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Superluminal propagation of light is a well-established phenomenon and has motivated immense research
interest that has led to state-of-the-art knowledge and potential applications in the emerging technology of
quantum optics and photonics. This study presents a theoretical analysis of the gain-assisted superluminal light
propagation in a four-level N-type atomic system by exploiting the scheme of electromagnetically induced gain
and superluminal propagation of surface plasmon polaritons (SPPs) along the gain-assisted atomic-metal interface
simultaneously. In addition, a theoretical demonstration is presented on the comparison between Fresnel’s rotary
photon drag and SPP drag in view of light polarization state rotation by rotating the coherent atomic medium
and the atomic-metal interface, respectively. Analogous to photon drag in the superluminal anomalous dispersion
region where light polarization rotation occurs opposite the rotation of the gain-assisted atomic medium, the
rotation of the atomic-metal interface also rotates the polarization state of SPPs opposite the rotation of the
interface. This further confirms the superluminal nature of SPPs propagating along the interface with negative
group velocity. Rabi frequencies of the control and pump fields considerably modify both photon and SPP drag

coefficients. Metal conductivity also controls SPP propagation.
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I. INTRODUCTION

The advent of innovative laser technology has brought
about remarkable revolutions in the fields of quantum optics,
photonics, and plasmonics. The application of laser fields on
various atomic and solid-state optical media has enabled us
to induce and simulate diverse phenomena of fundamental
and practical interest such as harmonic generations, four-wave
mixing, lasing without inversion, Doppler broadening, electro-
magnetically induced transparency (EIT), electromagnetically
induced gain (EIG), electromagnetically induced absorption
(EIA), and so on. Deploying the concept of electromagneti-
cally induced processes to atomic and solid systems, the group
index of the medium can be decreased, can be increased, or
can even become negative, thus offering huge opportunities
for researchers to study superluminal and subluminal light
propagation for potential applications. For instance, using the
scheme of EIT on a three-level A-type atomic system, light
can be slowed down owing to quantum interference [1-3]. As
such, the opaque atomic medium may become transparent to a
probe laser field that couples a lower atomic state to an excited
state by the application of a strong controlling laser field that
couples another lower state to the same excited state [4]. The
exact tuning of the frequency difference of the two fields with
that of the two lower-energy states leads to vanishing light
absorption, which in turn results in a transparent window in
the absorption spectrum. The processes of EIA and EIG leads
to peaks and dips, respectively, in the absorption spectrum of
probe field [5-7].

Superluminal propagation has been an established research
field since the seminal work in the field [8—14]. Nevertheless,
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the superluminal propagation in the anomalous dispersion
region suffers strong light absorption [15] and shape distortion
[16] that lead to experimental difficulties and sometimes
controversies regarding superluminal propagation interpreta-
tions. In fact, in a passive dispersion medium a superluminal
light pulse in the anomalous dispersion region experiences
enormous loss in intensity [17]. This problem, nevertheless,
can be overcome by employing a well-designed active medium
that retains transparency in the anomalous dispersion region
through intensity amplification via an external energy source.
In this regard, Steinberg and Chiao [18] suggested a way
out using a gain-assisted medium to study superluminal light
propagation in a transparent anomalous dispersion region
with negligible pulse distortion. Subsequently, Wang et al.
[5] and Dogariu et al. [6] studied lossless superluminal light
propagation in a transparent anomalous dispersion region both
experimentally and theoretically by deploying the gain process
in a three-level cesium atomic configuration. Recently, Ye et al.
[19] presented a theoretical and experimental demonstration
of superluminal light propagation in a passive Lorentzian
medium by creating an anomalous dispersion region away
from the absorption peak. Longhi et al. [20] and Nimtz et al.
[21] presented an experimental study of superluminal tunnel-
ing of optical pulses across successive potential barriers. Apart
from classical and quantum treatments, superluminal prop-
agation has also been studied using a quantum-field-theory
approach, especially along undersized waveguides [22,23].
Inspired by the coherent control of light propagation via
EIT in various optical media [3,24], researchers have also
devoted considerable attention to manipulating light propa-
gation along various interfaces deploying surface plasmon
polaritons (SPPs) by quantum coherence. Basically, SPPs
are quanta of electromagnetic fields generated by the light
coupled to collective electron oscillations moving along the
metal-dielectric interface (MDI) [25-27]. Owing to their
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peculiar optical properties, SPPs are considered promising
candidates for the emerging technology in the field of quan-
tum optics, photonics, and plasmonics [26,28-36]. As such,
the generation, propagation, and decay mechanism of SPPs
along the MDI and other surfaces have attracted enormous
attention from researchers in recent years. After coupling
with conducting electron oscillations, the incident light may
propagate along the MDI as confined surface electromagnetic
waves. Thus, SPPs may offer subwavelength confinement of
light, electric field enhancement, and high correlation to the
dielectric constant of the surrounding media [36]. The ability
of SPPs to concentrate electromagnetic (EM) fields beyond
the diffraction limit makes them suitable for quantum-
controlled devices, such as qubit operators, single-photon
sources, and transistors [37-39].

The efforts to gain control over large-scale light propagation
and its subwavelength confinement by SPPs near the MDI
for practical purposes [40,41] have paved the way for the
development of theoretical and experimental schemes incor-
porating a variety of interfaces [42,43]. The SPP-enhanced
propagation of electromagnetic energy at the MDI is signifi-
cantly manipulated by the dielectric constant of metals [44].
However, aside from other dissipative mechanisms absorption
at the metal surface, represented by the imaginary part of the
SPP wave vector, reduces the propagation length of SPPs. The
exponential decay of SPPs normal to the interface renders
subwavelength confinement of electromagnetic energy [45].
Attempts to extend the concept of EIT to surface plasmons
(SPs) and SPPs offer huge challenges, including Ohmic losses
at the interfaces [46] which may defy confinement and long-
scale propagation of SPPs. One possible way to overcome such
losses is to place a gain-assisted optical medium adjacent to
the metal surface. As such, manipulation of light propagation
deploying SPPs near gain-assisted media has attracted much
interest in recent years [25,47-53]. Aside from compensating
the loss, the gain-assisted medium also leads to SPP signal
amplification.

Nezhad et al. [54] predicted that the presence of the
gain-assisted medium reduces the absorption losses in the
propagation of SPPs on metal surface. Recently, Jha et al.
[55] and Dorfman et al. [56] presented SPP propagation on a
metal surface and in silver nanoparticles, respectively, placed
near a gain-assisted medium, exploiting the idea of quantum
coherence. More recently, Tan and Huang [57] suggested a
scheme of lossless SP propagation deploying four-level N-
type quantum emitters at the dielectric-metamaterial interface.
They also attained superluminal SP propagation from active
Raman gain.

In this paper, we present the superluminal light propagation
in a four-level N-type gain-assisted atomic medium by exploit-
ing the scheme of EIG and superluminal SPP propagation by
coupling light to collective electronic oscillations along the
gain-assisted atomic-metal interface. In addition, we present
a theoretical demonstration of the comparison between the
celebrated Fresnel rotary photon drag and SPP drag in view
of linear polarization state rotation of light by spinning the
gain-assisted medium alone and the atomic-metal interface,
respectively. The impact of the control field’s Rabi frequency,
the pump field’s detuning and Rabi frequency, and probe
detuning on light as well as SPP propagation is explored. The
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effect of metal conductivity along with specific parameters on
SPP propagation and SPP dragging is also investigated. We use
a simple yet elegant approach to achieve the aforementioned
objectives. The coupling of light to excite collective electronic
oscillations on a metal surface as superluminal confined
light modes or SPPs propagating along the gain-assisted
atomic-metal interface may offer interesting new avenues for
researchers regarding fundamental and practical relevance in
science. In order to shed light on the dispersion, absorption,
and rotary drag of incident light by the gain-assisted medium,
we calculate the complex susceptibility of the atomic medium,
the corresponding group index, and group velocity. The ex-
pressions for the SPP wave vector and group index, which
characterize the propagation and dragging features of SPPs
along the atomic-metal interface, are also derived in terms
of the metal conductivity and permittivity of the atomic and
metallic media.

The concept of photon drag dates back to Fresnel, who
predicted that light propagating through a moving medium is
subject to drag effects [58]. Fresnel’s light-drag theory for the
longitudinal case was verified experimentally by Fizeau [59].
Later on, Jones [60] presented an experimental demonstration
of lateral photon drag in a moving medium using the formula
Ax = (ng — nir)%, where n, and n, are the phase and group
refractive indices, L is the length of the medium, v is the
transverse velocity of a moving medium, and c is the speed of
light. Subsequently, rotary photon drag was verified by Jones
[61] in a rotating dielectric medium in view of the rotation
of the linear polarization state of light through a small angle
given as 0, = (ng — %)“’Z—_L, where w; is the spin velocity of
the medium.

Fresnel drag has attracted enormous attention in recent
years because of its fundamental and practical interest.
References [62-66] demonstrated light drag by experiments
in a slow-light ruby medium. A considerable enhancement
in rotary photon drag was observed by Arnold et al. [64]
in view of light polarization state rotation in a slow-light
spinning ruby medium. The linear polarization rotation of
light arises from the phase difference between the right- and
left-handed circular polarization states which corresponds to
the spin angular momentum of light. It is observed that optical
spin and orbital angular momentum separately account for the
rotation of the polarization state of light and the transmitted
image, respectively [67-70].

Light pulses propagating in atomic media with a highly
dispersive nature can also experience a dragging effect.
Unfortunately, light-drag enhancement in a dispersive atomic
medium is often accompanied by strong light absorption at the
resonance frequency. However, an experimental demonstration
of longitudinal drag in view of the light phase velocity
was recently presented by Safari et al. [71] for rubidium
vapors. At about the same time, Kuan et al. [72] observed
a further improvement in phase velocity dragging using a
three-level cold %Rb atomic medium with the scheme of
EIT. References [71,72] studied only the longitudinal light
drag in slow-light media by manipulating the phase velocity
of light, in contrast to our theoretical demonstration, which
mainly elucidates superluminal rotary photon drag in terms
of light group velocity in a gain-assisted atomic medium.
Gain-assisted superluminal propagation in a three-level atomic

013848-2



GAIN-ASSISTED SUPERLUMINAL PROPAGATION AND ...

system was studied in Refs. [5,6] with a different approach.
Superluminal light propagation in a gain-assisted four-level
N-type atomic medium was studied in Refs. [7,73] with
conditions different than ours (e.g., detuning and the number
of laser fields). More recently, one of the authors and
his collaborators studied rotary photon drag in a four-level
cascade-type chiral atomic medium [74] and rotary SPP drag
at a four-level tripod atomic-metal interface [75]. In contrast,
the current study is mainly concerned with superluminal light
propagation under the EIG and rotary photon drag in view
of light linear polarization rotation in the four-level N-type
gain-assisted nonchiral atomic medium. We also investigate
the manifestation of superluminal propagation of SPPs and
rotary SPP drag along the four-level N-type gain-assisted
atomic-metal interface.

In the sections that follow we discuss the proposed model
and its dynamics; the steady-state solution of the optical
equation under the dipole and rotating-wave approximation;
the numerical results along with a discussion; and a brief
summary of the main findings with applications.

II. MODEL AND EQUATIONS OF MOTION

In order to shed light on gain-assisted superluminal light
propagation and its rotary drag, we exploit a four-level N-type
gain-assisted atomic configuration using the scheme of EIG
(Fig. 1). The lower state |d) of the atomic system is coupled
with the excited level |a) by a pump field E; with Rabi
frequency 2y = E1044/2h. The lower level |c) is coupled to
two upper excited levels, |a) and |b), by the probe and control
fields, £, and E., with Rabi frequencies Q2, = E,0c4/2}
and Q. = E.0c»/2h, respectively. The quantity g;; represents
atomic dipole moments. The detunings of the probe and pump
fields are related to the resonance frequencies of the atomic
states, i.e., A, = wge —Vp and A = w,q — vi, Where v,
and v; are the phase velocities of the respective fields. The
gain-assisted propagation of SPPs is accomplished by placing
the gain-assisted atomic medium near a metal, as shown in
Fig. 1. A laser field is coupled to the collective electron
oscillations of the metal to generate SPPs on the atomic-metal
interface. The SPP propagation along the x axis is supported
by the gain medium hosted by the dielectric.

The dynamical equations describing the physical scenario
of the problem can be derived from the Hamiltonian H =
Hy + H; in the dipole and rotating-wave approximation. The
self-energy part of the atomic Hamiltonian Hj is given by

Hy = hagla)(al + hawy|b) (D]
+hwcle)(c| + hiwg|d)(d]. (1

The Hamiltonian H; describing atomic interaction with laser
fields is then given by

i , h .
H; = —=Qie "*|d){a] — =Q,e " *""|c){al
2 2
Ji
~5 Q) (bl + He. )

The general expression of density-matrix elements governing
the dynamics of the proposed atomic system is obtained from
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FIG. 1. (a) Schematic of gain-assisted propagation of light in a
four-level N-type atomic system under the scheme of electromagneti-
cally induced gain. The gain is accomplished by the probe field of Rabi
frequency €2, in conjunction with pump and control fields of Rabi
frequencies €2, and 2. in addition to probe and pump detunings A,
and A, respectively. (b) SPP propagation along an interface between
metal and gain-assisted atomic systems (quantum emitters) hosted by
adielectric. The quantum emitters support SPP propagation along the
interface. The dielectric medium of permittivity €, and permeability
1q occupies the half space z > 0, while the metal with permittivity
€, and permeability u,, is in the half space z < 0. As shown, the
electric field E of SPPs decays exponentially with respect to distance
z from the interface.

the interaction Hamiltonian as follows:

) i 1
pij == [Hipl = 3 ¥i(R'Ro + pRTR = 2RpRY),
3)

where RT (R) is the raising (lowering) operator and y;;
represent decay rates of various atomic states.

III. ANALYTICAL RESULTS

By using the dipole and rotating-wave approximation,
the time evolution of the density-matrix elements can be
conveniently obtained from the master optical equation (3)
as in Ref. [73]. In order to understand the implication of
EIG in terms of the complex susceptibility y of the probe
field, the steady-state solution for density-matrix elements
corresponding to probe transitions can be obtained. Making
a second-order expansion to the pump field and a first-order
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expansion to the probe field, we can achieve a systematic so-
lution of density-matrix elements [7]. The calculated density-
matrix element of states |a) and |c), denoted ,oflzc), expanded
in the second-order pump field and first-order probe field is
given by

@ _ |:4Qf4[()/ab — A (Vpa + Ap — Ay) — lszg]
Pac = _lQp

(_iyad + Al)[4(iyabAp)(iyacAp) - Q%]Q

Syad(iyab + AP)Q% i|
(Vac + vaa) (2 + AT) (4P +iQ2) |’

where P = (Yac — iAp)(iVab + Ap) and Q = 4(iypa + Ap -
AD)(—ivae — Ay + A + Q2.

The general formula for the complex susceptibility of the
atomic medium is x = 2N Igwlz,oac /€0fiS2;,, where N is the
density of four-level atoms and g, is the atomic dipole mo-
ment. As the gain is a second-order process [7,73], the
calculated susceptibility for the gain-assisted medium obtained
from density-matrix elements by keeping all order terms in the
control field is as follows:

“4)

3
@o__ 3% o 5)

X Rmdeonn,

where )¢ is the wavelength of incident light.

The real and imaginary parts of the complex susceptibility
correspond, respectively, to the probe field dispersion spectrum
and gain. The complex dielectric function of the gain-assisted
mediumis e, = 1 + 47 x®. The group index of the probe field
in the gain-assisted atomic medium is given by the well-known
expression

o 3X(2)
ng =14 2wRe[x"”] + 2mrwoRe an | (6)

p

where the medium phase refractive index n, = 1 4+ 2w Re[x];
therefore, the medium group index in Eq. (6) can be written as
ng = (n, + anoRe[%(j]), from which we can immediately
determine the light group velocity as v, = c¢/n,.

Being electromagnetic waves bounded by the atomic-metal
interface, SPPs are sensitive to the geometry and the nature of
the media forming the interface. The propagation features of
SPPs at the MDI [42,43] can be well described by the complex
wave vector k,, which is a function of the permittivity of
the metallic and dielectric media. Therefore, to characterize
the propagation of SPPs along the atomic-metal interface, the
passive isotropic dielectric medium is made the host of a gain-
assisted atomic medium with complex permittivity €, = €, +
i€, (with negative €, featuring gain) in the half space z > 0
and a homogeneous metal surface with complex dielectric
function €, = €,, + i¢,, in the half space z < 0 (see Fig. 1).
Thus, the SPP propagation is manipulated by the dielectric
functions of both the media contained by the wave vector,
which can be obtained by applying Maxwell’s equations for a
transverse-magnetic (TM) field mode [55] with the continuity
condition on the interface (z = 0). The resulting SPP wave
vector is written as

2 €g€m
sp — .
s MV €+ en

(7
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By definition ky, = k[, + ik";,, = kon}’. Here, ko = 21 /X, is
the wave vector of incident radiation in free space, and n,” is
the refractive index of SPPs along the atomic-metal interface,

given by
€ge
sp_ g§~m . 8
n’ /—eg e ®)

The refractive index n,, of the conducting medium in the
presence of the probe field is given as n,, = k,,/k,, where
k,, is the wave vector of the probe field propagating in the
conducting medium and is given by [76]

ern = Um€m(wo + Ap)2 + im0 (w, + Ap)’ &)

where w = wy + A, is the atomic resonance frequency, w, is
the probe field’s angular frequency, and A, is the probe field’s
detuning. Here, €y and 1 are the permittivity and permeability
of free space, and ¢, and u,, are those for metal, while o is
the metal conductivity. For metal, the expressions for complex
conductivity, permittivity, and permeability are, respectively,
o =|ole?, €, = €,€™, and [, = ™, while the relative
permittivity and permeability of metal are, respectively, €' =
leM|e?> and p™ = |u™|e'?. We further assume that the real
part of the metal permittivity €, < 0 and its absolute value is
larger than other components of permittivity, namely, €,,, €
and €.

Macroscopically, the refractive index of the conducting
medium in terms of its permittivity is n,, = \/€,,; therefore,
in our case of the gain-assisted medium, the wave vector
ksp [Eq. (8)] in terms of the refractive index of metal n,, is
given by

/
g’

2
2 | €gny,
-— 7
)‘0 Eg + oy

kyp = (10)

The intensity of the SPP field along the metal surface decreases
exponentially with the propagation length L as e~ 2%+ (Fig. 1).
The propagation length of SPPs is the distance traveled by
SPPs along the metal for which intensity reduces to 1/e of its
original value. The propagation length of SPPs [43] is given
by the imaginary part of the SPP wave vector as L = 1/ 2k§p.

Thus, propagation of SPPs depends considerably on the
dielectric constant of the metal surface, relative permittivity
of the two media, and wavelength of incident light. Now the
SPP group index analogous to Eq.(6) can be written in terms
of ¥ as

any?
P = P Re| —— |. 11
ny .’ + wo e|:8A,,i| (11

Therefore, the group velocity of SPPs is vy’ = ¢/ny .
Now the rotary photon drag [61] for the probe and SPP
mode is described by the relation

(6,.0:7) = (ng,nj;’ - L) wScL. (12)

sp
nr 1nr

The respective rotary photon drag can be determined by
plugging Egs. (6) and (11) into Eq. (12).
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FIG. 2. Variation of (a) the imaginary and (b) real parts of x
with probe detuning for fixed control field values Q2. = 5y (solid red
line), 7y (dashed red line), 9y (dashed blue line), 11y (dashed black
line) with the parameters V¢ qd.6a = 2.5Y Yab.ca = 0.5y, A1 = 30y,
Q| =25y, w, = 10°y.

IV. NUMERICAL RESULTS AND DISCUSSION

The group velocity of a light pulse depends upon the
nature of slope of the dispersion spectrum [plot of Re(x)
versus the probe field detuning]. In general, the positive slope
of the dispersion spectrum corresponds to subluminal light
propagation, while its negative slope describes superluminal
light propagation. Also, Im(x) > O implies probe field gain,
while Im(x) < O implies probe field absorption.

Figure 2 displays the features of complex susceptibility of
a stationary gain-assisted medium with probe field detuning
A,. As shown, the susceptibility of the gain-assisted medium
depends considerably on A, as well as control field Rabbi
frequency €2, at fixed pump Rabi frequency 2; = 2.5y
and pump detuning A; = 30y. The gain character of the
medium [Im(yx) < 0] is revealed by the imaginary part of
the susceptibility [Fig. 2(a)], while its real part [Fig. 2(b)]
shows the dispersive behavior of the medium to the probe
field. The solid red line corresponds to 2, = 5y. The gain
doublet occurs in the imaginary part around A, = 30y when
the control field is tuned with the |b) <> |c¢) transition resonance.
The two gain dips at the resonant control field correspond
to the superposition of dressed states |b) and |c) as |£) =
(1b) £ |c))/ V2 [7]. The gain doublet is further manipulated
with the control field of Rabbi frequencies 7y, 9y, and 11y.
The width of the gain doublet increases with the strength of
the control field.

Figure 3 elucidates the dependence of the group index
ng [Fig. 3(a)] and rotary photon drag 6, [Fig. 3(b)] on the
control field Rabi frequency €2, for various values of the pump
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FIG. 3. Variation in the group index and rotary photon drag with
the control field’s Rabi frequency 2. with the parameters y,. 4400 =
2.5V, Yavea = 0.5y, wy = 103y, L = 10 cm, o, = £20 1ps, Q| =
2.5y (solid red line), 2, = 4.5y (dashed red line), 2; = 6.5y
(dashed blue line), 2; = 8.5y (dashed black line).

field Rabi frequency: ©2; = 2.5y (solid red curve), 2; = 4.5y
(dashed red curve), 2; = 6.5y (dashed blue curve), and
Q) = 8.5y (dashed black curve). The fixed parameters are
decay rates Yuc.qd.0a = 2.5y and Yap.cq = 0.5y, the probe field
resonance frequency wy = 10°y, the length of the atomic
ensemble L = 10 cm, and medium spin angular frequency
ws; = £20 rps. Negative n, in the anomalous dispersive
region implies the superluminal feature of light propagation
[Fig. 3(a)]. As shown, n, first decreases and then increases with
Q. to attain a saturation value for fixed €2, changing stepwise
from 2.5y to 8.5y . The maximum (negative) value of n, equals
~107, which corresponds to a drag coefficient of 0.066 rad.
Furthermore, n, increases with pump field Rabi frequency
;. Figure 3(b) shows the rotary photon drag dependence
on 2, in view of probe field polarization state rotation at
fixed spin angular frequency of the atomic medium wy. For
negative (positive) wy, the positive (negative) values of 6,
at Q| = 2.5y,4.5y,6.5y,8.5y are shown, respectively, by the
solid red, dotted red, black, and blue lines, which indicate that
photon drag takes place opposite the medium rotation. This in
turn is consistent with earlier studies implying superluminal
light propagation.

Figure 4 describes variation in 8, with respect to w; for the
same parameters as in Fig. 3. As shown, the rotary photon drag
coefficient 6, increases with w;. However, the light dragging
takes place opposite the rotation of the medium; that is, if
rotation is clockwise, the dragging will be anticlockwise and
vice versa (as shown with opposite signs of 6, and wy). The
maximum value of photon drag is ~30.032 rad at w; =
+20 rps.

Figure 5 encapsulates variation in the real and imaginary
parts of SPP wave vector k,, with the Rabi frequency of control
field 2. at various values of A, while other parameters are
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FIG. 4. Dependence of photon drag on rotation speed of the
gain-assisted atomic medium with the spectral parameters ¥,¢ 4.0 =
2.5Y, Yapea = 0.5y, w9 = 10°y, L = 10cm, Q3 = 5.5y, A; = 30y,
Q2 = 2.5y (solid red line), 2; = 4.5y (dashed red line), 2, = 6.5y
(dashed blue line), €2; = 8.5y (dashed black line).

fixed (e.g., decay rates, pump field, permittivity and permeabil-
ity of the media, phase angles, and metal conductivity). The
imaginary part of ky, [Fig. 5(a)] represents SPP absorption,
while its real part [Fig. 5(b)] corresponds to the dispersion
spectrum. The absorption increases by increasing 2. (from
Oy to 20y). The top solid red absorption line at detuning
A, = 30y corresponds to the central peak between the gain
doublets in Fig. 2(a). The two pairs of closely spaced dashed
lines (red and green) below the solid red line in the absorption
spectrum correspond to the gain doublet at probe detunings:
(28y,32y) and (27y,33y), respectively. The corresponding

136.28% 104
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136.18x 1074
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84.20x 104

84.18% 104
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84.14x 104}
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Qly

FIG. 5. Variation of (a) the imaginary part and (b) the real part of
wave vector ky, for SPPs with Q. /y at fixed parameters: Vuc aa,pa =
2-5)/7 Yab,cd = 05)’, Q= 25)’7 MO(/'Lm) = 1»(60)6111 =1, Ap = 30)/
(solid red line), A, = (27,33)y (dashed red line), A, = (28,32)y
(dashed green line), ¢, 23 = /2, |o| =2 S/m.
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FIG. 6. Impact of ©2./y on group index and the rotary SPP drag
with the parameters Vuc.ad.pa = 2.5Ys VYab.ca = 0.57, po(phm) =1,
(eo)em =1, oy =20 1ps, Ay, =30y, @123 =7/2, |o| =2 S/m,
wy = 103y, Q| = 2.5y (solid red line), ; = 3y (dashed red line),
Q; = 3.5y (dashed green line), 2; = 4y (dashed blue line), 2; =
4.5y (dashed purple line).

pairs of dispersion lines are shown in Fig. 5(b). As shown, at
any value of A, the dispersion is less than 1 [Re(k,,) < 1],
thus implying superluminal SPP propagation at the interface
of the gain-assisted medium and metal.

Figures 6(a) and 6(b) demonstrate the effect of 2. on the
SPP group index ny’ [Eq. (11)] and rotary SPP drag 6,” [Eq.
(12)] for various values of pump field Rabbi frequency 2,
at fixed A,, Ay, o, and w,. Figure 6(a) clearly explicates a
noticeable decrease in ny’ by increasing .. for any fixed value
of ;. However, an increase in £2; causes a noticeable increase
inny’ . The maximum negative value of ny’ (~3) found at ; =
2.5y shown by the solid red curve [Fig. 6(a)] corresponds
to the negative drag coefficient 6;” of SPPs with a value of
~2.37 x 1077 rad [Fig. 6(b)]. The rotary SPP drag increases
with an increase in €2, at a particular value of €2, which is due
to the corresponding change in the group index in Fig. 6(a). The
negative SPP drag implies that analogous to photon drag, SPP
polarization state rotation also takes place opposite the rotation
of the atomic-metal interface, which implies superluminal SPP
propagation.

Figure 7 explicates the variation of ny’ and 6;” in the
gain doublet region with . for various values of A, while
other parameters are fixed as in Fig. 6. The variation trend
is identical to that in Fig. 6. From Fig. 7(a) it is noted that
for various values of probe detuning (27y, 30y, 32y, 33y), a
noticeable decrease in n,’ occurs by increasing 2. except for
the counterchange at A , =28y (top dashed curve). Figure 7(b)
shows that ;" increases by increasing Q. ata fixed A ,, except
for the counterchange at A, = 28y.

Figure 8 elucidates SPP drag 6;” as a function of the spin
angular velocity w; of the atomic-metal interface for various
values of metal conductivity. As shown, analogous to the
rotary photon drag in the superluminal region taking place
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FIG. 7. Variation in the group index and rotary SPP drag with
Q. /y with the parameters Yuc.as.o0 = 2.57, Yab.ca = 0.57 tto(ttn) =
L, (e0)em = 1, Ay =30y, w, =201ps, 9123 =7/2, |o| =10 S/m,
wy = 103y, Q, =25y, A, =30y (solid red line), A, =27y
(dashed red line), A, = 28y (dashed green line), A, = 33y (dashed
blue line), A, = 32y (dashed purple line).

opposite the rotation of the atomic medium (Fig. 4), the SPP
drag also takes place opposite the rotation of the atomic-metal
interface. This further confirms SPP superluminal propagation
and indicates that in the superluminal region if the medium
is subject to rotating in the clockwise direction, then the
SPP drag takes place in the counterclockwise direction and
vice versa. Furthermore, the SPP drag has an inverse relation
with the metal conductivity. The increase in the value of

1.x1077 0=10 S/m"

% ====0=20 S/m:

. —0=30 S/m:

5.x1078 -=-=-=-0=40 S/m-

~ -=-=-=-0=50 S/m:

S i
& 0

™

-5.x107%F

-1.x1077 -

20 -10 o 10 20

Ws(rps)

FIG. 8. Dependence of SPP drag on the rotation velocity
of the atomic-metal interface and metal conductivity such that
Yacadbd = 2:5V s Vab.ed = 0.5V, tho(im) = 1, (€0)€m = 1, Ay = 30y,
P1,23 = JT/Z, wy = 103)/, Q] = 25)/, AP = 30)/, QC = 5)/, |O'| =
10 S/m (dashed green line), |o| =20 S/m (dashed red line),
o] =30 S/m (solid red line), |o| =40 S/m (dashed blue line),
|o| = 50 S/m (dashed purple line).
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the conductivity from |o| = 10 S/m (dashed green line) to
|o| =50 S/m (dashed purple line) results in a decrease in
the SPP drag coefficient. The SPP drag coefficient has a
maximum value of F1.2 x 1077 rad for w; = £20 when
o] = 10 S/m and a minimum value of 0 rad for w;, = £20
when |o| = 50 S/m for metal conductivity while keeping other
parameters constant. The change in conductivity may change
the plasmon frequency of collective electronic oscillations,
which may result in the corresponding change in the refractive
index and hence SPP drag.

V. CONCLUSION

To sum up, we have presented a theoretical analysis of
superluminal light propagation in a four-level N-type gain-
assisted atomic medium using the EIG coherency and super-
luminal SPP propagation along the gain-assisted atomic-metal
interface. In addition, a comparative investigation between
rotary photon drag and SPP drag has been carried out using
this scheme. We observed a prominent gain doublet in the
anomalous dispersion spectrum of the probe field [Fig. 2(a)].
The maximum negative group index of the probe light is ~107
[Fig. 3(a)], which manifests superluminal light propagation
in the gain-doublet region with a negative group velocity
with a magnitude of 30 m/s. The corresponding observed
photon drag coefficient 6, representing photon polarization
state rotation has a magnitude of 0.066 rad [Fig. 3(b)],
while the maximum value of photon drag is ~50.032 rad at
wy = £20 rps (Fig. 4). When light is coupled to electronic
oscillations of metal placed near a gain-assisted atomic
medium, superluminal light modes in the form of SPPs are
generated and propagate along the atomic-metal interface with
a maximum negative group index of 115 [Fig. 7(a)] with a
negative group velocity of ~2.6 x 10® m/s. The maximum
negative drag coefficient of SPPs predicted by the model
is ~9 x 1077 rad [Fig. 7(b)] at Q./y = 20. However, the
maximum SPP drag coefficient has a value of 1.2 x 1077 rad
for w; = £20 at the lowest metal conductivity, |o| = 10 S/m,
while it is zero at the highest metal conductivity, |o| = 50 S/m
(Fig. 8) while keeping other parameters constant. With the
proposed theoretical model, we have simultaneously studied
the superluminal features of both light and SPPs in an
anomalous dispersion region, and the associated light-drag
coefficients have been measured. Control of the superluminal
propagation of light and SPPs as well as drag coefficients has
been accomplished either by changing the spinning velocity
of the host medium or by changing the control field’s Rabi
frequency by keeping other parameters constant. Analogous
to photon drag in the superluminal anomalous dispersion
region, where light polarization rotation occurs opposite the
rotation of the gain-assisted atomic medium, the rotation of
the atomic-metal interface also rotates the polarization state
of SPPs opposite the rotation of the interface. This further
confirms superluminal features of SPPs propagating with
superluminal group velocity. The conductivity of the metal
and probe detuning also influence the SPP propagation to a
considerable extent. The predictions of the proposed model
may be of considerable interest for potential applications in
the fields of quantum optics, photonics, and plasmonics.
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