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ABSTRACT: We investigate the memory of a surface polariton (SP) via the electromagnetically induced transparency (EIT) of
quantum emitters doped at the interface between a dielectric and a metamaterial. We show that, due to the strong mode
confinement provided by the interface, the EIT effect can be largely enhanced; furthermore, the storage and retrieval of the SP
can be realized by switching off and on a control laser field; additionally, the efficiency and fidelity of the SP memory can be
much improved by using a weak microwave field. The results reported here are helpful not only for enhancing the understanding
of the SP property but also for promising applications in quantum information processing and transmission.
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In the past two decades, considerable attention has been paid
to the research on electromagnetically induced transparency
(EIT), a typical quantum interference effect occurring in
resonant three-level atomic gases. The light behavior in EIT
systems possesses many striking features, including substantial
suppression of optical absorption, significant slowdown of
group velocity, excellent coherent control of the interaction
between light and atoms at weak light level, and so on.'

One important application of EIT is light storage, which is
important in quantum informatics.” The basic mechanism of
EIT-based light storage is that the system allows a stable
combined excitation (called dark-state polariton®) contributed
by atomic coherence together with a probe (or called signal)
laser field, which displays an atomic character when a control
laser field is switched off and a photonic character when the
control field is switched on. The storage of probe optical pulses
based on atomic EIT has been verified in many experiments. >’
Recently, the possibility of weak-light soliton memory in a cold
atomic gas has also been suggested.®

Up to now most of the studies on EIT-based light storage
were carried out in free atomic gases. Although there are some
advantages (e.g, long coherence time), such EIT and light
storage schemes require special and cumbersome conditions,
such as large device size, which hamper compact chip-
integrated applications. In contrast, solid media is on demand
for practical applications because they are easy to integrate in
devices. Some materials (such as quantum dots or dopant ions
in solids) can combine advantages of atomic gases and solids to

-4 ACS Publications  © 2018 American Chemical Society

2496

get long coherence time and large optical density. Thus, the
realization of light storage based on such hybrid materials is
more desirable compared with that using atomic gases in free
space.7’8

In recent years, much effort has been focused on the study of
surface polaritons (SPs), i.e., polarized electromagnetic waves
propagating along a metal—dielectric interface with the wave
coupled to charge density oscillations.” SPs produced in metal—
dielectric interfaces doped with quantum emitters have also
been considered in many studies.'” " In the work by Kamli et
al,”»* an interesting scheme was proposed for realizing
coherent control of low-loss SPs by doping three-level quantum
emitters at the interface between a dielectric and a negative
index metamaterial (NIMM) working under EIT conditions,
which hints at the possibility of realizing light memory by using
plasmonic metamaterials. A scheme to obtain a stable
propagation of nonlinear SPs by placing N-type four-level
quantum emitters at a NIMM-—dielectric interface was also
suggested recently.”*

In the present work, we investigate, both analytical and
numerically, the SP memory in A-type three-level quantum
emitters doped at a dielectric—NIMM interface. We shall
demonstrate that, due to the strong transverse mode confine-
ment contributed by the interface, the EIT effect can be largely
enhanced. Furthermore, the storage and retrieval of the SP

Received: March 7, 2018
Published: March 26, 2018

DOI: 10.1021/acsphotonics.8b00303
ACS Photonics 2018, 5, 2496—2502


http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.8b00303
http://dx.doi.org/10.1021/acsphotonics.8b00303

ACS Photonics

z
Dielectric
[2) =
0,.0,0_0
() (b)
7 1
w,,w, — 1/Relk,) [ T
40} = -Im(k) for metal 08 &
g ——Im(k) for NIMM { =
: = 30 4 06 2
Metamaterial &g, M 5 l "5
a £
2 8
<10 ! 02 ¢
o)
0 0
1 2 3 4
Optical frequency (s'') x10'®

Figure 1. Surface polaritons (SPs) excited at the interface of the NIMM (&, y;) and the dielectric (&,, y,), propagating along the interface. The
probe and control fields (with angular frequencies w, and ®,, respectively) are incident along the interface (i.e., x direction). The microwave field
(with angular frequency @) is incident from the —z direction. Inset: (a) Levels and excitation scheme of the A-type three-level quantum emitters
(denoted by solid black dots); A; (A,) is the one-photon (two-photon) detuning. (b) Absorption Im(k) of the SPs for the NIMM—dielectric
interface (blue solid line) and for a metal—dielectric interface (black dashed line) and deconfinement 1/Re(k,) (red dashed line) as functions of
optical oscillating frequency w,. For suppressing four-wave mixing noise the initial population is prepared at the metastable state I1).

propagating along the interface can be realized by switching off
and on a control laser field. In addition, the efficiency and
fidelity of the SP memory can be greatly improved by using a
weak microwave field, which is applied within the time interval
between the switching off and on of the control field. The
results reported here are useful not only for a deep
understanding of the physical property of SPs but also for
practical applications in light and quantum information
processing and transmission based on hybrid plasmonic
metamaterials.

We stress that, compared with the light storage by using
atomic gases in free space, the SP memory suggested here
possesses many advantages, including the following: (i) The
quantum emitters are fixed in space; thus the incoherence
induced by the atomic diffusion is avoided; (i) the density of
the quantum emitters is higher than that of free atomic gases,
and the light field in the system is tightly confined at the
NIMM—dielectric interface, which are useful for obtaining a
strong coupling between the light field and the quantum
emitters and hence easy for realizing effective control and
storage of optical pulses; (iii) the size of the device can be made
small, which is promising for compact chip-integrated
applications.

B MODEL

We consider an interface consisting of a NIMM as bottom
plane (with permittivity &, and permeability ¢;) and a dielectric
as top plane (with permittivity &, and permeability u,).
Quantum emitters with A-type three-level configuration
(denoted by solid black dots, which in general can be atoms,
quantum dots, nitrogen—valence centers, rare-earth ions, etc.22)
are dropped into a thin layer of the dielectric near the NIMM—
dielectric interface (see Figure 1). The probe and control fields
(with angular frequencies @, and @,, respectively) are incident
along the interface (i.e., x direction); the microwave field (with
angular frequency wy,) is incident from the —z direction. Figure
1(a) shows energy states lj) (j = 1, 2, 3) and the excitation
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scheme of the quantum emitters, with A; and A, being
respectively the one-photon and two-photon detunings. Due to
the coupling between the light fields and the NIMM—dielectric
interface, SPs can be produced and can propagate along the x
direction. To suppress the noise induced by four-wave mixing,
we assume the initial population of the quantum emitters is
prepared in the metastable state I1).>°

Different from the metal—dielectric interface, the NIMM—
dielectric interface supports both TE modes and TM modes.
Here we consider the TM mode only, which, by solving the
Maxwell equations with boundary conditions, has the form

. c | ho kz+i(ke—ayt)
(ke, + ikie,)— a(w;)e (z<0),
£\ &L.L,L,
+ c.c
E(rt)={
| ho
(ke, — ikye,)—— L a(w) (z>0)
£,01\ &L LL,
e—k2z+i(kx—erlt) + ce.
(1)

where r = (x, z) (for simplicity we assume the incident electric
field has a large width in the y direction so that all quantities are
independent of y), e, (e,) is the unit vector along the x (z)
direction, @ is oscillating frequency, k,” = k> — w/e p (a = 1,
2) is the wave vector satisfying the relation ki, = —k,&,, k =
(w)/c)ee(ept, — &)/ (e — &2)]"* is the propagation
constant of the SP mode in the absence of the quantum
emitters, L, and L, are respectively lengths of the NIMM—
dielectric interface along the x and y directions, and L, is the
effective length of the z direction (see Section A of the
Supporting Information). Here we assume that the photon
number of all laser fields is much larger than unity, and hence
the quantity a(®;) can be taken as a c-number.

The NIMM can be described by using macroparameters, i.e.,
the permittivity and the permeability, which are given by**~**
81(0)1) =€x — wez/[a)l(wl + lye)] and Iul(wl) = Heo — a)mz/
[w)(w; + iy,)], where @, are electric and magnetic plasma
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Figure 2. Linear dispersion relation of the SP excited in the NIMM—dielectric interface doped with quantum emitters. (a) Absorption Im(K) and
(b) dispersion Re(K) as functions of @. Blue solid lines (red dashed lines) are for the case of the SP excitation here and for the case of conventional

EIT in a free atomic gas, respectively.

frequencies of the NIMM, y,,, are corresponding decay rates,
and &, and i, are background constants. Figure 1(b) shows
the imaginary part of the propagation constant k of the SP
(blue solid line) as a function of the frequency ;. We see that
compared with the conventional metal—dielectric interface
(black dashed line), there is a high suppression of SP loss along
the NIMM—dielectric interface. This is due to the destructive
interference between electric and magnetic responses in the
NIMM.”*** When plotting the figure, the parameters are
chosen as £, = fiy, = 1, @, = 1.37 X 10" s}, y, = 2.73 x 10"
s (as for Ag), m,, = 321 X 108 57}, y,, = 10" 57", &, = 1.3,
and p, = 1.

From the figure, it seems that there is a possibility to achieve
a complete suppression of the SP loss. However, such complete
suppression of the SP loss is unavoidably accompanied by a
deconfinement of the SP in the dielectric; that is, when Im(k)
— 0, the deconfinement parameter describing the spatial decay
of the electric field in the +z direction, ie., 1/Re(k,), grows
rapidly [see the red dashed line of Figure 1(b)]. Thus, one
must select an appropriate excitation frequency with a small
deviation from the lossless point (e.g, the red solid circle,
which corresponds to @, = 3.11 X 10" Hz), where the SP loss
is still suppressed greatly and a strong SP confinement can also
be achieved simultaneously.

B RESULTS AND DISCUSSION

EIT Enhancement. The SP mode (eq 1) will be modified
when the quantum emitters are included. In this case the
system is a hybrid one, and the SP mode still takes the form of
eq 1, but the quantity a will be modulated in space and time,
ie, a = a(w, 1, t). Assuming that the probe and control fields
are coupled to the SP mode, we have E(r, t) = lep‘cul(z) E(r,
t) explilk(w)x — wt]} + cc, with &(xr, t) = [hwy/
(eoL,L,L.)]2a(w, 1, 1) and w(z) = c[k(@e, + iky(@))e,]
explk,(w))z]/(,0;); the microwave field is not coupled to the
SP mode and is assumed to be a continuous wave. The
dynamics of the system in the interaction picture is governed by
the optical Bloch equation

m(i + F)o — [H,, o]
ot (2)

where ¢ is a 3 X 3 density matrix and I" is a 3 X 3 relaxation
matrix (see the Supporting Information for detail). The
interaction Hamiltonian reads H,, = —fl[Z,-3=1A,-|j><j| +
(G (D)QI3)11 + £ (2)QJ3)(2l + Q,12)(1] + h.c.)], where A,

=0, Ay = 0, — 0. — @y, and Ay = @, — w3 (@ is the
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difference of the eigenfrequencies between the state |j) and the
state 1)); Q,(x, t) = &,(x, lpyl/A, Q. = Elpyyl/h, and Q,, =
E,(x)lp,;l/h are respectively the half Rabi frequencies of the
probe, control, and microwave fields; pj is the electric dipole
matrix element associated with the transition from the state lj)
to the state II). Note that here £, is assumed to be a constant
since the control field is strong and thus can be taken to be
undepleted during the evolution of the probe field. In addition,
one can take {.(z) ~ Cp(z) = |uP(z)| = {(z) in the calculation
since @, & @.. Since the mode function u,(z) (and hence {(z))
is a fast varying function of z, the Bloch eq 2 can be simplified
into a reduced one by a transformation ¢;(x, z, t) — &;(x, t).
See Section B of the Supporting Information.

The evolution of the probe field is described by the Maxwell
equation

( 0

i|l— +

O (3)
where n, is the refractive index of the dielectric, ki5(z) =
Nqe(2)lpislw,/(2nghenc), with Nop(z) being the emitter
density and n ¢ (= ck/ a)P) an effective refractive index. Because
the quantum emitters are doped in a thin layer near the
NIMM—dielectric interface, we assume Nqg(z) = N, for 0 < z <
zo and 0 for z < 0 and z > z,, where N, is a constant and z, (= 2
um) is the thickness of the layer. In addition, in eq 3 we have
defined 63, = {(2)53, and (y) = [T%d2I¢(2)Py(z)/( [T RdzL-
z)I?), where y is any function (see Section B of the Supporting
Information).

We first study the time evolution of the system when the
microwave field is absent, which can be obtained by linearizing
the Maxwell—Bloch (MB) egs 2 and 3 around the initial state
(6{9 = 1 and other 6,-(]-0) =0). We obtain Q, = F /K@=t 5
= alV¢(2)F K@= and 03 = agll)é’(z F /K@) x=o - yith
other 6 = 0. Here F is a constant and K is the linear dispersion

relation of the SP:

(4)
The imaginary and real parts of K, i.e, Im(K) and Re(K), as
functions of @ (i.e., the deviation from the center frequency
a)P) for the case of the SP excitation are illustrated by the blue
solid lines in Figure 2(a) and (b), respectively. For comparison,
corresponding quantities for the case of conventional EIT of an
atomic gas in free space are also illustrated by the red dashed
lines.

2
n,” 0 5
———|Q_ + (k:(2)65,) =0
neffC at) P < 13( ) 31>

K3(2) (@0 + dy))
K(2)QL - (0 + dy) (0 + ds;)

n,w
K(w) = 2 +
g€
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When plotting the figure, both control fields are assumed to
have the same energy for the two cases, which gives Q% /Qffee =
3.27, where Q¥ (Q"*) is the half Rabi frequency of the control
field in the present SP system (the atomic gas in free space);”’
the thickness of the doped layer is taken to be 2 um, and light
beams are Gaussian with a beam waist of 10 gm. Parameters of
the quantum emitter are w, = 3.11 X 10" Hz, T, = 0.02 Hz, Ty
=12kHz, y,; = 10 kHz, y3;, = y5, =9 kHz, A, = A;=0Q.=2
GHz, N, = 4.7 x 10" cm™, and x;3(0) = 1.55 X 10" s7'em™.
Note that the inhomogeneous broadening at transitions 1) — |
3) and 1) — [2) generally have Gaussian lineshapes, but for
simplicity here they are approximated as Lorentzian ones”’ with
the forms Wy, (o)/[7(W3, (1) + A3y (1)) ]. Here W3, = 2 GHz
and W,, = 30 kHz are widths of the inhomogeneous
broadening and Aw;, () are corresponding energy level shifts,
corresponding respectively to the transitions I11) — I3) and I1)
- 12).

From Figure 2(a), we see that the width of the EIT
transparency window of the probe field is about 4 times larger
than that in the free atomic gas; furthermore, the height of the
two absorption peaks is also smaller than the case of the free
atomic gas. In addition, from Figure 2(b) we see that near @ =
0 (corresponding to the center frequency of the probe field)
the slope of Re(K) (and hence the group velocity of the SP
field) is much smaller than the case of the free atomic gas. All
these interesting characters appearing in the SP field are a
reflection of the enhancement of the EIT effect and are mainly
due to the mode confinement contributed by the NIMM-—
dielectric interface and helpful for the light storage and retrieval
in the system.

For a Gaussian input of the probe field, ie, €,(0, t) =
Q,(0,0) exp(—t/74°), by solving eq 3 we obtain the Rabi
frequency of the SP pulse with the form:

Q,(0,0) }

—7171(@ = ibz(x) exp{iKOx
(8

where K; = 0K/0w/l,,_o, by(x) = 1 + 2xIm(K;)/7¢%, and by(x) =
2xRe(K,)/7,%. The corresponding electric field reads

- iwpt} + cc
(6)
With Q. = 300 MHz, A, = 1 X 10° Hz, A, = 5 x 10° Hz, and
the other parameters are the same as those given above, we
obtain Re(k) = 1.1822 X 10° cm™, Im(k) = 3.0929 cm™, K, =
(3.0791 + 0.2718i) em™, K, = (3.0963 + 0.3496i) X 10~ cm ™!
s, and K, = (0.0839 + 3.5700i) X 107" cm™ s® The group
velocity of the SP reads V= 1/K, = 1.0766 X 1075; that is, the
SP moves very slowly along the NIMM—dielectric interface
compared with light speed in a vacuum. If the probe pulse
duration 7, = 1.5 X 10™"s, we obtain the spatial length Iy, = Vyo
= 048 mm of the SP, which means that there is a large
compression of the SP pulse and it is helpful for the SP
memory in the system.
Storage and Retrieval of SPs without a Microwave
Field. We now investigate the SP memory in the absence of the
microwave field. Such a task can be accomplished by the

Q,(x, t)

~ (Kx — t)?
[bl(x) - ibz(x)]Toz

E(e 1) = L0 ()
U ipby(x) — iby(x)
(K — t)z

x exp{ik(wp)x + iKpx — m
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switching-off and switching-on of the control field, which can
be modeled by the combination of two hyperbolic tangent
-1

functions with the form:®
+ ltanh -
T ) 20T
(7)

- ltanh[
2
where T| and T, are respectively times of switching-off and
switching-on of the control field. The switching time of the
control field is T, and the storage time of the SP is
approximately given by T, — T|.

The principle of EIT-based SP memory is as follows. When
the control field is applied, the SP pulse propagates along the
NIMM-—dielectric interface; by switching off the control field at
t = T}, the propagating velocity of the SP approaches zero and
the SP disappears and gets stored in the medium in the form of
the coherence of the quantum emitters; when the control field
is switched on at t = T,, the SP appears again. Shown in Figure
3(a) is the numerical result of the temporal profile of the

g}
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Figure 3. SP memory in the absence of a microwave field. (a)
Dimensionless temporal profile of the control field Q.z, (blue solid
line) and the SP field Q.7 (red solid line) at position x = 2 mm. (b)
Coherence of the quantum emitters, &,,, as a function of distance x at
the time #, = 2.57, (red dashed line) and t, = 32.57, (blue solid line).
(c) SP waveshape as a function of x and t during the storage and
retrieval in the whole medium.

control (blue solid line) and the SP (red solid line) fields for
the storage and retrieval at the position ¥ = 2 mm, by taking
Q7, = 45 (ie, O = 300 MHz), T, = 2.5z, T, = 32.57,, and
T, = 027y, with 7, = 1.5 X 1077 s. We see that the SP can
indeed be stored and retrieved in the system.

Figure 3(b) shows the coherence of the quantum emitters,
8,1, during the SP memory as a function of x at the time ¢;
2.57, (red dashed line) and t, = 32.57, (blue solid line). We see
that, during the period of storage, &,; is reduced due to the
dephasing of the system, which leads to the decrease of the
efficiency and fidelity of the SP memory. Figure 3(c) shows the
result of the SP waveshape as a function of x and t during the
storage and retrieval in the whole medium (with medium
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length L, = 4 mm), by taking (0, t)7, = 1.5 exp[—(t/7,)’] as
a boundary condition. We see that as x increases, the amplitude
of the retrieved SP pulse is lowered and its width is broadened
largely, which means that the quality of the SP memory is low.

The quality of the light memory can be characterized
quantitatively by the efficiency and fidelity of the memory.”**’
Taking into consideration of the case where the system may
have possible gain (e.g, the case in the presence of the
microwave field, discussed below), we define the SP memory
efficiency as 7 = 1 — n’, with

, |27 [ e, oF = [ de [ d2IEp (e, 0P
]1 =

/ ;"" d [ T dIER (2, )P

(8)
where E}\(z, t) = E,(0, 2, t) and EJ*(z, t) = E, (L, z t). The
fidelity is defined by

+00 +00 .
‘ /[ _dt /0 dzE)"(z, ED(z, t + AP

f_:odt/:mdz ES(, t)|2/_;°° dt/o+°°dz

=

E)(z, t + At)P

)

where At = 36.157, is the time interval between the peak of the
input signal pulse Ei,“(z, t) and the peak of the retrieved signal
pulse E;m(z, t). Note that the definition of the fidelity (eq 9) is
used to characterize the change of waveshape of the SP during
the process of the storage and retrieval of the SP. On the basis
of these formulas, for the case shown in Figure 3(c) we obtain 7
= 2.43% and F; = 69.69%. The reasons for so low an efficiency
and fidelity are due to the large ohmic loss in the NIMM and
the dephasing in the quantum emitters.

Storage and Retrieval of SPs with a Microwave Field.
For improving the efficiency and fidelity of the SP memory, we
apply a weak microwave field”” to the system to couple the two
lower levels of the quantum emitters (ie., the states I1) and |
2)), which will provide a gain to the probe field. The switching-
on and -off of the microwave field can be modeled by

t— T, t— :l;):l

] - ltanh(
L ) 2 L
(10)

where T, is the same as that used in the switch function (eq 7)
of the control field, but the switching-on and the switching-off
times are changed into T and T, respectively. We take T5 > T
and T, < T,, which means that the microwave field plays a role
only within the time interval between the switching-oft and the
switching-on of the control field [see Figure 4(a)], which is
necessary to acquire a gain for the coherence of the emitters
only in the storage period (i.e, T; < t < T,) but not to break
the EIT condition before and after the storage. In addition, the
amplitude of the microwave field is taken to be a function of x,
which will be used for obtaining high efficiency and fidelity of
the SP memory. For a Gaussian-type input of the probe field,
one can take Q_ (x) = Q. exp{—[(x — a)/b]*}, where Q,, is
the amplitude of the microwave field and a and b are two
parameters, chosen according to the need for obtaining high
memory quality. Shown in Figure 4(a) is the temporal shape of
the control field (blue solid line), the SP field (red solid line),
and the microwave field (green solid line) at the position x = 2
mm. The inset shows the spatial shape of the microwave field as
a function of x. When plotting the figure, we have taken T3 =
7.5ty T4 = 27.575, a = 2 mm, b = 0.5 mm, and Q, 7, = 0.003

Q (x,t) = Qm(x)l%tanh(
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Figure 4. SP memory in the presence of the microwave field. (a)
Dimensionless temporal profiles of the control field Q.z, (blue solid
line) and the SP field .7, (red solid line), and the microwave field
(green solid line) at position x = 2 mm. Inset: Spatial shape of the
microwave field. (b) Coherence of the quantum emitters, &,;, as a
function of distance x at the times ¢, = 2.57, and t, = 32.57,. (c) SP
waveshape as a function of x and t during the storage and retrieval in
the whole medium.

(e, Qo = 20 kHz); other parameters are the same as those
used above.

Figure 4(b) shows the coherence of the quantum emitters,
i, 8,;, during the storage period as a function of x at the times
t, = 2.5ty (red dashed line) and t, = 32.57, (blue solid line).
One sees that &,, is indeed increased greatly compared with the
case without the microwave field [Figure 3(b)]. Hlustrated in
Figure 4(c) is the SP waveshape as a function of x and ¢ during
the storage and retrieval in the whole medium (L, = 4 mm).
One sees that as x increases the amplitude (width) of the
retrieved SP pulse is larger (smaller) than that without the
microwave field. The memory efficiency and fidelity in the
presence of the microwave field are given by

n = 10.23%, E, = 82.21% (11)

which are improved compared with the case without the use of
the microwave field. If we take €47, = 0.009 (i.e., ., = 60
kHz), the memory efficiency and the fidelity are increased to 7
= 98.97% and F, = 85.62%, which means it is feasible to
improve the SP memory greatly by increasing the microwave
field. A detailed theoretical analysis for the understanding of the
principle and for the improvement of the SP memory by the
microwave field described above is given in Section C of the
Supporting Information.

B CONCLUSIONS

Our theoretical scheme for the SP memory presented above
can be realized in experiment. One of the possible examples is
to take Pr:YSO as a dopant dielectric, and Pr’* ions are doped
into a layer near the NIMM—dielectric interface. The levels of
the quantum emitters can be chosen as 11) = PH,,F = +3/2), |
2) = PH,F = +1/2), and 13) = I'D,,F = +3/2). Then one has
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system parameters”’ @y, = 3.11 X 10" Hz, ', = 0.02 Hz, [’y =
12 kHz, y,; = 10 kHz, 3, = 73, = 9 kHz, and N, = 4.7 X 10"
cm™", There are many ways to obtain various NIMMs; one of
them is a nanofishnet structure, which has been demonstrated
to have a negative-index property in the optical frequency
region.””> The probe and the control fields can be coupled to
the NIMM—dielectric interface by an end-fire coupling with a
high coupling efficiency.””” We note that there were some
works reporting on the light memory via EIT using solid-state
platforms,”>** but the scheme presented in the present work
has many advantages, including (i) EIT is largely enhanced by
the strong confinement of the electric field near the NIMM—
dielectric interface, and hence the light field used in the system
can be very weak; (ii) the device fabricated by using such a
scheme is easy to miniaturize, and thus a large-scale integration
is possible.

In summary, in this work we have investigated the SP
memory via the EIT of the quantum emitters, which are doped
at the interface between a dielectric and a NIMM. We have
shown that, because of the strong field confinement contributed
by the NIMM-—dielectric interface, the EIT effect may be
largely enhanced. We have also shown that the storage and
retrieval of the SP can be realized through the switching-off and
switching-on of the control field. In addition, we demonstrated
that the efficiency and the fidelity of the SP memory can be
much improved by using a weak microwave field. Our analysis
can be applied to other interfaces doped with quantum
emitters, and the results obtained are helpful not only for
enhancing the understanding of the SP property but also for
practical applications in quantum information processing and
transmission.
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