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Abstract
Near-zero index (NZI) materials, i.e., materials having a phase refractive index close to zero, are known to enhance or
inhibit light-matter interactions. Most theoretical derivations of fundamental radiative processes rely on energetic
considerations and detailed balance equations, but not on momentum considerations. Because momentum exchange
should also be incorporated into theoretical models, we investigate momentum inside the three categories of NZI
materials, i.e., inside epsilon-and-mu-near-zero (EMNZ), epsilon-near-zero (ENZ) and mu-near-zero (MNZ) materials. In
the context of Abraham–Minkowski debate in dispersive materials, we show that Minkowski-canonical momentum of
light is zero inside all categories of NZI materials while Abraham-kinetic momentum of light is zero in ENZ and MNZ
materials but nonzero inside EMNZ materials. We theoretically demonstrate that momentum recoil, transfer
momentum from the field to the atom and Doppler shift are inhibited in NZI materials. Fundamental radiative
processes inhibition is also explained due to those momentum considerations inside three-dimensional NZI materials.
Absence of diffraction pattern in slits experiments is seen as a consequence of zero Minkowski momentum. Lastly,
consequence on Heisenberg inequality, microscopy applications and on the canonical momentum as generator of
translations are discussed. Those findings are appealing for a better understanding of fundamental light-matter
interactions at the nanoscale as well as for lasing applications.

Introduction
In his seminal papers introducing fundamental radiative

processes1,2, Einstein noted that, while the description of the
interaction between light and matter typically only take into
account energy exchange, energy and momentum are
directly connected to each other, and momentum exchange
is equally important. A consequence of Einstein’s theory of
radiation is that the absorption/emission of a quantum of
energy ħω is accompanied by a momentum transfer �hω=c ¼
�hk between the field and the atom, with ħ the reduced
Planck constant and k being the wavevector. When an atom
absorbs radiation, the momentum transfer is in the direction

of propagation of the photon, while for emission the transfer
is in the opposite direction, inducing a recoil of the atom. In a
medium, the momentum of electromagnetic radiation
(“electromagnetic momentum”) depends on the refractive
index. However, there has been a long-standing debate
concerning the dependence of the electromagnetic momen-
tum on the refractive index depending on whether one uses
the Minkowski3 or Abraham4,5 formulation of the electro-
magnetic momentum. The electromagnetic momentum
density in the Abraham (gA) and Minkowski (gM) forms are

gA ¼ E ´H=c2 ð1Þ

and

gM ¼ D ´B ð2Þ

respectively6,7. These formulations yield the following two
expressions for the magnitude of the electromagnetic
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momentum in a dispersive medium:

pA ¼ �hω
ngðωÞc ð3Þ

and

pM ¼ nφðωÞ �hωc ð4Þ
for the Abraham momentum pA and the Minkowski

momentum pM, respectively, and where nφðωÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εðωÞμðωÞp

is the phase refractive index and ng ¼
c dω

dk

� ��1
the group refractive index.

Note that in a non-dispersive medium, nφ ¼ ng ¼ n and
consequently pM ¼ n �hω

c and pA ¼ �hω
nc . The difference

between those two expressions for the electromagnetic
momentum is at the heart of Abraham–Minkowski
debate. Some experiments appear to support the Min-
kowski formulation8–10, while others support the Abra-
ham formulation11–13.
A resolution of this long-lasting dilemma was recently

proposed14,15 by attributing the difference between the
Abraham and Minkowski momenta of light to the duality
of light and matter6. For a particle, the classical (particle)
momentum is given by the kinetic momentum, defined as
pkin ¼ pA. On the other hand, the canonical momentum,
pC ¼ h=λ, embodies the wavelike nature of the particle.
It was shown that in any light-matter interaction14,15,
the total momentum—a conserved quantity—is given by
the sum of the kinetic momentum of the particle and the
Abraham momentum of the light and is equal to the sum
of the canonical momentum of the particle and the
Minkowski momentum of the light:

pmedium
kin þ pA ¼ pmedium

C þ pM ð5Þ

One could therefore call the Abraham momentum the
“kinetic momentum of the light” and the Minkowski
momentum the “canonical momentum of the light”14,15.
In other words, the Abraham momentum comes
into play when considering the particle nature of light
and the Minkowski momentum when considering
the wavelike nature of light16. In this paper we re-
examine the difference between these two formulations
in the extreme case that the index of refraction of the
medium approaches zero.

Results
Momentum inside near-zero index materials
In the past decade materials with near-zero refractive

index have received a lot of attention because of their
unusual optical properties, such as supercoupling17,18,
enhanced nonlinearities19–22 and fluorescence23–25,

control of dipole-dipole interactions26,27, geometry-
invariant resonant cavities28, photonic doping29 and
propagation of the light power flow akin to ideal
fluids30. The refractive index of a material is near zero
when at least one of the two constitutive parameters of
the refractive index — the relative electric permittivity
ε(ω) or the relative magnetic permeability μ(ω) — is
close to zero31,32. Near-zero index materials (NZI
materials) fall into three categories: epsilon-near-zero
(ENZ) materials where ε approaches zero with
nonzero μ;17,33 mu-near-zero (MNZ) materials with μ
approaching zero with nonzero permittivity ε34; or
epsilon-and-mu-near-zero (EMNZ) media where both
ε and μ approach zero simultaneously28,32,35–37.

Phase and group indices inside NZI materials
At the zero-index frequency in a NZI materials, the

phase index is zero, but it is important to note that the
group index for an infinite, lossless material depends on
the NZI materials category31,38.

ng ω ¼ ωZð Þ ¼ 1 ENZ&MNZmaterials

ωZ∂ωnφ ωZð Þ EMNZ materials

�

ð6Þ

Consequently, the group velocity vg is zero at the zero-
index frequency in unbounded ENZ/MNZ materials39 but
nonzero for EMNZ materials: vgðω ¼ ωZÞ ¼ c=ωZ∂ωn

�
ωð ÞÞ38. It should remain positive in low loss material, as
imposed by causality. Note that, despite having a near-
zero group velocity, energy can be transmitted through a
finite size ENZ(MNZ) sample40. An exhaustive discussion
on group and energy velocities inside infinite NZI mate-
rials sample is provided in Supplementary materials.

Minkowski momentum inside NZI materials
Because of the zero phase refractive index the Min-

kowski momentum—the canonical momentum of light—
is zero for all NZI materials categories: pC ¼ pM ¼ 0 see
Eq. (4). Another way to show that the Minkowski
momentum is zero involves applying the de Broglie
relationship, pC ¼ h

λ, inside an NZI materials, which yields
pC ¼ 0, because the effective wavelength λ ¼ λ0=nφ tends
to infinity inside NZI materials, where λ0 is the vacuum
wavelength31. Another consequence is that no momen-
tum is imparted by the photon to the material inside a
NZI materials. This point can be clarified using the
example of the Doppler shift that occurs during sponta-
neous emission of radiation. Let us suppose an emitting
atom of mass m, with a transition frequency ω0, an initial
velocity v and a final velocity v′ after emitting a photon of
frequency ω (Fig. 1)14,15.

Lobet et al. Light: Science & Applications          (2022) 11:110 Page 2 of 8



In the non-relativistic approximation41, conservation of
energy for the spontaneous emission process implies

mv2

2
þ �hω0 ¼ mv02

2
þ �hω ð7Þ

while the conservation of linear momentum can be
expressed as

mv ¼ mv0 þ �hk ð8Þ

with k ¼ nφðωÞ ωc
� �

s, s being an unit vector pointing in the
direction of the emitted photon and ��hk is the recoil
momentum of the atom. As is well known from classical
physics, the frequency of the emitted light, as it appears to
the moving atom, is increased due to the Doppler shift.
The Doppler shift formula can be deduced as42,43

ω ¼ ω0 1þ nφðωÞ
c

vcosθ

� 	
ð9Þ

where θ is the angle between v and s. In general, �hk is not
solely the momentum of the emitted photon, but
corresponds to the total momentum transferred from
the atom to both the emitted photon and the medium6.
The recoil of an emitter in a dispersive dielectric can be
calculated either by using a macroscopic theory of
spontaneous emission (considering the source atom as a

two-level atom with a transition dipole d) or by using field
quantization in the dielectric6. Both approaches yield to
the conclusion that the recoil momentum is the canonical
momentum:

pC ¼ nφðω0Þ �hω0

c
ð10Þ

Consequently, the recoil momentum vanishes inside NZI
materials. Moreover, the Doppler shift perceived by the
atom also vanishes as the phase refractive index goes to zero
(Eq. (9)). This extinction of the Doppler shift can be
understood as a continuous transition between inverse
Doppler effect occurring in negative index materials44–46

and regular Doppler effect in positive index materials.
Intuitively, inside NZI materials there is no phase difference,
all parts of the material are tight to the same phase since the
phase velocity is infinite. The compression or expansion of
the wave fronts is not possible and the Doppler effect
consequently vanishes. It should be noted here that local
field corrections have no effect on the inhibition of the
recoil momentum of the atom. Furthermore, a similar
analysis can be done for deriving the recoil momentum in
stimulated emission or in absorption processes10 and will
yield to the same conclusions in NZI materials. The absence
of recoil momentum as a consequence of zero Minkowski
momentum provides another way to understand inhibition
of fundamental radiative processes inside three-dimensional
NZI materials38. NZI materials forbid momentum exchange
and the atom to recoil, in absorption and emissions pro-
cesses. This can be seen as an environmental effect. This
conclusion is totally consistent with our previous findings
based solely on energy and detailed balance considera-
tions38. Energy and momentum considerations are now
treated on equal footing for the question of fundamental
radiative processes as Einstein originally suggested1,2. In
summary, once wave aspects are dominating, marked in
equations by the presence of the phase refractive index or
the canonical momentum, related phenomena are inhibited
inside NZI materials.

Abraham momentum inside NZI materials
Consequences of near-zero refractive index on momentum

considerations are different in particle-oriented experiments
compared to wave-oriented experiments. Therefore, let us
discuss one important particle-oriented experiment, the
Balazs gedanken experiment47, applied to NZI materials. A
detailed analysis of this gedanken experiment can be found
in15,48,49 and is partly reproduced in Supplementary materi-
als. A photon propagates inside a transparent dielectric slab
of length L, having a group refractive index ngðωÞ (Fig. 2).
The slab can move without any friction along the x axis and
is supposed to be initially at rest (v= 0). The photon pro-
pagates in the x direction, enters the slab from the left facet

Atom*

Atom

Photon �

Spontaneous
emission

Before

After

Transition �o

Transition �o

�′
s

n�(�)

n�(�)

�

Fig. 1 Schematic of the spontaneous emission process inside NZI
materials of refractive index nφ(ω) (green background). An atom
(blue) moves around at a velocity v (v′) before (after) spontaneous
emission process. A photon (red) is being emitted after the excited
atom relaxed in its ground state, in direction s
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and exits from the right facet. We suppose no losses due to
absorption or scattering. The photon of energy ħω propa-
gates at velocity c out of the slab (path 2), but propagates at
the group velocity vg within the slab (path 1). By applying
energy and momentum conservation laws, we can calculate
the momentum gained by the slab pslab as well as the dis-
placement of the slab Δx due to the propagation of the
photon following path 1. From there, we can deduce the
momentum of the photon inside the slab, which reduces to
the Abraham momentum (details in Supplementary mate-
rials) as given by Eq. (3). We remind here that the group
index is the relevant one for the Abraham momentum and
differs between ENZ/MNZ and EMNZ categories.
For ENZ/MNZ media, the group index is infinite

(Eq. (6)), and the group velocity is consequently zero39.
Therefore, the Abraham momentum is also zero (Eq. (3)).
For a sufficiently large lossless ENZ/MNZ slabs, the
photon is completely reflected, and it bounces back at the
material interface, communicating a forward momentum
of 2 �hω

c to an unbounded lossless ENZ/MNZ slab. How-
ever, inside an EMNZ medium, the group index is non-
zero and equal to ωZ∂ωnφ ωZð Þ (Eq. (6)). Therefore,
propagation is allowed inside the slab that is displaced by
a quantity ΔxEMNZ ¼ ωZ∂ωnφ ωZð Þ � 1

� �
L �hω

Mc2 (details in
Supplementary materials). The slab acquires a momen-

tum given by pslab ¼ 1� 1
ωZ∂ωnφ ωZð Þ


 �
�hω
c . Those con-

siderations point a difference between EMNZ materials
and photonic crystals. Experimental realization of EMNZ
materials are photonic crystals showing a linear band
dispersion around Γ ¼ 0, a crossing at the so-called Dirac
point and a vanishing density of states at this point32,36,50.
Even if spontaneous emission is forbidden inside such
EMNZ photonic crystal38, propagation within EMNZ
material is allowed. This is not the case for classical
photonic crystals around their photonic bandgap51.
Consequently, photonic crystals with EMNZ properties
allow both propagation of electromagnetic radiation and
inhibition of spontaneous emission simultaneously, which
are interesting for lasing platforms52–54.

Consequence of zero Minkowski momentum on diffraction
Considerations on momentum inside NZI materials also

have consequences on diffraction phenomena, e.g., on slit
experiments inside dispersive media. Young double-slit
experiments immersed inside a dielectric liquid can be
found in literature, e.g.,12,55,56. Recently, double-slit
experiments were performed inside one of the NZI
materials category, ENZ materials57.
Here, we consider a double-slit experiment, with a slit

width D, separated by a distance a (Fig. 3a). The distance
between the double-slit and the observing screen is
denoted as L and the whole system, including the double-
slit and the screen, are embedded inside a dispersive
medium of refractive index nφ. If θ denotes the angle
between the forward x direction and the direction of the
first diffraction minimum, diffraction theory gives

tanðθÞ ¼ λ0
2ajnφj ð11Þ

if L>> a. In positive refractive index materials, the diffraction
angle θ is consequently lowered by a factor jnφj (Fig. 3b, for
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Fig. 2 Schematic of Balazs gedanken experiment inspired by48,49.
The photon can either take path 1 inside the slab of mass M, length L
and group index ng(ω) or follow path 2 in free space. The slab is
supposed to move freely, without friction in the x direction
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Fig. 3 Young double-slit experiment within dispersive material.
a EM wave with k wavevector is sent on a double-slit with slit width D
at a distance L from an observing screen. The distance between the
slits is a. b First diffraction minimum as a function of refractive index.
Wavelength is set to 500 nm for a separation width of a= 800 nm
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nφ > 1) while the corresponding canonical momentum px is
increased by the same factor. In NZI materials (Fig. 3b, for
nφ < 1), the opposite situation occurs: the first diffraction
minimum moves away from the x axis as nφ decreases, while
the canonical momentum tends towards zero. The localiza-
tion in the momentum space imposes a delocalization in the
position space, as a consequence of Heisenberg inequalities.
Moreover, the intensity distribution on the screen of this
double-slit experiment follows

IðyÞ ¼ I0
2

sin2 πDy
λL

� �
πDy
λL

� � 1þ cos
2πay
λL

� � 	
ð12Þ

with I0 being the intensity of the incident wave and y
the vertical position on the screen. As the refractive
index goes to zero, the effective wavelength λ inside the
medium goes to infinity, therefore the cos term tends
to one. Recalling that the sinc function is equal to one
at the zero-limit, the intensity on the screen appears to
be constant, i.e., IðyÞ ! I0. This calculation confirms
that the first order diffraction minimum is removed to
infinity and that diffraction effects are reduced in NZI
materials. Same conclusions hold for single-slit experi-
ments. It is interesting to note that regarding single-slit
experiments, the suppression of diffraction pattern
inside NZI materials is nothing but a consequence of
Babinet’s principle, i.e., diffraction pattern of a slit or of
a rectangular object should be similar. Inside NZI
materials, no scattering of objects can be identified

rendering them invisible50. Cloaking corresponds to an
infinite incertitude on the position of the invisible
object, which can be reached using NZI materials as
discussed above.
The above theoretical considerations are verified by

full-wave simulations (see Materials and methods)
within four different materials: (a) air (ε ¼ μ ¼ 1, nφ ¼
1), (b) dielectric material such as glass (ε ¼ 2:25; μ ¼ 1,
nφ ¼ 1:5), (c) a negative refractive index material
(ε ¼ �1; μ ¼ �1, nφ ¼ �1) and (d) an ENZ material
(ε ¼ 1 ´ 10�6, μ ¼ 1 and n ¼ 0:001). As we can observe
on Fig. 4, the diffraction patterns (here, the H field
component) gets compressed inside dielectric material
with refractive index higher than air (Fig. 4b), while no
diffraction pattern appears within ENZ medium
(Fig. 4d). The corresponding intensity profile on the
screen and the direction of the first diffraction mini-
mum are consistent with Eqs. (11) and (12).
Finally, it is interesting to point that diffraction patterns

are not influenced by the sign of the refractive index, but
only by its absolute value (Fig. 4c). Consequently, the NZI
materials scenario is an extreme case for diffraction the-
ory as presented above.

Consequence on Heisenberg inequality and microscopy
Let us evaluate how the momentum considerations

derived above impact the Heisenberg position-
momentum inequality and its implication in micro-
scopy. We have shown that the canonical momentum

Hz
min

⎥H⎥ ⎥H⎥

⎥H⎥⎥H⎥

a n��= 1.5n��= 1

n��= 0.001n��= –1

max

b

c d

Fig. 4 Young double-slit experiment within different dispersive materials. Left: jHz j field maps, right: jHj profile on the observing screen.
a Air (ε ¼ μ ¼ 1,nφ ¼ 1), b dielectric material such as glass (ε ¼ 2:25; μ ¼ 1,nφ ¼ 1:5), c a negative refractive index material (ε ¼ �1; μ ¼ �1,
nφ ¼ �1) and d an ENZ material (ε ¼ 1´ 10�6, μ ¼ 1 and n ¼ 0:001). Wavelength is set to 500 nm for a separation width of 800 nm
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pC reaches zero in NZI materials (Eq. (10)). The exact
knowledge of the momentum value leaves it with no
uncertainty, i.e., Δp= 0. This is based on the assump-
tion nφ xð Þ ¼ nφ (constant real RI), which leads to Δp ¼
nφ
�� ��Δp0. Since nφ ¼ 0;we haveΔp ¼ 0. Position and the
momentum should satisfy the Heisenberg uncertainty
ΔxΔp � h; exact knowledge of the zero canonical
momentum inside NZI media, i.e., localization in the k
space, imposes an infinite uncertainty in the position
space, i.e., the particle is delocalized and its wavelength
being infinite. To further confirm this insight and to
find its implications on microscopy, we recall that the
numerical aperture of the microscope is NA ¼ jnφjsinΦ
with Φ being the semi-aperture angle. The smallest
distance between two resolved points, i.e., the resolu-
tion, is equal to Δx ¼ λ0

2NA, referring to the well-known
Abbe diffraction limit58. Because NA= 0 in NZI media,
Δx= ∞. If one could realize a microscope inside an NZI
material, the resolution of such a microscope would be
very poor and unsuitable for any imaging purpose.
Consequently, being inside an NZI materials would
lead to an infinite uncertainty on position and zero
uncertainty on momentum. Conceptually, this implies
that since the resolution is poor and no correct image
can be formed, an object of any shape and material can
be “hidden” in a NZI material.
The above discussion is also consistent with the angular

spectrum representation of fields in the NZI media. In

writing the general expression E x; y; zð Þ ¼ R Rþ1
�1Ê

kx; ky; 0
� �

ei kxxþkyy± kzz½ �dkxdky with k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y þ k2z

q
¼

nφ ω
c

� � ¼ nφk0, the 2D Fourier spectrum Ê evolves along

the z axis as Ê kx; ky; z
� � ¼ Ê kx; ky; 0

� �
e± ikzz . Since k ¼

nφk0 ¼ 0 in NZI media, the wavenumber component kz is
imaginary, and therefore all those spatial frequencies,
containing the information on high spatial variations of
an object that would be inside the NZI materials, are
filtered out.

Canonical momentum as the generator of translations
Let us address the decoupling of electric and magnetic

fields in a plane-wave from a vector potential perspective.
The canonical moment is the generator of translation14,15

represented by the unitary transformation

e
ib
�hpc f zð Þe�ib

�hpc ¼ f ðz þ bÞ

where b is a constant. Inside NZI material, since pc= 0,
the above expression leads to constant f(z) inside the
material. A direct example of such f(z) function is the
phase inside NZI materials.
Moreover, the Minkowski momentum is the canonical

momentum of the electromagnetic field. Therefore, it

generates translations of plane-wave modes according
to15

e�
i
�hb�
R
dVgMinAðrÞei

�hb�
R
dVgMin ¼ Aðr þ bÞ

with A the (electric) vector potential in the Coulomb
gauge and b a constant vector. Here again inside NZI
materials, we obtain a constant vector potential. Conse-
quently, we obtain a spatially constant (but temporally
oscillating) electric field EA ¼ �iωA. As for the magnetic
field we have HA ¼ 1

μ∇ ´A. If we are in an ENZ medium
(where ε is zero, but μ is not), we obtain zero magnetic
field. This is consistent with the fact that in an ENZ
medium, the intrinsic impedance for a uniform plane
wave is infinite. Similarly, we can write for the magnetic
vector potential59

e�
i
�hb�
R
dVgMinFðrÞei

�hb�
R
dVgMin ¼ Fðr þ bÞ

with the associated magnetic field HF ¼ �iωF and electric
field EF ¼ � 1

ε∇ ´F . Here, HF remains spatially constant
(but temporally oscillating) in NZI materials, while EF
vanishes in MNZ materials, consistent with the fact that in
MNZ media, the intrinsic impedance for the uniform plane
wave is 0. It can be noted that HA and EF are irrotational in
ENZ and MNZ materials, respectively30.

Discussion
Momentum considerations inside dispersive near-zero

refractive index materials are theoretically worked out
using the recent resolution of the Abraham–Minkowski
debate14,15. We evidenced that canonical-Minkowski
momentum is identically zero inside NZI materials. This
inhibits wave-related phenomena inside NZI materials.
The Doppler shift perceived by the moving atom inside
NZI materials is canceled. No recoil momentum occurs
inside such an unbounded lossless material. The dis-
persive material forbids the atom to recoil both in emis-
sion or absorption processes, leading to an absence of
momentum exchange inside NZI materials. Fundamental
radiative processes are inhibited inside three-dimensional
NZI materials accordingly and this conclusion is con-
sistent with the one derived using solely energetic con-
siderations38. Energy and momentum are now treated on
an equal footing regarding fundamental radiative pro-
cesses inside NZI materials as Einstein suggested in
seminal works1,2. Absence of diffraction also appears as
consequence of zero canonical momentum within NZI
materials. Consequences of zero canonical-Minkowski
momentum on Heisenberg inequality, on microscopy as
well as on potential vectors are also discussed. Never-
theless, for experiments where the corpuscular nature of
light is probed, the Abraham momentum is linked to the
group refractive index and therefore a distinction should
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be made according to the NZI materials category.
Unbounded lossless ENZ/MNZ materials forbid direct
propagation with zero kinetic-Abraham momentum,
while bounded EMNZ allows direct propagation and
nonzero kinetic-Abraham momentum. EMNZ-based
photonic crystals can then be considered as specific
materials allowing both light propagation but inhibiting
spontaneous emission. This property is appealing for
controlling fundamental radiative processes at the
nanoscale as well for lasing perspectives.

Materials and methods
Most of the presented works rely on analytical deriva-

tions based on the reported literature.
The double-slit analysis was conducted by numerical

simulations performed by the commercially available
software COMSOL (version 5.6). We used the “Electro-
magnetic waves, frequency domain” module to analyze
the Hz field profiles at a cut-line placed at 10 µm away
from the slits. An active port generates the normally
incident field with wavelength set to 500 nm. Perfectly
matched layers are used as boundary conditions. The
estimated calculation time is a few minutes per system.
Supplementary information accompanies the manu-

script on the Light: Science & Applications website (http://
www.nature.com/lsa).

Acknowledgements
The authors would like to thank Masud Mansuripur for constructive discussion
on photon momentum inside dielectric. L.V. acknowledges support from the
Danish National Research Foundation through NanoPhoton – Center for
Nanophotonics, grant number DNRF147. A.V.L. acknowledges the support
from the Independent Research Fund Denmark, DFF Research Project 2
“PhotoHub” (8022-00387B), Villum Fonden. I.L. acknowledges support from
Ramón y Cajal fellowship RYC2018-024123-I and ERC Starting Grant 948504.
N.E. and E.M. acknowledge partial support from the Defense Advanced
Research Projects Agency (DARPA) Defense Sciences Office (DSO) Nascent
Light-Matter Interaction Program under Grant No. W911NF-18-0369.

Author details
1John A. Paulson School of Engineering and Applied Sciences, Harvard
University, 9 Oxford Street, Cambridge, MA 02138, USA. 2Department of Physics
and Namur Institute of Structured Materials, University of Namur, Rue de
Bruxelles 51, 5000 Namur, Belgium. 3Electrical and Electronic Engineering
Department, Universidad Pública de Navarra, Campus Arrosadía, Pamplona
31006, Spain. 4Department of Photonics Engineering, Technical University of
Denmark, Ørsteds Plads 345A, DK-2800 Kgs Lyngby, Denmark. 5Department of
Electrical and Systems Engineering, University of Pennsylvania, Philadelphia, PA
19104, USA

Author contributions
M.L. provided the initial idea for this work. M.L., I.L. and L.V. derived the
analytical relations and performed the underlying analysis. L.V. carried out the
finite-element simulations. A.V.L., N.E. and E.M. supervised the research and the
development of the manuscript. M.L. wrote the manuscript with input from all
authors. All authors subsequently took part in the revision process and
approved the final copy of the manuscript.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-022-00790-z.

Received: 7 September 2021 Revised: 18 March 2022 Accepted: 5 April
2022

References
1. Einstein, A. Zur quantentheorie der strahlung. Mitteilungen der Physikalischen

Gesellschaft Zürich 18, 47–62 (1916).
2. Einstein, A. Zur quantentheorie der strahlung. Physikalische Zeitschrift 18,

121–128 (1917).
3. Minkowski, H. Die grundgleichungen für die elektromagnetischen vorgänge

in bewegten Korpern. Mathematische Annalen 68, 472–525 (1910).
4. Abraham, M. Zur Elektrodynamik bewegter körper. Rendiconti del Circolo

Matematico di Palermo (1884-1940) 28, 1 (1909).
5. Abraham, M. SulĽelettrodinamica di minkowski. Rendiconti del Circolo Mate-

matico di Palermo (1884-1940) 30, 33–46 (1910).
6. Milonni, P. W. & Boyd, R. W. Recoil and photon momentum in a dielectric.

Laser Physics 15, 1432–1438 (2005).
7. Garrison, J. C. & Chiao, R. Y. Quantum Optics (Oxford Graduate Texts). (Oxford

University Press, New York, 2014).
8. Jones, R. V. & Richards, J. C. S. The pressure of radiation in a refracting medium.

Proc. R. Soc. A: Math. Phys. Eng. Sci. 221, 480–498 (1954).
9. Gibson, A. F. et al. A study of radiation pressure in a refractive medium by the

photon drag effect. Proc. R. Soc. A: Math. Phys. Eng. Sci. 370, 303–311 (1980).
10. Campbell, G. K. et al. Photon recoil momentum in dispersive media. Phys. Rev.

Lett. 94, 170403 (2005).
11. Walker, G. B. & Lahoz, D. G. Experimental observation of Abraham force in a

dielectric. Nature 253, 339–340 (1975).
12. Brevik, I. Experiments in phenomenological electrodynamics and the elec-

tromagnetic energy-momentum tensor. Phys. Rep. 52, 133–201 (1979).
13. Pfeifer, R. N. C. et al. Colloquium: momentum of an electromagnetic wave in

dielectric media. Rev. Mod. Phys. 79, 1197–1216 (2007).
14. Barnett, S. M. Resolution of the Abraham-Minkowski dilemma. Phys. Rev. Lett.

104, 070401 (2010).
15. Barnett, S. M. & Loudon, R. The enigma of optical momentum in a medium.

Philos. Trans. Royal Soc. A: Math. Phys. Eng. Sci. 368, 927–939 (2010).
16. Leonhardt, U. Momentum in an uncertain light. Nature 444, 823–824 (2006).
17. Silveirinha, M. & Engheta, N. Tunneling of electromagnetic energy through

subwavelength channels and bends using ε-near-zero materials. Phys. Rev. Lett.
97, 157403 (2006).

18. Silveirinha, M. G. & Engheta, N. Theory of supercoupling, squeezing wave
energy, and field confinement in narrow channels and tight bends using ε
near-zero metamaterials. Phys. Rev. B 76, 245109 (2007).

19. Reshef, O. et al. Nonlinear optical effects in epsilon-near-zero media. Nat. Rev.
Mater. 4, 535–551 (2019).

20. Alam, M. Z., De Leon, I. & Boyd, R. W. Large optical nonlinearity of indium tin
oxide in its epsilon-near-zero region. Science 352, 795–797 (2016).

21. Khurgin, J. B., Clerici, M. & Kinsey, N. Fast and slow nonlinearities in epsilon-
near-zero materials. Laser Photonics Rev. 15, 2000291 (2021).

22. Suresh, S. et al. Enhanced nonlinear optical responses of layered epsilon-near-
zero metamaterials at visible frequencies. ACS Photonics 8, 125–129 (2021).

23. Fleury, R. & Alù, A. Enhanced superradiance in epsilon-near-zero plasmonic
channels. Phys. Rev. B 87, 201101 (2013).

24. Sokhoyan, R. & Atwater, H. A. Quantum optical properties of a dipole emitter
coupled to an ɛ-near-zero nanoscale waveguide. Opt. Express 21,
32279–32290 (2013).

25. So, J. K. et al. Enhancement of luminescence of quantum emitters in epsilon-
near-zero waveguides. Appl. Phys. Lett. 117, 181104 (2020).

26. Sokhoyan, R. & Atwater, H. A. Cooperative behavior of quantum dipole
emitters coupled to a zero-index nanoscale waveguide. Preprint at
arXiv:1510.07071 (2015).

27. Liberal, I. & Engheta, N. Nonradiating and radiating modes excited by quan-
tum emitters in open epsilon-near-zero cavities. Sci. Adv. 2, e1600987 (2016).

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

29. Liberal, I. et al. Photonic doping of epsilon-near-zero media. Science 355,
1058–1062 (2017).

Lobet et al. Light: Science & Applications          (2022) 11:110 Page 7 of 8

http://www.nature.com/lsa
http://www.nature.com/lsa
https://doi.org/10.1038/s41377-022-00790-z


30. Liberal, I. et al. Near-zero-index media as electromagnetic ideal fluids. Proc. Natl
Acad. Sci. USA. 117, 24050–24054 (2020).

31. Liberal, I. & Engheta, N. Near-zero refractive index photonics. Nat. Photon. 11,
149–158 (2017).

32. Vulis, D. I. et al. Manipulating the flow of light using Dirac-cone zero-index
metamaterials. Rep. Prog. Phys. 82, 012001 (2019).

33. Edwards, B. et al. Experimental verification of epsilon-near-zero metamaterial
coupling and energy squeezing using a microwave waveguide. Phys. Rev. Lett.
100, 033903 (2008).

34. Marcos, J. S., Silveirinha, M. G. & Engheta, N. µ-near zero supercoupling. Phys.
Rev. B 91, 195112 (2015).

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

36. Li, Y. et al. On-chip zero-index metamaterials. Nat. Photon. 9, 738–742 (2015).
37. Moitra, P. et al. Realization of an all-dielectric zero-index optical metamaterial.

Nat. Photon. 7, 791–795 (2013).
38. Lobet, M. et al. Fundamental radiative processes in near-zero-index media of

various dimensionalities. ACS Photonics 7, 1965–1970 (2020).
39. Javani, M. H. & Stockman, M. I. Real and imaginary properties of epsilon-near-

zero materials. Phys. Rev. Lett. 117, 107404 (2016).
40. Liberal, I., Li, Y. & Engheta, N. Reconfigurable epsilon-near-zero metasurfaces

via photonic doping. Nanophotonics 7, 1117–1127 (2018).
41. Fermi, E. Quantum theory of radiation. Rev. Mod. Phys. 4, 87–132 (1932).
42. Mansuripur, M. & Zakharian, A. R. Radiation pressure and photon momentum

in negative-index media. In: Proceedings of SPIE 8455, Metamaterials: Funda-
mentals and Applications V. 845511 (SPIE, San Diego, California, United States,
2012).

43. Mansuripur, M. & Zakharian, A. R. Radiation pressure on a submerged
absorptive partial reflector deduced from the doppler shift. Phys. Rev. A 86,
013841 (2012).

44. Veselago, V. The electrodynamics of substances with simultaneously negative
values of ε and µ. Sov. Phys. Uspekhi 10, 509–514 (1968).

45. Kozyrev, A. B. & van der Weide, D. W. Explanation of the inverse doppler effect
observed in nonlinear transmission lines. Phys. Rev. Lett. 94, 203902 (2005).

46. Shi, X. H. et al. Superlight inverse Doppler effect. Nat. Phys. 14, 1001–1005
(2018).

47. Balazs, N. L. The energy-momentum tensor of the electromagnetic field inside
matter. Phys. Rev. 91, 408–411 (1953).

48. Mansuripur, M. Radiation pressure and the linear momentum of the electro-
magnetic field. Opt. Express 12, 5375–5401 (2004).

49. Mansuripur, M. Solar sails, optical tweezers, and other light-driven machines. In:
Proceedings of SPIE 8122, Tribute to Joseph W. Goodman. 81220D (SPIE, San
Diego, California, United States, 2011).

50. Huang, X. Q. et al. Dirac cones induced by accidental degeneracy in photonic
crystals and zero-refractive-index materials. Nat. Mater. 10, 582–586 (2011).

51. Joannopoulos, J. D. Photonic Crystals: Molding the Flow of Light. 2nd edn
(Princeton University Press, Princeton, 2008).

52. Bravo-Abad, J., Joannopoulos, J. D. & Soljačić, M. Enabling single-mode
behavior over large areas with photonic dirac cones. Proc. Natl Acad. Sci. USA.
109, 9761–9765 (2012).

53. Chua, S. L. et al. Larger-area single-mode photonic crystal surface-emitting
lasers enabled by an accidental dirac point. Opt. Lett. 39, 2072–2075 (2014).

54. Liang, Y. et al. Design of dirac-point photonic crystal quantum cascade lasers.
In: Conference on Lasers and Electro-Optics. JTu5A.112 (OSA, San Jose, California,
United States, 2017).

55. Ratcliff, K. F. & Peak, D. The momentum of the photon. Am. J. Phys. 40,
1044–1045 (1972).

56. Brevik, I. Phenomenological photons and the uncertainty principle. Eur. J. Phys.
2, 37–43 (1981).

57. Ploss, D. et al. Young’s double-slit, invisible objects and the role of noise in an
optical epsilon-near-zero experiment. ACS Photonics 4, 2566–2572 (2017).

58. Hecht, E. Optics. 4th edn (Addison-Wesley, San Francisco, 2002).
59. Balanis, C. A. Advanced Engineering Electromagnetics. 2nd edn (Wiley, Hoboken,

2012).

Lobet et al. Light: Science & Applications          (2022) 11:110 Page 8 of 8


	Momentum considerations inside near-zero index materials
	Introduction
	Results
	Momentum inside near-zero index materials
	Phase and group indices inside NZI materials
	Minkowski momentum inside NZI materials
	Abraham momentum inside NZI materials
	Consequence of zero Minkowski momentum on diffraction
	Consequence on Heisenberg inequality and microscopy
	Canonical momentum as the generator of translations

	Discussion
	Materials and methods
	Acknowledgements




