CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Effect of spatially nonlocal versus local optical response of a gold nanorod on

modification of the spontaneous emission

Sha-Sha Wen(3(7575), Meng Tian(H %), Hong Yang(#4L), Su-Jun Xie(#fi 27 ), Xiao-Yun Wang(T-/Nz), Yun
Li(Z=2), Jie Liu(XI7R), Jin-Zhang Peng(i2 4%+ ), Ke Deng(XS£}), He-Ping Zhao(#X#5F*), and Yong-Gang Huang(3%
FNI)

Citation:Chin. Phys. B, 2021, 30 (2): 027801. DOI: 10.1088/1674-1056/abc238

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Quantum plasmons in the hybrid nanostructures of double vacancy defected graphene

and metallic nanoarrays

Rui Tang(J# %), Yang Xu(f4:FH), Hong Zhang(iK L), and Xin-Lu Cheng(F£#T#%)
Chin. Phys. B, 2021, 30 (1): 017804. DOI: 10.1088/1674-1056/abaedb

Optical properties of several ternary nanostructures

Xiao-Long Tang (/)N JE), Xin-Lu Cheng(F£#1 %), Hua-Liang Cao(® #£+%), and Hua-Dong Zeng( % £ 7R)
Chin. Phys. B, 2021, 30 (1): 017803.  DOI: 10.1088/1674-1056/abaee6

Broadband strong optical dichroism in topological Dirac semimetals with Fermi velocity

anisotropy

JLim(PREEZS), K J A Ooi(#ifiE 22), C Zhang(liki), L K Ang(7t 4L ), Yee Sin Ang(#Li%fik)
Chin. Phys. B, 2020, 29 (7): 077802.  DOI: 10.1088/1674-1056/ab928e

Cascaded plasmonic nanorod antenna for large broadband local electric field

enhancement

Dou Zhang(7K ), Zhong-Jian Yang(# 7 1), Jun He({7] %)
Chin. Phys. B, 2019, 28 (10): 107802. DOI: 10.1088/1674-1056/ab3f99

Optical properties of ultra-thin InN layer embedded in InGaN matrix for light emitters

Yang Wei, Wu Yi-Yang, Liu Ning-Yang, Liu Lei, Chen Zhao, Hu Xiao-Dong
Chin. Phys. B, 2013, 22 (4): 047801. DOI: 10.1088/1674-1056/22/4047801


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc238
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc238
https://doi.org/10.1088/1674-1056/abc238
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abaedb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abaedb
https://doi.org/10.1088/1674-1056/abaedb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abaee6
https://doi.org/10.1088/1674-1056/abaee6
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab928e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab928e
https://doi.org/10.1088/1674-1056/ab928e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab3f99
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab3f99
https://doi.org/10.1088/1674-1056/ab3f99
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/4/047801
https://doi.org/10.1088/1674-1056/22/4/047801

Chin. Phys. B Vol. 30, No. 2 (2021) 027801

Effect of spatially nonlocal versus local optical response of a gold

nanorod on modification of the spontaneous emission”

Sha-Sha Wen(3L75¥5), Meng Tian(H4%), Hong Yang(#74L), Su-Jun Xie(HI & E),
Xiao-Yun Wang(F/Nz)", Yun Li(ZE%E), Jie Liu(XI7), Jin-Zhang Peng(¥ 4 ¥5),
Ke Deng(X5£}), He-Ping Zhao(*¥#9°F), and Yong-Gang Huang(# 5 Nij)*

College of Physics, Mechanical and Electrical Engineering Jishou University, Jishou 416000, China
(Received 28 June 2020; revised manuscript received 15 September 2020; accepted manuscript online 17 October 2020)

The spontaneous emission rate of a two-level quantum emitter (QE) near a gold nanorod is numerically investigated.
Three different optical response models for the free-electron gas are adopted, including the classical Drude local response
approximation, the nonlocal hydrodynamic model, and the generalized nonlocal optical response model. Nonlocal optical
response leads to a blueshift and a reduction in the enhancement of the spontaneous emission rate. Within all the three
models, the resonance frequency is largely determined by the aspect ratio (the ratio of the nanorod length to the radius) and
increases sharply with decreasing aspect ratio. For nanorod with a fixed length, it is found that the larger the radius is, the
higher the resonance frequency is, and the smaller the enhancement is. However, if the length of the nanorod increases, the
peak frequency falls sharply, while the spontaneous emission enhancement grows rapidly. For nanorod with a fixed aspect
ratio, the peak frequency decreases slowly with increasing nanorod size. Larger nanorod shows smaller nonlocal effect. At
a certain frequency, there is an optimal size to maximize the enhancement of the spontaneous emission rate. Higher order
modes are more affected by the nonlocal smearing of the induced charges, leading to larger blueshift and greater reduction
in the enhancement. These results should be significant for investigating the spontaneous emission rate of a QE around a

gold nanorod.

Keywords: spatially nonlocal response, hydrodynamics, spontaneous emission rate, gold nanorod

PACS: 78.20.Bh, 42.50.—p, 32.70.Jz, 73.20.Mf

1. Introduction

Recently, great progress has been made in the
field of quantum interaction between a quantum emit-
ter (QE) and localized plasmons. Due to the strong
field confinement beyond the traditional optical diffrac-
tion limit,[!! plasmonic nanostructure can be used to re-
duce the size of optical devices!>3! and to enhance the
light-matter interaction.[*'*) Many novel phenomena have
been reported, such as QE-plasmon bound state,””) en-
hanced spontaneous emission,>!] high-efficiency solar en-
ergy conversion,?>%3 biomedicine,**2°! photocatalysis, [*’]
enhanced single molecule Raman spectroscopy,*®! highly

sensitive detection, %!

[30]

position dependent dipole-dipole

interaction, and quantum information processing and

computing. 3!

Theoretically, the spontaneous emission rate of a QE
modified by the photonic environment can be expressed by
the photon Green’s function (GF).[3>3°1 Recently, we have
shown that the photon GF can be obtained exactly and effi-
ciently by calculating the optical response of the photonic en-
vironment to an oscillating electric point dipole source40?1

within the local optical response approximation (LRA). How-

DOI: 10.1088/1674-1056/abc238

ever, as the considered material system is on the nanoscale or
reaches even down to the atomic scale, the spatially nonlocal
and quantum effects can strongly affect the system response to
the optical fields (see Refs. [43,44] and references therein). In
this case, the quantum mechanical nature of the material plays
a decisive role and can not be accurately described within the
LRA. Some ab initio approaches have been proposed for this
problem, such as the time-dependent density functional theory
(TD-DFT)[#46] and the time-dependent orbital-free density
functional theory (TD-OFDFT).[*”] However, these methods
can be applied only for extremely small nanoparticles since
the computational cost increases cubically with the number
of electrons. For a generic plasmonic system with large fea-
ture sizes that are computationally prohibitive for ab initio
approaches, a semiclassical treatment based on the hydrody-
namic model (HDM) has been proposed in recent years. 48321
We can describe the size-dependent resonance shift by includ-
ing the Thomas—Fermi (TF) electron pressure due to Fermi-
Dirac statistics. By further including the diffusive contribu-
tion, a generalized nonlocal optical response (GNOR) model
can be used to understand the size-dependent broadening. >3]
It is in remarkable agreement with the TD-DFT results. For a
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thorough review of the LRA, the HDM, and the GNOR, one
can refer to Ref. [48], where all the three models are investi-
gated for a nanosphere.

By currently available nanotechnologies, individ-
ual metallic nanoparticle and plasmonic nanocavity of
various shapes and dimensions have been controllably
fabricated.’4%4 Tt is relatively easy to synthesize gold
nanorods in a controlled and reproducible fashion.®®-64] The
aspect ratio (the ratio of the length to the radius) and the abso-
lute dimensions can be controlled by different seeded growth
syntheses approaches (see Ref. [60] and related references).
Furthermore, due to the remarkable shape-dependent optical
properties, gold nanorods have been widely applied in sens-
ing, plasmon-enhanced spectroscopies, biomedical imaging,

(64711 Therefore, we are in-

and photothermal tumor therapy.
terested in whether and how the spatially nonlocal optical
response takes effect when gold nanorods are of different di-
mensions.

In this work, we study the differences among the LRA
model, the HDM, and the GNOR model for investigating the
spontaneous emission enhancement of a QE around a gold
nanorod. Different aspect ratios and dimensions are taken
into account, including fixed aspect ratio with different di-
mensions, fixed length, and fixed radius. The size-dependent
blueshift and linewidth broadening will be demonstrated. In
addition, nonlocal effect on the higher order modes is also in-
vestigated.

2. Model and method

As shown in Fig. 1, the gold nanorod, with radius R and
length L, is embedded in a background material with a rela-
tive permittivity of £ = 2.25. A two-level QE is located on
the rotationally symmetric axis of the nanorod (the z-axis) and
at height & above the metal surface. For simplicity, the tran-
sition dipole d = d £ is also oriented along this direction and
its strength is d = 24 Debye. We numerically investigate the
enhancement of the spontaneous emission rate when the LRA
model, the HDM, and the GNOR model are adopted for the
gold nanorod.

According to quantum electrodynamics, the spontaneous
emission rate reads

2d%Im[2 - G(ry, 70, @) - 2
I (ro;) = 2200 h(&f ie)2, ()

in which the photon GF G (7, 7; ®) can be obtained through

the spectrum E (7o) of the radiation electric field for an oscil-

lating electric point dipole d.e 1! [40-42]

G(ro,r0; ) - d,

at ro

E(rg) = 2)
(ro) &
Here, the spectrum E(r) satisfies43-53]
VXV XE—€ukiE =iou(J +J), (3a)

L b V(V-J)+J =0opE 3b
s iy o @
in which J is the induced current density for the free electrons,
and J; = —i@wd 6 (r — 7o) is the source current density of an
oscillatory electric point dipole d, at ry. Here &y is the rel-
ative permittivity associated with the interband transitions and
core electron response in the metal, and kg = ®/c is the wave
vector in vacuum. For the linear nonlocal relation between the
induced current density J and the electric field E [Eq. (3b)],
op = ig®?/(®+iy) is the Drude conductivity with @, and y
for the bulk plasma frequency and the collision rate,!”>73! re-
spectively; B is a well-known parameter in the hydrodynamic
model, which is approximately § = \/%v}: at high frequency
(@ > 1), with v being the Fermi velocity for the free elec-
trons. The parameter D is an ad hoc diffusion constant. In
this work, we are interested in how the nonlocal optical re-
sponse of the free electron affects the spontaneous emission
rate. For gold, we set £ore = 1, @p =8.29 eV, y=0.092 eV,
vE = 1.39 x 10° m/s, and D = 2.9 x 10~* m? /s, which are the
same as those in Ref. [52].

gold HDM L

Fig. 1. Schematic diagrams. The gold nanorod, with radius R and length L, is
embedded in a background material with a relative permittivity of & = 2.25.
The rotationally symmetric axis of the nanorod is taken as the z-axis, on
which a QE (represented by a red point) is located. The QE is at height &
above the metal surface. For simplicity, the transition dipole d = d £ is also
oriented along the z-axis. The differences among the LRA model, the HDM,
and the GNOR model for investigating the spontaneous emission enhance-
ment of the QE are studied.

As stated in Refs. [48,52], within the LRA model, one
has B =0 and D = 0. Then, Eq. (3b) becomes the usual Drude
constitutive relation J = opE. Substituting it into Eq. (3a),
one can obtain an effective local Drude permittivity for metal
€ = Ecore + 10D/ (800) = Ecore — @ /(0% + iy®). Within the
HDM, one takes into account the quantum pressure with 8 #0
but ignores the diffusion effect D = 0. In the GNOR model,
both B and D are nonzero. Within all the above three models,
an infinite work function is assumed, where the normal com-
ponent of the induced current density J vanishes at the metal
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boundary (hardwall boundary condition), i.e., J - %» = 0. This
is consistent with the argument that ‘spill-out’ effect can be
safely neglected for noble metals.[>?]

Since the system possesses rotational symmetry, we can
adopt the quasi-two-dimensional modeling method (termed as
2.5D) presented in Refs. [42,75]. In this method, the elec-
tric field and the current density are decomposed in terms of
the azimuthal mode number m and can be written as a sum
of cylindrical harmonics. Furthermore, each harmonic can be
solved separately on the two-dimensional cross-section. Thus,
the three-dimensional (3D) problems reduce to a set of two-
dimensional (2D) problems. This results in extremely large
computational savings in terms of space and processing time.
In our system, because the source current density contains the
cylindrical harmonics only with azimuthal number m = 0, it
is this term that the decomposition leaves, leading to a dimen-
sion reduction. The weak forms for the coupled Eqs. (3a) and
(3b) can be efficiently carried out with the frequency domain
finite-element solver COMSOL Multiphysics,*? in which an
oscillating electric point dipole is modeled by adding a weak
contribution node (see “Weak Contribution” in the help docu-
mentation of COMSOL Multiphysics). In the calculation, the
simulation domain is a rectangle and about 3A% with A be-
ing the operation wavelength in vacuum. Perfect matched lay-

800 L=24 nm R=6 nm
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ers (PMLs) with a thickness of 0.5A are used to simulate the
unbounded or infinite domains. A non-uniform mesh is em-
ployed with a maximum element size of 0.1 nm around the
dipole and the metal surface, and A /30 in the background. We
have checked that these parameters provide accurate numeri-
cal convergence for this work.

3. Results and discussion

Figure 2 shows the enhancement of the spontaneous emis-
sion rate I' /Iy (I' and Iy are the spontaneous emission rates
with and without the nanorod, respectively), when the nanorod
aspect ratio is fixed at L/R = 4. Here, the distance between the
QE and the metal surface is relatively large 4~ = 10 nm. Since
the electric field for the higher order modes decreases more
rapidly than the dipole mode with increasing distance 4,4 the
main contribution to the spontaneous emission enhancement is
made by the dipole mode rather than the higher order modes.
Compared with the LRA model, the nonlocal model shows a
blueshift [see Figs. 2(a) and 2(b)], which can be attributed to
the ‘spill-in’ of the electron density inside the metal.[**! In ad-
dition, the linewidth broadening due to the induced charge dif-
fusing can also be observed by comparing the results predicted
by the GNOR model with those by the HDM. >3

500 (b) L=10 nm R=2.5 nm
400t LRA
S ———HDM
o 300] )| —-—- GNOR
~
~ 200}
100}
oF
1. )
w (eV)
L/R=4
| (d
750} () LRA
600_ —_—s- GNOR
o 300
E 450} : 200
300} £ 100
a o
150}
0

0 10 20 30 40 50
R (nm)

Fig. 2. The enhancement of the spontaneous emission rate I" /I for nanorod with a constant aspect ratio L/R = 4. (a) R = 6 nm within the LRA
(black solid), the HDM (red dashed line) and the GNOR (blue dash-dotted line). (b) The same as (a) but for R = 2.5 nm. (c) The resonance
frequency @y calculated using the LRA and the GNOR. (d) The enhancement I" /I at the resonance frequency as a function of the nanorod

radius. The insets are for their absolute difference.

Besides the above blueshift and the linewidth broadening,
the resonance frequencies @y, predicted by all the three differ-
ent response models, decrease slightly with increasing dimen-
sion. This can be observed by comparing the peak frequencies

in Figs. 2(a) and 2(b). To further demonstrate this, we plot the
resonance frequency @y versus the nanorod radius using the
LRA and the GNOR model in Fig. 2(c). Both the peak fre-
quencies and the differences (representing the blueshift, see
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the inset therein) decrease slightly with increasing dimension.
Furthermore, their difference is less than 0.05 eV when the
radius R is larger than 15.0 nm. This implies that nonlocal
optical response becomes unimportant for the resonance fre-
quency when the nanorod is large.

However, the spontaneous emission enhancement I" /I at
the resonance frequency does not decrease progressively with
the absolute dimension. Figure 2(d) shows that it increases
first and then decreases along with the increase of the nanorod
radius. There is an optimal dimension to obtain a maximal en-
hancement. Moreover, the difference of the maximal enhance-
ment I" /I between the LRA and the GNOR is also nearly
maximal at this optimal dimension [see the inset in Fig. 2(d)].
For much large nanorod (R > 15.0 nm), the nonlocal optical
response is also unimportant for the maximum enhancement
I' /I, which is similar to its effect on the resonance frequency.

The above phenomena also exist for other aspect ratios.
Figure 3 shows the results for L/R = 3 and L/R = 2, which
are very similar to those for L/R = 4 [see Figs. 2(c) and 2(d)].
However, the resonance frequencies shift quickly to lower en-
ergy with the increasing aspect ratio. For example, when the
aspect ratios are 2, 3, and 4 with R = 8 nm, the resonance
frequencies wy predicted by the LRA are 2.72 eV, 2.30 eV,
and 1.99 eV, respectively. The differences between them are
huge. Similarly, they are 2.83 eV, 2.36 eV, and 2.03 eV within
the GNOR, between which the differences are also very large.
These results imply that the resonance frequency @y can be
easily tuned by the nanorod aspect ratio, regardless of the op-
tical response model.

3.0 ~
(a) g
\ 5 0.2
2.5 N £ 0.1 \¥
— A
> 0
L 920}t 10 20 30 40 50
3
L/R=3
1.5}
— — — GNOR
1.0 L L
0 10 20 30 40 50
R (nm)
3.5
(c) 0.6
©0.4
3.01\" :
— £0.2
> g
(0] QU
~ 2.5} 0 10 20 30 40 50
5 N
\~
2.0 L/R=2
LRA
1.5k~ " GNOR
0 10 20 30 40 50

R (nm)

For a certain resonance frequency, the absolute dimen-
sions required depend heavily on the aspect ratio. For
example, if the resonance frequency is wy = 2 eV and
the aspect ratios are 4 [Fig. 2(c)], 3 [Fig. 3(a)], and 2
[Fig. 3(c)], the absolute dimensions (R, L) required within
the LRA are (7.37,29.48) nm, (20.16, 60.48) nm and R =
(34.81,69.62) nm, respectively. The differences are large.
Within the GNOR or the HDM, the absolute dimensions (R, L)
required are similar to those calculated by the LRA, i.e.,
(9.20, 36.8) nm, (21.0, 36.0) nm and (35.70, 71.4) nm, from
which large differences can also be seen.

Besides the great effect of the aspect ratio on the res-
onance frequency, it also has great effect on the maximal
spontaneous emission enhancement [I"/Ij at the peaks in
Figs. 2(d), 3(b), and 3(d)].
hancement increases with increasing aspect ratio. For exam-

We find that the maximal en-

ple, when the aspect ratios are 2, 3, and 4, the maximal en-
hancements within the LRA are 316.66, 541.67, and 761.30,
respectively. Within the GNOR, they are 143.91, 309.32, and
492.28, respectively. Thus, in both the models, the maximal
enhancement increases significantly with the aspect ratio. Fur-
thermore, it is for the radius around 8 nm that the maximal
enhancement for I" /I can be obtained for all the three differ-
ent aspect ratios. These two characteristics imply that longer
nanorod leads to greater maximal enhancement for the spon-
taneous emission rate at the resonance. In the following, we
will vary the aspect ratio (L/R) by tuning either the radius R
or the length L.

600t (b) L/R=3
LRA
450+ —-—- GNOR
300
o g
E 300 g 200
£ 100
A
150
15 30 45
0 10 20 30 40 50
R (nm)
320} () L/R=2
LRA
210l —-—- GNOR
- 200
S € 150
= 160 £ 100
?Q-: 50
80t 0
0 10 20 30 40 50
ok ./ . . . . . :
0 10 20 30 40 50
R (nm)

Fig. 3. The same as Figs. 2(c) and 2(d) but for different aspect ratios: (a) and (b) for L/R = 3, (c) and (d) for L/R = 2. The insets are for the

absolute differences between the LRA and GNOR.
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Fig. 4. The resonance frequency @y and the enhancement I" /Iy at @q: (a) and (b) for a constant length L = 10 nm, (c) and (d) for a constant

radius R = 4 nm. The insets are for their absolute difference.

Figure 4 shows the results for a fixed nanorod length
L = 10 nm [Figs. 4(a) and 4(b)] and for a fixed nanorod ra-
dius R =4 nm [Figs. 4(c) and 4(d)]. When the length is fixed,
the resonance frequency @y increases sharply with increasing
radius R [see Fig. 4(a)]. However, @y decreases sharply with
increasing length L [see Fig. 4(c)]. These results suggest that
the larger radius R and the shorter length L, corresponding to
a smaller aspect ratio L/R, lead to a much larger resonance
frequency @yq.

As stated above, ®y is more sensitive to the aspect ra-
tio than the absolute dimension under a fixed aspect ratio.
This characteristic can be seen more clearly by comparing the
results in Fig. 4 with those in Fig. 3. For example, when
R changes from 1 nm to 10 nm, wy predicted by the LRA
grows dramatically from 1.21 eV to 3.20 eV [see Fig. 4(a)],
but under a constant aspect ratio L/R = 3, it falls slowly and
changes only from 3.12 eV to 2.68 eV [see Fig. 3(c)]. Within
the GNOR model, quite similar results can be observed. It
rises sharply from 1.32 eV to 3.43 eV when L = 10 nm [see
Fig. 4(a)], and falls only from 3.80 eV to 2.76 eV when L/R =
3 [see Fig. 3(c)]. Thus, the resonance frequencies predicted by
both the local model and the nonlocal model are much deter-
mined by the aspect ratio and increases sharply with decreas-
ing aspect ratio. On the other hand, wy falls slowly along with
the increase of the absolute dimensions under a certain aspect
ratio. These two characteristics are helpful in determining the
dimensions of the nanorod in order to meet a required reso-
nance frequency.

To gain a deeper understanding of the above phenomena,

we first analyze the size-dependent characteristic for the reso-
nance frequency of the dipole mode within the LRA. As stated
above, the resonance results from dipolar longitudinal charge
oscillation parallel to the rod axis. Intuitively, the nanorod can
be regarded as quasi-one-dimensional Fabry—Pérot resonators.
Due to the reflections at the ends of the nanorod, the interfer-
ence between the forward and backward propagating waveg-

76-79

uide mode leads to a single nodal.! 1 Thus, the resonance

condition for this mode can be written as!’”!

A

) =L+ 280, )

Here, § corresponds to the decay length of the displace-
ment current in vacuum, which increases the effective nanorod
length; nef is the real part of the effective index for the waveg-
uide mode, which can be calculated from the finite-element
solver COMSOL Multiphysics by a mode analysis calcula-
tion. By this method, we find that A /2n.g increases linearly
with the operation wavelength A. For example, an almost per-
fect fitting function A /2neg = —15.47 nm 4 0.06484 is ob-
tained for R = 4 nm and 350 nm < A < 1200 nm. Thus,
the required nanorod length at resonance is approximately lin-
early dependent on the wavelength A and can be rewritten as
L(A) =0.06484 —28(A) — 15.47 nm. Similar to Ref. [76],
the above equation becomes L(A) ~ 0.06484 — 15.47 nm
if 6 is neglected. However, in our system for the case in
Fig. 4(c), we find that the decay length exhibits a 26(4) =
0.01298A — 0.55 nm dependence of A. It can not be neglected,
since it is comparable with the nanorod length. For example,
when the nanorod lengths are L = 4, 8, 12,24, and 32 nm,
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we find 26 = 4.13,5.10, 6.40,9.52, and 10.92 nm, respec-
tively. Although § can not be neglected for a short nanorod,
it is linearly dependent on the wavelength A. By substitut-
ing this linear relation into the resonance condition, one has
L(A)=0.05182A — 14.92 nm for R = 4 nm. Thus, the charac-
teristic of the length-dependent frequency shift can be under-
stood. This is also consistent with the intuitive interpretation
stated in Ref. [79]. The separation between the dipole charges
increases with the increase of the nanorod length, thereby re-
ducing the restoring force that determines the oscillation fre-
quency.

The radius-dependent frequency shift can also be ex-
plained similarly. Numerical results show that the larger the
radius is, the smaller the nef is. This can be clearly seen from
Fig. 2 in Ref. [80] for the mode with m = 0, which exhibits
an neg < 1 /R dependence at a fixed wavelength. We have nu-
merically proved this. It is found that neg ~ 50.16 nm/R for
® =2 eV when R is in the range (1,10) nm. As explained in
Ref. [80], 8(A) is proportional to R. Using these two relations,
one can obtain A = a+ b/R from the resonance condition, in
which b is much larger than a. Thus, the resonance frequency
increases sharply with increasing radius R at a fixed nanorod
length.

Using the above two size-dependent characteristics, one
can understand why the resonance frequency is less dependent
on the absolute dimensions of the nanorod with a fixed aspect
ratio. In this case, the height and the radius increase or de-
crease together. However, wy decreases with increasing height
while it should grow with the increasing radius. This leads
to the result that @y is not much dependent on the dimension
under a fixed aspect ratio.

The above mechanism is also helpful for understanding
the nonlocal blueshift. Within the nonlocal models, the delta-
function thin surface charge distribution in the LRA turns into
a surface charge distribution of finite thickness.!®!! Due to the
‘spill-in’ of the electron density inside the metal, the effec-
tive length L is shorter than that within the LRA. Thus, the
resonance frequency shows a blueshift. Furthermore, the non-
local blueshift, which is the difference of the resonance fre-
quency @q between the GNOR and LRA shown in the insets
in Figs. 4(a) and 4(c), grows with the increase of @y. This
characteristic can also be seen from the insets in Figs. 2 and
3. These phenomena can also be understood similarly. For
example, when the radius is fixed, according to the linear de-
pendence between the length L and resonance wavelength A,
the nonlocal blueshift A, should exhibit a Ay < A, wg depen-
dence for a small reduction of the effective length A; (few A
as in Ref. [48]) due to the ‘spill-in’ effect.

For the spontaneous emission enhancement I" /I at the
resonance frequency within both the local model and the non-
local model, it drops sharply with the increase of the radius

R when the length L keeps unchanged [see Fig. 4(b)]. On
the contrary, when the radius R is invariant [see Fig. 4(d)],
it grows dramatically with increasing length L. These results
clearly show that increasing the length and enlarging the ra-
dius lead to opposite effects on the maximum enhancement.
The longer and the thinner nanorod shows larger enhancement.
This is consistent with the results shown in Figs. 2(d), 3(b),
and 3(d), where an optimal dimension exists in order to ob-
tain a maximal enhancement for the nanorod with a constant
aspect ratio. A competitive equilibrium can be reached by in-
creasing the length L and enlarging the radius R. Physically,
with increasing L, the effective dipole moment increases, then
the scattering field increases monotonically accordingly. Thus,
the enhancement I" /T grows with the increase of the nanorod
length. 7391 As explained in Ref. [80], for the nanorod with
small radius (R < 30 nm), it is too narrow to sustain the charge
at the end of the rod. The lightning-rod effect due to tighter
charge localization at smaller R is the most important effect
determining the R dependence of the enhancement I" /I at the
resonance frequency.

Howeyver, the above characteristic is for the enhancement
at the resonance frequency of the plasmonic mode. For a cer-
tain transition frequency , regardless of whether it is at the
plasmonic mode or not, the enhancement of the spontaneous
emission rate is investigated when the length is shorter than
80 nm and the radii are R =2, 4, 6, 8, 10, and 12 nm. Here,
we set @ = 1.905 eV, which is the transition frequency for the

ZnPc molecule. 2

1 From Fig. 5, we see that there is also an
optimal dimension for the nanorod to produce the maximum
enhancement. For example, the optimal dimensions (R, L) are
(6,26.9) nm, (6,28.1) nm, and (6, 28.2) nm within the LRA,
the HDM, and the GNOR, respectively. Compared to the re-
sults within LRA, the nanorod length is about 0.2 nm longer
within the HDM, which can be attributed to the ‘spill-in’ of
the electron density inside the metal. This proves the previous
argument that the reduction of the effective length due to non-
local is in the order of A. Accordingly, the enhancements are
860.51, 831.5, and 630.66, respectively, which are roughly the
same. This small change can be attributed to the small varia-
tion of the effective dipole moment.

Now, we consider the effect of the distance & between the
QE and the metal surface. Figure 6 shows the results for differ-
ent distances /& while the absolute dimensions of the nanorod
remain the same. By comparing the results for 2z = 12 nm
[see Fig. 6(a)] and h = 4 nm [see Fig. 6(b)], we find that the
resonance frequency is not changed while the enhancement
is greatly modified within both the local model and the non-
local model. These characteristics can be clearly seen from
Figs. 6(c) and 6(d), where the resonance frequency is not af-
fected by h but the enhancement I"/Ij at the resonance fre-
quency falls sharply with the increase of the distance / within
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both the LRA and the GNOR. For example, when & = 2 nm,
I'/I; is 8446.33 and 7202.24 within the LRA and the GNOR,
respectively. However, when A = 12 nm, I" /I is 419.88 and

800
= 600
= 400F

200} /

247.00 within the LRA and the GNOR, respectively, which
are about 20 fold reduction within the LRA and about 30 fold
reduction within the GNOR.

////C
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10 20 30 40 50 60 70 80
L (nm)

0 // I 1 L I I I L
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Fig. 5. The enhancement of the spontaneous emission rate at @ = 1.905 eV for LRA (a), HDM (b) and GNOR (c). It is found that there is an
optimal dimension for the nanorod to produce the maximum enhancement.

— 6000
(a) h=12 nm (b) h=4 nm

\
/\ —LRA

4000 \---HDM

=]
=
&
2000
0
1.8

8000
6000
3 o
= 4000
5 2.05 ~
2000
2.00 0
2 4 6 8 10 12 2 4 6 8 10 12
h (nm) h (nm)

Fig. 6. The spontaneous emission enhancement at different QE-surface
distances h when L =20 nm, R =5 nm: (a) and (b) ' /I for h =12 nm
and 2 =4 nm. It is found that I" /T increases sharply with decreasing
distance h while the peak positions are not affected. (c) and (d) The
resonance frequency @y and the enhancement I" /I at @y, respectively.
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Fig. 7. ' /I over a wide frequency range for small QE-surface distance
h =5 nm. From the results by the LRA (black solid line), the HDM (red
dashed line) and the GNOR (blue dash-dotted line), one can see that the
blueshift increases with higher order modes.

In the following of this section, we show how the nonlocal
optical response takes effect on the higher order modes. For
this purpose, we choose a relative small distance between the
QE and the surface of the nanorod 7 = 5 nm. Figure 7 shows
the results over a wide frequency range. We observe that the
resonance frequency for higher order mode shifts more than
that for the lower order mode. This is similar to the result
for the nanosphere system investigated in Ref. [48], where the
resonance shift increases with higher order of angular momen-
tum. Intuitively, the electric fields for higher order modes are

much more strongly localized than those for the lower order
modes. Therefore, the higher order modes are more affected
by the nonlocal smearing of the induced charges.

4. Conclusion

We have numerically investigated the modification of the
spontaneous emission rate of a QE around a gold nanorod,
for which the spatially local (LRA) and nonlocal (HDM
and GNOR) optical response models are taken into account.
Within all the three response models, we have found that both
the resonance frequency and the enhancement of the sponta-
neous emission rate are much determined by the aspect ratio
but less dependent on the absolute dimensions of the nanorod.
For the nanorod with a fixed length, it is found that the larger
the radius is, the higher the peak frequency and the smaller
the maximum enhancement are. However, for the nanorod
with a fixed radius, on the other hand, the peak frequency de-
creases sharply and the enhancement of the spontaneous emis-
sion rate increases sharply with the increase of the nanorod
length. In addition, for the nanorod with a certain aspect ratio,
the resonance frequency decreases slightly with the increas-
ing nanorod size, while the enhancement of the spontaneous
emission rate increases first and then decreases. A maximum
enhancement can be obtained when the radius is around 8§ nm
with the aspect ratios of 2, 3, and 4. By reducing the dis-
tance between the QE and the nanorod, we have found that
the resonance frequency is changeless while the enhancement
increases sharply. For a certain transition frequency @y, re-
gardless of whether it is at the plasmonic mode or not, we
have found that there is an optimal dimension for the nanorod
to maximize the spontaneous emission enhancement.

For the gold nanorod, nonlocal effect leads to a blueshift
for the resonance frequency. We have found that the higher
the resonance frequency is, the more obvious the blueshift
becomes. For a certain nanorod aspect ratio, the blueshift
decreases with increasing dimensions. This phenomenon re-
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mains when the nanorod radius is fixed. However, for the
nanorod with a fixed length, the blueshift becomes larger by
increasing the nanorod radius. We also found that the higher
order modes experience a larger blueshift than the lower order
modes.

We have shown that size-dependent characteristics of the
resonance frequency can be understood by the quasi-one-
dimensional Fabry—Pérot interference due to the reflections
at the ends of the nanorod. Using the resonance condition
A /2nese = L+ 28, we have found that the resonance wave-
length is approximately linearly dependent on the length L
and the inverse of the radius 1/R. The blueshift within the
nonlocal models can be attributed to the reduction of the ef-
fective length due to the spill-in effect. We have found that the
length-dependent characteristics of the spontaneous emission
enhancement at the resonance frequency can be understood by
taking the nanorod as the induced dipole moment, while the
radius-dependent characteristic is due to the lightning-rod ef-
fect.
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