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ABSTRACT 

Tunable Charge Transfer Plasmon 

by 

Yue Zhang 

Both bonding dipolar mode (BDP) and charge transfer plasmon (CTP) is observed 

when two metallic nanoparticles are linked by conductive junction. This thesis 

investigates optical properties of CTP, and demonstrated that CTP, as a result of charge 

transfer through conductive junction, is very sensitive to junction geometry and junction 

conductance. This thesis systematically studied resonance energies, scattering intensities 

and linewidths of CTPs and BDPs supported by linked pairs of nanoparticles. The most 

important finding of their spectral dependence on conductance is: decreasing the junction 

conductance shifts CTP resonance to lower energy to the near-infrared (NIR) or mid-

infrared (MIR) spectral region. Therefore, we find a novel approach to control plasmon 

modes at infrared wavelengths: tune CTP by changing junction properties. At the same 

time, CTP can be used to measure the electrical transport properties of nanomaterials at 

optical frequencies when they are placed in the junction. 
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Chapter 1 

Introduction 

Plasmonic dimers are widely studied, since it can support hybridized plasmon 

resonances,1–5 which is named bonding dipolar dimer plasmon (BDP). This mode can 

support large field enhancements in the junction, and boost light interaction with objects, 

which makes it applicable to various fields: surface-enhanced spectroscopy (SERS),6,36 

Surface-Enhanced Infrared Absorption (SEIRA),7,37 single molecule sensing,38,13–16 

nonlinear plasmonics,8–10 and photodetection.17,18 Strong localized field enhancement is a 

result of non-conductive junction of dimer structure, in which case plamon of individual 

particles can capacitive couple to each other and strong charge accumulate between 

junction.  

 

Recently, attention has been paid to linked particles. This structure can support a new 

mode: charge transfer plasmon (CTP). In this structure, charge can transfer from one 

nanoparticle to the other, and therefore CTP occurs. CTPs have higher energies than 
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BDPs. The electron transport at optical frequencies through the junction is a unique 

signature of CTP.19–22, 33  Oscillating electric current could be reflected clearly from 

optical spectrum. This electron transport could be either quantum or classical, which are 

both sensitive to junction geometry and junction conductance. 19,23,24,28 Thus the junction 

dependence motives us to discover and understand CTP for two reasons: CTP offers a 

platform to study the electrical transport properties of nanomaterials at optical 

frequencies that are hard to be measured electronically;19,32  CTP allows us to 

controllably tune plasmon resonances by simply varying junction properties. 

 

This thesis studied CTP properties and its dependence on junction properties via Finite 

Difference Time Domain (FDTD) and Finite Element Method (FEM). In Chapter 2, the 

physics of CTP is introduced by comparing spectra of three different nanostructures: 

dimer, linked dimer and nanorod. In Chapter 3, a comprehensive study of conductively 

bridged dimer’s plasmon modes and their dependence on junction conductance is 

presented. Here both CTP and BDP spectra with different junction geometries and 

materials are discussed and summarized, which gives an extensive understanding of 

conductance dependence of CTP in both NIR and MIR. Finally, Chapter 5 gives major 

conclusion of this thesis and future applications of CTP.  

 

 

 

* Part of this thesis is modified from paper "Charge Transfer Plasmons: Optical Frequency Conductances and Tunable 

Infrared Resonances", published in ACS Nano, 2015, 9, pp 6428–6435 
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Chapter 2 

Physics of charge transfer plasmon (CTP) 

2.1. Plasmon modes of dimers 

Nanoparticle dimer is a fundamental plasmonic structure. Its optical properties 

can be clearly explained by plasmon hybridization theory.3 A dimer is composed of two 

closely separated nanoparticles and each particle can support its own plasmon. When 

they are placed close to each other, plasmon of each particle interacts to each other 

through capacitive coupling. Under longitudinal polarization, dimer can support both 

bonding and antibonding dipolar mode due to hybridization of the individual nanoparticle 

plasmons. Lower energy bonding modes can be directly excited by incident light, so we 

refer them “bright” modes. In contrast, antibonding modes have lower energy and weakly 

interacted with light, so we refer them “dark” modes. This episode is explained by Figure 

2-1. 
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 Figure 2-1 Schematic representation of plasmon hybridization theory of a dimer. 3 

2.2. Plasmon modes of nanorods 

Nanorod is one kind of metallic nanoparticles which plasmonic properties have 

been widely investigated. One key optical signature of this structure is its resonance 

energy strongly depends on its aspect ratio (length divided by width).  Nanorod can 

support two bright modes: longitudinal mode and transverse mode. Longitudinal mode 

can be excited by incident light polarized along long axis and transverse mode can be 

excited by incident light polarized along short axis.  Longitudinal mode  shifts to lower 

energy and on the contrast, transverse mode shifts to higher energy as the aspect ratio 



 13 

increase. Figure2-2 is absorption spectra of nanorods with different aspect ratio.  We can 

see resonance energies shift as a function of aspect ratio. 39 

   

Figure 2-2 Absorption cross section calculated using TDDFT for nanorods of 
different aspect ratios. The top graph is for longitudinal modes. The bottom graph is 
for transverse mode.39 

2.3. Plasmon modes of conductively bridged dimer 

Geometrically, if we regard nanorod as a dimer which completely filled by 

conductive material, then conductively bridged dimer could be consider as an 

intermediate status between dimer and nanorod.  This could also be reflected from their 

spectra as shown if Figure 2-3.  
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Here scattering spectra of these three structures are calculated by a numerical 

method, FDTD. All disks are same in diameter as 95 nm and thickness as 35 nm. In all 

cases, two disks are separated by 30 nm. The width for nanowire bridged dimer is 15 nm. 

These three structures are made of gold sitting on SiO2 substrate. Incident light is 

polarized in longitudinal direction, along the dimer axis. Therefore, bonding dipolar 

mode (BDP) is excited for dimer structure at 1.95 eV, shown by blue line and 

corresponding charge distribution in Figure 2-3. However, two modes can be excited for 

the conductively bridged dimer, shown by red line. One is BDP at 2.1 eV (i). Occurrence 

of conductive wire in the junction weaken capacitive coupling  between two disks, and 

therefore blueshifts BDP mode relative to BDP of single dimer.19 The lower energy mode 

at 0.96 eV (ii) in spectrum is CTP. Figure 2-4 is current density map at CTP resonance 

frequency. High current density inside conductive junction clearly shows that charge 

transport across conductive junction. On charge distribution of Figure 2-3, there is net 

positive or negative charge on one disk, which also indicates charge transfer between two 

disks. The nanorod is an extreme case of bridges dimer. Its spectrum (black line) shows 

that the dipolar resonance at 1.3 eV. Dipolar mode of nanorod can be regarded as an 

extreme case of CTP. Comparing to bridged dimer structure, nanorod’s junction 

conductance is larger, and thus CTP is shifted to a lower energy.19 



 15 

 

Figure 2-3 (A) FDTD scattering cross section spectra for: a single dimer (blue), a 
bridged dimer (red), and a nanorod (black). (B) Charge distributions at the 
resonance energy for three structures in (A): dipolar plasmon of the nanorod; BDP 
(i) and CTP (ii) for the bridged dimer; and BDP for the dimer. 
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Figure 2-4 Calculated Current density map of CTP of bridged dimer structure in 
Fig. 2-3. High current density in the junction bridge, which means an oscillating 
charge transfer across junction at CTP resonance frequency.  
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Chapter 3 

Junction conductance dependence of 
conductively bridged dimer 

3.1. Introduction 

We designed conductively bridged dimer with different junction geometry. 

Therefore we investigate junction conductance dependence of both CTP and BDP. We 

study gold and aluminum conductively bridged dimer both experimentally and 

theoretically. These two materials have very different alternating current (AC) 

conductivity, which gives another freedom to tune junction conductance. To have an 

extensive conclusion, calculation of mix-material structure is done. After comparing Au 

wire bridged Au dimer, Au wire bridged Al dimer, Al wire bridged Al dimer and Al wire 

bridged Au dimer, we make a conclusion that CTP depends majorly on junction 

properties. 
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We have successfully controlled CTP in NIR region through research mentioned 

above. We designed another kind of conductively bridged dimer structures to 

demonstrate CTP also have robust controllability in MIR. 

3.2. Structures with CTP in NIR 

3.2.1. Gold conductively bridged dimer 

Firstly, we designed one conductively bridged dimer structures with Au which 

support CTP in NIR. Here we keep diameter of disks as 95 nm, thickness of the whole 

structure as 35 nm and conductive wire length as 30 nm, while the width of wire 

changing from 15 nm to 60 nm, as shown in Figure 3-1 (B), which is SEM pictures of 

specific conductively bridged dimers. Figure 3-1(A) is experimental scattering 

efficiencies and Figure 3-1(C) is FDTD calculated scattering cross section spectra of 

corresponding structures. Experiment agrees well with numerical simulation results, 

which assures the reliability of theory. 

From scattering spectra we can identify BDP modes in the visible region 

(500~950 nm, 1.3 ~2.5 eV) and CTP modes in the NIR region (955~1450 nm, 0.85 ~1.3 

eV) separately.  

3.2.1.1. Junction conductance dependence of BDP 

As we increase the width of wire, and meanwhile increase junction conductance, 

BDP modes shift from 1.9 eV to 2.2 eV. This blueshift is because, at the same time, 

capacitive coupling is reduced, which can be proved from Figure 3-2. Figure 3-2 is 
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calculated near field map of both CTP and BDP for these six corresponding structures. 

When wire width increasing, accumulated surface charge density deduced as charge in 

the conductive junction has been screened, and as a result, localized field of BDP modes 

in the junction decrease dramatically. 

Another interesting finding is, when wire width increase, the amplitudes of BDP 

modes also depend of on wire width strongly. When the wire width increases, net dipole 

momentum decreases. So it becomes harder to interact with incident light.  

 

Figure 3-1 Scattering spectra of Au conductively bridged dimers in the visible and 
NIR regions. (A) Experimental scattering efficiencies of Au conductively bridged 
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dimers with a wire width increasing from 15 nm (black) to 60 nm (violet). (B) 
Schematic representation and SEM pictures of corresponding structures to the 
spectra in (A). (C) FDTD calculations of the scattering spectra in both visible and 
NIR regions. 

 

Figure 3-2 Near field map of conductively bridged dimers at their BDP and CTP 
energies. (A) Near field map at BDP energies for bare gold dimer and dimer bridged 
with 15 nm, 30 nm, and 60 nm-width junction wire. (B) Near field map at CTP 
energies for gold dimers bridged with 15 nm, 30 nm, and 60 nm Au nanowire and 
the nanorod. 

3.2.1.2. Junction conductance dependence of CTP 

The lower energy mode CTP also exhibits a strong dependence on junction 

conductance. From Figure 3-1, we can see CTP shift from 0.9 eV to 1.15 eV, when wire 

width increase from 15 nm to 60 nm. This is due to wider wire has larger conductance 

and charge has ability to oscillate more frequently through conductive junction. 19 Unlike 
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BDP, the amplitudes of CTP increase at the same time. Similarly, it is because the total 

net dipolar moment increases. The linewidth also increases as CTP resonance energy 

increase. (Figure 3-3) It is because increasing overall volume of the structure. The 

linewidth of CTP is an advantage over nanorod. If we compare nanorod and conductively 

bridged dimer with same volume and same resonance energy, CTP exhibits a narrower 

linewidth. (Appendix Figure A-1)   

 

 

Figure 3-3 Line width of the CTP as a function of the resonance energy. The line 
width of the CTP shows a consistent increase with increasing wire width 

 

3.2.2. Aluminum conductively bridged dimer 

We performed study about aluminum conductively bridged dimer with similar 

structure. Plasmon in aluminum has been a hot topic recently as aluminum has ability to 
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support plasmon in the UV region and low cost relative to Au. Aluminum is also 

chemical stable since it will have a self-limiting oxide layer. 34 Figure 3-4 is real part of 

AC conductivity of three metals: Au, Al and Ag. When wavelength is greater than 500 

nm, Al also has high AC conductivity comparing to Au, which makes it of great interest 

for CTP study. Here in FDTD simulation, a 4 nm oxide layer is introduced to match real 

situation. 

Here we investigate Al conductively bridged dimer with similar geometries to 

gold counterpart. Diameter of disks, wire length and structure is exactly same as gold. 

Figure 3-5 is scattering spectra of these Al structures. Unlike gold, Al conductively 

bridged dimer can support BDP in the UV region. However other properties are quite 

similar. When wire width increases from 20 nm to 60 nm, and junction conductance 

increases, BDP resonance energies shift from 3.4 eV to 3.95 eV. Amplitudes also damp 

in this process. CTP can be found in NIR region. CTP energies vary from 1.06 eV to 1.25 

eV as the junction conductance increase. As we expect, CTP amplitudes increase at the 

same time.  
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Figure 3-4 The real part of AC conductivity of gold, silver and aluminum, indicating 
that aluminum  has a higher AC conductivity above 500 nm in wavelength. Material 
data are derived from tabulated dielectric functions. 40 
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Figure 3-5 (A) Scattering spectra of Al conductively bridged dimers in UV and NIR 
regions. (A) Experimental scattering efficiencies with a wire width increasing from 
20 nm (black) to 60 nm (violet). (B) Schematic representation and SEM pictures of 
corresponding structures to the spectra in (A). (C) FDTD calculations of the 
scattering spectra in both UV and NIR regions. 

3.2.3. Gold and Aluminum mixed conductively bridged dimer 

In addition, we also calculated mixed-metal, Au wire-bridged Al dimers and Al 

wire-bridged Au dimers for the same range of nanowire widths. (Figure 3-6) These 

spectra display same trends of CTP. Mixed structure serves as good comparatives with 

pure conductively bridges dimers, which will be explained in the next section.   
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Figure 3-6 (A) Scattering spectra of mixed metal structure. (A) FDTD calculated 
scattering cross section of Al wire bridged Au dimer, wire width increasing from 15 
nm to 60 nm (top to bottom). (B) FDTD calculated scattering cross section of Au 
wire bridged Al dimer, wire width increasing from 15 nm to 60 nm (top to bottom). 
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3.2.4. Conclusion  

Here we calculate junction conductance at CTP energy of each structures in Fig 3-

1, 3-4, 3-5 and other structures with same diameter, thickness and junction length but 

much narrower width (2 to 10 nm). Conductance of pure structure as a function of wire 

width is shown in Figure 3-7 (A). Empty triangle represents experiment and solid blocks 

are for FDTD simulation. They perfectly agree with each other. Al has a much larger 

conductance than Au when their wire width is the same. During the same width range, 

conductance of Al structure changes more dramatically than Au. 

Then we show a junction conductance dependence of CTP curve in Figure 3-7 

(B). This figure gives a direct impression of how CTP energies change as a function of 

junction conductance. Here conductance is calculated following the equation, 

. Here σ(ω) is the real part of AC conductivity of the bridging material 

and W, H, and L are width, height, and length of wire respectively. To have a good sense 

of conductance value, conductance is normalized by G0, which is the unit quantum 

conductance with a value of 77.5 µS. 

Figure 3-7 contains junction conductance dependence of CTP curve of four 

structures: Au wire bridged Au dimer (black line), Au wire bridged Al dimer (green line), 

Al wire bridged Al dimer (red line) and Al wire bridged Au dimer (blue line). For all 

structures, it is always true that (1) larger junction conductance lead to higher CTP 

energy and (2) CTP energy is sensitive to junction change in the low energy region 

(below 50 G0). The second conclusion is as a result of total electron number saturation. 
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More conductive path has been built than needed by charge transfer in high energy 

region. 

Another interesting finding is CTP energy primarily depends on junction material 

rather than dimer material. Spectra of two Au wire bridged dimers (black and blue lines) 

have similar trend and two Al wire bridged dimers (red and green lines) also perform 

similar dependence.  This finding means CTP as signature of junction conductance is not 

simply as a function of conductance. It is also related to the junction material, which 

provides an additional route for nanomaterial detection. 

 

Figure 3-7 Junction conductance dependence of CTP. (A) Junction conductances of 
pure bridged dimers (red line for Al and balck line for Au) at CTP resonances with 
different wire widths. The solid squares and empty triangles are for FDTD and 
experiment respectively. (B) Junction conductance dependence of CTP with four 
structures: Au wire bridged Au dimer (black line), Au wire bridged Al dimer (green 
line), Al wire bridged Al dimer (red line) and Al wire bridged Au dimer (blue line) 
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3.3. Structures with CTP in MIR 

This section shows another conductively bridged dimer design which supports 

CTP in MIR. Figure 3-8(A) is SEM images of this design: 200 nm in diameter, 20 nm in 

width, and junction length varying from 30 nm to 90 nm.  Since experiment measures 

array structures, FDTD simulation involves periodical boundary condition and inter-

structure distance is 1 µm, same as experiment.  From Figure 3-8 (B) and (C), we can see 

CTP resonance energies vary from 0.45 eV to 0.62 eV as a result of decreasing junction 

length and increasing conductance.  It proves that CTP can be control tuned in MIR.  

Similar to previous section, CTP resonances as a function of wire width and and 

the CTP energy as a function of junction conductance are calculated and plot in Figure 3-

8 (D) and (E). To have a comprehensive understanding of junction conductance 

dependence, we investigated designs shown in appendix: (1)200 nm in diameter, 40 nm 

in width, and junction length varying from 30 nm to 90 nm (appendix Figure A-2) (2) 

200 nm in diameter, 90 nm in junction length, and width varying from 15 nm to 50 nm 

(appendix Figure A-3). For these all three designs, their junction conductance is 

calculated and plots together as a function of CTP resonance energy in Figure 3-8 E. Both 

experiment and FDTD have a perfect agreement with each other. Here the junction 

material is the same, and no matter how the junction geometry looks like, same junction 

conductance is corresponding to a specific CTP resonance energy. This simply 

dependence provides a great platform for us to measure biomaterial which usually have 

an optical response in MIR. It also provides a straightforward way to design plasmon 

structures in MIR. Figure 3-9 shows MIR CTP supported by Al structures. Here 
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geometry dimension is quite similar to gold structures: 200 nm in diameter, 20 nm in 

width, and junction length varying from 30 nm to 80 nm. Since The junction conductance 

depdence is similar  which can be explained and understanded according to Au 

strucutures. CTP supported by Al structures slightly shift to a higher energy comparing to 

Au structures. 

 

Figure 3-8 MIR Charge Transfer Plasmons for 20 nm width Au structure. (A) 
Schematic and SEM pictures of the Au dimers conductively bridged dimers with a 
wire length increasing from 30 nm (black) to 90 nm (violet). (B) Experimental 
absorbance spectra of corresponding structures in (B). (C) The corresponding 
FDTD simulated spectra. (D) CTP resonances as a function of wire width (top) and 
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the CTP energy as a function of junction conductance (bottom). (E) CTP as a 
function of junction conductance obtained from various wire widths and lengths.  

 

Figure 3-9 MIR Charge Transfer Plasmons for 20 nm width Al structure. (A) 
Schematic and SEM pictures of the Au dimers conductively bridged dimers with a 
wire length increasing from 30 nm (black) to 80 nm (violet). (B) Absorbance spectra 
of corresponding structures in (B). (C) CTP resonances as a function of wire width 
(top) and the CTP energy as a function of junction conductance (bottom). 

We also find a way to tune CTP in MIR to an even lower energy without 

scarifying too much linewidth. Here we increase the diameter of disks and therefore we 
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could redshift resonance energy as a result of larger dipole moment. Figure 3-10 and 

Figure 3-11 shows these tuning process via absorption spectra of Au and Al conductively 

bridged structures.  For these three bridged dimer structures, diameters are 200 nm, 250 

nm and 300 nm respectively. The bridged nanowire is 20 nm in width and 90 nm in 

length. Interesting, enlarging nanodisk usually leads to stronger damping. However, CTP 

does not suffer from it a lot. Linewidth almost keep the same when size of dimer 

increase.  

 

 

Figure 3-10 MIR CTP of Au structures with different disk diameter. (A) SEM 
pictures of Au dimers with disk diameters from 200 nm to 300 nm. (B) Experiment 
absorbance spectra of coresponding structures. (C) FDTD absorption cross section 
spectra.  
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Figure 3-11 MIR CTP of Al structures with different disk diameter. (A) SEM 
pictures of Au dimers with disk diameters from 200 nm to 300 nm. (B) Absorbance 
spectra of coresponding structures.  
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Chapter 5 

Summary 

In summary, a systematical study has been made to conductively bridged 

plasmonic dimers. Besides the fundamental BDP mode as a result of capacitive coupling, 

this structure could also support a novel mode, CTP, which is induced by oscillating 

electron transport across the bridge. This thesis demonstrated that optical properties of 

both BDP and CTP highly depend on the junction conductance, via varying the junction 

geometry and material. Their optical properties, including resonance energy, amplitudes 

and linewidth, have been discussed thoroughly in this thesis. CTP has been demonstrated 

to be tunable in both NIR and MIR. Especially, CTP has a narrow linewidth in IR region. 

This result shows a clear way to design IR plasmons which will be useful in surface 

enhanced IR spectroscopic and bio-sensing.  CTP is of importance as it opens up a novel 

optical route to measure the electrical transport properties of nanomaterials at optical 

frequencies, which could not been achieved by electronically measuring methods.   
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Appendix  

 

 

Figure A-1 Conductively bridged dimer with a narrow linewidth. FDTD simulated 
scattering cross section of an Au conductively bridged dimer and an Au nanorod. 
Geometry parameters are shown in the figure. The nanorod has same volume and 
same resonance energy as  bridged dimer. Conductively bridged dimer shows a 
narrower linewidth of 0.0967 eV (black), compared to that of the 0.1344 eV 
linewidth of the nanorod.  
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Figure A-2 MIR Charge Transfer Plasmons for 40 nm width structure. (A) 
Schematic and SEM pictures of the Au dimers conductively bridged dimers with a 
wire length increasing from 30 nm (black) to 90 nm (violet). (B) Experimental 
absorbance spectra of corresponding structures in (B). (C) The corresponding 
FDTD simulated spectra. 
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Figure A-3 MIR Charge Transfer Plasmons for 90 nm junction length structure. (A) 
Schematic and SEM pictures of the Au dimers conductively bridged dimers with a 
wire width increasing from 15 nm (black) to 50 nm (violet). (B) Experimental 
absorbance spectra of corresponding structures in (B). (C) The corresponding 
FDTD simulated spectra. 
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