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Abstract: We develop a theoretical approach to investigate the impact that nonlocal and
finite-size effects have on the dielectric response of plasmonic nanostructures. Through simulations,
comprehensive comparisons of the electron energy loss spectroscopy (EELS) and the optical
performance are discussed for a gold spherical dimer system in terms of different dielectric models.
Our study offers a paradigm of high efficiency compatible dielectric theoretical framework for
accounting the metallic nanoparticles behavior combining local, nonlocal and size-dependent effects
in broader energy and size ranges. The results of accurate analysis and simulation for these effects
unveil the weight and the evolution of both surface and bulk plasmons vibrational mechanisms,
which are important for further understanding the electrodynamics properties of structures at the
nanoscale. Particularly, our method can be extended to other plasmonic nanostructures where
quantum-size or strongly interacting effects are likely to play an important role.
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1. Introduction

Classical local electrodynamics in nanostructures under the assumption that the polarization
characteristics at a given point are locally related to the external electromagnetic excitation, which has
been thoroughly explored from isolated nanoparticles and dimers to other complex structures [1-5].
On the other hand, the nonlocal response of a metal nanostructure to an external disturbance stimulus
determines many important plasmonic properties and has attracted much theoretical interest [6-9].
In recent years, the Mortensen group [10] have studied plasmons in metal nanoparticles by using
a popular hydrodynamic model which incorporates nonlocal effects by introducing a pressure
term that inhibits squashing electrons into small plasmonic nanoparticles. Similarly, the work
of Christensen et al. [11] included nonlocality in the optical response of metallic nanoparticles
by introducing quantum corrections obtained from first principles calculations, also using the
hydrodynamic model. Ming et al. [12,13] have demonstrated a Maxwell-hydrodynamic model for
studying the charge, energy and angular momentum conservation laws of high-order harmonics due
to nonlocal and nonlinear interactions between electromagnetic waves and metallic metamaterials in
the terahertz regime.

Meanwhile, parallel to the above remarkable progress of nonlocal properties, there has been
a growing interest in exploring the quantum properties of surface plasmon and the prospects of
plasma devices based on reliable operation at the quantum level. However, theoretical investigation
of plasmonic resonances for nanostructure sizes ranging between 2 and 20 nm remains a challenge.
This length scale is too small for classical electromagnetic theories to be valid but too large for
full-fledged quantum simulations to be feasible. Therefore, some of the studies are committed

Appl. Sci. 2019, 9, 3083; d0i:10.3390/app9153083 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-4824-0455
http://www.mdpi.com/2076-3417/9/15/3083?type=check_update&version=1
http://dx.doi.org/10.3390/app9153083
http://www.mdpi.com/journal/applsci

Appl. Sci. 2019, 9, 3083 20f 14

to provide a unified theoretical framework that breaks wide discrepancy between classical
electromagnetic theory and quantum mechanical theory for plasmonics and nanophotonics,
and ultimately control plasmonic responses in nanostructures. Crucial to this endeavor is to understand
finite-size effects in nanostructures since the control of nanoparticle size represents one of the most
effective approaches to harness the tremendous potentials of plasmonics and nanophotonics.

Recent studies have shown a theoretical method with a suitable modification of the bulk
complex dielectric function for free and bound electrons within metallic nanoparticles [14-19],
for the determination of plasma frequency, damping constants, and size distributions of noble metal
nanoparticles, such as gold, silver and copper; in addition, the corresponding optical characterization
deduced by Mie’s theory has been tested to fit full UV-Vis experimental extinction spectra. The above
theoretical framework follows the idea of Kreibig and von Fragstein [20], who considered that the
augmentation of the damping constant in the Drude model results from additional collisions of free
electrons with the particle boundary, as well as the idea of Inouye et al. [21], who took into account the
interband transitions of bound electrons for the complex dielectric function. Consequently, the metal
dielectric function can be regarded as the sum of the free (intraband transitions) and bound (interband
transitions) electron contributions; then, a size-dependent (SD) dielectric function (Equation (4)) based
on a stepwise modification of the Drude model is put forward. Under this theoretical framework,
the significant finite-size effects of optical properties for metallic nanoparticles can be expected to be
observed below a certain limited size range (e.g., valid restriction of 20 nm drawn from Refs. [14,15]).

A developed microscopic approach based on accurate inclusion of the Lorentz friction for the
plasmon damping within the random phase approximation (RPA) model [22-24] has also been
performed in recent years. Unlike the conventional Mie’s theory that only gives reasonably intrinsic
size effects for nanospheres of radii lower than 5 nm in vacuum due to neglecting the Lorentz friction
losses that dominate over all attenuation channels, the specific size dependence for plasmons due to the
Lorentz friction induced corrections derived upon this theoretical approach can be applied to account
for the observed irregular size-effect of plasmon resonance for relatively large metallic nanoparticles
(e.g., for Aunanospheres of radii 20-60 nm in vacuum drawn from Ref. [24]). This theoretical approach
has also been verified to improve experimental data fitting of metallic nanospheres measured in
water colloidal solutions, especially pronounced for a large size limit (e.g., of radii 10-75 nm for Au
nanospheres in water colloidal solutions drawn from Ref. [22]). One should note that, although accurate
accounting for the Lorentz friction is important for nanospheres of radii above 20 nm (for Au in
vacuum), the major drawback of our work is that adequate corrections of the Lorentz friction are not
included, since integrating them with the nonlocal and size-dependent effects within a macroscopic
material dielectric function is not straightforward.

Extending beyond the nonlocal and size-dependent effects we have focused on, in the following,
there is a huge amount of research concerning about other “non-classical electromagnetic effects”
by incorporating some “quantum effects” within classical electrodynamics. Quantum-size effects
due to the confinement of electron motion in small dimensions can lead to a discrete electronic
energy levels and a size-dependent conductivity [25]. Accessing plasmonic modes in the quantum
tunneling regime also remains as a challenge, quantum tunneling effects become significant for
subnanometer interparticle gaps and can be reflected through a quantum corrected model (QCM),
which models the junction between adjacent nanoparticles by means of a local dielectric response that
includes electron tunneling and tunneling resistivity at gap [26,27]. However, such “non-classical”
effects are of great interest and significance in the field of nano-optics, and can be incorporated into
classical electrodynamical descriptions for some simple systems; directly integrating them within
a general framework is not straightforward. In particular, quantum tunneling effects between metal
nanoparticles will not be considered in this work.

Nonlocal effects are a direct consequence of the inhomogeneity of the electron gas, and can hardly
be ignored when the mean free path of an electron in the simple systems is larger than the wavelength
of light [28,29]. To a certain extent, nonlocal electrodynamics partially account for finite-size and
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quantum mechanical effects inherent in a nanostructure in a more rigorous way. Such as in the case of
applying the hydrodynamic dielectric function to calculate the absorption coefficient from metallic
nanoparticles, its size-dependent effects will show up by an effective dielectric function due to the
additional boundary conditions for solving polarizabilities [30]. Although it has been argued that the
hydrodynamic model yields only semiquantitative results in the linear regime, recent improvements
regarding the incorporation of interband transitions and Landau damping have demonstrated that
fully quantitative results may be obtained [31,32]. In principle, as most of the modified hydrodynamic
models shown in the aforementioned applications, a spatially nonlocal relationship between the
material polarization and the field of plasmonics can typically be mirrored through the use of a spatially
nonlocal dielectric function. Some of them take finite-size effects of the nanostructure into consideration
by using a modified collision frequency. However, the corresponding changes in optical, plasmonic and
dielectric responses are almost negligible, and the effective dimension of nanostructure for nonlocal
electrodynamics is also being limited or obscured consequently.

Inspired by the studies of the size-dependent dielectric function as mentioned above, in this
paper, we move a step forward in this direction by developing nonlocal and size-dependent
(NLSD) dielectric approach that incorporates the spatially local, nonlocal, size and even analogous
quantums-size responses of the material. As an example, we investigate how the electron energy loss
spectroscopy (EELS) and optical responses of gold spherical dimers of various radii and inter-particle
gaps are modified once the nonlocality and finite-size effects are considered. These examples
allow for a straightforward interpretation of our results. Unlike those complex configurational and
resource consuming methods, such as quantum mechanical simulations based on the time-dependent
Kohn-Sham density functional theory (TD-KSDFT), our approach provides a powerful and simple tool
to calculate and analyze the EELS and optical response ranging from classical to quantum regimes.

2. Methods and Theoretical Framework

Figure 1 displays the fundamental system under study; a dimer consists of two closely spaced
freestanding metallic nanospheres of radius R, and a certain distance d apart. The system is
excited by an electron beam with high kinetic energy up to 200 keV passing by or penetrating
through at the positions as indicated in the figure, and illuminated from the top by a plane wave
polarized along the dimer axis, respectively. For this study, the metal is assumed to be gold, and the
experimental and theoretical values of permittivity for contrast taken from Johnson and Christy [33]
and Werner et al. [34], respectively. We chose the data models above for comparison for the following
reasons. First, of all, in general, ab initio density functional theory (DFT) approaches need to deal
with pseudopotentials, and include quantum effects that completely change the spectral distribution
and the field enhancements of the plasmon resonant modes supported by a given nanostructure;
they are computationally demanding and are currently limited to small-sized nanoparticles with a few
thousand electrons (e.g., valid restriction of 12.3 nm drawn from Ref. [35]). Second, the application of
classic local experimental dielectric data for small-sized nanoparticles ranging between 2 and 20 nm
becomes questionable as described in the Introduction. These factors will be discussed in detail
below combined with calculation results. All of the numerical simulations are implemented via the
general public license toolbox MNPBEM [36,37], which is based on a boundary element method
(BEM) approach.

The dielectric function of noble metal nanoparticles (e.g., Cu, Au, and Ag) is well described by
using the hydrodynamical Drude model limit by three components [38—40]:

8Nonlocal(krw) =€c t 8inter(w) + Eintra (k/w)/ (1)

where the k dependence in engniocal (K,w) is necessary to describe the spatially nonlocal response
of structures with features less than 10 nm [41,42]. e is the value as w — 0. gjnter(w) represents
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the contribution from interband electron transitions and can be physically described in the form of

a Lorentz oscillator model,
2
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In this work, we take index j = 2 labeling the individual d-band to sp-band electron transitions since
there are two interband transitions in Au at optical frequencies [33]. €intra (k,w) is responsible for the
intraband effects which are usually referred to as free-electron effects, where both the plasmonic optical
response of metals and nonlocal effects are contained and can be described by

2
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where wp, is the plasma frequency, 7 is the collision frequency, and p is the hydrodynamical
parameter measuring the degree of nonlocality. For the three-dimensional situation 8> = 3vg/5,
where vp = 1.39 x 10° m/s is the Fermi velocity for the Au nanoparticles. Then, all parameters in
Equations (2) and (3) can be estimated by fitting Equation (1) to the experimentally determined
dielectric data of bulk Au in Ref. [33]. Here, we use all the parameters taken from Ref. [39],
wp =8.812eV, v =0.0752 eV, e = 3.559, Aepy = 2.912, wy; = 4693 eV, o1 = 1.541 eV, Aepp = 1.272,
wy; =3112 eV, 0p; = 0525 eV.

Planform 2p

Figure 1. Schematic illustration of the system under study: the interaction of the electron beam passes
by or penetrates through a dimer consisted with two Au nanospheres with radius R and gap d, as well
as the plane wave polarized along the dimer axis. The inset shows the exact located positions (or
impact parameters) of electron beams: the red ring represents the middle of the gap and the blue cross
represents the centre in one of the nanospheres.

Note that the above dielectric function calculation model neglects quantum-mechanical exchange
and correlation effects, but the significant nonlocal effects from the reduced mean free path of the
conduction electrons due to electron—interface scattering in small metal structures can be taken
into account by using a modified collision frequency ' = + 4AvgV /S in Equation (3) for the
three-dimensional problems [43]. In principle, conclusions from the previews studies that adopt
such modified collision frequency have shown that the Nonlocal model of Equation (1) can model
the spatially nonlocal dielectric response of arbitrarily shaped and sized structures [39,40]. However,
although the volume of the structure V and surface area S in the modified collision frequency implies
the influence of size factor, only the impact of free electrons was considered to be modified by size.
In addition, correctly selecting the value of dimensionless parameter A remains a challenging since its
complex details are of discrepancy in different theoretical dielectric models (consult Section 1 in Ref. [44]
and its references for a detailed discussion). Therefore, in order to overcome this difficulty in a classical
mean free path approach, a more reasonable alternative way for describing size-dependent dielectric
functions is needed by considering the dominated conditions and a scope of the contributions of
intraband transitions (free electrons) and interband transitions (bound electrons). Herein, according to
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previous studies about suitable modification of the bulk complex dielectric function for free and bound
electrons within metallic nanoparticles [14-16], the full size-corrected dielectric function can be written
as the sum of three terms:

esp (w, R) = epyik (W) + Aefree (W, R) + Aepound (w, R), 4)

where e}, (w) corresponding to the experimentally measured bulk values from UV-visible to NIR-FIR,
and the last two terms are size-corrective contributions for free and bound electrons, respectively:

szvF/R))nH, 5)

n
Aéfree (w, R) ; (wz + 1W Y free
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where fiwy is the gap energy; F(x, T) is the Fermi distribution function of conduction electron of energy
hix and temperature T with Fermi energy Ef, Yfee = ¥, Ybound Stands for the damping constant in the
band to band transition; K}, is a proportionality factor with units of s73/2; C is a constant that depends
on the material. For noble metals, it has a value of about 0.8 that has been theoretically justified from
first principles calculations [45]; Ry is a reference radius value that represents the range for which
the density of states can be considered to reach the value of the bulk. For Au, the following values
determined in Refs. [14-16] were used: wy = 2.1062 eV, Ypounga = 0.158 eV, Kj, = 2.3 X 10%* s73/2,
Ep=25eV.

Note that the interband transitions from the d-band to the conduction sp-band near the L point in
the Brillouin zone can be taken into account by the size-corrective contribution for bound electrons in
the form of Equation (6) [46]. Because of the nonlocal dielectric function, exonlocal (k,w) is estimated by
fitting Equation (1) to the complex bulk dielectric function, which is the local, frequency-dependent
part of the response, taken from optical measurements given in Ref. [33] and exactly the same as the
first term e}, (w) using the size-dependent dielectric function esp (w, R) of Equation (4); we adopt
here the former as a substitute for the latter. The resulting nonlocal and size-dependent (NLSD)
dielectric function of the metal is thus approximated by

ENLSD (k/ w, R) = SNonlocal(k1w> + A‘C'free ((/J, R) + A‘c"bouncl ((U, R) : (7)

3. Results and Discussion

The first example of the compatible effectiveness produced by our NLSD approach is shown in
Figure 2 for comparisons of EELS calculated with different dielectric models and gold spherical dimers
of different sizes, where electron beam penetrates the centre in one of the nanospheres (Figure 2a)
and passes by the middle of the gap (Figure 2b) as shown in Figure 1, and the gap d fixed on
1 nm. Figure 2a shows that the agreement of the total energy loss probabilities between the NLSD
approach(black solid line) and the theoretical dielectric data set (green dashed line), which is obtained
from density functional theory (DFT) calculations by Werner et al. [34], is remarkable for radii up
to 20 nm. Moreover, for the NLSD approach, the evolves of the size-dependent response as the
radius increases are observably more outstanding than the full size-dependent dielectric model
(blue dotted line, Equation (4)), and the total energy loss probabilities become almost consistent with
those calculated by using the local, frequency-dependent and experimental complex bulk dielectric
values (red dash-dotted line) as radii up to 100 nm.

In addition, blueshifts of the main energy loss peaks become more apparent as the radius increases
and it is accompanied by plasmon broadening. These nonlocal effects are known as the availability of
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the additional loss channels [7], and can have an effect in the higher energy region when compared to
classical local electrodynamics because of the interplay between w and k in Equation (3). All of the
above agreements between the model predictions support that our approach provides a straightforward
theoretical framework to describe metal behavior combining local, nonlocal and size-dependent effects
in broader energy and size ranges simultaneously.
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Figure 2. EELS (electron energy loss spectroscopy) spectrums for Au spherical dimers of different
radii R, and for different dielectric models (black solid curves, NLSD (nonlocal and size-dependent)
model; blue dotted curves, SD model; red dash-dotted curves, experimental dielectric data from
Johnson et al. [33]; green dashed curves, DFT (density functional theory) calculated data from
Werner et al. [34]; thinner gray solid curves, Nonlocal model), where the gap 4 fixed on 1 nm. (a) electron
beam penetrating the centre in one of the nanospheres, and (b) passing by the middle of the gap,
respectively, as indicated in Figure 1.

Moreover, according to the various developed theories of the SD model as mentioned in Section 1,
the significant finite-size effects on the optical properties of nanoparticles can only be expected to be
observed below a certain limited size range of about 20 nm. Our model captures the main aspects of the
finite-size effects for small-sized nanoparticles. For radii below 20 nm, Figure 2b shows a significant
difference of the total (and surface) energy loss probabilities between the NLSD approach and nonlocal
dielectric model (thinner gray solid curves) of Equation (1). A = 0.1 was used in the modified collision
frequency ' = v + 4AvpV /S when using the Nonlocal model [39,40]. In addition, unlike the outcomes
between the SD model and the experimental dielectric data, which show remarkable differences in all
size range, the total (and surface) energy loss probabilities calculated by using the NLSD model are
almost identical with the Nonlocal model for radii larger than 20 nm this is why the forecasted results
of Nonlocal model are not shown in Figure 2b where the radii larger than 20 nm. Similarly, for clarity,
Figure 2a does not show the outcomes from the Nonlocal model because they are identical with those
from the NLSD model in all size ranges.

In consideration of the size-corrective terms from SD and NLSD model being the same,
these results might appear unexpected at the first view. The nonlocal effects themselves are also
size-dependent. This can be seen from Figure 2b where radii are below 20 nm; besides capturing
the blueshifts, the main energy loss peaks of the Nonlocal model are obviously less than those by
using experimental dielectric data, but in a low-energy region (e.g., 0.65-2.4 eV), the outcomes of the
Nonlocal model are higher than those by using experimental dielectric data, which have the same
changing tendency as the results of SD and NLSD models. However, the NLSD model is a more suitable
implementation for revealing the contribution of the surface vibrational mode with nanoparticles of
the small radius. When compared with the Nonlocal model, the outcomes of the NLSD show that the
relative reductions in the main energy loss peaks, and the increases of the outcomes in the low-energy
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region are more remarkable, as shown in Figure 2b. All of these are because the size-dependent effects
due to the size-corrective terms are contained in the NLSD model.

For further confirmation of the present findings, EELS calculated with different dielectric models
for isolated Au spherical nanoparticles of different sizes are presented in Figure 3, where electron
beam passing near the nanoparticles and the contribution of the surface vibrational mode is dominant.
The difference of the total (and surface) energy loss probabilities between the NLSD model and
Nonlocal model becomes more pronounced with the reduction of particle size, as shown in Figure 3
where the radius R = 1 nm, and the prediction of our NLSD model are much more close to the
outcomes from the SD model and the DFT model. The discrepancy in predicted energy loss probabilities
between the NLSD model and the Nonlocal model would gradually narrow and ultimately disappear
when the radius is greater than 26 nm, as shown in Figure 3b, in addition to the discrepancy in predicted
energy loss probabilities between the SD model and experimental dielectric data. These results
for isolated nanoparticles are more compatible with the conclusions that have been verified both
experimentally and theoretically in the previous studies of the SD model in which the significant
size-dependent effects can only be expected to be observed below a certain limited size range of
approximately 20 nm.

——NLSD"
— - -Expriment,

(b) Loss probability (a.u)

2 3 ' 4 5
Energy loss (eV)
Figure 3. EELS spectrums for isolated Au spherical nanoparticles of different radii R, and for different
dielectric models as defined in the text, when electron beam passing near the nanoparticles as depicted
in the inset. Distances d’ between electron beam and nanoparticles were fixed at 2 nm.

Although, under what specific physical mechanism will the differences due to the size-dependent
effects between the SD model and experimental dielectric data disappear in the outcomes between
the NLSD and Nonlocal model for dimers of a large radius merit further investigation. However,
according to all of the above results of EELS, one can see that the NLSD model presented in this paper
has the advantage of clearly separating the size regions where local, nonlocal or size-dependent effects
are dominant, for both simulation cases (isolated particle or dimer).

First, the size-dependent effects somehow can be revealed in small isolated nanoparticles by
using the SD model, whereas the outcomes of this model do not contain any appreciable impact
of the nonlocal effects. In addition, at least, for dimers of a large radius, the outcomes of the SD
model should be much more consistent with those by using the classic local experimental dielectric
data—particularly for an electron beam penetrating the centre in one of the nanospheres and the
contribution of the bulk vibrational mode being dominant, as shown in Figure 2a. By contrast,
the size-dependent effects due to the same size-corrective terms in the NLSD model have been
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demonstrated that, while they can be completely neglected for Au dimers of all size when the
contribution of the bulk vibrational mode is dominant (Figure 2a), and, for Au dimers of a large
radius, when the contribution of the surface vibrational mode is dominant (Figure 2b), they still have
a great influence on dimers of a small radius, just as the results have been demonstrated for isolated
particles (Figure 3).

Second, we should notice that the classic local experimental dielectric data used in this paper
was obtained from reflection and transmission measurements on vacuum-evaporated thin films at
room temperature [33]; the application of such local continuum electrodynamics for small-sized
nanoparticles becomes questionable. This can be attributed to two effects. First of all, their imaginary
part of the interband contribution due to size-dependent effects is not negligible in the spectral region
of surface plasmon polariton resonance [14,15]. Second, nonlocal effects due to the scattering of
the conduction electrons arise as the nanoparticle size is decreased, relative to metal films [39,40].
By contrast, either the EELS results or the optical properties that are going to be demonstrated in the
following have shown that outcomes from our NLSD model can fit the DFT model better than other
models for small-sized nanoparticles. These agreements benefit from the first term in the NLSD model,
namely, the Nonlocal model of Equation (1), which have the advantage of describing the dynamical
optical response of structures that are too large to treat using quantum mechanics but too small for
classical electromagnetic theories to be valid [39,40].

It should be noted that a consistent energy loss with peak near 1.25 eV when the radius
R =100 nm (as indicated by the inset gray arrow in Figures 2a and 4(upper)), which is similar to the
main plasmon resonances, will be presented below in Figure 6a for the extinction cross sections excited
by optical plane wave, from approximately 955 nm. In order to gain physical insight into the origin of
these common resonances in both situations of excitations, the surface and bulk configurations that
form the total loss probabilities where R = 100 nm are plotted in Figure 4, respectively. The results
shown in Figure 4 indicate that the total loss probabilities near 1.25 eV for any dielectric model are all
dominated by surface loss probabilities. In addition, it is interesting that we found that the total energy
loss probabilities shown in Figure 2b are also dominated by the surface loss probabilities, since all
the bulk loss probabilities are almost zero when the electron beam located in the middle of the gap
(not shown). We attribute this surface energy loss dominating effect to the contribution of the surface
vibrational mode.
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Figure 4. (Upper panel) Surface and (lower panel) bulk loss probabilities for gold spherical dimers of
radius R = 100 nm, where the other simulation configurations remain the same as defined in Figure 2a.

One should note that, at least for now, the main energy loss peaks as depicted in Figure 2a are
the coupling contribution of the surface and the bulk vibrational modes. However, it can be seen
that these surface energy loss peaks near 1.25 eV as shown in Figure 4(upper) do not show up in
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Figure 2b where the contribution of the surface vibrational mode is dominant. In addition, according
to our surface loss probability calculation results (not shown, similar to the form of Figure 4(upper)),
they also do not show up when R = 50 nm where the other simulation configurations remain the
same as defined in Figure 2a. However, the reducing contribution of the surface vibrational mode with
nanoparticles of the small radius can be distinctly revealed by the NLSD model. For example, Figure 5
plots the simulated EELS probability maps of our dimer system with four different dielectric models
for the 1.25 eV resonances. Our model captures the main aspects of the nonlocal electrodynamics for
small-sized nanoparticles.

SD
Experiment

SD
Experiment

Figure 5. Total (top panels), bulk (middle panels) and surface (bottom panels) EELS probability maps
for the gold dimers with particles radii R = 20 nm (left column) and R = 50 nm (right column), and for
different dielectric models as defined in the text. The inter-particle gap d = 1 nm.

For radius R = 20 nm, the surface and bulk vibrational modes by using the NLSD model are
higher than the others as shown in the middle and bottom panel of Figure 5 (left column). Thus,
the energy loss extended throughout the whole surface of the gold spherical dimer, whereas those
by using experimental dielectric data are confined in narrow rings formed by the surface and the
horizontal cross-section of the dimer, as the total EELS probabilities shown in the left-top panel in
Figure 5. We found similar results for dimers with radii less than 20 nm, except that the intensities of
the energy loss calculated by using the NLSD approach the DFT model as the radius decreases.

For radius R = 50 nm, the total energy loss confined more strongly in narrow rings formed
by the surface and the horizontal cross-section of the dimer for all dielectric models, and they are
dominated by surface vibrational mode, as indicated by the EELS probability maps shown in Figure 5
(right column). We also found similar results for dimers with radii greater than 50 nm, except that
the patterns of the total (and surface) energy loss changing from the narrow rings to crescents as the
radius increases. These results mean that the nonlocal impact on the mode evolution of EELS and
responses from the quantum mechanical mechanism can also be depicted by using our NLSD model.
Although there are similar outcomes of mode evolution by using the SD and DFT models, they are
obviously incompatible with the classic local experimental data where the size of the dimer becomes
larger, such as shown in Figure 2 (e.g., R = 100 nm).

Finally, we use our NLSD approach to explore another interesting compatible effectiveness for the
optical properties of the dimer system illuminated by a plane wave as defined in Figure 1. Although the
effects of quantum natural and nonlocality have different origins, their impact on the optical response
of the nanostructure can be measured by its physical parameters (in our case, which means the radius
and gap). Figure 6a renders the maximum plasmonic resonances of extinction cross-sections that
correspond to different radius for gold spherical dimers with the constant gap d = 1 nm, and for
different dielectric models. The comparison between predictions from our NLSD model and the



Appl. Sci. 2019, 9, 3083 10 of 14

other dielectric models clarifies how nonlocality and quantum mechanical effects modify the optical
properties of the system.

. —— NLSD
€ 900 |— - — Experiment
| ceenn SD

£ 800 | DFT
ks, Nonlocal

0 FrrTrrTrT
0 10 20 30 40 50 60 70 80 90 100
Radius (nm)

Figure 6. (a) maximum plasmonic resonances of extinction cross-sections that correspond to different
radius for gold spherical dimers with constant inter-particle gap d = 1 nm, and for different dielectric
models as defined in text; (b) maximum field enhancement at the middle point of the inter-particle gap
(the red circle depicted in Figure 1) as a function of R for gold spherical dimers and their corresponding
plasmonic resonances as shown in (a).

For small radii (approximately less than 35 nm), there are significant blueshifts for the prediction
of our NLSD model when compared to the predictions of SD model and experimental dielectric data,
which are similar to the comparison results by using another entirely different nonlocal dielectric model
of the metal from previous studies (see Figure 2 or Figure 4a in Ref. [7]), and can be accounted for the
inclusion of nonlocal effects in the NLSD model, which also means that the size-dependent effects due
to the size-corrective terms in the NLSD model can not affect the maximum plasmonic resonances of
extinction cross-sections, since the predictions of our NLSD model and the SD model are approximately
consistent with those of the Nonlocal model and experimental dielectric data, respectively, as shown in
Figure 6a. One should note that these maximum plasmonic resonances of extinction cross-sections that
correspond to different radius for gold spherical dimers of radii ranging between 20 and 60 nm may
be more accurate if our model can be integrated with the adequate corrections of the Lorentz friction.
However, nevertheless, either our NLSD model or the RPA approach included with the Lorentz
friction induced corrections as discussed in Section 1 has observed anomalous shift of plasmonic
resonance for nanoparticles with radii significantly exceeding the previously suggested limiting 5 nm
by Mie’s theory.

Figure 6b renders the field enhancement % at the middle point of the gap as a function of
R for gold spherical dimers and their corresponding plasmonic resonances as shown in Figure 6a.
Quite different from the extinction spectral profiles predicted, Figure 6b shows approximate tendency
between the NLSD model and the DFT model. This means that the impacts of nonlocality and quantum
confinement can be compatible, and both reduce the enhancement of fields. The quantum confinement
effects are important when the mean free path of valence electrons is comparable to the particle size,
and the mean free path of electrons in gold at room temperature is below 50 nm. These play a large
role in interpreting the discrepancy in predicted field enhancements between the NLSD model and
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experimental dielectric data would gradually narrow when the radius is greater than 50 nm, as shown
in Figure 6b. Similar behavior occurs for the prediction of the DFT model, except that the radius which
stands out for such change is approximately 65 nm. We attribute this difference to the inclusion of
nonlocal and finite-size effects in the NLSD model, which lead to an increase in the contribution of
the bulk vibrational mode and to reduce the contribution of the surface vibrational mode when the
radius becomes less than 50 nm and gradually decreases, as the EELS results (Figure 5) discussed
above. Both effects are not exclusive of small particles as the inset shown in Figure 6b.

In addition, they are also important for small inter-particle gaps since the strongly interacting
between metallic geometries encountered in plasmonics. For example, as one can see from the
maximum field enhancement as a function of separation for gold dimer with R = 50 nm shown in
Figure 7, the predictions of the NLSD model and the DFT model are closely similar, and the gaps
in predicted field enhancements between them and the SD model and the experimental dielectric
data would gradually narrow or even vanish as the inter-particle gap d increases. As we can see
both in Figures 6b and 7, between NLSD and nonlocal models, there is also a slight difference in
their outcomes with a radius of less than approximately 65 nm (Figure 6b), or with a gap of less than
approximately 0.5 nm (Figure 7). These are entirely caused by the size-dependent effects due to the
size-corrective terms of the NLSD model, which also lead to a decreasing trend in the outcomes of the
NLSD model toward the DFT model, particularly for dimers with small radii as the inset shown in
Figure 6b. Furthermore, we also should note that the maximum field enhancement shown in Figure 7
may be not very accurate when the inter-particle gap d decreases below 0.5 nm, since the NLSD model
may not be capable of calculating the quantum tunneling effects under such subnanometer gaps,
as mentioned in Section 1.

. ——NLSD
3000 1 \ — - — Experiment ]
2500k N e sD N
o S
LUl 2000 DFT
= Nonlocal
Ll 1500 |

1d (nm)

Figure 7. Maximum field enhancement as a function of separation for gold dimer with R = 50 nm,
and for different dielectric models as defined in text (and depicted in Figure 2).

4. Conclusions

In conclusion, we presented a simplified theoretical model to describe the nonlocal and size
effects of nanoparticles. Our implementation is based on the hydrodynamic Drude model and two
size-corrective terms derived from the size-dependent dielectric function. We have demonstrated the
compatible effectiveness and the accuracy of our theoretical model through comparisons to analytical
results of the EELS and the optical responses for gold spherical dimers. These analytical results
demonstrated a number of effects that result from nonlocality and finite-size effects in the dielectric
response, including analogous quantum confinement effects that decrease the electromagnetic field
enhancement and their corresponding weight relations of the contributions of surface and bulk
vibrational modes reflected by EELS, blueshifts of surface plasmon resonances and main energy loss
peaks. From these results, we can state that the nonlocal effects are of great significance as they
obviously determine the blueshifts of surface plasmon resonances for the gold dimers with radii
smaller than approximately 35 nm and the electromagnetic field enhancement for the gold dimers with
radii ranging from 20 to 50 nm. In addition, blending the adequate size-dependent effects and nonlocal
effects can more accurately reflect reductions in the main energy loss peaks and the electromagnetic
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field enhancement due to quantum confinement effects for the gold dimers with radii smaller than
approximately 20 nm, as well as the weight relations of the contributions of surface and bulk vibrational
modes for the gold dimers with radii ranging from 1 to 50 nm; for the gold dimers with radii larger
than 50 nm, the nonlocal effects in the EELS and optical responses decrease as the radii increase further,
and the local effects almost dominate the EELS and optical responses as radii up to 100 nm.

Our NLSD model used here accounts for the plasmonic nanoparticles behavior combining local,
nonlocal and size-dependent effects, and reconciles the discrepancy between classical electromagnetic
theory and quantum mechanical theory for plasmonics and nanophotonics in broader energy and size
ranges. Importantly, although we have focused on gold spherical dimers, our approach can be extended
to motivate new, and more precise experimental studies on other metallic nanostructures with complex
configurations, particularly those where quantum-size effects and strongly interacting effects are likely
to play a large role. In the future, we expect that our approach will make possible a deep exploration
of the dissipative quantum electromagnetics, where couple loss or dissipation in a quantum system to
a bath of oscillators maintained a strong connection with the classical electromagnetic system [47].
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