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Published: 15 July 2016 . Forthe attractive plasmonic structure consisting of metal nanoparticles (NPs) on a mirror, the

. coexistence of near-field NP-NP and NP-mirror couplings is numerically studied at normal incidence. By

mapping their 3D surface charge distributions directly, we have demonstrated two different kinds of
mirror-induced bonding dipole plasmon modes and confirmed the bonding hybridizations of the mirror
and the NP-dimer which may offer a much stronger near-field enhancement than that of the isolated
NP dimers over a broad wavelength range. Further, it is revealed that the huge near-field enhancement
of these two modes exhibit different dependence on the NP-NP and NP-mirror hot spots, while both of
their near-field resonance wavelengths can be tuned to the blue exponentially by increasing the NP-NP
gaps or the NP-mirror separation. Our results here benifit significantly the fundamental understanding

and practical applications of metallic NPs on a mirror in plasmonics.

Near-field enhancement is one of the most remarkable phenomena associated with nobel metals in the visible
region. When light interacts with metals, collective oscillations of the conduction electrons can be excited at
the metal surface, which are known as surface plasmons (SPs)’. As a result, local electric fields within the metal
nanostructures can achieve strengths which are orders of magnitude higher than that of the incident field. This
unique feature serves as the fundamental mechanism for a wide variety of applications such as surface enhanced
spectroscopies%, chemical and biological sensing’~?, single molecule detection'®!!, nonlinear optics!?>-%, to name
afew.

One of the most geometrically simple but plasmonically important structures is the dimer, consisting of two
metal nanoparticles (NPs) separated by a nanoscale gap'>'6. Usually, dipole plasmons of individual NPs hybridize
to form the bonding dipole plasmon (BDP) mode at lower energies, giving rise to enormous electromagnetic
(EM) field enhancement at the nanogap, i.e., the “hot-spot”'”!%. Local EM fields can be further enhanced by nar-
rowing the gaps until reaching the quantum tunneling region'®. Yet, despite the continuous progress of nanofab-
rication techniques, the production of dimers with reproducible and controllable nanogaps remains a challenge
nowadays, especially for gap dimensions under 10 nm?°2!.

Alternatively, one closely related system composed of metal NPs positioned over a thin metal film has recently
received an increasing amount of attention?”~?. In the nanoparticle-on-mirror (NPOM) structures®*-2%, the
NP couples with its mirror image in the metal film, which can be understood as the hybridization between the
localized surface plasmon of the NP and the propagating surface plasmon polariton of the metal surface?*-3!.
Within the NP-mirror gap region, the EM fields is strongly enhanced, generating a hot-spot. In addition, the
NPOM structures can be easily fabricated over large areas using well-developed top-down foundry processes
instead of expensive and time-consuming e-beam based nanofabrication. The NP-mirror separation distance
can be well-tuned by adjusting the thickness of the dielectric spacer down to nanometer and even subnanometer
scale, resulting in both the tunable resonance positions and highly uniform, reproducible hot-spots®*-¢. All these

. advantages make the NPOM system a promising platform for surface enhanced Raman scattering (SERS)?728:3%34,
- plasmon enhanced photoluminescence®”, surface enhanced fluorescence®, plasmon-driven surface catalysis*,
. and related electronic effects.

So far, beside the thickness of the dielectric spacer, the NPOM system is also found to be remarkly sensi-

tive to various other factors, including the angle of incidence, the surrounding medium, the NP size and
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Figure 1. Schematic structure and calculated average near-field enhancement spectra. (a) Schematic
structure of considered NPOM system. (b,c) FEM calculated near-field EF spectra by: (b) keeping t=2nm
unchanged and varying g; (c) keeping g=2 nm unchanged but varying ¢ instead. The dashed black curve is the
calculated spectrum for an isolated Au NP dimer with g=2nm.

material?*>41-44 However most of these studies are focused on the dipole response of single NP on the mir-
ror. For multi-particle configurations above the mirror including the NPOM structure and the structure for
shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS)*?7%, both of the NP-NP and NP-mirror
couplings contribute to the total near-field enhancement. A lot of effort has been put into the precise control over
the locations of hot spots and the brilliant spectroscopy applications*-*. Understanding and predicting the plas-
mon hybridizations present in these complicated system are both necessary to realize and fully optimize potential
plasmonic devices.

In this paper, the coexistence of near-field NP-NP and NP-mirror couplings at normal incidence is numeri-
cally considered using a NP-dimer on a mirror (NPDOM) model. The plasmon hybridizations are investigated
by varying the gap width of the NP dimer and the thickness of the dielectric spacer. Although the incident angle
can be optimized to achieve a maximum near-field enhancement®”*, the normal illumination is widely used in
practical applications, especially for portable Raman spectrometer®*?%. To be specific, we demonstrate two dif-
ferent kinds of BDP modes in the presence of the mirror and confirm the bonding hybridization of the mirror and
the NP-dimer by mapping 3D surface charge distributions directly. Their near-field enhancement and resonance
shifts have also been summarized. The system investigated here can provide a general idea and indication of the
plasmon hybridizations and related near-field enhancement of metallic NPs on a metal mirror structures.

Computational Method

3D electrodynamic calculations are performed using frequency-domain finite element method (FEM) in
COMSOL Multiphysics software package (installed on a Quad Intel Xeon CPU, 64 GB RAM workstation).
Typically, the studied structure consists of Au NPs (radius R =60 nm) located randomly above a metal mirror,
separated by a thin AL,O; dielectric spacer, as is schematically depicted in Fig. 1(a). The mirror is set to be 100 nm
in thickness, which is optically thick for metals in the visible regime. The Al,O; layer can be prepared by atomic
layer deposition (ALD) of oxides directly onto the mirror?”**. For simplicity, the NPDOM structure is considered
first. The presence of a third NP won't significantly change the NP-NP coupling and the near-field enhance-
ment distribution of the system as the couplings between NPs relies on their separations?*#+>2, In the process of
simulation, the illumination is incident from the particle side, normal to the mirror, with a polarization along
the dimer axis. The refractive index of Al,O; is 1.62 while the metal dielectric functions (w) are modeled by a
Lorentz-Drude dispersion model fitting the experimental data in Palik’s book™:
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where w,, is the plasma frequency with oscillator strength f, and damping constant I The last term of Eq. 1 is
the result of the Lorentz modification, where m is the number of oscillators with frequency w;, strength f; and
damping constant I. The fitting parameter values for gold are f,=0.760, w,=9.03 eV, I;,=0.053 ¢V, f;=0.024,
I,=0.241eV, w,=0.415eV, f,=0.010, I, = 0.345eV, w,= 0.830eV, f,= 0.071, I';= 0.870 eV, w; = 2.969 eV,
f:=0.601, I;=2.294¢V, w,=4.304eV, f;=4.384, [;=2.214eV, w;=13.32eV>°,

Meanwhile in practical applications, it has recently been fully appreciated that there exists a distinct deviation
of spectral positions between the near- and far-field plasmonic responses as the near-field resonance is usually
red-shifted compared to the far-field resonance, and in many cases only single or several fixed laser wavelengths
are considered for the near-field enhancement!®*”%%, To collect the entire near-field spectral characteristics and
to extract the resonance wavelength where a maximum near-field enhancement is achieved, an average near-field
enhancement spectroscopy is used in this paper*-5. The spectroscopy is obtained by averaging the volume inte-
gral of |E|*/|E|*:
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where V is the volume within a certain distance above the metal NP surface (here we take 2nm)°®!, |Ey|=1V/m is
the modulus of incident field and E= (E,, E,, E,) is the local electric field. It is known that the enhancement factor
(EF) of SERS is approximately proportional to the forth power of the local electric field intensity (|E|*/|Ey|*)®>¢.
Thus the physical significance of EF can be understood as the averaged EM EF of surface enhanced Raman scat-
tering (SERS) on the assumption that adsorbed Raman probe molecules distribute randomly and uniformly at the
surface of metal NPs. The far-field properties in terms of the extinction spectra are calculated for comparison (see
Supplementary Fig. S2). As is known, 3D FEM is very computational expensive®. The computational time for an
entire spectrum in this paper, e.g., 60 spectral points in the wavelength range of 400-1000 nm with 10 nm wave-
length spacing is around 48 h. The highest spatial resolution of the grid is 0.5 nm at the gaps in all our simulations,
resulting into more than three layers of grid within the gaps which can ensure the numerical accuracy to some
extent, yet the calculated maximum electric field may be stronger using a finer meshing grid+>.

To confirm the plasmon mode, 3D surface charge distributions are calculated by considering the skin effect
and applying Gauss’ law during FEM calculations. Based on the skin effect, we assume that the induced charge
density p, is the largest at the metal surface S and decreases exponentially when spreading into the metal:

p,=pe ", 3)
where p is the charge density at the surface, r is the depth from the surface and ¢ is the skin depth®-¢. The total
polarization charge Q = 0 within the metal NP is thus:

Q= f[/ﬂ,drds = /f pe "drdS = #s pde;R e oy
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where R is the radius of the nanoparticle.
On the other hand, the Gauss’ law in the integral form is:

(I)EZEQ_OZ#S(”.E) dS:#S(nx~Ex+ny-E},+nZ-EZ)dS, 5)

where @ is the electric flux through the metal surface S, ¢, is the permittivity of vacuum, n=(n,, n,, n,) is the

outward normal vector of the metal surface and E= (E,, E, E,) is the local electric field. The surface charge den-

sity can then be deduced by:

so(nx “E.+n,-E, +n, - EZ)
6(1 _ e—R/&)

p= o<(nx~Ex+n},-Ey+nz'EZ),

(6)

In the process of FEM calculations and plasmon mapping, (n,- E,+n,-E,+n_-E,) is used to indicate the
surface charge density p. The use of this mapping approach makes it possible for us to acquire directly 3D surface
charge distributions, which is ideally suited to recognize the geometry (or order) of complicated and hybridized
plasmon modes®.

Results and Discussion
Average near-field enhancement spectra. The coexistence of near-field NP-NP and NP-mirror cou-
plings present in the NPDOM model is investigated by varying the dimer gap g and the spacer thickness t as they
significantly affect the strength of NP-NP and NP-mirror couplings, respectivley'®?”. Figure 1(b) shows the calcu-
lated near-field EF spectra by increasing g from 2 to 60 nm and keeping t=2nm unchanged, while in Fig. 1(c),
g=2nm, t varies from 2 to 50 nm. It is noticed that there are two pronounced resonance peaks for each structure.
In particular, the peak positions are A= 1020 and 720 nm for NPDOM g=2nm, t=2nm. In both plots, those
peaks indicated by up triangle symbols are indentified to be the same kind of plasmon mode (I) and the ones
indicated by down triangle symbols belongs to another plasmon mode (II), which will be demonstrated in Figs 2
and 3. As either g or t increases, both modes exhibit a gradual blueshift and the near-field enhancement sustained
by mode II undergoes a modest decrease. For mode I, the peak near-field enhancement decreases rapidly as g
increases but stays nearly steady when ¢ changes. These similarities and differences in response to changes of g and
t factors are further analyzed in the following parts.

As a blank control, the NPDOM structures with mirror removed, i.e., isolated dimers have also been studied.
To be specific, the dashed black curve in Fig. 1(c) is the calculated EF spectrum for an isolated dimer with
g=2nm. The peak intensity EF = 1.7 x 10° occurs at A= 705 nm, where the plasmon mode is confirmed to be the
BDP mode (Fig. S1)!8. Compared this spectrum with the solid black one (NPDOM g=2nm, t=2nm), we find
surprisingly that not only is the mirror-induced peak EF intensity (2.5 x 107) much stronger than that of the iso-
lated dimer, but also, over a broad wavelength range, the near-field enhancement of the NPDOM configuration is
stronger than that of the corresponding isolated dimer. In other words, the near-field enhancement of a dimer can
be further enhanced by adding a mirror and the NPDOM configuration offers an approach to raise the upper
limit of the near-field enhancement based on conventional dimer systems. This additional enhancement
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Figure 2. Plasmon mapping of MBDP mode I. (a—c) Typical local electric field distributions in the form of
logarithmic |E/E|* for MBDP mode I. From left to right, (a) g=2nm, f=2nm, A=1020nm; (b) g=40nm,
t=2nm, A=2890nm; (c) g=2nm, t=20nm, A=850nm. (d-f) 3D surface charge distributions corresponding
to (a—c), respectively. Red color represents positive charge while blue is negative. Each black arrow indicates a
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Figure 3. Plasmon mapping of MBDP mode II. (a—c) Local electric field distributions and (d-f) 3D surface
charge distributions for MBDP mode II at shorter wavelengths A =720, 650 and 620 nm, respectively. The
configurations and mapping method are the same as in Fig. 2.

mechanism can significantly benefit applications like single molecule detection®®**. To understand the extreme
enhancement, the plasmon hybridizations are investigated.

Plasmon mapping. For mode, typical local electric field distributions at the resonance energies are shown
in the upper panels of Fig. 2, in the form of logarithmic |E/E,|* (i.e., EF). Figure 2(a—c) correspond to NPDOM
configurations: (a) g=2nm, t=2nm; (b) g=40nm, t=2nm; (c) g=2nm, t=20nm from left to right, where the
maximum EF=1.3 x 10"}, 1.0 x 10%, 1.3 x 10" and EF =2.5 x 107, 8.8 x 10, 1.8 x 10 respectively. It is easy to see
that there are two kinds of hot-spots in Fig. 2(a): one is located at the NP-NP gap and the other is located at the
NP-mirror gap. As g increases, both hot-spots degenerate rapidly (Fig. 2(b)), especially the NP-NP hot-spot.
However when t increases, the NP-mirror hot-spot degenerates while the NP-NP hot-spot remains.
Experimentally, the two kinds of hot spots can be precisely located using SERS spectroscopy by rationally choos-
ing the probe molecules and excitation wavelengths?45>53,
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Figure 4. Peak near-field enhancement. (a,b) Extracted peak EF intensity of MBDP modes I and IT as a
function of: (a) the dimer gap g; (b) the spacer thickness t, respectively.

In the bottom panels of Fig. 2, the corresponding 3D surface charge distributions are plotted. It is worth
mentioning that the plotted surface charge distributions are with the maximum transient charge polarizations
within one full oscillation (See Supplementary Movies S1 and S2). We can observe a strong correlation between
the surface plasmon geometry and the local electric field distributions. The mapping here shows clearly the fun-
damental dipole mode for individual NPs, the hybridized BDP mode in terms of the NP dimer, and a single dipole
in the mirror, which are illustrated by black arrows in Fig. 2(d). Seen from the geometry of surface charge poles,
we can confirm the plasmon mode as the same one, which is named mirror-induced BDP (MBDP) mode I for
convenience. The image poles in the mirror are induced by neighboring opposite poles of the NPs on the mirror.
Therefore, as g increases, the strongth of the NP-NP coupling soon becomes weaker, resulting into a weakened
NP-mirror coupling and thus the degeneration of both hot-spots (Fig. 2(b)). Keeping g unchanged, the NP-mirror
coupling can be further weakened by increasing the factor ¢ (Fig. 2(c)).

Figure 3 shows the local electric field distributions and 3D surface charge distributions for MBDP mode II
corresponding to each of the structures in Fig. 2. Still, both the NP-NP and NP-mirror hot-spots are observed in
NPDOM g=2nm, t=2nm. The maximum EF=2.5 x 10}, EF = 1.3 x 107. The difference is that: as g increases,
the NP-mirror hot-spot remains while the NP-NP hot-spot degenerates rapidly (Fig. 3(b)); when t increases, it is
the NP-NP hot-spot that remains and the NP-mirror hot-spot degenerates (Fig. 3(c)). The plasmon modes are
confirmed by the mapping in Fig. 3(d-f). Viewed from the NP dimers, the mode also belongs to the BDP mode,
yet the orientations of individual dipoles differ from those in Fig. 2(d-f). A gradual plasmon evolution of mode II
as t increases from 2 to 20 nm (keeping g= 2 nm) is shown in Fig. S3. There are two dipoles induced in the mirror
as indicated by the black arrows in Fig. 3(d). Each NP on the mirror couples with its image dipole independently.
Considering the total number of poles, MBDP mode II contains four dipoles (or a pair of NPOM quadrupole, see
Fig. S4(b)) while mode I contains three diploes. Therefore mode II can be treated as a higher order plasmon mode
with respect to mode I, and it also makes sense that mode II occurs at shorter wavelengths (higher energies).

As a conclusion, the extreme near-field enhancement induced by the mirror can now be qualitatively attrib-
uted to the bonding hybridizations of the propagating surface plasmon modes on the mirror surface and the
localized surface plasmon mode of the NP-dimer, which is also found in the structure for SHINERS®>7°, The
NP-dimer offers one component: the bonding dipole plasmon (BDP) mode, while the mirror offers a dipole mode
and a two-dipole mode (one order higher, occurs at shorter wavelengths), see the black arrows in Figs 2(d) and
3(d). Note that for the NPDOM configuration g=2nm, t=2nm, mode I and II take place at A=1020 and 720 nm
respectively (Fig. 1), which are red shifted compared with the BDP mode of the isolated dimer (A=705nm). This
is consistent with the result predicted by the plasmon hybridization model’}, i.e., a bonding mode occurs at longer
wavelengths (or lower energies). Actually, seen from the orientations of their hybridized surface charge poles and
the opposite poles in adjacent regions (Figs 2 and 3), the bonding property of the plasmon hybridizations can be
concluded directly®.

Peak near-field enhancement.  For further understanding on mirror-induced near-field enhancement and
the plasmon resonances, the peak EF intensities of MBDP modes I and IT in Fig. 1(b,c) are extracted and plotted
in Fig. 4, as a function of the dimer gap g and the spacer thickness ¢, respectively. It is clear that for mode I, the
responses on near-field enhancement to g and ¢ changes are quite different. As g continues to increase, the peak
EF decreases almost exponentially, owing to a rapid degeneration of both NP-NP and NP-mirror hot-spots. But
when t increases, it stays nearly steady at a relatively high intensity (EF > 1.2 x 107). Thus the total near-field
enhancement of MBDP mode I is mainly determined by the NP-NP hot-spot while being affected little by the
changes in the spacer thickness. Interestingly, noticing the blueshift of the resonance (Fig. 1(c)), it can be con-
cluded that the change of ¢ factor offers a strategy to easily tune mode I to a desired resonance wavelength in
practical applications without decreasing its maximum near-field enhancement.
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Figure 5. Near-field resonance shift. Extracted resonance wavelengths for both modes as a function of: (a) the
dimer gap g; (b) the spacer thickness f, respectively. The smooth curves in both plots represent least-squares fits
to the single-exponential decay function.

Configuration a 1(nm) Ay (nm) R?

MBDP Ivs. g 161.3 8.207 887.3 0.969
MBDP I vs. g 87.43 7.607 650.8 0.991
MBDP I vs. t 259.8 5.161 838.6 0.984
MBDP Il vs. t 150.6 4.740 619.5 0.993

Table 1. Fitting parameters for the exponential decay curves A = a - ¢ "* + X in Fig. 5(a,b).

On the other hand, for mode II, it is found that both g and ¢ decrease the peak EF intensity slowly, approaching
a stable value respectively. The total near-field enhancement is a result of synergistic effects of NP-NP and
NP-mirror couplings®. Considering the evolutions of the NPDOM structure, as g increases endlessly, it is actually
an isolated NPOM structure (See Fig. S4). And when t approaches infinity, it can be treated as an isolated NP
dimer. In the latter case, the peak EF=1.8 x 10¢ for NPDOM g=2nm, t=50nm, which is indeed identical with
the maximun intensity 1.6 x 10° for an isolated NP dimer g=2nm. The detailed near- and far- field plasmonic
properties for the isolated dimer system can be found in our previous work!®. As for the former, the peak
EF =2.1 x 10° for NPDOM g= 60 nm, =2 nm, coinciding with the peak EF = 2.1 x 10° for NPOM t=2nm
which is shown by the black curve in Fig. S4(a).

Near—field resonance shift. Considering the spectral deviation between the near- and far-field plasmonic
responses'®8, it is of significant importance to clarify the near-field resonance shift in order to maximize the
near-field enhancement at a specific excitation wavelength in practical applications. In Fig. 5, we summarize the
near-field resonance wavelengths of MBDP modes I and II. Surprisingly, both modes are blue shifted with a lower
speed as not only the dimer gap g but also the spacer thickness ¢ increases monotonically, suggesting the consist-
ency between NP-NP and NP-mirror couplings in terms of the nature of near-field coupling. The smooth curves
in the plots are least-squares fits to single-exponential decay function:

\N=a- e—l/x

+ Ao (7)
where ) is the resonance wavelength, x represents one of the two factors: g and . The fitting parameters a, [ and
Ao are listed in Table 1. For each configuration, the decay length [ is within 10 nanometers. We also find that the
resonance shift of MBDP mode I is of a relatively high decay length compared to that of MBDP mode II. The
fitting here is encouraged by the plasmon ruler equation summarized for the far-field resonance shift’>”. It turns
out to be suitable for the near-field coupling as well. Also a power law fit may be appropriate here’%. Based on a
quasistatic dipole coupling model, an intuitive picture of the distance decay of the near-field coupling in metal
nanostructures can be presented’?. Basically the dipole near-field of a plasmonic particle decays as the cube of the
inverse distance. As a result, the near-field coupling strength in a dimer or NPOM system becomes a function of
g2 or 73, a dependence which can be approximated very nearly to an exponential decay.

Conclusion

In conclusion, we have performed a numerical study on the plasmon hybridizations and related near-field
enhancement of metallic nanoparticle-dimer on a mirror structures. The coexistence of NP-NP and NP-mirror
couplings is considered at normal incidence. By mapping their 3D surface charge distributions directly, we have
demonstrated two different kinds of MBDP modes and confirmed the bonding hybridizations of the mirror and
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the NP-dimer which may offer a much stronger near-field enhancement than that of the isolated NP dimers over
a broad wavelength range. It is further revealed that the near-field enhancement of these two modes exhibit differ-
ent dependence on the NP-NP and NP-mirror hot spots. The total near-field enhancement of MBDP mode I that
occurs at longer wavelengths compared to mode II is mainly determined by NP-NP hot-spots. For MBDP mode
11, the total near-field enhancement is a result of synergistic effects of NP-NP and NP-mirror couplings instead.
The near-field resonance wavelengths of both modes can be tuned to the blue exponentially by increasing the
NP-NP gap or the NP-mirror separation. Our results here benifit significantly the fundamental understanding
and practical applications of metallic NPs on a mirror structures in plasmonics.

References

1.

19.

20.
21.

22.
23.
24.
25.
26.
27.
28.

29.
30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

Kelly, K. L., Coronado, E., Zhao, L. L. & Schatz, G. C. The optical properties of metal nanoparticles: The influence of size, shape, and
dielectric environment. J. Phys. Chem. B 107, 668-677 (2003).

. Li, J. E et al. Shell-isolated nanoparticle-enhanced Raman spectroscopy. Nature 464, 392-395 (2010).
. Sharma, B. et al. SERS: Materials, applications, and the future. Mater. Today 15, 16-25 (2012).
. Brouard, D., Viger, M. L., Bracamonte, A. G. & Boudreau, D. Label-Free Biosensing Based on Multilayer Fluorescent

Nanocomposites and a Cationic Polymeric Transducer. ACS Nano 5, 1888-1896 (2011).

. Lal, S. et al. Tailoring plasmonic substrates for surface enhanced spectroscopies. Chem. Soc. Rev. 37, 898-911 (2008).

. Zhou, Q. et al. Enhanced surface-enhanced Raman scattering performance by folding silver nanorods. Appl. Phys. Lett. 100, 113101
(2012).
. Lal, S,, Clare, S. E. & Halas, N. J. Nanoshell-Enabled Photothermal Cancer Therapy: Impending Clinical Impact. Acc. Chem. Res. 41,

1842-1851 (2008).

. Ringe, E. et al. Single nanoparticle plasmonics. Phys. Chem. Chem. Phys. 15, 4110-4129 (2013).

. Yang, A. et al. Hetero-oligomer Nanoparticle Arrays for Plasmon-Enhanced Hydrogen Sensing. ACS Nano 8, 7639-7647 (2014).

. Kneipp, K. et al. Single molecule detection using surface-enhanced Raman scattering (SERS). Phys. Rev. Lett. 78, 1667-1670 (1997).
. Nie, S. & Emory, S. R. Probing single molecules and single nanoparticles by surface-enhanced Raman scattering. Science 275,

1102-1106 (1997).

. Kim, S. et al. High-harmonic generation by resonant plasmon field enhancement. Nature 453, 757-760 (2008).
. Aouani, H., Rahmani, M., Navarro-Cia, M. & Maier, S. A. Third-harmonic-upconversion enhancement from a single semiconductor

nanoparticle coupled to a plasmonic antenna. Nat. Nanotechnol. 9, 290-294 (2014).

. Kauranen, M. & Zayats, A. V. Nonlinear plasmonics. Nat. Photonics 6, 737-748 (2012).
. Hao, E. & Schatz, G. C. Electromagnetic fields around silver nanoparticles and dimers. J. Chem. Phys. 120, 357-366 (2004).
. McMahon, J. M., Gray, S. K. & Schatz, G. C. Fundamental behavior of electric field enhancements in the gaps between closely spaced

nanostructures. Phys. Rev. B 83, 115428 (2011).

. Nordlander, P. et al. Plasmon hybridizaton in nanoparticle dimers. Nano Lett. 4, 899-903 (2004).
. Huang, Y. et al. Nanogap effects on near- and far-field plasmonic behaviors of metallic nanoparticle dimers. Phys. Chem. Chem. Phys.

17,29293-29298 (2015).

Zuloaga, J., Prodan, E. & Nordlander, P. Quantum Description of the Plasmon Resonances of a Nanoparticle Dimer. Nano Lett. 9,
887-891 (2009).

Huck, C. et al. Surface-Enhanced Infrared Spectroscopy Using Nanometer-Sized Gaps. ACS Nano 8, 4908-4914 (2014).
Chirumamilla, M. et al. 3D Nanostar Dimers with a Sub-10-nm Gap for Single-/Few- Molecule Surface-Enhanced Raman
Scattering. Adv. Mater. 26, 2353-2358 (2014).

Ciraci, C. et al. Probing the Ultimate Limits of Plasmonic Enhancement. Science 337, 1072-1074 (2012).

Moreau, A. et al. Controlled-reflectance surfaces with film-coupled colloidal nanoantennas. Nature 492, 86-90 (2012).

Wang, X. et al. Probing the Location of Hot Spots by Surface-Enhanced Raman Spectroscopy: Toward Uniform Substrates. ACS
Nano 8, 528-536 (2014).

Trivedi, R., Thomas, A. & Dhawan, A. Full-wave electromagentic analysis of a plasmonic nanoparticle separated from a plasmonic
film by a thin spacer layer. Opt. Express 22, 19970-19989 (2014).

Aravind, P. K., Rendell, R. W. & Metiu, H. A New Geometry for Field Enhancement in Surface-Enhanced Spectroscopy. Chem. Phys.
Lett. 85, 396-403 (1982).

Mubeen, S. et al. Plasmonic Properties of Gold Nanoparticles Separated from a Gold Mirror by an Ultrathin Oxide. Nano Lett. 12,
2088-2094 (2012).

Hakonen, A. et al. Dimer-on-mirror SERS substrates with attogram sensitivity fabricated by colloidal lithography. Nanoscale 7,
9405-9410 (2015).

Seidel, J. et al. Coupling between surface plasmon modes on metal films. Phys. Rev. B 69, 121405 (2004).

Chu, Y. Z. & Crozier, K. B. Experimental study of the interaction between localized and propagating surface plasmons. Opt. Lett. 34,
244-246 (2009).

Mock, J. J. et al. Distance-dependent plasmon resonant coupling between a gold nanoparticle and gold film. Nano Lett. 8, 2245-2252
(2008).

Mertens, J. et al. Controlling Subnanometer Gaps in Plasmonic Dimers Using Graphene. Nano Lett. 13, 5033-5038 (2013).

Zhang, L., Jiang, C. & Zhang, Z. Graphene oxide embedded sandwich nanostructures for enhanced Raman readout and their
applications in pesticide monitoring. Nanoscale 5, 3773-3779 (2013).

Li, X. et al. Highly Intensified Surface Enhanced Raman Scattering by Using Monolayer Graphene as the Nanospacer of Metal Film-
Metal Nanoparticle Coupling System. Adv. Funct. Mater. 24, 3114-3122 (2014).

Ciraci, C. et al. Film-coupled nanoparticles by atomic layer deposition: Comparison with organic spacing layers. Appl. Phys. Lett.
104, 023109 (2014).

Li, X. et al. An all-copper plasmonic sandwich system obtained through directly depositing copper NPs on a CVD grown graphene/
copper film and its application in SERS. Nanoscale 7, 11291-11299 (2015).

Fernandez-Garcia, R. et al. Use of a gold reflecting-layer in optical antenna substrates for increase of photoluminescence
enhancement. Opt. Express 21, 12552-12561 (2013).

Lumdee, C., Yun, B. & Kik, P. G. Gap-Plasmon Enhanced Gold Nanoparticle Photoluminescence. ACS Photonics 1, 1224-1230
(2014).

Li, A., Isaacs, S., Abdulhalim, I. & Li, S. Ultrahigh Enhancement of Electromagnetic Fields by Exciting Localized with Extended
Surface Plasmons. J. Phys. Chem. C 119, 19382-19389 (2015).

Wang, H. et al. Plasmon-driven surface catalysis in hybridized plasmonic gap modes. Sci. Rep. 4, 7087 (2014).

Yoon, J. K., Kim, K. & Shin, K. S. Raman Scattering of 4-Aminobenzenethiol Sandwiched between Au Nanoparticles and a
Macroscopically Smooth Au Substrate: Effect of Size of Au Nanoparticles. J. Phys. Chem. C 113, 1769-1774 (2009).

Knight, M. W. et al. Substrates Matter: Influence of an Adjacent Dielectric on an Individual Plasmonic Nanoparticle. Nano Lett. 9,
2188-2192 (2009).

SCIENTIFIC REPORTS | 6:30011 | DOI: 10.1038/srep30011 7



www.nature.com/scientificreports/

43. Li, L., Hutter, T, Steiner, U. & Mahajan, S. Single molecule SERS and detection of biomolecules with a single gold nanoparticle on a
mirror junction. Analyst 138, 4574-4578 (2013).

44. Chen, A. et al. Plasmonic Amplifiers: Engineering Giant Light Enhancements by Tuning Resonances in Multiscale Plasmonic
Nanostructures. Small 9, 1939-1946 (2013).

45. Li, J.-F. et al. Extraordinary Enhancement of Raman Scattering from Pyridine on Single Crystal Au and Pt Electrodes by Shell-
Isolated Au Nanoparticles. J. Am. Chem. Soc. 133, 15922-15925 (2011).

46. Liu, H. et al. Strong plasmon coupling between two gold nanospheres on a gold slab. New J. Phys. 13, 073040 (2011).

47. Ding, S.-Y., Yi, ], Li, J.-F. & Tian, Z.-Q. A theoretical and experimental approach to shell-isolated nanoparticle-enhanced Raman
spectroscopy of single-crystal electrodes. Surf. Sci. 631, 73-80 (2015).

48. Chen, X. et al. Probing Plasmonic Gap Resonances between Gold Nanorods and a Metallic Surface. J. Phys. Chem. C 119,
18627-18634 (2015).

49. Li, C.-Y. et al. In Situ Monitoring of Electrooxidation Processes at Gold Single Crystal Surfaces Using Shell-Isolated Nanoparticle-
Enhanced Raman Spectroscopy. J. Am. Chem. Soc. 137, 7648-7651 (2015).

50. Li, J.-E. et al. Electrochemical Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy: Correlating Structural Information and
Adsorption Processes of Pyridine at the Au(hkl) Single Crystal/Solution Interface. J. Am. Chem. Soc. 137, 2400-2408 (2015).

51. Li, C.-Y. et al. In-situ electrochemical shell-isolated Ag nanoparticles-enhanced Raman spectroscopy study of adenine adsorption
on smooth Ag electrodes. Electrochimica Acta 199, 388-393 (2016).

52. Chen, S. et al. How To Light Special Hot Spots in Multiparticle-Film Configurations. ACS Nano 10, 581-587 (2016).

53. Ding, S.-Y. et al. Nanostructure-based plasmon-enhanced Raman spectroscopy for surface analysis of materials. Nat. Rev. Mater. 1,
16021 (2016).

54. Ma, L. et al. Silver Nanorods Wrapped with Ultrathin AI203 Layers Exhibiting Excellent SERS Sensitivity and Outstanding SERS
Stability. Sci. Rep. 5, 12890 (2015).

55. Palik, E. D. Handbook of Optical Constants of Solid. (Academic Press, 1985).

56. Rakic, A. D., Djurisic, A. B., Elazar, ]. M. & Majewski, M. L. Optical properties of metallic films for vertical-cavity optoelectronic
devices. Appl. Opt. 37, 5271-5283 (1998).

57. Ross, B. M. & Lee, L. P. Comparison of near-and far-field measures for plasmon resonance of metallic nanoparticles. Opt. Lett. 34,
896-898 (2009).

58. Sanz, J. M. et al. UV Plasmonic Behavior of Various Metal Nanoparticles in the Near- and Far-Field Regimes: Geometry and
Substrate Effects. J. Phys. Chem. C 117, 19606-19615 (2013).

59. Wustholz, K. L. et al. Structure-Activity Relationships in Gold Nanoparticle Dimers and Trimers for Surface-Enhanced Raman
Spectroscopy. J. Am. Chem. Soc. 132, 10903-10910 (2010).

60. Kleinman, S. L. et al. Structure Enhancement Factor Relationships in Single Gold Nanoantennas by Surface-Enhanced Raman
Excitation Spectroscopy. J. Am. Chem. Soc. 135, 301-308 (2013).

61. Huang, Y. et al. Near-field mapping of three-dimensional surface charge poles for hybridized plasmon modes. AIP Advances 5,
107221 (2015).

62. GarciaVidal, F. J. & Pendry, J. B. Collective theory for surface enhanced Raman scattering. Phys. Rev. Lett. 77, 1163-1166
(1996).

63. Jeanmaire, D. L. & Van Duyne, R. P. Surface Raman spectroelectrochemistry: Part I. Heterocyclic, aromatic, and aliphatic amines
adsorbed on the anodized silver electrode. J. Electroanal. Chem. 84, 1-20 (1977).

64. Solis, D. M. et al. MLFMA-MoM for Solving the Scattering of Densely Packed Plasmonic Nanoparticle Assemblies. IEEE Photonics
J. 7, 4800709 (2015).

65. Araujo, M. G. et al. Comparison of surface integral equation formulations for electromagnetic analysis of plasmonic nanoscatterers.
Opt. Express 20,9161-9171 (2012).

66. Seo, M. A. et al. Terahertz field enhancement by a metallic nano slit operating beyond the skin-depth limit. Nat. Photonics 3,
152-156 (2009).

67. Stockman, M. I. Nanoplasmonics: past, present, and glimpse into future. Opt. Express 19, 22029-22106 (2011).

68. David, C. & J G de Abajo, E Surface Plasmon Dependence on the Electron Density Profile at Metal Surfaces. ACS Nano 8, 9558-9566
(2014).

69. Huang, Y. et al. Gradual plasmon evolution and huge infrared near-field enhancement of metallic bridged nanoparticle dimers. Phys.
Chem. Chem. Phys. 18, 2319-2323 (2016).

70. Fang, Y. & Huang, Y. Electromagnetic field redistribution in hybridized plasmonic particle-film system. Appl. Phys. Lett. 102, 153108
(2013).

71. Prodan, E., Radloff, C., Halas, N. J. & Nordlander, P. A hybridization model for the plasmon response of complex nanostructures.
Science 302, 419-422 (2003).

72. Jain, P. K., Huang, W. Y. & El-Sayed, M. A. On the universal scaling behavior of the distance decay of plasmon coupling in metal
nanoparticle pairs: A plasmon ruler equation. Nano Lett. 7, 2080-2088 (2007).

73. Tabor, C., Murali, R., Mahmoud, M. & El-Sayed, M. A. On the Use of Plasmonic Nanoparticle Pairs As a Plasmon Ruler: The
Dependence of the Near-Field Dipole Plasmon Coupling on Nanoparticle Size and Shape. J. Phys. Chem. A 113, 1946-1953 (2009).

74. Mock, J. J. et al. Probing Dynamically Tunable Localized Surface Plasmon Resonances of Film-Coupled Nanoparticles by Evanescent
Wave Excitation. Nano Lett. 12, 1757-1764 (2012).

Acknowledgements

The authors thank Professor W.S. Lai for the access to COMSOL Multiphysics software. This work was supported
by the National Basic Research Program of China (973 program, grant No. 2013CB934301), the National Natural
Science Foundation of China (Grant Nos 51531006, 51572148), the Research Project of Chinese Ministry of
Education (Grant No. 113007A), and the Tsinghua University Initiative Scientific Research Program.

Author Contributions
Z.Z. supervised the project. Y.H. performed the simulations and wrote the manuscript. L.M., M.H., ].L. and Z.X.
participated in the data analysis. All authors discussed the results. L.M. proof read the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Huang, Y. et al. Hybridized plasmon modes and near-field enhancement of metallic
nanoparticle-dimer on a mirror. Sci. Rep. 6,30011; doi: 10.1038/srep30011 (2016).

SCIENTIFICREPORTS | 6:30011 | DOI: 10.1038/srep30011 8


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:30011 | DOI: 10.1038/srep30011 9


http://creativecommons.org/licenses/by/4.0/

	Hybridized plasmon modes and near-field enhancement of metallic nanoparticle-dimer on a mirror
	Introduction
	Computational Method
	Results and Discussion
	Average near-field enhancement spectra
	Plasmon mapping
	Peak near-field enhancement
	Near–field resonance shift

	Conclusion
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Hybridized plasmon modes and near-field enhancement of metallic nanoparticle-dimer on a mirror
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30011
            
         
          
             
                Yu Huang
                Lingwei Ma
                Mengjing Hou
                Jianghao Li
                Zheng Xie
                Zhengjun Zhang
            
         
          doi:10.1038/srep30011
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep30011
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30011
            
         
      
       
          
          
          
             
                doi:10.1038/srep30011
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30011
            
         
          
          
      
       
       
          True
      
   




