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We numerically study the nonlinear optical properties of metal-dielectric photonic band gap structures in the
pulsed regime. We exploit the high ��3� of copper metal to induce nonlinear effects such as broadband optical
limiting, self-phase modulation, and unusual spectral narrowing of high intensity pulses. We show that in a
single pass through a typical, chirped multilayer stack nonlinear transmittance and peak powers can be reduced
by nearly two orders of magnitude compared to low light intensity levels across the entire visible range.
Chirping dielectric layer thickness dramatically improves the linear transmittance through the stack and
achieves large fields inside the copper to access the large nonlinearity. At the same time, the linear properties
of the stack block most of the remaining electromagnetic spectrum.
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I. INTRODUCTION

The subject of optical limiting and switching is important
for optoelectronic applications. To date, most studies of op-
tical limiting have focused on the ability of bulk materials to
activate a complex, third order nonlinearity which thanks to
the two-photon absorption component �imaginary nonlinear
��3�� is capable of reducing longitudinal energy flow �1,2�.
Metal nanoparticles may also be found interdispersed within
a holding matrix �3,4�, but in all cases the approach typically
provides a nonlinear response over a relatively narrow wave-
length range that does not exceed a few nanometers. The
reason for this is that there is no known natural or artificial
material that offers truly broadband shielding across the en-
tire usable electromagnetic spectrum while remaining trans-
parent in the visible range for ambient light intensities.

An alternative approach to optical limiting and switching
of short pulses was introduced within the context of all-
dielectric photonic band gap �PBG� structures and a third
order nonlinearity �5,6�, albeit still within the confines of
narrow-band operation. The concept utilized field localiza-
tion effects near the photonic band edge, where the field
intensity is generally enhanced in a manner that is roughly
proportional to the density of modes �7�. This may be several
orders of magnitude larger compared to ordinary bulk mate-
rials, depending on the geometry of the multilayer stack. As
the field tunnels through the stack, at high intensities it dy-
namically changes the local index of refraction, which alters
the local band structure, effectively tuning the carrier fre-
quency of the pulse inside the gap region �5,6�.

Band edge optical limiting of the kind predicted in Ref.
�5� was later experimentally demonstrated in two different
contexts: �i� in an all-dielectric �AD� PBG composed of
ZnSe and MgF2 layers �8�; and �ii� in a one-dimensional
metal-dielectric �MD� PBG �9,10� composed of Ag and ZnO
layers �11�. In Ref. �8�, a shift of the band edge was observed
as a change of the optical path of ZnSe occurred under in-

tense field illumination and heating. In Ref. �11�, the two-
photon absorption of ZnO and field localization effects were
uniquely exploited to experimentally reduce the nonlinear
transmittance in the visible range �532 nm incident wave-
length� by almost a factor of 2 compared to linear transmis-
sion.

The propagation of light inside metals has not generally
been the subject of any focused investigation because, as is
well-known, metals are highly reflective at almost any inci-
dent wavelength. Based on the Drude model, the relative
transparency threshold generally depends on the plasma fre-
quency, found at approximately 580 nm for Cu, 320 nm for
Ag, and 200 nm for Al �12�. However, the metal-dielectric
photonic band gap �MDPBG� introduced in Refs. �9,10�
changed all that and demonstrated that it was possible to
render metals transparent not necessarily near regions where
one expects them to be transparent, i.e., near their plasma
resonance �13�, but also well into the Drude region, where
conventional wisdom holds that metals are opaque. In fact,
the photonic band gap approach allows even hundreds of
nanometers of layered MDPBG to become transparent in the
3–5 �m range �9,10� and beyond, provided appropriate met-
als, thicknesses, and dielectric materials are chosen. This is
due to the fact that geometrical dispersion �layering� adds to
material dispersion to modify the effective overall dispersive
response of a given composite structure �14�. Thus, from a
practical point of view, in addition to opening new avenues
of research, the ability to use metals for both linear and non-
linear optical applications that require relatively high trans-
mission and sharp cutoffs is of some technological impor-
tance �9–11�.

More recently it was pointed out that transparent metal
stacks made with Cu and SiO2 layers could be used to access
the nonlinearity of the metal itself �15,16�. This is due to the
fact that as the field tunnels through the stack a good fraction
of the energy can still be found inside the metal layers, the
magnitude of skin depth notwithstanding �9�. Because the
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third order nonlinear coefficients of metals may be several
orders of magnitude larger than that of ordinary semiconduc-
tors �Cu�10−6 esu and Ag�10−8 esu� �3,4�, nonlinear ef-
fects may be enhanced beyond what is possible to achieve
for ordinary materials. In addition to enhanced phase modu-
lation effects �15�, the nonlinear transmittance could also be
modified by the action of two-photon absorption inside the
metal layers �16�. But regardless of the physical origin of the
��3�, once the field engages it under pulsed conditions, a
changing nonlinear transmittance �or reflectance� is indica-
tive of a combination of a dynamically shifting photonic
band edge and changing effective absorption �5,11,16�.
Given the generic neglect of propagation effects inside met-
als, we are thus motivated to develop an easily implement-
able and physically transparent model to study linear and
nonlinear pulse propagation inside MDPBG stacks similar to
those found in the cited literature.

II. TRANSPARENT METALS

We begin by asking the following questions: what linear
transmittance is possible to achieve given a certain total
metal thickness, and what is then the best way to access
metal nonlinearities within a given wavelength range? The
structure investigated in Ref. �15,16� was designed primarily
to maximize field amplitude inside the metal layers to take
advantage of the nonlinearity, but at the expense of linear
transmittance. The result is a nonresonant structure, with di-
electric layers roughly � /4 in thickness instead of the mul-
tiple of � /2 needed for resonance tunneling and higher trans-
mission values �9–11�. Indeed, the passband of Ref. �16�
appears to be just a perturbation of the transparency that
naturally occurs near the plasma frequency of Cu, at
�580 nm. In reality it is not necessary to sacrifice transmis-
sion at the expense of field localization inside the metal lay-
ers. For example, one could use a high index material, such
as ZnO or TiO2, instead of SiO2. One may also resort to
chirping layer thickness, which accomplishes at least three
things: �i� it can nearly double linear transmittance; �ii� it can
significantly improve visibility through the stack by flatten-
ing and smoothing the transmission band and by reducing
unwanted reflections within the passband to a minimum; and
�iii� it improves field localization inside the metal layers. In
short, while in the resonant structure the metal layers act
more like mirrors, chirping the layers makes the structure
nonresonant, and the light propagates with less opposition.

In Fig. 1 we show the linear transmittance of three differ-
ent structures: �i� that of Ref. �16�, which exhibits a maxi-
mum transmission around 20% at 650 nm; �ii� a structure
with the same geometry as in �i� above, but with SiO2 layer
thickness approximately � /2; and �iii� an MDPBG stack that
contains the same number and thickness of Cu layers, but
that uses high index �n�2� ZnO, with entrance and exit
layers half as thick as the inner layers �chirping�. The figure
shows that the combination of the high index material and
chirping leads to transmittance levels of approximately 70%
in the neighborhood of 650 nm, with average transmittance
well above 50% throughout the entire passband. At the same
time, field values inside the chirped structure can be several

times larger than field values found in the periodic, resonant
stack �9–11�, and of the same order as incident field values
�15,16�. While the transmittance from the chirped stack at
650 nm is approximately 140 times larger than the transmit-
tance from a single, 80 nm, uniform Cu layer, further opti-
mizations are possible by refining material choices, thick-
nesses, and number of layers.

The linear transmittance that is possible to achieve by
layering metals is thus truly extraordinary, with a passband
that may be several hundreds of nanometers wide, and en-
compasses the entire visible range, for example. At the same
time, the rest of the usable electromagnetic spectrum is re-
jected: at longer wavelengths any uniform amount of metal
one can deposit is truly impregnable even to microwave
fields �9�. At the opposite end of the spectrum, uv light can
be removed by either interband transitions in the case of Cu
�16�, or by designing an interferometric gap to coincide with
the uv region, if other metals such as Ag �9–11� or Al are
used. Thus a number of geometrical factors may be com-
bined to yield highly transparent, conductive MDPBG
stacks, while relatively high field values can still be achieved
within the metal layers.

As a further consideration, it is generally desirable to ac-
cess the particularly high nonlinearity of Cu within the entire
visible range. Indeed if the nonlinear properties of Cu could
be effectively accessed while retaining high linear transmit-
tance, one would then be in a position to accomplish what is
currently deemed impossible, namely to obtain an ultrawide
band optical limiter that utilizes the linear and nonlinear op-
tical properties of Cu metal to affect and control the trans-
mission of light over the entire usable electromagnetic spec-
trum, with a remarkably simple structure only a few hundred
nanometers thick.

In Fig. 2 we plot transmittance and reflectance of a device
potentially capable of accomplishing precisely this. It con-

FIG. 1. Transmittance function for three different stacks. Each
structure has 5, 16 nm Cu layers, while dielectric spacer thickness
varies from 96 nm �solid curve� to approximately 200 nm �short
dashes�. The highest transmittance is obtained �short and long
dashes� by using a high index material, and by halving the thickness
of the entrance and exit ZnO layers.
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sists of a chirped Cu �five layers, each 15 nm thick�/ZnO
�n�2� stack, where internal ZnO layers are 86 nm thick, and
external layers are approximately 43 nm thick, to maximize
transmittance. The choice of ZnO is by no means unique, and
in fact one may use almost any other dielectric or semicon-
ductor material that will adhere to the contiguous metal.
However, the two-photon absorption coefficient of ZnO,
which is reported to be ��2 cm/GW in the visible range,
under certain conditions has been measured to be as high as
500 cm/GW in the 700 nm region �17�. This may be ex-
tremely useful if a device is to operate in that range. The
inset of Fig. 2 shows the field intensity distribution inside the
grating for an incident wavelength of approximately 632 nm.
The peculiarity of this kind of structure is that similar field
localization �of the same order as the input field� occurs
within the entire transparency region �400–800 nm�, sug-
gesting that nonlinear effects may be excited at any wave-
length inside that range with almost the same efficacy, de-
pending on the dispersion and magnitude of the nonlinear
coefficient.

III. PULSE PROPAGATION MODEL

Although the formalism of our propagation model is de-
veloped in detail elsewhere �18,19�, it is worthwhile to pro-
vide here the most salient points. We assume that the disper-
sion function can be written as a general Taylor expansion/
series:
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The spatial dependence is meant to include spatial disconti-

nuities, as in our case, or other types of spatial inhomogene-
ities. The field is assumed to be linearly polarized, and is
separated into a generic envelope function, not necessarily
slowly varying, and a carrier frequency, as follows: Ex�r , t�
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which in turn can be expressed in a more compact form as
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Equation �4� can then be used to write Maxwell’s equations,
which with one longitudinal dimension and time can be writ-
ten as follows �18,19�:
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Here 	=���̃����� /��̃ is a parameter directly related to the
group velocity of the pulse �18�, 	�=�2��̃����� /��̃2, and so
on, �=2��̃. We have explicitly expanded the summation of
Eq. �4� and show only four terms of that infinite series, three
on the left-hand side and the linear term on the right-hand
side. The following scaling has been adopted: �=z /�r, 

=ct /�r, and �̃=� /�r, where �r=1 �m is conveniently cho-
sen as the reference wavelength. Equations �5� contain no
approximations, but given the nature of the typical MDPBG
stack, they can be simplified byneglecting second and higher
order, material dispersion terms, i.e. 	��E /�
�
 i�	� /4���2E /�
2. This condition can be satisfied rather
easily in at least four ways with: �i� a relatively slowly vary-
ing dispersion function; �ii� a relatively slowly varying field
envelope function; �iii� a combination of �i� and �ii�; and �iv�
a relatively short distance of propagation. It is worth consid-
ering a typical case that exemplifies all cases under consid-
eration, to clarify the nature of this approximation/condition.

FIG. 2. Linear transmittance and reflectance from a chirped, 5
1/2periods of a layered Cu�15 nm� /ZnO�86 nm� stack. The first
and last ZnO layers are 43 nm thick.
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First, the dispersion functions of typical metals vary rela-
tively slowly over ranges that may span hundreds of nanom-
eters. For example, within the 630–800 nm range, the real
part of the material dispersion of Cu can be reproduced quite
well from the following expression: Re����̃��̃�=−11.6�̃2

+70.6�̃−102, which yields an approximately linear dielec-
tric function with slight curvature. It is then easy to verify
that within the specified range the ratio between the first and
second order coefficients is �	 � / ��	� � /4���20. Second,
typical lengths of finite PBG structures are just a few tens of
microns �14�, far shorter than typical dispersion lengths of
any bulk material. In the case of MDPBGs, a typical stack
may be less than 500 nm thick, with less than 100 nm of
total metal. This means that higher order dispersion effects
remain much smaller then the geometrical dispersion arising
from spatial, material discontinuities �14�. Third, we use
pulses that, although short, may be several tens of wave
cycles in duration, to insure that the nonlinear response it
always faster than pulse duration to take full advantage of it.
Taking these factors together, and assuming the envelope’s
period �pulse width� is 
p wave cycles, it generally means

that �	Ė � / ��	�Ë � /4���20
p. Our calculations in fact show

that, on average, �	Ė � / ��	�Ë � /4���100 for a 5-optical

cycle pulse, and �	Ė � / ��	�Ë � /4���40 for a 2-optical cycle
pulse during the entire interaction. Therefore, neglect of
higher order dispersion terms is completely justified even for
pulses just a few wave cycles in duration. Thus if we assume
that the expansion in Eq. �4� can be rewritten by retaining
only the first two leading terms, the equations then simplify
to �18,19�
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Integration of Eqs. �6� is carried out using a fast Fourier
transform-based algorithm �21� capable of handling all or-
ders of feedback. We use a spectral method primarily be-
cause it involves multiplication of linear operators; it is un-
conditionally stable, with no known issues relating to phase
or amplitude errors, and thus not prone to the generation of
any numerical artifacts; and it can easily be extended to the
multidimensional domain almost effortlessly �18�.

IV. RESULTS AND DISCUSSION

We analyze pulse propagation in the MDPBG stack of
Fig. 2. In Fig. 3 we show a plot of both linear and nonlinear
transmittance across the visible and near IR portion of the
spectrum. Although some dispersion of the nonlinear coeffi-
cient is to be expected �16� and can easily be taken into
account, for simplicity we assume �Cu

�3���10−9+ i10−6� esu
�3,4,15,16�, and �ZnO

�3� ��10−12+ i10−10� esu �17�, at all wave-

lengths investigated. However, because in this case the non-
linear coefficient of Cu is so much larger than that of ZnO,
the inclusion of the nonlinearity in the ZnO layers matters
very little. Figure 3 was generated using incident pulses that
are approximately 1 ps in duration to ensure nearly instanta-
neous nonlinear response, with peak field intensities of ap-
proximately 15 GW/cm2. The figure suggests that while lin-
ear MDPBGs can block most of the spectrum by opening a
single transparency window in the visible range, this entire
window can be dynamically closed through a nonlinear op-
tical limiting process that accesses the very large nonlinearity
of copper. Overall transmission and peak powers decrease by
almost two orders of magnitude across the entire visible
range with a single pass through the stack.

In Fig. 4 we show typical incident, transmitted, and re-
flected pulses. We note that for a reference wavelength of
1 �m, the spatial extension of the pulse is approximately
150–200 �m, to be contrasted with a structure thickness of
approximately 1/2 �m. We also remark that the spatial

FIG. 3. Linear and nonlinear transmittance from the stack of
Fig. 2. Each nonlinear data point was obtained by propagating a
Gaussian pulse approximately 1 ps in duration, with a peak inten-
sity of roughly 15 GW/cm2.

FIG. 4. Typical incident, transmitted, and reflected pulses from
the structure of Fig. 2. The spatial width and temporal duration of
the transmitted pulse increase, causing spectral narrowing. Inset:
transmitted pulse.
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width of the transmitted pulse increases by approximately
50% �inset�, which corresponds to an increased temporal du-
ration and to an unusually narrower spectral bandwidth. Al-
though this behavior is unusual, indeed opposite to what one
might expect based on ordinary self-phase modulation,
which broadens the spectrum, it is possible to narrow the
bandwidth of a pulse under the action of self-phase modula-
tion �usually intended to mean an effect due to the real part
of the nonlinear coefficient, Re���3���, provided the incident
pulse is prechirped appropriately �22,23�. However, we do
not prechirp the pulse, and in all cases investigated
Im���3��Re���3�� for both Cu and ZnO. Neglecting the time
derivative of the nonlinearity, the effect is then entirely due
to two-photon absorption, which contributes to both the real
and imaginary parts of the complex, instantaneous index of
refraction via the relationship neff=nr+ ini= ��L

+6��3� �E�2�1/2, where �L is the linear dielectric function. The
instantaneous index affects the local band structure �5,6�,
causes reversible band shifts, and changes the local absorp-
tion coefficient. We note that a complex ��3� does not con-
tribute to the index of refraction in a symmetric fashion. All
things being equal, exchanging the values of the real and
imaginary parts of ��3� does not yield the same dynamic in-
dex, and can lead to spectral broadening. For example, if we
assume that �Cu

�3���10−6+ i10−9� esu, instead of �Cu
�3���10−9

+ i10−6� esu, then spectral narrowing is replaced by normal
spectral broadening. In any case, the pulse tunnels through
the stack and in fact acquires a very small chirp, as the struc-
ture is quite short. However, this shortcoming is compen-
sated by the huge nonlinear coefficient, and thus spectral
narrowing can occur.

In Ref. �15� it was predicted that the effective nonlinear
coefficient for the entire MDPBG stack was of order n2
�10−9 cm2/W. The implication here is that with light inten-
sities of order 1 GW/cm2, the nonlinear index change can be
of order unity, or several orders of magnitudes larger than is
currently possible in ordinary semiconductors ��n
�10−3–10−4�. Experimental results in �16� then suggested a
change of Im�����1 occurs under illumination by a 25 ps,
200 MW/cm2 pulse. Using 1 ps incident pulses of the same
peak intensity, in Fig. 5 we show the instantaneous index of
refraction: the real part of the index changes by approxi-
mately a factor of 2, from a minimum of 0.23 to approxi-
mately 0.4 �thin, solid curve�. The imaginary part remains
almost constant �thin, dashed curve�. Reconstruction of the
dielectric function then yields an Im���� of order unity, just
as the experiment suggests �16�. Similar dynamics occurs for
incident pulses with peak intensities of 4 GW/cm2, except
that now Im�����4, and the real part of the index changes
by a factor of 3, from 0.23 to approximately 0.65 �thick,
solid curve�, and some change in the imaginary part is now
discernable �thin, dashed curve�.

Finally, we fix the carrier frequency of the pulse at ap-
proximately 632 nm, and vary the peak intensity of the
pulse. The result is Fig. 6, where we show nonlinear trans-
mittance and reflectance, and total remaining energy as a
function of input peak intensity. As nonlinear transmittance
decreases monotonically, reflections increase. Increasing re-
flections are a clear sign that the effective local index of

refraction changes �5,6�, and that the local band edge shifts.
Of course, we have not included dynamics that ensues from
possible material breakdown, which may thwart our predic-
tions for intensities well above 1 GW/cm2. We note that for
Au, similar in many ways to Cu, plasma formation is re-
ported at 120 GW/cm2 for incident, 290-fs pulses �24�, and
approximately 10 GW/cm2 for 35 ps pulses �25�. Therefore
we expect our structure to be able to withstand several tens
of GW/cm2, provided pulses are just a few picoseconds in
duration.

V. CONCLUSIONS

We have conducted a numerical study of nonlinear pulse
propagation phenomena in a multilayer, Cu/ZnO metal-
dielectric photonic band gap structure, and find that the non-

FIG. 5. Real �left axis, solid curves� and imaginary �right axis,
dashed curves� parts of the effective index of refraction correspond-
ing to the case of Fig. 4. Two cases are shown, for input intensities
of 200 MW/cm2 and 4 GW/cm2.

FIG. 6. Transmittance, reflectance, and total energy remaining
�R�T� as a function of time. While increased two-photon absorp-
tion may help to explain a simple reduction of the transmitted en-
ergy, an increased reflection indicates that a dynamics shift of the
band edge also occurs.

NONLINEAR PULSE PROPAGATION IN ONE-… PHYSICAL REVIEW E 73, 016603 �2006�

016603-5



linearity of Cu may be exploited to yield ultrawide band
optical limiting across the entire visible range. At high inten-
sities, the transmittance can be reduced by nearly two orders
of magnitude in a single pass through the stack, compared to
ambient light levels. The remaining portion of the usable
spectrum is rejected thanks to the linear properties of the
stack. At the same time, the bandwidth of the transmitted

pulse can be narrowed as a result of a combination of a
dynamic chirp and high nonlinear coefficient. The location of
the passband can be widely tuned, from visible wavelengths
well into the near and mid-IR ranges, and within this range
nonlinear effects explored in almost any region of interest.
We expect that this type of device will have important appli-
cations for optical limiting purposes.
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