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Negative radiation pressure

In metamaterials explained

by light-driven atomic mass density
rarefication waves

Mikko Partanen*** & Jukka Tulkki?

The momentum and radiation pressure of light in negative-index metamaterials (NIMs) are commonly
expected to reverse their direction from what is observed for normal materials. The negative refraction
and inverse Doppler effect of light in NIMs have been experimentally observed, but the equally
surprising phenomenon, the negative radiation pressure of light, still lacks experimental verification.
We show by simulating the exact position- and time-dependent field-material dynamics in NIMs that
the momentum and radiation pressure of light in NIMs can be either positive or negative depending
on their subwavelength structure. In NIMs exhibiting negative radiation pressure, the negative total
momentum of light is caused by the sum of the positive momentum of the electromagnetic field and
the negative momentum of the material. The negative momentum of the material results from the
optical force density, which drives atoms backward and reduces the local density of atoms at the site
of the light field. In contrast to earlier works, light in NIMs exhibiting negative radiation pressure has
both negative total momentum and energy. For the experimental discovery of the negative radiation
pressure, one must carefully design the NIM structure and record the joint total pressure of the field
and material momentum components.

Negative-index metamaterials (NIMs) exhibit a number of extraordinary optical phenomena ranging from the
inverse Doppler effect to beating the diffraction limit with superlenses'~*. The possibility of NIMs was originally
hypothesized by Veselago in 1960s'°. Among the astonishing phenomena predicted by Veselago, the reversal of
the momentum density of light is still experimentally unverified. The reversal of the momentum density of light
to be opposite to the electromagnetic (EM) energy flux density predicted by Veselago is counter-intuitive. It is
well known that any field, particle, or quasiparticle, having positive energy propagating in one direction, must
have its momentum in the same direction. Accordingly, the particle must fulfill the standard momentum per
energy ratio p/E = v,/c? of relativistic mechanics'!, where vy is the group velocity and c is the speed of light in
vacuum. Therefore, if the total momentum of the coupled field-material state of light in NIMs is truly negative,
the light in NIMs should be described by negative-energy quasiparticles, illustrated in Fig. 1. The energy of these
quasiparticles would not be equal to the known photon energy hwy, which is positive. This raises a question how
these quasiparticles emerge when a photon is transferred from vacuum to a NIM in such a way that both the
photon energy and momentum are transferred to the quasiparticle and the interface layer of the NIM crystal.
The present work answers these questions by providing a detailed position- and time-dependent theory and the
related computer simulations of the energy and momentum of light in NIMs.

In recent literature on optical forces in inhomogeneous materials like NIMs, it is typical to assume the
Maxwell or Helmholtz stress tensor and further take the time average of the related optical force density'*".
Homogenization of material parameters and fields may also be applied'>'>!#-2°. On the experimental side, the
optical forces on metasurfaces have been very recently applied to drive microvehicles?!, but their use has not
yet reached phenomena of light propagating inside NIM structures. The non-averaged exact position- and time-
dependent optical force and momentum densities of light in NIMs can be obtained by solving simultaneously
Maxwell’s equations for the field and the Newtonian dynamics of the solid, neutral material. The full picture
of the energy and momentum fluxes associated with optical fields in NIMs can be obtained after solving the
coupled dynamical equations.
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Figure 1. Schematic illustration of the coupled state of light in a NIM crystal exhibiting negative radiation
pressure. The optical field is incident from the left. Inside the NIM crystal, it forms a coupled quasiparticle state
with atomic displacements driven by the optical force density. When the field enters or exits the NIM crystal,
the interfaces of the crystal take recoil momenta due to the momentum change of the EM wave in vacuum and
the coupled state in the NIM crystal. In contrast to normal materials, the energy of the coupled state is negative,
and its momentum is directed backward. The directions of the interface momenta are also reversed from what is
observed for normal materials.

In this work, we use the covariant mass-polariton (MP) theory of light**-*’ to analyze the energy and momen-
tum of light in NIMs. We also discuss experimental discovery of reduced, p < po, or even negative, p < 0, radia-
tion pressure, where p and po denote the components of total momentum of light in the NIM and in vacuum in
the direction of propagation. The MP theory describes fields by using conventional Maxwell’s equations, which
explain the experimentally verified negative refraction and the inverse Doppler effect. However, our approach
is fundamentally different from previous theories of negative radiation pressure in NIMs since it describes light
in NIMs as coupled field-material MP states of Fig. 1. In the MP states of NIMs, the positive EM energy and
momentum densities are accompanied by positive or negative field-driven energy and momentum densities of
the material constituting an atomic mass density wave (MDW). We also show that, in the quantum picture, light
in NIMs must be described as MP quasiparticles, whose total energy and momentum can become negative.
The theory applies to both hypothetical homogeneous and conventional inhomogeneous NIMs structures. It
shows that the total momentum of light in NIM:s is typically smaller than the momentum of light in vacuum,
and depending on the structure, it can even become negative. This contrasts to normal materials, for which the
total momentum is always greater than its vacuum value. Our results demonstrate that the MP theory provides
a versatile tool for engineering of optical forces in arbitrary NIMs structures and for designing of measurements,
where the reduced or negative radiation pressure can be experimentally verified.

Results

Momentum and energy densities of the EM field. We approach the description of light in arbitrary
lossless photonic crystals from the classical field theory point of view assuming that the material is at rest in the
absence of light. The energy flux density described by the Poynting vector S = E x H, where E and H are the
electric and magnetic fields, is known to be continuous over material interfaces. This leads to a continuous EM
contribution to the momentum density of light, given by**?*

ExH
Gev = 5 (1)

As discussed in “Methods”, the energy density of the EM field in the MP theory of light in dispersive media,
solved from the conservation law of energy, is given by*

dpn
rm(H >)~ (2)
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Here wy is the central angular frequency of the narrow frequency band, and ¢ = ¢(wp) and p = p(wp) are
the permittivity and permeability of the material at wg. For a narrow frequenq)/ band, the permittivity can
be approximated by the first two terms of its Taylor series £(w) ~ e(wp) + wo) A s1m11ar expan-
sion is valid for the germeablhty The angle brackets in Eq. (2) are defined by ?Ez) = [E2 (w BIE) ]and
HY =1 [H2 + ( H) ]. The brackets here and below are also equal to the time average of the pertinent
quantmes over the(}larmomc cycle, e.g., (E2(r, 1)) = T f Té 12 E%(r,t + t')dt’, where T = 27 /wy is the length of
the harmonic cycle.

Optical force density.  The electric and magnetic fields E and H and corresponding flux densities D and B
of light in NIMs can be solved from Maxwell’s equations. What is less well known is the dynamics of atoms in
NIMs under the influence of the instantaneous optical force density. The microscopic form of the optical force
density in the MP theory of light accounting for the gradients of material parameters in inhomogeneous disper-
sive materials is given by*
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In Eq. (3), T gm is the EM stress tensor which, in the MP theory of ligh, is given by*
1
Tew=|E-D+H BI-EQD-D®E-H®B-BQH|. (4)
Here I is the 3 x 3 unit matrix and ® denotes the outer product of vectors.

Momentum and energy densities of the atomic MDW and the coupled MP state of light.
When light is interacting with a lossless material, the dynamics of the material is described solely by the New-
ton’s equation. Assuming that there are no other forces except the optical force, including both interface and bulk

forces, Newton's equation of motion for the material is given by*>*°

d
Ny % = Topt- (5)

Here p, is the momentum of a single atom and #, is the number density of atoms. Since the atomic velocities
are nonrelativistic, the atomic momentum in Eq. (5) can be written classically p, = m(v,, where my is the mass
and v, is the velocity of the atom. The momentum density of the MDW, driven forward by light, is then given by*

t

GMDW = MoVatla = / foptdt’. (6)

—00

The energy density of the atomic MDW in the approximation of negligible kinetic energy of atoms is given by

Wnpw = moc?(na — 1), (7)

where 1, is the atomic number density of the material before the optical force has started to displace the atoms.
In locally homogeneous regions of space, the momentum and energy densities of the atomic MDW), resulting
from Egs. (6) and (7) and the optical force density in Eq. (3), are given by*

Gmpw =(n; — DGem + np(ng — 1) (Gewm), ®)

Wnmpw =(ﬂ§, — D)Wgm + np(ng — np)(Wem). )

Here i, and g are the local phase and group refractive indices of the material at the central angular fre%uency of
the narrow frequency band. In Eq. (8), the angle bracket is given by (Ggm) = % [Ex H+ (wio %E) X (wio W1/ c2.
This time- and position-dependent quantity is also equal to the time average of the EM momentum density over
the harmonic cycle.

The total momentum density of the MP state of light is a sum of the EM momentum density in Eq. (1) and

the momentum density of the MDW in Eq. (6) as
Gmp = GeMm + Gupw. (10)

Correspondingly, the total energy density of the coupled MP state of light is a sum of the EM energy density
in Eq. (2) and the energy density of the MDW in Eq. (7) as

Wwmp = Wem + Wapw. (11)

See “Methods” for a brief comparison of the total momentum density of light in the MP theory in Eq. (10)
with the total momentum density of light used by Veselago®.

Light in a hypothetical homogeneous NIM.  Here we apply the theory to homogeneous NIMs, even
though such materials are not presently available. The total momentum and energy of the atomic MDW are vol-
ume integrals of the classical momentum and energy densities of atoms in Egs. (6) and (7). For a homogeneous
medium, one thus obtains??

PMDW Z/GMDWd3f = (npng — 1)pEm, (12)

Enpw =/WMDwd3f = (npng — 1)Egm. (13)

Here ppm = [ Gem d*rand Egm = Ik Wemd?r are the total EM momentum and energy of the light pulse. The
last forms of Egs. (12) and (13) are straightforwardly obtained from Egs. (8) and (9) or from the MP quasiparticle
model for dispersive media®.

By summing the EM field and atomic MDW contributions, one obtains the total momentum and energy of
the coupled MP state of light in homogeneous NIMs as
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PMP =PEM + PMDW = MpHgPEM> (14)

Emp =Egm + Empw = fipngEpm. (15)

The total MP momentum in Eq. (14) is directed opposite to the volume integral of the Poynting vector and the
related total EM momentum for NIMs with np <0, and it is discussed further in “Methods”. One can conclude
that the optical force density in Eq. (3) on average reduces the number density of atoms from rn,9 to 71, and thus,
makes the total energy of the coupled field-material state of light in Eq. (15) negative. Therefore, in the MP theory
of light, the total energy and the component of the momentum in the direction of propagation of light are both
negative in homogeneous NIMs.

We visualize the dynamics of the material and the emergence of the atomic MDW consisting of local rare-
fications of the material density by using a Gaussian light pulse and the simulation parameters of a hypo-
thetical homogeneous NIM described in “Methods”. The Gaussian light pulse has a central vacuum wavelength
of Ay = 1746.7 nm, the peak electric field amplitude of Ey = 2744.9 V/m, and the relative spectral width of
Alo/Xo = 0.015. Figure 2a shows the optical force density of Eq. (3) for the simulated Gaussian light pulse at an
instance of time when the center of the light pulse is at position x = 8 pm. Figure 2b presents the EM and atomic
MDW momentum densities of Egs. (1) and (6). Figure 2¢ depicts the EM and atomic MDW energy densities of
Eqgs. (2) and (7). The values of the EM quantities are positive at all positions and times while the MDW quantities
are negative. The atoms are drawn backward and thus, the density of the material is locally rarefied. The atomic
displacement r, = [ * oo Vadt'is depicted in Fig. 2d. It shows how the light pulse leaves atoms behind it displaced
backward. The atomic displacement is very small, but it can be nanometers for pulses that are longer and have
higher intensity as shown in Fig. 7 of Ref.?>.

Consistency with the principles of relativistic mechanics.  We next show by a quasiparticle analysis
that the positive total energy density of light of earlier works'®*"*? on homogeneous NIMs is very challenging
since, in relativistic mechanics, the momentum per energy ratio must be given by p/E = vg/c?, where vg is the
group velocity'!. Using Egs. (14) and (15) and the EM energy Egpm = [ Wgmd?r = hwg normalized for a single-
photon, the MP energy and momentum in a homogeneous NIM are given by Exp = [ Wypd®r = npnghay
andpmp = [ Gppd’r = (nphawo /c)vg/|vgP>*. Thus, the MP quasiparticle fulfills the standard momentum per
energy ratio p/E = vg/c? of relativistic mechanics'!. This ratio is violated in conventional theories of light in
homogeneous NIMs'**!*2 pinpointing the importance of the MDW energy included in the present theory.

Light in an inhomogeneous NIM.  In inhomogeneous NIMs, i.e., in all NIM structures that have been
experimentally realized so far, the total momentum and energy of light include momentum and energy terms
related to the gradients of material parameters and internal material interfaces of the NIM structure. This means
that the MDW in typical NIM geometries is split into the volume and internal interface contributions. Thus, for
the MP state of light, we obtain

| )
Pmp =PEM + P(MV(]))%N + P&né)w: (16)

Enip =Egm + EUO0, + EURO. (17)

These relations are more complex than the corresponding relations for a homogeneous NIM in Egs. (14) and
(15). Consequently, the values of pyp and Epyp following from Egs. (16) and (17) for general NIM structures
can be either positive or negative. Whether it is possible to construct effective parameters in terms of which the
total momentum and energy of light in an inhomogeneous NIM can be written using the EM quantities, as in
Egs. (14) and (15) for a homogeneous NIM, is an open question left as a topic of further work. In any case, it can
be shown that the MP energy and momentum in Eqs. (16) and (17) fulfill the standard momentum per energy
ratio p/E = vg/c? of relativistic mechanics'". ) )

The internal interface MDW momentum and energy contributions pf\}ﬁ;)v\, and EI(\;I'B{N in Egs. (16) and (17)
do not include contributions from the external interfaces of the NIM structure. The excluded external interface
contributions pinterface aNd Einterface are left at the interface when the light pulse enters the NIM structure. They
decay afterward by internal phonon relaxation of the structure. These terms also account for the partial reflection
taking place at the interface. The terms Pipterface a0d Einterface are essential in the conservation laws when light
enters or exits the NIM structure. We also note that, in the present work, the conventional boundary conditions
of the EM fields are used at all material interfaces. This assumes that the material boundaries are sharp. In general,
this is not the case, and the surfaces can be rough, for example. If the structure size is made close to the atomic
scale, the surfaces cannot be sharp, and it is necessary to account for the related surface effects.

An example of an inhomogeneous NIM structure is schematically illustrated in Fig. 3. The structure consists
of dielectric cylinders embedded in a plasmonic host material. The propagation of light in this kind of a structure
has been previously theoretically investigated, e.g., by Costa et al.'®. In our setting, there are approximately seven
unit cells in a single vacuum wavelength of the light pulse. More detailed material and structure parameters are
shown in Fig. 3 and discussed in “Methods”. The parameters of the incident Gaussian light pulse are the same as
those in the case of a homogeneous NIM above.

Figure 4 presents the optical volume and interface force densities resulting from the Gaussian light pulse.
The snapshot is taken at the instance of time when the center of the Gaussian pulse is at the position of the entry
interface of the NIM structure. Figures 5a—d show the position dependencies of the EM momentum density,
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Figure 2. Simulation of light in a homogeneous NIM. The total energy and momentum of light are shared
between the EM field and the material atoms. (a) Optical force density, (b) EM and MDW momentum densities,
(c) EM and MDW energy densities, and (d) the atomic displacement for a one-dimensional Gaussian light pulse
propagating to the right at a fixed instance of time. The atomic displacement is here very small, but it can be
nanometers for pulses that are longer and have higher intensity®.
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Figure 3. Schematic illustration of light incident to an inhomogeneous NIM block. The NIM structure consists
of dielectric cylinders embedded in a plasmonic host material. Light is incident from the left and it propagates
through the structure with minimal backward reflections.

MDW volume momentum density, interface momentum density, and the MDW mass density, respectively, at
the instance of time corresponding to the force densities in Fig. 4. The EM momentum density in Fig. 5a consists
of the incident and transmitted contributions. The reflection is close to zero for the NIM structure studied. The
atomic MDW momentum density in Fig. 5b is zero on the left since there is no MDW in vacuum. It has the high-
est values in the dielectric cylinders, but it is also locally nonzero in the plasmonic material, where it is, however,
so much smaller than in dielectric cylinders that this cannot be seen in the color scale of the figure. The interface
momentum density in Fig. 5¢ is directed close to the normal of the interfaces. Part of this momentum density
stays in the vicinity of the vacuum-NIM interface when the light pulse has passed while part of it propagates
with light inside the NIM. Figure 5d presents the mass density of the atomic MDW, which is driven forward by
the optical volume force density. Like the MDW momentum density in Fig. 5b, the MDW mass density is also
locally small but nonzero in the plasmonic material. The MDW mass density follows the Gaussian envelope of
the light pulse. Apart from different relative magnitudes in the dielectric cylinders and in the plasmonic host
material, it reminds the EM energy density.

The EM energy density is depicted in a larger scale in Fig. 5e at a later instance of time when the trailing
edge of the pulse has also entered the NIM. At this instance of time, we have also plotted the spatially averaged
EM, MDW volume, and internal interface momentum and energy densities, and the atomic displacement, in
Fig. 5f-h, respectively. The spatial averaging is made over a distance of one wavelength. These figures allow for
transparent comparison with the case of a homogeneous NIM in Fig. 2. It is seen that there are negative con-
tributions in the momentum and energy densities, which originate from the internal interfaces in the MDW.
However, in the present case, the volume contributions of the MDW are more positive and the net effect is a
slight densification of the material, which contrasts to the rarefication seen in Fig. 2. From the negative internal
interface contribution, it however, results that the net momentum propagating with the light pulse in the inho-
mogeneous NIM is smaller than the momentum of the pulse in vacuum. This is discussed in more detail for
the integrals of the momentum density contributions below. Apart from the slight spreading of the pulse in the
nonlinear dispersion of the inhomogeneous NIM, the spatially averaged EM momentum and energy densities
in Fig. 5f,g are approximately equal to what would be obtained by correspondingly averaging the EM quantities
of the homogeneous case in Fig. 2b,c.

When the light pulse enters the NIM, the incident EM momentum component py is split to partial momenta
carried by the reflected and transmitted parts of the EM field, the atomic MDW, and the interface atoms. The
comparison of these momenta between the homogeneous and inhomogeneous NIM cases studied above is pre-
sented in Table 1. The total MP momentum component of the coupled field-material state of light in both cases
is smaller than py. In the homogeneous case, it is negative while, in the inhomogeneous case, it is positive. Since
the total MP momentum component is smaller than py, the interface momentum is directed toward the NIM
due to the conservation law of momentum. The same applies at the interface where the light pulse exits the NIM.

Experimental detection of reduced or negative radiation pressure. A schematic experimental
setup for probing radiation pressure of light in NIMs is illustrated in Fig. 6a. The setup enables the measurement
of the optical force produced when light exits the NIM structure. The atomic MDW densification or rarefication
waves are also present in this setup which, however, focuses on the force measurement®~*. In contrast to the
NIM in Fig. 3, here we use a NIM where the host material is vacuum and there are cylinders and c-shaped rods
made of a plasmonic material. See Refs.*® for examples of artificial structures that can be fabricated with pres-
ently available technologies. The NIM is split into bulk-NIM and layer-NIM parts. The layer-NIM is attached
to a cantilever, which is able to bend. Therefore, the force experienced by the layer-NIM can be measured by
detecting the bending of the cantilever under the continuous-wave illumination of the NIM. This bending can
be detected with a probe laser beam and a photodetector utilizing the optics of an atomic force microscope.
Cantilever displacements of fractions of a nanometer are measurable. The setup of Fig. 6a is not optimized for
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pl(ilf/[ : pijM ) 1<\>[,OD2)V pl(\/[]gijv Pinterface
Po Po Ppo Po Po
Homog. 0 0.0951 —1.0951 0 2
PMP = —Po

Inhomog. —0.0007 0.0954 0.6743 —0.4527 0.6820

pvp = 0.317po

Table 1. Momentum components after the light pulse has entered the NIM. When the light pulse enters the
NIM, the incident EM momentum component py in the direction of propalgatlon is split to partial momentum
components carried by the reflected EM field ( p(re ), EM field in NIM ( pEM )), atomic MDW volume
contribution ( piADW), MDW contribution of internal interfaces ( pI(\/ID)W) and the atoms of the vacuum-NIM
interface ( Pinterface)- The table shows the momentum contributions for homogeneous and inhomogeneous NIMs
studied. These two cases have the same effective phase and group refractive indices n, = —1and ng = 10.52.
Within the relative numerical accuracy of 0.2% of our simulations, the sum of the partial momenta per py is
equal to unity.

Volume force density (N/m?)

-200 0 200 400 600
z (nm)

Figure 4. Volume and interface force densities in an inhomogeneous NIM. The instantaneous (a) volume
and (b) interface force densities as a function of position around the entry interface of the NIM structure. The
snapshot is taken at the instance of time in which the energy density maximum of the Gaussian light pulse
incident from the left is at x = 0. The linearly scaled color indicates the magnitude, and the logarithmically
scaled arrows indicate the direction of the force densities. White solid lines depict material interfaces.

the actual measurement but it is meant to provide an idea of the measurement that can be realized with various
kinds of NIM structures.

Figure 6b presents the time-averaged EM momentum density. It shows that, on average, the energy and
momentum fluxes of the EM field are directed forward in the cylinders and, counterintuitively, backward in the
c-shaped rods. Figure 6¢ depicts the force density averaged both over the harmonic cycle and over vertical layers
of the NIM structure. The layer-NIM attached to the cantilever experiences the strongest force and it is directed
backward, i.e., the radiation pressure is reduced or negative. Qualitatively, the same result applies to various NIM
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Figure 5. Simulation of light in an inhomogeneous NIM. The instantaneous (a) EM volume momentum
density, (b) the atomic MDW volume momentum density, (c) the surface momentum density of interface atoms,
and (d) the mass density of the atomic MDW as a function of position around the entry interface of the NIM
structure. The snapshot is taken at the instance of time when the energy density maximum of the Gaussian light
pulse incident from the left is at x = 0. The linearly scaled color indicates the magnitude, and the logarithmically
scaled arrows indicate the direction of the momentum densities. White solid lines depict material interfaces.

(e) The EM energy density, (f) spatially averaged EM, MDW volume, and MDW internal interface momentum
densities, (g) spatially averaged EM, MDW volume, and MDW internal interface energy densities, and (h)
spatially averaged atomic displacement at an instance of time after the pulse has penetrated inside the NIM.

structures in which the total momentum of light is smaller than that of vacuum, i.e., the momentum of light does
not need to be negative. The force directed inward the NIM contrasts the force in normal materials where it is
directed outward*'. Since the host material of the NIM used in the setup is vacuum, the conventional Maxwell
stress tensor of vacuum could also be applied giving results equal to those of us.

Conclusions

In conclusion, in contrast to normal materials, the total momentum of light in NIMs can be smaller than the
momentum of light in vacuum. The radiation pressure in NIMs can even become negative depending on the
subwavelength structure of the material. In NIMs exhibiting negative radiation pressure, the negative total
momentum of light results from the atomic mass density rarefication waves caused by the optical force density.
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Figure 6. Schematic experimental setup and simulation of reduced or negative radiation pressure. (a)
Schematic setup for the measurement of the force on the interface where the light beam exits the NIM crystal.
The NIM crystal is fabricated on a substrate so that the cylinders and c-shaped rods are fixed from their ends
(not shown). The NIM crystal is then split into bulk-NIM and layer-NIM parts. The bulk-NIM is attached to
a rigid supporting structure while the layer-NIM is attached to a cantilever. The gap between the bulk- and
layer-NIMs is exaggerated to make it visible. In the proposed experiment, this gap is equal to the gaps inside
layers of the bulk-NIM. The cantilever is able to bend as a result of the optical force. The nanoscale bending
(< a) of the cantilever is recorded by monitoring the reflection of a probe laser beam using a photodetector.
The right inset shows the NIM structure used in our example. (b) Time-averaged EM momentum density of a
continuous wave light beam propagating through the NIM. The linearly scaled color indicates the magnitude,
and the logarithmically scaled arrows indicate the direction. (c) The x component of the total optical force
density averaged over the harmonic cycle and over the vertical layers of the NIM. The bulk-NIM is at x < 0 and
the layer-NIM is at x > 0.

In the corresponding single light quantum picture, the MP quasiparticles have a negative total energy, which
allows the total momentum of light to be directed opposite to the group velocity. The backward atomic velocities
and the resulting mass density rarefication are real, experimentally measurable, and necessary for the fulfill-
ment of the constant center-of-energy velocity of an isolated system. The theory applies to both hypothetical
homogeneous and conventional inhomogeneous NIM:s structures. We have presented a schematic experimental
setup, which allows the measurement of the reduced or negative radiation pressure effect of light in NIMs. The
present results demonstrate the versatile use of the MP theory of light for modeling optomechanics of light in
general photonic crystal structures.

Methods

Energy densities. Ina lossless material, the energy density of the EM field can be solved from the local
conservation law of energy, 2 o S Wem + V- Gpm = — opt * Va» where the right-hand side can be approximated
by zero due to its smallness, giving Wy = —¢? f V - Ggpdi'™®*. This integral expression then leads to the

result, given in Eq. (2)*. Solving the energy den51ty of the MDW from the conservation law of energy corre-
spondingly gives Eq. (7), which for homogeneous regions of space is equal to Eq. (9)%.

Totalmomentumdensityoflight. Theinstantaneous momentum density of theMP state of lightin Eq (10)
is not equal to the total momentum density of light used by Veselago'®, i.e., n2E x H/c? + 1k( e + Sk D H2)
where k is the wave vector of light in the material. For homogeneous NIMs, one can, however, show that the
harmonic cycle time averages of these momentum densities are equal. Veselago did not consider the possibil-
ity that part of the total momentum of light could be carried by the material. Therefore, his approach deviates
from the MP theory. For homogeneous NIMs with n, < 0, the MP momentum in Eq. (14) is directed opposite
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to the EM energy and momentum flux. This fundamentally originates from the backward-directed optical force
in Eq. (3) and the resulting backward-directed atomic velocities and the MDW momentum density. For normal
dispersive materials with #, > 0, the total momentum of the MP state of light in Eq. (14) explains the results of

the high-precision measurements of radiation pressure by Jones et al.**.

MP quasiparticles. In the single light quantum picture, the energy and momentum of the MP quasiparticle
can be shown to be equal to the volume integrals of the classical energy and momentum densities normalized for
the known smgle photon EM energy Epm = [ WEMd r = hwy. For homogeneous NIMs, this leads to
Emp = [ Wapd’r = npnghwo and pyp = f Gumpd3r = (nphwo /E)vg/Ivgf*®. Using the relativistic energy-
momentum relation, given by (mypc?)? = EZp — (pmpc)?, one then obtalns the MP quasiparticle rest mass as
mMp = np né — 1 iwg /2. Therefore, for homogeneous NIMs, mp is negative. This result can also be obtained

by using the relativistic MP quasiparticle model presented in Ref.”*. The energy and momentum of the MP qua-
siparticle in all inertial frames are given by the same relativistic relations as for all other particles and quasipar-
ticles with a nonzero rest mass. Thus, for the MP state of light, we have Eyp = Vv mypc? and pyp = Yvg MMPVg,

where vy is the group velocity and yy, = 1/4/1 — |vg|?/c? is the corresponding Lorentz factor.

Gaussianlightpulse. Theelectricfield ofaone-dimensional Gaussian light pulse', linearly polarizedin the y
direction and propagating in the x direction in vacuum, is given by E(r, t) = Eo cos[ko(x — ct)]e_(AkO) (x—ct)?/ 3.
Here y is the unit vector in the direction of the y axis, E is the electric field amplitude, kg = wo/c = 27 /g is
the wave number, and Ak is the standard deviation of the wave number. In all simulations of the present work,
we use Eg = 2744.9 V/m, Ak = 0.015ko, and g = 1746.7 nm. The wavelength is chosen so that it corresponds
to the case when the effective phase refractive index of a realistic NIM studied in Ref.® becomes rp, ¢ = —1.
We have selected the NIM structures of the present work so that this condition is also satisfied for them. The
magnetic field corresponding to the electric field above is determined by Maxwell’s equations. The fields inside
materials also follow from Maxwell’s equations when the pulse penetrates through the vacuum-material inter-
face. The simulations are carried out using Comsol Multiphysics simulation tool**. Periodic boundary conditions
are applied in the direction of the y axis in Fig. 3.

Dispersion relation of the EM field. In the illustration of light in a homogeneous NIM, we use a dis-
persion relation linearized around the central angular frequency as w (k) = wp + (¢/ng)(k — npko). This dis-
persion relation corresponds to the frequency- dependent phase refractive index n, (w) = ng + (1, — ng)wo/w.
The group refractive index is constant as g (@) = 3 - lwnp(w)] = ng. This means that the light pulse envelope
preserves its shape while the pulse is propagating. To make reflection of light from the vacuum-NIM interface
negligible, we match the wave impedance of NIM to that of free space byassuming equal frequency depend-
encies for the permittivity and permeability by writing &(w) = gonp(w) and (@) = ponp(w). These are both
negative at wy if n, is negative. Thus, the condition for negative refraction, i.e., &|u| + ple| < 0%, is satisfied in
our example. For the phase and group refractive indices at Ay = 1746.7 nm, we use the values of n, = —1and
ng = 10.52 corresponding to the central frequency values of the effective refractive indices calculated for the
inhomogeneous NIM. The plasmonic host material of the inhomogeneous NIM in F1%23 is assumed to obey the
Drude model dispersion relation with a relative permittivity equal to e, /g9 = 1 — . Here the plasma fre-
quency is wp = 1.22573 x 10'° rad/s. The collision frequency I'is set to zero so that the Ef\/[ energy is conserved
and we can study the field-driven MDW, which is separate from the impulse taken by atoms in absorption. The
dielectric cylinders in Fig. 3 have a constant relative permittivity of e. /g9 = 50.47, which is the value used for
a similar structure in Ref.'®. The plasmonic material used in the schematic experimental setup of Fig. 6 has a
plasma frequency of w, = 1.2459 x 10" rad/s.

Mechanical constants of the materials.  In the simulations, we have used the equilibrium mass density
of pao = 2200 kg/m? for the solid materials. The elastic force density was neglected in the present time-depend-
ent simulations since its effect is very small in the short time scale of the propagation of the light pulse***>*”. The
elastic force density can be added in Newton’s equation of motion without any change in the theory of the cou-
pled field-material dynamics. It is important if one wants to analyze the relaxation of the nonequilibrium atomic
displacements produced by the optical force density of the light pulse. This relaxation takes place in the longer
time scale of sound waves. In the case of continuous-wave illumination in the experimental setup in Fig. 6, the
role of elasticity is to balance the optical force on the layer-NIM by the opposite reaction force resulting from the
bending of the cantilever. Thus, in this example, the elastic force density should be added in the simulations if
one wants to simulate the bending of the cantilever. In this work, we restrict our simulations of this setup to the
calculation of the optical force.

Data availability

The simulation results presented in this paper are available from the corresponding author on reasonable request.
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