15808 J. Phys. Chem. B005,109, 15808-15811

Asymmetric Response in a Line of Optically Driven Metallic Nanospheres
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We describe the dipotedipole interactions between a linear array of optically driven silver metallic nanospheres
(MNSs). These model calculations incorporate the full electric field generated by an oscillating dipole and
predict several interesting effects due to the retardation of the field. The distribution of the power associated
with MNSs along the array shows a strong variation on a scale smaller than the wavelength of the driving
light. For a given geometry, there is a small range of frequencies where the relative power in the last MNS
compared to the first dramatically changes, suggesting a simple device for wavelength discrimination in this
frequency range. Moreover, small changes in the driving frequency can completely change the direction of
the scattered light when only a single nanosphere is driven.

1. Introduction and Summary l’ a‘;rv rv{r’d %
Recently there have been many theoretical and experimental RS
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studies probing the nature of a collection of optically driven » - r ®
metal nanospheres (MNSs), their interactions, and various
possible uses as subwavelength optical deVicEsArrange- 50nm |80nm

ments of MNSs with features smaller than the wavelength of Figure 1. Schematic drawing of a possible setup for a regularly spaced

light, 4, can be constructed and will interact strongly with light linear array of silver nanospheres. A wide (compared to the size of a
tuned to the surface plasmon (SP) frequenays(.** The nanosphere of radius) beam of light of frequency is propagated
coupling of the MNSs through the electromagnetic field along the array’s axis in the particular medium where the array is
produces a coherent wave of oscillating dipole moments. This assembled. The light absorbed and scattered by each MNS will in turn
coupling allows information to pass through geometries smaller excite neighboring MNSs, and a coherent wave of oscillating electric
than/ and causes the direction of the scattered light to strongly diPoles will be produced.

depend oni. A simple and important geometry to study is & the scattered electric fields from the other particles. In doing
straight line or chain of equally spaced MNSs placed in a s we will use the full electric field from the oscillating dipoles
d|elecFr|(; medlgm. T.h|s conﬂgurat.lon is shqwn in Figure 1. with  and contrast these results with using only the near-field
a realistic particle size and spacing. In this paper we will use approximation. We report several interesting effects apparent

an array of 10 nanospheres; it has been shown when using this simple system that emerge from treating the full field
common parameters that the infinite chain limitis met at around rather than the near field. We show that the ohmic power

10 particlesi! A technique for the fabrication of such assemblies deposited in a particular MNS can strongly depend on the
is electron-beam lithography, which allows for good control over position in the line of particles even when all of the MNS are
particle size and regular placemérieing one of the easiest  gqually illuminated by a light beam. Furthermore, we can reverse
configurations to set up experimentally and theoretically, it has the ratio of power in the first sphere compared to the last sphere
been studied extensively. All of the MNSs in the linear array ith an extremely small variation in light frequency, suggesting
can be excited using a broad light beam at a specific frequency, gevice for wavelength discrimination over this range of
. Theoretical analysis of a linear array of MNSs has been done fraquencies. Also, we will show that the direction of the light
by seve(al different groups. The pu_merlcall methqu developedgmitted from the MNS array strongly depends on frequency
to describe these arrays and their interactions with an externalyhen only one of the spheres is driven. Thus, it should be
electric field include the discrete dipole approximatfothe possible to detect collective properties of the MNS array, such

multiple7multipole method? the finite difference time domain 35 inhomogeneous power distribution along the array, using
method and the T-matrix metho#i The method used in this  simple measurements of the far-field radiation, which could

paper can perhaps best be described as the coupled dipol%imp”fy experiments.
approximation. Each nanosphere will be described by a single  There are three uncoupled modes of propagation down this
point dipole @hat linearly res_ponds to electric fields. When the chain: two (degenerate) transverse (T) waves having the
system is driven at a specific frequenay, then every time-  gjrection of the dipole momentg, perpendicular to the line of
dependent quantity can be written &%) = A(0) exp(-iwt).  \NSs and a longitudinal (L) mode in whighare parallel to
We will solve a set of self-consistent linear equations describing the chain axis. All other forms of propagation can be described
the response of each electric dipole to the incident field and to 55 5 linear combination of T and L modes. For the T modes,
*To whom correspondence should be addressed widely separated MNSs can interact via the far field of the
t Auburn University. ' scattered light, while this is not possible for the L modes since
*FOM Institute for Atomic and Molecular Physics. there is no scattered light parallel to the dipole moment. A very
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thorough study on the effect of the far field of the scattered 200 . . . ' ' ' .
light on the dispersion relation of T modes was done by Clrin. .
For the geometry discussed in this paper, the light beam will ° a
be directed from left to right, and thus, only T modes are excited 150 L &
unless noted otherwise.

2. Method

In our calculations, we assume that the plasmon excitations
caused by incident light produce an oscillating dipole electric
field. This assumption holds if the wavelength of the incident
light is much larger than the diameteg, f the MNS and the
interparticle distancd = 3a.1%15A more complete investigation

100 | o ¢ °

Power (eV/s)

of higher order multipole effects in the near field has been done T

in ref 10; higher order multipole effects become increasingly 0 : : : . . . :

important as the interparticle spacing decreases but should give 60 01 02 03 04 05 06 07

only minor, quantitative differences for the cases we present position (um)

here. The electric field produced by a single, periodically Figure 2. Ohmic power as a function of the position of 10 MNSs in

oscillating dipole with an electric dipole momeats given by aregularly spaced linear array. The center-to-center interparticle distance
is d = 80 nm, and the diametera2of each MNS is 50 nm. A plane

E(TDR K) = transversely polarized electromagnetic wave is propagated from left to

1 KR 1 ” right along the axis of the array. All of the MNSs absorb and scatter
5 = 5€ 5o L 1K) kR the incident electromagnetic wave of magnitude 1 V/m. The solid line
4\7_[6{ I¥(R x P) x R = + [BR(R-P) p](F\’3 Rz)e } is for a chosen frequeney = 4.85x 10 rad/s fgie = 259 nm) when
1 most of the power is in the first sphere. The dashed line is for a
@) frequency ofw = 4.62 x 10 rad/s Qdiet = 272 nm) when most of the
power is in the last sphere. This asymmetry between first and last MNSs

wherek = /v is the wavenumber in the dielectrig,is the vanishes in the near-field approximation at all wavelengths.

speed of light in the dielectric mediuthandR is the unit vector
in the direction ofR (R is the displacement from the dipole

of this paper, the radiation damping is the largest loss mecha-
P).15 If we use the near-field approximatioR, < 4, then we bap PN g

L nism, but the radiation damping does become less important as

setk = 0 and the electric field is the radius of the MNSs decreases. In the ohmic damping term,
1p- 3@(‘p’-|§) yis thfe inve_rse of the_electronic relaxation time. To match the

_ @) bulk dielectric properties of Ag, we use a valueyof= 7.87 x

Are R 10' 5716 The coupling strength is determined in large part by

. o . _ the bulk plasmon frequency,. The value ofw, has been

In the near fle|.d t_he ele_ctrlc f|gld is domllnant, but when using yefined such thab,? = (N&)/(en¥), whereN is the total number

the full field this is not |mm§d|a.tely obvious. We can neglect ¢ conducting electrons per unit volumejs the charge of an

the effects of the magnetic field, however, if the charge gjecron, andm is the optical effective electron ma&&For

separation is small, i.e., the magnltud(_a of the dlpolc_e is not Very gijver we usedN = 5.85 x 1028 electrons/m andm* = 8.7 x

large compared to the total charge times the radiusm the 10-3%g. We have calculated a value @f ~ 9.3 x 10% rad/s,

MNS.. Using the fpll electric ohpole fields we can construct self- and we will usewsp ~ 5 x 10% rad/sé The solutions to these

consistent equations of motion for a driven system of MNSS. ¢ pled inhomogeneous linear algebra equations are the induced

The equation of motlo? for a dipole drlver!"by arlelectrlc field dipole momentsp, on each sphere. Becaysappears linearly,

can be parametrized g+ vp + wépr) — AP = nE(t) where these coupled equations can be solved directly by using standard

y, wsp, B, andy are constants; the physical values of these linear algebra packages.

parameters are substituted in the equation below. The terms of

this equation have a familiar origin: the first term is the 3 Results

acceleration, the second term is the damping from ohmic

heating, the third term is from the harmonic force, the fourth ~ The MNSs act as both scatterers and detectors of the total

term is from radiation damping, and the right-hand side is the electromagnetic field. The induced dipole moment of an MNS

driving term from the electric field. Substituting the oscillating is proportional to the local electric field, while the ohmic power

form, Pn(t) = Pn exp(—iwt), and substituting the physical values dumped into the MNS is proportional to the magnitude of the

for the constants gives the coupled dipetipole equations of  dipole moment squared. In Figure 2 the ohmic power of each

Enear(b”ﬁ) ==

motion: of the 10 individual MNSs is plotted for two specific frequen-
cies: one placing most of the power on the first MNS and the
2 . , 2R, ol other directing most of the power down the chain. In both cases
G P o I the magnitude of the incident electric field is chosen to be 1

1 N N N V/m to facilitate (through linear scaling) the calculation of the

—aswp24ne{ Egext) + Z E(®,.R,.K} (3) power at other field st_rengths_,. The dramatic diff(—'_:rence in the

3 f=n distribution of power with relatively small changes in frequency

~ . is evident. The near-field approximation has been used in many

wherea s the radius of the MNSRwy = Ry — Ryisthe center-  studies of interacting MNSs, but does not correctly reproduce
to-center distance between two parti@EﬁX‘lis the external most effects in Figure 2. The near-field approximation is most
electric field at thenth nanosphere, anB(pr,R.v,k) has been accurate wherkd < 1, d being the regular center-to-center
defined in eq 2. In a previous study, the radiation damping was interparticle distance. In the case of Ag nanospheses~
erroneously taken to be negligibly smélFor the parameters 5 x 10 rad/s, which gives a value &f~ 3.0 x 10’ m™1, in
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Figure 3. Ohmic power as a function of the frequenay, of a plane Figure 4. Same physical set up as Figure 2, but this time only the

electromagnetic wave propagating along the axis of a regular linear first sphere is externally excited. Plotted is the differential radiated
array of MNSs. The dimension of the array and MNSs is the same as power per solid angle versus the frequency of the incident light. The
in Figures 1 and 2. All of the MNSs absorb and scatter the incident solid line is the power scattered in the forward direction, and the dashed
beam of light as it comes in from left to right. The solid line is the line is the power scattered in the backward direction.

ohmic power of the first (leftmost) MNS, and the dashed line is for

the last (10th) one. The dotted line is the power response for the singlesphere is greater than for a single sphere for almost all
MNS case. The inset is the same as the main figure, but using only thefrequencies and is roughly a factor of 3 times larger at the peak.
near-field approximation. Note that it is now impossible to preferentially Naturally the next step is to investigate what is the cause of the
excite the first or last MNS by modifying the driving frequency. forward—backward frequency-dependent asymmetry as seen in

. . — . . ) Figure 3. Using the calculated dipole moments and looking in
the dielectric. Typical interparticle spacings are in the range of ,q tar-field ¢ — o) limit we can determine the differential
80 nm, so in these casdad ~ 27/3. In the near-field radiated power per solid angé:

approximation, coupling terms that fall off &1 andR~2 are
neglected. When using the full electric field, certain phase- APy 1 WK . R
dependent phenomena are now taken into account that had been 40 22 [IPI"—1TF-PI] (4)
overlooked in earlier worR.It is important to recognize that (4m)°e
the dipole fields created by the now oscillating electric dipoles
have individual phases that vary with the distance from an MNS.
The retarded electric field can add either constructively or p= z P e—ikrln (5)
destructively down the chain to create localized regions of high 4 n
total electric field. Using the near-field approximation, all of
the MNSs “talk” to each other instantaneously, and any phaseand k = w/v = 27/ is the wavenumber in the dielectric
is solely due to the phase of oscillation of a single dipole. Using medium. In eqs 5 and Bis the usual radial unit vector anfsh
this approximation, the ohmic power is symmetric through the is the displacement from the first nanosphere toritieone;
midpoint of the array at all wavelengths. In contrast, when using |A,| = (n — 1)d for a regularly spaced linear array. We set up
the full dipole field, there is a lag in interparticle communication a regular linear array as in Figure 1, but we changed the
due to the finite speed of light. It is this lag that allows the simulation so that only the first (leftmost) MNS is excited to a
MNSs to have differing phases that can coherently add or frequencyw. Exciting a single MNS can probably be realized
subtract at specific locations in space. by using an electron beam instead of optical radiation. Optical
It is also interesting to compare the ohmic power of the first spot sizes are on at least the orderioin dielectric, while
MNS to the last one while scanning over a range of frequencies. e-beams can have spot sizes much smaller than the interparticle
Remember that in our geometry the light is directed down the separatiord. We can see in Figure 4 that there are indeed certain
line of MNSs. Therefore, without the interaction between MNSs, bands of frequency that cause the whole system to scatter light
each of the nanospheres would dissipate the same amount ofn the backward direction and that these frequencies are the same
ohmic power. It can immediately be seen in Figure 3 that within frequencies where the forwarthackward asymmetry is realized.
a certain band of frequencies the ohmic power from the first In fact the similarity between Figures 3 and 4 is quite
sphere is much greater than that of the last one. Within anotherpronounced, showing that the asymmetric behavior is caused
band of frequencies the opposite is true. A similar though lesser by the coherent constructive or destructive interference of the
effect is present even for the limit of two MNSs. To clearly radiated light from the individual MNS. When driving the first
illustrate the sensitivity of the array, we also plotted the single MNS at certain frequencies, the total electric field emitted by
particle response to an identical beam of light in Figure 3 as the MNSs adds constructively along the line, which correlates
dotted lines. Note that the response of the first MNS follows with a large amplitude at the last sphere. At other frequencies,
the response of a single sphere when the driving frequency isthe total electric field gives destructive interference along the
far off resonance, but the response of the last sphere is stronglyline, which correlates with the small amplitudes at the final
suppressed for all of the plotted frequencies greater thansphere. Another way to look at Figure 4 is to perform a discrete
resonance. This forwarebackward asymmetry is not present Fourier_transform of the induced dipole momenisk) =
when the near-field approximation is used (inset of Figure 3), >, P(f-An) expiki-Ay). We examineg(Kk) at variousw'’s by
and thus the asymmetry is due solely to the retardation of the starting from about 4.0x 10 rad/s and increasing the
electric field. It is also interesting that the power in the first frequency. At first a clear peak could be seemp(k), and this

where
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Figure 5. Again the same physical setup as Figure 4, but this time
the first sphere is externally excited into an L mode. Plotted is the
differential radiated power per solid angle versus the scattering angle
6 for two frequencies, wherg is the angle relative to the line of MNSs.
The solid line is the power scattered@t= wsp = 5.0 x 10 rad/s,

and the dashed line is the power scattered when 5.5 x 10 rad/s.

To more cleary show the asymmetry, the dashed line is scaled by 2.0,
i.e., the amplitude of the driving force is increased by about 40%. The
intermediate electric field of the oscillating dipoles gives the asymmetry.
The inset also plots differential radiated power per solid angle versus
the scattering angle fa = wsp, but here the MNSs are forced to
oscillate in phase.

peak increased as we increasedAt aroundw =~ 4.8 x 10%°
rad/s a clear peak could no longer be discernedoéiyjdecomes
very noisy. This implies that above abaut~ 4.8 x 105 rad/s

we are trying to drive the system outside the allowed photonic
bands. This behavior matches closely with Figure 4, suggesting
that scattering light in the forward direction is suppressed due
to driving outside the photonic band gap for this system. It also
suggests that a correct band structure calculation must take int
account the full electric dipole field and radiative damping.
When exciting the system into L modes, widely separated MNSs
do not interact via the far field of the scattered ligRt p =

0). They do still communicate through the near and intermediate
fields. Unlike using the near-field approximation however, the
scattered field is still retarded. This retardation will once again
cause MNSs to oscillate at various phases allowing for interfer-

ence effects. In Figure 5 we again use the same physical setup

as Figure 1, and we excite only the leftmost MNS at a various
frequenciesv. This time we excite into an L mode (parallel to
the chain). Plotted in Figure 5 is the differential power scattered
per solid angle (B/dQ2) versus the scattering angfeat two
different frequencies. The inset is alsB/dQ, but forcing all

of the MNSs to oscillate in phase. This plot is reminiscent of
the symmetric diffraction pattern of light passing through slits
spaced closely relative to the incident wavelength. A clear
asymmetry, however, can be seen in the main plot. As seen
with the T mode case, the bulk of the scattered light can be
preferentially aimed in different directions by adjusting the
frequency of the driving force.

4. Conclusion

In summary we have shown that when looking at a system
of MNSs, interesting effects can be lost when using only a near-
field approximation. Within certain closely spaced bands of
frequencies it is possible, using a spatially broad beam of light,
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to excite specific MNSs. In Figure 3, the ratio of the power in
the first sphere to that in the last sphere is 1 near the crossing
frequency~4.7 x 10% rad/s; near this frequency, the ratio varies
by more than an order of magnitude in a small range of
frequencies. Various experimental techniques can detect when
the surface plasmon of an MNS is excited; thus, it seems
possible to distinguish between two nearby wavelengths in a
small frequency range near4.7 x 10 rad/s using a device
less than 1um in size. Exciting the surface plasmon in a
particular MNS is closely related to the frequencies where the
whole system exhibits a large amount of forward or backward
scattering of light. This pronounced forward and backward
scattering is caused within specific ranges of frequency that
allow the collection of MNSs to constructively or destructively
add their radiated light. This behavior has exciting experimental
consequences such as being able to infer the ohmic power
dissipated in an MNS by looking at the scattered light field.
Rather than having to coat the MNSs with specific dyes to
measure their output power, it should be possible to simply
detect the amount of forward and back scattered light. The
retardation of the incident and scattered light field removes the
symmetry through the middle of the line of nanospheres,
allowing a range of complex effects. Only a few of these effects
have been discussed in this paper; many variations have not
yet been explored and will probably disclose more fascinating
effects.
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