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1. Coupling of a gold nanorod with a fluorescent nanodiamond  

 

Figure S1. Experimental results of the coupling of a gold nanorod (GNR) with a 

fluorescent nanodiamond (FND). (a) Photoluminescence (PL) spectra of a free GNR 

(black) and a free FND (red) before coupling and the GNR–FND hybrid (blue) after 

coupling. The inset shows a magnification of those are showing the anti-Stokes 

component. (b) Fluorescent lifetime curves of the FND before coupling (red) and the 

FND-GNR hybrid after coupling (blue).   

 



2.  Polarization-dependent SEF process of the nanodiamond and nanorod 

hybrid system 

 

In our experiments, both the gold nanorods and fluorescent nanodiamonds present 

excitation polarization-dependent characteristics. As the AFM tip moved the GNR to 

approach the FND, the orientation of the GNR was different after coupling in 

comparison to that before coupling. Moreover, when the assembly process was 

completed, it is reasonable to find proper polarization of the incident laser to achieve 

the maximum light emission from the hybrid system. Therefore, before the 

nano-manipulation process began, we recorded the spectra of the free GNR and FND 

under different excitation polarizations, as shown in Figure S2. For the discussion of 

the anti-Stokes emission enhancement, the overall spectra of the GNR before and after 

coupling with a nanodiamond under various polarizations were recorded. The 

maximum spectra of two series spectra were selected out for comparison, which can 

exclude the possibility that the enhancement of the anti-Stokes range is caused by 

alteration of the GNR’s orientation.   

 

Figure S2. Experimental PL spectra of a free FND (a) and a free GNR (b) under 

various polarizations.  

 

Moreover, during the long-time continuous measurements, the state of the 

instruments may change because of fluctuations in temperature or laser power, a shift in 

light focus position, or other unknown factors. We chose a reference point to calibrate 

the variation of the instrument conditions before and after coupling. As shown in Figure 

S3, rf0 was recorded before the approaching process and rf1 represents the state 

afterwards. When calculating the enhancement factor, this calibration coefficient was 

also taken into account.  

 

 



 
Figure S3. PL spectra of a reference point before (black) and after (red) coupling 

 

3.  SEF results of nanodiamond coupling with gold nanoparticle  

The gold nanoparticle shows a LSP peak closer to the excitation wavelength (532 nm) 

than that of the gold nanorods. In this study, gold nanoparticles were synthesized by the 

citrate reduction method.[1] We obtained the relative spectra of the three components 

by fitting the SEF spectrum using S��� = ��S��� � + ��S��� � + ��S����S���� � ; the 

result is shown in Figure S4, in which the PL direct emission from the GNP and the 

FND increase by 30% and 5%, respectively, and the indirect emission caused by the 

antenna effect makes up approximately 13% of the whole SEF spectra. Moreover, we 

compared the lifetime of the FND before and after coupling, as shown in the inset, and 

found that the FND lifetime was also shortened after coupling with the gold sphere. 

 

Figure S4. Analysis of the SEF results of nanoparticle coupling with FND (a) PL 

spectra for a sphere (blue) and a FND (red) before coupling and the SEF spectrum 

(black) after coupling. The scattering spectrum (green) after coupling is also shown. (b) 

Fitting spectra of ��S��� �, ��S��� �, and ��S����S���� �. The inset shows the lifetime of 

the FND before (black) and after (red) coupling with the sphere. 



 

4. Theoretical model  

 

Figure S5. Scheme of the interaction between a FND and a GNR: the applied 
electromagnetic field �� induces polarizations that causes dipole–dipole coupling ��, 

light emission ��
���  from the GNR including both elastic and inelastic radiation 

processes; ���
��� represents the nonradiative decay rate. The effective local fields felt 

by the GNR and FND are �� and ��, respectively.  

 

Here, we employ a model considering a two-energy-level atom system as the emitter 

coupled with a plasmonic nanostructure which can be considered an optical nanocavity. 

[2] Fig. S5 shows a schematic diagram of the model. The GNR is considered a cavity 

with a resonance frequency �� and a total decay rate �. The FND is considered a 

two-energy-level atom with energy levels |g> and |e>. A quasi-continuous-wave laser 

beam with frequency ��� couples with the ground state |g> and the excited level state 
|e>, whereby the energy difference between |g> and |e> is ��� = �� − ��. Regarding 

the GNR plasmonic resonator, the free energy of the LSP mode � with resonance 

frequency ��  is described as �� = ����� . For the free atom, the Hamiltonian is 
written as �� = ��|� >< �| + ��|� >< �| . Specifically, we define �� =

|� >< �|, and  �� = |� >< �|  as the transition operators. Therefore, the free 

Hamiltonian of the system without any interaction is written as  

 �� = �� + �� = ����� + ��|� >< �| + ��|� >< �| (1) 

In addition, the interaction Hamiltonian is described as  

�� = �(���� + ���) + �������������� + �������� + ����(��������� + ��������)

 (2) 

in which the first term suggests that the LSP mode is coupled with states |g> and |e>, 

and � is the coupling constant. The second and third terms describe the process in 

which the excitation electromagnetic field is coupled with the LSP mode and states |g> 

and |e>, respectively, and �� and �� are the respective coupling constants. �� and �� 

are the respective localised electromagnetic field amplitudes that the GNR and the atom 

feel. Hence, the Hamiltonian of this system is given by 



 � = �� + �� (3) 

The dynamics of these modes can be solved by the equation 

 �̇ = �[�, �] − �� = (−��� − �)� − ���� − ������������ (4) 

 �̇� = �[�, ��] −  ��� = (−���� − �)�� + ����� + �������������� (5) 

where � and � are the total decay of the GNR and the atom, respectively. �� =

|� >< �| − |� >< �|, which represents the difference between the level occupation 

numbers of state |e> and |g>. 

These equations can be solved rigorously, and the formal solutions are: 

 � = ���(�������)� + ���(�������)� + ��������� (6) 

 �� = ���(�������)� + ���(�������)� + ��������� (7) 

where ��,  �� and ��,  �� are given as below: 

��,  �� = −
�

�
��(�� ∓ ��), and ��,  �� = −

�

�
��(�� ∓ ��),  

where we define �� = −� − � − ��� − ���� and �� =

�[(� − �) + �(�� − ���)]� + 4���� .  

The coefficients �� and �� are complex amplitudes of modes ��,  �� for particle 

operator �. �� and �� are the complex amplitudes of modes ��,  �� for molecule 

operator ��. �� and �� are the complex amplitudes of scattering modes for � and 

��, respectively.  

For a weak coupling system, we assume that � ≪ � − �; thus, the eigenfrequencies 

turn into ��,  �� ≈ ��, ���, and the decay rates turn into ��,  �� ≈ �, �. In the case of 

weak coupling, we ignore all the �� items and obtain these coefficients:   
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Using the input–output relation 〈����〉 = �2����〈�〉 , where 〈��〉  is the quantum 

average of the operator �� , and ���� is the outgoing coupling rate of the GNR, the 

detected intensity of light emission from the nanoparticle can be evaluated as 
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in which ℜ[Q] stands for the real part of Q. �������(�) includes PL �����(�) and 

scattering �����(�) . After filtering the input laser field and using the quantum 
regression theorem, we obtain the PL intensity of the nanoparticle from �������(�) as 

 �����(�) = 2���� �
�������

���
� �|��|� �

(����)���� + |��|� �

(�����)����� (9) 

Similarly, using the relation 〈����〉 = �2����〈��〉, in which ����  is the outgoing 

coupling rate of the atom and  �  is the effective interaction time of the 

quasicontinuous-wave laser wave packet with the electrons, the detected intensity of 

the light emission from the atom can be evaluated as 
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and the PL intensity of the atom is obtained from �������(�) as 
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Hence, the detected emission intensity spectrum would be 

 ���(�) = �����(�) + �����(�) (12) 

So far, we have deduced the PL spectra from both the GNR and the atom with the 

coupling coefficient �. For an extreme case, � = 0, which suggests that there is no 

interaction between the GNR and the atom, and the coefficients would be given in the 

following form: 

�� =
�����

�(������)��
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�������
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The modes and decays are regressed to the original form: 

��,  �� = ��, ��, ��,  �� = �, � 

Thus, the PL spectrum from each operator (�, ��) presents a single Lorentz line: 
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which corresponds to the PL from a single free emitter (GNR or atom).  



Employing the equations above, we can calculate the enhancement factor for both the 

GNR and atom. We define �� =
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 to describe the enhancement factor 
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 for the atom.  

500 550 600 650 700 750 800

500 550 600 650 700 750 800

0

500

1000

1500

0

500

1000

1500

 

 

P
L

 i
n

te
n

si
ty

wavelength (nm)

 single rod

 single diamond

 coupled*0.5

 addition

 single rod

 single diamond

 coupled*0.5

 

Figure S6. Experimental PL spectra (solid lines) and the fitting data (dashed lines). 

Blue, green, and pink solid lines show the experimental PL spectra of a single rod, 

single diamond, and their hybrid system, respectively. Blue, green, and red dashed lines 

show the fitted PL spectra of a single rod, single diamond, and coupled system, 

respectively. The grey line shows the sum of the blue and green solid lines.  

To understand the experimental results, we fit one of the experimental SEF spectra 

by employing these calculations. Figure S6 shows the experimental lines and the fitting 

lines. The grey line shows the sum of the blue and green solid lines, for comparison. For 

clarity, the coupled spectrum is reduced by half because its intensity is much stronger 

than that of the single spectra. Here, the nanodiamond was assumed to be a system with 

multiple two-levels, without interaction between the two-levels. We consider it as an 

atom with 8 independent two-level systems, which will all couple with the GNR mode. 

Therefore, the nanodiamond is fitted with 8 Lorentz lines, with the corresponding 

frequency and decay rate. For the anti-Stokes part, the electron occupation in the 

sp-band near the Fermi level follows the Fermi–Dirac distribution, i.e., ∝
�

����∆�/���. 

The line-shape of the anti-Stokes emission is dominated by the thermal equilibrium 

electron distribution. Hence, the mutual enhancement mechanism is also effective for 



such multiple-energy level systems. Here, to understand the anti-Stokes emission 

difference between the gold nanoparticles and fluorescent nanodiamond, we explain it 

as follow in simply: For gold nanoparticle, Fermi level is in the conduction band. Due 

to thermal effect, some electrons occupy higher energy levels over the Fermi level, 

these electrons could return immediately to near Fermi level after photon excitation, 

resulting in anti-Stokes emission.[3, 4] Regarding to luminescent centers nanodiamond, 

although there should be also thermal distribution for the electrons at ground states, 

because there is strong electron phonon coupling effect, the photon excited electrons 

would decay to lowest excited vibronic levels irrespective initial excited energy, then 

transition to ground states. Hence, it is unlikely to appear anti-Stokes emission for the 

fluorescent nanodiamond in present study.  

 

 

Figure S7. Table of contents. The plasmonic nanoparticles and fluorescent 

nanodiamonds mutually enhance their light emission when they were coupled together 

for the surface enhanced fluorescence process. The enhancement of local field due to 

dielectric antenna effect dominates the light emission enhancement of the plasmonic 

nanoparticles.    
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