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ABSTRACT

The recently introduced mass-polariton (MP) theory of light describes light in a medium as a coupled state of the
field and matter [Phys. Rev. A 95, 063850 (2017)]. In the MP theory, the optical force density drives forward an
atomic mass density wave (MDW) that accompanies electromagnetic waves in a medium. The MDW is necessary
for the fulfilment of the conservation laws and the Lorentz covariance of light. In silicon at wavelength A\g = 1550
nm, the atomic MDW carries 92% of the total momentum and angular momentum of light. The MDW of a light
pulse having field energy E propagating in a dielectric also transfers a net mass equal to M = (npyng —1)E/ c?,
where n, and ng are the phase and group refractive indices. In this work, we present a schematic experimental
setup for the measurement of the MDW in a silicon crystal. This setup overcomes many challenges that have
been present in previously introduced setups and that have made the experimental observation of the MDW effect
difficult due to its smallness in comparison with other effects, such as the momentum transfer by absorption and
reflections. The present setup also overcomes challenges with elastic relaxation effects while extending possible
measurement time scales beyond the time scale of sound waves in the setup geometry. For the proposed setup,
we also compare the predictions of the MP theory of light to the predictions of the conventional Minkowski
theory, where the total momentum of light is carried by the electromagnetic field. We also aim at optimizing
experimental studies of the MDW effect using the proposed setup.

Keywords: mass-polariton, mass density wave, optical shock wave, electrodynamics, optomechanics

1. INTRODUCTION

The momentum and angular momentum of light continue to be subject of intense research as demonstrated
by recent investigations of these quantities in vacuum,!>2 in photonic materials,®>® in the near-field regime,” 1°
and also in the quantum domain.!! In the case of continuous media, the experiments studying the momentum
transfer between the electromagnetic field and the medium have mainly focused on the interaction of light with
liquids.'2"'® However, some recent experiments have also investigated mechanical effects of the momentum
transfer of light in solids.'®2° In the recent experiments by Pozar et al.,'® 2" the small elastic waves of atoms
generated by light reflected from a mirror were experimentally measured. The extremely small amplitude elastic
waves waves (amplitudes of the order of picometers) were detected by a piezoelectric sensor. The elastic waves
were, however, generated by the optical force caused by the reflection of a laser beam from a metal-coated
dielectric. We suggest that this experimental approach could also be applied to discover elastic waves resulting
from intra-material optical forces like the Abraham force of the light pulse propagating inside the dielectric. The
displacements generated by the optical force have the largest amplitude inside the dielectric, but in the same
way as in the experiment of Pozar et al., the elastic waves resulting from the relaxation of these displacements
will propagate to the surface and could be detected there using the same piezoelectric approach.

The discovery by Pozar et al. and various observations made with liquids are special cases of a general
phenomenology of atomic density waves that are generated by the optical force when light is partially reflected
from and partially transmitted through a dielectric. Fundamental and unified understanding of the dynamics
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of these atomic density waves is only possible by the mass-polariton (MP) theory of light developed by us
recently.2126 The MP theory combines the optical and elastic forces on equal footing and enables solving the
dynamical equation for the atoms in a dielectric. Thus, the MP theory of light combines Maxwell’s equations
of the field with the Newtonian mechanics of the medium?! and allows detailed optoelastic continuum dynamics
(OCD) simulations studying the coupled dynamics of the field and the medium. The MP theory shows that
light in a medium is associated with an atomic mass density wave (MDW) that is necessary for the fulfillment
of conservation laws and the Lorentz covariance of light. The MDW also carries a major part of the total linear
and angular momenta of light in many common dielectrics. For example, in silicon at wavelength Ag = 1550
nm, the atomic MDW carries 92% of the total momentum and angular momentum of light. The classical field-
theoretical background and Lorentz covariance properties of the MP theory of light are presented in detail in
recent works.25 26

In this work, we first review the foundations of the MP theory and its numerical implementation using the
OCD model. Then we present a schematic experimental setup for the observation of a small displacement of atoms
in a silicon crystal as a result of the optical force. The new experimental arrangement, which will be discussed in
detail below, overcomes many challenges that are present in previously introduced experimental setups.??: 2327729
We also perform OCD simulations of the field-medium dynamics in the setup especially concentrating on the
transient field effects of switching on the laser. The simulations also aim at optimizing experimental studies of
the atomic MDW dynamics in solids.

2. OPTOELASTIC CONTINUUM DYNAMICS
2.1 Optical and elastic forces and Newton’s equation of motion

The classical field-theoretical background of the MP theory of light is presented in detail in Refs.,?>2¢ which
complement the previous studies of the MP theory of light initiated in Refs.2!>22 In the MP theory, the dynamics
of the field and the matter are coupled through Newton’s equation of motion, which accounts for the optical
and elastic forces on equal footing. In the laboratory frame, which is an inertial frame, where the medium is at
rest in the absence of light, Newton’s equation of motion for the mass density p,(r,t) of the medium and the
instantaneous position- and time-dependent displacement field r,(r,t) of atoms is written in the nonrelativistic
limit as?!

d*r,(r,t)

dt?

Here £, (r, ) is the optical force density that the atoms experience due to the electromagnetic field and fe(r, t) is
the elastic force density, which arises between atoms that are displaced from their original equilibrium positions
by the optical force. For anisotropic cubic crystals, such as silicon that is used in the setup presented in this
work, the well-known elastic force density is given in Ref.3°

palr,t) = fopi(r, t) + fa(r, t). (1)

The optical force density in the MP theory of light in a lossless dispersive dielectric is presented in Ref.?2
The extension of this force density for lossy dielectrics is presented in Ref.?” as
npng —1 0
—=—_—_ExH. 2
2 Ot 2)

fa

fopt = peE + p10d x H —gongE*Vn,, +

fr, fint

Here p. is the free electric charge density of the medium, n, is the phase refractive index, ng is the group
refractive index, and J = oE is the free current density, where o = €;w is the electrical conductivity with ; the
imaginary part of the permittivity. In Eq. (2), the term fy, is the Lorentz force on free charges and currents,
which leads to damping of the field inside lossy media, the term fj,; is the interface force, which is related to
the changes of the refractive index, and the term fa is the Abraham force, which drives in a medium forward an
atomic MDW as shown in Refs.2}24
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2.2 Momentum and angular momentum of the coupled field-medium state of light

In the MP theory of light, the total momentum and angular momentum of the coupled state of light is shared
between the electromagnetic field and the atomic MDW. The total momentum of the coupled MP state and its
field and the medium contributions are given by integrals of classical momentum densities of the field and the

medium as ExH
X
PMp = /< 2 +PaVa)d37"> (3>

ExH .
Pfield = / 2 d3T', PMDW = /PaVadST- (4)

Correspondingly, the total angular momentum of the coupled state of light and its field and the MDW contri-
butions are given by integrals of the well-known classical expressions of the angular momentum densities of the
field and the medium as

ExH
Jvp = /I‘ X ( 2 + pava)d?)rv (5)

ExH
Jﬁeld = /I‘ X ( 2 )d?’r, JMDW = /I‘ X paVadS’l“. (6)

The setup for the experimental measurement of the atomic MDW presented in this work is based on detecting
the atomic displacements caused by the transfer of linear momentum with the MDW. Thus, measurements of
the angular momentum transfer with the MDW require a different setup.

2.3 Momentum conservation at a material interface

In the MP theory of light, the interface and Abraham force densities are unambiguously linked to the momenta
of the incident, reflected, and transmitted fields and the MDW. The conservation law of linear momentum can
be written at a general interface between two media as

Pfield,i + PMDW,i = Pfield,r T PMDW,r + Pfield,s + PMDW,t + Pint» (7)

where Pgelq,i is the momentum of the incident electromagnetic field, pypw i is the momentum of the incident
atomic MDW driven by the optical force, pgeld,r is the momentum of the reflected field, pypw ,r is the momentum
of the reflected MDW, pgelq,s is the momentum of the transmitted field, pmpw,t is the momentum of the
transmitted MDW, and piy¢ is the recoil momentum taken by a thin interface layer. For normal incidence
between lossless media, these momentum components are given in terms of the different components of the
optical force density and the momentum pq of the field in vacuum as

¢
1
Pfield,i = &, PMDW,i = // faidt' d®r = (np,l - 7)1307 (8)
Ng,1 —o0 Ng,1
Po t 1
Pfield,r = —R—, PMDW,r = // fa dt' d®r = _R(np,l - 7)1307 9)
Ng 1 —o0 Ng,1
Po ¢ 1
Pfeld,t = 1 ——, PMDW,t = // facdt' d®r = T(np,z - 7>P07 (10)
Ng 2 —o0 Ng,2
¢
Pint = // £ dt' dr = [np1(1+ R) — np 2T po- (11)

Here, R and T are the conventional power reflection and transmission coefficients of the interface, np 1, np 2,
ng 1, and ng o are the phase and group refractive indices of the two media, and fa ;, fa r, fo+ are respectively
the incident, reflected, and transmitted components of the Abraham force in Eq. (2). The Lorentz force term on
free charges and currents in Eq. (2) is zero in a lossless medium.
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Figure 1. Schematic experimental setup for the measurement of the atomic MDW effect in a microscopic silicon crystal
block. The free-standing silicon crystal block has dimensions 10.7 pm x 7.1 gm x 3.6 pm and it is assumed to be able
to move without friction in the horizontal direction. Anti-reflection (AR) coatings are assumed for the entry and exit
interfaces of the crystal. There are two incident 1-W laser beams on the left up and down. Inside the crystal, both laser
beams are reflected from two mirror interfaces before they exit the crystal. Position of the crystal block is detected with
an external position detection system.

3. SCHEMATIC EXPERIMENTAL SETUP AND THE OCD SIMULATIONS

An illustration of the schematic experimental setup for the measurement of the atomic MDW effect in a micro-
scopic silicon crystal block is presented in Fig. 1. This setup overcomes many challenges that have been present
in previously introduced setups and that have made the experimental observation of the MDW effect difficult due
to its smallness in comparison with other effects, such as the momentum transfer by absorption and reflections.
The present setup also overcomes challenges with elastic relaxation effects while extending possible measurement
time scales beyond the time scale of sound waves in the setup geometry.

In the setup in Fig. 1, there are two laser beams incident to the free-standing silicon crystal block on the
left up and down. In this arrangement, the net vertical force component experienced by the crystal block is
zero as the forces of the beams incident from the up and down cancel each other. Thus, only the horizontal
force components contribute to the net movement of the crystal block. Inside the crystal, both laser beams are
reflected from two mirror interfaces before they exit the crystal. By the reflection of light, the atoms at the left
mirror interfaces experience a force whose horizontal component is to the left while the atoms at the right mirror
interfaces experience a corresponding force to the right. However, the net kick experienced by the crystal block
due to the transient field of switching on the laser beams is to the left since there is a time difference between
the forces experience by the left and right mirror interfaces. In addition to these interface force effects, the
Abraham force term in Eq. (2) drives the atomic MDW forward in the crystal, which also contributes to the net
displacement of the crystal block. Position of the crystal block is detected with an external position detection
system that can be based on any available technology for high-precision position measurements. The dimensions
of the silicon crystal block in the setup of Fig. 1 are 10.7 pym in the x direction, 7.1 pym in the y direction, and
3.6 um in the z direction. For simplicity, anti-reflection coatings are assumed for the interfaces where the laser
beams enter and exit the crystal.

Next, we use the OCD model to simulate the propagation of laser beams and the generation of atomic
displacements as a result of the optical forces in the silicon crystal of the schematic experimental setup in Fig. 1.
We use a vacuum wavelength of A\g = 1550 nm for the two incident laser beams. The heating effects are assumed
to be small due to the small absorption coefficient of silicon at this wavelength. We assume the power of 1 W
for each of the two incident laser beams, which are focused on the sides of the crystal block in areas with a
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radius of the order of 1 um. Thus, the field intensities used in the simulations are well below the irradiation
damage threshold of silicon so that the the use of the elastic force density in the OCD model is justified. For
the wavelength Ao = 1550 nm, the phase refractive index of silicon is n, = 3.4757 and the group refractive index
is ng = 3.5997.3! The dispersion is relatively small, and it is neglected in the present simulations where we use
the phase refractive index only.

On the basis of previous OCD simulations,?" 2324 we use a perturbative approach in which we assume that

the back action of the atomic displacements on the field is vanishingly small and can be neglected. We solve the
electric and magnetic fields of the laser beams analytically by using Maxwell’s equations and assuming that the
beams have a Gaussian profile in the transverse directions and a top-hat profile in the longitudinal direction.
The transverse Gaussian beam profile is characterized by the waist radius of wg = 0.8 um. The optical force
density calculated by using these fields via Eq. (2) is then used as an input for the OCD model to describe the
coupled field-medium dynamics.

In the OCD simulations, we use the well-known elastic properties of silicon that has an anisotropic cubic
lattice structure whose elastic constants in the direction of the (100) plane are Cy; = 165.7 GPa, C12 = 63.9 GPa,
and Cyy = 79.6 GPa.32 These elastic constants correspond to the bulk modulus of B = (Cy; + 2C12)/3 = 97.8
GPa and the shear modulus of G = Cyy = 79.6 GPa. In the present OCD simulations, the (100) lattice plane
is assumed to be aligned along the z direction of the geometry in Fig. 1. In addition, in the simulations we use

the mass density of silicon, which is pg = 2329 kg/m?3.33

Figure 2(a) shows the electromagnetic energy density of the transient fields when the leading edges of the
top-hat laser beams are in the middle of the crystal 64 fs after they have entered the crystal. At this instance of
time, the left mirror interfaces in Fig. 1 have experienced backward forces due to the reflection of light. This is
described by the second term of Eq. (2). In addition, the Abraham force in the third term of Eq. (2) drives the
atomic MDW forward in the medium. The horizontal component of the Abraham force at ¢t = 64 fs is presented
in Fig. 2(b).

Figure 2(c) presents the time dependence of the integrated total (horizontal) optical force Fiot on the crystal
block and its contributions associated with the interfaces and the Abraham term in Fig. (2). One can see that
the left interface force contribution Fin 1 is backward while the Abraham force contribution Fj is forward. Both
these forces emerge after the laser beams have reached the left mirrors near ¢t = 20 fs. The interface force is slightly
larger making the total force Fiot to point backward. When the leading edges of the top-hat laser beams are
propagating between the mirrors, all total force terms are constant having values Fing 1 = —nPor/c = 2.32 ¥ 10—8
N, Fo = (n — 1/n)Pyot/c = 2.13 x 1078 N, and Fioy = —(1/n)Piot/c = —1.9 x 1072 N, where Pyt = 2 W is
the net power of the two laser beams in the crystal. At ¢ = 90 fs, the laser beams reach the right mirrors and
the right interface contribution Fjn; o starts to deviate from zero. The total Abraham force term drops to zero
and the left interface contribution stays constant. After the leading edges of the laser beams have fully reflected
from the right mirrors, the interface forces Fint,; and Fint o cancel each other since they are equal, but point
in opposite directions. Note that, even though the total integrated Abraham force term is zero, the space- and
time-dependent Abraham force is nonzero and continues to drive the atomic MDWs forward in the crystal in
accordance with the previous OCD simulations in different geometries.?! 24

Figure 2(d) depicts the center of mass velocity of the crystal block as a function of time. The center of mass
acceleration of the crystal block is simply given by Newton’s equation of motion as acy = Fiot /M, where M is the
total mass of the crystal block. Using this relation, the center of mass velocity of the crystal block is then given by
VoM = ffoo acmdt’. The center of mass velocity is seen to approach a constant value vey = —2.86 x 10710 m/s
after all the transient field effects of switching on the lasers. Therefore, in longer time scales, the displacement
of the medium block practically increases linearly as a function of time as xcy = voumt. For example, ¢ = 100
s after switching on the lasers, the displacement of the crystal block is equal to xcy = —28.6 nm. This order
of magnitude is obviously experimentally measurable. If the Abraham force driving the atomic MDW forward
was neglected as done in the well-known Minkowski model, then the displacement of the crystal block would be
in the same direction, but it would be as large as zcm, Minkowski = —306 nm due to the larger magnitude of Fio
during the transient field. Thus, the observation of the smaller magnitude of the atomic displacement predicted
above would be a strong evidence for the existence of the Abraham force and the related atomic MDW.
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Figure 2. Simulation of the optical forces on the microscopic silicon crystal block under the transient field when the laser
beams are switched on. The panel (a) shows the energy density of the electromagnetic field as a function of the position
in the plane z = 0 um when the leading edges of the top-hat laser beams are inside the crystal 64 fs after they have
entered the crystal. The red lines present the positions of the mirror interfaces. The panel (b) presents the position
dependence of the horizontal component of the Abraham force that drives the atomic MDW forward in the crystal. The
panel (c) depicts the total force Fiot, its Abraham force contribution Fa, the left interface contribution Fint,1, and the
right interface contribution Fint,2 that are sums of the forces on all medium elements. The panel (d) shows the center of
mass velocity of the crystal block as a function of time. The assumed vacuum wavelength of the laser beams is Ao = 1550
nm and the power is 1 W for each of the two beams.
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4. CONCLUSIONS

In conclusion, we have used the OCD model to simulate the dynamics of medium atoms in a schematic ex-
perimental setup for the measurement of the atomic MDW effect in a silicon crystal. The OCD model allows
detailed simulations of the optoelastic dynamics in any material geometry under the influence of the optical
force field. For instance, one can model the coupled field-medium dynamics in selected geometries for possible
device development needs. The OCD simulations can also be used for more detailed optimization of setups for
the experimental verification of the atomic MDW associated with light. Possible obstacles in measuring the
atomic MDW effect by using the proposed setup include the possible scattering of light unequally in different
directions, which introduces a separate force component that might dominate over the transient field effects in
large time scales. The second obstacle is the assumption that the silicon crystal block is free-standing, which
may be difficult to realize in long time scales.
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