
194

P
H
Y
S

•2013•NNIN•REU•RESEARCH•ACCOMPLISHMENTS•

Understanding Magnetic Plasmon Mode Mixing  
Using Electron Energy Loss Spectroscopy

Harrison J. Goldwyn
Physics, University of California Santa Barbara

NNIN REU Site: NanoTech User Facility, University of Washington, Seattle, WA
NNIN REU Principal Investigator: David J. Masiello, Chemistry, University of Washington
NNIN REU Mentor: Nicholas W. Bigelow, Chemistry, University of Washington
Contact: harrisongoldwyn@gmail.com, masiello@u.washington.edu, nicholas.bigelow@gmail.com

Abstract:

Circular clusters of gold nanoparticles (Au NPs) support collective 
magnetically characterized plasmons. Because of their low energy loss 
and phase dependent bonding characteristics, magnetic plasmons show 
potential for use in sub-wavelength optical circuitry [1] as well as artificial 
conjugated molecules [2]. In order to utilize magnetic plasmons in 
application, a detailed understanding of the mode mixing involved must be 
developed. Because nanoparticle clusters that support magnetic plasmons 
are composite, their mode structures are inevitably complex. This project 
began as a pursuit to describe the fundamental oscillatory modes of 
some magnetic plasmon supporting systems using electron energy loss 
spectroscopy (EELS). Over time, the project evolved and focus shifted 
to a specific structure with interesting magnetic modes capable of being 
described using the language of hybridized molecular orbital theory.

Computational Method:

All simulations were accomplished using an in-house modified version 
of Bruce T. Draine’s Discrete Dipole Approximation code (DDSCAT) 
[3]. The DDA approximates a scatterer as a Cartesian grid of polarizable 
points. The polarization at grid location j is determined by the incident 
field and the induced fields of all grid points ≠ j. Polarizations of all grid 
points form a coupled system of equations that can be solved iteratively to 
convergence. Our version of the DDA incorporates the electron beam as a 
field source (eDDA) [4]. The eDDA expands our observation of scattering 
objects because it is an experimentally viable local field source.

Magnetic Plasmon and EELS:

The magnetic plasmon referenced is actually a coherent excitation of 
circularly polarized electric dipole plasmons. The oscillating electric 
dipoles form oscillating currents in the structures that support this plasmon 
(see Figures 1 and 2). These oscillating currents give rise to oscillating 
magnetic dipoles that characterize the oscillatory mode of interest.

While stimulating the magnetic plasmon mode with an electron-beam 
(e-beam) requires careful consideration of symmetry, it also allows access 
to modes not accessible by plane-wave light. In order to stimulate the 
circular polarizations necessary to mediate alternating currents, the system 
of particle cluster and beam must posses the proper symmetry.

For the Decamer structure shown in Figure 1, a pair of alternating currents 
can be stimulated by position of the e-beam very close the outer edge 
of one of the center particles. The passing electron polarizes the close 

Figure 1: Correct stimulation of magnetic plasmon in decamer 
using the e-beam. Individual cylinder electric dipole plasmons 
are shown using polarization arrows (defined negative to 
positive).

Figure 2: In case of greyscale printing, the magnetic field 
direction will be marked qualitatively. Beam location is 
marked per structure. (See full-color version on inside cover.)



195

P
H
Y
S

•2013•NNIN•REU•RESEARCH•ACCOMPLISHMENTS•

center particle more than its pair of symmetric neighbors; thus, alternating 
currents propagate around the two hexamers and two opposing magnetic 
dipoles begin to oscillate.

Magnetic Plasmon in Various Structures:

Using the simulation methods described above, we confirmed the existence 
of the magnetic plasmon in six conjugated hexamer structures (relatively 
normalized field plots seen in Figure 2). For all structures, the hexamer 
subunit consists of six gold cylinders (260 nm diameter, 80 nm height) — 
each pair separated by 30 nm. Although the e-beam excitation was local, 
the magnetic plasmon propagated though neighboring hexamer sub-units, 
making the magnetic plasmon useful for sub-wavelength optical circuitry.

The EELS for all six structures is shown in Figure 3. Although all six 
structures supported the same scattered magnetic field in the same spectral 
range, their EEL spectra were very different. Instead of seeing a spectral 
peak normally characteristic of a resonance, we saw steep Fano-like line 
shapes. At that point we could only assume that these obscure shapes were 
caused by Fano-like interference of the normal oscillatory modes. If this 
was the case, the spectra imply extremely complicated mode interference.

Artificial Conjugated Molecules:

Now that we understood when and where magnetic plasmons would 
arise, we began to describe the fundamental mode mixing that was 
occurring below the surface. In order to avoid the reality of our extremely 
complicated system of coupled oscillators (the billions of electrons), we 
decided to model the system as only interactions between neighboring 
magnetic dipoles. This simplified system is already well understood using 
molecular Huckel Theory. The task was complicated by the fact that our 
benzene equivalent structure had less symmetry than molecular benzene. 

Future Work:

So far, our model describes the two lower energy magnetic modes that 
appear in our benzene analog (shown in Figure 4) as combinations of three 
benzene molecular states. We will continue to access our structures for 
use as molecular models by showing existence of the remaining benzene 
modes.
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Figure 4: The two lower energy magnetic modes that appear 
in our benzene analog.

Figure 3: EELS for all six structures.




