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T
he fascinating optical properties of
nanostructured metals have cap-
tured the interest of scientists for

years, driving research in a variety of

fields.1�3 The relationship among the geom-

etry, structure, and composition of nano-

particles and their optical properties is at

the forefront of research in plasmonics.4�7

One of the most pivotal discoveries in this

field has been the realization that the plas-

mon resonances of a metallic nanoparticle

can be tuned to occur at specific frequen-

cies by modifying the geometry of the

nanoparticle. This has been demonstrated

experimentally for a variety of nanostruc-

tures whose plasmonic properties were

nanoengineered using reproducible, con-

trolled processes specific to each structure.

One such plasmonic nanostructure is

the metallic nanoshell,8�12 whose plasmon

frequencies can be tuned by simply varying

the ratio between the thickness of the shell

and the overall diameter of the nanoparti-

cle, which can be accomplished by con-

trolled chemical synthesis. Another highly

tunable nanostructure is the metallic nano-

rod, which can be fabricated by either

template-based or seeded growth meth-

ods.13 In contrast to the nanoshell, the

nanorod is anisotropic and can be charac-

terized by its aspect ratio �, defined as the

ratio between its length and its width. The

energies of the nanorod plasmon reso-

nances depend quite sensitively on �,13�17

so varying this ratio provides the tuning

mechanism for this nanostructure. The ease

with which these two types of nanoparti-

cles can be synthesized with controlled ge-

ometry has made both nanoshells and

nanorods highly popular substrates for ap-

plications in sensing, medicine, and

spectroscopy.1,18,19

While the electromagnetic properties of
a wide variety of nanoparticles has been in-
vestigated quite extensively using classical
electromagnetic theory,20,21 there have only
been a few ab initio studies on this subject.
In classical electromagnetic modeling, the
nanoparticles are defined by their dielectric
permittivity, which changes abruptly at the
nanoparticle�vacuum interface. Such clas-
sical approximations neglect the spill-out of
electrons outside a realistic nanoparticle
surface and also do not take into account
the associated gradual change of the dielec-
tric properties at the surfaces. Recently,
there has been a great deal of interest in
quantum effects such as quantum size ef-
fects, electron tunneling, and electron
screening on the plasmonic response of
metallic nanoparticles.22�30 In some cases
quantum effects have been found to be
quite significant,31,32 suggesting that it is of
crucial importance to establish the limits of
validity of classical approaches in the mod-
eling of nanoscale plasmonic structures.

The plasmonic tunability of metallic
nanoshells has been investigated using
first principles time-dependent density
functional theory (TDDFT).33�35 By taking
full advantage of the spherical symmetry

*Address correspondence to
nordland@rice.edu.

Received for review July 9, 2010
and accepted August 02, 2010.

Published online August 10, 2010.
10.1021/nn101589n

© 2010 American Chemical Society

ABSTRACT The plasmon resonances in metallic nanorods are investigated using fully quantum mechanical

time-dependent density functional theory. The computed optical absorption curves display well-defined

longitudinal and transverse plasmon resonances whose energies depend on the aspect ratio of the rods, in

excellent agreement with classical electromagnetic modeling. The field enhancements obtained from the

quantum mechanical calculations, however, differ significantly from classical predictions for distances shorter

than 0.5 nm from the nanoparticle surfaces. These deviations can be understood as arising from the nonlocal

screening properties of the conduction electrons at the nanoparticle surface.
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of this particular nanostructure, these studies were
able to simulate nanoshells of realistic size and showed
excellent agreement with experimental optical spec-
tra.36 Recently, we have extended the TDDFT quantum
approach to nanostructures of cylindrical symmetry,32

and, as a first application, investigated the optical prop-
erties of metallic nanoparticle dimers (a closely spaced
pair of spherical nanoparticles). We found that, for sub-
nanometer interparticle separation, the TDDFT calcu-
lated optical spectra and plasmon-induced electric field
enhancements are profoundly different than those ob-
tained with classical calculations. These differences
originate from the electron spill-out at the surface of
the nanoparticle, which introduces a source of screen-
ing that is absent in a classical description. More impor-
tantly, the electron spill-out lowers the potential bar-
rier between the nanoparticles, enhancing the electron
tunneling from one nanoparticle to the other and lead-
ing to a new plasmon mode, the so-called charge trans-
fer plasmon, characterized by an oscillatory electric cur-
rent induced between the two nanoparticles.

In this paper we apply first principles TDDFT to in-
vestigate the optical properties of silver nanorods. The
calculations reveal distinct longitudinal and transverse
plasmon resonances with frequencies that can be tuned
by varying the aspect ratio � of the nanorod. The � de-
pendence of the energies of both the longitudinal and
transverse plasmon modes are found to be in excellent
agreement with the predictions of classical electromag-
netic modeling, where the surfaces of the nanoparti-
cles are assumed to be infinitely sharp. However, the
plasmon-induced electric field enhancements obtained
from the quantum mechanical approach are found to
be much smaller than those obtained using classical
theory. The major differences occur within 0.5 nm of
the surface of the nanoparticle and are due to nonlo-
cal screening introduced by the finite electron spill-out.

RESULTS AND DISCUSSION
For nanorods smaller than approximately 100 nm,37

the optical response is dominated by the dipolar plas-
mon mode, which is the regime considered in our work.
The optical spectra of small nanorods are character-
ized by a longitudinal and two degenerate transverse
dipolar plasmon resonances. From experiment as well
as classical simulations,14 the longitudinal mode is
known to strongly redshift as the aspect ratio � of the
rod increases, while the transverse mode has the oppo-
site behavior, that is, it blueshifts with increasing �.
The longitudinal mode is also known to be more sensi-
tive to changes in the aspect ratio than the transverse
mode.

Jellium Model. In our quantum simulations, we model
the nanorods as prolate spheroids. In this case, their ge-
ometry is uniquely defined by their aspect ratio � and
length of their major axis b. Our simulations are based
on a jellium description appropriate for Ag, which as-

sumes a uniformly distributed positive ionic charge
throughout the volume of the nanorod of appropriate
density, and an additional constant pseudopotential
representing the effect of the core electrons (see eq 3).
The strength of the pseudopotential has been adjusted
such that the computed work function matches the
value 4.5 eV appropriate for Ag. This assures that our jel-
lium simulations give the correct electron spill-out pro-
file. In addition, our simulation includes a background
dielectric that takes into account the polarizability of
the ion cores.

In each direction, the size of the jellium model is
half a lattice plane spacing larger than the physical
size of the particle. For Ag, the separation between
close-packed lattice planes is approximately 4 bohr,
which places the jellium surfaces approximately 2 bohr
outside what would be the real surface of the silver
nanoparticles. For the frequency range considered in
this paper, such jellium models are known to provide
good quantitative descriptions of the optical properties
of small metallic nanoparticles.36 The approximation
will enable us to simulate sufficiently large structures
(up to more than 2 � 103 conduction electrons), a nec-
essary condition in order to obtain a well-developed
plasmonic response.

The details of the computational approach are dis-
cussed in the methods section, so here we only delin-
eate the major steps. We employ the linear response
version of TDDFT, which allows us to compute the elec-
tron density variations when small, time-oscillating ex-
ternal fields are applied. The absorption cross section is
computed from the imaginary part of the induced di-
pole corresponding to these density variations. The cal-
culations proceed as follows. In the first step we solve
the equilibrium self-consistent Kohn�Sham equations
for the conduction electrons of the nanorods, using an
efficient numerical algorithm that takes into account
the cylindrical symmetry of the nanoparticle. From the
equilibrium Kohn�Sham orbitals, we compute the in-
dependent electron response function. The induced
screening charge is obtained from a random phase
approximation-type integral equation (see eq 6), which
is solved by iterative methods.

Tunability. Figure 1 shows the normalized TDDFT op-
tical absorption cross sections as a function of photon
energy for nanorods of different aspect ratios �, rang-
ing from � � 1 (spherical) to � � 3 (highly elongated). In
these calculations, the overall lengths b of the nano-
rods are adjusted so that each nanorod contains ex-
actly 510 conduction electrons. The figure shows re-
sults for longitudinal (upper panel) and transverse
(lower panel) polarization of the incident light. As one
can see, all absorption curves display a prominent peak
which is identified as a dipolar plasmon resonance. For
longitudinal polarization, we observe a strong redshift
of the plasmon resonance with increasing �. In contrast,
for transverse polarization, the plasmon modes blue-
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shift with increasing �, and the shifts are relatively small.

The redshift of the longitudinal mode and the blue-

shift of the transverse mode with increasing aspect ra-

tio is in agreement with previous classical electromag-

netic calculations and experimental data.14 The

intensity changes of the plasmon peak with increasing

aspect ratio are caused by our present normalization of

the spectra in the figure. The calculated spectra are all

consistent with the f-sum rule,34 (which states that the

first frequency moment of the optical absorption

should remain constant when the geometry of a nano-

particle is deformed), and therefore exhibit increasing

peak heights with redshifting plasmon energies.

Figure 2 presents the plasmon resonant frequen-

cies as functions of � as extracted from Figure 1. The

two branches correspond to the longitudinal and trans-

verse plasmon modes. For comparison, we include the

results of classical electromagnetic calculations using

the appropriate dielectric function for Ag. As can be

seen, there is good quantitative agreement between

classical and quantum descriptions for both the longi-

tudinal and transverse modes. The TDDFT results

slightly overestimate the energies for the transverse

modes. We believe this is a quantum size effect, which

is expected to be stronger for the transverse polariza-

tion due to a more pronounced electron confinement

in the transverse direction.

The quantitative agreement between quantum and

classical results for the nanorod plasmon energies is

consistent with previous similar studies of

nanoshells35,36 and nanosphere dimers, where for inter-

particle separations larger than 1 nm, appreciable elec-

tron tunneling between the two nanoparticles does not

occur.32

Electromagnetic Field Enhancements. We now investigate

the resonant plasmon-induced electromagnetic field

enhancements of nanorods using this same approach.

We are primarily interested in the longitudinal dipolar

plasmon mode, the primary mode of interest in applica-

tions due to its facile tunability. The bottom panels of

Figure 3 show intensity maps of E/E0, where E is the

electric field in the presence of the nanorod and E0 is

the applied electric field, for four nanorods of different

aspect ratios. The calculations were performed at the

Figure 1. Optical absorption spectra calculated using TD-
DFT for nanorods of different aspect ratios �. The top panel
shows the longitudinal mode for nanorods with � �
3, 2.5, 2, 1.5, 1.2, 1.1, and 1 with the labeling going from left
to right. The bottom panel shows the transverse mode for
the same �, but with a labeling from right to left. The length
b of the nanorod is scaled (from b � 48 to 100 bohr) so that
each nanorod contains the same number of electrons (510).
The spectra have been normalized to the cross-sectional
area of the nanorod.

Figure 2. Longitudinal and transverse dipolar plasmon en-
ergies of a silver nanorod as a function of inverse aspect ra-
tio 1/� for the nanorods discussed in Figure 1. The TDDFT re-
sults are shown in blue and the classical electromagnetic
results obtained using an equivalent dielectric permittivity
for Ag are shown in black.

Figure 3. The upper graph shows a comparison of the maxi-
mum electromagnetic field enhancements calculated using
classical electromagnetic theory (red) and TDDFT (blue) for a
nanorod as a function of �. The lower panels compare the
field distributions calculated using classical electromagnetic
theory (top panels) and TDDFT (bottom panels) for � � 1
(A), � � 1.5 (B), � � 2 (C), and � � 3 (D). The field enhance-
ments were calculated for the resonant frequency of the lon-
gitudinal dipolar plasmon using a broadening of � � 0.27
eV. The overall size b of each nanorod has been adjusted
(from b � 48 to 100 bohr) so they contain 510 conduction
electrons.
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corresponding resonant plasmon frequencies using
both TDDFT (lowest row) and classical electromagne-
tism (middle row). As in Figure 1, the overall lengths b
of the particles were adjusted so that the total number
of conduction electrons remains constant at 510. The
top panel in Figure 3 shows the maximum value of the
field enhancements extracted from the intensity maps
as a function of �. While for both methods of calculation
the maximum intensities grow monotonically with �,
the classical calculations overestimate the growth rate.
For � � 1, for example, the maximum field enhance-
ment calculated with classical electromagnetic theory
is 6, while the TDDFT result is 4, a 33% reduction. For
more elongated nanorods, the difference is even more
pronounced. For � � 3, the maximum classical field en-
hancement is 24, a value that is almost twice as large
as the TDDFT result of 13. However, the spatial distribu-
tions of the field enhancements are similar for both
the TDDFT and classical calculations.

Nonlocal Screening. To understand why the classical ap-
proach overestimates the field enhancements, it is help-
ful to analyze the electronic structure of the nanorods.
Figure 4A shows the equilibrium electron density as a
function of distance d from the surface of the nanorod,
along the long (red) and short (black) axis for a nanorod
with � � 3. For comparison, we also show the density
profile for a spherical particle � � 1 (blue). The figure re-
veals the expected oscillatory behavior of the electron
density inside the particle due to Friedel oscillations.36

As expected, the spill-out density is similar for all three
cases, since the asymptotic electron density profile is
determined by the Fermi level �F of the particle and van-
ishes as

where �F is measured from the vacuum level. The elec-
tron spill-out extends to approximately 3 bohr beyond

the jellium surface. The main feature in Figure 4A is
the pronounced anisotropy of the electron density for
the elongated � � 3 nanorod, which can be easily
seen by comparing the red and black curves. This
anisotropy, which becomes stronger with the increase
of � and is due to enhanced Friedel oscillations trig-
gered by transverse electron confinement, contributes
to the diverging trend seen in Figure 3 between the
quantum and classical simulations.

Figure 4B shows the amplitude of the induced
screening charge density �n, at the longitudinal plas-
mon frequency, as a function of distance d from the
nanorod surface, calculated using TDDFT. The calcula-
tions were performed for the same nanorods shown in
Figure 4A. The figure reveals a pronounced increase in
�n for the elongated nanorod � � 3 along the large axis
compared to the sphere � � 1. It is this enhanced in-
duced electron charge in the surface region that is re-
sponsible for the larger electric field enhancements
seen for nanorods with larger aspect ratio. The classi-
cal electromagnetic calculations also exhibit an en-
hanced induced electron charge for larger �, but in
these classical calculations the induced charge is strictly
an infinitely thin surface charge. The quantum calcula-
tion shows that the plasmon-induced screening charge
is distributed over quite a thick region (�10 bohr)
around the surface of the nanoparticle and extends
out as far as the ground state spill-out shown in Figure
4A. As we shall see shortly, this quantum mechanically
induced smearing of the plasmon-induced surface
charge is responsible for the reduction of the electric
field enhancement close to the nanoparticle surface.

We now focus on the differences seen in the
plasmon-induced field enhancements between the
classical and the TDDFT calculations. In Figure 5, the

Figure 4. (A) Equilibrium electron density calculated using
TDDFT as a function of distance from the particle surface
along the long axis for nanorods of aspect ratios � � 1 (blue
curve) and � � 3 (red curve), and perpendicular to the long
axis for nanorods of � � 3 (black curve). (B) Induced screen-
ing charge amplitude calculated using TDDFT as a function
of distance from the particle surface along the long axis for
nanorods of aspect ratios � � 1 (blue curve) and � � 3 (red
curve), and perpendicular to the long axis for nanorods of �
� 3 (black curve). The insets show the definitions of the co-
ordinate d.

n(d) ) n0 exp(-√-2εFd) (1)

Figure 5. Electric field enhancements as a function of posi-
tion d around the particle surface for an aspect ratio of � �
1 (A) and � � 3 (B). The classical calculations are shown with
red lines and the TDDFT results are shown with black lines.
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local field enhancements calculated at the peak reso-
nant frequency using TDDFT and the classical approach
are compared for a spherical particle � � 1 and for an
elongated nanorod of aspect ratio � � 3. For both par-
ticles, the classical and TDDFT field enhancements are
very similar for d larger than 10 bohr, but start to devi-
ate in value when d becomes smaller than 5 bohr, with
the difference reaching its largest value at the particle
surface (d � 0 bohr). For all aspect ratios investigated in
Figure 1 (1 � � � 3) the TDDFT field enhancements
peak at approximately d � 3 bohr from the surface,
while the classical field enhancements peak at the sur-
face d � 0. The reason for the large discrepancy be-
tween TDDFT and classical field enhancements in the
near surface region (d � 5 bohr) is the spatial smear-
ing of the plasmon-induced electron density shown in
Figure 4B. In the classical calculation, the induced sur-
face charge is a delta function in d and therefore results
in maximal field enhancements at d � 0. The quantum
mechanical results show that the plasmon-induced sur-
face charge density is smeared out over quite a broad
region of about 10 bohr around the surface. For d out-
side this smeared-density region, the Coulomb poten-
tial depends only on the total induced charge density,
hence the classical and TDDFT results can be expected
to give similar electric field enhancements. The electric
field for d inside the smeared-density region is gener-
ated by only a fraction of the total induced charge den-
sity, resulting in a much weaker dependence on d and
reduced electric field enhancements.

Quantum Size Effects. The sizes of the nanorods investi-
gated in the present paper are small (b � 162 bohr),
so an interesting question is whether our present find-
ings apply to realistically sized nanorods. For larger
nanorods, the electronic state distribution becomes
more dense and more electrons are available at the
Fermi energy. This naturally leads to an increase in the
electron spill-out density but does not alter the asymp-
totic form of the electron spill-out shown in eq 1. An in-
creased spill-out density will make the nanorod appear
larger and thus may change its effective aspect ratio
and therefore its plasmon energies. Also, as discussed
in Figure 5, the spill-out determines the width of the
smeared plasmon-induced electron density. An in-
creased spill-out density will introduce a further smear-
ing of the induced electron density and may thus re-
duce the field enhancements even further, relative to
classical results. Another size-dependent factor that
may influence the plasmon energies and induced elec-
tric field distributions is the electronic density of states.
In momentum space, a plasmon oscillation may be en-
visioned as a harmonic variation of the momentum of
each conduction electron. If the energy spacings be-
tween the electronic states in the particle are too large,
a plasmon oscillation is not possible. This is the reason
why neither a small nanoparticle nor an individual atom
exhibits a plasmonic response.

In Figure 6, we compare the absorption spectra for
longitudinal polarization of five nanorods with the
same aspect ratio (� � 3) but a wide array of values for
the major axes b. In a classical description, their absorp-
tion spectra would be identical, except for a trivial scal-
ing by a factor proportional to the number of elec-
trons in the nanoparticle. Figure 6 clearly shows
blueshifted plasmon resonances for the two smallest
nanorods. For particles containing less than 100 con-
duction electrons, the plasmon resonance is not fully
developed and quantum size effects influence the spec-
tra, i.e., the plasmon peak positions shift with particle
size. The figure shows that the plasmon resonances
tend to redshift with increasing particle size. Such a red-
shift is similar to that observed in TDDFT calculations
for nanoshells of the same aspect ratios but varying
overall size and is caused by slight changes in the sur-
face electron density distribution.35 The spectra for the
largest two particles are very similar, showing size con-
vergence for particles containing more than 500 con-
duction electrons. The calculated plasmon-induced
electric field distribution exhibits a similar evolution
with particle size. The induced field distribution for the
smallest 19-conduction-electron nanorod (Figure 6A) is
not a simple dipolar distribution, but varies nonmono-
tonically around the surface of the tip. For the two large
nanorods (Figure 6 panels B and C), the induced elec-
tric field distribution is dipolar and smooth as in Figure
3D.

Extrapolation to Large Nanorods. In the classical electro-
magnetic descriptions of small nanoparticles where re-
tardation effects can be ignored, the optical properties
are scale invariant. The magnitudes of the electromag-
netic field enhancements of a nanorod are determined

Figure 6. Top panel: Absorption spectra calculated using
TDDFT for five nanorods of the same aspect ratio (� � 3)
but different major axis b: 34 bohr (19 electrons), 50 bohr
(63 electrons), 66 bohr (151 electrons), 84 bohr (294 elec-
trons), and 100 bohr (510 electrons) from bottom to top. The
absorption spectra have been scaled so the absorption
maxima are the same for each nanorod. Bottom panel:
Plasmon-induced electric field enhancements for the b �
34 bohr (A), 66 bohr (B), and 100 bohr (C) nanorods.
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solely by its aspect ratio �, and the field enhancements
are universal. These characteristics are only partially re-
produced in the quantum calculations. Figure 7 shows
the field enhancements as a function of the scaled dis-
tance from the surface of the tip, d̂ � d/b, where d is the
distance from the rod surface (as defined in the red in-
set of Figure 4), for different size nanorods with same �

� 3. The dashed line shows the scale-invariant classical
enhancements, which increase monotonically with de-
creasing d̂. The solid lines are the field enhancements
calculated using TDDFT. The quantum mechanical ef-
fects are not scale invariant but determined by the elec-
tronic structure and the electron spill-out (eq 1). The
quantum calculations differ from the classical results
only at physical distances smaller than d � dQM � 0.5
nm from the particle surface. Therefore, as the particles
get larger, the quantum calculations differ from the
classical results only at smaller values of d̂. As the par-
ticle size is increased, the maximum quantum field en-
hancement near the surface increases monotonically,
asymptotically approaching the scale-invariant electro-
static result. In real systems this limit would never be
reached since retardation effects, which reduce the field
enhancements, begin to play an important role when
the physical dimensions of the nanorod becomes larger
than a quarter of the plasmon wavelength.

Although the present calculations are performed
for small model systems, the results are robust and
show only small changes as the overall sizes of the
structures are increased. It is clear that our prediction
that the classical electromagnetic field enhancements
break down near the nanoparticle surface is a real ef-

fect. The predicted distances where this breakdown
happens (around 0.5 nm) are most likely underesti-
mated. For more realistic size particles, the electron
spill-out is likely to extend to larger distances, due to
the closer spacings of the electronic states of the nano-
particle. In addition, and probably more importantly,
our quantum approach is based on the local density ap-
proximation, and therefore neglects the electron im-
age potential. The image potential will lower the poten-
tial barrier in the vacuum direction and will therefore
increase the equilibrium electron spill-out n near the
surface. Since the induced charge density �n involves
excitations of electrons out of their ground state, it is
likely that the image potential will have an even more
significant effect on the profile of the induced charge �n
and thus on the induced electric field enhancements.

Another effect that may lead to more extended spill-
out charges is the presence of sharp protrusions and
edges on the particles. For such systems, the confine-
ment from the background potential will be reduced
and the electron spill-out is likely to be increased. Even
the highest aspect ratio nanorods in the present study
were characterized by smooth surfaces with low curva-
ture. The effect of sharp edges and protrusions on the
field enhancements near the particle surfaces will be in-
vestigated in future work.

CONCLUSIONS
We have presented a fully quantum mechanical cal-

culation of the electronic structure and polarizability of
metallic nanorods, studying their behavior as function
of nanorod aspect ratio and overall size. The calcula-
tions fully confirm the tunability of the longitudinal and
transverse dipolar plasmon modes predicted using clas-
sical electromagnetic modeling. The quantum me-
chanically calculated field enhancements show signifi-
cant differences from classical predictions at positions
closer than 0.5 nm from the nanoparticle surface. These
differences arise from the electronic structure of the
particles and from the spatial distribution of the
plasmon-induced electron surface charges. In contrast
to the classical description which predicts a two-
dimensional induced surface charge, the quantum de-
scription predicts a volume surface charge centered at
the surface but smeared over a thickness of 0.5 nm
around the surface of the particle.

METHODS
Quantum Calculations. The TDDFT calculations proceeds in two

steps. In the first step we compute the equilibrium electronic
structure of the nanorods by solving the equilibrium self-
consistent Kohn�Sham equations (the units are chosen so that
m � e � 	 � 1):

where Veff[n] is an effective potential that depends on the elec-
tron density n(r�) �
�i�EF

|�i(r�)|2 and contains the following terms:

Only the s-electrons are treated explicitly in our calculations.
The effect of deeper lying electrons is contained in the pseudo-
potential VPS, which in our calculations is approximated by a jel-
lium potential V0(r�) that takes a finite constant value inside the
particle and a zero value outside the particle. VH[n � n0] in eq 3

Figure 7. Electromagnetic field enhancements as a function
of d̂ � d/b along the rod axis for rods of � � 3. The dashed
line represents the scale-invariant classical result. The solid
lines show the quantum mechanical results for rods of differ-
ent sizes: 19, 63, 151, 294, 882, and 2171 electrons (from bot-
tom curve and up).

(-1
2

∇b2 + Veff[n])ψi ) εiψi (2)

Veff[n] ) VPS + VH[n - n0] + vxc[n] (3)
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is the electrostatic potential generated by the net electric charge
distribution n � n0, where n0 is the positive ionic charge. In the
present calculations, n0 is approximated by a jellium distribution
with a finite constant value inside the particle and zero value out-
side the particle. For both V0 and n0, the transition from the fi-
nite value to zero occurs smoothly over 1 bohr. Different termi-
nation profiles were considered for both V0 and n0, but were
subsequently found to have little effect on the optical spectrum
as long as the work functions of the particles remained the same.
In addition, we have included a background dielectric medium
�� confined to the volume of the nanoparticle, which takes into
account the polarizability of the d electrons. We have tuned the
values of V0, n0, and �� to �4.35 eV, 3/4rs

3 with rs � 3 bohr, and
4.039, respectively, values that are appropriate for silver. The
term vxc[n] is the universal exchange-correlation potential, which
in the present calculations is approximated by the local density
approximation (LDA) derived by Perdew and Zunger38 by inter-
polating the numerical electron-gas data of Ceperley and Alder.39

The numerical simplifications enabled by the jellium model
are significant and allow the study of nanoparticles that are suf-
ficiently large to have a fully developed plasmon mode.35 The op-
tical properties of small quantum mechanical systems can be
conveniently calculated using the TDDFT,22,23,40 and its LDA ap-
proximation has been shown in many instances to provide an ac-
curate description of the optical response for systems ranging
from small atomic clusters to nanosize particles.25,36,41

The frequency dependent optical absorption cross section
is computed from

where �(�) is the polarizability of the nanosystem when excited
with a uniform, time oscillating electric field E�0ei�t and � is a
damping factor representing the imaginary part of the dielec-
tric function. In the present calculations � � 0.27 eV.

The dipole�dipole polarizability �(�) is computed from the
induced charge density �n through the formula

The induced charge density �n is computed using the linear re-
sponse equation:

where �0 is the unscreened density�density correlation func-
tion, �(r�=, �) is the total electric potential when the particle is
placed in the external driving potential �r�E�0ei�t, and �vxc repre-
sents the change in the exchange-correlation potential when n is
replaced by n � �n.

The potential �(r�, �) is calculated by solving the Poisson
equation together with the following boundary condition:

The eqs 6 and 7 are solved self-consistently using iterative meth-
ods as previously described.32

The electric field enhancements are obtained from the plas-
mon induced electric field E�e(r�, �) which is the field produced
by the induced screening charge �n(r�, �). The maximum field en-
hancements occur at the plasmon resonance, � � �Pl. The calcu-
lation of the field enhancements is performed after self-
consistency of eqs 6 and 7 is obtained. The electrostatic poten-
tial from the induced charge �e(r�, �) satisfies Poisson’s equation
but vanishes at large separations from the particle:

The plasmon induced field is then given by E�e(r�, �) �

- ∇b �e(r�, �) and the field enhancements as |E�e � E�0|/E0.
Classical Calculations. The particles studied in this work are small

(�162 bohr) compared to the wavelength of light, so the classi-
cal calculations can be performed in the quasistatic regime. To
calculate the electric field enhancements in this limit we proceed
as follows: a neutral particle of dielectric constant �(�) is placed
in a static field E�0. The resulting electric potential is computed by
solving the Laplace’s equation in all space with the appropriate
boundary condition at infinity:

The electric field enhancements are given by |E�|/E0, where E� �
���, using � obtained from eq 9. The optical absorption cross
section in the quasistatic limit is given by

The dielectric function used for the metal in these calculations
was of the Drude form:

where �� is the background dielectric constant of the particle
(�� � 4.039 is used here for silver), �b � (4n)1/2 is the bulk plas-
mon frequency (computed with n � 3/4rs

3 with rs � 3 bohr),
and � represents the intrinsic damping that provides the broad-
ening of the plasmon peak. A value of � � 0.27 was selected to
be consistent with the quantum mechanical calculations where
the imaginary part is added directly to the frequency.
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