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Highly efficient and controllable surface polariton beam splitters
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We propose a scheme to realize highly efficient and controllable surface polariton beam splitters with a hybrid
system via the electromagnetically induced transparency (EIT) of quantum emitters doped near the interface
between a metamaterial and a dielectric. By means of the destructive interference effects contributed by the
EIT of the quantum emitters and by the electric-magnetic response of the metamaterial, we show that such
beam splitters can work at very low light level and they have small quantum decoherence and low Ohmic
loss; moreover, the propagation loss of the surface polaritons can be reduced further by using weak microwave
fields and the dispersion effect of the surface polaritons can be balanced by using the EIT-enhanced Kerr effect.
Therefore, the surface polariton beam splitters obtained here have high splitting efficiency and may be controlled
actively. Our study opens a route not only for coherent and active control of low-loss surface polaritons but also
for promising applications in optical information processing based on quantum hybrid systems.
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I. INTRODUCTION

Optical beam splitter is one of the most basic optical
devices to manipulate light, especially to split a single optical
beam into two or more ones, which may or may not have
the same power, polarization, wave vector, frequency, and so
on. Except for tremendous applications in classical optical
physics and engineering, optical beam splitters play also im-
portant roles in the study of quantum optics, relativity theory,
quantum information, and many fields of quantum science and
technologies [1–4].

In recent years, plasmonic metamaterials have earned a
great deal of attention due to the growing demand on solid-
state photonic integration for practical applications, and hence
a transfer of conventional techniques of optical beam splitters
to such materials is of great interest. In fact, up to now there
have been various theoretical and experimental studies on
surface polariton beam splitters (SPBS) based on plasmonic
metamaterials [5–28]. However, most of them require high in-
put power, have large Ohmic loss and low splitting efficiency,
and cannot be controlled actively.

In the past 15 years, much attention has also been paid
to the study of optical beam splitters based on atomic
gases [29–40] via electromagnetically induced transparency
(EIT), a typical quantum interference effect occurring in
multilevel quantum emitters interacting with two or more
laser fields [41]. Although such beam splitters have many
advantages, they have large device size and need to fight
against the movement of atoms, etc., and hence are hard
to be miniaturized and integrated as necessary for practical
applications.

In this work, we suggest a scheme for realizing highly
efficient and controllable SPBS via EIT, which is drastically
different from those reported in Refs. [5–40]. The system used
is a hybrid one, where four-level quantum emitters are doped

near the interface between a plasmonic metamaterial and a
dielectric. We shall demonstrate that, due to the two types
of destructive interference effects contributed respectively by
the EIT of the quantum emitters and by the joint electric and
magnetic responses of the metamaterial, such SPBS can work
at very low light power, and they have small quantum decoher-
ence and low Ohmic loss. Furthermore, the propagation loss
of the surface polaritons (SPs) can be suppressed further by
using weak microwave fields that couple three bottom levels
of the quantum emitters, and the dispersion effect of the SPs
can be canceled by exploiting the EIT-enhanced Kerr nonlin-
ear effect. As a result, the SPBS with such a quantum hybrid
system predicted here have high splitting efficiency and may
be controlled actively. In addition, the scheme presented here
can easily be generalized to realize surface polariton routers.
Our study opens a way not only for the coherent and active
control of low-loss surface polaritons, but also for the design
of SPBS with high efficiency and controllability based on
solid hybrid quantum systems, which can be made to have
small device size and hence are promising for compact chip-
integrated applications.

II. MODEL

We consider an interface consisting of a negative-index
metamaterial (permittivity ε1 and permeability μ1) as the
bottom plane and a dielectric (permittivity ε2 and permeabil-
ity μ2) as the top plane [see Fig. 1(a)] [42–44]. Quantum
emitters [45] (denoted by solid black dots) with four-level
tripod-type configuration are dropped into a thin layer of
the dielectric near the metamaterial-dielectric interface. A
weak, pulsed probe laser field (with angular frequency ωp)
and the two strong continuous wave control laser fields (with
angular frequencies ωc1 and ωc2) are incident along the x
direction of the interface. SPs are generated by the coupling
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FIG. 1. (a) SP mode (red triangle) generated by incident probe field near the interface of the metamaterial (ε1, μ1) and the dielectric (ε2,
μ2), propagating along x direction. Quantum emitters (solid black dots) are doped in the thin layer of the dielectric near the interface. The probe
field (angular frequency ωp) and two control fields (angular frequencies ωc1 and ωc2) are incident along the interface; the two microwave fields
(angular frequencies ωM1 and ωM2) are incident along −z direction. (b) The level diagram and excitation scheme of the four-level tripod-type
quantum emitters; �4 is the one-photon detuning; �2 and �3 are the two-photon detunings. The initial population is prepared at the ground
state |1〉. (c) The absorption spectrum Im(k) of the SP for the metamaterial-dielectric interface (solid blue line) and for a metal-dielectric
interface (dashed-solid red line). The dashed orange line denotes the deconfinement parameter 1/Re(k2) as a function of optical oscillating
frequency ωl . The solid red circle on the solid blue line is the selected one, where the SP has small Ohmic loss and strong spatial confinement
along the z direction, simultaneously.

between the laser fields and the metamaterial-dielectric inter-
face. Figure 1(b) shows the energy levels ( j = 1, 2, 3, 4)
and the laser excitation scheme of the quantum emitters, with
�4 [�2(3)] the one-photon (two-photon) detuning. The initial
population of the quantum emitters is assumed to be prepared
in the ground state |1〉. The system has two �-type EIT, with
the energy levels |1〉, |2〉, |4〉, and the levels |1〉, |3〉, |4〉,
respectively. We assume also that two weak continuous-wave

microwave fields (with half Rabi frequencies �M1 and �M2,
respectively) respectively couple the bottom levels |1〉 ↔ |2〉
(|1〉 ↔ |3〉) [see Fig. 1(b)] used to provide a gain to suppress
the propagation loss of SPs.

The metamaterial-dielectric interface supports both trans-
verse magnetic (TM) and transverse electric (TE) modes. Due
to the fast decay of the TE mode, here we consider only the
TM one, which reads [43,44]

E(r, t ) =
⎧⎨
⎩

(kez + ik1ex ) c
ε1ωl

√
h̄ωl

ε0LxLyLz
a(ωl )ek1z+i(kx−ωl t ) + c.c. (z < 0),

(kez − ik2ex ) c
ε2ωl

√
h̄ωl

ε0LxLyLz
a(ωl )e−k2z+i(kx−ωl t ) + c.c. (z > 0),

(1)

where r = (x, z) [46], ex (ez) is the unit vector along the x (z)
direction, ωl is oscillating frequency, k2

α = k2 − ω2
l εαμα (α =

1, 2) is the wave vector satisfying the relation k1ε2 = −k2ε1,
k = (ωl/c)[ε1ε2(ε1μ2 − ε2μ1)/(ε2

1 − ε2
2 )]1/2 is the propaga-

tion constant of the SP mode in the absence of the quan-
tum emitters, Lx and Ly are respectively lengths of the
metamaterial-dielectric interface along x and y directions, and
Lz is the effective length of z direction. Here we assume that
the photon number of the all laser fields are much larger than
unity and hence the quantity a(ωl ) (photon-number operator)
can be taken as a constant number.

We assume that the metamaterial can be described by
using complex macroparameters, i.e., the permittivity and

the permeability, which are given by [42–44] ε1(ωl ) = ε∞ −
ω2

e/[ωl (ωl + iγe)] and μ1(ωl ) = μ∞ − ω2
m/[ωl (ωl + iγm)],

where ωe and ωm are electric and magnetic plasma frequencies
of the metamaterial, γe and γm are corresponding decay rates,
and ε∞ and μ∞ are background constants. The solid blue
line in Fig. 1(c) is the imaginary part of the propagation
constant k, i.e., Im(k), of the SP as a function of ωl in the
absence of the quantum emitters. We see that, comparing with
conventional metal-dielectric interface (given by the dashed-
solid red line), a significant suppression of the Ohmic loss
occurs, which is due to the fact that there is a destructive
interference between the electric and the magnetic responses
of the metamaterial [42–44]. When plotting the figure, the
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system parameters chosen are ε∞ = μ∞ = 1, ωe = 1.37 ×
1016 s−1, γe = 2.73 × 1013 s−1 (as for Ag), ωm = 3.21 ×
1015 s−1, γm = 1011 s−1, ε2 = 1.3, and μ2 = 1.

From Fig. 1(c) it seems that there is a possibility to achieve
a complete suppression of the SP Ohmic loss. However, such
complete suppression is unavoidably accompanied by a de-
confinement of the SP along the interface, i.e., when Im(k) →
0, the deconfinement parameter 1/Re(k2) grows rapidly (see
the dashed orange line). Therefore, one has to select an appro-
priate excitation frequency ωl with a small deviation from the
lossless point. In our study, the solid red circle on the solid
blue line in the figure, corresponding to ωl = 2π × 495 THz,
is the selected one where the SP Ohmic loss can still be
suppressed greatly and a strong SP confinement along the z
direction can also be achieved simultaneously.

Due to the surface plasmonic resonance, the incident probe
field will convert into the SP mode. For simplicity, we assume
that the probe and control fields are coupled to the SP mode.
Then the expression of the electric field of the system is given
by E(r, t ) = ∑

l=p,c1,c2 ul (z)ξl (r, t )ei[k(ωl )x−ωl t] + c.c., with
ul (z) = (c/ε2ωl )[k(ωl )ez − ik2(ωl )ex] e−k2(ωl )z and ξl (r, t ) =
[h̄ωl/(ε0LxLyLz )]1/2 a(ωl , r, t ). Under rotating-wave approxi-
mation, in the presence of the quantum emitters and absence
of the microwave fields the Hamiltonian of the system in the
interaction picture is given by

Ĥint = − h̄

⎧⎨
⎩

4∑
j=1

� j | j〉〈 j| + [ζp(z)�p|4〉〈1|

+ ζc1(z)�c1|4〉〈2| + ζc2(z)�c2|4〉〈3| + H.c.]

⎫⎬
⎭, (2)

where �1 = 0, �4 = ωp − (E4 − E1)/h̄, �2 = ωp − ωc1 −
(E2 − E1)/h̄, and �3 = ωp − ωc2 − (E3 − E1)/h̄, with Ej the
eigenenergy of the state | j〉; �p(r, t ) = ξp(r, t )(ep · p41)/h̄
and �c1(c2) = ξc1(c2)(ec1(c2) · p42(43))/h̄ are, respectively, the
half Rabi frequencies of probe and control fields, with pi j the
electric dipole matrix element associated with the transition
from state |i〉 and state | j〉. Since the control fields are strong,
ξc1(c2) can be taken as constants during the evolution of the
probe field. Since ωp ≈ ωc1 ≈ ωc2, one has ζc1(z) ≈ ζc2(z) ≈
ζp(z) = up(z) · e14 ≡ ζ (z). The motion of the quantum emit-
ters is governed by the optical Bloch equation

∂σ

∂t
= − i

h̄
[Ĥint, σ ] − �[σ ], (3)

where σ is a 4 × 4 density matrix and � is a respective
relaxation matrix characterizing the spontaneous emission and
dephasing in the system. The explicit expressions of Eq. (3)
for matrix elements σ jl ( j, l = 1, 2, 3, 4) are presented in
Appendix A.

The electric polarization intensity of the quantum
emitters in the system can be expressed by P(r, t ) = NQE(z)
[p14σ41ei(kpx−ωpt ) + p24σ42ei(kc1x−ωc1t ) + p34σ43ei(kc2x−ωc2t ) +
c.c.], where NQE(z) is the quantum emitter density. For
simplicity, we assume that NQE(z) = Na for 0 < z < z0

and zero for z < 0 and z > z0, where Na is a constant and
z0 = 2 μm is the thickness of the doped interface. Hence
the Maxwell equation describing the evolution of the SP is

FIG. 2. Linear dispersion relation K of the SP as a function of ω

[47]. (a) The imaginary part Im(K ). (b) The real part Re(K ). In both
panels, the solid blue lines are for the SP and the dashed red lines are
for free space (i.e., the metamaterial-dielectric interface is absent).

given by

i

(
∂

∂x
+ n2

2

neffc

∂

∂t

)
�p + 〈κ14(z)σ̃41〉 = 0, (4)

where κ14(z) ≡ NQE(z)|p14|2ωp/(2neffh̄ε0c), σ41 ≡ σ̃41ζ (z),
〈ψ〉 ≡ ∫ +∞

−∞ dz|ζ (z)|2ψ/[
∫ +∞
−∞ dz|ζ (z)|2] (ψ is an arbitrary of

z), and n2 and neff ≡ ck/ωp are respectively the refractive
indices of the dielectric and the effective refractive index of
the system in the absence of the quantum emitters.

III. RESULTS AND DISCUSSION

A. Linear dispersion relation of the SP

For a weak probe pulse, the evolution of the SP is linear.
From Maxwell-Bloch (MB) Eqs. (3) and (4) we obtain the
solution for �p with the form �p = F ei[K (ω)x−ωt] [47], where
F is constant and K (ω) is the linear dispersion relation

K (ω) = n2
2ω

neffc
−
〈
κ41(z)

(ω + d21)(ω + d31)

D

〉
, (5)

with D = −|ζ (z)�c1|2(ω + d31) − |ζ (z)�c2|2(ω + d21) +
(ω + d41)(ω + d21)(ω + d31). Figure 2 shows the
imaginary part, Im(K ), and the real part, Re(K ), of
K (ω). The solid blue lines are for the case of the SP; for
comparison, the corresponding result for free space (i.e., the
metamaterial-dielectric interface is absent) is also given by
the dashed red lines. Parameters used for plotting the figure
are κ14 = 3 × 1010 cm−1 s−1, �c1(c2) = 2π × 19 MHz,
�2(3) = −2π × 1.6 MHz, �4 = −2π × 31.8 MHz,
γ41 = 2π × 3.0 MHz, γ21 = 2π × 1.6 kHz, and γ31 =
2π × 1.6 kHz. From Fig. 2(a) we see that there is an
absorption minimum near ω = 0 (corresponding to the center
frequency of the probe field), and the height of the two
side peaks is smaller than the case of the free space; from
Fig. 2(b) one sees that, near ω = 0, the slope of Re(K ) is
much bigger than the case of the free space, which means
that the group velocity of the SP is much smaller than that
in free space. These interesting characters are contributed
by the quantum destructive interference effect of the EIT in
the quantum emitters and by the mode confinement from the
metamaterial-dielectric interface, which are very helpful to
the realization of SP storage and splitting; see below.

The peak power Pmax for generating the SP may be es-
timated by using Poyntings vector [48], which, based on
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the system parameters given above, reads Pmax 	 1.9 nW.
Consequently, to generate such SP only a very low input probe
power is required, which is also due to the EIT effect and
the mode-confinement effect in the system. This is in contrast
with cases of nonresonant media [5–28], where much higher
input power is needed for the formation of SPs.

B. SPBS without microwave field

We now turn to consider how to realize a SPBS in the
system in the absence of the microwave fields. The method
we propose here is that a single SP pulse is split into two
in different times by employing the storage and retrieval of
optical pulses [41] and SPs [44]. To this end, we assume that
the two control fields are switched off and on successively,
which can be modeled by the combination of two hyperbolic
tangent functions with the form

�c1= 1

2
�c10

[
1 −

2∑
i=1

tanh

(
t − T 1

off i

Ts

)
+ tanh

(
t − T 1

on1

Ts

)]
,

�c2= �c20

[
1 − 1

2
tanh

(
t − T 2

off1

Ts

)
+ 1

2
tanh

(
t − T 2

on1

Ts

)]
,

(6)

where �c j0 ( j = 1, 2) are constants, Ts is switching time, and
T j

off i
(T j

oni ) is the ith switching off (switching on) of the control
field �c j . The timing sequences of the switching off and on
of �c j for obtaining a SPBS are illustrated in Fig. 3(a), with
T 1

off1
= T 2

off1
< T 1

on1
< T 1

off2
< T 2

on1
. In the figure, �c1 is plotted

in the upper part by a solid red curve and �c2 is plotted in the
lower part by a solid orange curve. The solid blue curves in
the upper and lower parts are ones of the SP pulse �p during
its storage (when �c1 and �c2 are switched off) and splitting
(when �c1 and �c2 are switched on successively) at position
x = 3.25 mm.

Shown in Fig. 3(c) is the result of a numerical simulation
to obtain the SPBS by taking |�pτ0| as a function of x and
t/τ0 (with τ0 = 5.0 × 10−8 s). In the simulation, the system
parameters chosen are �4 = −2π × 31.8 MHz, �2 = �3 =
−2π × 1.6 MHz, γ21 = 2π × 1.6 kHz, γ31 = 2π × 1.6 kHz,
γ41 = 2π × 2.7 MHz, �c10 = �c20 = 2π × 48.9 MHz, and
Ts = 0.2τ0. Several steps of the SP splitting can be described
in the following.

(1) A single, weak linear probe pulse is incident at x = 0
with waveform �p(0, t )τ0 = 1.15e−t2/τ 2

0 , and it is converted
into a SP pulse by coupling with the metamaterial-dielectric
interface. The SP pulse propagates forward with a larger
dispersion and some Ohmic loss, and hence a change in shape
during propagation is observed. The SP pulse obtained here is
the one before storage; its distribution is illustrated by curves
with red color (i.e., the part on the leftmost side of the figure).

(2) Both �c1 and �c2 are switched off at t = T 1
off1

= T 2
off1

=
7τ0. The SP pulse is stored into the coherence σ̃21, and also
into the coherence σ̃31 simultaneously. Figure 3(b) shows σ̃21

and σ̃31 as functions of x, at time t = 7τ0 (solid red line) and
t = 27τ0 (dotted blue line) for σ̃21, and t = 7τ0 (solid red line)
and t = 97τ0 (dotted black line) for σ̃31.

(3) By switching on �c1 at t = T 1
on1

= 27τ0 but keeping
�c2 switched off, the emitter coherence σ̃21 is converted back

FIG. 3. SPBS realized by using two optical channels. (a) Timing
sequences of the switching off and on of the two control fields �c1

(the solid red line in the upper part) and �c2 (the solid orange line in
the lower part) for obtaining the SP splitting. The solid blue lines
are curves of the SP pulse �p during its storage (when �c1 and
�c2 are switched off) and splitting (when �c1 and �c2 are switched
on successively) at position x = 3.25 mm. (b) Coherences of the
quantum emitters as functions of distance x, at time t = 7τ0 (solid
red line) and t = 27τ0 (dotted blue line) for σ̃21, and t = 7τ0 (solid
red line) and t = 97τ0 (dotted black line) for σ̃31. (c) Electric field of
the SP pulse as a function of x and t during the splitting process (i.e.,
propagation, storage, and retrieval) of the SP. For details, see text.

into the SP pulse, and hence a new SP pulse (called pulse 1)
is retrieved. The middle blue pulses in the figure illustrate
the propagation of the retrieved SP pulse to x = 4.2, 5.6,
and 7.0 mm (corresponding times are t = 31.9τ0, 35.1τ0, and
39.8τ0), respectively.

(4) At t = T 1
off2

= 77τ0, �c1 is switched off; after time
20τ0, �c2 is switched on at t = T 2

on1
= 97τ0. The emitter

coherence σ̃31 is converted back into the SP pulse, and thus
another new SP pulse (pulse 2) is retrieved. The rightmost
orange pulses in the figure illustrate the propagation of the re-
trieved SP pulse to x = 4.2, 5.6, and 7.0 mm (corresponding
times are t = 101.7τ0, 105.7τ0, and 111.8τ0), respectively.

From the figure, we see that the input probe pulse can
be stored and retrieved through the switching off and on of
the two control fields subsequently, thereby giving rise to the
realization of the temporal splitting of the SP pulse, i.e., a
SPBS. However, the retrieved SPs (i.e., pulse 1 and pulse
2) have smaller amplitudes compared with the input one.
Approximated expressions of the probe pulse before and after
storage are presented in Appendix B.

The quality of the SP splitting can be characterized by
using the SP memory efficiency η = 1 − η′, with

η′ =
∣∣ ∫ +∞

−∞ dt
∫ +∞
−∞ dz

∣∣Ein
p

∣∣2 − ∫ +∞
−∞ dt

∫ +∞
−∞ dz

∣∣Eout
p

∣∣2∣∣∫ +∞
−∞ dt

∫ +∞
−∞ dz

∣∣Ein
p

∣∣2 ,

(7)
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where Ein
p = Ein

p (0, z, t ) (the input pulse) and Eout
p =

Eout
p (Lx, z, t ) (the output pulse). From Fig. 3(c) and Eq. (7)

we obtain η = 34% for Lx = 7.0 mm. The reasons for the
low splitting efficiency here are the dephasing and dispersion
of the quantum emitters and the residual Ohmic loss of the
metamaterial.

C. SPBS with microwave fields

To improve the splitting efficiency of the SPBS, we can
apply the two microwave fields to the quantum emitters [see
Fig. 1(b)] in a suitable way. The Hamiltonian of the system
in the presence of the microwave fields has been given in
Appendix A.

The microwave fields �M1 and �M2 are taken to be con-
tinuous waves and do not couple to the SP mode [49]. The
switching on and off of the microwave field can be modeled
by

�Mj (x, t )=1

2
�Mj (x)

[
tanh

(
t − T

Mj

off

Ts

)
− tanh

(
t − T

Mj
on

Ts

)]
,

(8)

where Ts is the same as used in Eq. (6) and T
Mj

off (T Mj
on ) is

the time of switching off (switching on) of the microwave
field �Mj . We take T M1

on > T 1
off1

, T M1
off < T 1

on1
, T M2

on > T 1
off2

, and
T M2

off < T 2
on1

, which means that the microwave fields play roles
only within the time interval of the respective storage periods.
In addition, amplitudes of the microwave fields are taken to be
functions of x, also aiming to obtain high splitting efficiency
of the SP. Based on these considerations, we assume the am-
plitudes of the microwave fields have the form �M1(M2)(x) =
�M10(M20) exp{−[(x − a1(2))/b1(2)]2}, where �M10(M20) are the
maximum of the amplitudes and a1(2) and b1(2) are two arbi-
trary parameters, which can be chosen to optimize the splitting
efficiency.

The timing sequences of the switching off and on of
the control fields �c1 and �c2 for obtaining the SPBS are
illustrated in Fig. 4(a), which are similar to Fig. 3(a), but
with new timing sequence curves of the microwave fields
�M1 (the solid green line in the upper part) and �M2 (the
solid purple line in the lower part) added. The inset gives
the spatial shape of the microwave fields [�M1(x) = �M2(x)
is assumed]. The solid blue lines in the figure have the
same meaning indicated in Fig. 3(a). When plotting the fig-
ure, we have taken �M10τ0 = �M20τ0 = 0.0025 (i.e., �M10 =
�M20 = 2π × 7.96 kHz); other parameters are the same as
those used above.

Figure 4(b) shows the coherences of the quantum emitters,
i.e., σ̃21 and σ̃31, during the storage periods as functions of
t = 7τ0 (solid red line) and t = 27τ0 (dotted blue line) for σ̃21,
and t = 7τ0 (solid red line) and t = 97τ0 (dotted black line)
for σ̃31. One sees that compared with the case without the use
of the microwave fields given in Fig. 3(b), the coherences are
increased significantly.

Illustrated in Fig. 4(c) is the electric field of the SP pulse
as a function of x and t during the propagation, storage,
and splitting. Shown on the leftmost side of the figure is the
space-time distribution of the SP pulse before the storage, rep-
resented by solid red curves. The middle part is the space-time

FIG. 4. SPBS realized by using two optical channels with the use
of two microwave fields. (a) Similar to Fig. 3(a) but with the timing
sequences of the microwave field �M1 (the solid green line in the
upper part) and �M2 (the solid purple line in the lower part) shown.
Inset: the spatial shape of the microwave fields [�M1(x) = �M2(x)
is assumed]. Solid blue lines: similar to those indicated in Fig. 3(a).
(b) Coherences of the quantum emitters as a function of distance x
at time t = 7τ0 (solid red line) and t = 27τ0 (dotted blue line) for
σ̃21, and t = 7τ0 (solid red line) and t = 97τ0 (dotted black line) for
σ̃31. (c) Electric field for SP pulse as a function of x and t during the
splitting process (i.e., propagation, storage, and retrieval) of the SP.
For details, see text.

distribution of the first split (retrieved) SP pulse, represented
by solid blue curves with corresponding propagating times
respectively at t = 30.9τ0, 36.2τ0, and 41.1τ0. Curves for
the space-time distribution of the second split (retrieved) SP
pulse are plotted on the rightmost part of the figure, where
the solid orange curves correspond to the propagating times
at t = 101.7τ0, 107.8τ0, and 111.7τ0, respectively. We see
that, compared to the case without the microwave fields, the
amplitudes (widths) of the split SP pulses are larger (smaller)
than those without the microwave fields. By the formula (7),
we can estimate the splitting efficiency of the SP in the
presence of the microwave fields, given by η = 84%, much
higher than that without the use of the microwave fields. A
detailed analysis for understanding the improvement of the
splitting efficiency with the use of the microwave fields has
been presented in Appendix B.

D. Surface polaritonic soliton beam splitters

Although the use of the microwave fields can improve the
splitting efficiency, the SP pulse still experiences dispersion,
resulting in the lowering of the pulse amplitude and the
broadening of the pulse width [which can be seen clearly for
split SP pulses given in Figs. 3(c) and 4(c)], and hence lowers
the splitting efficiency. To solve this problem, here we prove
that the EIT-enhanced Kerr nonlinearity in the system can be
employed to balance the dispersion so as to improve the SP
splitting efficiency further.
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FIG. 5. Surface polaritonic soliton beam splitters through two
optical channels. (a) Timing sequences of the control fields and
microwave fields [similar to Fig. 4(a)]. The solid blue lines are curves
of the soliton pulse �p during the storage (when �c1 and �c2 are
switched off) and splitting (when �c1 and �c2 are switched on suc-
cessively) at position x = 3.50 mm. (b) Coherences of the quantum
emitters as functions of distance x at time t = 7τ0 (red solid line)
and t = 27τ0 (blue dotted line) for σ̃21, and t = 7τ0 (red solid line)
and t = 97τ0 (black dotted line) for σ̃31. (c) The electric field of
the surface polaritonic soliton as a function of x and t during the
splitting process (i.e., propagation, storage, and retrieval) of the SP.
For details, see text.

We first show that the system supports surface polaritonic
solitons. By using the method of multiple scales [48], we can
derive, from the MB Eqs. (3) and (4), a nonlinear equation
describing the evolution of the envelope F of the SP, with the
form i ∂

∂x F − 1
2 K2

∂2

∂τ 2 F + W |F |2F e−2αz = 0, where τ = t −
x/Vg, Vg ≡ (∂K/∂ω)−1 (group velocity), and α = Im(K ) (ab-
sorption coefficient). The coefficients W and K2 = ∂2K/∂ω2

describe self-phase modulation (Kerr nonlinearity) and group-
velocity dispersion, respectively. The detailed derivation of
this nonlinear envelope equation has been presented in Ap-
pendix C.

The third-order nonlinear optical susceptibility of the sys-
tem, χ (3)

p , is proportional to the self-phase modulation coeffi-

cient W via the relation χ (3)
p = 2c

ωp

|p14|2
h̄2 W . Based on the sys-

tem parameters we obtain χ (3)
p = 3.6 × 10−2 cm2 V−2 (small

imaginary is neglected). Such large Kerr nonlinearity comes
from the EIT enhancement and the light confinement near
the metamaterail-dielectric interface. Because, due to the EIT
effect, α and the imaginary parts of W and K2 are small,
the nonlinear envelope equation admits the approximate soli-

ton solution �p(x, t ) = 1
τ0

√
|K2|
W sech[ 1

τ0
(t − x

Vg
)] ei[K−1/(2LD )]x,

where LD ≡ τ 2
0 /|K2| is the dispersion length of the system.

The surface polaritonic soliton splitter is obtained by the
storage and retrieval of the soliton. Illustrated in Fig. 5(a) are
the timing sequences of the two control fields and the two
microwave fields, which are similar to those used in Fig. 4(a).

The solid blue lines are curves of the soliton pulse �p during
its storage (when �c1 and �c2 are switched off) and splitting
(when �c1 and �c2 are switched on successively) at position
x = 3.50 mm. Figure 5(b) shows the coherences σ̃21 and σ̃31 of
the system. One sees that, in the soliton case, the coherences
are much higher than the linear cases [Fig. 3(b) and Fig. 4(b)].

Shown in Fig. 5(c) is the result of a numerical simu-
lation on the soliton splitting by taking |�pτ0| as a func-
tion of t/τ0 and x (with τ0 = 5.0 × 10−8 s), i.e., �pτ0 =
8.5 sech(t/1.6τ0). We see that, due to the balance between the
group-velocity dispersion and the Kerr nonlinearity, widths
(amplitudes) of the two split solitons are smaller (higher)
than those in the linear cases [Figs. 3(c) and 4(c)]. Using
the formula (7), we obtain the splitting efficiency of the
soliton beam splitter, given by η = 95%, which is higher than
those obtained by using the linear SPs discussed above. A
discussion on the solitonic character of the split nonlinear
SPs and the difference between the two split SPs shown in
Fig. 5(c) has been given in Appendix D.

For practical applications, it is desirable to make the system
work at a room temperature. In this situation, the inhomo-
geneous line broadening of the quantum emitters is usually
not negligible, which may degrade the property of EIT [50]
and hence the behavior of the SPBS. To show this, here we
take a realistic example by choosing Pr:YSO as the dielectric
of the metamaterial-dielectric interface, where Pr3+ ions are
doped into the Pr:YSO layer near the interface. A numerical
simulation is carried out for a surface polaritonic soliton beam
splitting by assuming, for simplicity, that the inhomogeneous
line broadening is represented by modified parameters of
the spontaneous emission and dephasing, i.e., �4 = 2π ×
0.16 GHz and γ21 = γ32 = γ32 = 2π × 1.59 kHz [50], with
the other parameters the same as those used above. The result
shows that, due to the influence of the inhomogeneous broad-
ening, the decay of the soliton is faster than that without the
inhomogeneous broadening, which makes the soliton splitting
efficiency reduce into η = 64% (for detail, see Appendix E).
Although the splitting efficiency is lowered, it is still high and
hence may be applicable at room-temperature environment.

E. Surface polariton router

An all-optical router is a device for sending or routing an
incident optical signal into one or several output channels,
which is very useful for the realization of all-optical net-
work [51]. For practical applications, compact solid surface
polariton routers (SPRs) for optical and quantum information
processing are desirable components for photonic networks
on chips [52].

As an extension of the SPBS, here we show that a SPR can
be realized by exploiting the dielectric-metamaterial interface
doped with quantum emitters [Fig. 1(a)]. The basic principle
of the SPR is the following: after stored and retrieved in the
dielectric-metamaterial interface, the input probe pulse is split
and routed onto several optical pulses with different frequen-
cies and/or powers by manipulating two or more control fields
simultaneously.

For simplicity, we consider a scheme for realizing a SPR
with only two output optical channels. In this case, the quan-
tum emitters are assumed to have an excitation scheme with
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FIG. 6. Surface polariton router (SPR) realized in the quantum
emitter-doped dielectric-metamaterial interface with two output op-
tical channels. (a) Excitation scheme of the quantum emitters with a
double-�-type level configuration. For more detail, see text. (b) The
input SP pulse |�p1τ0| as a function of propagation distance x and
time t before storage. (c),(d) Two SP pulses (i.e., |�p1τ0| and |�p2τ0|)
with different frequencies and powers are obtained by splitting the
input PS pulse through the use of two control fields �c1 and �c2

simultaneously.

a double-�-type level configuration [see Fig. 6(a)]. To realize
the SPR, the two control fields (with angular frequencies ωc1,
ωc2 and half Rabi frequencies �c1, �c2, respectively) and a
microwave field (with angular frequency ωM and half Rabi
frequency �M) in the system must be switched off and on in a
suitable way.

First, by switching on the control field �c1, the input SP
field �p1 propagates in the system, as shown in Fig. 6(b) as
a function of propagation distance x and time t . Second, by
switching off �c1, the SP field �p1 is stored in the quantum
emitters. Then, during the storage period the microwave field
is applied, which can provide a gain to the stored SP field.
Third, by turning off the microwave field and switching on
the two control fields �c1 and �c2 simultaneously, two SP
pulses (i.e., �p1 and �p2) are retrieved [see Fig. 6(c) and
Fig. 6(d)]. Since these two retrieved SP pulses are obtained
by the splitting of the stored PS pulse, they have different
frequencies and powers. In this way, the system behaves as
a SPR with two output optical channels. Obviously, one can
also realize a SPR with more output optical channels by using
more control fields in the retrieval process of the SP pulse.

IV. SUMMARY

As shown above, the scheme for realizing the SPBS using
the quantum hybrid system can have a high splitting effi-
ciency. We stress that such a scheme can also be manipulated
actively in a controllable way. For instance, one can obtain dif-
ferent SPBS by selecting different quantum emitters and their
level structures, by turning the amplitudes and time sequences

of the switching off and switching on of the two control
fields, and so on. Moreover, it can be extended to cases with
more optical channels by using more control fields, and hence
the two-channel splitting SPBS shown in the last section can
be generalized to multiple channel ones. In Appendix F, we
have presented an example of three-channel SPBS, realized
with the same metamaterial-dielectric interface, but with the
quantum emitters having a quadripod type level configuration
interacting with three control fields.

In conclusion, in this work we have proposed a scheme
for realizing highly efficient and controllable SPBS with a
hybrid quantum system via EIT of the quantum emitters
that are doped near a metamaterial dielectric. By virtue of
the destructive interference effects contributed by the EIT of
the quantum emitters and by the joint electric and magnetic
responses of the metamaterial, we have shown that such
beam splitters can work with very low light power [53] and
they have small quantum decoherence and low Ohmic loss.
Moreover, we have demonstrated that the propagation loss
of the SPs can be reduced further by using weak microwave
fields and the dispersion effect of the SPs can be canceled by
using the EIT-enhanced Kerr effect. As a result, the SPBS
obtained not only have high splitting efficiency but also can
be manipulated and controlled actively. Our research opens a
way for coherent and active control of low-loss SPs and for
promising applications in optical information processing and
transmission based on solid quantum hybrid systems.
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APPENDIX A: MB EQUATIONS

Under rotating-wave approximation, in the interaction pic-
ture the Hamiltonian of the system in the presence of the two
microwave fields reads

Ĥint= −h̄

⎡
⎣ 4∑

j=1

� j | j〉〈 j| + (ζp(z)�p|4〉〈1| + ζc1(z)�c1|4〉〈2|

+ ζc2(z)�c2|4〉〈3| + �M1|2〉〈1| + �M2|3〉〈1| + H.c.)

⎤
⎦,

(A1)

where �1 = 0, �4 = ωp − (E4 − E1)/h̄ (one-photon
detuning), �2 = ωp − ωc1 − (E2 − E1)/h̄, and �3 =
ωp − ωc2 − (E3 − E1)/h̄ (two-photon detunings); Ej ( j =
1, 2, 3, 4) is the energy eigenvalue of the quantum
emitters at eigenstate | j〉; �p(r, t ) = ξp(r, t )|p41|/h̄,
�c1(c2) = ξc1(c2)|p42(43)|/h̄, and �M1(M2) = EM1(M2)|p21(31)|/h̄
are, respectively, half Rabi frequencies of the probe, control,
and microwave fields, with p jl the electric dipole matrix
element associated with the transition from state | j〉 and
state |l〉.
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Explicit expressions of the equations of motion of the density-matrix elements σ jl describing the evolution of the quantum
emitters (i.e., the optical Bloch equations) read

i
∂

∂t
σ11 − i�14σ44 + ζ (z)�∗

pσ41 − ζ (z)�pσ
∗
41 + �∗

M1σ21 − �M1σ
∗
21 + �∗

M2σ31 − �M2σ
∗
31 = 0, (A2a)

i
∂

∂t
σ22 − i�24σ44 + ζ (z)�∗

c1σ42 − ζ (z)�c1σ
∗
42 + �M1σ

∗
21 − �∗

M1σ21 = 0, (A2b)

i
∂

∂t
σ33 − i�34σ44 + ζ (z)�∗

c2σ43 − ζ (z)�c2σ
∗
43 + �M2σ

∗
31 − �∗

M2σ31 = 0, (A2c)

i
∂

∂t
σ44 + i�4σ44 − ζ (z)�∗

pσ41 + ζ (z)�pσ
∗
41 − ζ (z)�∗

c1σ42 + ζ (z)�c1σ
∗
42 − ζ (z)�∗

c2σ43 + ζ (z)�c2σ
∗
43 = 0, (A2d)(

i
∂

∂t
+ d21

)
σ21 − ζ (z)�pσ

∗
42 + ζ (z)�∗

c1σ41 + �M1(σ11 − σ22) − �M2σ
∗
32 = 0, (A2e)

(
i
∂

∂t
+ d31

)
σ31 − ζ (z)�pσ

∗
43 + ζ (z)�∗

c2σ41 + �M2(σ11 − σ33) − �M1σ32 = 0, (A2f)

(
i
∂

∂t
+ d32

)
σ32 − ζ (z)�c1σ

∗
43 + ζ (z)�∗

c2σ42 + �M2σ
∗
21 − �∗

M1σ31 = 0, (A2g)

(
i
∂

∂t
+ d41

)
σ41 − ζ (z)�p(σ44 − σ11) + ζ (z)�c1σ21 + ζ (z)�c2σ31 − �M1σ42 − �M2σ43 = 0, (A2h)

(
i
∂

∂t
+ d42

)
σ42 − ζ (z)�c1(σ44 − σ22) + �pσ

∗
21 + ζ (z)�c2σ32 − �∗

M1σ41 = 0, (A2i)

(
i
∂

∂t
+ d43

)
σ43 − ζ (z)�c2(σ44 − σ33) + �pσ

∗
31 + ζ (z)�c1σ

∗
32 − �∗

M2σ41 = 0, (A2j)

with d jl = � j − �l + iγ jl , where γ jl = (� j + �l )/2 + γ
dep
jl is the decay rate of the emitter coherence σ jl , � j = ∑

El <Ej
�l j is

the spontaneous-emission rate of the state | j〉, and γ
dep
jl is the dephasing rate representing the loss of phase coherence between

| j〉 and |l〉 contributed by the incoherent processes in the emitters.
Since the mode function ζ (z) that provides the confinement of the electric field in the vertical direction is a fast varying

function of z, the Bloch Eqs. (A2) can be simplified by defining [43] σ̃ j j (x, t ) = ∫ +∞
−∞ dz|ζ (z)|2σ j j (x, z, t )/

∫ +∞
−∞ dz|ζ (z)|2 ( j =

1, 2, 3, 4), σ̃31(32,21)(x, t ) = ∫ +∞
−∞ dz|ζ (z)|2σ31(32,21)(x, z, t ), and σ̃41(42,43)(x, t )ζ (z) = σ41(42,43)(x, z, t ). Then we get the reduced

the Bloch equations

i
∂

∂t
σ̃11 − i�14σ̃44 + ρ�∗

pσ̃41 − ρ�pσ̃
∗
41 + �∗

M1σ̃21 − �M1σ̃
∗
21 + �∗

M2σ̃31 − �M2σ̃
∗
31 = 0, (A3a)

i
∂

∂t
σ̃22 − i�24σ̃44 + ρ�∗

c1σ̃42 − ρ�c1σ̃
∗
42 + �M1σ̃

∗
21 − �∗

M1σ̃21 = 0, (A3b)

i
∂

∂t
σ̃33 − i�34σ̃44 + ρ�∗

c2σ̃43 − ρ�c2σ̃
∗
43 + �M2σ̃

∗
31 − �∗

M2σ̃31 = 0, (A3c)

i
∂

∂t
σ̃44 + i�4σ̃44 − ρ�∗

pσ̃41 + ρ�pσ̃
∗
41 − ρ�∗

c1σ̃42 + ρ�c1σ̃
∗
42 − ρ�∗

c2σ̃43 + ρ�c2σ̃
∗
43 = 0, (A3d)(

i
∂

∂t
+ d21

)
σ̃21 − ρ�pσ̃

∗
42 + ρ�∗

c1σ̃41 + �M1(σ̃11 − σ̃22) − �M2σ̃
∗
32 = 0, (A3e)

(
i
∂

∂t
+ d31

)
σ̃31 − ρ�pσ̃

∗
43 + ρ�∗

c2σ̃41 + �M2(σ̃11 − σ̃33) − �M1σ̃32 = 0, (A3f)

(
i
∂

∂t
+ d32

)
σ̃32 − ρ�c1σ̃

∗
43 + ρ�∗

c2σ̃42 + �M2σ̃
∗
21 − �∗

M1σ̃31 = 0, (A3g)

(
i
∂

∂t
+ d41

)
σ̃41 − ρ�p(σ̃44 − σ̃11) + ρ�c1σ̃21 + ρ�c2σ̃31 − �M1σ̃42 − �M2σ̃43 = 0, (A3h)

(
i
∂

∂t
+ d42

)
σ̃42 − ρ�c1(σ̃44 − σ̃22) + ρ�pσ̃

∗
21 + ρ�c2σ̃32 − �∗

M1σ̃41 = 0, (A3i)

(
i
∂

∂t
+ d43

)
σ̃43 − ρ�c2(σ̃44 − σ̃33) + ρ�pσ̃

∗
31 + ρ�c1σ̃

∗
32 − �∗

M2σ̃41 = 0, (A3j)

063844-8



HIGHLY EFFICIENT AND CONTROLLABLE SURFACE … PHYSICAL REVIEW A 100, 063844 (2019)

where ρ = ∫ +∞
−∞ dz|ζ (z)|4/ ∫ +∞

−∞ dz|ζ (z)|2 is a parameter de-
scribing the mode confinement of the metamaterial-dielectric
interface in the z direction.

The evolution of the probe field is described
by the Maxwell equation ∇2E − (1/c2)∂2E/∂t2 =
(1/ε0c2)∂2P/∂t2, with the electric polarization intensity
given by

P(r, t ) = NQE(z)(p14σ41ei(kpx−ωpt ) + p24σ42ei(kc1x−ωc1t )

+ p34σ43ei(kc2x−ωc2t ) + p12σ21ei(kM1x−ωM1t )

+ p13σ31ei(kM2x−ωM2t ) + c.c.), (A4)

where Na(z) is the number density of the quantum emitters
and Phost = ε0χhostE is the electric polarization intensity of
the system in the absence of the quantum emitters, with χhost

the corresponding susceptibility, which is assumed to be linear
for simplicity. Under slowly varying envelope approximation,
the Maxwell equation is simplified into

i

(
∂

∂x
+ n2

2

neffc

∂

∂t

)
�p + 〈κ14(z)σ̃41〉 = 0, (A5)

where n2 is the refractive index of the dielectric and κ14(z) ≡
NQE(z)|p14|2ωp/(2neffh̄ε0c) with neff ≡ ck/ωp the effective
refractive index of the system in the absence of the emitters.

APPENDIX B: ANALYSIS FOR IMPROVING THE SPBS
QUALITY BY THE USE OF THE MICROWAVE FIELDS

To get a clear understanding on how the microwave fields
can provide a gain to the SP and hence to suppress its loss
during propagation and improve the SPBS quality, here we
give an approximate solution of the SP by solving the Bloch
Eq. (A2) when the microwave fields are present.

Note that before the storage of the SP, i.e., the two con-
trol fields are on and the microwave fields are not applied,
d31σ̃31 (d32σ̃32) is small, and �M1(M2) and σ̃42 (σ̃43) are zero.
We have

σ41 = − i

|ζ (z)�c1|2 + |ζ (z)�c2|2

×
(

ζ (z)�c1
∂σ21

∂t
+ ζ (z)�c2

∂σ31

∂t

)
. (B1)

Substituting Eq. (B1) into Eq. (A2) and using σ11 ≈ 1 and
σ44 ≈ 0, we obtain

ζ (z)�c1σ21 + ζ (z)�c2σ31

= −ζ (z)�p − 1

|ζ (z)�c1|2 + |ζ (z)�c2|2

×
(

∂

∂t
+ id41

)[
ζ (z)�c1

∂σ21

∂t
+ ζ (z)�c2

∂σ31

∂t

]
	 −ζ (z)�p. (B2)

Equation (B2) can be rewritten as the form σ21 +
(�c2/�c1)σ31 	 −(�p/�c1). Therefore, σ21 and σ31 are
nonzero if �c2/�c1 and �p/�c1 have finite values. During the
storage period, though �c1 and �c2 approach zero, �p also
approaches zero, and hence σ21 and σ31 are still nonzero, i.e.,
the information of the SP in converted into the two coherences
of the quantum emitters during the storage period.

In the retrieval (splitting) period, the SP pulse is recovered
when �c1 and �c2 are switched on again. By solving Eq. (A2)
we obtain

σ̃21
(
x, T 1

on1

) = −�c1�p
(
x, T 1

off1

)
|�c|2 eid21(T 1

on1
−T 1

off1
)

+ �M1(x)

d21

[
eid21(T M1

on −T M1
off ) − 1

]
, (B3a)

σ̃31
(
x, T 2

on1

) = −�c2�p
(
x, T 1

off1

)
|�c|2 eid31(T 2

on1
−T 2

off1
)

+ �M2(x)

d31

[
eid31(T M2

on −T M2
off ) − 1

]
, (B3b)

where |�c|2 = |�c1|2 + |�c2|2. We see that the microwave
fields �M1 and �M2 have contributions to the emitter coher-
ences σ̃21 and σ̃31, which provide a gain to both SPs that are
retrieved (split) successively in later times.

To see how the microwave fields can contribute gain to the
probe field, we solve Eq. (A2) during the retrieval (splitting)
period of the SP, with the result given by

�out1
p

(
x, T 1

on1

) = |�c1|2�p
(
x, T 1

off1

)
|�c|2 eid21(T 1

on1
−T 1

off1
)

+ �c1�M1(x)

d21

[
1 − eid21(T M1

on −T M1
off )
]
, (B4a)

�out2
p

(
x, T 2

on1

) = |�c2|2�p
(
x, T 1

off1

)
|�c|2 eid31(T 2

on1
−T 2

off1
)

+ �c2�M2(x)

d31

[
1 − eid31(T M2

on −T M2
off )
]
, (B4b)

where �out1
p (x, T 1

on1
) is the first SP that is retrieved at time T 1

on1

and �out2
p (x, T 1

on2
) is the second SP that is retrieved at time

T 2
on2

. Based on this result, we obtain explicit expressions of
the retrieved (split) two SP pulses (for later time evolution)

�out1
p (x, t ′) = |�c1|2�p(0, 0) exp(id21t1)

|�c|2
√

1 − 2iK2(x − t ′/K ′
1)/τ 2

0

exp

{
iK0(x − t ′/K ′

1) −
[
K1(x − t ′/K ′

1) − T 1
off1

]2

[1 − 2iK2(x − t ′/K ′
1)]/τ 2

0

}

+ �c1�M10

d21

{
1 − exp

[
id21

(
T M1

on − T M1
off

)]}
exp

[
− (x − a1 − t ′/K ′

1)2

b2
1

]
, (B5a)
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�out2
p (x, t ′′) = |�c2|2�p(0, 0) exp(id31t1)

|�c|2
√

1 − 2iK2(x − t ′′/K ′′
1 )/τ 2

0

exp

{
iK0(x − t ′′/K ′′

1 ) −
[
K1(x − t ′′/K ′′

1 ) − T 2
off1

]2

[1 − 2iK2(x − t ′′/K ′′
1 )]/τ 2

0

}

+ �c2�M20

d31

{
1 − exp

[
id31

(
T M2

on − T M2
off

)]}
exp

[
− (x − a2 − t ′′/K ′′

1 )2

b2
2

]
, (B5b)

where t ′ = t − T 1
on1

, t ′′ = t − T 2
on1

, K ′
1 = ∂K ′/∂ω, and K ′′

1 =
∂K ′′/∂ω, with K ′ = n2

2ω

neff c + 〈 κ14(z)(ω+d21 )
|ζ (z)�c1|2−(ω+d21 )(ω+d41 ) 〉 and K ′′ =

n2
2ω

neff c + 〈 κ14(z)(ω+d31 )
|ζ (z)�c2|2−(ω+d31 )(ω+d41 ) 〉. Here the waveform of incident

probe field is assumed to be �p(0, t )τ0 = �p(0, 0)e−t2/τ 2
0 ,

used as that in Fig. 3.
From Eq. (B5), we see that the microwave fields (propor-

tional to �M10 and �M20) used contribute indeed to the two
retrieved (split) SP pulses. This is the reason why the SPBS
quality can be improved by the application of the microwave
fields.

APPENDIX C: DERIVATION OF THE NONLINEAR
ENVELOPE EQUATION

To obtain the envelope equation governing the nonlinear
evolution of the probe pulse based on the MB Eqs. (3) and
(4), we take the asymptotic expansion [48]

σ jl = σ
(0)
jl + εσ

(1)
jl + ε2σ

(2)
jl + ε3σ

(3)
jl + · · · , (C1a)

�p = ε�(1)
p + ε2�(2)

p + ε3�(3)
p + · · · , (C1b)

where σ
(0)
jl = δ j0δl0 the initial-state solution before the probe

field is applied, and ε is a dimensionless small parameter
characterizing the typical amplitude of the probe field. To
have a divergence-free expansion, all terms on the right-hand
side of the expansion (C1) are considered as functions of the
multiscale variables zl = εl z (l = 0, 1, 2), tl = εl t (l = 0, 1)

[48]. Substituting such expansion to the MB Eqs. (3) and (4),
we obtain a set of equations which can be solved order by
order.

At the first order of the expansion, we obtain the solution

�(1)
p = F exp (iθ ), (C2a)

σ
(1)
21 = |ζ (z)|2[�∗

c1(ω + d31)/D]F exp (iθ ), (C2b)

σ
(1)
31 = |ζ (z)|2[�∗

c2(ω + d21)/D]F exp (iθ ), (C2c)

σ
(1)
41 = −[(ω + d21)(ω + d31)/D]ζ (z)F exp(iθ ), (C2d)

where D = −|ζ (z)�c1|2(ω + d31) − |ζ (z)�c2|2(ω + d21) +
(ω + d41)(ω + d21)(ω + d31), F is the envelope function of
the slow variables z1, z2, and t1, and θ = K (ω)z0 − ωt0 with
K (ω) the linear dispersion relation given by (5).

At the second order, we obtain the equation

i

(
∂F

∂z1
+ 1

Vg

∂F

∂t1

)
= 0, (C3)

where Vg ≡ (∂K/∂ω)−1 is the group velocity of the
probe pulse. Explicit expressions of the solution at
this order are given by σ

(2)
j1 = a(2)

j1 i ∂
∂t1

ζ (z)F exp(iθ ) ( j =
2, 3, 4), σ

(2)
42(43,32) = a(2)

42(43,32)|ζ (z)F |2 exp(−2ᾱz2) (α = ε−2α

[α ≡ Im(K )] is the absorption coefficient), and σ
(2)
j j =

a(2)
j j |ζ (z)F |2 exp (−2ᾱz2) ( j = 1, 2, 3, 4), with

a(2)
41 = 1

κ41

(
1

Vg
− 1

c

)
, (C4a)

a(2)
21 = −ζ ∗(z)�∗

c1

D2

[
(ω + d31)2(2ω + d41 + d21) + |ζ (z)�c2|2(d31 − d21)

]
, (C4b)

a(2)
31 = −ζ ∗(z)�∗

c2

D2
[(ω + d21)2(2ω + d41 + d31) + |ζ (z)�c1|2(d21 − d31)], (C4c)

a(2)
22 = −�34X + �14(B − B∗)

�14(A − A∗)
, (C4d)

a(2)
33 = Q + i�14|ζ (z)�c1|2(N∗ − N )a(2)

22

i�14P
, (C4e)

a(2)
11 = X − i�14

(
a(2)

22 + a(2)
33

)
i�14

, (C4f)

a(2)
42 = M

N

[
ζ ∗(z)�∗

c2

(
1

i�14
X + a(2)

33

)
+ a(1)

31

]
− 1

N

[
a∗(1)

21 − ζ (z)�c1

(
1

i�14
X + a(2)

22

)]
, (C4g)

a(2)
43 = − M∗d∗

32

ζ 2(z)�c1�c2

[
ζ (z)�c2

(
1

i�14
X + a(2)

33

)
+ a∗(1)

31 − ζ 2(z)�c1�c2

d∗
32

a∗(2)
42

]
, (C4h)

a(2)
32 = 1

d32

(
ζ (z)�c1a∗(2)

43 − ζ ∗(z)�∗
c2a(2)

42

)
, (C4i)
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where

A = − d∗
32M∗

ζ ∗(z)�∗
c1

{ |ζ (z)�c1|2ζ (z)�c2

P
(N∗ − N ) − ζ 2(z)�c1�c2

d∗
32N∗

[
M∗|ζ (z)�c1|2ζ (z)�c2

P
(N∗ − N ) − ζ ∗(z)�∗

c1

]}
, (C5a)

B = d∗
32M∗

ζ ∗(z)�∗
c1

{
ζ (z)�c2

1

i�14
X + ζ (z)�c2Q

i�14P
+ a∗(1)

31 − ζ 2(z)�c1�c2

d∗
32N∗

[
M∗ζ (z)�c2

(
1

i�14X
+ Q

i�14P

)

+ M∗a∗(1)
31 − a(1)

21 − ζ ∗(z)�∗
c1

1

i�14
X

]}
, (C5b)

M = ζ 2(z)�c1�c2

d32

( |ζ (z)�c1|2
d32

+ d∗
43

)−1

, (C5c)

N = d42 + [ζ ∗(z)]2�∗
c1�

∗
c2M − |ζ (z)�c1|2
d32

, (C5d)

P = N∗M�∗
c1�

∗
c2 − NM∗�c1�c2, (C5e)

Q = [−i|N |2�24 − P + |ζ (z)�c1|2(N∗ − N )]X − i�14
[
ζ (z)�∗

c1N∗(Ma(1)
31 − a∗(1)

21

)− c.c.
]
, (C5f)

X = (ω + d21)(ω + d31)

D
− (ω + d∗

21)(ω + d∗
31)

D∗ . (C5g)

With the solutions obtained above, we proceed to the third
order of the expansion, and obtain the following envelope
equation:

i
∂

∂z2
F − 1

2
K2

∂2

∂t2
1

F + W |F |2F e−2αz2 = 0, (C6)

where K2 = ∂2K/∂ω2 is the coefficient of group-velocity
dispersion and W is the coefficient of self-phase modulation,
which reads

W = −κ41
S + ζ (z)

[
�c1(ω + d31)a∗(2)

42 + �c2(ω + d21)a∗(2)
43

]
D

,

(C7)

with S = (ω + d21)(ω + d31)(2a(2)
11 + a(2)

22 + a(2)
33 ).

APPENDIX D: SOLITONIC CHARACTERS OF THE SPLIT
NONLINEAR SPs AND THE DIFFERENCE BETWEEN THE

TWO SPLIT SPs

The result in Fig. 5(c) shows that a surface polaritonic
soliton can be split into two nonlinear SPs. Here we explain
that these two retrieved nonlinear SPs can be approximately
taken as solitons. The reasons are the following.

(i) The amplitudes of the two retrieved pulses have the
same order of magnitude as that of the incident soliton before
the storage, which means that the nonlinear effect in the
retrieved two pulses plays the same role as that in the inci-
dent soliton. This point can also be seen by the propagation
distance for the “soliton 1” and “soliton 2,” which are both
x = 2.4 mm, much larger than the nonlinear length (LNL =
0.79 mm) of the system. That is to say, the nonlinear effect in
the system has already played an important role in the retrieval
process of the two pulses.

(ii) We know that the formation of a soliton requires the
condition of the balance between dispersion and nonlinearity,
unless a nonlinear pulse will be unstable during propagation
[54]. From Fig. 5(c) we see that the retrieved two nonlinear

pulses are stable during propagation, except for a small de-
cay in amplitudes, which is due to the residual Ohmic loss
in the metamaterial and the residual spontaneous emission
and dephasing in the quantum emitters. Consequently, the
two retrieved pulses can be approximately considered to be
solitons (i.e., they are the outcome by the balance between
the dispersion and the nonlinearity in the system). This point
can also be understood clearly by comparing Fig. 5(c) with
Fig. 4(c). In Fig. 4(c), the two retrieved pulses have large
lowering in their amplitudes and large broadening in their
widths, and hence they are not solitons. The physical reason is
that, in the case of Fig. 4(c), the system works in a dispersion-
dominant region where there is no nonlinearity to balance the
dispersion of the system.

APPENDIX E: SPBS WORKING AT ROOM
TEMPERATURE

Under a room-temperature environment, the inhomoge-
neous line broadening of the quantum emitters usually cannot
be neglected, which might degrade the property of EIT [50]
and hence the behavior of the SPBS. To illustrate this, we take
a realistic example by selecting Pr:YSO as a dopant dielectric,
where Pr3+ ions are doped into a layer near the metamaterial-
dielectric interface [50]. A numerical simulation is carried out
for a surface polaritonic soliton beam splitting by assuming,
for simplicity, that the inhomogeneous line broadening is rep-
resented by modified parameters of the spontaneous emission
and dephasing [55], i.e., �4 = 2π × 0.16 GHz, γ21 = γ32 =
γ32 = 2π × 1.59 kHz [50], with the other parameters being
the same as those used in Sec. III D.

Shown in Fig. 7 is the result of the numerical simulation
on the surface polaritonic soliton beam splitting realized by
two optical excitation channels working at room temperature.
One sees that, compared to Fig. 5, due to the existence of the
inhomogeneous broadening decay of the soliton before and af-
ter the splitting is faster than that without the inhomogeneous
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FIG. 7. Surface polaritonic soliton beam splitting realized by two
optical excitation channels working at room temperature. (a) Timing
sequences of the control fields and microwave fields [similar to
Fig. 4(a)]. The solid blue lines are curves of the soliton pulse �p

during the storage (when �c1 and �c2 are switched off) and splitting
(when �c1 and �c2 are switched on successively) at position x =
3.50 mm. (b) Coherences of the quantum emitters as functions of
distance x at time t = 7τ0 (red solid line) and t = 27τ0 (blue dotted
line) for σ̃21, and t = 7τ0 (red solid line) and t = 97τ0 (black dotted
line) for σ̃31. (c) The electric field of the surface polaritonic soliton
as a function of x and t during the splitting process (i.e., propagation,
storage, and retrieval) of the SP.

broadening. As a result, the splitting efficiency of the soliton
is lowered to η = 64%.

APPENDIX F: SPBS THROUGH MULTIPLE
EXCITATION CHANNELS

The scheme for realizing the SPBS with two excitation
channels presented in the main text can be generalized to
systems with more excitation channels. Shown in Fig. 8(a)
is the level diagram and excitation scheme of the quantum
emitters with an N-pod type level configuration, where the
probe field (with angular frequency ωp and half Rabi fre-

FIG. 8. SPBS with multiple excitation channels. (a) Excitation
scheme of the quantum emitters with a N-pod type level config-
uration. (b) Timing sequences of the switching on and off there
control fields (�c1, �c2, and �c3), and the timing sequences of three
microwave fields (�M1, �M2, and �M3) in a quadripod type system.
(c) The SP electric field as a function of x and t during the splitting
process (i.e., propagation, storage, and retrieval) of the SP. A SP
pulse (the leftmost part of the figure) can indeed be split into three
SPs, i.e., the pulse 1, pulse 2, and pulse 3 in the figure.

quency �p) couples the levels |0〉 and |1〉, and jth control
field (with angular frequency ωc j and half Rabi frequency
�c j) couples the levels |0〉 and | j + 1〉 ( j = 1, . . . , N − 1).
�0 is one-photon detuning and � j is two-photon detuning
( j = 2, . . . , N).

To realize a SPBS in such a system, the control fields and
the microwave fields must be switched off and on successively
in a suitable way. For simplicity, here we consider only the
case of a quadripod type system, with timing sequences of
the switching on and off of three control fields (�c1, �c2, and
�c3) and the three microwave fields (�M1, �M2, and �M3),
as shown in Fig. 8(b). Figure 8(c) presents the result of a
numerical simulation on the SPBS via such three excitation
channels. We see that a SP pulse (the leftmost part of the
figure) can indeed be split into three SPs, i.e., pulse1, pulse
2, and pulse 3 in the figure.
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