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ABSTRACT: In this work, we investigate the hybridization of
three-dimensional plasmonic split ring resonator (SRR) pairs using
focused electron beam nanospectroscopy and model their combined
electric and magnetic responses using electromagnetic theory and
numerical calculations. Specifically, we fabricate three-dimensional
(3D) SRR dimers with varying in-plane rotations and out-of-plane
tilts and perform electron energy loss spectroscopy (EELS)
measurements to elucidate the impact of their 3D electric and
magnetic interactions on the EEL spectrum of each individual SRR
dimer. On the basis of the competition between the SRR’s electric
and magnetic interactions within our model, we find that varying the
3D tilt angle diminishes the magnetic coupling but increases the
level of overall mode mixing. Through further modeling of the
experimental data, we determine the system’s electric and magnetic coupling constants, as well as the overall effective coupling
constant, a useful metric for characterizing the strength of light−matter interaction. We additionally explore the potential for
geometric frustration in the magnetic mode ordering of a coupled SRR trimer using both EELS experiment and companion
theoretical modeling. Taken together, the insight gained into the behavior of coupled 3D SRRs serves as a stepping stone to the
rational design of 3D photonic metamaterials endowed with even richer optical functionality.
KEYWORDS: electron energy loss spectroscopy (EELS), scanning transmission electron microscopy (STEM), split ring resonators (SRR),
plasmon hybridization, focused electron beam-induced deposition (FEBID)

■ INTRODUCTION
Negative index of refraction (NIR) metamaterials have become
significantly important in nanophotonics owing to their
remarkable optical properties that cannot be achieved in
naturally occurring materials.1−8 Fundamental to the design of
NIR metamaterials is the split ring resonator (SRR), which has
been used in a variety of applications, including perfect
lenses,9−12 biosensors,13,14 antennas,15,16 and absorbers and
filters.17,18 When arranged in an array, individual SRRs act as
“atoms” with the emergent optical properties of the
metamaterial arising through their mutual coupling, thus
providing an impetus for detailed studies of the fundamental
two-body interactions between pairs of SRR units.19,20

While far-field optical characterization techniques are
commonly used to investigate SRR-based metamaterials,21,22

few studies have employed subdiffraction-limited probes such
as scanning transmission electron microscopy (STEM)
electron energy loss spectroscopy (EELS) to measure SRR
couplings at their own native length scale.23 STEM-EELS
provides nanometer-scale spatial information together with
correlated spectroscopic responses capable, e.g., of revealing
dark modes that cannot be detected by far-field character-

ization tools. Clear distinction of the bright and dark modes is
critical to quantify the strength and to elucidate the nature of
light−matter interaction. In ref 24, von Cube et al. showed the
progression from distinct optically bright and dark eigenmodes
in small arrays (i.e., two to four SRRs) to the formation of a
quasi-continuum of modes in the interior, and edge modes at
the boundaries of a large array. In another EELS study, Liang
et al.25 investigated individual Au SRR dimers, fabricated with
0°, 90°, and 180° relative planar angles to elucidate the
hybridization of their fundamental modes. These studies
combined numerical simulations with experimental EELS
measurements to elucidate the interplay between the SRR’s
electric and magnetic dipole moments in the hybridization of
coupled SRRs within a planar or two-dimensional geometry.
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Beyond planar structures, little consideration has been given
to three-dimensional (3D) SRRs with electric and magnetic
responses that can be oriented arbitrarily in 3D space, which
would produce an even richer set of interactions and emergent
responses. Bicket et al.26 investigated “vertically” oriented
SRRs using cathodoluminescene and EELS to study the
fundamental magnetic dipole mode. However, due to
challenges in fabricating 3D SRRs, it remains difficult to
clearly distinguish the magnetic mode and elucidate its role in
the hybridization of SRR pairs. To this end, the work presented
in ref 27 achieves a breakthrough in fabricating plasmonic 3D
SRR nanoresonators, using focused electron beam-induced
deposition (FEBID) to deposit nonplasmonic 3D scaffolds,
which are subsequently isolated with a conformal SiO2 layer
and then coated with a gold layer to create functional 3D
plasmonic nanostructures. Building from this work, here we
investigate the effect of 3D out-of-plane tilting on the electric
and magnetic dipole couplings in individual nanofabricated
SRR dimers, and the downstream impacts in metamaterial
design using monochromated aberration-corrected STEM-
EELS and companion theoretical modeling.
The STEM-EELS measurements presented in this study

expose the effects of 3D geometry upon the interaction
between individual SRRs. Theoretical analysis of the observed
data accounts for the induced electric and magnetic dipoles on
each SRR as well as their mutual near-field couplings in SRR
dimers as probed by STEM electron beam. We then map the
dynamics of the SRR surface current density onto effective
oscillator equations of motion, with an effective coupling
constant exhibiting both two-dimensional (2D) and 3D
angular dependence. This description is well suited for an
analytic analysis of the EEL probability, which shows that for a
particular orientation, increasing the 3D tilt angle diminishes
the magnetic coupling but enhances the overall light−matter
interaction strength. On the basis of this model, we
additionally examine the hybridization of individual 2D SRR
trimers measured using EELS. Taken together, this study
elucidates the geometric effects of 3D tilt on the SRR magnetic
dipole moment and its role in the hybridization of coupled 3D
SRRs, thus serving as a stepping stone for nanoengineering
NIR metamaterials composed of coupled 3D SRR units.

■ RESULTS AND DISCUSSION
Figures 1 and 2 display a series of Au SRR pairs with varying
in-plane orientations and out-of-plane tilts, each SRR with a
450 nm diameter and a 270° arc length. To provide a baseline
for the out-of-plane tilting in the 3D study, first, a pair of SRRs
are lithographically patterned on a SiNx membrane, with a
relative planar angle of 0°, 45°, 90°, 135°, or 180°, as shown in
the top panel (Figure 1b−f). Experimental EELS measure-
ments are performed on each SRR pair, with the electron beam
probe positioned at the colored dots, traveling into the plane of
the page. Figure 1a displays the corresponding color-coded
EEL spectra showing a single peak for the 90° orientation and
a clear peak splitting into bonding and antibonding dipolar
modes for the 0°, 45°, 135°, and 180° planar orientations. The
signatures of the bonding and antibonding modes are
identified by the experimental EEL spectrum images,
illustrated in Figure 1g−o. The in-phase bonding modes are
observed in the lower-energy maps (Figure 1g,h,j,k) with the
zero EELS intensity signature in the gap, while the out-of-
phase antibonding modes are observed in the higher-energy
maps (Figure 1l−o) with the high-EELS intensity signature in
the gap.
The geometric effect on the spectrum of a coupled pair of

SRRs, arbitrarily oriented in space, results from their doubly
coupled electromagnetic interaction. In particular, the
progression of the mode mixing in the STEM-EELS of Figure
1 is a known characteristic behavior that stems from the
interplay between electric and magnetic interactions of coupled
planar SRRs.19,28 Describing the EEL spectra within a model
that can be generalized to three dimensions requires
knowledge of the potential energy of interaction between the
SRR and the evanescent electric field of a STEM electron
beam, as well as the interaction energy between coupled SRRs.
Analysis of the Electron Beam-Driven SRR Dimer

An electron beam oriented to point into the plane of the page
of Figure 1 drives current about the circular path of one of the
pair of SRRs, with the following interaction potential energy

Figure 1. (a) Experimental (solid), theoretical model (dashed), and numerical e-DDA simulation (circle) EEL spectra taken at the SRR outer tip
for the planar rotational study. (b−f) HAADF images of each SRR dimer with a colored circle indicating where the spectra in panel a were
acquired. Corresponding spectrum images show the (g−k) lower-energy and (l−o) higher-energy normal modes of the system. The scale bar is 300
nm.
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where q1 is the total charge for the fundamental dipole mode.
Thus, the force from the electron beam polarizes the driven
SRR in the direction defined by the unit vector x̂1 = x1/s across
the split of the ring of width s. The polarized field induced on
the SRR has a dominant dipolar electromagnetic response that

prevails within the spectral window of the STEM-EELS
analysis, and it is well separated from higher-energy modes.27

With its large distance to the second SRR, the influence of the
electron beam upon the second SRR is neglected, with the
beam positioned at each of the bullets in the top panels of
Figure 1b−f.
The induced current about the circular path of the driven

SRR sets up a magnetic dipole moment whose field is normal
to the SRR plane and orthogonal to the electric dipole field set
across the split direction. It is through this electric field and
induced magnetic flux density of these electric and induced
magnetic dipoles that the two SRRs interact. The interaction
can be expressed from the Lorentz force, such that
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where E1 and B1 are the electric field and the induced magnetic
flux density, respectively, both from the first ring, acting on the
closed circular, surface path ∂x2 of the second ring. In this
system, drift velocity v2 about the second ring is due to the
current induced by field E1. To clarify the interaction
mechanism, we express the interaction potential as
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where p2 = q2x2 and m2 = q2(v2/c) × x2 are the induced electric
and magnetic dipole moments of the second SRR, respectively,
with p2 pointing in direction x̂2 across the split and m2 pointing
in the direction v̂2 × x̂2 normal to the SRR plane. For the
orientation in Figure 1d, E1 and p2 are orthogonal so the first
term vanishes and the interaction is purely magnetic, however
small, resulting in a weak mode mixing and thus a negligible
spectral splitting of the normal modes. However, in panels a
and b of Figure 1, E1 and p2 are either in phase or out of phase,
resulting in a deconstructive or constructive interaction with
the magnetic field, thus giving rise to mode mixing having
varying normal mode splitting.
Theoretical Description of the EEL Spectra

The following paragraphs describe the derivation of an analytic
expression for the observed STEM-EELS measurements in
Figures 1 and 2. EELS measurements are capable of resolving
the in-plane ϕ and out-of-plane θ angular dependence of the
interaction terms defined in eq 3. These interaction terms
relate to the coupling constant quantifying the strength of
light−matter interaction between the coupled SRR pair. This
coupling constant will quantify the geometric effect of 3D
tilting on mode mixing in Figure 2.
Figure 2 shows a 3D tilt study of coupled SRR dimers placed

side by side. The setup is shown in Figure 2a, depicting a side
view of the SRRs and their 3D tilt angles, and in Figure 2b, the
adjacent high-angle annular dark-field (HAADF) image shows
a top-down view of the SRRs. The top SRR tilts out of plane at
θ1 = 30°, and the bottom SRR tilts at θ2 = 30° (top panel) and
θ2 = 45° (bottom panel). Thus, for the top and bottom panels,

Figure 2. EEL spectra of individual, coupled, and 3D SRR dimers. For
each dimer, the SRRs are placed side by side. (a) Diagram depicting
the side view of the SRR dimer and the 3D tilt angles (θ1 and θ2) of
the first and second SRRs. The relative 3D tilt angle between the two
SRRs is θ = |θ2 − θ1|, which attenuates the magnetic dipole interaction
in eq 12. (b) Experimental (solid) and model (dashed) EEL spectra,
with the electron probe placed at the outer tip of the first SRR. For
each tilt study, the point EEL spectrum is color-coded with respect to
a color-coded dot (representing the electron probe) on the adjacent
HAADF image that shows a top-down view of the SRR dimer. For the
red curves, the 3D out-of-plane tilt angles (θ1, θ2) = (30°, 30°),
respectively, for the electron probe-driven and undriven SRRs in the
dimer, while for the blue curves, (θ1, θ2) = (30°, 45°), respectively.
(c) Planar orientation for the SRR dimer as shown in Figure 1d and
EEL spectra acquired for same the 3D tilt orientations conducted in
panel b.
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the relative tilt angles between the top and bottom SRRs are θ
= 0° and θ = 15°, respectively (as depicted in Figure 2a). The
EEL spectra in panels b and c are measured with the electron
beam placed at the colored circles at the outer tip of the top
SRR. In both spectra, the hybridized modes result from the
electric and induced magnetic dipole interactions.
In contrast, Figure 2c shows a case in which the bottom SRR

has been rotated 90° in plane to uncouple the electric-field
interaction between both SRRs. The result is a weakly coupled
dimer, as shown in the negligible spectral splitting, due to a
weak, purely magnetic interaction, and as the bottom SRR tilts
out of plane at 45°, the magnetic interaction weakens further
and the spectrum reduces to the uncoupled system identical to
the SRR monomer.
To evaluate the electric and magnetic coupling constants

and to analyze the role of the magnetic interaction in the
STEM-EEL measurements of Figures 1 and 2, we will need to
derive the EEL probability per unit frequency29,30

=
| · |E R x

( )
( , )

Im ( )EEL
el 1

2

1 (4)

of an SRR dimer from a model containing both electric and
magnetic interactions. In this expression, Eel(R) is the
evanescent field of the STEM electron probe located at impact
parameter R and α1 is the polarizability of the first SRR
coupled to the second SRR via near-field electric and magnetic
dipole interactions. Together, these quantities define induced
dipole moment p1

= qE R x( ) ( , ) ( )1 el 1 1 (5)

expressed in terms of dynamical coordinate q1(ω) representing
the total charge on the driven SRR. The Lagrangian governing
the dynamics of the coupled SRR dimer in the external field of
the electron beam is given by
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with i, j = 1, 2. The generalized coordinate is the time-
dependent amplitude of total charge qi(t) on each SRR. More
so, assuming identical SRRs, A and B are constants equal
across both SRRs. The quantity A has dimensions of
inductance (square seconds per centimeter), which behaves
as the inertial quantity analogous to the mass on a mechanical
oscillator. It follows that B has units of inverse capacitance
(inverse centimeters), such that the resonance frequency of the
SRR is given by √B/A. Then the simplified Lagrangian yields
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where β and gE are geometric coupling constants of the near-
field electric and magnetic interactions, respectively. In the
absence of the drive field of the electron beam, eq 7 is similar
to the well know Lagrangian of coupled SRRs.20,31−34

However, eq 7 yields steady state solution q1(ω) of the
electron beam-driven, coupled SRR.

It follows that the Euler−Lagrange equations of motion
produce an electric, position-dependent coupling, as well as a
magnetic, velocity-dependent coupling. Following the proce-
dure outlined in ref 35 (Appendix A), a linear transformation
of the Euler−Lagrange equations from eq 7 yields the
following coupled effective oscillator equations of motion
representing the coupled fundamental dipolar modes of an
SRR pair, such that

+ + + =
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where in an ad hoc fashion we have added a term that depends
on the generalized velocity for dissipative loss of rate γ0=γ1 =
γ2. Note that the dimer system bears new effective oscillator
parameters, with defined effective resonance frequency and
coupling constant, i.e.

=
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Coupling constant G expresses the angular dependence of the
electric and magnetic near-field interaction such that

= [ ]
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where angles ϕ and θ correspond to the relative in-plane
rotation and out-of-plane tilts, respectively, of the second SRR
with respect to the first, as shown in Figures 1 and 2. Finally,
we express the dynamics of the total charge on the driven SRR
dipole oscillator in the frequency domain as

=
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Equation 13 yields the solution to eq 5, the polarizability of the
driven SRR. The self-energy term in the denominator of eq 13
expresses the perturbation due to the near-field interaction
with the second SRR. With these equations, the analytic
expression of the EEL probability distribution function in eq 4
and the effective coupling constant in eqs 11 and 12 capture
the behavior of the observed STEM-EELS measurements in
Figures 1 and 2.
To illustrate, first, in Figure 1 (without tilting, θ = 0°), the

strength of the light−matter interaction (Geff = |G|/Ω0)
approaches a minimum and maximum value for the planar
orientations ϕ = 90° and ϕ = 180°, respectively. The latter
value corresponds to the normal mode spectral splitting of the
coupled SRR pair. For instance, the weak interaction strength
at ϕ = 90° is due to the purely magnetic interaction G = [gE
sin(ϕ = 90) − gB cos(θ = 0)]/Ω0 = −gB/Ω0. More so, eq 12
predicts that 3D tilting (θ ≠ 0) has the effect of strengthening
SRR couplings by decreasing the counteraction of the induced
magnetic interaction on the strong electric interaction. As in
Figure 2b, the spectral splitting increases as the 3D tilt angle
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increases. This result justifies the claim that tilting out of plane
diminishes the induced magnetic interaction, yet enhancing the
overall light−matter interaction between coupled SRRs. These
trends are further supported via numerical electromagnetic
simulations of the coupled SRR system using the electron
beam-driven discrete dipole approximation (e-DDA).
Furthermore, Figure 2c explores the purely induced

magnetic interaction in 3D. First, the initial frame of the
SRR pair is as such in the orientation at ϕ = 90°. Then the
undriven, coupled SRR is tilted out of plane. In this case, the
coupling strength decreases to the simple expression G =
−(gB/Ω0) cos θ. Thus, tilting out of plane (where θ → 90°)
results in a negligible near-field interaction, and the spectra
reduce to the case of the uncoupled system identical to the
SRR monomer, as observed in Figure 2c and in the estimates
of the fit parameters in Table 1. In general, this 3D tilt study
distinguishes the magnetic dipole and characterizes its role in
the hybridization scheme of coupled SRRs.

Model Application: Estimating the Interaction Strength of
Coupled SRRs
As mentioned, Figure 1 provides a baseline for the 3D study.
Applying the EEL probability distribution function in eq 4 as a
fit function to the data in Figure 1 yields estimates for the
system parameters (see Table 2). First, the fit of eq 4 to the

numerical e-DDA simulation data of the SRR monomer
spectrum (parametrized according to the idealized exper-
imental SRR system parameters in the absence of the
supporting substrate) yields estimates of natural resonance
frequency ω0 and inductance A. Then the fit to the simulation
data of the SRR dimer spectrum at the initial orientation
(Figure 1b; ϕ = 0°) and the pure magnetic orientation (Figure
1d; ϕ = 90°) yields estimates of coupling constant magnitudes
gE and gB. With these parameters, calculations using eqs 10 and
12 yield effective resonance frequency Ω0 and coupling
constant G. The values of Ω0 and G calculated from the
model serve as bounds for the fitting procedure to the
experimental STEM-EELS measurements, from which the true
values of Ω0 and G are determined. We note that in the fitting
procedure outlined, γ0 is the only free parameter. Finally with
the estimates of the system parameters, as shown in Table 2,
the model is overlaid on the STEM-EEL spectra.

Applying parameter estimates A, ω0, gE, and gB to eqs 10 and
12 for Ω0 and G yields the normal mode energies

= G( , ) ( , )0
2 . Figure 3a is the anticross-

ing graph of the normal mode energies. These normal mode
calculations are benchmarked with the fit estimates of Ω0 and
G from numerical e-DDA simulations and the experimental
data. In essence, Figure 3a shows that changing the orientation
of the SRRs tunes the degree of normal mode mixing, where
Ω− and Ω+ are the in- and out-of-phase normal mode energies
whose mode profiles are shown in the electromagnetic-field
maps of Figure 3b−s.
Moreover, the electromagnetic-field maps in Figure 3b−s

show a phase change in the normal mode of the induced
magnetic dipoles when the second coupled SRR changes
orientation from ϕ = 0° to ϕ = 180°. For example, the
magnetic fields of the induced magnetic dipoles are in phase in
the lower-energy normal mode at ϕ = 0° but out of phase at ϕ
= 180° (see Figure 3g,k). This apparent inversion is due to
Faraday’s law of induction; i.e., changing the orientation of the
coupled SRR from ϕ = 0° to ϕ = 180° changes the direction of
the induced current about its loop and, thus, changes the
direction of the magnetic field normal to its plane.
Magnetic Ordering of the SRR Trimer
In Figure 4, a planar trimer of SRRs (450 nm diameter, 270°
arc length) is arranged in a D3h symmetry to explore the effects
of geometric frustration in the magnetic dipole ordering of its
normal modes. EEL spectra are acquired at the inner arm and
at the gap of the SRR trimer (see colored dots in the HAADF
image in Figure 4a) to preferentially excite the lower- and
higher-energy normal modes, respectively. Note that the beam
position located in the gap center (blue) excludes the lower-
energy in-phase normal mode by symmetry. Figure 4b shows
the measured EEL spectra (normalized to the zero loss peak)
with resonant energies at 300 and 400 meV, while panels c and
d of Figure 4 display the measured spectrum images collected
at these resonant energies. The results from numerical EEL
simulation of the SRR trimer (Figure 4e−i) show the electric
and magnetic mode profiles of the in-phase lower-energy
normal mode (Figure 4e,g) and out-of-phase higher-energy
normal mode (Figure 4f,h), which is doubly degenerate. These
field profiles are consistent with their respective measured
spectrum images from panel c.
In the lower-energy normal mode, the electric dipoles are in

phase (all pointing head to tail), and in this point group
symmetry, the direction of the circular current is the same on
each loop of the SRR. This gives rise to magnetic dipole
moments with ferromagnetic (FM) ordering (all pointing out
of plane). In the higher-energy normal mode, however, the
electric dipoles are out of phase, and thus, the direction of the
circular current is different on each loop of the SRR. This gives
rise to a pair of doubly degenerate magnetic dipole moments
with antiferromagnetic (AFM) ordering. Thus, by correlating
experimental EELS measurements with calculated induced
electric- and magnetic-field profiles, Figure 4 shows that the
magnetic dipole ordering within a given SRR trimer normal
mode is dictated by the specific current path about each loop
of each SRR as excited by the STEM electron probe at
particular impact parameters.

■ CONCLUSION
In this paper, we combine a STEM-EELS experiment with
theoretical modeling to study the 3D geometric effects of

Table 1. 3D Parameter Estimates

ϕ (deg) θ (deg) ℏΩ0 (meV) ℏγ0 (meV) ℏGeff (meV) ℏω0 (meV)

0 0 389 52 33 410
0 15 387 51 85 410
90 0 390 78 20 410
90 15 404 48 15 410

Table 2. Parameter Estimates

A(s2 cm−1) ℏω0 (meV) ℏ2gE (meV2) ℏ2gB (meV2)

1.885 × 10−31 359 6.5 × 10−2 9.0 × 10−3

ϕ (deg) ℏΩ0 (meV) ℏγ0 (meV) ℏGeff (meV)

0 362 47 65
45 360 47 54
90 359 47 25
135 365 55 64
180 370 58 82
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electric and magnetic plasmon mode mixing in nanofabricated
3D SRR dimers with varying out-of-plane tilt angles. Spectral
splitting of the normal modes arising from the 3D tilt has been
interpreted by theoretically mapping the SRR electromagnetic
responses onto effective dipole oscillators, with an effective
coupling that reveals a competition between interactions
mediated by electric and magnetic SRR dipole fields.
Importantly, our results confirm that varying the 3D tilt

angle between coupled SRRs diminishes the magnetic coupling
but enhances the overall mode mixing, and for a certain planar
orientation and tilt angle, the SRR dimer becomes uncoupled,
with a response reminiscent of a single SRR. We have also
described the influence of the electric dipole’s circular current
path on the magnetic ordering of a coupled SRR trimer
arranged in a planar triangular D3h symmetry, where the
hybridized magnetic dipoles are ferromagnetically ordered in
the lower-energy in-phase normal mode and antiferromagneti-
cally ordered in the higher-energy out-of-phase normal mode.
The EELS measurements and corresponding theoretical
analysis presented in this study shed light on the rational
design of a new class of NIR metamaterials formed from
embedded 3D SRR units.

■ MATERIALS AND METHODS

Planar SRR Fabrication
The planar split ring resonators are fabricated via electron beam
lithography (JEOL 9300FS) using a lift-off process. A 300 μm Si wafer
with 30 nm of low-pressure chemical vapor-deposited SiNx is spin
coated with PMMA 495 A4 and exposed. The pattern is then
developed using a 1:3 methyl isobutyl ketone/isopropyl alcohol (IPA)
mixture. Twenty-five nanometers of Au is sputter deposited via dc
magnetron sputtering onto the substrate followed by soaking in a
heated NMP bath, sonicating in NMP and acetone, and rinsing with
IPA and deionized water. The backside of the wafer is then spin
coated with P20 and S1818 and exposed using photolithography to
create the windows of the transmission electron microscope. Reactive
ion etching is used to remove the backside nitride layer, and the wafer
is subsequently submerged in a heated KOH bath to etch the Si
windows and TEM grid edges.

3D SRR Fabrication

3D split ring resonators were fabricated using a hybrid synthesis
approach utilizing focused electron beam-induced deposition
(FEBID) as a scaffold for plasmonic materials.27 The FEBID scaffolds
were subsequently coated with SiO2 and Au. The 22 nm conformal
SiO2 layer was deposited via ALD to enhance the structural integrity
of the scaffolds, which also isolates the Au layer from the PtCx scaffold
to minimize possible plasmon damping. Due to its well-known
plasmonic properties as well as its stability in the atmosphere, 25 nm
Au was subsequently deposited on the scaffolds via dc magnetron
sputtering (7 W, 3 mTorr).

Figure 3. (a) Anticrossing of the normal mode energies from the derived analytical expression = G( , ) ( , )0
2 (solid) and fit

estimates of the experimental (black dots) and numerical e-DDA (magenta dots) normal mode energies for the planar rotational study in Figure 1.
The progression of the normal mode splitting is tuned by changing the coupling strength as a function of the in-plane ϕ orientation of the second
SRR. Numerical e-DDA electric-field (b−f) and magnetic-field (g−k) profiles of the bonding modes are compared against electric-field (i−o) and
magnetic-field (p−s) profiles of the antibonding modes.

Figure 4. EEL point spectra, spectrum images, and induced electric-
and magnetic-field profiles of a planar SRR trimer with D3h symmetry.
(a) HAADF image of the trimer. The scale bar is 300 nm. (b)
Experimental EEL spectra acquired at the beam positions indicated in
panel a. (c and d) Experimental spectrum images at the resonant
energies of 300 and 400 meV with FM and AFM ordering,
respectively, shown in the simulated field profiles of (e) the electric
dipole in-phase lower-energy normal mode, (f) the electric dipole out-
of-phase higher-energy normal mode, (g) the magnetic dipole in-
phase lower-energy normal mode, and (h) the magnetic dipole out-of-
phase higher-energy normal mode.
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Experimental STEM-EELS Measurements
Low-loss EEL spectra were collected using a Nion aberration-
corrected high-energy resolution monochromated EELS-STEM
instrument (Nion HERMES) operating at an accelerating voltage of
100 kV. Point spectra and spectrum images were collected with a
convergence semiangle of 30 mrad and a collection semiangle of 15
mrad, with a beam current of ∼8 pA.36,37 Scattered electrons were
dispersed in a Nion Iris spectrometer at 1.2 meV/channel, and the
energy resolution [full width at half-maximum of the zero loss peak
(ZLP)] was approximately 16 meV. Point spectra had their ZLP
maxima normalized to unity.
Numerical EELS Simulations
Simulations of the EEL spectra were performed using the electron-
driven discrete dipole approximation (e-DDA).38,39 The SRR shapes
were modeled as toroids cut according to the geometry and
dimensions of the experiment. We note that the non-metal layers,
substrates, and pillar were omitted to simplify the simulations. The
electron beam energy was set at 100 keV, and the impact parameters
for all spectra were recorded between 9 and 12 nm. The tabulated
dielectric data for gold in ref 40 were used, and all field maps were
calculated 45 nm above the plane containing the SRR structures.
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