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ABSTRACT

Enhancement of Brillouin light scattering (BLS) at the wavelength of 532 nm was observed from Rayleigh-like and
Sezawa-like acoustic modes of alkaline-earth boro-aluminosilicate glass covered with periodic arrays of gold nanodisks.
This enhancement is attributed to mediation of surface plasmons of the nanodisks. For nanodisks with diameters of 71
nm to 90 nm, heights of 30 nm, and periodicity of 100 nm, the maximum measured surface-plasmon enhancement of
BLS intensity was, respectively, ~ 2.4 and ~ 5.6 for Rayleigh-like and Sezawa-like modes, relative to the intensity from a
gold film with the same fractional coverage area but without surface-plasmon coupling. The maximum for the Rayleigh-
like modes occurs with the smallest-diameter nanodisks, and that for the Sezawa-like modes occurs with the largest-
diameter nanodisks. The angular dependence is relatively broad. Calculations employing the discrete dipole
approximation were used to predict the electric-field intensities in the gold disks and nearby glass as a function of
nanodisk diameter. The average calculated intensity at the top surface of the gold increases with decreasing diameter,
consistent with the experimental results for Rayleigh-like modes and the expectation that surface ripple is the dominant
scattering mechanism for such modes. The results of this study suggest that nanodisk arrays can provide a platform for
practical implementation of surface-enhanced BLS analogous to other surface-enhanced spectroscopies, and suggest the
additional possibility of substantially extending the range of wave numbers in BLS through plasmonic-crystal band
folding.
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1. INTRODUCTION

Enhancement of electromagnetic fields through resonant coupling to surface plasmons has been employed to
increase signals in a number of optical spectroscopies, including Raman - ?, Rayleigh © ¥, fluorescence © ©, and
absorption " ®. However, surface-plasmon enhancement of Brillouin light scattering (BLS) has been achieved only with
Ag thin films on glass over very narrow ranges of incident angles *'?. The potential advantages of implementing more
generally applicable surface enhanced BLS (SEBS) spectroscopy are substantial. BLS has been used to measure the
elastic and magnetic properties of a wide variety of bulk and thin-film materials through scattering from thermally
excited acoustic waves and spin waves, and it is an especially powerful nondestructive technique for characterizing
nanoscale thin films and structures, because of the relatively short acoustic or spin wavelengths (hundreds of
nanometers) that are involved. However, particularly with respect to nanoscale materials, relatively low signal-to-noise
ratios and associated long acquisition times can be a serious impediment to the practical application of BLS.
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Surface-plasmon coupling in BLS was originally proposed by Fukui and co-workers ' '” for a noble-metal film in
an attenuated-total-reflection (ATR) geometry. In this case, light passes through a glass prism to the metal film at the
critical angle of maximum transfer of light into the film, optical fields resonantly excite surface plasmons in the film, and
surface plasmons inelastically scatter from acoustic surface waves at the metal-air interface. The dispersion curves of
light in air and surface plasmons at the continuous air/metal interface do not overlap (so that surface plasmons cannot be
excited by light incident on this interface), but this is not a problem at the glass/metal interface, where the optical
wavelengths are shorter. Since the theoretical work of Fukui and coworkers, there have been several experimental
studies of SEBS from thin flat © ' > 319 and periodically corrugated " '¥ Ag films. For both of these types of
geometry, the largest BLS signals were achieved over a very narrow range of incident angles for which the internal
(glass/metal interface) reflectivity was a minimum. Due to continuity of the solid Ag films, the surface plasmons
involved were of extended nature, rather than localized.

In this paper, we present results of surface-plasmon enhancement of BLS peaks from acoustic modes of arrays of Au
nanodisks on a glass substrate. This work is envisioned as the first step towards implementing SEBS metrology on
arbitrary samples through the use of noble-metal nanodisk arrays that are brought within a few nanometers of the sample.
The potential advantages of noble-metal nanodisk arrays relative to blanket noble-metal films are:

1) the degree of coupling to surface plasmons can be tuned by array geometry and substrate composition,

2) abroader range of incident angles is feasible,

3) the Brillouin scattering of surface plasmons will involve some degree of coupling to acoustic waves or spin
waves with shorter wavelengths and corresponding sensitivity to variations in elastic or magnetic properties of
samples over smaller scales than is achievable with conventional BLS.

The last of these arises from the fact that surface-plasmon excitation in the nanodisks will introduce electromagnetic
field enhancements over nanometer scale distances, and this will lead to inelastic coupling to acoustic or spin modes with
correspondingly high wave numbers, Because of the two-dimensional periodicity of the nanodisk array, this effect
corresponds to plasmonic-crystal band folding within the lattice formed by the nanodisks, so that momentum
conservation in the inelastic scattering of surface plasmons from acoustic or spin waves can involve the addition of a
reciprocal lattice vector of the array.

In the following section, the fabrication of the nanodisk arrays is described. In Section 3, the BLS measurement
technique is described, and spectra are presented for a blanket Au film on a glass substrate, bare glass, and one of the Au
nanodisk arrays as a function of incident angle. Based on the relative frequencies and the polarization dependence of the
spectra, two of the peaks from the array are identified as being similar to Rayleigh-like® and Sezawa surface acoustic
modes of the Au film on glass. The nature of two additional modes of the nanodisk sample also is briefly discussed.
Experimental results on surface-plasmon-mediated enhancement of the Rayleigh-like and Sezawa-like' modes of Au
nanodisk arrays are presented as a function of nanodisk diameter and incident angle of the light. Finally, in Section 4,
results of numerical modeling are presented for the electric field distributions in the Au nanodisks and glass as a function
of diameter, and the trends of the diameter dependence are compared with the experimental results to provide insight into
the principal regions of the material where the BLS enhancement occurs.

2. SPECIMEN FABRICATION

The Au nanodisk arrays were prepared by electron-beam lithography (EBL) on 1.1 mm thick Corning Eagle 2000
alkaline earth boroaluminosilicate glass substrates”. First, glass substrates were ultrasonically cleaned in consecutive
baths of high purity acetone and isopropanol. The substrates were then immediately loaded into an evaporation chamber
and exposed to an Ar plasma for 30 s to further rid the surface of contaminants. A gold layer of 30 nm thickness was
then evaporated onto the glass substrate at a rate of ~0.6 nm/s. The thickness was monitored with a quartz crystal

* True Rayleigh modes occur only at the surfaces of homogeneous bulk materials. In blanket or patterned films (e.g., nanodisk arrays)
on a substrate, acoustic modes similar to Rayleigh modes will exist, and these are referred to here as “Rayleigh-like”

¥ True Sezawa modes occur only in thin films on substrates. In substrate-supported nanodisk arrays, acoustic modes similar to the
Sezawa modes will exist, and these are referred to here as “Sezawa-like”

* The identification, in this document, of this commercially manufactured material does not imply recommendation or endorsement by
the National institute of Standards and Technology; nor does it imply that this product is necessarily the best available for the purpose.
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monitor (QCM). The QCM was calibrated with a profilometer and thickness standard. The uncertainty in thickness was
less than 10 %. An etch mask consisting of cross-linked polymethyl methacrylate (PMMA) was formed on the surface
using EBL and was subsequently developed in acetone. A 300 eV Ar’ mill was used to transfer the etch mask pattern to
the Au layer. This process was carefully calibrated to ensure that all the unmasked Au was removed and no significant
milling of the substrate occurred. Following the ion mill, the sample was exposed to an oxygen plasma to remove the
remaining PMMA masking material.

The etch mask was designed to simultaneously provide nine arrays of 30 nm thick Au nanodisks with a periodicity A
of 100 nm and diameters D ranging from 70.5 to 90.3 nm. Each array extended over a 40 um % 40 pm square area on
the glass substrate. Figure 1 shows an image of a section of a nanodisk array with D = 70.5 nm, obtained with a field-
emission scanning electron microscope (FESEM). To provide a reference in measurements of BLS scattering intensity, a
uniform Au film was included in the etch mask, in addition to the array patterns. This film also extended over a 40 pm X
40 pm square area.

3. EXPERIMENTAL RESULTS

The experimental system employed a solid-state diode-pumped frequency-doubled Nd:Vanadate (ND:YVOy,) laser,
operating in a single transverse electromagnetic (TEM,,) mode, which provided linearly polarized 532 nm light that was
focused onto the sample. The profile of the beam at the focus was approximately Gaussian with a diameter of 21 pm.
The measurements were performed in a conventional backscattering configuration, with the inelastically scattered light
collected through the same lens that was employed to focus the incident laser beam (180° backscatter) and with the
normal of the sample surface tilted at various angles 8 relative to the axis of the incident beam to vary the component of
the photon wave vector parallel to the surface. The polarization of the incident light was in the scattering plane defined
by the surface normal and the axis of the laser beam (p-polarized). The 25 mW laser beam was incident from air on the
Au-array side of the array/glass sample. The frequency-shifted spectral components of the inelastically backscattered
light were analyzed at room temperature with a piezoelectrically scanned (3+3)-pass tandem Fabry-Perot interferometer.
The backscattered light was not filtered by a polarizer before passing into the interferometer, except for one case
(indicated below) in which a filter was inserted to pass only light polarized perpendicularly to the incident light (cross
polarized detection). Light transmitted through the interferometer was detected by a photomultiplier, and the counts were
accumulated in a multichannel analyzer during repeated scanning of the interferometer.

Figure 1 defines the coordinate system for the nanodisk arrays in relation to the incident and scattered light. The z
axis of the sample is defined to be the sample’s surface normal, and the light is incident in the xz plane from the left in
the figure, with a wave-vector component 4 along the x axis.

200 nm
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Fig.1. FESEM image of a section of a gold nanodisk array on glass fabricated by EBL. Au disk diameter D = 70.5 nm, array
periodicity A = 100 nm. The sample x and y axes are shown, along with the parallel component of the incident photon wave vector ;.
The laser beam is incident from air on the Au-disk-array side of the sample.
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In Figs. 2(a)-(c) surface BLS anti-Stokes spectra taken at 60° incident angle are shown for the Au blanket film on
glass, a bare glass substrate with the same composition, and a nanodisk array on glass with disk diameters D = 86.3 nm.
Large peaks centered at a frequency shift of zero in the measured spectra (arising from elastically scattered light) are fit
to Gaussian functions and subtracted from the spectra to provide greater clarity in the plots. No polarization filtering was
employed in acquiring the spectra of Figs. 2(a)-(c). Figure 2(d) shows a spectrum from the same nanodisk array as 2(c)
but with a polarizer inserted in the backscattered light path, such that only light polarized perpendicularly to the incident
beam is passed to the interferometer (conventionally denoted as VH detection).

To enable effective discussion of Fig. 2, we note that BLS cross sections from surface acoustic modes of a metallic
film are known to be dominated by scattering from the normal components of acoustic displacements (ripple) at the
surface of the film [18, 19]. In transparent material without an opaque film on the surface, scattering from bulk acoustic
modes can occur from elasto-optic perturbations to the index of refraction.

The two peaks of Fig. 2(a) for the Au film on glass are the well known Rayleigh-like and Sezawa modes (labeled in
the figure as Ry and Sp, respectively), which appear as the lowest-frequency peaks in BLS spectra from any uniform
opaque metallic film. This spectrum is consistent with earlier BLS measurements from supported gold layers “”. The
lowest-frequency peak Rg in the bare-glass-substrate spectrum (Fig. 2(b)) is the true Rayleigh mode of the half space,
which appears at a frequency higher than the Rg peak in the gold because of the higher acoustic velocities of glass. The

height of peak Rg is two orders of magnitude smaller

than that of Rg, since the lower reflectivity of the

glass surface leads to a lower cross section for BLS

. . . from the surface ripple. Sezawa modes do not occur

Aufilm/ glass () 1 in the glass without a film. The higher-frequency

peak TAg in Fig. 2(b) arises from the bulk transverse

acoustic mode of the glass and appears at a frequency

close to that expected from the shear modulus of 28.9
GPa provided by the manufacturer.

Additional peaks appear in the spectrum of Fig.
2(c) from the nanodisk array. Since BLS from the

0.154 Glass  (b) 1 Au film serves as a reference for assessing the degree
= ol 0—- R TA, | of surface-plasmon enhancement of BLS peaks from
= ﬂ the nanodisk arrays, we must determine the
£, 005 - correspondence of peaks from the array with peaks
@ et Rr and Sg of the Au film. Although the patterning of
g 000 Ko the Au in the array affects the vibrational
@ 6 RA Array/ glass (€)1 displacement patterns of the. qugs, some of .these
> patterns are expected to remain similar to those in the
§ 44 blanket Au film, as occurs with vibrational modes of
8 1 nanolines on substrates “* *?. Peak R, in Fig. 2(c)
g 24 T A, ] can be assumed to correspond to the Rayleigh-like
A 1 J V peak R of the film, because it is the strongest and its
m 0 frequency lies between R and Rg, as expected for

0.6+ N,  Array/glass (d) partial surface coverage of the gold. The frequency
T VH-polarization of peak Rp (6.9 GHz) is 25 % higher than that of

peak Rr (5.5 GHz). A similar fractional shift of the
Sezawa mode of the Au film would place the
frequency of the corresponding Sezawa-like mode of
1 the array near 10.5 GHz, which is consistent with the
22 observed 11.1 GHz S, peak in the array (Fig. 2(c))
Frequency shift (GHz) arising from this mode. Additional evidence for
these identifications is provided by the spectrum in
Fig. 2(d), which was obtained using a cross-

Fig. 2. BLS spectra of (a) Au film on glass, (b) glass, polarization filter inserted in the backscattered light
(¢) Au nanodisk array on glass with disk diameters D = 86.3 path. Peaks R and Sp do not appear in this cross-
nm, (d) the same Au nanodisk array employing cross- polarized spectrum, as one would expect from the
polarized detection. predominantly surface-ripple scattering that occurs
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from Rayleigh-like and Sezawa modes.

The appearance of additional modes (peaks Ny and N») in the nanodisk specimen is interesting, although not directly
relevant to the subject of surface-plasmon enhancement considered here. It should be noted that peak N; is qualitatively
similar to a mode observed in BLS scattering from nanolines ", in the sense that it is lower in frequency than the
Rayleigh-like mode and it appears in VH spectra. This mode in nanolines has been identified as flexural, with shear
displacements mainly perpendicular to the scattering plane defined by the incident beam and the surface normal. Higher-
frequency flexural modes also appear in BLS from nanolines, and peak N, may be analogous to one of these. Weaker
BLS peaks above the 22 GHz of Fig. 2 also are observed in the samples, but these are not considered here.

Fig. 3(a) shows measurements of the dispersion curves of the peaks observed in BLS from the Au film on glass and
the array on glass with nanodisk diameters D = 86.3 nm. One measurement of the frequency of peak Rg of the bare glass
substrate is also included. The range of phonon wave numbers in this figure extends from 18 to 23 um™, corresponding
to the incident angles ranging from 50° to 75°.

In the remainder of this paper, only the enhancement of the Rayleigh-like and Sezawa-like peaks of the arrays are
considered, because the other peaks from the arrays have no corresponding modes in the Au film for comparison. With
light incident on a blanket Au film at the Au/air interface, no surface-plasmon excitation occurs, because the dispersion
curves of light and surface plasmons do not overlap. However, the Au film does not provide a direct reference for the
relative enhancement of BLS scattering from the nanodisk arrays, because the coverage area of the Au is different for the
film and an array. Since BLS cross sections from acoustic modes of a metallic film are dominated by ripple scattering,
the inelastically scattered intensity is proportional to the area of the film (assuming uniform intensity of incident light).
Therefore, the count rate /g, of a BLS peak from the blanket Au film must be multiplied by the fractional coverage area
v of a nanodisk array, if it is to be compared with the count rate /., of a corresponding peak from the array, and a
measure of the relative BLS enhancement I is provided by the following expression:

1 1 A2

= array _ Tarray

Liwxy 14 (2D?/4)

(1

where I,y 1s the measured BLS count rate from the array at the specified spectral peak, I, is the measured BLS count
rate for the peak from the corresponding mode in the Au film, D is the diameter of the nanodisks, and A (= 100 nm) is
the center-to-center spacing of the nanodisks.

Fig. 3(b) shows values of I' as a function of wave number for the BLS peaks from the Rayleigh-like (R,) and
Sezawa-like (Sx) modes of the array with D = 86.3 nm. There is enhancement of both the R, and S, peaks over the
entire measured range of wave numbers (incident angles) with maximum enhancement I'=5.6 occurring for the Sezawa-
like mode at an incident angle of 65°. The maximum I' for the Rayleigh-like mode is 2.4 at an angle of 55°. Note that I"
is greater than 1 over the entire range of incident angles in Fig. 3, in contrast to ATR-based SEBS approaches mentioned
above, which are effective over only a very narrow angular range.

Fig. 4 shows the measured enhancement factors I' for the R, and Sx modes as a function of nanodisk diameter at an
angle of 60°. The maximum enhancement for the Rayleigh-like mode occurs for the smallest nanodisk size, but varies
by just ~10 % over the 20 nm range of diameters. The opposite trend is measured for Sezawa-like mode enhancement,
the greatest values of I' occurring with the largest nanodisks. The changes in Sezawa-like mode enhancement are also
much greater over the measured range of diameters.

Proc. of SPIE Vol. 6641 66411M-5



Incident angle (deg)

50 55 60 65 70 75
14 (@ |
E ) 12 1 B
: SAQ\.,’.’/IO———.——‘.
TE ) : <
= I Rg
8 »
S 2 89 S ‘/A/A/A/A/AA
T B e
E 6 Ak/k/*’HAA
R
4 ]e . ° —o—— 06— O |
61 Sezawa-like mode (S ) ®
—~ A
72 B
— O
= 2
2E 4 <
72 8
S E
S ©
= 2 2 ]
<
= Rayleigh-like mode (R )
0 T T T T T

18 19 20 21 22 23

Phonon wave number & (um™)

Fig. 3. Phonon-wave-number dependence of (a) BLS frequency
shifts for modes in glass, Au film on glass and Au disk array on
glass with D = 86.3 nm; (b) BLS enhancement factors I" for
R, amd S, modes

60—

0 ++ |

4.5 Sezawa-like mode (S) .

o . ﬁ -

s %t oty
151 Raylcighvlike mode (R ) E

1.0 E
0.5 E

0.0 T T T T T
70 7% 80 85 €0

Au disk diameter, nm

Measured BLS ehnacement factor, I’

Fig. 4. BLS enhancement factors I for Rayleigh-like
and Sezawa-like modes of Au nanodisk arrays on glass.

Proc. of SPIE Vol. 6641 66411M-6



4. NUMERICAL MODELING

Currently, theoretical models have been developed for surface-enhanced BLS cross sections in the ATR
configuration for silver film on glass ''* %2 and for periodically corrugated silver gratings *>*®. However, no model
is currently available for BLS cross sections of nanodisk arrays mediated by surface plasmons. Here, we seek qualitative
explanations for the measured dependence of I' on nanodisk diameters by using numerical calculations of surface-
plasmon-enhanced electric-field intensity distributions in the arrays.

In considering the Rayleigh-like and Sezawa-like modes in the arrays, we assume that the BLS scattering is
dominated by the ripple mechanism at the surfaces of the gold disks. As mentioned above, the dominance of ripple
scattering in the BLS cross section in the absence of surface-plasmon enhancement is well established for surfaces of
metals. Ripple scattering also has been previously assumed to be dominant mechanism in surface-plasmon enhanced
BLS for silver films and gratings on glass in the ATR configuration ("> 2%26),

4.1. Discrete Dipole Approximation

We have used the discrete dipole approximation (DDA) “"*” to calculate the electromagnetic field within targets
with the geometry of the Au nanodisk arrays studied here with BLS. Each target consists of a uniform glass slab with an
infinite array of Au nanodisks located on one surface. The target is illuminated by a linearly polarized plane wave
incident at an angle 0 relative to the surface normal. The calculations were carried out using a new version of the
DDSCAT code ®?. The targets were represented by dipole arrays, with an interdipole spacing of 5 nm.

The target’s unit cell in the DDA calculations consisted of a gold nanodisk with a height of 30 nm on a cube of
alkaline-earth boro-aluminosilicate glass that was 100 nm on each edge. The dielectric constant of gold at A=532nm was
taken to be 0.528 +2.23i, based on interpolation of values reported by Johnson and Christy " for an evaporated gold
film. The refractive index of the glass at the same wavelength is 1.510, based on interpolation of values provided by the
manufacturer.

The results of DDA calculations for nanodisk arrays with D = 70.5 nm and 90.2 nm diameters (the smallest and
largest nanodisks measured in BLS) are shown in Fig. 5 as two-dimensional color-coded contour plots of electric field
intensity |E|* normalized to the incident light intensity |Eo|*. The incident light is polarized in the xz plane, the incident
angle of the light is 60°, and the parallel component of the incident photon wave vector kj lies along the positive x-
direction. Figures 5(a) and 5(b) show the normalized intensities at the top surface (the gold/air interface) of the 70.5 nm
and 90.2 nm nanodisks, respectively, and Figs. 5(c) and 5(d) show the corresponding intensities at the lower (Au/glass)
interface. These results illustrate the fact that arrays with smaller disks are found to have higher overall intensities at the
top surface, especially near the edges, compared to the intensities in the larger disks at this surface. As shown in Figs.
5(c) and 5(d), the trailing corners at the Au/glass/air interface (away from the incident light) have “hot” spots. No
similar high-intensity regions are present at the trailing edges at the top of the nanodisks. This phenomenon can also be
seen in the plots of the mid-cross-sectional xz-planes (Figs. 5(e) and 5(f)). The maximum calculated values for the
intensity occur close to the lower interface (at z ~ -1 nm) in both nanodisk arrays of Fig. 5.

Average normalized electric field intensities over the top and bottom surfaces of Au disks are plotted in Fig. 6 as a
function of nanodisk diameter, with the selected discrete values of the diameters equal to those of the samples measured
with BLS. For both the top and bottom surfaces, the general trend of higher intensities at lower diameters in the
calculated curves in Fig. 6 is consistent with the trend of the measured BLS enhancements of Rayleigh-like modes (R,)
of the nanodisk arrays (Fig. 4).
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Fig. 5. Distributions of electric-field intensity [E* (normalized with respect to the incident light intensity |Eo[*) on the top surface of
Au nanodisks with diameters of (a) 70.5 nm and (b) 90.2 nm and on the bottom surface with diameters of (c) 70.5 nm and (d) 90.2
nm. Distributions in the cross-sectional xz plane at y = 0 for nanodisks with diameters of (e) 70.5 nm and (f) 90.2 nm diameters. The
incident phonon wave vector ko and surface-parallel component of the wave vector kj are indicated in the figure.
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The results of the calculations shown in Fig. 6 do not explain the measured dependence of the Sezawa-like mode on
diameter. In considering possible explanations for this dependence, it is useful to note that the displacement patterns of
the Rayleigh-like and Sezawa-like modes in nanodisk arrays differ from the corresponding blanket-film modes, even
though they are expected to be qualitatively similar, and actual displacements amplitudes are expected to vary
significantly over the xy planes at both the top and bottom surfaces. In particular, the magnitudes of acoustic stress near

9
G
1

["over disk surfaces
2
(=)
1

2

1.254

=)

1.00 1

e

=2

G
I

Au-disk top

Au-disk bottom

Calculated average |E|2/ |E

70

75 80 85

Au disk diameter, nm

90

Fig. 6. Calculated average normalized

electric-field intensities over the top and

the corners of the nanodisks (where the electric fields are greatest)
are expected to depend on the diameter, and this will affect the
dependence of the enhancement factors on diameter.

5. CONCLUSION

This study has demonstrated surface-plasmon enhancement of
BLS from Au nanodisk arrays on a glass substrate with the light
incident on the surface of Au nanodisks over a relatively broad range
of angles. The results suggest the possibility of developing practical
methods for enhancement of BLS intensities from acoustic waves
and spin waves in a wide variety of material systems using nanodisk
arrays that are placed in nanometer-scale proximity to the surfaces of
samples. Perhaps even more intriguing is the possibility of extending
BLS measurements to wave numbers much greater than that of the
incident light through the introduction of significant nanometer-scale
variations in the electric field (as in Fig. 5), corresponding to the
addition of reciprocal lattice vectors of the array through plasmonic-
crystal band folding. With array periodicities on the order of 100
nm, the addition of reciprocal lattice vectors to the scattering acoustic
or spin wave numbers would lower the detectable wavelengths into
the range of a few tens of nanometers and provide sensitivity to the
properties of surface layers with thicknesses approaching those of

bottom disk surfaces versus disk diameter. atomic monolayers.
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