse.

T T T

L —— Ein N
~ — - pe (resonant case)
0.3} - - - - Pe (detuning case)

t/to

Fig. 2. (color online) Atomic excitation undergoing a Gaussian pulse
incident. At ¢ = 0, the peak of the incident single-photon wavepacket
is located at z = —zp = —vgty. The solid black line denotes the initial
input single-photon wavepacket, whereas the red dash and blue dotted
curves indicate the resonant case and detuning case of |@y — @y | = 0.5,
respectively. Other parameters are A = 1, %, = 0.1, and k| = k» = 0.38.

As the leading edge of the pulse reaches the emitter, the
interaction effectively switches on. From this time onwards,
the emitter gains an excitation amplitude, and starts to emit
an outgoing wavepacket into both the lower and upper nano-
waveguides. The probability of the atom being in the excited

state is pe(t) = |ce(¢)|*, which can be written as

7 ki —M—}—F—Z—F(t—to)
——e

pe(t) =\ 54 a
X erf(A(tzt())—zl;—l-ia)oA%)
+erf(A2tO+ZI;inAmat) ‘2. (6)
Here, erf(z) = %r I e~ dt is the error function extended to

the complex field.?% It is convenient to perform normalization
by taking A = 1 throughout this work.

3. Results

We have plotted Fig. 2 to show the time dependence of
atomic excitation undergoing a Gaussian pulse. Here, k; =
ko = 0.38 and @y — @, = O for the resonant case (red dash
line), whereas |@y — wy¢| = 0.5 for the detuning case (blue dot-
ted line). It is easy to compute the Purcell factor P = 7.6 at this
stage. The atomic population in state |e) is in accordance with
a previous result.??! Comparing the initial wavepacket Ei,(t)
with the atomic excitations pe(f), we can see that there is a
short delay in the excitation curves. This short delay causes the
peak excitation to be slightly offset to the right. The maximum
atomic excitation is approximately 0.35 in the resonant case,
dropping to 0.28 when |@wy — @y | = 0.5. This decline in pe(t)
in the detuning case is because the atom is easily excited when
they are in tune. Furthermore, the duration of the remarkable
excited atomic state is less than five times tgwam. This indi-
cates that the atomic response for a multiphoton queue input
is the same as for a single-photon input when the photons are
separated by much more than five times the line-width in the
real space.

Traditional dipole-induced transmission has been in-
troduced with a monochromatic laser incident.>!-*21 Here,
we will introduce dipole-induced transmission at the single-
photon level. From Eq. (2), we obtain the in-time probabil-
ities of the reflected p(r) = [" dw|c® (t)‘2 and transmitted
photons p(r) = [5"d |c¥ (t)|2. As we are interested in the
final probabilities for detecting the reflected and transmitted
photons, we take the limits p, = tlgg pr(t) and py = ,152, (1)
to obtain the single-photon reflectivity and transmittivity long
after the light-matter interaction, which can be written as

B 87ky (k2 + Yar)

pe=1- O W Reuiz)), )
Vv Sﬂklkz

pi= T Re(w(2)). ®)

Here, Z = X +1iY, with X = —((1)0 — wat)tFWHM/z and Y =
I'tewam/4; w(Z) = e*22[1 —erf(—1Z)] is a complementary
error function defined in the complex field and Re is its real
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part.[3% The analytical results presented in Eqgs. (7) and (8)
are different from those of theoretical works!!%-16:2225.33] jp
the monochromatic limit, and are superior to those in a nu-
merical study.??]

Equations (7) and (8) are universal expressions of single-
photon reflectivity and transmittivity. They can be simpli-
fied according to the value of I'/A. We first investigate the
monochromatic limit I" /A >> 1, as frequently used in theoret-

10,16,22,25,33

ical studies.! ! In this case, the expressions can be

simplified as Lorentz functions, i.e.,

(ko — ki 4 %) 4+ (00 — )
b= I?/44 (oo — wx)? ’
B kiky
S I /A+ (o) — o)

IfI'/A < 1, they can be simplified as Gaussian functions,

Pt

1.e.,
V/ 2y -0y
pr=1-- Sﬂklpﬁz ) T
V/8mkiky ,%w();izwmz
= ——¢ .
PC= A

In the regime between these limiting cases, our analytical so-
lutions still work, i.e., they can easily cross the regime from
F'/A<ltoI/A>1.

1.0 T

0.8

06 A=1
Yat =0 .1
04} kl = ]{22 =0.38 YA
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Fig. 3. (color online) Single-photon reflectivity and transmittivity. We
take parameters as A = 1, Yy = 0.1, k; = k» = 0.38 in panel (a) and
k1 =k, = 1.0 in panel (b). The red solid, blue dash lines represent
single-photon reflectivity and transmittivity, respectively. The energy
loss rate curve is plotted as the black dotted line.

To clarify the dipole-induced transmission at the single-
photon level, figure 3 shows p; and p, for two different Pur-
cell factors (P = 7.6 and 20). We take A = 1, Y, = 0.1,
ki = ko = 0.38, and show the single-photon reflectivity and
transmittivity undergoing I' < A in Fig. 3(a). When the de-
tuning is much larger than 4.0, the incident photon rarely in-
teracts with the atom and the photon almost remains in the
initial nano-waveguide. Thus, there is almost no probability
of finding transmitted photon in the upper nano-waveguide.
However, when the incident photon is in tune with the atom,
things change dramatically. Single-photon reflectivity drops
to 0.40 and transmittivity increases to 0.47. The presence of a
non-zero atomic spontaneous emission means that the summa-
tion of reflectivity and transmittivity is a little less than 100%.
The single-photon reflectivity and transmittivity are also con-
trolled by the spatial asymmetry.

Adopting the parameters in Fig. 3(a), but changing k| =
kp = 1.0 to ensure I" > A (strong coupling regime with P =
20), figure 3(b) compares the results for the case I’ < A
(P =17.6). We can see that single-photon reflectivity decreases
to 0.15 and transmittivity increases to 0.77 when @ — wy = 0.
Therefore, figure 3 illustrates the effect of dipole-induced
transmission at the single-photon level, and shows that a larger
Purcell factor is beneficial to greater transmittivity.

Note that the energy loss rate p, denotes the probability of
the total energy emitted into vacuum modes, which is plotted
in Fig. 3 as the black dotted line. This originates from the non-
zero atomic spontaneous emission rate, and can be obtained
using the rule of energy conservation. As pe(f — o) =0, we
obtain p; = 1 — p; — p, which gives

_ \/%k”/at Re
Pe="TA

Here, we show how to fabricate such an atom-waveguide

(w(2)). ©

coupling system. Atoms can interact with optical waveg-
uides through the evanescent field propagating on it, and
the coupling strength is determined by the materials of the
waveguide and the distance to the atom. Recently, an opti-
cal emitter—nanowire coupling system that exhibits a strong
interaction between the atom and light has been fabricated

[10

experimentally.['%] Theoretical studies also show that the max-

imum Purcell factor P can vary from near-zero to several hun-

(10.27.28] For example, consid-

dred with an appropriate design.
ering a fixed 20-nm-radius silver nanowire (€ag = —50+0.61)
embedded in the host material with index n = 1.414 coupled
with an emitter of '33Cs at a distance of 10 nm to the nanowire
and an emission wavelength of 1000 nm, P is approximately
37.1221 Tn such a setup, it would not be difficult to fabricate our
scheme using current technology and careful design.

From the above discussion, we know that if the atom de-
couples from the two nano-waveguides, a single photon can-

not travel between the two nanowires. Only when the atom is
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strongly coupled with the nanowires (see the case of P = 20)
can a single photon be transported. We call this dipole-induced
transmission at the single-photon level, and believe that this
phenomenon may have implications for new quantum devices.
Here, we introduce an application as an optically controlled
single-photon interconnector that can turn the connection be-
tween two individual optical nano-devices on and off at the
single-photon level. This is analogous to a classical switchable
electronic socket and is convenient for controlling an optical
circuit.

Assuming that two individual optical devices A and B
communicate at the single-photon level, we must transport
a single photon from A to B reciprocally. As we know,
a nonlinear asymmetric system can produce non-reciprocal
transport.[3437] Here, let us examine the optical reciprocity
after undergoing the single-photon incident. From Eq. (8), we
can see that k; and k, appear in couples, which indicates op-
tical reciprocity even in an asymmetric coupling environment.
Optical reciprocity originates from the fact that the nonlinear
response can be seen by considering the interaction of a sin-
gle emitter with not only a single photon, but also multiphoton
input states.[!0]

Although the probability of finding a reflected photon
pr or transmitted photon p; is less than 100%, once a re-
flected or transmitted photon is detected, it will be a com-
plete single-photon wavepacket. We define the normalized re-
flected and transmitted spectra R(®) = ‘c‘f’(O)r(m)!z/pr and
T(w) = ]c{"(O)t(a))‘z/pt, respectively, as

_ | ki (k2 + Yat)
Ro) = o (1 B r2/41+2<wwm>2)

Pr
2 1/2 72((1,7%)2
x (W) e a7, (10)
1 kiky 2 12 20wy
T(w) = — Az (11
(@) pT? /44 (0 — wy)? <7rA2) © b

To clarify the normalized reflected and transmitted spectra, we
set A =1, v = 0.1, k; = ky = 1 and plot the reflected (red
solid line) and transmitted spectra (blue dash line) in Figs. 4(a)
(g — @y = 0) and (b) (wy — Wy = 0.5), respectively. When
the incident photon is in-tune with the atom, the transmitted
spectrum has a single peak whose centre is located at @o.
Compared with the FWHMs of the transmitted and incident
wavepackets, the FWHM of the transmitted spectrum is sup-
pressed. This indicates that, although the central frequency
of the transmitted photon does not vary, its width has been
compressed in the frequency domain. However, in the detun-
ing case of my — W, = 0.5, the transmitted photon central fre-
quency is slightly smaller than @ and slightly greater than
@, Therefore, the shape and central frequency of the trans-
mitted photon can be a little different from the initial pulse.

This indicates that our scheme can be used as a mild single-
photon wavepacket reformer, which not only suppresses the
frequency uncertainty but also shifts the central frequency to
somewhere between wy and @y.

R(w), T(w)

R(w), T(w)

w—wo

Fig. 4. (color online) Normalized reflected and transmitted photon
wavepacket spectra in resonant case (a) and detuning case (b) with
wy — @y = 0.5. In both (a) and (b), red solid and blue dash curves
denote the reflected and transmitted wavepacket frequency spectra, re-
spectively. We take A = 1, 1, = 0.1, and k; =k, = 1.

However, the reflected spectrum is much different from
the transmitted one. The spectra present a traditional Rabi
splitting into a symmetric doublet structure in the resonant
case and into an asymmetric one in the off-resonant case. The
positions of the reflected spectrum peaks are separated signifi-
cantly from that of the transmitted spectrum. The holes can be
attributed to destructive interference between the driving field
and the re-emitted field. As the central frequency of the re-
emitted field is no longer at the centre of the driving field, the
destructive interference between two wavepackets with differ-
ent central frequencies leads to asymmetric splitting.

Therefore, our model can be used to fabricate an all-
optical single-photon interconnector similar to the schematic
diagram in Fig. 1(c). Two individual dielectric waveguides
extended from optical devices A and B are linked to the
single-photon interconnector through nanowire—waveguide
coupling. Excitations are transferred to and from the metal
nanowires via the evanescently coupled, phase-matched di-

S.[10

electric waveguides.!'”7 An N-type four-level structure opti-
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cal emitter is placed near the terminals of the two individual
nanowires, which are sufficiently separated to ignore their di-
rect coupling. If the atom is initially prepared in state |s),
the decoupled system blocks single-photon transport from one
waveguide to the other. However, strong atom-light interac-
tion can be switched on optically. By ramping the control laser
power down to zero, we can store a weak gate pulse inside the
atom to drive the atom in state |g). Dipole-induced transmis-
sion at the single-photon level causes reciprocal single-photon
transport between the two waveguides. The strong atom-light
interaction can be turned off by adiabatically reapplying the
control beam to drive the atom back to state |s). Incidentally,
the bit error rate. 38 of this single-photon interconnection can
be estimated by 1 — p; when the nanowire—waveguide coupling
is phase-matched. Assuming @y = @,, the bit error rates are
22.6% and 10.7% when P = 20 and 37, respectively. Thus, it
is feasible to fabricate such all-optical single-photon intercon-
nectors using current technology.

4. Conclusion

Finally, we come to our conclusion. We have introduced
a universal single-photon interconnector composed of two in-
dividual nano-waveguides and an optical emitter. Because of
the strong coupling between waveguide modes and the emitter,
dipole-induced transmission permits reciprocal single-photon
transport between two terminal waveguides. In the future, this
could be used to realize an efficient and convenient optically
controlled interconnector that connects two individual optical
nano-devices to a realistic optical circuit. Furthermore, the
interconnector is viable not only for single-photon input, but
also for multiphoton queue input when the photons are sepa-
rated by an appropriate distance in the real space.
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