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Effect of photon propagation on a near-zero-refractive-index medium
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We present a model describing the transmission of light through atomic media with a vanishing index of
refraction. Zero-index materials are of particular interest as the infinite phase velocity of light within the material
offers the potential to manipulate electromagnetic waves to mediate dipole-dipole interactions over extended
distances. We focus on the preparation of near-zero-index (NZI) conditions based on atomic coherence using two
distinct atomic media as exemplary of generic NZI materials. We establish a model based on the Maxwell-Bloch
equations to describe the propagation of a light pulse through these media. To investigate the sustainability of
NZI under minimal light conditions, we assume single-photon intensity of the propagating pulse. Specifically,
we examine whether the spatial phase change of the photon remains near zero as it traverses the medium. We
employ a finite-element numerical approach to solve the coupled Maxwell-Bloch equations describing the photon
propagation. Our results indicate that the presence of a photon within the medium will disrupt the NZI state, thus
disallowing the establishment of enhanced dipole-dipole interactions over large distances.
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I. INTRODUCTION

The study of media with near-zero refractive index (NZI)
has been growing recently because of their unique ability
to modify the propagation characteristics of electromagnetic
waves [1-8]. This opens up various potential applica-
tions relevant for next-generation optical devices, ranging
from unconventional wavefront manipulation to enhanced
light-matter interactions [9—15]. If the refractive index n ex-
perienced by light of a particular frequency in some medium
goes to zero, the wave number k is expected to vanish, which
means that the wavelength of the light and the phase velocity
go to infinity. This implies that the phase of the light field does
not vary in space throughout the medium. Also, full transmis-
sion of light through zero-index channels of arbitrary shape is
theoretically possible due to the suppression of emission and
absorption processes, which has been called “supercoupling”
[1-4, 16-18].

Based on these unique properties it has been proposed
that an NZI medium can be used to couple distant dipoles as
strongly as if there was no medium (and no distance) between
them. This is because the NZI medium behaves as an “elec-
tromagnetic point” for light entering at one port and exiting at
another; the light’s response is insensitive to the NZI channel’s
size and shape and the orientation of the ports [2, 4, 19]. Itis as
if the space is shrunk down, and the dipole-dipole coupling is
as strong as if the medium were not there and they were closer
together. Numerical simulations have verified the possibility
of this phenomenon [3, 4]. This effect relies mainly on the lack
of spatial phase change of light in the medium; light entering
is always in phase with light exiting, so light emitted by one
dipole can be always in phase with light reaching the other
across the NZI medium.

The dipole-dipole interaction is mediated by photons as
each dipole either emits or absorbs a single photon [20-24].
Distant coupling depends strongly on the lack of phase change
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of light throughout the NZI medium. However, it is possible
that an NZI response in the medium is fragile; the presence
of light may affect the response of the medium to it, which
could ruin a prepared NZI response, and cause spatial phase
change of the light. This brings us to the central question of
this paper: does a single photon ruin its own NZI in an atomic
medium?

There are two main approaches for obtaining NZI (or other
“exotic” values of index, such as negative or very high):
control of atomic media via external fields [25-27], and the
design of metamaterials with desired electromagnetic proper-
ties [6,9,28-31]. We choose the former approach to serve as
a general example of propagation under NZI, which is more
straightforward to achieve, at least theoretically. A general
schematic for how light traversing an NZI atomic medium
could couple distant dipoles is shown in Fig. 1.

In this paper, we present a model for light propagation in
atomic media to identify the characteristic absence of spa-
tial phase change with NZI. First, we describe the general
approach taken, which involves a pulse containing a single
photon traveling through a gas consisting of atoms of a partic-
ular structure, prepared to give an NZI response for the light.
Then we propose a medium consisting of three-level atoms
and explain how NZI can be prepared for it. Then we derive
a Maxwell-Bloch model for the propagation of the light and
the atomic response. We describe the numerical simulation
technique used to solve the equations of motion and discuss its
results. Finally, we follow these steps for a different medium
which consists of five-level atoms.

II. GENERAL APPROACH

We suppose that a pulse of light is traveling in vacuum.
The light encounters an ensemble of atoms, which are initially
prepared to give an NZI response for the incoming light.
Expectation values for the field and atomic variables will be
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calculated as functions of time and space using Maxwell-
Bloch equations as the pulse proceeds through the medium.
The index of refraction is also treated as a function of time and
space, so that its instantaneous value affects the light, even as
the light possibly changes the index through its own effect on
the medium.

We arbitrarily choose the propagation to be in the Z direc-
tion, with a general polarization in the transverse direction.
Since the NZI response is experienced only by a particular
field frequency, and for the sake of simplicity, we assume that
the field is monochromatic with frequency v and mode a. The
field has the complex wave number k(z, t) = n(z, t)ko, where
ko is the vacuum wave number. We use the form

E(z,1) = 18, t)ege" @™ . (1)

for the electric field. Using the expectation value of the
quantum electric-field operator, where V is the quantization
volume,

- hv . .
B)z 0= | rey W@ NN e, (2)

the envelope £(z, t) is identified with \/2iv/€,V (@) (z, t). (&)
will be calculated as the field travels through the medium. In
order to see whether the minimum amount of light affects
its own refractive index as it interacts with the atoms, the
envelope of the pulse is chosen so that the field contains one
photon initially. We use a Gaussian distribution for (aa)(z, t),
which travels along z with speed ¢ before encountering the
medium. We assume that the field is in a coherent state with
a real eigenvalue for simplicity, so that we have (a)(z,t) =
V{atay(z,t). The form of (@)(z, t) in vacuum before encoun-
tering the medium therefore is

1
V2moy

where oy is the standard deviation of the distribution and
z; is the initial position of its maximum. For the numerical
simulations that follow, (a)(0, 0) is the value at the boundary
to the medium that enters initially.

We suppose that there is an ensemble of atoms along z from
z =0 to z;. The atoms are identical and do not interact with
each other. Depending on the structure of the atoms and how
the incoming field couples to them, we choose external control
fields, the ensemble density, and other parameters such that
the incoming field should experience NZI, at least initially.

We will only calculate the field from z = 0 to zy, when it is
inside the medium. We do not consider impedance matching
or reflection at the boundary; in effect, the pulse given by
Eq. (3) is the light that actually enters the medium to ensure
that only one photon propagates through, after any reflection
may have occurred in reality, although this may be suppressed
with NZI materials [9].

Next, a set of Maxwell-Bloch equations is derived which is
used to calculate the probe field’s propagation and the atomic
response [32,33]. From these results, we calculate the index
of refraction and phase of the light. The instantaneous value
of the index, which will be calculated differently depending
on the atomic structure, may suggest whether there was any
spatial phase change, but the effects of the overall index will

1/2
@)z <0,1)= |: e(ZZiCt)Z/(ng):| , 3)

NZI medium

N
;{\ e photon

atom

b D

dipole dipole

FIG. 1. Schematic of dipole-dipole interaction across the NZI
medium. A field consisting of a single photon propagates through a
medium consisting of atoms with a particular structure, prepared for
NZI. The photon may interact with atoms along the way, possibly
affecting its own refractive index, and couples dipoles located on
either side of the medium. Other control fields may be present in
order to prepare the NZI, but are not shown.

ultimately be evident by looking at the phase of the field. Any
spatial variation in the phase would suggest that the effective
index is not zero. The effective index may contain contri-
butions not represented by the instantaneous index n(z, t) in
Eq. (1).

The Maxwell equation for (a)(z,t) determines how it
changes in time and space through the medium. The Bloch
equations are first-order differential equations in time for the
atomic variables {(6;;)(z, t), where the operator 6;; = |i)(j| for
states |i) and |j), but through coupling to (a@)(z, t) these gain
spatial dependence. We do not distinguish between individual
atoms; rather the atomic expectation values are averages and
treated as continuous in space.

Throughout this paper, all expectation values, fields, field
amplitudes, and the refractive index are functions of z and ¢,
but this explicit dependence may be dropped.

III. PROPAGATION THROUGH THREE-LEVEL ATOMS

A. Theoretical model

To address the requirement for an NZI model that can
equally incorporate the effect of an additional light field or a
single photon, we initially consider a medium composed of
the A-type atoms shown in Fig. 2 as the simplest possible
case. With incoherent pumping on the transition coupled to
the probe field, NZI can be obtained. Although incoherent

1)

FIG. 2. Three-level atom coupled to external fields, with incoher-
ent pumping from |1)-|3). [, is the incoherent pumping rate, I'; and
', are population decay rates, g(a) is the effective Rabi frequency of
the probe field, 2 is the Rabi frequency of the pump field, and A,
and A, are detunings.
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pumping gives a phenomenological pump rate that can come
from a variety of effects, its origin is irrelevant to our theoret-
ical purpose and results.

The probe field couples to the [1)-|3) transition, which is
an electric dipole transition. This is treated quantum mechan-
ically with dipole operator d, whose elements are assumed
real, and coupling strength g = /v/(2h€,V )d. This transition
has the decay rate I';. The other transition is driven by a pump
field, treated semiclassically with Rabi frequency €2, and has
the decay rate I';. The fields are detuned from the atomic
resonances of their respective transitions by A} and A,. The
single-atom Hamiltonian for this system, under the rotating
wave approximation and in a rotating frame, is

H/h = A6y + A6y — (8863 + Q63 +He). (4

There is a polarization induced by the probe field, which
we take to be linear in the field: P = €y x E. This depends on
the coherence between levels |1) and |3) as follows:

= N(d) = Nd((613) + (631)), 5)

which leads to

_ 2Nd(613) _ 2Natoms € (G13) ©)
X ol ko (@)

for the susceptibility, where Eq. (1) was used for E, £ was
substituted in terms of (a), and d was substituted in terms of
g; N is the ensemble density, and N, 1S the total number of
atoms in the medium.

Because g is in units of frequency, it will later be written
in terms of some rate I" for the sake of convenience in the nu-
merical calculations. Therefore, x effectively depends on the
factor I' /cky, which is also present in other equations through-
out this paper. We can use it as a scale factor that relates
a dimensionless spatial variable with a dimensionless time
variable, which then determines the speed of the pulse in the
numerical simulation, and choose a value for it that makes the
numerics more practical. This is why I'/cky will be specified
in the following results.

The index is

n=.,eu=+1

_ \/ | 4 Naomg (615) o

cko  (a)’

where the relative permittivity is 1+ x, and the relative
permeability is assumed to be 1 because there is negligible
magnetization for visible wavelengths in atomic media. The
sign of n must be initially chosen so that Im(r) > 0, meaning
that there is no gain in the case of I'j, = 0, to be physical. The
goal is to obtain a susceptibility x as close to —1 as possible
through choice of parameters so that the index 7 is near zero.
This corresponds to “epsilon near zero,” as it is called in the
metamaterial literature [1-4, 18].

Next, Bloch equations are derived from the Lindblad mas-
ter equation, j=—L[(A.p1+ Y Tull.pL] - (L‘

‘m

wp+ pLi L) With

‘m

the Hamiltonian (4); the summation is over all the involved
operators L,, (@ and &;;), with associated decay rates I',,.

These are

a<§;2> ~ (iA) — iDs — Tine/2)(612) — igl@) (623)*
+ iQ*(613),

a(gf) A (iA = T1/2 = T2/2 = Tinc/2)(613)
— ig(a)((633) — (611)) + iQ2(612),

a(§:3) A (iDy — T1/2 — T2/2)(623) + igl@) (612)*
— iQ2((633) — (622)),

8(;“> ~ ig((@") (613) — (@) (613)") + T'1(633)
= Finc{611),

8?” ~ iQ(623) — (623)") + Ta(633),

afj” ~ ig((@)(613)" — (a')(613))
+iQ((623)" = (623)) — (1 + T2)(63)
+ Tinc(611). ®)

We make the mean-field approximation which assumes that
there are no correlations between the field and atoms, and
we neglect interactions among atoms, so that these equa-
tions contain only expectation values of single operators.
These approximations are made in the first approach for
the sake of simplicity in the numerical calculations to fol-
low, partly to limit the number of equations that must be
solved, and also because these calculations would otherwise
involve some difficulty in determining appropriate boundary
conditions for certain variables. This is described further in
Secs. III B and IV B.

In order to find parameters that give x = —1, we solve
Eq. (8) in the steady state. To do this, we assume that there
is a constant effective Rabi frequency from the probe field
throughout the medium, Q¢ = g(a)(0, 0), using the initial
value of the pulse given by Eq. (3) at the boundary. This is
approximately as if the relatively flat “tail” of the pulse begins
inside the medium from z = 0 to z;. We choose a set of typical
parameters except for Nyoms and Aj, and solve for (613) as if
it were for a single atom.

The solution for Re({43)) is similar to the well-known
result for three-level atoms [32,33] without incoherent pump-
ing, but the addition of incoherent pumping causes a dip in
Im({613)) below zero, centered at A; = 0. We choose the
point where Im((6;3)) = 0 and Re({53)) is negative as our
working point. Here, there is no attenuation or gain, but the
negative real part can be scaled to as close to —1 as possible
by increasing the total number of atoms in the medium. Using
Eq. (6), we find that Nyoms = 5.94155 x 103 gives x ~ —1
and therefore n = 5.523 x 107#-3.103 x 10~'3. The result
for n is shown in Fig. 3.

The final necessary piece of the model is an equation for
the propagation of (a). First, we use Maxwell’s equations V x
E=-2andVxH= %]t) in a medium with linear polariza-

81
tion P = ¢y xE, together with the form (1) for electric field
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FIG. 3. Real part (blue, solid) and imaginary part (red, dashed) of
the refractive index n as a function of A /I". We chose the value for
A where Im((613)) = 0 and Re({6,3)) is negative, which was A| =
—0.235T". Then we chose Nyoms such that x ~ —1 and therefore n
is near zero: Re(n) = 5.523 x 107*, Im(n) = —3.103 x 10~13i. This
working point is circled on the graph. The other parameters are A, =
0,g=001I",Q=1ITy =TI =T,and I'/cky = 0.1.

and analogously for the polarization, to derive an equation for
the evolution of £ o (@) in the medium. However, because n
is a function of z and ¢, this equation contains terms involving
derivatives of n and is practically extremely difficult to solve,
even numerically. Although we are interested in treating the
refractive index as a function of space and time so that it can
affect the field in “real time” and vice versa, at this stage we
treat n as a constant so that we can neglect any term involving
a derivative of n. This would not affect the results if n were
to remain at its initial, near-zero value, or at least if it varied
much more slowly than & or P. If the results show that n stays
near zero, then this would suggest that this approximation is
valid. If n varies quickly in time or space away from zero, then
this would suggest that this approximation is not valid, but this
would confirm that the NZI response is fragile anyway.

In any case, the finite-element method that we will use,
described in Sec. III B, further justifies this approximation,
because we will simulate the propagation over small steps in
space and time where the index can be assumed to be constant.
With this simplification, we obtain

92& A€ 928 dE
9z + 2mkoa— —n koé' — E()M()( a2 211)a — 1}8)
*P P
- MO( e 21\18— - v2P>. 9)

At this point, the slowly varying envelope approximation
(SVEA) is often made in order to drop certain terms when
nkol&| K I%I or v|&| K |%| is valid. However, since here
the index is supposed to be near zero, we cannot make the
SVEA to neglect any spatial derivatives, although we use it to
drop the two terms involving second-order time derivatives to

get
9%E o o0&
92 + 2mk08— — n2k0€ + 60M0(2wa— + v28)
0
= m(—zwa—? - v27>>. (10)

Finally, £ is replaced with /2hv/eoV (a), P is replaced with
2Nd(613), and d is put in terms of g to arrive at

1 3%(a) 2inda) 2i d9(a) 2
— - = 1 — 4
kg 972 ko 0z cko ot +( n)(a)
4iNalomsg 8<613> 2Natomsg
- _ — 513). 11
T o ) (11)

The system of Eqgs. (8) and (11) must be solved numerically,
with the parameters and initial conditions required for NZI.

B. Numerical simulation description

The set of Maxwell-Bloch equations (8) and (11) must
be solved numerically in space and time with appropriate
boundary conditions in z and initial conditions in ¢. Some of
these conditions are known at z = 0 and at t = 0, but none at
other points in z or ¢, where we cannot place any constraints
on the system. For (@), we have boundary conditions at z = 0
and initial conditions at t = 0, supplied by Eq. (3) as the
pulse enters the medium. For the atomic variables (6;;), initial
conditions can be found by solving the steady-state Bloch
equations before the pulse enters, but we do not have any
boundary conditions. Also, we want to treat n as a variable
during the propagation in order to allow it to be affected by
(a) and vice versa. However, the Maxwell equations were
derived assuming that n is constant, so we must simulate the
system in a way that is consistent with this derivation while
also allowing the index to vary.

These complications on top of an already complicated
system of equations make it very difficult to solve. To get
past these issues, we use a custom finite-element algorithm in
conjunction with NDSOLVE in MATHEMATICA. This procedure
is illustrated in Fig. 4. We imagine a grid over the z-f region
where the system is to be solved, with boxes of size dz x dr.
NDSOLVE is used to evolve the system over the region of each
box individually, stepping along z and then #; beginning at one
corner of a box, NDSOLVE gives a solution out to dz and dr.
Boundary and initial conditions are updated at each step. At
z =0, we use Eq. (3) for boundary conditions for (a). The
pulse is placed far enough outside the medium so that the
value of the tail at z = 0, t = 0 is small; in all cases described
in the results of Secs. III C and IV C, this value is about 0.003.

Inside the medium, we use values from solutions at previ-
ous steps for boundary conditions. At the boundary z = 0, we
have a continuous function for (a). To reduce numerical error
and allow the atomic variables to evolve realistically under the
effect of (a) at z = 0, we use the Bloch equations to evolve
them with the continuous pulse function, instead of using
constant values for (a) supplied step by step When (a) falls
below a certain threshold, chosen to be 1077, at some z in the
medium, we cut off the simulation there to save computation
time since there is essentially no light left.
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FIG. 4. Illustration of numerical procedure. The z-t region is
divided into rectangles of side length dz and d¢. Each corner of each
box lies at a point on a grid. At z = 0, boundary values are taken from
the pulse of Eq. (3). At ¢ = 0, initial values are obtained from the
pulse for (a), or steady-state solutions to the Bloch equations (8) and
(B1). Otherwise, boundary conditions are obtained from previous
solutions. The program manually steps along z, then ¢. At each blue
circle, NDSOLVE is initialized and run from that (z, ) coordinate, out
toz + dz and t + dt to solve Egs. (8) and (11), or Egs. (B1) and (18)
from Sec. IV A, until solutions are obtained over the entire region.
The filled-in green boxes indicate regions where NDSOLVE has given
a solution.

The instantaneous index n is calculated after each step
according to Eq. (7), with current values for the field and
atomic variables. The current value for n at that z, ¢ point on
the grid is replaced as a constant in the Maxwell equation for
the NDSOLVE calculation that originates at that point. For small
step sizes, we can justify approximating n as constant, which
in turn justifies the approximations made by neglecting deriva-
tives of n in the derivation of the Maxwell equation (11).

In numerical calculations, we use dimensionless variables
¢ =koz and v =T't and rewrite the Maxwell-Bloch equa-
tions in terms of these variables. We set the spatial step size
d¢ = kodz by choosing the number of steps in space, Zgeps.
and we set the temporal step size dt = I'dt by choosing the
number of steps in time, fgeps. The relative step size d¢/dt
effectively sets the speed of propagation in the medium in the
simulation.

C. Results

We now present results for numerical simulations of the
model described in Sec. IIT A via the method described in
Sec. I B.

Results are given in Figs. 5-7 for the same parameters as
in Fig. 3, with additional plots in Appendix A. They show
that there is spatial phase change in the field, and that the
instantaneous refractive index n given by Eq. (7) moves away
from its initial near-zero value.

The phase of (a)e™ 0" is shown in Fig. 5. There is clear
spatial variation for low z, especially before zky = 6. There

Arg [(é)e(inko Z—in)]

70f ‘ é
60} | 1552
E— 483
________ s 414
qp T ———

C — 3.45
30, —— 270
oo —— 207

i*—,rt 1.38
10| f— ' 0.69
————— : ‘ ‘ -0

0 2 4 6 8 10 12

Zko

FIG. 5. Phase of (a)e™ 0=~ in time and space. The index does
not remain near zero. There is regular phase variation along ¢ as
expected, but there is also spatial phase change due to the nonzero
index (with no spatial phase change, we would see no variation along
any horizontal line on the plot). This is especially noticeable near the
boundary where the pulse enters, and before zky, = 6 (this region is
indicated by the dashed black box). Past there, the phase does not
significantly change in z. The dashed red line indicates the path of the
beginning of the pulse; below the line, the system is in the prepared
NZI steady state. The white region in the upper left corner is where
the simulation was cut off. Parameters are Npnotons = 1, 05 = 107 /ko,
Zi = —120/k0, Fl = Fz = F, Finc = 03F, Al = —0235F, Az = 0,
g=0.01T",Q =T, T"/(cko) = 0.1, and Nygoms = 5.941 55 x 10°. We
set zy = 47 /ko, Zoeps = 200, t; = 70/T", and tyeps = 400.

is also a slight change along the line ¢I" = (70/8m)zko (just
above the red line in Fig. 5), which is the path of the front
tail of the pulse that enters the medium at z = 0, t = 0; this
becomes more difficult to see as z increases. For most of the
z-t region, however, there is little spatial variation, and the

(@elinkez- " e 0.

70 0.20
60 0.15
50 0.10
40 T 0.05
= 0
3°§ -0.05
20 ~0.10
10 | -0.15
05__- -0.20
0 2 4 6 8 10 12
zko

FIG. 6. The full field in time and space (in arbitrary units). Ir-
regularities in the field, especially before zky = 6, indicate spatial
phase variation due to a nonzero index (this region is indicated by
the dashed black box). Parameters are the same as in Fig. 5.
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FIG. 7. nin time and space, with two different scales each for the
real and imaginary parts. Both the real and imaginary parts change
from the initial near-zero value most drastically near z = 0, before
settling towards zero for larger z. The white regions in the upper left
corners are where the simulation was cut off; other white regions
are where the values go beyond the range shown. Parameters are the
same as in Fig. 5.

field envelope (a) travels through with very little change. The
full field is shown in Fig. 6, where these effects are also seen.
Figures 7 and 8 show how the index immediately varies
from its initial near-zero value. At z = 0, the real part moves
to about 1.0 and the imaginary part moves to about 0.55 within
the first few time steps. The index then continues to vary,
especially for low z (just inside the medium) while the pulse
is entering. The real part of n goes from a maximum of about
1.0 down to a minimum of about —2.3 at z = 0. Further inside
the medium, the extent of this variation generally decreases
until the index settles near zero again, even where there is
a significant amount of the pulse present. Figure 9 shows
how the index evolves in time at a point halfway through the
medium. The index still varies from near zero, leading to some
spatial phase change, but to a lesser extent than near z = 0.

Re(n) vs tI" at z=0./kg Im(n) vs tI" at z=0./ko

1.0, ] :
05/ N 2.0 ya
— 0.0~ © =15 Yo
505 g / L
& -1.0 E10 /
-15 0.5 ,
20 0:;,\ |
0 5101520253035 0 5 10 15 20 25 30 35
tr tr

FIG. 8. n as a function of time at z = 0. Both the real and imagi-
nary parts increase from near zero in the first time step, then continue
to vary as the pulse enters the medium. In the last few time steps,
Im(n) begins to rise quickly, but this is because the pulse has mostly
passed ({@) has fallen to about 1077), and yx in Eq. (7) begins to
diverge. This is when the simulation is cut off at this point in z.
Parameters are the same as in Fig. 5.

Re(n) vs t at z=6.28/ky Im(n) vs t" at z=6.28/ko
/N

0.002 ~ 0.008 /
0.001 / /
= 0000 S = 0004 /
< 0,001 RS /
o -0.002 \ 1 E 0002 _
28;882 -0.002 /
0 10 20 30 40 50 0 10 20 30 40 50
tr tr

FIG. 9. n as a function of time, halfway through the medium. It
varies, but stays closer to zero overall than it does nearer to z = 0.
Parameters are the same as in Fig. 5.

D. Discussion

The refractive index does not remain near zero as a pulse
of light propagates into the medium consisting of three-level
atoms, even for a single photon. The index rises from zero
in the first time step. A zero instantaneous index as given
by Eq. (7) relies on (@) and (6)3) to remain in the same
proportion, as precisely prepared via choice of Aj, Nyoms,
and other parameters. As (a) grows at and near the bound-
ary of the medium, (&13) does not evolve at the same rate;
even though at the boundary the atomic variables are evolved
continuously according to the Bloch equations (8) with (&)
given by Eq. (3), their evolution is not precisely proportional
to that of (a), so the balance is broken: the susceptibility x
immediately changes from —1 and therefore the n changes
from near zero. Further into the medium, the index does vary
but to a lesser extent, staying near zero over a large region
even while there is a significant amount of the pulse traveling
through. It is interesting that this happens not later in time near
the boundary as the coherence builds up there, but further in
space, even where the pulse is just beginning to reach. The
slight variation along the front tail of the pulse is due to a
growing imaginary part that (a) gains from interacting with
the medium.

The variation in index is not particularly surprising, due
to the fragile nature of the required proportionality between
(a) and (&13). Furthermore, according to the Kramers-Kronig
relations, the refractive index varies quickly with frequency;
therefore, after being prepared near zero for a single fre-
quency, it is likely that it quickly moves away from zero if
the light affects the medium’s response at all. This can be
seen from Fig. 3, where the index (and susceptibility) varies
quickly with frequency at the working point chosen; |dn/d A |
is large in the vicinity of A} = —0.235T.

Other simulations with different parameters were run to
test the robustness of the numerical method and the results
shown here. For a wider pulse, which has a slower rate of
change at the medium’s boundary, the extent of the variation
in index was only slightly reduced, but was still qualitatively
similar and showed similar spatial phase change. For a pulse
containing more than one photon, the variation in index was
slightly increased but was qualitatively similar, with similar
spatial phase change. Finally, if instead of a pulse, the incom-
ing field envelope rises to some steady value, the index varies
while the field envelope rises, but eventually reaches a steady
value as well. For a small field amplitude or a slow rise, it may
be possible to obtain a steady-state value for the index that is
near zero. Future work will explore the causes of these effects
and their NZI potential.
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1)

FIG. 10. Five-level atom coupled to external fields. g(a) and
gp(a) are effective Rabi frequencies on transitions coupled to the
probe field. 2, €2, and 3 are pump-field Rabi frequencies. A — §
and A are detunings.

All of these results suggest that any field with a time-
dependent amplitude near the boundary ruins its NZI, even
for a slowly varying amplitude and with as little light as one
photon. Even though the instantaneous index may stay near
zero in part of the medium, the field will experience some
phase change in space during its propagation. The observation
of significant spatial phase change immediately upon entering
the medium, even if over a limited region, curtails the possi-
bility of dipole-dipole coupling over NZI channels of arbitrary
size and shape.

IV. PROPAGATION THROUGH FIVE-LEVEL ATOMS
A. Theoretical model

Since the index is apparently fragile for the three-level
atomic medium due to the strict requirement placed on x and
its sensitivity to the probe frequency, we move on to a medium
consisting of the five-level atoms shown in Fig. 10. This
structure was chosen because previous work has shown that it
is capable of giving a negative-index response to a probe field
with low attenuation, so by scaling the density or varying other
parameters, an NZI response should also be possible [26,34].
In this case no incoherent pumping is required to achieve NZI
like in the three-level structure presented in Sec. III A. Also,
the pump fields largely set the response to the probe field,
which has less of an effect on the atomic variables than for
the three-level structure. This suggests that it may be easier to
maintain the NZI.

An electric field E and a magnetic field B, belonging to the
same “probe field,” each couple to a transition: the magnetic
field couples to the |1)-|3) transition which has the magnetic
dipole operator m (assumed real) and coupling strength gg,
and the electric field couples to the |2)-|4) transition which
has the electric dipole operator d (assumed real) and coupling
strength g. These transitions have the same characteristic fre-
quency. There are pump fields with Rabi frequencies 21, €2,
and Q3 on the other three transitions.

The detunings are A =v — (w4 —w;) and § = vg, —
(w4 — w3), where vg, is the frequency of the pump field on
|3)-14), and w; is the frequency corresponding to the atomic
state |i). The decay rates involved are I'szy, 4, 43, T'sq,
and I'sy, where T';; is the decay rate from |i) to |j). The

single-atom Hamiltonian is

H/h= (8 — A)é33 — Abus — (364
+ gpad31 + Q1651 + 22650 + Q364 + Hee.). (12)

Without any detuning in the |1)-|2)-|5) subsystem, there is
two-photon resonance, and electromagnetically induced trans-
parency occurs which creates a dark superposition of states |1)
and |2) [26,32]. Essentially all of the population accumulates
in this dark state. For a probe field on the two transitions from
the dark state, the response can be treated to linear order in
E and B to a good approximation, as the probe field only
perturbs the atom from the dark state.

The field €23 induces a cross-coupling between electric and
magnetic components of the probe field which is key to a zero
(or negative) index. This cross-coupling is seen in the form
of the induced polarization and the induced magnetization,
which are most generally

P= 60)_(6@E + CGO)_(eva

M = ceoinE + X8, (13)
Ho

where the X;; are susceptibility tensors. This means that
the calculation of the index is not as straightforward as in
Sec. III A. Also, there will be additional terms in the Maxwell
equation due to the presence of magnetization, and the Bloch
equations will be more complicated due to the additional
levels.

First, a new expression for the refractive index must be
found. Using V X E = —%—? and VxH= %, all but E are
eliminated. Assuming the form (1) with a completely gen-
eral polarization, the tensor equation is reduced to a scalar
equation which can be solved for n, but two approximations
are made. First, n is treated as a constant for the reasons
described in Sec. III A. Second, the amplitude £ is assumed
to be constant; otherwise the expression for n would contain
many terms with derivatives of £. This approximation is not
necessary, but made here simply to make the following nu-
meric simulations more tractable; however, this is justified by
the numerical method for the same reason that treating n as a
constant is justified. The result is

- Oten + 200) + VA + Xe) (= ) + (et + 00)°
2(1 = xw)

s

(14)

where, for example, x., = ég Xevép. The four x;; must be
calculated using the Bloch equations, and a set of parameters
found such that Re(n) is near zero.

Equation (13) can also be reduced to scalar form:

P = €0 xee€ + ceo xerB = 2Nd(624),

M = cepxpeB + Xeb

Ho

— 2Nm(613). (15)

The coherences (613) and (6,4) are solved for in the steady
state in terms of other (G;;), to first order in the probe field.
Then the four x;; can be identified. In terms of g and g rather
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0
AT

FIG. 11. Real part (blue, solid) and imaginary part (red, dashed)
of the refractive index as a function of A/I". At A = —0.0993T", we
find Re(n) = —4.597 x 1077 and Im(n) = 0.0498 (circled). Here,
Im(n), representing the amount of absorption, is near a minimum and
so is expected to be more stable than in the three-level case. Other
parameters are Nyoms = 5 % 10°, § =0, g =0.01T", gz = 0.001T,
Q== =T, I'y =1/137)T, T4=Tu =I5 =T5, =
I'and ' /cky = 0.1.

than d and m, they are

_ 8th0msg2
Cko

9 i[T'31 + 2i(8 — A)](622)
[Ta1 4+ 2i(8 — A)(Tp + a3 — 2iA) + 4|Q3*

16NalomsggB
Xeb = ———F—
Ck()
y Q23(621)
[Ta1 + 2i(8 — A)](Taz + Tz — 2iA) + 4|23)*
]6NalomsggB
Xbe = ———F——
Cko
§ Q4 (612)
[Ta1 4+ 2i(8 — A)(Tp + a3 — 2iA) + 4|Q3*
8Nat0msg%;
Xob = ———
Cko

i(Tgy + T4z — 2iA){611)

X .
[T31 +2i(8 — A)(Tap 4 Taz — 2iA) + 4]Q5*
(16)

Equations (14) and (16) suggest that the index experienced
by the probe field will be fairly stable, since the response
is mostly determined by (611), (622), and (61,)"*, which are
largely fixed by the pump fields, even without the presence of
the probe field. Equations (16) are substituted into Eq. (14)
and parameters are chosen to obtain NZI. An example is
shown in Fig. 11. We get Re(n) = —4.597 x 1077 at A =
—0.0993TI", and also Im(n) = 0.0498, which means there is
fairly low attenuation; in any case, attenuation or gain will
affect the amplitude of the field, but not its phase, so this does
not matter for the present purpose.

Next, Bloch equations are derived from the Lindblad mas-
ter equation with Eq. (12), with the mean-field approximation
as in Sec. [IT A. These are given in Appendix B.

Finally, there is a contribution to the Maxwell equation due
to the magnetization. After reducing the full Maxwell’s equa-
tions to one scalar equation, we have

V2E 3215 82P+ 9 8M (17)

— eottn—E = to—— ——M,
OHOGa " T R T OGS,

where E(z,1) = 1€(z, 1)e" k3= and analogously for P,
M, and B. These forms are substituted in Eq. (17), then & is
replaced with 4/2hiv/€gV (a), P and M with Eq. (15), and x;;
with Eq. (16). Finally, with the same approximations made as
in Sec. III A, we obtain

1 9%@) 2ind@) 2i 9(a) )
B el A Wit e A W el AR 4 O b
kg 072 ko 0z cky ot +( n°)(a)
_ _4iNat0msg 8(OA'24> N 2Nalomsg <6‘ >
2k ot kg
2inNgoms&B 0(613) 2inNaoms€B |, ,
> (613)
(cko) ot cko
. 2iNalomsgB a<613> 2Nat0msg6 82(613) (18)
cky 0z C2k0 azot

B. Numerical simulation

To solve the set of Maxwell-Bloch equations (B1) and (18),
we use the method described in Sec. III B for all the reasons
described there. The instantaneous index n is calculated after
each step according to Eq. (14).

However, there is an additional difficulty in this case. This
comes from the terms involving (4,3), related to the magne-
tization, in Eq. (18). These include spatial derivatives of an
atomic variable, which means a boundary condition in z is
required to solve the equations. For atomic variables, we only
have valid initial conditions in ¢. Setting a boundary condition
for an atomic variable, for example, at z = 0, implies that we
know the value of that variable at z = O for all time, which is
a constraint that we cannot justifiably place.

Instead, we use the finite-difference method to approximate
these terms at each step, using values from previous solu-
tions. At z =0, t = 0, we do not have previous solutions for
(613), so we approximate by solving the Bloch equations in
the steady state using values of the pulse at —dz and/or
—dt. Furthermore, looking to future work, in order to include
higher-order expectation values like (a76;;) as a better ap-
proximation, this kind of approach would be necessary for
dealing with spatial derivatives of these variables for any
atomic medium.

C. Results

We present results for the model described in Sec. IV A,
using the numerical method described in Secs. III B and IV B.

The results show that the effective index does not remain
near zero, as there is spatial phase change in Fig. 12, most no-
ticeably along the path of the front tail of the pulse beginning
at z =0, r = 0. This is also seen in the full field, shown in
Fig. 13. However, compared to the three-level results, Fig. 14
shows that the instantaneous index stays much closer to zero
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FIG. 12. Phase of (a). The index does not remain near zero.
There is a spatial phase change right above the red line, along the path
of the beginning of the pulse. This becomes sharper the further the
pulse travels into the medium. This is caused by a nonzero effective
index, which leads to a growing imaginary part of (@). Besides
that, there is little to no variation along z. Parameters are Nyhotons =
1, Oy = 107T/k(), i = —120/]{0, F31 = F/1372, F42 = F43 = F51 =
I's; =0T, A=-0.0993T", § =0, g=0.01T", gg =0.001T", @, =
Q, = Q3 =T, and Nyoms = 5 x 10° (the same as in Fig. 11). We
set 2y = 47 /Ko, Zoteps=200, 1y = 70/, and fcps=400.

(@yelmkoz-M ¢ ¢, (@yelMoz-M ¢ c.

B o015
==— 0010
| 0,005

1=

02 4 6 8 10 12 02 4 6 8 1012
zko zko

(O | |

FIG. 13. The full field in time and space, with two different
scales for clarity (in arbitrary units). The effect of the overall index
is seen along the path of the beginning of the pulse and just above
it. White regions are where the values go beyond the range shown.
Parameters are the same as in Fig. 12.
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FIG. 14. nintime and space. Each part stays near its initial value,
but changes slightly with the field as a growing (a) perturbs the
atomic medium further from its initial steady state. Parameters are
the same as in Fig. 12.

overall, and the effective index stays closer to zero over a
larger z-t region.

D. Discussion

There is a clear disturbance in the phase along the line
tI" = (70/8m )zko, where the initial part of the tail of the pulse
propagates. This suggests that despite the NZI preparation, the
initial interaction between the photon and the medium causes
a sudden phase change which is carried through the rest of
the propagation, starting small and difficult to see but growing
the further the pulse travels. Mathematically, the spatial phase
change in this case comes more from the imaginary part of (a)
that grows from the beginning of the propagation (see Fig. 27),
rather than from the instantaneous n. This is also present in the
three-level results of Sec. III C, but is less pronounced there
since the imaginary part grows much more slowly.

Simulations for other parameters suggest that this sharp
phase change can be reduced, but not eliminated, with a wider
pulse or by beginning with the peak of the pulse further
outside the medium. There is a less prominent phase change
above that line, at later times, when the pulse grows to its
peak and then decreases. As in Sec. IIIC, the index likely
varies from its initial value according to the Kramers-Kronig
relations. The spatial phase variations suggest that even a
single photon does ruin its effective NZI with the five-level
atoms as well.

Despite this phase change, the instantaneous index, as cal-
culated from Eq. (14), changes slightly with (@), but stays very
near zero. The probe field does affect the atomic variables,
but this effect is extremely small; (6;), (622), and (612)) are
perturbed slightly from their initial steady-state values set by
the pump fields, leading to only a small change in n. Over
most of the z-¢ region, there is no significant spatial phase
variation (see Fig. 12).

We note again that the instantaneous n calculation ignores
terms involving derivatives of £ « (@), which might introduce
too much error and cause Eq. (14) to be invalid; a more accu-
rate calculation of the index could better explain the observed
phase changes not accounted for by 7.

V. CONCLUSION

All of the results from the propagation of a field through
three- or five-level atomic media, prepared to give an NZI
response, strongly suggest that a single photon does indeed
destroy its own NZI. In the three-level case, the strong
variation in the instantaneous index with a time-dependent
incoming field amplitude shows that the NZI is particularly
delicate. For the five-level atoms, the instantaneous index
stays near zero, but phase plots show that the effective index
does not, because there is a sharp spatial phase change along
the front of the pulse as it propagates through the medium.

In both cases, we believe that the results are conclusive
within the approximations made. However, further study is
needed because of these approximations, the semiclassical na-
ture of the models, and the numerical error introduced by the
discrete method that was needed to perform the calculations.

The spatial phase variations seen in all of the results sug-
gest that it may be difficult or impossible to maintain NZI,
even for a single photon, which diminishes the promise of
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strong, distant dipole-dipole coupling as well as other appli-
cations. Although our calculations were for atomic media,
we predict that these conclusions also apply to metamateri-
als, where the light-matter interaction is still fundamentally
between photons and other particles, and where the Kramers-
Kronig relations are still valid.

Our findings motivate future work where some of
the performed approximations—especially the mean-field
approximation—are dropped, which should result in more
accurate results and further insights into the quantum dy-
namics of the studied models [35]. In addition, tailoring the
pulse shape or other parameters could be done to minimize
the spatial phase change. However, we do not expect these
improvements to alter the qualitative results.

The ultimate goal should be to move beyond these semi-
classical models and take a fully quantum approach. In this
case the pulse propagation could be solved using a Monte
Carlo treatment, which would more accurately capture the
quantum nature of the atom-field interaction.
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APPENDIX A: ADDITIONAL PLOTS FOR THE
THREE-LEVEL CASE

1. Contour plots

We present additional contour plots for the three-level case.
Figure 15 shows (a) and Fig. 16 shows (6)3) in time and
space.

2. Time plots atz = 0

We present additional plots in time for the three-level case.
Figure 17 shows (a) and Fig. 18 shows (613) as functions of
time at z = 0.

3. Time plots at z = 2x/k, (halfway through the medium)

We present additional plots in time for the three-level case,
at the point halfway through the medium. Figure 19 shows (a)
and Fig. 20 shows (613) as functions of time at z = 27 /ky.

4. Space plots atz = 0

We present additional spatial plots for the three-level case
to show how the NZI is prepared throughout the medium.
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FIG. 15. Plot of the pulse (a). It begins purely real at z = 0 where
the pulse enters from vacuum, and the real part is roughly unchanged
throughout the propagation. It gains a small imaginary part after z =
0. Parameters are the same as in Fig. 5.
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FIG. 16. Coherence of the probe-field transition. (,3) is roughly
proportional to (@), except for a delay near z = 0, which is what
causes n to vary the most near the boundary. Parameters are the same
as in Fig. 5.
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FIG. 17. (a) as a function of time at z = 0. Here, (@) matches the
pulse of Eq. (3). Parameters are the same as in Fig. 5.
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FIG. 18. (613) as a function of time at z = 0. The real part is
roughly proportional to Re((a)), except it lags for several time steps.
Parameters are the same as in Fig. 5.
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FIG. 19. (a) as a function of time, at the point halfway through
the medium. The real part is nearly the same as at z = 0, but here an
imaginary part has developed. Parameters are the same as in Fig. 5.

Re((13)) Vs tr at z=6.28/kg .m((gm)) VR tr at z=6.28/k,

0.00000 o 15%107
~-0.00002 \ / = ; ]8'2
> 3 _
& ~0.00004 S x
% -0.00006 E -5.x10° /
© _0.00008 = -1.x1077 L/

i v -1.5x1077 v,

0 10 20 30 40 50 0 10 20 30 40 50
tr tr

FIG. 20. (613) as a function of time, at the point halfway through
the medium. Here, it is roughly proportional to (a), so n varies less
than at previous points in space. Parameters are the same as in Fig. 5.
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FIG. 21. (a) as a function of space at t = 0. This shows the
steady-state value initially prepared throughout the medium to give
NZI. Parameters are the same as in Fig. 5.
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FIG. 22. (6y3) as a function of space at t = 0. This shows the
steady-state value initially prepared throughout the medium to give
NZI. Parameters are the same as in Fig. 5.
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FIG. 23. n as a function of space at t = 0. This shows the
near-zero initial value initially prepared throughout the medium.
Parameters are the same as in Fig. 5.
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FIG. 24. (a) as a function of space, when its peak is halfway
through the medium. Parameters are the same as in Fig. 5.
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FIG. 25. (613) as a function of space, when the peak of (a) is
halfway through the medium. It is roughly proportional to (@), except
below zky = 4, where n varies the most. Parameters are the same as

in Fig. 5.
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FIG. 26. n as a function of space, when the peak of (a) is halfway
through the medium. Both parts of n still vary away from zero the
most near z = 0 where the pulse is entering, but stay closer to zero
further inside the medium. Parameters are the same as in Fig. 5.

Figure 21 shows (a), Fig. 22 shows (613), and Fig. 23 shows
n as functions of space att = 0.

5. Space plots when the field peak
is halfway through the medium

We present additional spatial plots for the three-level case
at the moment when the peak of the pulse is halfway through
the medium. Figure 24 shows (&), Fig. 25 shows (413), and
Fig. 26 shows n as functions of space att = 29.4/T".

APPENDIX B: BLOCH EQUATIONS—THE
FIVE-LEVEL CASE

The Bloch equations derived from the Lindblad master
equation with Eq. (12) are

8(2212) ~ ig(a’)(614) — igp(a)(623)* — i (625)*
+ i (615).
8<§:3> ~ [=i(8 = A) = T31/21{613)
— igp(a)((633) — (611)) — i1 (63s5)* + iQ5(614),
a<§;4> ~ (iA —T4/2 — T43/2)(614) + ig(a@)(612)
— ign(a)(G3a) — iR (6us)" + iQ(613).
8<§,15> ~ — (Is1 + I's2)/2(615) — igp(a)(63s)
— i1 ((655) — (611)) + iQ(612),
a<§t23> A [i(8 — A) = T'51/21{62) — ig(@)(6as)
+igp(a) (612)* — iQ(635) + 125 (624),
a<§z24> ~ (A = T4/2 = T43/2)(624)
— ig(@)((64s) — (620)) — i (6us)* + i23(623),
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FIG. 27. (a) in space and time, with two different scales for the
imaginary part. White regions are where the values go beyond the
range shown. At z = 0, (a) is purely real, but gains an imaginary part
upon entering the medium. Both parts widen and grow as the pulse
travels further into the medium.

APPENDIX C: ADDITIONAL PLOTS FOR THE
FIVE-LEVEL CASE

1. Contour plots

We present additional contour plots for the five-level case.
Figure 27 shows (a) in time and space.

2. Time plots at z = 0 and z;

We present additional plots in time for the five-level case.
Figure 28 shows Re(n) as a function of time at z = 0. Fig-

~

ure 29 shows Re(n) and Fig. 30 shows (a) as functions

Re(n) vs tI" at z=0./kg
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FIG. 28. Re(n) as a function of time at z = 0. It increases very
slightly with (@), then returns to its initial value after the pulse passes.
Im(n) does not appreciably change from its initial value.

Re(n) vs tl" at z=12.57/k,

0 J
0 10 20 30 40 50 60 70
tr
FIG. 29. Re(n) as a function of time at z =z,. It increases
slightly more than at z =0 due to a growing (a) further into the

medium, but is still very near zero. Im(n) does not appreciably
change from its initial value.

Re((a)) vs tr at z=12.57/k Im((&)) vs tI" at 2=12.57/ko
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FIG. 30. (a) as a function of time at z = z;. [At z =0, (a) is
identical to Fig. 17, where it is given by Eq. (3).] There is an apparent
discontinuity or rapid oscillation at tI" = 34, which can be traced
back to z =0, t = 0, where the pulse first begins interacting with
the medium. This corresponds to the sharp spatial phase change just
above the red line in Fig. 12.
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of time at z = 27 /ky (halfway through the medium). For the
five-level case, (a) as a function of time at z = 0 is the same

as in the three-level case (Fig. 17) since the pulses entering at
the boundaries are identical.

[1] I. Liberal and N. Engheta, Zero-index platforms: Where light
defies geometry, Opt. Photonics News 27, 26 (2016).

[2] L. Liberal and N. Engheta, Near-zero refractive index photonics,
Nat. Photon. 11, 149 (2017).

[3] A. M. Mahmoud, I. Liberal, and N. Engheta, Dipole-dipole
interactions mediated by epsilon-and-mu-near-zero waveguide
supercoupling, Opt. Mater. Express 7, 415 (2017).

[4] A. Alu, M. G. Silveirinha, and N. Engheta, Transmission-line
analysis of epsilon-near-zero-filled narrow channels, Phys. Rev.
E 78, 016604 (2008).

[5] L. Liberal, A. Mahmoud, and N. Engheta, Geometry-invariant
resonant cavities, Nat. Commun. 7, 10989 (2016).

[6] J. Schilling, The quest for zero refractive index, Nat. Photon. §,
449 (2011).

[7]1 R. W. Ziolkowski, Propagation in and scattering from a matched
metamaterial having a zero index of refraction, Phys. Rev. E 70,
046608 (2004).

[8] S. A. R. Horsley and M. Woolley, Zero-refractive-index mate-
rials and topological photonics, Nat. Phys. 17, 348 (2021).

[9] T. Suzuki and H. Asada, Reflectionless zero refractive index
metasurface in the terahertz waveband, Opt. Express 28, 21509
(2020).

[10] O. N. Gadomsky, S. N. Stepin, N. M. Ushakov, N. V.
Gadomskaya, and E. A. Pereskokov, Enhancement and focus-
ing of light in nanostructured quasi-zero-refractive-index films,
Opt. Commun. 330, 99 (2014).

[11] Y. Li, B. Liang, Z. Gu, X. Zou, and J. Cheng, Unidirectional
acoustic transmission through a prism with near-zero refractive
index, Appl. Phys. Lett. 103, 053505 (2013).

[12] S. S. Islam, M. R. L. Faruque, and M. T. Islam, A near zero
refractive index metamaterial for electromagnetic invisibility
cloaking operation, Materials 8, 4790 (2015).

[13] E. Bor, U. G. Yasa, H. Kurt, and M. Turduev, Demonstration of
carpet cloaking by an anisotropic zero refractive index medium,
Opt. Lett. 45, 2423 (2020).

[14] H. Xu, G. Wang, and T. Cai, Miniaturization of 3-D anisotropic
zero-refractive-index metamaterials with application to direc-
tive emissions, IEEE Trans. Antennas Propag. 62, 3141 (2014).

[15] T. Luo, C. Li, H. Gan, Z. Hong, and X. Jing, Transmission and
reflection cloaking by using a zero-refractive-index photonic
crystal in the microwave region, Appl. Opt. 60, 7492 (2021).

[16] J. S. Marcos, M. G. Silveirinha, and N. Engheta, Mu-near-zero
supercoupling, Phys. Rev. B 91, 195112 (2015).

[17] J. Luo, B. Liu, Z. H. Hang, and Y. Lai, Coherent perfect absorp-
tion via photonic doping of zero-index media, Laser Photon.
Rev. 12, 1800001 (2018).

[18] M. Lobet, I. Liberal, E. N. Knall, M. Z. Alam, O. Reshef,
R. W. Boyd, N. Engheta, and E. Mazur, Fundamental radiative
processes in near-zero-index media of various dimensionalities,
ACS Photonics 7, 1965 (2020).

[19] R. Sokhoyan and H. Atwater, Quantum optical properties of a
dipole emitter coupled to an e-near-zero nanoscale waveguide,
Opt. Express 21, 32279 (2013).

[20] R. H. Lehmberg, Radiation from an n-atom system. I. General
formalism, Phys. Rev. A 2, 883 (1970).

[21] R. H. Lehmberg, Radiation from an N-atom system. II. Spon-
taneous emission from a pair of atoms, Phys. Rev. A 2, 889
(1970).

[22] A. Asenjo-Garcia, M. Moreno-Cardoner, A. Albrecht, H. J.
Kimble, and D. E. Chang, Exponential improvement in photon
storage fidelities using subradiance and “selective radiance” in
atomic arrays, Phys. Rev. X 7, 031024 (2017).

[23] A. Asenjo-Garcia, J. D. Hood, D. E. Chang, and H. J. Kimble,
Atom-light interactions in quasi-one-dimensional nanostruc-
tures: A Green'’s-function perspective, Phys. Rev. A 95, 033818
(2017).

[24] E. Munro, A. Asenjo-Garcia, Y. Lin, L. C. Kwek, C. A. Regal,
and D. E. Chang, Population mixing due to dipole-dipole inter-
actions in a one-dimensional array of multilevel atoms, Phys.
Rev. A 98, 033815 (2018).

[25] M. O. Scully, Enhancement of the index of refraction via quan-
tum coherence, Phys. Rev. Lett. 67, 1855 (1991).

[26] J. Kistel, M. Fleischhauer, S. F. Yelin, and R. L. Walsworth,
Tunable negative refraction without absorption via electromag-
netically induced chirality, Phys. Rev. Lett. 99, 073602 (2007).

[27] E. Kuznetsova, R. Rajapakse, and S. F. Yelin, Enhanced index
of refraction in four-wave mixing media, Phys. Rev. A 88,
033850 (2013).

[28] J. B. Pendry, D. Schurig, and D. R. Smith, Controlling electro-
magnetic fields, Science 312, 1780 (2006).

[29] D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser,
and S. Schultz, Composite medium with simultaneously neg-
ative permeability and permittivity, Phys. Rev. Lett. 84, 4184
(2000).

[30] D. R. Smith, J. B. Pendry, and M. C. K. Wiltshire, Metamateri-
als and negative refractive index, Science 305, 788 (2004).

[31] L. Jiang, B. Fang, Z. Yan, J. Fan, C. Qi, J. Liu, Y. He, C. Li,
X. Jing, H. Gan, and Z. Hong, Terahertz high and near-zero
refractive index metamaterials by double layer metal ring mi-
crostructure, Opt. Laser Technol. 123, 105949 (2020).

[32] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge
University, New York, 2008).

[33] R. Loudon, The Quantum Theory of Light (Oxford University,
New York, 2000).

[34] P. P. Orth, R. Hennig, C. H. Keitel, and J. Evers, Negative
refraction with tunable absorption in an active dense gas of
atoms, New J. Phys. 15, 013027 (2013).

[35] J. Javanainen and J. Ruostekoski, Light propagation beyond
the mean-field theory of standard optics, Opt. Express 24, 993
(2016).

033705-13


https://doi.org/10.1364/OPN.27.7.000026
https://doi.org/10.1038/nphoton.2017.13
https://doi.org/10.1364/OME.7.000415
https://doi.org/10.1103/PhysRevE.78.016604
https://doi.org/10.1038/ncomms10989
https://doi.org/10.1038/nphoton.2011.172
https://doi.org/10.1103/PhysRevE.70.046608
https://doi.org/10.1038/s41567-020-01082-2
https://doi.org/10.1364/OE.395223
https://doi.org/10.1016/j.optcom.2014.04.052
https://doi.org/10.1063/1.4817249
https://doi.org/10.3390/ma8084790
https://doi.org/10.1364/OL.388432
https://doi.org/10.1109/TAP.2014.2314475
https://doi.org/10.1364/AO.430234
https://doi.org/10.1103/PhysRevB.91.195112
https://doi.org/10.1002/lpor.201800001
https://doi.org/10.1021/acsphotonics.0c00782
https://doi.org/10.1364/OE.21.032279
https://doi.org/10.1103/PhysRevA.2.883
https://doi.org/10.1103/PhysRevA.2.889
https://doi.org/10.1103/PhysRevX.7.031024
https://doi.org/10.1103/PhysRevA.95.033818
https://doi.org/10.1103/PhysRevA.98.033815
https://doi.org/10.1103/PhysRevLett.67.1855
https://doi.org/10.1103/PhysRevLett.99.073602
https://doi.org/10.1103/PhysRevA.88.033850
https://doi.org/10.1126/science.1125907
https://doi.org/10.1103/PhysRevLett.84.4184
https://doi.org/10.1126/science.1096796
https://doi.org/10.1016/j.optlastec.2019.105949
https://doi.org/10.1088/1367-2630/15/1/013027
https://doi.org/10.1364/OE.24.000993

