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ABSTRACT: Spontaneous emission, stimulated emission and absorption are the three
fundamental radiative processes describing light—matter interactions. Here, we theoretically
study the behavior of these fundamental processes inside an unbounded medium exhibiting a
vanishingly small refractive index, i.e., a near-zero-index (NZI) host medium. We present a
generalized framework to study these processes and find that the spatial dimension of the NZI
medium has profound effects on the nature of the fundamental radiative processes. Our
formalism highlights the role of the number of available optical modes as well as the ability of
an emitter to couple to these modes as a function of the dimension and the class of NZI media.
We demonstrate that the fundamental radiative processes are inhibited in 3D homogeneous
lossless zero-index materials but may be strongly enhanced in a zero-index medium of reduced
dimensionality. Our findings have implications in thermal, nonlinear, and quantum optics as

well as in designing quantum metamaterials at optical or microwave frequencies.
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In 1916 and 1917, Einstein proposed three fundamental
radiative processes to explain light—matter interactions:
spontaneous emission, stimulated emission, and absorption.">
Einstein’s A,|, B,), and By, coefficients are typically used to
describe the rate of these processes, respectively. Later, Purcell
demonstrated that the spontaneous emission rate is not an
immutable property of matter and that the environment can
significantly modify it.’ In recent times, there are ongoing
intensive research efforts in designing nanostructured materials
to control the spontaneous emission rates for applications in
quantum optics, quantum computing, quantum communica-
tions, and quantum chemistry.*”® Most notably, metamaterials,
artificial materials that may exhibit electromagnetic (EM)
properties otherwise absent in natural materials, have been
explored for that purpose due to their ultimate flexibility in
tailoring the local optical environment. These engineered
materials may feature extreme parameters such as a near-zero
refractive index (NZI) and have been shown to exhibit exotic
electromagnetic properties.” "'

As a consequence of a vanishing refractive index at frequency
@, the phase velocity v, of an EM wave inside a near-zero-
index material diverges and the wavelength A of the wave is
significantly stretched. Since the refractive index is defined as

n(w) = Je(w) p(w), where e(w) is the relative permittivity
and u(w) is the relative permeability, three different routes
exist to achieve an NZI response: & approaches zero with
arbitrary u (i, epsilon-near-zero (ENZ) media);”'> u

approaches zero with arbitrary ¢ (i.e., mu-near-zero (MNZ)
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media);'"® and both & and g simultaneously approach zero (i.e.,
epsilon-and-mu-near-zero (EMNZ) media).' %! 14T10
Although all three classes of NZI media share a near-zero
refractive index, they differ critically in other characteristics.
For example, the normalized wave impedance

Z(w) = Ju(w)/e(w) tends to infinity in ENZ media,

Z(w;) = oo, to zero in MNZ media, Z(w,) — 0, and to a
finite value in EMNZ media,

Z(wZ) - a{nﬂ(a))/au)e(w) Ia}—>u)z

Similarly, the group index, ng(a)) =c/ vg(a)), where vg(a)) is the
group velocity, tends to infinity in ENZ and MNZ unbounded
lossless media,'” while it has a finite value, @9, n(w), in EMNZ
media.'®"" Consequently, the selected class of NZI medium
makes a profound impact on different optical processes,
including propagation, scattering, and radiation of EM waves.”

Similarly, extreme material parameters impact fundamental
radiative processes and their associated transition rates.
Specifically, complete inhibition of spontaneous emission was
predicted for three-dimensional (3D) ENZ and EMNZ
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Figure 1. Spontaneous decay rate normalized with free-space (Purcell factor) for (a) 3D, (b) 2D, and (c) 1D homogeneous dispersive NZI media.
We choose w,,,, = akgT/h = w, where a = 2.821439 is a constant and T = 300 K. EMNZ metamaterial with a Lorentz model

o — wlz + 2iowl"

(e(@) = p(w) =

i
"= mrz + 2wl

, = 0.1w,, " = 0 for the lossless case®*) (yellow), ENZ material with £(w) and y = 1 (blue), MNZ material with

() and € = 2.25 (red). Inset of (a): two-level system {[e); |g)} embedded inside an unbounded, lossless, and homogeneous dispersive material.

media'®"? and two-dimensional (2D) implementations of

EMNZ media.'* Typically, the suppression of spontaneous
emission is justified due to the depletion of optical modes as
the refractive index goes to zero. This effect is somewhat
analogous to the inhibition of spontaneous emission in
photonic nanostructures exhibiting a band gap.**#*°7**
However, it is distinct in that the propagation of electro-
magnetic waves is allowed in EMNZ media. In contrast, studies
of metallic waveguides near cutoff that effectively behave as
one-dimensional (1D) ENZ media reveal that the spontaneous
emission rate is enhanced (theoretically diverges) in those
systems.B_26

The radical difference in the predicted responses, ie.,
inhibition versus enhancement, raises the question of whether
these effects relate to details of the structural implementation
of NZI media (e.g, microscopic coupling to a dispersive
waveguide) or if they are an accurate representation of the true
material response of NZI media. The latter would then imply a
complex interplay between the class of NZI media (ENZ,
MNZ, and EMNZ) and the dimensionality of the system (1D,
2D, and 3D).

To the best of our knowledge, there is no unified framework
encompassing studies of all the fundamental radiative
processes for all NZI media classes (ENZ, MNZ, and
EMNZ) and dimensionalities (1D, 2D, and 3D). Here, we
address this question by presenting a unified framework that
provides compact expressions for the transition rates in
dimension-dependent NZI media. Our results are relevant
for recent experimental demonstrations of various classes of
NZI media.'**’~*

To begin, we consider a two-level system,

{le); 1)}

, with transition dipole moment p = pu, embedded in a 3D
unbounded lossless homogeneous material with a transition
frequency . First, we evaluate the influence of an NZI
background on spontaneous emission, and then we discuss
how these conclusions apply to the absorption and stimulated
emission processes. To this end, we follow the macroscopic
QED formalism®" so that the Einstein coefficient A},
representing the spontaneous emission rate, can be written
as a function of the Green’s function G as follows:*”

2
Azrl(w) = % |P|2 uz'Im[G(rOI Ty, w)]'uz
0
= Re[u(w) n()]A,, (1)

where we have used

[0
uz'Im[G(ror Ty, w)]'uz = aRe[//l((D) n(w)] (2)

for homogeneous media,”> and A,; = @’lpl?/(37ey®) is the
free-space spontaneous emission coefficient.

We directly conclude from eq 1 that spontaneous emission is
inhibited in all classes of unbounded lossless 3D NZI media as
n(w;) — 0. Figure la shows the inhibition of spontaneous
emission for the three classes and their different behaviors
around the NZI frequency w,.

Next, we study stimulated emission and absorption by
referring to the detailed balance equation."” In our case,
detailed balance means that spontaneous emission and
stimulated emission are balanced by the absorption process.
This principle leads to the Einstein relations for dispersive
materials:>*

&
By, 12 8 3)

A} B;
=2 = DOS X hw, B“ =

where DOS = n*(w)w?*/ ﬂzczvg(w) is the density of states and g;
the degeneracy of state |i). From here, one can derive a general
expression for the Einstein B’,; coeflicient in a dispersive

material:
’ 271'26 2
By (w) = - ————pl u,- Im[G(xy, 1y, @)]-u,
W wegn™(w)n,(w)
_ Z(w)
ng(a)) 21

)

Using this formulation, we can evaluate the Einstein B’,;
coefficient for the different classes of NZI media:
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By (0w = @)

du(w) ‘
1 do w=w, )
— = for EMNZ materials
n (w) de(w)
g
— B21 > w=w,
2 .
) for ENZ materials
Z dw
0 for MNZ materials

©)

Equations 4 and S show that the B,, coeflicient is modified
by the background medium, as pointed out in previous
works.>>*® This result suggests that the ratio between
spontaneous and stimulated emission can be selected by
changing the background material. However, one must be
careful to point out that the stimulated emission rate is given
by the product of B, and the spectral density of states p(w, T)
(T = Byyp(w, T)). In addition, in view of eq 3, the absorption
rate must be equal to the stimulated emission rate I'y; = [p..>?

Therefore, in order to elucidate the impact of NZI media on
the total stimulated emission and absorption rates, we address
how the spectral energy density of thermal radiation p(w, T)
behaves in the NZI limit. This procedure will also allow us to
study thermal equilibrium radiation for a blackbody at
temperature T immersed in NZI media. The spectral energy
density of thermal radiation in a material is given by*®

b L) (o)

plw, T) = 220 holkT _ |

(6)

Figure 2 represents the spectral energy density (correspond-
ing to blackbody radiation) for the different classes of NZI
media. We set the zero-index frequency w; to be equal to the
frequency at which the spectral density in vacuum is maximum,
@0 = AkyT/h, where a = 2.821439.%7 In EMNZ materials,
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Figure 2. Spectral energy density p(w) for air (brown), nondispersive
electric permittivity ¢ = 2.25 (purple), EMNZ metamaterial with a
and , = 0.1w, I'=0

N _ _ o — wzz + 2wl
Lorentz model (¢(w) = u(w) = P
for the lossless case™) (yellow), ENZ material with £(®) and g = 1
(blue), MNZ material with (@) and & = 2.25 (red). The temperature

is set to T = 300 K.
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the group index is constant, but the spectral energy density is
highly reduced in the NZI spectral region. For frequencies
below @y, the allowed propagation corresponds to propagation
inside a left-handed materials with a refractive index close to
zero.*”*® For ENZ and MNZ media, no propagation is allowed
for frequencies below @, because of the imaginary refractive
index. In general, since p(w, T) scales as n*(w) ng(a)), it is
reduced in the NZI spectral region and vanishes exactly at w,.
This effect can be intuitively explained by using a box
quantization treatment. The spectral energy density of thermal
radiation p(w) is the product of the density of states (DOS)
with the mean energy of a state at temperature T,

Ow, T) = hn 1.38 The modes in a 3D box of volume

S /kgT _

L3 in k space are separated by Ak = z/L. Consequently, the
number of modes in a spherical shell between k and k + dk is
ak*dk(z/L)73, so that the density of modes scales as n*(w)
ng(a)).34 When the index is near zero, the number of modes
within the sphere is much lower than that in vacuum and the
DOS reaches its minimum value. Therefore, the spectral
energy density p(w, T) is equal to zero at the NZI frequency
@z, and, consequently, thermal radiation from a blackbody
immersed in such media would be inhibited.

In addition, by combining eqs 5 and 6 we find that the
stimulated emission rate vanishes. Therefore, although
previous works pointed out the possibility of controlling
stimulated emission,>*® we conclude that all fundamental
radiative processes are inhibited inside unbounded 3D
homogeneous lossless NZI media, which can be understood
as a consequence of the depletion of optical modes around the
NZI frequency. The same conclusion can be obtained by
directly evaluating the stimulated emission and absorption
rates by means of Fermi’s golden rule,® without needing to
invoke the detailed balance equation or thermal equilibrium
considerations. Furthermore, we note that the inclusion of the
local-field correction factors using a real-cavity model** does
not change the above conclusions (Supporting Information
(SI)**). Moreover, including material absorption gives rise to a
finite value of A’,,, directly proportional to Im(e), which can
be very small.*®

One has to be careful, however, in translating directly this
result to systems with a lower dimensionalit?r. It is worth
noticing that the macroscopic QED formalism®"** used above
provides a very convenient theoretical framework to evaluate
radiative transitions based on the imaginary part of the dyadic
Green’s function. This compact formulation fails however to
provide a physical insight on how different classes of NZI
media affect radiative transitions.

To address these issues, we introduce a simple and unified
framework that allows us to clarify the modification of
fundamental radiative processes in NZI media of dimension
d. Our formulation is convenient, as it provides the necessary
physical insight to understand how radiative transitions are
affected by the material parameters and number of dimensions
concomitantly. This is relevant since some metamaterial
implementations of NZI media often exhibit a reduced
dimensionality.'®*¢~3°

We start by following the quantization procedure proposed
by Milonni,**® where the two-level system can be modeled
with the following Hamiltonian (see details in the SI**):

D . At A Afa
5% + Z W0 + Z (gUJTaM +h.c)
K kA

I:I =
™)
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with &, = le)(e| — |g)(gl, 6" = le)(gl, @ is the transition
frequency of the emitter, and @ is the eigenfrequency of the
mode with wavevector k. The sums run over all optical modes
of wavevector k, polarization A with unit polarization vector
ey, and annihilation operator d;. The coupling between the
emitter and optical modes is characterized by the coupling
strength

g, = —i Z((ok)
Kt \ ng(@y) (8)

The impact of the background medium and its dispersion
properties in the light—matter coupling are described by the
presence of the normalized wave impedance Z(w,) and the
group index n,(w;) in eq 8 Vy is the d-dimensional
quantization volume.

Next, the relevant transition rates can be computed by using
Fermi’s golden rule®** For instance, the A}, coefficient
corresponding to the rate of spontaneous emission reduces to

Ay = 27:2 ng/ll2 5w, — w)
K

@y
2&,Vy

Pex

)

This basic equation provides an often overlooked but
important physical insight. It conveys that the decay rate of a
quantum emitter depends on the number of available optical
modes, >, and how strongly it couples to them g% both
factors must be taken into account in order to correctly
describe the physics. Thinking in terms of how the modes are
asymptotically depleted in a system (e.g., because the refractive
index goes to zero) would not provide the complete physical
picture if the coupling strength scales inversely proportionally
in the zero-index limit. For this reason, it is in principle
possible for the spontaneous emission rate to converge to zero,
infinity, or a finite value in the zero-index limit.

To further emphasize this point, we rewrite eq 9 as the
product of two factors: A5, = G(w) N(w), describing (i) G(w),
how strongly the emitter couples to the optical modes as a
function of the background, and (ii) N(w), which describes the
number of available modes. These factors are defined as
follows:

Gw) = g_? _ ZAw)
8l 0 ng(@) (10)
N(w) = 271'2 Ig&IZ 5w, — o)
k2
Ipl2 " -1
=Ay—— IRe[n(w)]! ng(a})
8() c (11)

with A, = 1/2, A, = 1/4, and A; = 1/(3x), and g, is the
vacuum limit of gy;.

Understanding the explicit dependence on these two factors
as a function of the material parameters and number of
dimensions provides a comprehensive picture on how different
NZI media modify radiative processes. First, N(w) is defined
as the decay rate that would be observed if we could couple to
existing modes in the dispersive medium, but with the coupling
strength for modes in vacuum. Consequently, N(w) gives a
good account of the modification of the number of modes
induced by the material parameters. In particular, its
dependence on the background is contained with the factor

1968

nd_l(a))ng(a)). This scaling rule can be understood since the
sum over all modes is transformed into an integral. In general,
the number of modes depletes as the refractive index goes to
zero, and this behavior is observed to be independent of the
class of NZI media. N(@) only depends on the refractive index,
and the depletion in the NZI limit is stronger for a larger
number of dimensions.

A very different behavior is observed in terms of how
strongly we couple to these modes. Specifically, G(w) is
defined as the magnitude square of the ratio between the
coupling strength and its vacuum counterpart. Its scaling rule
with respect to the background, given by Z(w)/nfw), is
independent of the number of dimensions, but it critically
depends on the class of NZI media. This behavior can be
intuitively understood by noting that the interaction
Hamiltonian is defined within the electric dipole approx-
imation H; = —p-E, and, therefore, Igi,|* is proportional to the
electric field intensity. Importantly, the background material
modifies the strength of the electric field fluctuations per unit
of energy, thus modifying the strength of how the modes
couple to the emitter. Since the classical energy per mode can

be written as Uy; = 280V|E(+)|2/(Z(a)k)/ng(a)k)) (see SI*?), it is
clear that the electric field intensity per unit energy is modified
by the factor Z(w;)/ ng(a)k) due to the material properties. In
this manner, we find that materials with a high or even
diverging normalized wave impedance, like ENZ media, will
tend to enhance radiative transitions compared to other classes
of NZI media.

Ultimately, it is the product between G(®) and N(w) that
provides the total decay rate. By combining eqs 10 and 11 we
obtain the compact expression

Ay = Z(w)|Re[”(w)]|d_lA21 (12)

By applying this general equation to the different NZI cases,
i.e, at ® = wy, one can note that the inhibition of spontaneous
emission is not valid for all dimensions, even if the refractive
index approaches zero. In fact, depending on the interplay
between the normalized wave impedance and refractive index,
one can observe either suppressed, finite, or even divergent
decay rates in the NZI limit (Table 1 and Figure 1b,c for the
1D and 2D cases).

Table 1. Purcell Factor at @, for ENZ, MNZ, and EMNZ
Media in 1D, 2D, and 3D

Aly Ay ENZ | MNZ EMNZ
1D Z(wz) 00 0
2D | Z(wz)n(wz) | mwz)| | 0
3D | Z(wz)n(wz)? 0 0

The Purcell factor Aj;/A,; might also take a constant value
(2D ENZ or 1D EMNZ media) or present a divergent
behavior (1D ENZ media), in accordance with previous
studies in dispersive ENZ waveguides.”* >** One might be
tempted to justify this behavior as an example of Purcell
enhancement in slow-light waveguides.” However, this
reasoning fails to explain all NZI cases. For instance, 1D
MNZ is also a slow-light waveguide, with a near-zero group
velocity at the MNZ frequency, and yet at this point,
spontaneous emission is inhibited. We refer to SI section 4
for a discussion on the validity of our theory to model realistic
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implementations of 1D ENZ and MNZ media with dispersive
waveguides.*®

The influence of the dimensionality on the absorption and
stimulated emission rates can be obtained by repeating the
same procedure used for spontaneous emission (see SI section
1°%). It confirms that these two rates are identical in all
instances and that the ratio between stimulated and
spontaneous emission rates is given by the number of photons
per optical mode. Therefore, we find that stimulated emission
and absorption rates are always proportional to the
spontaneous emission rate, as imposed by the very structure
of the interaction Hamiltonian given by eq 7. It is then
concluded that the ratios between the different radiative
processes are fixed and cannot be modified by changing the
background medium. The influences of moderate losses on the
present derivations are presented in SI section 1.3

In conclusion, we investigated dimension-dependent funda-
mental radiative processes in NZI media. Our formalism
illustrates that in order to get the correct physical picture, it is
crucial to consider both the number of optical modes that may
couple to an emitter and the coupling strength. These
quantities are found to depend highly on the material class
and the number of spatial dimensions. For example, we
theoretically worked out a dimension-dependent Purcell factor
leading to an inhibition of spontaneous emission in most NZI
cases, but an enhanced Purcell factor inside 1D ENZ materials.
Based on detailed-balance considerations, it can be readily
found that other radiative processes such as stimulated
emission and absorption follow the modifications induced on
spontaneous emission.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00782.

Relations between spontaneous emission, stimulated
emission and absorption rates, discussion of local-field
corrections, influence of losses, a review of the
theoretical framework, implementation of 1D ENZ and
MNZ cases, and used material parameters (ZIP)

Additional information (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Michaél Lobet — John A. Paulson School of Engineering and
Applied Sciences, Harvard University, Cambridge,
Massachusetts 02138, United States; Centre Spatial de Liege, B-
4031 Angleur, Belgium; © orcid.org/0000-0002-4571-0212;
Email: mlobet@seas.harvard.edu

Eric Mazur — John A. Paulson School of Engineering and
Applied Sciences, Harvard University, Cambridge,
Massachusetts 02138, United States; ® orcid.org/0000-0003-
3194-9836; Email: mazur@seas.harvard.edu

Authors
Inigo Liberal — Electrical and Electronic Engineering
Department, Universidad Publica de Navarra, Pamplona
31006, Spain
Erik N. Knall — John A. Paulson School of Engineering and
Applied Sciences, Harvard University, Cambridge,
Massachusetts 02138, United States

1969

M. Zahirul Alam — Department of Physics, University of
Ottawa, Ottawa, Ontario KIN 6NS, Canada

Orad Reshef — Department of Physics, University of Ottawa,
Ottawa, Ontario KIN 6NS, Canada; © orcid.org/0000-
0001-9818-8491

Robert W. Boyd — Institute of Optics, University of Rochester,
Rochester, New York 14627, United States; Department of
Physics, University of Ottawa, Ottawa, Ontario KIN 6NS,
Canada; ® orcid.org/0000-0002-1234-2265

Nader Engheta — Department of Electrical and Systems
Engineering, University of Pennsylvania, Philadelphia,
Pennsylvania 19104, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.0c00782

Author Contributions
#M. Lobet and 1. Liberal contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

M.L. and E.N.K. would like to thank Daryl Vulis and Yang Li
for stimulating discussions on zero-index topics. RW.B., N.E,,
and EM. acknowledge support from the Defense Advanced
Research Projects Agency (DARPA) Defense Sciences Office
(DSO) Nascent program and from the U.S. Army Research
Office. This work was performed while M.L. was a recipient of
a Fellowship of the Belgian American Educational Foundation.
O.R. acknowledges the support of the Banting Postdoctoral
Fellowship of the Natural Sciences and Engineering Research
Council of Canada (NSERC). EN.K. is supported by the
National Science Foundation Graduate Research Fellowship
Program under Grant Nos. DGE1144152 and DGE1745303.

B REFERENCES

(1) Einstein, A. Zur Quantentheorie der Strahlung. Mitteilungen
Phys. Gesellschaft Zurich 1916, 18, 47—62.

(2) Einstein, A. Zur Quantentheorie der Strahlung. Phys. Zeitschrift
1917, 18, 121-128.

(3) Purcell, E. M. Proceedings of the American Physical Society.
Phys. Rev. 1946, 69, 673—674.

(4) Yablonovitch, E. Inhibited Spontaneous Emission in Solid-State
Physics and Electronics. Phys. Rev. Lett. 1987, 58, 2059—2062.

(5) Lodahl, P; Mahmoodian, S.; Stobbe, S. Interfacing single
photons and single quantum dots with photonic nanostructures. Rev.
Mod. Phys. 2018, 87, 347—400.

(6) Chikkaraddy, R.; De Nijs, B.; Benz, F.; Barrow, S. J.; Scherman,
O. A; Rosta, E.; Demetriadou, A.; Fox, P.; Hess, O.; Baumberg, J. J.
Single-molecule strong coupling at room temperature in plasmonic
nanocavities. Nature 2016, 535, 127.

(7) Liberal, L; Engheta, N. Near-zero refractive index photonics.
Nat. Photonics 2017, 11, 149—158.

(8) Engheta, N.; Ziolkowski, R. W. Metamaterials: Physics and
Engineering Explorations; John Wiley & Sons, 2006.

(9) Silveirinha, M.; Engheta, N. Tunneling of electromagnetic energy
through subwavelength channels and bends using e-near-zero
materials. Phys. Rev. Lett. 2006, 97, 157403.

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

(11) Vulis, D. I; Reshef, O; Camayd Munoz, P.; Mazur, E.
Manipulating the flow of light using Dirac-cone zero-index
metamaterials. Rep. Prog. Phys. 2019, 82, 012001.

(12) Edwards, B.; Aly, A.; Young, M. E; Silveirinha, M.; Engheta, N.
Experimental verification of epsilon-near-zero metamaterial coupling

https://dx.doi.org/10.1021/acsphotonics.0c00782
ACS Photonics 2020, 7, 1965—1970


https://pubs.acs.org/doi/10.1021/acsphotonics.0c00782?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00782/suppl_file/ph0c00782_si_001.zip
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00782/suppl_file/ph0c00782_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Michae%CC%88l+Lobet%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4571-0212
mailto:mlobet@seas.harvard.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Eric+Mazur%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3194-9836
http://orcid.org/0000-0003-3194-9836
mailto:mazur@seas.harvard.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22In%CC%83igo+Liberal%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Erik+N.+Knall%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22M.+Zahirul+Alam%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Orad+Reshef%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9818-8491
http://orcid.org/0000-0001-9818-8491
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Robert+W.+Boyd%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1234-2265
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Nader+Engheta%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00782?ref=pdf
https://dx.doi.org/10.1103/PhysRev.69.674
https://dx.doi.org/10.1103/PhysRevLett.58.2059
https://dx.doi.org/10.1103/PhysRevLett.58.2059
https://dx.doi.org/10.1103/RevModPhys.87.347
https://dx.doi.org/10.1103/RevModPhys.87.347
https://dx.doi.org/10.1038/nature17974
https://dx.doi.org/10.1038/nature17974
https://dx.doi.org/10.1038/nphoton.2017.13
https://dx.doi.org/10.1103/PhysRevLett.97.157403
https://dx.doi.org/10.1103/PhysRevLett.97.157403
https://dx.doi.org/10.1103/PhysRevLett.97.157403
https://dx.doi.org/10.1103/PhysRevE.70.046608
https://dx.doi.org/10.1103/PhysRevE.70.046608
https://dx.doi.org/10.1088/1361-6633/aad3e5
https://dx.doi.org/10.1088/1361-6633/aad3e5
https://dx.doi.org/10.1103/PhysRevLett.100.033903
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c00782?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

and energy squeezing using a microwave waveguide. Phys. Rev. Lett.
2008, 100, DOI: 10.1103/PhysRevLett.100.033903.

(13) Marcos, J. S.; Silveirinha, M. G.; Engheta, N. Mu near zero
supercoupling. Phys. Rev. B: Condens. Matter Mater. Phys. 2018, 91, 1—
7

(14) Mahmoud, A. M.; Engheta, N. Wave—matter interactions in
epsilon-and-mu-near-zero structures. Nat. Commun. 2014, 5, 5638.

(15) Li, Y; Kita, S.; Munoz, P.; Reshef, O.; Vulis, D. L; Yin, M,;
Loncar, M,; Mazur, E. On-chip zero-index metamaterials. Nat.
Photonics 2018, 9, 738—742.

(16) Briggs, D. P.; Moitra, P.; Kravchenko, I. I; Valentine, J;
Anderson, Z.; Yang, Y. Realization of an all-dielectric zero-index
optical metamaterial. Nat. Photonics 2013, 7, 791-795.

(17) Javani, M. H.; Stockman, M. I. Real and Imaginary Properties of
Epsilon-Near-Zero Materials. Phys. Rev. Lett. 2016, 117, 1—6.

(18) Liberal, I; Engheta, N. Nonradiating and radiating modes
excited by quantum emitters in open epsilon-near-zero cavities.
Science Advances 2016, 2, No. e1600987.

(19) Liberal, I; Engheta, N. Manipulating thermal emission with
spatially static fluctuating fields in arbitrarily shaped epsilon-near-zero
bodies. Proc. Natl. Acad. Sci. U. S. A. 2018, 115, 2878—2883.

(20) Bykov, V. P. Spontaneous emission in a periodic structure.
Soviet ]. Experimental Theor. Phys. 1972, 35, 269.

(21) John, S.; Wang, J. Quantum electrodynamics near a photonic
band gap: Photon bound states and dressed atoms. Phys. Rev. Lett.
1990, 64, 2418,

(22) Joannopoulos, J. D. J. D. Photonic Crystals: Molding the Flow of
Light; Princeton University Press, 2008; p 286.

(23) Aly, A; Engheta, N. Boosting molecular fluorescence with a
plasmonic nanolauncher. Phys. Rev. Lett. 2009, 103, 043902.

(24) Fleury, R;; Alj, A. Enhanced superradiance in epsilon-near-zero
plasmonic channels. Phys. Rev. B: Condens. Matter Mater. Phys. 2013,
201101, 1-S.

(25) Sokhoyan, R.; Atwater, H. A. Quantum optical properties of a
dipole emitter coupled to an epsilon-near-zero nanoscale waveguide.
Opt. Express 2013, 21, 32279.

(26) Li, Y; Argyropoulos, C. Controlling collective spontaneous
emission with plasmonic waveguides. Opt. Express 2016, 24, 26696.

(27) Vesseur, E. J. R; Coenen, T.; Caglayan, H.; Engheta, N.;
Polman, A. Experimental verification of n= 0 structures for visible
light. Phys. Rev. Lett. 2013, 110, 013902.

(28) Liberal, I; Mahmoud, A. M,; Li, Y.; Edwards, B.; Engheta, N.
Photonic doping of epsilon-near-zero media. Science 2017, 35S,
1058—1062.

(29) Reshef, O.; Camayd-munoz, P.; Vulis, D. I; Li, Y.; Loncar, M.;
Mazur, E. Direct Observation of Phase-Free Propagation in a Silicon
Waveguide. ACS Photonics 2017, 4, 2385—2389.

(30) Luo, J.; Liu, B; Hang, Z.; Lai, Y. Coherent Perfect Absorption
via Photonic Doping of Zero-Index Media. Laser & Photonics Reviews
2018, 12, 1800001.

(31) Vogel, W.; Welsch, D.-G. Quantum Optics; John Wiley & Sons,
2006.

(32) Dung, H. T.; Buhmann, S. Y.; Knoll, L.; Welsch, D.-g; Scheel,
S; Kastel, J. Electromagnetic-field quantization and spontaneous
decay in left-handed media. Phys. Rev. A: At Mol, Opt. Phys. 2003,
68, DOI: 10.1103/PhysRevA.68.043816.

(33) See Supporting Information for the relations between
spontaneous emission, stimulated emission, and absorption rates,
discussion of local-field corrections, influence of losses, a review of the
theoretical framework, implementation of 1D ENZ and MNZ cases,
and used material parameters.

(34) Loudon, R. The Quantum Theory of Light; Oxford University
Press, 2000.

(35) Milonni, P. Field quantization and radiative processes in
dispersive dielectric media. J. Mod. Opt. 1995, 42, 1991—2004.

(36) Milonni, P. W.; Maclay, G. J. Quantized-field description of
light in negative-index media. Opt. Commun. 2003, 228, 161—168.

(37) Kittel, C.; Kroemer, H. Thermal Physics; W.H. Freeman, 1980;
p 473.

1970

(38) Joulain, K.; Mulet, J.-P.; Marquier, F.; Carminati, R.; Greffet, J.-
J. Surface electromagnetic waves thermally excited: Radiative heat
transfer, coherence properties and Casimir forces revisited in the near
field. Surf. Sci. Rep. 2008, 57, 59—112.

(39) Sokhoyan, R.; Atwater, H. A. Cooperative behavior of quantum
dipole emitters coupled to a zero-index nanoscale waveguide. arXiv
preprint arXiv:1510.07071 201S.

https://dx.doi.org/10.1021/acsphotonics.0c00782
ACS Photonics 2020, 7, 1965—1970


https://dx.doi.org/10.1103/PhysRevLett.100.033903
https://dx.doi.org/10.1103/PhysRevLett.100.033903?ref=pdf
https://dx.doi.org/10.1103/PhysRevB.91.195112
https://dx.doi.org/10.1103/PhysRevB.91.195112
https://dx.doi.org/10.1038/ncomms6638
https://dx.doi.org/10.1038/ncomms6638
https://dx.doi.org/10.1038/nphoton.2015.198
https://dx.doi.org/10.1038/nphoton.2013.214
https://dx.doi.org/10.1038/nphoton.2013.214
https://dx.doi.org/10.1103/PhysRevLett.117.107404
https://dx.doi.org/10.1103/PhysRevLett.117.107404
https://dx.doi.org/10.1126/sciadv.1600987
https://dx.doi.org/10.1126/sciadv.1600987
https://dx.doi.org/10.1073/pnas.1718264115
https://dx.doi.org/10.1073/pnas.1718264115
https://dx.doi.org/10.1073/pnas.1718264115
https://dx.doi.org/10.1103/PhysRevLett.64.2418
https://dx.doi.org/10.1103/PhysRevLett.64.2418
https://dx.doi.org/10.1103/PhysRevLett.103.043902
https://dx.doi.org/10.1103/PhysRevLett.103.043902
https://dx.doi.org/10.1103/PhysRevB.87.201101
https://dx.doi.org/10.1103/PhysRevB.87.201101
https://dx.doi.org/10.1364/OE.21.032279
https://dx.doi.org/10.1364/OE.21.032279
https://dx.doi.org/10.1364/OE.24.026696
https://dx.doi.org/10.1364/OE.24.026696
https://dx.doi.org/10.1103/PhysRevLett.110.013902
https://dx.doi.org/10.1103/PhysRevLett.110.013902
https://dx.doi.org/10.1126/science.aal2672
https://dx.doi.org/10.1021/acsphotonics.7b00760
https://dx.doi.org/10.1021/acsphotonics.7b00760
https://dx.doi.org/10.1002/lpor.201800001
https://dx.doi.org/10.1002/lpor.201800001
https://dx.doi.org/10.1103/PhysRevA.68.043816
https://dx.doi.org/10.1103/PhysRevA.68.043816
https://dx.doi.org/10.1103/PhysRevA.68.043816?ref=pdf
https://dx.doi.org/10.1080/09500349514551741
https://dx.doi.org/10.1080/09500349514551741
https://dx.doi.org/10.1016/j.optcom.2003.09.080
https://dx.doi.org/10.1016/j.optcom.2003.09.080
https://dx.doi.org/10.1016/j.surfrep.2004.12.002
https://dx.doi.org/10.1016/j.surfrep.2004.12.002
https://dx.doi.org/10.1016/j.surfrep.2004.12.002
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c00782?ref=pdf

