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Electromagnetic forces in photonic crystals

M. I. Antonoyiannakis* and J. B. Pendry
Condensed Matter Theory Group, The Blackett Laboratory, Imperial College, London SW7 2BZ, United Kingdom

~Received 26 January 1999!

We have developed a general methodology for computing electromagnetic~EM! fields and forces in matter,
based on solving the macroscopic Maxwell’s equations numerically in real space and adopting the time-
averaged Maxwell stress tensor formalism. We can treat both dielectric and metallic systems characterized by
a local frequency-dependent dielectric function, and of any size and geometry in principle. In this paper, we are
particularly interested in calculating forces on nanostructures, induced by a beam of monochromatic light~such
as a laser!. The motivation behind this particular direction is the facilitation of self assembly in colloidal
systems with the aim of aiding the fabrication of photonic crystals. We first look at two homogeneous systems:
a half space and a layer. In passing from a low-e to a high-e medium, the light beam always attracts the
interface~i.e., thesurfaceforce is negative!. Thus the surfaces of two liquids separated by a layer of lowere
will generally be attracted towards each other, whereas for solids thetotal force must also be negative. This
condition is not satisfied for the EM field of a traveling wave, but may be fulfilled for an evanescent wave.
Thus, by shining evanescent light in the region between two solid bodies an attraction between them may be
induced. We then study the EM forces induced by a laser beam on a three-dimensional crystal of dielectric
spheres of GaP in air. At wavelengths comparable to the lattice constant, multiple scattering effects tune in:
band gaps, Bragg scattering. But in all these cases the incident beam induces positive pressure on~and
between! the spheres. Much more interesting is the regime where the radiation couples to the EM eigenmodes
supported by isolated spheres~Mie resonances!. These modes are analogous to electronic orbitals and, like
their electronic counterparts, can form bonding and antibonding interactions between neighboring spheres. By
irradiating the system with light at the bonding frequency an attractive interaction is induced between the
spheres. For moderate intensities of the incident radiation these forces can overcome all other interactions
present~gravitational, thermal, and Van der Waals! and may provide the main mechanism for formation of
stable crystal structures in colloidal systems.@S0163-1829~99!09027-X#
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I. INTRODUCTION

A. Photonic structures

The realization that by adjusting the geometric and diel
tric parameters of a photonic crystal, we can alter theoptical
properties at will,1–5 has fuelled prospects for novel optic
phenomena~such as photon localization, inhibition of spo
taneous emission and enhanced nonlinear effects! and de-
vices @single-mode light-emitting diodes, thresholdless
sers, etc.#.

For such novel effects to be observable, one needs ph
nic crystals of certain crystalline structure, small disord
and large refractive index contrast. Following intensified
forts over the past years we are now starting to have artifi
opals at visible wavelengths, fabricated by a wealth of
perimental techniques.6

The theoretical understanding of photonic structures
centered at solving Maxwell’s equations for the electrom
netic ~EM! wave field in the presence of matter. Thus, t
classical theory of vector fields is applied. This method
ogy, appropriate for scales large enough compared to
underlying atomic structure, has been successfully applie
predict both the dispersion relation~band structure! as well
as the scattering properties of such systems.

B. Overview of photonic forces

Nature favors phenomena that are energetically profita
For example, the Van der Waals force between two mac
PRB 600163-1829/99/60~4!/2363~12!/$15.00
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scopic objects can be found by calculating the change in
self energy of the vacuum-fluctuation wave fields, whi
multiply scatter off the objects. In electronic band structu
total energy calculations combined with variational arg
ments have been successfully used to predict the equilibr
structure of crystals and to realistically estimate a plethora
physical quantities.7

Our involvement with forces is motivated by the curre
state of affairs in self assembly of colloidal particles. Tw
major causes for crystallization in these systems are
gravitational and Van der Waals forces. Of these two, grav
leads invariably to close-packed structures, whereas the
der Waals force favors only one structure at a time. Heat
can at most provide a phase transition to another w
defined crystalline structure. But for optimal optical prope
ties in a photonic crystal, it is often necessary to obtain
particular structure that may not happen to be favored
gravity or Van der Waals. We wanted to go a step further
studying first how the crystalline structure affects the E
modes~bands!, and then using the knowledge of these mod
to affect changes in the structure by inducing system
attractions/repulsions while also maintaining the stability
the final crystal. Information of the EM-field distributio
alone is not enough to answer these questions, as we
see; hence the need to calculate EM forces.

To give an example, consider what happens to a photo
crystal of dielectric spheres as we traverse with a lase
tunable frequency a resonant mode~these modes are de
2363 ©1999 The American Physical Society
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2364 PRB 60M. I. ANTONOYIANNAKIS AND J. B. PENDRY
scribed later!. At the resonance the fields inside the sphe
are enhanced strongly and the corresponding energy de
increases by a factor of 1000; away from the resonances
enhancement factor drops to about 5. This shifting of
wave field from one region of the crystal to another stron
affects the forces that result in the subsequent movemen
the spheres, and may have important implications and ap
cations in colloidal assemblies.

Apart from performing total energy calculations, E
forces can be also computed in an alternative, more for
manner: namely within the Maxwell Stress Tensor~MST!
formalism. In this methodology, the various components
the MST are constructed from the electric and magn
fields in real space. Integration of the tensor around a clo
surface surrounding the body of interest yields the total fo
acting on it~surface or other local forces may be obtained
integrating around part of the body!. There is in principle no
restriction as to the size and shape of the body, nor as t
dielectric properties. The generality of this method makes
applicability wide, ranging from purely electric to pure
magnetic to fully electromagnetic effects, and from traveli
to evanescent wave fields.

Our approach in this paper is as follows: First, we expl
in some detail how the concept of a stress tensor arises in
calculation of forces. We define the tensor for the case
electromagnetism and show how it can be incorporated
numerical calculations of photonic effects. We then put o
methodology at work. First, we study how traveling and e
nescent fields affect the forces between two homogene
half spaces separated by a surface or a dielectric layer.
is followed by the main body of our results, which regar
light-induced forces on three-dimensional~3D! dielectric
crystals.

II. METHODOLOGY

A. Theoretical framework

1. The need for a stress tensor

We are interested in calculating EM forces on mac
scopic bodies in the nanometer scales. It is therefore na
to seek expressions for the forces in terms of macrosc
quantities~such as dielectric functions!. We, therefore, make
at the outset an implicit adoption of the continuum picture
matter. We follow the treatment of Landau and Lifshitz.8

A force acting on a macroscopic system is a sum of
forces fv(r ) on each of the volume elements that constit
the system. Thus, the total forceF is

F5E fv~r !dv. ~1!

If fv can be expressed as the divergence of a tensor of
two, then we can transform the volume integral into a surf
integral and the total force becomes

Fa5E ]TJab

]xb
dv, a,b5$x,y,z%, ~2!

5 R rTJabdSb , ~3!
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where a sum over repeated indices is implied from here
wards. Thestress tensor TJab contains all the information we
need. Note it has dimensions of energy density. This is
accidental, since forces can be also thought to arise du
changes in the energy under a virtual displacement of
system. Therefore, only the spatially varying part ofTJab
contributes to forces, a fact which can be seen in Eq.~2!.
Equation~3! is of great practical benefit in that it is ofte
easier to calculate the stress tensor on the surfaceS enclosing
a solid body rather than in its interior.

2. The stress tensor for electromagnetism

So far the discussion is general. For the case of elec
magnetism, Eqs.~1!–~3! describe the force transmitte
across the surfaceS and acting on thecombinedsystem of
particles and fields inside the volume element. From this
can obtain the force on matter alone by subtracting the
of change of the radiation momentum internal to the volum
however for systems of interest to us this term is zero a
therefore of no consequence, as we explain later. Now
need the stress tensor.

When a solid body is immersed in a linear, isotropic m
dium of permittivity e0em and permeabilitym0mm that do
not change with density changes or pure shears, then
spatially nonconstant part of the stress tensor in the reg
external to the body is given in terms of the electric (E) and
magnetic (H) fields by9

TJab5e0emEaEb1m0mmHaHb

2
1

2
dab~e0emEgEg1m0mmHgHg! ~4!

provided the medium remains in mechanical and therm
equilibrium under the influence of the EM fields. Thus,
integratingTJab of Eq. ~4! over a closed surfaceS enclosing
the system, thefull EM force on the system is obtained. N
further approximations or limiting assumptions need
made, as has often been done with other methodologies
ployed for EM effects~e.g., dipole approximation, vanishin
particle size compared to the wavelength of light in scatt
ing phenomena, etc.!. Our methodology can be applied t
dielectric or metallic objects of any shape and at any f
quency range in principle. The only requirement for mea
ingful results is that the integration is carried out over sca
that are large with respect to atomic sizes, so that the c
tinuum picture of matter is justified. For nanostructure sca
of interest to us (.50 nm) this requirement is surely sati
fied: the dynamics of the EM wave field is more prope
described by the equations of Maxwell rather than by
Schrödinger equation for all the electronic charges that ma
up the dielectric response of the system. This choice of m
roscopic scales dictates a relevant timescale also for the
of fields we are interested in~no macroscopic object ca
respond synchronously to THz oscillations!: we must time
average the forces~i.e., the stress tensor! over many cycles
when dealing with harmonic fields at optical frequencies.
consequence of time averaging is that the rate of chang
the EM-field momentum inside the volume of integratio
vanishes. Thus, it is the material bodies that absorb all m
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PRB 60 2365ELECTROMAGNETIC FORCES IN PHOTONIC CRYSTALS
mentum transfer between our system and the outside wo
The stress tensor integration yields exactly this force.

B. Numerical methods

We discretize Maxwell’s equations on a simple cub
~SC! mesh. For calculations of photonic band structure,
riodic boundary conditions are used in all directions. F
transmission results, we consider a crystal finite in thez di-
rection, having a thickness ofN unit cells ~layers!, N being
allowed to vary. We shall discuss here the case wher
monochromatic light beam of frequencyv, polarizations
and wave vectork is incident on the crystal from the2z
side. Using the transfer-matrix formalism we calculate
flection coefficientsRk8s8 for scattering into plane waves o
wave vectork85ki1gi1 ẑkz8 and polarizations8, whereki
is the component ofk parallel to thexy plane andgi is a
two-dimensionalreciprocal lattice vector also lying on thexy
plane. Our computer codes have been published and is
of stability and accuracy have been discussed elsewhere10

The new ingredient is the calculation of forces. From t
reflection coefficients we construct the total fields on th
2z side of the crystal,

E~r ,t !5Einc
0 (

k8,s8
~dkk8dss81Rk8s8!êk8s8e

i [k8•r2vt] ,

~5a!

H~r ,t !5H inc
0 (

k8,s8
~dkk8dss81Rk8s8!êk8s8e

i [k8•r2vt] .

~5b!

In Eq. ~5! Einc
0 ,H inc

0 are the amplitudes of the incident field

and êk8s8 are the unit vectors for eachk8 and each polariza
tion s8. The Kronecker delta functions serve as to add
contribution from the incident field, which is present on t
2z side, to the reflected field. For the total fields on the1z
side the only contribution comes from the transmitted fiel

Having constructed the total fields outside the crystal,
invoke once again the transfer-matrix equations to find
total field at each mesh point inside the structure. When
is accomplished, the stress tensor components are calcu
and time averaged. The latter procedure can be made
standard way since the fields are expressed as sums of
waves at the same frequencyv. There is one word of caution
when we are dealing with resonances, however: in this c
the EM energy and the stress tensor vary rapidly in spa
and it is important to allow enough mesh points to descr
the spatial decay of the associated evanescent wave fi
otherwise the calculation becomes unstable. Finally,
forces are found by integrating the stress tensor over a
face enclosing the body of interest, which can be of arbitr
shape and complexity. In this paper, we present force ca
lations on isolated spheres, crystal layers, and the entire c
tal sample.

III. RESULTS AND DISCUSSION

A. Homogeneous system—traveling waves

In order to understand some of the main qualitative f
tures of light-induced EM forces, as well as to provide
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testbed for our numerical methodology, we first solve~ana-
lytically and numerically! for two homogeneous systems:
half space and a layer, both extending infinitely in thexy
plane~Figs. 1 and 2!.

The light beam is incident from above and has an infin
cross section, so that edge effects are removed. In practi
laser beam with a cross section 10 times larger than the
studied suffices for such effects to be avoided, a reali
requirement for modern lasers.

As a dielectric system we chose GaP, which is transpa
over near infrared and visible frequencies but has a sign
cant absorption in the ultraviolet spectrum. As a meta
system we use Al, for which the dielectric function can
modeled as

e512
vp

2

v~v1 ig!
, ~6!

where\vp515 eV and the damping coefficient for the in
traband transitions is\g50.1 eV. Our data for the dielectric
properties of these materials come from Ref. 11.

FIG. 1. Reflection and transmission of a beam of monoch
matic light upon incidence on the interface between two differ
semi-infinite dielectric media~half spaces!.

FIG. 2. A wave incident at angleu1 from medium I is scattered
by the interfaces with media II and III. Whene2,e1 the fields in II
become evanescent for large enoughu1. For visual clarity all beams
are pictured as rays with zero cross section; in our calculations
regard each beam as having infinite cross section.
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2366 PRB 60M. I. ANTONOYIANNAKIS AND J. B. PENDRY
We summarize our main findings for the forces on the
systems.

1. Half space

~a! Natural limits. The response to light incident on
homogeneous half space ranges from full absorption~e.g.,
for a dielectric at the Brewster angle andp-polarized light! to
full reflection ~e.g., for a perfect metal at frequencies belo
vp) In the former case, the momentum exchange betw
light and the crystal equals thez component of the inciden
momentum, in the latter case it is twice that. Thus, for n
mal incidence the pressure on the half space will range
spectively fromPinc ~full absorption! to 2Pinc ~full reflec-
tion!, where Pinc5I 0 /c0 is the radiation pressure of th
incident beam, which has intensityI 0 and travels at the free
space speedc0. These effects are demonstrated for GaP a
Al samples in Figs. 3 and 4~thick lines!. The valuesPinc and
2Pinc constitute therefore thenatural limits for total ~i.e.,
external! EM forces on a general dielectric half space due
incidence of a single beam of light.

~b! Volume forces. Inside the homogeneous half spa
there will be no volume force in any direction if there are
losses, since the transmitted light will propagate unimpe
as in free space~although with a different wave velocity!.
Therefore, the stress tensor will be constant throughout
medium. However, when absorption is present volume for
occur and are accompanied by a continuous decay of theTJ i j
components withz.

~c! Origin of surface forces. Momentum transfer betwee
the incident light and matter can occur due to a scattering
absorption process. Therefore, a surface force must gene
exist on dielectric boundaries, since the reflectio
transmission process causes the momentum of the inci
light to change. This surface force will be accompanied b
discontinuity in one or more stress tensor components ac
the interface (TJzz in our case!.

FIG. 3. The intensity of reflected light, at normal incidenc
from two semi-infinite homogeneous systems, GaP and Al
shown in thick lines. The sharp decline in reflectance for Al is d
to the plasma frequencyvp515 eV. A finite but substantially thick
~400 nm! layer of Al also reflects most light belowvp ; abovevp it
displays a ripple structure due to multiple reflections of the wa
from the sides of the layer~Fabry-Perot oscillations!. Reflectance
~transmittance! for the finite layer is shown in continuous~broken!
thin lines.
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~d! Sign of surface forces. For e1,e2 and boths and p
polarizations the normal component of the interface press
Pz,int is always negative and the interface is attracted by
beam, since

Pz,int}~e12e2!. ~7!

We can physically understand this in terms of the spa
distribution of the EM energy. Fors light all fields are con-
tinuous across the interface, exceptD i , which is higher in
medium 2. Hence, atz50 the energy density in medium 2 i
always higher than in medium 1. The total energy is co
served, but the lower wave velocity in medium 2 means t
more energy is ‘‘squeezed’’ near the interface on the 01 side
than on the 02 side. This imbalance in energy density show
up as a negative force. Forp light the energy-density balanc
is not straightforward to predict without doing the calcul
tion; but otherwise the same arguments apply. This intuit
energy-gradient argument explains qualitatively the for
but for normal incidence it is quantitatively correct also. W
show in Fig. 5 the MST and the energy-gradient calculatio
for both Al and GaP. The agreement is excellent.

2. Layer

~a! Natural limits revisited. If we replace the half space
with a layer of finite thickness such that some light is tran
mitted through the far end, then the lower bound for t
force becomes zero, corresponding to full transmission~i.e.,
zero reflection and zero absorption!. This effect is demon-
strated for normal incidence on an Al sample of thickne
d5400 nm in Figs. 3 and 4~thin lines!.

,
is
e

s

FIG. 4. Total pressure on a homogeneous medium of infin
~GaP and Al half spaces, thick curves! and finite~Al 400 nm, thin
curves! thickness. Light is normally incident from air with intensit
I 0;33108 W/m2. The incident radiation pressure isPinc5I 0 /c0

51. Positive values for the pressure imply that the light is push
the system.~i! For the half spaces, the pressure is calculated w
the stress-tensor method analytically~continuous thick lines! and
numerically~dotted-thick lines! in perfect agreement. It ranges from
Pinc ~full absorption! to 2Pinc ~full reflection! irrespective of the
different dielectric properties of the GaP and Al media.~ii ! In con-
trast, a layer of finite thickness may allow light to pass with tran
mittance close to unity, in which case it experiences a press
close to zero. For the layer the pressure is calculated numeric
with the stress-tensor method~continuous thin line! and with the
energy-gradient method~dotted-thin line!.
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~b! Interface forces at z5d. With motivation for self as-
sembly, we are interested in producing attractive forces
tween media I and III. Irrespective of whether the waves
traveling or evanescent, the interface force atz5d is attrac-
tive ~negative! when e3.e2. This is satisfied for at leas
some range of frequencies when II is vacuum and III is
semiconductor/insulator—but not if III is a metal. The sam
holds true for the interface force atz50: the sign of the
force on the interface is given by (e22e1). Consequently,
any light beam passing through two liquid media separa
by a layer of lowere will induce an attraction between th
liquid surfaces. If the liquids are incompressible their s
faces will move towards each other. The inverse situat
occurs for light falling from air~medium I! onto a liquid
layer ~medium II!: the liquid expands in both interface
Such behavior has been described by Kats and Kontorovi12

in connection with the self focusing of a laser beam in
liquid medium.

~c! Total forces.When only traveling waves exist in a
three media, the two half spaces repel each other. In
case, the photons can be thought of as tennis balls: as
scatter off the walls of I and II, they exert a positive press
on each wall.

B. Homogeneous system—evanescent waves

We saw that two solid bodies cannot be attracted towa
each other via traveling waves. The situation is different
evanescent wave fields. In such fields the light wave vectk
acquires an imaginary component so that the dispersion
lation is always satisfied

e5~c0 /v!2k•k ~8!

5 k̃• k̃, ~9!

wheree is the relative permittivity of the medium of propa
gation, and the wave vectork̃ is dimensionless. Equation~9!
is practical because we can derive the wave vectors froe
~or vice versa! without worrying about units.

FIG. 5. Light-induced surface pressure on a homogene
half space~GaP and Al!. Normal incidence from air withI 0

;33108 W/m2. The pressure is calculated analytically as the d
ferential of the energy density at the interface~i.e., via the energy-
gradient method! and is shown in continuous lines; and numerica
with the stress-tensor method, shown in dotted lines. There is
fect agreement.
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In this section, we concentrate on the layer system~see
Fig. 2!. The layer is denoted as medium II and separates
dielectric half spaces I, III. For simplicity media I and II ar
assumed absorption free, whereas for medium III we lete3

5e381 i e39 in order to test how sensitive our results are
some absorption in the system. A beam of light of wav
length l is incident from medium I, where it travels with
speedc1, at an angleu1 and a wave vectork̃15 x̂b̃1 ẑg̃1.
Upon penetration into region II, the wave vector may pick
an imaginary component alongẑ

e25b̃21g̃82; k̃25~ b̃,0,g̃28!, when b̃2,e2 ~10!

e25b̃22g̃92; k̃25~ b̃,0,i g̃29!, when b̃2.e2 . ~11!

By choosinge2,e1 and adjustingu1 ~since b̃5 k̃1 cosu1)
we can create an evanescent wave in region II with the
sirable imaginary momentumg̃29 . Here, we concentrate o
the case of medium II being vacuum (e251). We discuss
total forces on media I and III, not interface forces.

When k̃2 has a sufficiently large imaginary compone
alongẑ, the force becomes attractive. In this case the ten
ball analogy breaks down. Our results indicate that at
electrostatic limitl@d the total force on III per unit area
varies as

Pz52
I 0

c1

g̃1
2~ ug3u22g29

2!

ug181g3u2
. ~12!

Thus, the force becomes zero whenug3u5g29 . Curiously,
this is the same condition for the angles of refractionu2 ,u3
to be equal, since

utanu i u5
b

ug i u
, i 5$1,2,3%. ~13!

The force is attractive for large anglesu1, repulsive for small
angles. This is seen more clearly for the case of medium
being free of absorption, in which case the formulas simp
to give

Pz;H ~e22e3!, g3850

e31e222e1 sin2u1 , g3950.
~14!

Whene1.e38.e2 andu1 increases from 0 the wave field i
region II becomes evanescent first; then, at a larger valu
u1 the wave field in region III becomes evanescent a
~double evanescence!. At this point the force between medi
I and III becomes attractive and it remains so for all ang
greater. On the other hand, for a traveling wave in medi
III the force also becomes attractive beyond a threshold
u1. So the force is attractive for large enoughu1.

The magnitude of the attractive force is sensitive to
ratio of the wavelengthl to the layer thicknessd over which
the evanescent fields decay before entering medium III.
find that forl/d;5 the force has already dropped by mo
than three orders of magnitude compared to its value at
electrostatic limitl@d. In Fig. 6, we plot the normal pres
sure Pz versus cosu1 for three cases,~i! e1,e38 , ~ii ! e1

5e38 , and~iii ! e1.e38 . For ~i! and ~ii ! the attractive part of
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Pz displays a smooth maximum, whereas for~iii ! it peaks
sharply. In all cases the highest value ofPz at the electro-
static limit is of the same order of magnitude as the incid
radiation pressureI 0 /c1. For ~i! and ~ii !, the field in region
III is that of a traveling wave for all angles and therefo
ug3u.0. However, for~iii ! the field becomes doubly evane
cent~in regions II and III! whenu1.u0 , u0 being the angle
for total internal reflection at an interface between medi
and III. This sharp feature in the force persists always atu0,
providede1.e38 . Its position in theu axis is independent o
the dielectric properties of layer II. Atu0 we haveug3u50.
From Eq.~12! it becomes clear why a vanishingg3 results
into a sharp peak inPz . For moderate absorption in III,ug3u
does not quite reach zero atu0 and the strength of the attrac
tion is reduced although the peak is still clearly seen:
example, the maximum drops by 40% whene39;0.1. Since
the EM force is proportional to the light intensityI 0, we can
adjust the latter so that the force induced by the evanes
~or the traveling! wave field supersedes the dispersion forc
between the half spaces. We have indicated the streng
the Van der Waals attraction in the figure, calculated in
macroscopic Lifshitz theory with retardation and nonaddit
ity effects considered. Owing to thed24 behavior of the Van
der Waals force,13 only large enough separations will allo
the photoinduced force to dominate.

We conclude that evanescent wave fields may have a
to play in inducing attractive interactions between two
electric surfaces. The peak atu0 for doubly evanescent field
might be of further interest in this direction.

C. Dielectric crystals

We now turn our attention to a 3D crystal of dielectr
~GaP! spheres arranged in a SC lattice~Fig. 7!. GaP has an

FIG. 6. Total pressure on medium III plotted against the cos
of the angle of incidence, for~i! e158, e251, e359, ~ii ! e1

59, e251, e359, and ~iii ! e1510, e251, e359. For system
~iii ! nonzero absorption (e3950.1) is considered also~grey line!.
Negative pressure implies attractive force on III. The sharp att
tion peak for~iii ! occurs whenug3u50. Zero pressure correspond
to g295ug3u. All curves are ford5100 nm, l/d5100 and an
incident beam intensityI 053.53109 W/m2. The Van der Waals
attraction between I and III is smaller than the photoinduced fo
for most angles; however for light intensities weaker by a factor
20 or more, or for separations smaller than 50 nm the Van
Waals force dominates all photoinduced effects over all angles
t
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essentially real, constant dielectric function~modeled here as
e58.9! over the frequency range of relevance to this wo
~0.07–1 eV!. The actual absorption of GaP is too small
have any sizeable effect on our force calculations. We c
sider spheres with a radiusr 52002400 nm, and choose a
lattice spacingl 5900 nm, so the spherical surfaces a
separated byD51002500 nm. We often consider the re
erence medium in which the spheres are embedded to b
(em51), although, for reasons of experimental feasibility,
is really a liquid medium we have in mind. Such a mediu
does not alter qualitatively the effects we describe provid
its absorption is low enough. For example, we show t
water is suitable. The crystal is infinite in thex andy direc-
tions, and has thicknessN unit cells in thez direction.

For the EM properties of this crystal we expect the fo
lowing behavior:

~a! Propagation of EM waves in an ‘‘effective medium
at large wavelengthsl@ l where light senses the crystal a
an homogeneous dielectric medium.

~b! Multiple scattering effects:~i! forbidden ranges of fre-
quencies asl; l where the multiply scattered waves inte
fere destructively and annihilate each other inside the crys
~ii ! scattering by specific crystal planes into nonspecular
rections asl21;uk1Gu/(2p), G being a reciprocal lattice
vector.

~c! Resonant features at frequencies corresponding to
EM eigenmodes of each sphere.

e

c-

e
f
r

FIG. 7. Our main system of study: A 3D crystal~lattice spacing
l ) of GaP spheres (r ,e) embedded in a mediumem ~usually em

51 here!. The EM forces are induced by the incidence of one la
beam on the top surface. The crystal responds by reflecting l
into the specular beam~thick ray! and under special conditions int
the Bragg-reflected beams~thinner rays!. Equivalently there is the
directly transmitted beam and possible Bragg-transmitted bea
Beams that result from Bragg scattering are also termed ‘‘o
diagonal.’’ The crystal is infinite in thexy plane and has thicknes
N layers~unit cells! in the z direction.
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FIG. 8. ~a! Photonic band structure along theGX direction for a simple cubic lattice of GaP spheres (r 5350 nm,e58.9) in air. The
vertical axis is in eV units for the frequency and the horizontal axis in inp/ l units for the wave vectorkz . ~b! Transmittance for a crysta

monolayer and for normal incidence alongẑ. The sharp peaks correspond in frequency to the low-dispersion modes of the band struc
~b!, and occur when the incident light couples to one of the EM eigenmodes of isolated spheres~Mie resonances!. Some peaks can be
attributed to a single resonance (b1

1: magnetic dipole mode;a1
1: electric dipole mode;a2

1: electric quadrupole mode! while others involve
mixing from more than one Mie modes~hybrids! owing to the organization of the spheres in a lattice.~c! Normal pressure~SI units! on one
unit cell for the system of~b! and beam intensityI 0533108 W/m2. The force scales withI 0.
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We observe the effects of~b! and~c! in Fig. 8, where the
band structure~dispersion relation! is shown alongside trans
mittance and force for normal incidence on a crystal mo
layer; the effects of~a! appear at lower frequencies n
shown in the figure.

Thus, at energies up to at least 0.1 eV,v is proportional
to the wave vectorkz and the constant of proportionality i
the wave velocity of a homogeneous effective medium,
dielectric functioneeff, replacing the crystal. Within the con
text of the Garnett theory14 we find eeff51.76. At low ener-
gies ~or wavelengthsl.103 l ) the force on the crystal is
well approximated by the analytical expression for the fo
on a homogeneous film of the same thickness and diele
function eeff.

At higher energies band gaps open up and the propaga
of all EM modes is forbidden inside an infinite crystal: a
incident light will be reflected back when the frequency li
within a band gap. It is impressive that even for one layer
thickness the second band gap centered at around 0.7
causes a low transmission. Consequently the pressure o
layer approaches the upper natural limit 2Pinc for frequen-
cies inside this gap. The first band gap@centered at 0.47 eV
not shown in Fig. 8~a!# requires a thicker sample before
can clearly show its signature in transmission and force sp
tra, but otherwise it affects the system’s behavior in the sa
way.

The first gap is clearly a lattice effect. It forms at energ
near the first crossing of 4 bands~two for each polarization!
-

f

e
ric

on

f
eV
the

c-
e

s

at the edge of the first Brillouin zone. The second gap, ho
ever, is associated with the onset of the resonance at 0.65
which is asingle-sphereeffect and is present for any thick
ness; hence this gap affects the transmittance spectrum
for one layer of thickness.

Another consequence of multiple scattering is that un
certain conditions, the scattered fields can interfere const
tively and produce outgoing waves in additional directions
those of the specularly reflected and directly transmit
beams. We call this scatteringoff-diagonal, since when it
occurs the wave vector of the scattered field picks up a
reciprocal lattice vector component,

k85ki1gi1 ẑkz8 , ~15!

whereas the energy conservation requests that

k85k. ~16!

Most often the energetics of the problem is such thatkz8 is
imaginary and all the off-diagonal fields are evanesce
However, at certain ranges of frequencies a realkz8 is al-
lowed from Eq.~16! and the off-diagonally scattered beam
are traveling waves. For a SC lattice the minimum energy
this to occur is for the smallest possible but nonzerogi i.e.,
whenki lies at the edge of the first Brillouin zone along th
GX direction. Considering an incident beam withk
5(kx,0,kz), the condition for nonzerogi and realkz8 becomes
s
TABLE I. Mie modes of an isolated GaP sphere (e58.9) and their correspondingorder parameter~mode frequency times sphere radiu!
in units of eV3nm. bn

i (an
i ) modes represent magnetic~electric! multipoles oscillating at the light frequency.

b1
1 a1

1 b2
1 a2

1 b3
1 a3

1 b1
2 a1

2 b4
1 a4

1 b2
2 b5

1

187 214 267 313 346 405 405 410 423 491 493 499
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FIG. 9. For a given Mie mode~at frequencyv! of an isolated sphere~radiusr ), the order parameterv•r is independent of the spher
size. When the spheres are put together in a lattice, interactions shift the resonances. When the radius is small compared to the
~i.e., the unit-cell lengthl ), the one-sphere result is recovered. Results here are for theb1

1 mode.
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k sinu5
p

l
⇒v5

p

l

c0

sinu
. ~17!

Equation ~17! gives the lowest frequency for off-diagon
scattering for a SC crystal of lattice constantl and a wave
incident from air at an angleu. For example, for incidence
on a crystal monolayer of GaP spheres atu570 deg, off-
diagonal scattering sets in at 0.71 eV, in good agreem
with Eq. ~17!. As the frequency increases there are m
off-diagonal beams of real momentum generated by the s
tering process and the force spectra may become quite c
plicated.

But clearly the most noteworthy issue is the appearanc
resonant forces@for example at 0.65, 0.796, 0.814, 0.86
0.877, and 0.903 eV in Fig. 8~c!# combined with modes o
low dispersion in the band structure. These resonances i
nt
e
t-

m-

of

er-

est us because firstly, they involve strong forces and s
ondly, they lead to attractive interactions between
spheres as we shall see.

As regards the strength of the photo-induced force, thi
proportional toI 0, the intensity of the incident beam. For
moderate laser ofI 0;3.53108 W/m2 the radiation pressure
of the incident beam isI 0 /c0;1 pN per unit cell~of surface
area 9003900 nm2). The total force on the crystal may no
exceed the natural limit of 2Pinc;2 pN, and in resonance
it varies typically between 1 and 2 pN. However when mo
than one crystal layers are put together then the light-indu
resonant interactionsbetweenthe layers~i.e., the total forces
on individual spheres! may easily be enhanced to 10 times
more the incident radiation pressure~e.g., 8 pN at 1.08 eV of
Fig. 10!. By contrast, the gravitational force on a GaP sph
is mg;0.831023 pN. Thermal-fluctuation forces are com
n, peak

tibonding

n the
FIG. 10. Normal pressure on a two-layer crystal of GaP spheres~e58.9, radiusr 5220 nm, f 50.06) in air when light is incident
normally with intensityI 0533 108 W/m2. The pressure on the top~bottom! layer is shown in a thin black~thick grey! line; on both layers
~i.e., total pressure! it is shown in a dotted line. At resonant frequencies the forces on either layer are generally opposite in directio
sharply and their sign alternates with frequency, exhibiting a series of bonding/antibonding interactions~i.e., layers attract/repel each other!.
At the bonding modes the spheres of the two layers behave as oscillating EM multipoles oriented parallel to each other, at the an
modes they are antiparallel. Here the magnetic dipole (b1

1) modes are seen at;0.94 eV, and the electric dipole (a1
1) modes at 1.08 and 1.1

eV. The broad peaks of repulsion~at 1.01 and 1.2 eV! have nonresonant origins, owing to the multiple scattering of photons betwee
layers. The strength of the resonant forces is enhanced with increasingf. The pressure is in SI units.
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parable to gravity. Finally, the Van der Waals attraction b
tween two GaP spheres at these distances is less tha
pN.16 Thus provided the spheres are in a liquid medium t
facilitates heat evacuation~so that melting is avoided!, the
photo-induced resonant force can dominate gravitatio
thermal-fluctuation and Van der Waals forces.

As regards the nature of the resonant modes, it has b
argued elsewhere15–17that they correspond to the EM eige
modes of isolated spheres~Mie resonances!. Due to the or-
ganization of the spheres in a lattice, they acquire a finite
low dispersion~i.e., a low group velocitydv/dk) and are
therefore termed ‘‘heavy photons.’’15 Their presence
strongly affects the position of the band gaps on the
quency axis.18 The eigenmodes are spherical waves labe
by three quantum numbers, just as in the case of electr
orbitals in atoms, and are generally electric or magnetic
cillating multipoles. The analogy to atomic physics is f
reaching, as we show below. The notation for theexcitable
electric ~magnetic! modes by a plane wave isan

i (bn
i ), n

being the azimuthal quantum number andi being the sequen
tial index of the resonance in the frequency axis. For diel
tric spheres the electric modesan

i are broader whereas th
magnetic modesbn

i are sharper, the sharpness of both typ
of modes increasing with frequency. For metallic spher
only the electric modes survive, being better known to so
as ‘‘surface plasmons.’’ The first few Mie resonances fo
GaP sphere subjected to a plane wave are shown in Tab

When many spheres approach to form the infinite crys
interactions occur which shift the resonances with respec
the frequencies for an isolated sphere~Fig. 9!. Unless the
coupling between neighboring spheres is strong, each r
nance in the crystal will retain its characteristic EM-fie
distributions on the surface and on the interior of ea
sphere. Thus we have established that the sharp force fe
at 0.65 eV in Fig. 8~c! is a magnetic dipoleb1

1 mode, at 0.796
eV an electric dipolea1

1, at 0.903 eV an electric quadrupo
a2

1. The EM-field distributions for these three resonanc
identify completely with the expected patterns for Mie sc
tering from a single sphere.18 The three peaks inbetween a
hybrids that result from mixing from more than one M
modes owing to the organization of the spheres into a latt
at 0.814 eV the fields display a partial similarity to the ma
netic quadrupole modeb2

1 distributions, at 0.866 and 0.87
eV there is partial similarity to the modea2

1.
The analogy between the EM eigenmodes of a sphere

the electronic orbitals of an atom leads us to expect
equivalent situation to the degeneracy splitting in atom
namely that two oscillating multipoles~GaP spheres in a
heavy-photon mode! brought close together will interac
their fields will hybridize and the two new energy levels
the combined system would lie slightly below~at v,) and
slightly above~at v.) the frequency of the original level~at
v0). The mode atv, would identify as bonding~spheres
attract each other! whereas atv. as antibonding~spheres
repel each other!. Such is indeed the case, as we disco
when we bring two crystal monolayers in proximity an
monitor the forces on the spheres of each layer~top and
bottom! induced by a normally incident laser beam, shown
Fig. 10 for spheres ofr 5220 nm. The number of shar
features doubles, as the number of layers does. The fo
-
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induced on the top and bottom spheres alternate in sig
different resonances are encountered. For the magnetic
pole (b1

1) mode in particular, we have shown17 that atv, all
spheres have their dipoles parallel and there is attraction
tween the two layers; whereas atv. the dipoles of the top
layer are antiparallel to those of the bottom layer and re
them. The same is true for the electric dipole (a1

1) mode: all
dipoles are parallel atv51.08 eV ~attraction!, antiparallel
at v51.1 ~repulsion! for the system of Fig. 10. Similarly, the
multipoles of the higher-energy modes can be oriented c
structively, in which case an attraction occurs, or destr
tively, leading to repulsion between neighboring spher
This argument holds also for the mixed hybrid states that
made out of more than one Mie modes. Some character
EM-field distributions for these cases of bonding and an
bonding of dipolar, quadrupolar, and hybrid modes appea
Figs. 11, 12, and 13. To complete the analogy, the splitt
of the energy levels and the force strength increase as
spheres of two vertically adjacent layers approach each o
~Fig. 14!. Thus the potential well~barrier! for attraction~re-
pulsion! becomes deeper~higher! with proximity. The reason
for this is that at resonance there are strong evanescent fi
induced: the EM-energy density inside each sphere is
hanced up to 3 orders of magnitude compared with the d
sity of the incident beam. At large distances these fields
cay to zero and do not give rise to forces, but when anot
sphere exists nearby they may couple to it and produc
sizeable effect on the force, in a similar manner to what
found for the force between two half spaces separated b
layer of air upon the incidence of evanescent waves.

Incidentally, the broad features around 1.01 and 1.2 eV
the forces on each layer of Fig. 10 arenot resonances. They
form as photons scatter multiply between the layers, bang
as tennis balls against each layer and exiting on the lo
side eventually with a unit transmittance. Hence, they ca
repulsion between the layers, although the total force on

FIG. 11. Bonding and antibonding for the magnetic dipole mo
b1

1 of the two-layer crystal. TheH field is shown on the cross
sectionxz through the center of two vertically adjacent spher
Light is s polarized, normally incident from thez direction at the
bonding frequency in part~a! ~dipoles parallel!, at the antibonding
frequency in part~b! ~dipoles antiparallel!. For p polarization the
directions of the fields are reversed.
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crystal is zero. Being interference and not resonance pe
they are rather resistant to absorption: they survive to 60%
their strength whene950.1.

The rest of the force spectrum displays mostly smoo
attractive interactions due to the band gaps between
heavy-photon bands. This off-resonance attraction is p
duced as the band-gap condition for high reflectivity cau

FIG. 12. Bonding and antibonding for the electric quadrup
modea2

1 of the two-layer crystal. In all parts theE field is shown on
the cross sectionxy through the centre of each sphere.~a! and ~b!
Top and bottom spheres, bonding mode.~c! and~d! Top and bottom
spheres, antibonding mode. At the bonding mode the quadrup
of the top and bottom spheres are ‘‘parallel,’’ at the antibond
mode ‘‘antiparallel.’’ The boundaries of the dielectric object~mim-
icking a sphere! inside the unit cell are drawn for clarity.

FIG. 13. Bonding and antibonding for a hybrid mode of t
two-layer crystal. TheH field is shown on the cross sectionxz
through the centre of two vertically adjacent spheres. Light is n
mally incident from thez direction.~a! Bonding frequency,s polar-
ization: constructive alignment of the fields in the two spheres.~b!
Antibonding frequency,p polarization: denstructive alignment o
the fields.
ks
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the top layer to absorb almost all the shock from the refl
tion of the incident light and be therefore pushed towards
bottom layer, which remains relatively inert.

The ability to induce resonant interactions between
spheres of a photonic crystal by shining laser light sugges
possible application in self assembly: by selectively popu
ing the bonding mode we may be able to induce attract
between colloidal particles and promote crystallization in
structures that satisfy our purposes even though they may
be favored by gravity or Van der Waals forces. Our calcu
tions may be relevant in one more manner: given the e
with which a two-dimensional photonic crystal is availab
today, and the relevant difficulty in extending to the thi
dimension, we suggest that different crystal layers may
attracted and stacked together in a systematic and rever
way by photoinducing the bonding and antibonding forces
will. The generality of the bonding phenomenon adds to t
conjecture: all objects support their own Mie-like resonan
leading to attraction, no matter how complex their geome
and dielectric function. The angle at which light is incide
shifts slightly their frequency but does not suppress
bonding modes. But absorption present in the spheres o
surrounding medium may mask the resonances: a mode
e950.1 is enough to suppress them. For GaP spheres in
ter, however, we have found that the absorption is too sm
to blur the sharp features in forces, within the frequen
range of interest. Also, we have checked that the resona
survive a polydispersion of at least a few percent.

The analogy between resonant, light-induced, sphe
sphere interactions and the bonding of atoms that we
described is not the only one to be made. An analogy ex
also with the case of cutting a metal in two along a pla
whereby the bulk plasmons reorganize into surface plasm
of attractive and repelling nature at frequencies below a
above the original frequency.19 The similarities between
these three very different systems prompt us to acknowle
a general tendency in nature for the formation of energ
cally favorable EM bonds between two systems in the sa
state that come into proximity.

The bond-formation idea extends the Mie scatter

les

r-

FIG. 14. Resonant energies of a two-layer crystal for norm

incidence alongẑ and for the magnetic dipole mode. As the tw
crystal layers approach each other the bonding/antibonding en
levels of the Mie modes on the spheres split further. The dots
note the energies of the bonding and antibonding modes as a f
tion of the distance of the layers. The spheres have radiur
5240 nm.
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PRB 60 2373ELECTROMAGNETIC FORCES IN PHOTONIC CRYSTALS
theory of a single sphere since it involves sphere-sphere
teractions induced by laser light in a manner that would se
surprising had it not been for our comparison with atom
physics. Furthermore, the Mie theory EM-field distributio
may apply to isolated spheres or spheroids; but they bec
irrelevant for artificial atoms of cubical, rodlike, or mor
complex shapes that are often used in photonic crystals.
may the bonding/antibonding mechanism be guessed by
vestigating the photonic band structure, since the latter
plies to an already built infinite crystal and does not show
the relevant physics as the spheres are gradually brought
proximity. Transmission studies for a crystal two-laye
thick do hint at the bonding mechanism, since there app
two peaks in transmittance, but it may not be known po
tively which of the two peaks leads to attraction, if at a
unless the atomic physics analogy were to be postulatea
priori , and that would be a bold step! This holds especia
for frequency ranges above the electric dipole mode wh
the modal density is high. Finally, maps of the EM-fie
distributions on the artificial atoms in photonic crystals m
demonstrate bonding/antibonding effects. However, they
not tell us the strength of the interaction and are highly
economical in terms of the amount of data stored. Besid
for modes ofn.2 or for mixed modes the distributions be
come complicated, and it gets difficult to guess whether th
is attraction or repulsion between the layers.

Furthermore, the existence and/or the relevance~i.e., the
strength! of the nonresonant repeling forces when the p
tons multiply scatter between the layers, would go unnoti
in transmission spectra, since this effect is associated
unit transmittance~see the broad peaks at 1.01 and 1.2 eV
Fig. 10!.

In contrast, our force calculations are advantageous s
they always provide a clear and economical answer as to
strength and the attracting/repelling nature of the inter
tions. Also, local stresses and surface forces may be c
puted readily and accurately, whereas knowledge of the E
field distributions might only provide a crude guess as
these questions. Furthermore, with the MST approach
may assess forces along nontrivial~e.g., off normal! direc-
tions, as is needed~i! to determine equilibrium structures;~ii !
when dealing with the incidence of more than one beam
with off diagonally scattered beams;~iii ! for oblique inci-
dence;~iv! for crystals with polyatomic unit cells of low
symmetry. And finally, our methodology for monochroma
light may be generalized to all frequencies and include the
fore the vacuum-fluctuation modes, allowing for Van d
Waals calculations.

The occurrence of resonant bonding effects betw
spheres may add to the current methods for engineering
photonic crystals out of assemblies of colloidal spheres
liquid solutions. Experiments on gold nanospheres~radiusr
;10 nm) by Kimura have shown fast formation of aggr
gates upon illumination at the surface-plasmon freque
~i.e., the electric-dipole modea1

1), in agreement with calcu
lations of the photo-induced Van der Waals dipole-dip
interaction.20 Burns, Fournier, and Golovchenko on the oth
hand have concentrated on dielectric microspheresr
;700 nm).21 They have experimentally demonstrated t
presence of long-range attractive forces, induced by la
light, between two polystyrene spheres in water. They ar
n-
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that these are magnetic-dipole interactions, owing their e
tence to induced currents on the spheres. They calculate
interaction energy between two magnetic dipoles based o
simplified model that works in the long-distance limitR
@l, where R the distance between the dipoles andl the
wavelength of light. From the perspective of Mie resonan
this approach is justified because although the spheres B
et al. use possess many different resonances at or nea
frequency of their laser light, the large intersphere dista
ensures that the dipole approximation works to leading ord
Also the electric-dipole solutions are of secondary imp
tance since they are damped compared to the magneti
poles.

In contrast to the work of Kimura~metallic spheres! and
that of Burnset al. (R@l), we are dealing withdielectric
spheres atclose proximity(R;l). In general, the sphere
sphere interactions in our system display amixing of EM-
multipole behavior, unless a specific condition for an isola
Mie resonance is met. For example two spheres or
5350 nm at distancesl 5900 nm interact at;0.65 eV as
oscillating magnetic dipoles, at;0.80 eV as oscillating elec
tric dipoles, at 0.90 eV as oscillating electric quadrupo
and so on. Although the model of Burns, Fournier, a
Golovchenko does not apply to our system~due to the close
proximity between the spheres!, we believe that their physi-
cal explanation for the spatially oscillatory shear forces
basically correct: the oscillation is due to the changes in
phase shifts associated with retardation between sphere
different layers.

IV. CONCLUSION

In conclusion, we have presented a general methodol
for accurate and efficient computation of time-averaged E
forces in macroscopic matter. Our goal has been to un
stand light-induced forces in photonic crystals, with a vie
to self-assembly, cohesion, and stability of colloidal system

We study first the EM forces induced by a monochr
matic light beam on homogeneous systems such as a
space and a slab. Traveling waves always produce pos
total pressure. Evanescent waves, however, may under
cific conditions induce attraction between two surfaces, w
a force strength even greater than the Van der Waals at
tion between them. Evanescent waves look promising th
fore in the application to cohesive forces in nanostructur

Next, we study the forces induced by a laser beam
intensity I 0 on a 3D dielectric crystal of GaP spheres su
pended in air in a SC lattice. After identifying the effects
multiple scattering~band gaps and Bragg scattering!, we
concentrate on the strong-resonant effects at frequencies
responding to the EM eigenmodes of isolated spheres~Mie
resonances!. At such frequencies, the spheres behave as
cillating electric or magnetic multipoles drawing up ener
from the light and enhancing their internal fields drama
cally. An analogy to atomic physics proves far reaching
these resonant modes arrange into bonding and antibon
states as the spheres come together in the lattice, cau
highly attractive and repelling interactions which may b
come dominant over gravitational, thermal, and Van d
Waals forces, for large enough~but realistic! values ofI 0.
The resonant forces survive the finite absorption of a m
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2374 PRB 60M. I. ANTONOYIANNAKIS AND J. B. PENDRY
realistic reference medium such as water, as well as a p
dispersion in the spheres of a few percent. We believe
photoinduced forces therefore to be experimentally obs
able and relevant to the formation of stable crystals of c
loidal nanospheres. Apart from possible applications in
fabrication of 3D photonic crystals, the resonant mechan
leading to the bonding/antibonding effect may contribute
our understanding of novel nonlinear phenomena arising
to the application of laser-light fields in nanostructures.

Note added: After this manuscript had been submitted f
publication, Bayeret al. reported on the optical modes o
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coupled photonic molecules.22 Their experimental evidence
strongly supports the bonding/antibonding mechanism s
gested by our calculations.
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