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Radiation force induced by an electromagnetic field stored in a two-dimensional photonic crystal slab is
examined. We considered two different types of photonic crystal cavities, namely, double-layer slab cavity
structures and air-slot cavity structures. With double-layer structures, induced force is attractive or repulsive
depending on the spatial symmetry of the stored electromagnetic field profile. For air-slot structures, we
showed that a horizontal attractive force is induced between slabs, and it could be stronger than that for
double-layer structures in the case considered here. The induced force on a photonic crystal slab is so strong
that it can be detected experimentally with the microelectromechanical systems technique. A simple physical
model based on a coupled-resonator well describes these results.
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I. INTRODUCTION

Optical microcavities are attracting considerable research
interest, and great progress has been made on the quality
factor �Q� of ultrasmall optical resonators, such as photonic
crystal �PC� slab1,2 and whispering-gallery cavities.3 These
resonators exhibit an extremely high Q with a very small
cavity volume, which suggest a large enhancement of the
optical nonlinear effect.4,5 There has also been a great inter-
est in detecting and using radiation force as a result of stud-
ies on the van der Waals and Casimir forces.6–11 The devel-
opment of micromechanical and nanoelectromechanical
system �NEMS� techniques has greatly improved the sensi-
tivity of force measurement, and these have become a useful
and essential technique. The radiation force-induced me-
chanical oscillation of an optical microcavity is experimen-
tally and theoretically investigated.12–14 Recently, some stud-
ies reported that light can also exert a large force if confined
to small structures,15,16 and the optical manipulation of me-
chanical structures is being studied extensively.

Recently, we proposed double-layer two-dimensional
photonic crystal slab �DL-PCS� cavities and showed that
resonant frequency can be controlled by changing the sepa-
ration between two slabs.5 The amount of change in resonant
frequency is very large and cannot be achieved by other
physical phenomena. This is because despite the fact that
many researchers are trying to control resonant frequency by
changing the refractive index of a given medium, the change
in refractive index induced by an optical nonlinear effect is
very small.17,18 Our study has shown that DL-PCS, which is
a special cavity design, can achieve a large frequency change
without changing the refractive index. The underlying phys-
ics of the frequency change by DL-PCS is based on the op-
tomechanical coupling of cavities. Furthermore, we demon-
strated frequency conversion by dynamically shifting their
separation.4 With DL-PCS, we have also suggested that a
strong radiation force is induced between two slabs. These
two phenomena are closely related, and in terms of energy
conservation, they can be considered to constitute mechani-

cal to optical energy conversion. The suggested concept is
interesting from both basic physical point of view and as
regards to practical applications. That paper was the first to
indicate the beginning of physically new schemes of optics
offering the potential for the efficient conversion of mechani-
cal energy to optical energy.

In our previous study, we reported a DL-PCS structure
with efficient energy conversion that had a very high Q and
a small mode volume. Some types of optical cavities have
been reported including photonic crystal slab cavities1,2 and
toroidal cavities.3 Of these cavity structures, the reported Q
factor of a toroid microcavity is about 108, which is much
higher than that of PC slab cavities. However, its effective
mode volume is 100�� /n�3, which is much larger than that of
PC slab cavities. The Q factor of photonic crystal has re-
cently achieved a value of around 106 and the effective mode
volume is �1.19 This means that the electromagnetic �EM�
field is confined within an extremely small volume in PC
cavities and the energy concentration and field strength are
much stronger than those in toroid cavities. For this reason,
we can expect a large optical nonlinear effect with low en-
ergy in PC slab cavities. This is why the PhC slab cavity
intrigues many researchers. A strong radiation force can also
be expected for PC cavities because they have a strong elec-
tromagnetic field concentration in a very small volume.

In this paper, we analyze the radiation force between pho-
tonic crystal slabs induced by an electromagnetic wave
stored in a cavity. Two types of cavity structures are consid-
ered in this paper. One is a double-layer photonic crystal
cavity and the other is an air-slot �AS� photonic crystal cav-
ity. We use the three-dimensional �3D� finite-difference time-
domain �FDTD� method to simulate the time evolution of an
electromagnetic field. The paper is organized as follows. In
Sec. II we briefly describe the theory of radiation force. We
describe the two types of cavity structure and their charac-
teristics in Sec. III. Simple mathematical picture of these
cavities is provided in Sec. IV.

PHYSICAL REVIEW B 78, 165129 �2008�

1098-0121/2008/78�16�/165129�7� ©2008 The American Physical Society165129-1

http://dx.doi.org/10.1103/PhysRevB.78.165129


II. METHOD

The 3D FDTD method is used to calculate the resonant
frequency, the field profile, and its time evolution process. Q
is obtained by an exponential fit of the electromagnetic en-
ergy decay, and the resonant frequency is obtained by a Fou-
rier transform of the field. We use two different methods to
calculate the radiation force of an EM field. One employs the
differentiation of the energy U by the slab separation d.
Here,

F = −
�U

�d
, �1�

where U is the stored EM field energy. This relation is based
on the energy conservation law in fundamental physics. The
EM field energy stored in a cavity is calculated as ��, where
� is the resonant frequency of the cavity. This is an approxi-
mation whereby all contributory field frequencies have reso-
nant frequency. This means that the spectral width of the
resonance is disregarded. Because the Q factor of the cavity
considered here is very large, this approximation can be jus-
tified.

The other method involves the force derived from the
energy-momentum tensor �EMT� of the stored EM field.20–25

It is based on a microscopic description of the electromag-
netic field. An electromagnetic field imposes a force on di-
electric materials. This force is calculated as a Lorentz force,
F=e�E+v�B�. A Maxwell equation is used to calculate the
radiation force, which acts on a medium of volume V, as
follows:

F� = �
V
�
�

T��

�x�

dV , �2�

where � and � indicate x, y, and z, and T�� is the EMT
defined as

T�� = �E�E� + �H�H� −
1

2
��E	E	 + �H	H	� . �3�

Using the divergence theorem the volume integration in Eq.
�2� is reduced to the integration over the surface S,

F� = �
S

T� · ds . �4�

If the EM field is strongly confined in a cavity, namely, there
is no leak, a radiation force calculated by both Eqs. �1� and
�2� must give the same result. However, there is generally a
finite fraction of the EM field that radiates outward from a
cavity. Because an EM field has momentum, this leaked field
causes a counteraction on a PC cavity structure. This means
that a finite amount of radiation loss from a cavity will cause
recoil on the slab and this force is not included in Eq. �2�.
The EM field momentum Pfield within a volume V is written
as

Pfield =
1

c2�
V

E � H , �5�

and a recoil force is obtained by a time differentiation of
Pfield. The expression we used in Eq. �5� is Abraham’s
momentum.24,26–28 The total force, which acts on a materials,
is expressed as a sum of these two terms,

f total = F −
�Pfield

�t
. �6�

III. RADIATION FORCE ON SLABS

A. Double-layer photonic crystal slab cavity

We study two types of cavity structures. The first structure
presented in this subsection is DL-PCS, which we reported
in our previous paper.4 We calculate the radiation force in-
duced by an electromagnetic field stored in double-layer
two-dimensional PC slabs. The structure used for the calcu-
lation is shown schematically in Fig. 1. It consists of two
hexagonal air-hole Si PC slabs with identical five-hole cavi-
ties and shifted end-hole positions.29 Two slabs are separated
by a distance d, the thickness of each slab is t=105 nm, the
lattice constant is a=420 nm, and the radius r=115.5 nm. A
single slab has a Q factor of 220 000 with a mode volume of
0.12 �m3 for �=1580 nm.

Let us consider two PC slab cavities with the same reso-
nant wavelength. When the two slabs are separated suffi-
ciently, mode coupling can be ignored; but when the two
slabs are close together, d→0, the fundamental modes of
each layer couple, and this constitutes the even-parity and
odd-parity modes. Within these modes, the fundamental
mode of the entire structure always has even parity in the
vertical direction. Figure 2 shows mode profiles of �a� the
even-parity and �b� odd-parity modes. The horizontal profiles
of both modes are almost the same, which is similar to a
single isolated slab cavity.

Figure 3 shows the Q-factor characteristics of the even
and odd modes as a function of slab separation d. The Q
factor of an even mode remains high when the slab separa-

d

FIG. 1. Double-layer of five-hole defect photonic crystal cavity.
The cavity consists of five missing holes with shifted side holes.
Two slabs are located with a separation d. The thickness of each
slab t is 105 nm.
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tion becomes small but the Q of an odd mode decreases
greatly. This is because an even mode is a fundamental mode
for a PCS cavity of thickness 2t, but an odd mode is above
the light line of air, which means a radiation mode. We also
found that modal volume does not depend on the separation.
Figure 4 shows the resonant wavelength characteristics of the
even and odd modes as a function of the slab separation d.
There is a great variation in the resonant wavelengths of the
two modes and the amount of change is almost the same for
both.

As is intuitively expected from the symmetric nature of
the mode profile, because the field profile of the even and
odd modes are horizontally symmetric or antisymmetric, the
radiation force acts only vertically. To calculate the radiation
force on a slab, an EMT is integrated over the surface of the
slab using Eq. �4�. The calculated value of the force is nor-
malized for a stored EM field energy of 1 pJ. Although the
force decays as a function of time, the normalized force is
nearly constant in time. The induced force is attractive for
the even mode and repulsive for the odd mode. Figures 5 and
6 show the strength of the force acting on the slabs for the
even and odd modes, respectively. The results obtained with
Eqs. �1� and �2� are shown in the figures. The results indicate
that the induced force is large so that it can be practically
observed. The radiation force obtained here does not depend

on the Q factor of the cavity. An extremely high Q is essen-
tial for this practical observation, and PC slabs offer the pos-
sibility of achieving such a high Q factor.30 As shown here, a
large change in the resonant wavelength while maintaining a
high Q is an advantage of this structure that has not been
previously predicted. Although it requires mechanical control
of the structural parameters, the separation of the two slabs, a
large amount of wavelength change, and a high Q are still
attractive and even practically valuable.

For the even mode, the results calculated with the two
methods are in good agreement, which is reasonable in terms
of understanding the physical origin of the radiation force.
However, for the odd mode, the two methods give slightly
different values. The reason for this difference can be under-
stood by considering the radiation loss of the EM field. The
Q factor of the odd mode is much lower than that of the even
mode as shown in Fig. 2. This means the radiation loss of the

(b)(a)

FIG. 2. �Color online� Mode: top and side views of DL-PCS
cavity modes. �a� is the even mode and �b� is the odd mode in the
vertical direction.
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FIG. 3. �Color online� Q factor of double-layer cavities as a
function of the separation of the two layers. The solid and open
circles indicate the even and odd modes, respectively.
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FIG. 4. �Color online� Resonant wavelength of double-layer
cavities as a function of the separation of the two layers. The solid
and open circles indicate the even and odd modes, respectively. The
horizontal dotted line around 1300 nm indicates the resonant mode
of an isolated slab cavity.
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FIG. 5. �Color online� Radiation force of even mode. The solid
circles are energy-momentum tensor results.
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odd mode cannot be ignored. A reduction in the field mo-
mentum stored in a cavity means an outward flow of mo-
mentum, and the difference between the two results is attrib-
uted to the recoil of the radiated field. To confirm this
conjecture, we determine the recoil force on slabs as the
reaction of the leaking electric-field momentum, which we
calculate from the temporal differentiation of the field mo-
mentum stored in a cavity, dPfield /dt. The results are shown
by open circles in Fig. 6. As shown in the figure, the result
agrees well with that of Eq. �1�. For the even mode, the
results without recoil agree well because the Q factor is suf-
ficiently high and radiation can be ignored. The same analy-
sis is performed for an even mode of the DL-PCS cavity with
width-modulated photonic waveguide cavities.5 The cavity
has an extremely high-Q cavity as already reported. The
change in resonant wavelength as a function of slab separa-
tion is almost the same with the defect cavity described
above. As a result of these characteristics, the same amount
of radiation force is obtained. This means that the radiation
force induced between slabs is independent of the Q factor of
the optical resonator.16

B. Air-slot photonic crystal slab cavity

The second type of cavity structure is an AS cavity as
shown schematically in Fig. 7. The structure is based on that
of the width-modulated photonic waveguide cavity, which is
designed as a part of a waveguide with the positions of some
holes shifted outward.4,30 In this cavity, the EM field is con-
fined in the cavity by both the photonic band gap and the
waveguide mode gap. The structure we considered has a lin-
ear air slot of width d in the center of the width-modulated
photonic waveguide cavity. Even with this air slot, the cavity
still has a small modal volume Vm�1. A feature of this struc-
ture is the air slot in the center of the cavity where atoms can
be trapped and interact with a strong electromagnetic field.31

The lattice constant a=420 nm, the hole radius r=0.257a,
and t=396 nm. The resonant wavelength of a cavity as a
function of separation d is calculated, and the result is shown

Fig. 8. The DL-PCS results are also shown in the figure.
With the AS cavity, the change in the resonant wavelength is
large and the amount of variation is almost the same as with
DL-PCS. However, they behave differently. In particular, for
a small separation 
100 nm, the change in the AS cavity is
steeper and larger than that with DL-PCS. For a separation
larger than 100 nm, the resonant wavelength change is very
small, while the change for DL-PCS is gradual. The total
amount of change in the resonant wavelength is similar for
both structures. The Q factor for a cavity with d=0 is about
107 and remains larger than 105 for a separation smaller than
d=100 nm.31 The difference between the characteristics is
attributed to the physical origin of the cavity mode. With
DL-PCS, the structure still has a cavity in each slab for a
large slab separation. However, the AS structure does not
retain its cavity property with a large separation. The reso-
nant mode around 1500 nm for a large separation has a small
Q, which is thought to be the slab’s surface mode.

For an AS cavity, we consider a fundamental mode. Be-
cause the mode we consider has a vertically symmetric mode
profile, only horizontal radiation force is induced. While at
the upper and lower surfaces, only the tensor components Txy
contribute to the net radiation force and the Txx component
contributes on the AS surface �see Fig. 9�. The calculated
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FIG. 6. �Color online� Radiation force of odd mode obtained
with Eqs. �1� and �2�. The open circles are EMT results including
the effect of the field momentum term.
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FIG. 7. �Color online� Air-slot cavity. The colored side holes
have the same radius with their position shifted outward.
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FIG. 8. �Color online� Calculated resonant wavelength of air-
slot cavities �red� and of DL-PCS cavities �blue�.
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results are shown in Fig. 10. The radiation force reaches
twice that of DL-PCS for a small separation. This strong
radiation field is induced by the large electromagnetic field
distribution in the air-slot region.31 The force decreases rap-
idly and becomes weaker than that of DL-PCS for a separa-
tion wider than 40 nm.

IV. SIMPLE NUMERICAL MODEL OF CAVITIES

The radiation force obtained here is much stronger than
has been yet predicted. Microscopically this force is induced
as a result of the multiple scattering of the electromagnetic
field in the cavity, which bounces back and forth. There is a
similar multiple-scattering phenomenon in a Fabry-Perot
resonator. Is it possible that a Fabry-Perot resonator could
also provide to such a strong radiation force or is it specific
to the type of cavities considered here? To answer this ques-
tion, we consider simple numerical models of resonators and
estimate the radiation force. We consider two numerical
models, namely, the Fabry-Perot resonator and a coupled-
cavity model �see Fig. 11�.

Let us assume a Fabry-Perot resonator that consists of two
parallel media with a cavity between them. The wavelength
of an optical field stored in the cavity can be obtained as
follows. The reflection coefficient of one interface is gener-
ally described as

r =
��k� + ik

− ��k� + ik
= e�i/2���k�, �7�

where k is the wave number, ��k� is the phase shift of a field
in a reflection at an interface, and ��k� is the decay rate of an

evanescent field in the medium. We assume that the field is
completely reflected, and so leakage can be ignored. From
Eq. �7�, an eigenmode equation for a Fabry-Perot resonator is
represented as

2kd + ��k� = 2�n , �8�

where d is the separation between the two media, kd is the
phase shift between two interfaces, and n is a positive inte-
ger. With a small separation limit, we obtain an approxi-
mated equation as

k =
ck0

2d + c
, �9�

where c=�� /�k. Equation �9� gives the resonant wavelength
as a function of the separation of the two media. The equa-
tion gives a shorter resonant wavelength for a smaller sepa-
ration.

For a coupled-cavity model, the resonant wavelength can
be calculated as a function of the coupling strength of two
cavities. We assume that two isolated cavities have same
resonant wavelength. When two cavities are close together,
the coupling between the two cavities becomes strong and
the degenerated eigenmode begins to separate into two
modes as a result of the coupling. Here,

�� = ��0  � . �10�

With the coupled-cavity model, the antibonding mode exhib-
its similar eigenmode dependence as a function of separa-
tion. The evanescent coupling between cavities decreases ex-
ponentially with distance. The coupling strength is calculated
with the usual technique as the overlap integral of the eva-
nescent field between two cavities. The resonant wavelengths
calculated with these two models are shown in Fig. 12. The
parameters used in the calculation assumed that the resonant
wavelength for d=0 is 1100 nm. The shorter wavelength
mode between two coupled-cavity modes and the eigenmode
of the Fabry-Perot model are shown in the figure. This shows
that the two models have different wavelength characteristics
as a function of separation. A notable difference can be seen
for the small separation region near d=0. Although the
coupled-cavity model shows a continuous decrease in the
resonant wavelength, the Fabry-Perot model shows satura-
tion in the resonant wavelength near d=0. This occurs be-
cause, with the Fabry-Perot model, the penetration of an eva-
nescent field into the medium becomes large in this region.
The difference in the physical nature of the two models is

Txy Txx

x

z

x

y

FIG. 9. �Color online� Txx and Txy components of EM tensor.

Separation (nm)

Double-Layer

Air-Slot

FIG. 10. �Color online� Radiation force of air-slot cavities com-
pared with that of double-layer cavities.

(a) (b)

FIG. 11. �Color online� �a� is a schematic of the Fabry-Perot
resonator model, which has a cavity between half-infinite dielectric
media. �b� is a schematic of a coupled cavity model where two
cavities couple through an evanescent field.
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clearly recognized when we calculate the radiation force.
The result is shown in Fig. 13. For a coupled-resonator
model, a radiation force becomes very large when d ap-
proaches zero. However, for a Fabry-Perot model, a radiation
field reaches its maximum value for a separation of around
150 nm and becomes weak as d approaches zero. It is clear
that the DL-PCS cavity can be explained with the coupled-
cavity model. It is also reasonable for the AS cavity to be
explained by the coupled-cavity model because the Fabry-
Perot resonator model does not exhibit to the strong radiation
force found with proposed structures. This is the physical
mechanics, whereby the DL-PCS and AS cavities provide a
strong radiation field as indicated here.

V. CONCLUSION

We analyzed the radiation force on slabs induced by an
electromagnetic field stored in cavities and showed that the
induced force is so strong that it can be measured using the

recently developed NEMS technique. The structure also ex-
hibits a large wavelength change for a small change in sepa-
ration, which is not independent of the strong radiation force.
The predicted strength of the radiation force does not depend
on the Q factors; however, a sufficiently high Q is preferable
for two reasons. The measurement must be performed within
the lifetime of the stored EM field, and the radiation field
caused by a low Q leads to a recoil and reduces the radiation
force acting on the slabs. For the above two reasons, a suf-
ficiently high Q factor is required for practical experiments.
Extremely high-Q values have been reported for PCS
cavities.30 PCS cavities are generally very small. The struc-
tures proposed here are very promising for measuring radia-
tion force and is also a candidate as a future optical elements
in, for example, a wavelength controller, an optical sensor,
and an energy converter.
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