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The desire to use and control photons in a manner analogous to
the control of electrons in solids has inspired great interest in such
topics as the localization of light, microcavity quantum electro-
dynamics and near-field optics' . A fundamental constraint in
manipulating light is the extremely low transmittivity of aper-
tures smaller than the wavelength of the incident photon. While
exploring the optical properties of submicrometre cylindrical
cavities in metallic films, we have found that arrays of such
holes display highly unusual zero-order transmission spectra
(where the incident and detected light are collinear) at wave-
lengths larger than the array period, beyond which no diffraction
occurs. In particular, sharp peaks in transmission are observed at
wavelengths as large as ten times the diameter of the cylinders. At
these maxima the transmission efficiency can exceed unity (when
normalized to the area of the holes), which is orders of magnitude
greater than predicted by standard aperture theory. Our experi-
ments provide evidence that these unusual optical properties are
due to the coupling of light with plasmons—electronic excita-
tions—on the surface of the periodically patterned metal film.
Measurements of transmission as a function of the incident light
angle result in a photonic band diagram. These findings may find
application in novel photonic devices.

A variety of two-dimensional arrays of cylindrical cavities in
metallic films were prepared and analysed for this study. Typically, a
silver film of thickness t = 0.2 wm was first deposited by evapora-
tion on a quartz substrate. Arrays of cylindrical holes were
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Figure 1 Zero-order transmission spectrum of an Ag array (a, =0.9um,
d =150nm, t = 200nm).
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fabricated through the film by sputtering using a Micrion
focused-ion-beam (FIB) System 9500 (50 keV Ga ions, 5 nm nom-
inal spot diameter). The individual hole diameter d was varied
between 150 nm and 1 wm and the spacing between the holes (that
is, the periodicity) ay, was between 0.6 and 1.8 wm. The zero-order
transmission spectra, where the incident and detected light are
collinear, were recorded with a Cary 5 ultraviolet—near infrared
spectrophotometer with an incoherent light source, but the arrays
were also studied on an optical bench for transmission, diffraction
and reflection properties using coherent sources.

Figure 1 shows a typical zero-order transmission spectrum for a
square array of 150 nm holes with a period a, of 0.9 m in a 200 nm
thick Ag film. The spectrum shows a number of distinct features. At
wavelength A = 326 nm the narrow bulk silver plasmon peak is
observed which disappears as the film becomes thicker. The most
remarkable part is the set of peaks which become gradually stronger
at longer wavelengths, increasingly so even beyond the minimum at
the periodicity ap. There is an additional minimum at A\ = g, \f
corresponding to the metal-quartz interface (where ¢ is the
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Figure 2 Effects of parameters on zero-order transmission spectra. a, Spectra for
various square arrays as a function of Na, Solid line: Ag, a, =0.6pm,
d = 150nm, t = 200nm; dashed line: Au, a, = 1.0um, d = 350nm, t = 300 nm;
dashed-dotted line: Cr, a, = 1.0 pm, d = 500 nm, t = 100 nm. b, Spectra for two
identical Ag arrays with different thicknesses. Solid line: t = 200 nm; dashed line:
t =500 nm (this spectrum has been multiplied by 1.75 for comparison). For both
arrays:a, = 0.6 um; d = 150 nm.
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dielectric constant of the substrate). For A > a, \ﬂ/z, there is no
diffraction from the array nor from the indivilual holes. As
expected, the first-order diffraction spots can be seen to be grazing
the surface (that is, the diffraction angle approaches 90°) as the
wavelength approaches the period from below (this might, in fact,
enhance the coupling to be discussed in the next paragraphs). The
maximum transmitted intensity occurs at 1,370 nm, nearly ten
times the diameter of an individual hole in the array. Even more
surprising is that the absolute transmission efficiency, calculated by
dividing the fraction of light transmitted by the fraction of surface
area occupied by the holes, is =2 at the maxima. In other words,
more than twice as much light is transmitted as impinges directly on
the holes. Furthermore, the transmittivity of the array scales linearly
with the surface area of the holes. This is all the more remarkable
considering that the transmission efficiency of a single sub-
wavelength aperture is predicted by Bethe’ to scale as (r/\)* where r
is the hole radius; accordingly for a hole of 150 nm diameter one
expects a transmission efficiency on the order of 107. In addition,
the intensity (I) of the zero-order transmission from a grating is
expected to decrease monotonically at larger wavelengths (I < A™")
(ref. 8). Therefore our results must imply that the array itself is an
active element, not just a passive geometrical object in the path of
the incident beam.

To understand the origin of this phenomenon, we tested the
dependence on all the possible variables such as hole diameter,
periodicity, thickness and type of metal. It is beyond the scope of
this Letter to describe the details of all these experiments. Instead we
summarize our observations and illustrate some of the key factors
that determine the shape of these spectra. To begin with, the
periodicity of the array determines the position of the peaks. The
positions of the maxima scale exactly with the periodicity, as shown
in Fig. 2a, independent of metal (Ag, Cr, Au), hole diameter and film
thickness. The width of the peaks appears to be strongly dependent
on the aspect ratio (#/d or depth divided by diameter) of the
cylindrical holes (Fig. 2a). For t/d = 0.2, the peaks are very broad
and just discernible and when the ratio reaches ~1, the maximum
sharpness is obtained. Further narrowing might depend on the
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Figure 3 Zero-order transmission spectra as a function of incident angle of the
light. Spectra were taken every 2° up to 24° for a square Ag array (@, = 0.9 um,
d = 150nm, t = 200nm). The individual spectra are offset vertically by 0.1% from
one another for clarity.
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quality of the individual holes. The thickness dependence of the
spectra is displayed in Fig. 2b for 0.2 and 0.5 pm Ag films. While the
intensity of the bulk plasmon peak decreases rapidly in this range,
that of the longer-wavelength peaks decreases approximately lin-
early with thickness. The spectra change significantly with the type
of lattice, for example whether the array is a square or a triangular
lattice.

Two important clues relating this phenomenon to surface plas-
mons (SPs) come from the following observations. One is the
absence of enhanced transmission in hole arrays fabricated in Ge
films which points to the importance of the metallic film. The other
clue is the angular dependence of the spectra in metallic samples.
The zero-order transmission spectra change in a marked way even
for very small angles, as illustrated in Fig. 3 where the spectra were
recorded every 2°. The peaks change in intensity and split into new
peaks which move in opposite directions. This is exactly the
behaviour observed when light couples with SPs in reflection
gratings’'*. SPs are oscillations of surface charges at the metal
interface and are excited when their momentum matches the
momentum of the incident photon and the grating as follows:

k, =k, £ nG, = mG,

where kg, is the surface plasmon wavevector, k, = (27/N) sin § is the
component of the incident photon’s wavevector in the plane of the
grating and G, = G, = 2/a, are the grating momentum wavevec-
tors for a square array. Therefore if the angle of incidence 0 is varied,
the incident radiation excites different SP modes and by recording
the peak energies as a function of k, we obtain the dispersion
relation shown in Fig. 4. This figure reveals the band structure of SP
in the two-dimensional array and it clearly demonstrates the
presence of gaps with energies around 30 to 50 meV; these are due
to the lifting of the degeneracy by SPs interacting with the lattice. An
extrapolation of the dispersion curves yields an intercept with
the k-axis at a value which is within the experimental error
(~10%) of that expected from the periodicity (2m/a,). The
results of Figs 3 and 4 are also sensitive to polarization as expected,
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Figure 4 Dispersion curves (solid circles) along the [10] direction of the array.
These curves are extracted from the energy of the transmission peaks of Fig. 3.
The momentum Kk is in the plane of the array and is given by k, = (2x/\) sin @
where 6 is the incident angle of the beam (the units are normalized to 2z /a,). The
curves with the smaller dots correspond to peaks whose amplitudes are much
weaker and may or may not be related to the band structure as they do not shift
significantly with momentum.
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but a clear assignment has not yet been possible because of inherent
structure of the grains in the metal film.

In our experiments the coupling of light with SPs is observed in
transmission rather than reflection, in contrast with previous work
on SPs on reflection gratings. In those studies the coupling of light
to SPs is observed as a redistribution of intensity between different
diffracted orders. Even in transmission studies of wire gratings by
Lochbihler", the effect of SPs is observed through dips in zero-order
transmitted light. There is an extensive literature on the infrared
properties of wire grids which show a broad transmission centred at
N\ = 1.2a,; this has been interpreted in terms of induction effects, in
analogy with electric circuits'®". Our results demonstrate the strong
enhancement of transmitted light due to coupling of the light with
the SP of the two-dimensional array of sub-wavelength holes.
Furthermore our results indicate a number of unique features
that cannot be explained with existing theories. The SP modes on
the metal—air interface are distinctly different from those at the
metal—quartz interface. However, the spectra are identical regard-
less of whether the sample is illuminated from the metal or quartz
side. At present we do not understand the detailed mechanism of the
coupling between the SP on the front and back surfaces which
results in larger than unity transmission efficiency of the holes. The
thickness dependence (see Fig. 2b) suggests that the holes play an
important part in mediating this coupling and that nonradiative SP
modes are transferred to radiative modes by strong scattering in the
holes.

In photonic bandgap arrays>*, the material is passive and trans-
lucent at all wavelengths except at the energies within the gap. In the
present arrays, the material plays an active role (through the
plasmons) and it is opaque at all wavelengths except those for
which coupling occurs. The combination, or integration, of these
two types of phenomena might lead to optical features that are very
interesting from both fundamental and technological points of
view. The demonstration of efficient light transmission through
holes much smaller than the wavelength and beyond the inter-hole
diffraction limit might, for example, inspire designs for novel near-
field scanning optical microscopes’, or sub-wavelength photo-
lithography. Theoretical analysis of the results would also be
useful for gaining better insight into this extraordinary transmission
phenomenon. Perhaps only then can we expect to grasp the full
implications of these findings. Ul
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A quantitative description of plastic deformation in crystalline
solids requires a knowledge of how an assembly of dislocations—
the defects responsible for crystal plasticity—evolves under
stress'. In this context, molecular-dynamics simulations have
been used to elucidate interatomic processes on microscopic
(~107"m) scales?, whereas ‘dislocation-dynamics’ simulations
have explored the long-range elastic interactions between disloca-
tions on mesoscopic (~10°m) scales®. But a quantitative connec-
tion between interatomic processes and behaviour on mesoscopic
scales has hitherto been lacking. Here we show how such a
connection can be made using large-scale (100 million atoms)
molecular-dynamics simulations to establish the local rules for
mesoscopic simulations of interacting dislocations. In our mole-
cular-dynamics simulations, we observe directly the formation
and subsequent destruction of a junction (a Lomer—Cottrell lock)
between two dislocations in the plastic zone near a crack tip: the
formation of such junctions is an essential process in plastic
deformation, as they act as an obstacle to dislocation motion.
The force required to destroy this junction is then used to
formulate the critical condition for junction destruction in a
dislocation-dynamics simulation, the results of which compare
well with previous deformation experiments®,

Recent molecular-dynamics (MD) studies of dynamic crack
propagation using 100 million atoms have produced massive
amounts of atomic-level details on the spontaneous emission of
dislocation loops from the crack tip which result in shielding,
blunting and crack arrest>>. A Lennard—Jones potential is used to
simulate the response of a face-centred cubic (f.c.c.) structure
characterized by a low stacking-fault energy. Figure 1 shows the
evolution of a ‘flower’ of dislocation loops emitted from a crack tip
advancing under the action of a transverse applied strain. We shall
focus on the evolution of three particular dislocation loops shown
in Fig. 1, labelled 1, 2 and 3. In this sequence one sees explicitly, for
the first time to our knowledge, how a dislocation junction is first
formed (Fig. 1b) and then partially destroyed in a cooperative
process which involves the formation of a second junction while the
first junction is being unzipped (Fig. 1¢). The atomic configuration
of the core of the first junction, known as a Lomer—Cottrell lock, is
shown in Fig. 2. Dislocation configurations of this kind are believed
to be one of the principal mechanisms of strain hardening in f.c.c.
metals with low stacking-fault energy.

The process of dislocation junction formation which we have
identified in the MD simulation has been discussed only in sche-
matic terms in classical textbooks"“*’, but no explicit details pro-
duced by quantitative calculations in three dimensions have (to our
knowledge) been given before. The rather intricate exchange
between the two junctions, apparently unforeseen and unknown,
is driven by the balance between the crack-tip stress, dislocation
interaction forces, the line tension forces on the mobile dislocation
segments, and the constraint forces from the sessile (immobile)
junctions. The destruction of Lomer—Cottrell locks has been

669




