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ABSTRACT

Nanoshells have been previously shown to have tunable absorption frequencies that are dependent on the ratio of their inner and outer radii.
Inspired by this, we ask: can a nanoshell increase the absorption of a small core system embedded within it? A theoretical model is constructed
to answer this question. A core, composed of a “jellium” ball of the density of gold is embedded within a jellium nanoshell of nanometric
diameter. The shell plasmon frequency is tuned to the core absorption line. A calculation based the time-dependent density functional theory
was performed showing a 10 fold increase in core excitation yield.

I. Introduction. The development of photonic probes of
sufficient absorption and/or emission is an important problem
in nanomaterials and nanobiotechnology research. Typically,
for biological and biomedical applications, one is interested
in the development of nanoscale probes for imaging and
therapeutic purposes.1 However, these have, by the nature
of their size, a small absorption cross-section compared with
bulk (large) materials. Although the oscillator strength is in
principle proportional to the volume of the absorbing
particle,2 and therefore large absorption could not be expected
for a very small particle, it is conceivable that nanostructuring
of materials coupled with band gap/molecular orbital engi-
neering could considerably enhance the absorption of a
nanoparticle at particular regions of the electromagnetic
spectrum. The manipulation of structure and composition on
the nanoscale could offer interesting possibilities. For
example, strong electronic transitions of dye molecules or
semiconductor nanocrystals could be coupled to plasmon
resonances in small metallic particles. Such an enhancement
could be very useful in also increasing the cross-section for
emission of fluorescing nanoparticles or increasing heat
delivery and photoablation for therapeutic purposes.1,3 The
main motivation is the increase of absorption cross-section
while maintaining smallest size particles possible (to pen-
etrate crowded environments such as the biological milieu
of the live tissue).

For typical metals, however, the coupling is problematic.
The bulk plasmon resonance of metals is at high frequencies
(typically excitation energies of 5 eV), compared with 1-2

eV electronic transitions of molecules/semiconductors in the
visible range. In recent years, experimental and theoretical
investigations on metals have revealed the applicability of
nanoshells.4,5 Nanoshells consist of a dielectric core sur-
rounded by a metallic shell of nanometric thickness. The
plasmon absorption frequencies range from the high bulk
value down to zero, determined by the ratio of the inner and
outer shell radii (lowered with smaller relative thickness).
Westcott et al.6 have experimentally constructed plasmon
shells with controlled absorption frequency.

The shell frequency is tuned to match the optical properties
of the absorbing core, leading to hybridization/mixing and
possibly overall enhancement of absorption cross-section of
the composite nanoparticle or its individual components.

Prodan et al.5,7-9 have developed a method, based on the
frequency-domain time-dependent (TD) local-density ap-
proximation (LDA) to study this system theoretically,
exploiting spherical symmetry. The formalism we use is
physically equivalent to their approach. We enjoy an
advantage (not used in the present paper) that our calcula-
tions, being done in real-time, can treat additional effects,
such as response to strong fields, and are not limited to
spherical symmetry.

In this study we examine and verify this idea using a
simple model system, a metallic shell coupled to a small
absorbing metallic dot (“onion” of a metallic core embedded
in a metallic shell, see Figure 1). While currently limited
only to plasmon-plasmon interactions, we plan in the future
to expand this approach to plasmon-electronic transition
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coupling. The shell is significantly larger than the dot. We
use time-dependent density functional theory, within the
adiabatic local density approximation (ALDA) to study the
system. This allows a reasonable description of the many-
body effects. We show that a large mixing effect and
enhancement of core absorption is indeed obtained.

Section II describes the theoretical method and calcula-
tions. Results are presented in section III, followed by
conclusions in section IV.

II. The Model. The calculations are done in a TDDFT
time-based plane-wave code. Specifically, we use a sparse
grid on which we place a system made of two components,
a shell and an inner core.

The shell has two radii; the outer radius isR ) 20 a0 and
the inner radius is 17.8 a0 (so the shell thickness is 2.2 a0, a0

is Bohr’s radius). The shell is composed of uniform positive
charge (jellium), of densitynB ) (4πrs

3/3)-1 with rs ) 3 a0

corresponding to the metallic density of gold. To avoid
numerical difficulties associated with the Gibbs phenomena,
the jellium density,nB(r ), does not terminate abruptly at the
shell edges but is instead smoothed out (the specific
smoothing used here is with a Fermi-Dirac-like function
with a width of 0.5 a0).

The core is modeled as a ball of uniform charge (jellium)
of the same density as the shell. The radius of the ball is
small relative to that of the shell,a ) 5.32 a0. It is a well
separated entity geometrically enclosed by the shell (we
discuss this below in connection with Figure 2). The core
plays the role of a small absorber, analogous to placing a
molecule within the shell. Even though it has almost uniform
density, its physics is different from that of the shell: the
spectrum of the latter is dominated by strong plasmon
response, while the small core shows several excitation lines
reminiscent of single particle excitation spectra (Figure 3).
No additional background potential was added to the system.

The geometric size of the systems is chosen so that the
total positive charge of the core is 6e (e is the absolute value
of the electronic charge), while that of the shell is 88e. The
number of electrons exactly neutralizes the system,Ne ) 94
electrons. We minimize the Kohn-Sham energy functional
with respect toNe/2 one-electron orbitals

where atomic units are used. Heren(r ) ) 2∑j)1
Ne/2φj(r )2 is the

electron density (the factor of 2 accounts for closed-shell
spin effects),Ts[{φ}] ) -∑j)1

Ne/2〈φj|∇2|φj〉 is the indepen-
dent-electron kinetic energy functional,EeN[n] ) ∫n(r )VeN

(r ) d3r is the electron-positive background interaction energy
(VeN(r ) ) - ∫nB(r ′)/|r - r ′| d3r′, wherenB(r ) is the positive
background density),EH[n] ) 1/2 ∫ ∫ n(r )n(r ′)/|r - r ′| d3r
d3r′ is the classical electron-electron repulsion energy, and
finally, Exc[n] is the exchange correlation energy, within the
local density approximation (LDA).10 We minimize this
energy functional, while keeping the orbitalsφj ortho-
normal,11 using the LDA Hamiltonian as a gradient:

Figure 1. The core-shell model: the core is a “jellium” ball of
uniform positive charge density surrounded by a thin shell of
“jellium”. Electrons are added such that the system is neutralized
(not to scale).

Figure 2. Radial profile of the positive (nB(r )) and negative (ne(r ))
charge densities of the core-shell system. The core is a jellium
ball of radius 5 a0 and density given byrs ) 3 a0.

Figure 3. The dipole spectrum of the bare core, the empty shell
and the core-shell systems.

EKS[{φ}] ) Ts{φ} + EeN[n] + EH[n] + ELDA[n] (2.1)
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whereVs(r ) ) VeN(r ) + VH(r ) + VLDA(r ), VH(r ) ) ∫ n(r ′)/|r
- r ′| d3r ′ is the Hartree potential, andVLDA(r ) ) δELDA/
δn(r ) is the LDA exchange-correlation potential. Near cell
electrostatic image effects are screened out.12

After determining the ground-state orbitalsφj(r ) and
densityn0(r ), the absorption spectrum is computed using a
linear response approach13,14 based on TDDFT/adiabatic-
LDA. The system is exposed to a short linearly polarized
Gaussian “electric pulse” in thez direction ηEz(t) ) ηE0

exp[-(t - tc)2/2τ2]. The pulse is maximal attc ) 8 a.u. and
has a widthτ ) 2 a.u. The termηE0 is a small electric field
(η a small dimensionless linear-response factor). We use the
fourth-order adaptive step-size Runge-Kutta algorithm to
evolve the Kohn-Sham orbitals according to the equation15

whereVs(r ,t) ) VeN(r ) + eηE(t)z + VH(r ,t) + VLDA(r ,t) and
ψj(r ,t ) 0) ) φj(r ). The effective potentialVs(r ,t) is time
dependent (TD) because it is affected by both the TD
perturbation the TD densityn(r ,t) ) 2∑j|ψj(r ,t)2|. Following
the propagation for quite a long time (3000 a.u.) we Fourier
transform the resulting dipole moment:

obtaining the photoabsorption cross-section from:2

whereµ̃(ω) ) ∫-∞
∞ µ(t)eiωte-γt dt is the frequency dependent

dipole,c is the speed of light, andεo is the dielectric constant
of vacuum. The parameterγ is a phenomenological decay
parameter, representing a finite lifetime resulting from the
interaction of the core-shell with the environment.

The frequency-dependent polarization includes a factor
normalizing the density by the component of the perturbation
at frequencyω. Also, n0 is the density associated with
propagating the orbitals in time but without the time-
dependent perturbationηV(r ,t). Formally, if the initial orbitals
converge to fulfill exactly the time-independent Kohn-Sham
equations (eq 2.3) thenn0 would be the time-independent
groundstate density, but this form forµ(t) helps circumvent
any convergence errors.

It is straightforward to show that the resultingµ(ω) is
identical to the dipole moment which would have developed
if a weak single-frequency perturbation would have been
applied. It is an indication of the energy absorption by the
system. Also, by Kubo’s theorem16 it is related to the
commutator of the time-dependent and zero-time dipole
moments (the so-called dipole-dipole correlation function).

The physical content of our TD linear-response approach
is equivalent to the time-independent approaches applied
extensively to nanoshells by Prodan and Nordlander.5 The
emphasis in our approach, however, is in the use here of a
real-time method, or, more precisely, an iterative initial value
problem so that no full inversion and diagonalization of the
sizable Hamiltonian matrix is involved, and therefore a full
3D grid can be used without invoking symmetry. Interest-
ingly, it is possible, as will be shown in an upcoming paper,
to increase the efficiency of the method by avoiding the need
to solve the nonlinear eq 2.3.

III. Results. The calculations were done on a 3-dimen-
sional cubic grid of lengthL ) 60 a0, and uniform grid
spacing of 2.5 a0. This sparse grid spacing is sufficient since
the potential wells of a jellium system are shallow, dictating
small electronic kinetic energies.

Figure 2 shows the radial distribution of the positive
background densitynB(r ) and the self-consistent field (SCF)
electron densityn0(r ). The core and shell electron densities
are well separated (in actual systems a dielectric material
will be present in the shells). The total density is very similar
to the sum of the two densities of the separated components.
It therefore makes sense to speak about the core and shell
as two separate entities, coupled by the electrostatic potential
rather than any electron-sharing coupling. The electron
density in the core is higher than in the shell, despite the
fact that the positive charge densities are similar. This is due
to the narrow spherical shell leading to a “spilled-over”
electron density. The minimum Kohn-Sham potential,
including the attractive background, the Hartree repulsion
and the exchange correlation potentials, is-0.3 and-0.23
Eh in the core and shell, respectively. We have also computed
the ionization potentials 4.7, 3.7, and 3.3 eV for the core,
the shell, and core-shell, respectively.

The sum of the two separate system densities is to a high
degree of accuracy equal to the density of the combined
system. This is an indication of the weak initial coupling.

Figure 3 shows the photoabsorption cross section of the
bare core, the empty shell, and the core-shell systems. An
extremely strong absorption is seen for the shell and core
shell at 2.1 eV, the plasmon frequency (the absorption cross
section reaches 50 000 Mbarns). The core, too, has a peak
at the same frequency; however, it is weaker by a factor of
∼300. The plasmon frequency of the shell is in fair
agreement with calculated by Prodan and Nordlander.5 The
presence of the core considerably affects the absorption cross
sections away from the plasmon resonance.

We should like to determine the degree of core excitation
when it is surrounded by the shell. While a more complete
calculation should concentrate on emission effects, in this
letter we will use a simpler approach and consider absolute
value of the core absorption function|Σγ

core| obtained by
plugging into eq 2.5 the “core dipole moment”:

in place of thetotal dipole moment. HererM is a dividing
radius, taken to berM ) 11 a0, (see Figure 2).

δEKS

δφj
) ĤLDA[n]φj(r ) ) - 1

2
∇2

φj(r ) + Vs(r )φj(r ) (2.2)

iψ̇j(r ,t) ) - 1
2
∇2ψj(r ,t) + Vs[n](r ,t)ψj(r ,t) (2.3)

µ(t) ) ∫z[n(r ,t) - n0(r ,t)] d3r (2.4)

Σγ(ω) ≡ Im
eωµ̃(ω)

cε0x2πτE0e
iωtc-ω2τ2/2

(2.5)

µcore(t) ) ∫|r |<rM
z[n(r ,t) - n0(r ,t)] d3r (2.6)
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Figure 4 showsµcore(t) for both a bare core (where it is
identical to the total dipole moment) and for the enclosed-
shell core. It is clear that with the shell, the core has a higher
td-dipole moment, which is enhanced by the presence of the
shell. A clearer view can be seen in Figure 5, which depicts
the function|Σγ

core(ω)|, essentially the Fourier transform of
the dipole (eq 2.5). The fact that the shell induces a sharp
change in the response properties of the core is clear. Indeed,
the response of the shell-enclosed core grows by a factor as
large as an order of magnitude (as shown by red arrows).

IV. Conclusion and Future Outlook. We showed, using
a real-time TDDFT study, that the response of a core system
can be profoundly changed when enclosed in a metallic
nanoshell. In particular, the core response is greatly enhanced
at the shell plasmon-excitation frequency.

Next, it is important to focus on emission. A shell-
enhanced emission from the core is of great utility for
research in a multitude of fields. Present indications are that
similar factors would be found in the emission. Such a
calculation will involve a three level paradigm: a 0f2
absorption followed by a 2f1 transition induced by a
geometric distortion (nuclear motion) followed by stimulated
0f1 emission. It would further be interesting to study the
phenomenon under varying shells, since the one used here
has quite larger enhancement factors than may be obtained.
Finally, we plan to extend this study to nonsymmetrical
arrangements in which a molecule or cluster is in the shell.
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Figure 4. Time-dependent dipole of a bare and shell-enclosed core.
The field strength is 10-4 Eh a0

-1.

Figure 5. Excitation of the core in the bare and shell-enclosed
systems. In most frequency ranges the shell-enclosed core is
considerably more active. A pronounced effect appears in several
frequency ranges, especially near the plasmon frequency (∼2 eV).
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