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A real-time time-dependent density functional theory coupled with the classical

electrodynamics finite difference time domain technique is employed to systematically

investigate the optical properties of hybrid systems composed of silver nanoparticles

(NPs) and organic adsorbates. The results demonstrate that the molecular absorption

spectra throughout the whole energy range can be enhanced by the surface plasmon

resonance of Ag NPs, however, the absorption enhancement ratio (AER) for each

absorption band differs significantly with each other, leading to the quite different

spectral profiles in the hybrid complexes in contrast to those of isolated molecules or

sole NPs. Detailed investigations reveal that the AER is sensitive to the energy gap

between the molecular excitation and plasmon modes. As anticipated, two separate

absorption bands, corresponding to the isolated molecules and sole NPs, have been

observed at the large energy gap. When the energy gap approaches to zero, the

molecular excitation strongly couples with the plasmon mode to form the hybrid

exciton band, which possesses the significantly enhanced absorption intensity, a red-

shifted peak position, a surprisingly strongly asymmetric shape of absorption band,

and the nonlinear Fano effect. Furthermore, the dependence of surface localized fields

and the scattering response functions (SRFs) on the geometrical parameters of NPs,

the NP-molecule separation distance, and the external-field polarizations has also
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been depicted.
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I. INTRODUCTION

It is known that the light can be guided and localized by metallic nanoparticles (NPs).

As the light frequency is resonant with collective electron charge oscillations of NPs, the

surface plasmon resonance (SPR) is formed1, and this resonant excitation not only provides

NPs with a brilliant optical property, but also offers an intensive surface localized field to

enhance spectroscopic signals of molecules nearby2–11. To interpret the surface enhancement

spectral signals, two well-accepted enhancement mechanisms have been proposed. One is the

electromagnetic enhancement by the surface plasmon induced by an incident light, and the

other is the chemical enhancement caused by the chemical interaction or a photo-induced

charge transfer between the NPs and the molecules.

For the hybrid superstructures composed of NPs, molecules or semiconductors as build-

ing blocks in plasmonic devices and solar-cell design, however, it still meets a challenge

for theoretical and computational methods to reveal the detailed enhancement information,

because the optical properties of hybrid systems require a quantum mechanics (QM) de-

scription whereas the medium to large-size metal NPs are too large to be tackled by QM

methods. Furthermore, the elementary excitations in molecules or semiconductors and metal

NPs, an exciton and a plasmon, have very different properties, and the interaction between

the plasmon and the exciton needs to be suitably tackled because it endows the hybrid su-

perstructures the novel properties. To overcome those difficulties, many approaches have

been proposed. For instance, it is assumed that the molecules are absorbed to very small

metal clusters,12,13 and then, the hybrid systems can be fully described by QM methods.

However, small NPs may not support the bulk plasmon. The other ways include the effec-

tive Hamiltonian model14,15, the semiclassical methods9–11, and the mixed quantum/classical

approaches where QM approaches and classical molecular mechanics or electrodynamics are

jointed together. For example, Kerker et. al.
16 applied Mie theory to study electromag-

netic field enhancements in surface enhancement Raman spectra, who considered a single

molecule adsorbed on a metal sphere with the molecule treated as a classical point dipole.

Govorov group17,18 applied the coupled exciton-plasmon effective Hamiltonian model to s-

tudy the carrier dynamics of semiconductor-metal nanostructures by solving the equation
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of motion of the density matrix. In this model, the semiconductor was described by a

two-state model or an exciton, the metal sphere was described by a series of semicontin-

uous states or the plasmon-induced localized electronic field, and the semiconductor-metal

interaction was either described by the electromagnetic interaction or dipole-dipole inter-

action. Schatz’s19, Chen’s20, Neuhauser’s21 and Jensen’s22 groups applied the mixed quan-

tum/classical approaches which combine TDDFT/time-dependent Hartree-Fock (TDHF) for

adsorbates with the classical electrodynamics methods for the large metal NPs to investigate

the surface-enhanced optical properties or the electron transport in nanodevices.

In this work, the optical properties of hybrid complexes assembled by the molecules and

Ag NPs are investigated using the mixed quantum-classical approach, where the plasmon-

induced localized field produced by the plasmon resonance of noble metal NPs, as usual, is

obtained by the numerical solution of Maxwell’s equations using the classical electrodynamics

finite difference time domain (FDTD) technique, but the optical properties of the adsorbates

are described by the real time (RT) TDDFT approaches.23–35 In our RT-TDDFT approach32,

the molecular electronic evolution is described by the equation of motion of reduced one-

electron density matrix without imposing the perturbation expansion. Therefore, the field-

matter interaction, and the molecular internal Coulomb forces will be treated on equal

footing. With this treatment, the molecular dynamic responses to two driving fields, the

strong surface scattered field due to SPR and the weak incident electric field, can be well

simultaneously described without the requirement of empirical parameters.

The major objective of this work is to describe the effect of the enhanced surface localized

field generated by the SPR on the molecular optical absorption signals. We aim to make

a quantitative description on the changes of spectral characters arisen by the interaction

between the molecular excitons and metal NPs’ plasmon modes. Meantime, we will depict

the quantitative dependence of surface near-fields, the scattering response functions (SRFs),

and the absorption enhancement ratio (AER) for each absorption band on the geometrical

parameters of superstructures, the energy gap between the molecular excitation (ωm) and

plasmon mode (ωp), the NP-molecule separation distance, and the external field polarization

as well. The effect of plasmon-exciton coupling on the absorption spectra, the formation

condition of hybrid exciton state, and its spectral behaviours will be further demonstrated.
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The present investigation is useful for the development of nonlinear plasmonic devices, where

a key aspect is the interaction of surface plasmon with optically active materials such as

quantum dots, and it is also helpful for understanding the cavity quantum electrodynamics

and designing approaches based on plasmonics to improve light absorption in photovoltaic

devices and to yield new options for solar-cell design.

The rest of the paper is arranged as follows. In section II, we briefly describe the hybrid

scheme for the molecular optical absorption spectroscopy. The details of RT-TDDFT coupled

with FDTD method36 through a SRF 19 are shown. In section III, we first investigate the

dependence of surface scattered field on the NP size, the surface separation distance, and

the orientation of NP pairs. The field enhancement factors are obtained by comparing the

enhanced surface near field with the incident field. Then, the hybrid method is applied

to calculate the surface-enhanced absorption of two dye molecules, spiropyran (SP) and

merocyanine (MC), which have quite different absorption lineshapes and can be used as the

model systems to explore how the AER is related to the energy gap of |ωm − ωp|, and what

novel nonlinear property can be induced by the strong plasmon-exciton interaction. Finally,

a concluding remark is given in section IV.

II. THEORETICAL METHODS

As an incident field irradiates on a hybrid system constructed by the NPs and an organic

molecule, it interacts with the NPs and induces the oscillating multipoles on the latter

creating an enhanced surface near field. The surface near field then interacts with the

molecule and induces the molecular polarization, and the corresponding molecular absorption

cross section can be obtained from the polarizability α

σ(ω) ∝ 1

3

∑
i=x,y,z

ω Im(αii(ω)). (1)

Here the dynamic polarizability tensor is defined as αij(ω) =
∂Pi(ω)
∂Ej(ω)

, and Pi(ω) denotes the

Fourier transform of the polarization Pi(t) = Tr(δρ(t)µi), µi stands for the i−th component

of the dipole moment. The field-induced one-electron density matrix (1DM) δρ(t) = ρ(t)−
ρ(0) can be obtained by solving the equation of motion of the reduced one-electron density
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matrix

ih̄S
dρ(t)

dt
S = F (t)ρ(t)S − Sρ(t)F (t). (2)

Here S, ρ and F denote the overlap matrix, reduced one-electron density matrix and Fock

matrix in atomic orbital basis, respectively. In the Fock matrix, one has to obviously include

the field-matter interaction

F [ρ(t)] = F0[ρ(t)]− ~Etotal · ~µ, (3)

where ~Etotal denotes the surface near field interacting with the molecule, ~Etotal(r, ω) =

~E0(r, ω) + ~Esca(r, ω). ~E0(r, ω) and ~Esca(r, ω) denote the incident field and the surface scat-

tered electric field produced by Ag NPs’ plasmon, respectively. Assuming that the influence

of the induced molecular multipoles to NPs’ surface charges, and the carrier movement be-

tween the molecule and NPs are neglected, the surface near field generated by NPs can be

obtained by solving the Maxwell’s equations with use of FDTD method36 subject to appro-

priate boundary conditions. By doing so, the plasmonic enhancement effect is considered on

one hand, and the optical properties of the molecule close to Ag NPs is embodied on the

other hand.

Eq.(2) can be solved in the time domain using the methods described in our previous

paper32. The methods avoid the perturbation expansion of light-matter interaction, and the

external laser field and the internal Coulomb forces of the atoms or molecules are thus treated

on equal footing. In the concrete implementation, the Chebyshev expansion technique is used

to propagate the reduced single-electron density matrix, and the modified midpoint and

unitary transformation algorithm, originally developed to integrate the TDHF equations

efficiently, are adopted to improve the computational efficiency. For the detailed description

about the RT-TDDFT approaches, one may refer our previous papers32,37. The numerical

implementation has been realized in the locally-modified Q-Chem software package38. In

this work, all the RT-TDDFT calculations have been finished at the theoretical level of

B3LYP/6-31G.

In order to quantitatively study the localized field near the surface of Ag NPs and connect

the FDTD simulation to the RT-TDDFT calculations for the optical properties of nearby
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molecule, we introduce a complex tensor SRF, λ(r, ω), by following Chen et.al19,

λi,j(r, ω) =
Ei,total(r, ω)

Ej0(r, ω)
− δi,j

=

∫
dteiωtEi,total(r, t)∫
dteiωtEj0(r, t)

− δi,j. (4)

The SRF depends on both the propagation and the polarization directions of the incident

light. A typical time-shifted Gaussian wave is chosen as the incident field in FDTD simulation

in order to study a broad spectral range. Using the definition of λ(r, ω), the scattering electric

field, ~Esca(t), can be expressed as a two-dimensional Fourier transform of ~E0(t) and λ(ω)

Ei,sca(t) =
1

2π

∫
dωe−iωtEi,sca(ω)

=
1

2π

∫
dωe−iωt

∑
j

λi,j(ω)Ej0(ω)

=
1

2π

∫
dωe−iωt

∑
j

λi,j(ω)
∫
dt1e

iωt1Ej0(t1)

=
1

2π

∑
j

∫ ∫
dωdt1e

iω(−t+t1)λi,j(ω)Ej0(t1). (5)

III. RESULTS AND DISCUSSION

A. Surface near fields and scattering response functions

The Maxwell’s equations are solved using FDTD method within the JFDTD3D package39.

In the calculations, the light propagation direction is fixed along the +z axis in all FDTD

simulations. A cubic simulation box with a side length of 40 nm is chosen and the grid

size of 0.2 nm is adopted. Each grid cell is characterized by a uniform permittivity ε based

on its distance to the center of the cubic box (the origin of the Cartesian frame), with

ǫ(ω) = ǫ∞ + ǫD(ω) +
∑

n ǫL,n(ω) inside the Ag NPs according to the Drude-Lorentz model

and ǫ = 1 in surrounding medium. Here ǫ∞ is the relative permittivity, ǫD(ω) = − ω2
p

ω(ω+iγ)

is the relative permittivity resulted from Drude pole, ωp is the bulk plasmon frequency, and

γ is a width factor which includes electron-phonon and other intrinsic electron relaxation

mechanisms. The last term, ǫL,n(ω) =
∆ǫpω2

p

ω2
p−ω(ω−i2δ)

, describes the relative permittivity arising

from each Lorentz oscillator pole, where ∆ǫp is the shift in relative permittivity for the

Page 7 of 29 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



8

electron transition at plasmon mode ωp and δ is the electron dephasing rate. For the chosen

materials, all of the parameters has been determined from the experiment40. The incident

light pulse with the functional form, E0(t) = e−(t−t0)2/σ2

sin(ω0t), was injected from the plane

at z = −16, where t0 = 10.0 fs, σ = 0.7 fs, and ω0 = 600.0 nm. These pulse parameters can

make the incident laser pulse fully cover the visible spectrum from 300 to 800 nm. The total

simulation time is 100 fs and the time step size is 3.66× 10−4fs.

Figs. 1(a) and 2(a) show the contours of surface near field observed in a xy plane when

the incident laser pulse is assumed to have a polarization direction along +x and +y ax-

is, respectively. The electric field has been normalized with respect to the incident field.

The ‘hot spots’ very clearly shows that a strong near field appears close to the surface, and

that the light scattering from this small Ag metal NP embedded in a homogeneous medium

is nearly symmetric in the forward and backward directions. A clear comparison between

the simulated surface near fields and the incident electric fields is shown in the supporting

information. It is apparent that the surface near fields have been obviously enhanced com-

pared with the incident electric field. However, the enhancement factor of the near field is

very much dependent on the NP size, the surface separation distance and the incident field

polarization as well.

The properties of SRF tensors are shown in Figs.1 and 2, where only the diagonal

components λσ,σ are displayed because the off-diagonal components are negligibly small. As

the propagation direction of the incident light is along the z axis, the diagonal terms of tensor

would only involve λxx and λyy. Therefore, two separated FDTD simulations were carried

out by assuming the incident field is polarized along the x and y directions, respectively.

The variations of real and imaginary parts of λxx and λyy vs the NP sphere radium R and

the separation distance L are displayed in Figs. 1 and 2 (b) and (c).

At first, we check the variation of λ versus the observation point, which is always set

along the x axis and is marked as ‘O’ in Figs.1 and 2. It is expected that the amplitudes

of real and imaginary parts of λxx and λyy should decrease as L increases. For NP with

R = 5 nm, there is a featured peak centered at about 3.5 eV in the Im(λ), which is ascribed

to the plasmon mode. Im(λ) is pertinent to the light absorption of NPs. At all the given

observation points along the x axis, the lineshapes of λxx and λyy look like. But λxx is always
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significantly larger than λyy. This is because in both cases, the fields are recorded at the

same observation point along the x axis. Therefore, it is comprehensible that the strength

of λyy is smaller than λxx.

The effect of NP size on SRFs is significant. As R increases from 5 to 12 nm, the

amplitudes of SRFs decrease and the plasmon band widths increase. In fact, as the size of Ag

NP gets increased, the intensity of the total electric field can be strengthened and its duration

gets shortened as shown in the supporting information. These two contradictory factors

cause the diagonal components of tensor SRFs weakened as R increases. Besides, we observe

that the plasmon mode gets red-shifted with increasing R. There should exist convergence

behavior of these size-dependent features in a “large particle” limit. For large NPs, the

dipole approximation is no longer valid. The larger the NP becomes, the more important

the higher-order modes become as the light can no longer polarize the NPs homogeneously.

These higher-order modes typically locate at lower energies and thus cause the plasmon band

gets red-shifted with the increasing of particle size41–43.

While the size effect is very apparent, the particle arrangement effect seems to be even

more pronounced in the plasmon resonance of Ag NPs. In Fig. 3(a)and (b), we set two Ag

NPs in different ways. Two silver spheres have the same radii of R = 5 nm and the distance

of the two sphere centers is 12 nm. When the external field is polarized along the dimer

axis, the ‘hot spots’ between two NPs is formed, the induced localized field in the gap of two

NPs is much stronger than the incident field. Fig. 3(c) shows the real and imaginary parts

of λxx at the given observation point. Obviously, the constructive interference of two dipoles

induced in each particle makes the plasmon on the surface more active, and the interaction

also redshifts the plasmon mode. For dimer along y axis, the induced dipole in each NP is

nearly parallel so that the field intensity at the point ‘O’ in Fig. 3(b) is almost the same

with that generated by the single NP. However, the interaction between two NPs in this case

blueshifts the plasmon mode a little comparing to that produced by the single NP.
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B. Surface enhanced absorption of spiropyran and merocyanine

Then we apply the hybrid RT-TDDFT/FDTD scheme to study the optical properties of

NP-molecule systems. Two dye molecules, SP and MC, are used as a test set to investigate

the surface enhancement of the molecular light absorption. As shown in Fig.4, the MC and

SP molecules have quite different optical absorption properties, which would allow us to

check the relevance of the absorption enhancement behavior with the energy gap between

the molecular excitation and and plasmon excitation.

In order to get the absorption spectra of a board energy range, we apply a weak short-

duration laser pulse with Gaussian function envelope, E0(t) = (E/
√
πτ)e−(t−t̄)2/τ2 , where

E = 1.0 × 10−4 a.u., t̄ = 0.0, and τ = 1.0 a.u.. Since the off-diagonal terms of λ(r, ω)

are nearly negligible compared with the diagonal terms, only λxx and λyy are involved in

the spectral calculations. To compare the theoretical spectra directly with the experimental

spectra, two separated RT-TDDFT simulations have been carried out by assuming the in-

cident electric field pulse applied along x− and y−axis, respectively, and then the average

absorption cross sections σxx+σyy

2
have been calculated.

Firstly, the electronic excitations of isolated MC and SP molecules are examined by

applying RT-TDDFT approach. Their geometries are optimized at B3LYP/6-31G level and

displayed in the inset of Fig. 4(a) and (c). The SP molecule has a non-planar geometry

while the MC molecule is planar. For the isolated MC molecule, theoretical results reveal

that the lowest-energy absorption peak at 2.5 eV has the maximum absorption intensity.

Another sharp peak locates at about 3.3 eV with a nearby shoulder at 3.5 eV. In the high-

energy range, two main absorption bands at 4.2 and 5.1 eV are observed. The calculated

absorption profiles agree well with the experimental measurement on the molecule films44.

The excitations at 2.5 eV and 3.3 eV mainly come from the electronic transitions along

x−axis, and the excitation at 3.5 eV mainly comes from those along y-axis. For the isolated

SP molecule, a major absorption peak at 3.5 eV was theoretically predicted (see Fig.4(c)),

which mainly comes from the electronic transitions along x−axis and nearly resonates with

the plasmon excitation of Ag sphere with R = 5 nm.

Then the MC molecule is set along the x−axis near a silver sphere of R = 5 nm with
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varying separation distance L (for the explicit orientation of the molecule, see Fig. 4(a)

). The absorption cross sections σxx and σxx+σyy

2
of NP-MC system are calculated. The

absorption cross sections of isolated MC molecule at the same condition are also displayed in

Figs. 5(a) and (b) for the comparison. Obviously, the enhanced surface electric field amplifies

the molecular absorption in the whole energy range of 0 − 7 eV, and strongly alters the

absorption profiles of NP-bound systems in contrast to the isolated NPs or molecules. The

plasmon enhancement effect decreases with the increasing of L. As L increases, the intensity

of scattered electric field becomes weak, which can be directly associated with decrease of

the absorption cross section. The AER for the absorption band near the plasmon mode gets

profoundly amplified compared with those away from the plasmon mode. This is evidenced

by the values in Figs. 5(a) and (b). Notably, the absorption cross sections around ωp decrease

very quickly as L increases, leading to the peak at 3.5 eV evolves to a shoulder of that at 3.3

eV in NP-bound MC system.

To have a clearer demonstration on the AER of each absorption band, we plot the varia-

tions of AERs of three low-lying excited states vs the separation distance L and NP radius R

in Fig. 6. The plot clearly demonstrates that the smaller the separation distance L and the

energy difference of |ωm − ωp| are, the larger the AER becomes. Due to the different AER

for each absorption band, the spectral lineshapes of NP-bound MC system is significantly

different from those of isolated MC molecule or sole NPs. For σxx of NP-MC system at L = 1

nm, the strongest absorption enhancement appears at the band of 3.3 eV, which has been

magnified by 32 times and becomes the dominant one. Besides, a new sharp peak appears

at about 3.5 eV, which can be ascribed to the plasmon mode. By comparing Fig. 5(b) with

Fig. 5(a), it is clear that the major difference lies in the bands near the plasmon mode. Due

to the resonance between the molecular excitation at 3.5 eV and the plasmon excitation of

NP with R = 5 nm, the strongest enhancement in σxx+σyy

2
of NP-MC system occurs at the

peak 3.5 eV, which is enhanced at least 56 times at L = 1 nm shown in Fig. 6(a). On the red

side of the plasmon mode, the lowest-energy peak at 2.5 eV is amplified by about 8 times.

There is a small enhancement on the blue side of the plasmon mode where the enhancement

ratio is just about 1.5. The strong plasmon-exciton interaction also causes the absorption

peaks around the plasmon mode get shifted weakly. It is observed that the absorption peaks
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at 3.5 and 3.3 eV get red-shift and blue-shift about 0.01 eV, respectively, in contrast with

that of isolated MC molecule.

The resonance enhancement can be found more clearly for the NP-SP system. For the

isolated SP molecule, there is a strong sharp absorption peak at 3.5 eV, which nearly has

the same excitation frequency with that of the plasmon excitation of Ag NP with R = 5

nm. Due to the resonance between the molecular excitation and the plasmon excitation

of Ag sphere with R = 5 nm, two-types of excitations are strongly coupled, leading to an

unusual absorption enhancement for the band at 3.5 eV ( see Fig. 7). In this case, one

can not distinguish the molecular excitation band from the plasmon mode, and a hybrid

exciton band is formed. The abnormal behaviours of this band can also be reflected by

the significant red-shift of the peak position and the appearance of strongly asymmetric

shape of absorption band. The absorption peak at 3.5 eV red-shifts about 0.04 eV. And

there even exists a slightly negative absorption cross section appeared at the blue side of

the plasmon band. These phenomena originate from the coherent NP-molecule interaction

and can be viewed as a nonlinear Fano effect, which is quite different from the usual linear

Fano resonance17,45. It is known that this nonlinear Fano effect strongly depends on the

incident field intensity. We expect that the small negative peak in absorption cross section

will gradually disappear with the decreasing incident electric-field intensity. In our model,

the molecule interacts with two fields, one is the intensive scattered field and the other is

weak external incident field. When the scattered field behaves like a resonant driving field

strong enough to produce population saturation, the stimulated emission phenomena may

appear when another weak incident field was applied on the molecule46.

The NP size also has a significant effect on the optical properties of NP-molecule systems.

Keeping L = 1 nm unchanged, we calculate the absorption spectra of NP-MC and NP-SP

systems with the different NP size (R varies from 5, 10 to 12 nm). As shown in Figs. 5(c)

and 7, as R increases, the intensity of the peak at 3.3 eV significantly increases and that

at 3.5 eV decreases for both hybrid systems, which further support the conclusion that the

AER is very sensitive to the energy difference of |ωm − ωp|. From the SRFs, we have known

that the plasmon band would undergo apparent changes as the size of NP increases. One

primary plasmon mode at 3.5 eV in the NP with R = 5 nm becomes two plasmon bands
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in NPs with R = 10 and 12 nm. The wider and weaker plasmon bands in the larger NPs

weaken the coupling between the plasmon modes and molecular exciton at 3.5 eV so that

the AER of the band close to 3.5 eV are largely decreased. However, as the plasmon band

red-shifts with the increasing of R, the coupling between the plasmon excitation and the

molecular excitation at 3.3 eV becomes stronger, and a normal increasing absorption cross

section for the peak at 3.3 eV is observed.

At the microscopic level, the molecular absorption spectral differential cross section can

be explicitly written as σ(ω) = 4π2ω
3c

Im
∑

F

∑
x

(µx
IF

)2

ωFI−ω−iγF
. |I〉 and |F 〉 denote the initial and

final states and ω denotes the incident photon frequencies. ~µ is the molecular dipole operator.

In the presence of NPs, the electric-field enhancement inside a molecule due to the presence

of NPs will change the molecular transition dipole moments to P̂~µFI . Here P̂ denotes the

electric-field enhancement matrix. Meantimes, the plasmon mode of NPs and the induced-

polarization of molecule will also interact to affect the absorption lineshape. Therefore, the

interaction between NPs and molecules will not only change the spectral intensities but also

change the spectral positions. We thus observed that the shifted value of the peak position

also depends on the superstrucrure’s geometric parameters, the energy gap of |ωp−ωm|, and

the intensity of the incident electric field.

The resonance enhancement phenomena have been applied in the development of the

plasmonics-based nanodevices and solar cells. For example, to improve the dye-sensitized

solar cells (DSSC) performance associated with plasmon excitation, people developed the

multilayer fabrication strategies for plasmonic DSSCs by anchoring the dye molecules on the

surface of TiO2-coated plasmonic (silver or gold) particles,47 where a key strategy is to reach

a perfect match between the absorption maxima of the dye and the plasmon wavelength

of SiO2-coated Au nanoparticles when both of them are integrated into mesoporous TiO2.

Chen et.al. has performed a computational study on plasmon-enhanced light absorption

in a multicomponent DSSC,48 and clearly demonstrated that the light absorption can be

significantly enhanced at the plasmon wavelength of 462 nm for most positions of the N3

dye on the nanoparticle surface.

Finally, we study the absorption enhancement effect of MC molecule subject to two

identical Ag NPs (Fig. 8). Two NPs with the same radii (R=5 nm) are arrayed along x
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axis, and the distance between two sphere centers is fixed to be 12 nm. The MC molecule

is set in the gap of two Ag NPs and is 1 nm away from each silver surface. As Fig. 3(a)

shows, the interaction between NPs builds a rather strong localized filed between them, which

significantly enhances the absorption of the MC molecule throughout the whole energy range.

An unusual enhancement appears on the band at 3.3 eV. This on-resonance enhancement

ratio reaches to a maximum value of 1260. Although the absorption at other energy range

is also enhanced, the corresponding AER is significantly smaller than that at 3.3 eV. As a

result, the absorption band at 3.3 eV becomes the dominant one, and other peaks except the

one at 2.5 eV are almost invisible.

IV. CONCLUDING REMARKS

The hybrid scheme which combines the RT-TDDFT approach for the dynamic polariz-

ibilities of adsorbates with the FDTD method for the solution of Maxwell’s equations has

been demonstrated to be well suitable for systematically investigating the Plasmon-enhanced

light absorption. The FDTD results have shown that the surface localized field generated by

SPR of Ag NPs strongly depends on the NP’s geometrical parameters, the surface separation

distance, incident-field polarization, and it can be strengthened by increasing the NP sizes or

forming a crevice between NPs. However, the amplitudes of SRFs don’t increase as the NP

sphere radii increase. The plasmon band gets red-shifted with increasing NP size or through

formation of a crevice between NPs.

For the molecule near the Ag NPs, its absorption enhancement caused by the surface

localized field heavily depends on the energy gap between the molecular excitation and

plasmon mode. As the energy gap is sufficient large, the coupling between the plasmon mode

and molecular transition dipole moment can be neglected so that two separate absorption

bands, one from the isolated molecule excitation and the other from the plasmon excitation,

have been observed as anticipated. As the energy gap approaches to zero, the molecular

excitation strongly couples with the plasmon excitation to form the hybrid exciton band,

which possesses the significantly amplified absorption intensity and shifted peak position

compared with the isolated molecular excitation. It is thus concluded that the interaction
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between NPs and molecules not only enhances the spectral intensities but also modifies the

spectral profiles.

When the incident field is strong enough, the joint effect of the incident field and the strong

scattering field generated by SPR of NPs can induce some novel nonlinear phenomena, such

as the population saturation on the molecular excited state, the red-shift spectral position

and a surprising strongly asymmetric shape of absorption band in the range of Ag plasmon

band. Furthermore, even slightly negative absorption peaks have been observed, which have

been explained by a possible nonlinear Fano effect.

The present study demonstrates that the mixed TDDFT/FDTD methodology could pro-

vide a useful computational tool to describe the plasmon-enhancement light absorption be-

haviours. This work is useful for the development of nonlinear plasmonic devices, where

a key aspect is the interaction of surface plasmon with optically active materials such as

quantum dots, and it is also helpful for understanding the cavity quantum electrodynamics

and designing approaches based on plasmonics to improve absorption in photovoltaic devices

and to yield new options for solar-cell design.
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FIG. 1: (a) The contour of surface localized field generated by a Ag NP sphere with R = 5 nm. The

arrow denotes the field polarization direction. The magnitude of the field intensity E is indicated

by the colour scale. The observation point ‘O’ is set in the x-axis and is away from the NP surface

with a distance of L. (b) The real and imaginary parts of λxx at R = 5 nm, and L = 1, 3 and 5

nm, respectively. (c)The real and imaginary parts of λxx at R = 5, 10 and 12 nm, and L = 1 nm.
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FIG. 2: The same condition with that in Fig.1 is set, except the field polarization direction (along

y-axis).
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FIG. 3: (a) and (b) The contours of surface localized fields produced by two NP dimers with R = 5

nm. (c) The real and imaginary parts of λxx at the observation point ‘O’.
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FIG. 4: The geometries and absorption cross sections of MC and SP molecules in gas phase. (a)

σxx of MC molecule. (b)The average value of σxx and σyy of MC. (c)The average value of σxx and

σyy of SP molecule.
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FIG. 5: (a) σxx of NP-MC system at R = 5 nm and L = 1, 3, 5 nm (the closest distance of MC

mass center to NP surface along the x-axis). The absorption cross section of MC molecule is shown

for the comparison, and its intensity is multiplied by 32. (b) The average absorption cross sections

of NP-MC system at R = 5 nm and L = 1, 3, 5 nm. (c) The average absorption cross sections of

NP-MC system at L = 1 nm and R = 5, 10 and 12 nm.
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FIG. 6: (a)The variation of AERs for three low-energy absorption bands in the average absorption

cross sections of NP-MC system vs L at R = 5 nm. (b)The variation of AERs vs R at L = 1 nm.
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FIG. 7: The average absorption cross sections of the isolated SP molecule and the NP-SP system

with different size Ag NPs. The absorption intensity of the isolated SP molecule is multiplied by

60.
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FIG. 8: Absorption spectra of NP-MC-NP system composed of two identical NPs and MC molecule.

MC is set between two Ag NPs arranged along the x−axis. The average absorption cross section

of the isolated MC molecule is also displayed and is multiplied by 1260.
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