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We investigate the emergence of nonlocal effects in plasmonic nanostructures through electron-energy loss spectroscopy. To theoretically describe the
spatial dispersion in the metal permittivity, we develop a full three-dimensional nonlocal hydrodynamic solution of Maxwell's equations in frequency
domain that implements the electron beam as a line current source. We use our numerical approach to perform an exhaustive analysis of the impact of
nonlocality in the plasmonic response of single triangular prisms and connected bowtie dimers. Our results demonstrate the complexity of the interplay
between nonlocal and geometric effects taking place in these structures. We show the different sensitivities to both effects of the various plasmonic modes
supported by these systems. Finally, we present an experimental electron-energy loss study on gold nanoprisms connected by bridges as narrow as 1.6 nm.
The comparison with our theoretical predictions enables us to reveal in a phenomenological fashion the enhancement of absorption damping that occurs in

these atomistic junctions due to quantum confinement and grain boundary electron scattering.
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n recent years, innovations in the field of

nanophotonics have led to a wealth of

technological applications such as high-
sensitivity chemical and biological sensing,’
improved photovoltaic light harvesting,?
signal processing based on active plasmonic
nanostructures,® and electromagnetic (EM)
field modulation using metamaterials.*> All
these devices have been possible as a result of
the enormous progress that nanofabrication
and optical characterization techniques have
experienced lately. However, the increasing
miniaturization of these components means
that the EM modes they support begin to be
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influenced by regions of significant nonlocal-
ity, which arise when metals are structured at
the nanoscale® Currently, progress is being
made toward a deeper understanding of the
influence of nonlocality, or spatial dispersion,
on the permittivity of metals using three
complementary approaches: (1) phenomen-
ological mesoscale models based on exten-
sions of Maxwell's equations into the nonlocal
regime using, for example, a hydrodynamic
approach;” "' (2) time dependent many-
body quantum treatments viable for small
system sizes;'*'® and (3) optical experi-
ments probing extremely thin films'*'>
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and diminutive particles.'®'” Out of these three, the
hydrodynamic theory has advantages due to its ease of
implementation, qualitative validity of results,'®'® and
the possibility to modulate the degree of nonlocality,
offering theoretical insights into the way spatial dis-
persion modifies EM fields.*°

From an experimental perspective, electron-energy
loss spectroscopy®'? (EELS) offers a powerful technique
that enables the nonperturbative near-field mapping
of the photonic local density of states®*?* with sub-
nanometer spatial resolution.”> 2’ This capability
makes EELS an excellent candidate for the study of
the nonlocal response of metallic nanostructures.?®~3'
From the theoretical side, spatial dispersion in electron
microscopy of simple metallic geometries has been
thoroughly analyzed in the past.3>~>> However, the
interpretation of EELS spectra from complex plasmonic
devices has been limited for two reasons: First, even
though general solutions of Maxwell's equations have
been developed to describe the response of these
systems driven by an electron beam,?® their operation
was restricted to the local limit. Second, in cases where
full nonlocal EM solutions were used, the underlying
models were limited to plane wave excitation,*® with
the implementation of an EELS excitation source in the
nonlocal regime still lacking. Importantly, EELS sources
offer access to the whole modal spectrum, whereas
optical excitation only probes the so-called bright
modes, which couple strongly with radiation. Thus,
compared to focused illumination, the exploration of
nonlocal effects through EELS promises more com-
plete information about the interplay between nonlo-
cality and geometry.

In this work, we develop for the first time a full
three-dimensional hydrodynamic nonlocal solution of
Maxwell's equations in the frequency domain'' that
implements the EELS source as a line current. This
configuration mimics the experimental setup, and
we show that the resultant equations can be readily
solved using COMSOL Multiphysics, a commercial finite
element solver. We then use our numerical approach to
perform a comprehensive study of the emergence of
nonlocal effects in connected gold nanoprisms, exploring
all the relevant parameters of the system, and revealing
the physical implications of spatial dispersion in this
geometry. Finally, we use our theoretical model to gain
insights into a set of EELS experimental results on litho-
graphically defined gold bowties connected by bridges as
narrow as 1.6 nm. This enables us to assess the impact of
quantum effects in the EM properties of these plasmonic
systems. Our experimental findings reveal that the effect
of nonlocality on the EELS spectra for the nanoprisms
connected by the narrowest (1.6 nm) bridge is masked by
quantum confinement and grain boundary electron scat-
tering effects. Our measurements indicate that these
effectively increase the absorption damping experienced
by the plasmon modes supported by the nanostructure.
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THEORY

In an EELS experiment, electrons with a fixed kinetic
energy in the 100 keV range are directed along a linear
path passing close to a plasmonic target. These fast
electrons excite localized surface plasmons, thereby
transferring part of their kinetic energy to the target.
The resulting loss in kinetic energy is measured with
the EELS detector, which disperses the electrons by
energy. Normalizing the total number of electrons
recorded by the detector, an energy loss probability
spectrum is obtained.

Our simulated EELS spectra are calculated follow-
ing the approach outlined in ref 23, which yields
the spectrally decomposed energy loss probability,
T'eeis(w), for a fast electron moving at constant velocity
v along a linear trajectory r.(t). The moving electron
results in a current density j(r,t) = —evd[r — r.(t)], where
e is the electron charge. Assuming that this current is
directed in the z-direction and performing a temporal
Fourier transform, we obtain j(zw) = —ezd[R — Role“",
where o is the angular frequency and Ry = (xo,Y0) is the
impact parameter of the electron trajectory.

The moving electron creates a background electric
field, Eo(r,t), which in the presence of a metallic nano-
structure results in an induced field, E"(r,t). The
energy lost by an electron moving along the path r(t)
is then given by

W=e /.dtv-Ei”d[re(t), t] (M

The spectral decomposition of eq 1 can be obtained by
writing the energy lost in terms of the energy loss
probability as W = ﬂ’w)FEELS(w) dw. Expressing the
induced electric field in frequency domain, and rewrit-
ing the time integral in eq 1 into a line integral over the
electron path z(t), we have

ve . )
Tees(w) = 5o /dZRe[ef'wz/vE'znd(Z, w)] (2

where EM(z,w) is the z-component (parallel to the
electron trajectory) of the induced electric field.
Equation 2 shows that the energy loss probability can
be directly extracted from the induced electric field along
the source current. In the following, we discuss briefly how
EM(zw) can be obtained from the frequency domain
solution of Maxwell's equations within a nonlocal hydro-
dynamical model. In this frame, the total electric fields,
E(rw) = Eorw) + E™(rw), within an arbitrary metallic
nanostructure (the target in our EELS experiments) are
described by the inhomogeneous wave equation

2

V x [V x E(r,w)] = % £0EE(r, ) + itgwly(r, w) (3)

where the first and second source terms in the right-hand
side account for the residual response of the positive ion
cores and the nonlocal displacement current, respectively.
Within the hydrodynamical Drude model, the transport
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equation for the nonlocal current J4(r,w) reads
BPVIV - J4(r, )] + oo + iy)a(r, )
= iwwieoe.E(r, w) (4)

Equation 4 governs the dynamics of the electron
density within the metal nanostructure. The first term
takes into account the electron—electron interactions
within the hydrodynamic picture, and the remaining terms
can be easily recognized as the usual Drude ones for a
noninteracting electron gas. The nonlocal parameter f3,
which is a measure of the characteristic speed of a
conduction electron, is equal, except for an adimensional
factor, to the metal Fermi velocity.® Note that in the limit
B =0, eq 4 recovers the local approximation. All the cal-
culations in this work are evaluated at 3 = 0.0036¢, where ¢
is the speed of light, which is a realistic value for gold."”

Contrary to the local picture, the simultaneous solu-
tion of egs 3 and 4 yields the excitation of longitudinal
plasmon modes within the metal bulk below the
plasma frequency, wp.>® The inclusion of this new field
component in the metallic regions requires the intro-
duction of an additional boundary condition, which in
our case corresponds to the continuity of the normal
component of the electric field” It can be easily
demonstrated that egs 3 and 4 give the following
longitudinal plasmon dispersion relation

K= k2 +[% [w3 — wlw +iy)] (5)

where k; (ki) is the evanescent (propagating) wave-
vector along the direction normal (parallel) to the
metal surface. In flat geometries and at frequencies
much smaller than the plasma frequency, we can use
the strongly evanescent nature of longitudinal plas-
mons to assume k, > kj and write dp = k1 ' ~ B/wp for
the longitudinal plasmons decay length. This result
evidences the role of §§ as the parameter which controls
the nonlocal thickening of the induced charge distri-
bution at the metal boundaries.?*3®

Finally, in order to obtain the induced electric fields
required to evaluate eq 2, we follow a solving strategy
similar to the one recently proposed to calculate the
electric fields scattered by on-substrate nanoparticles
under dark field illumination.3®%° We first compute the
vacuum electric fields produced by the EELS current in
absence of the target, Ey(r,w). Subsequently, we inject
these electric fields as the EM source in the simulation
domain including the metal nanostructure. Thus, we
can retrieve E™(r,w) = E(r,w) — Eq(r,w) and compute
T'ees(w) from eq 2.

RESULTS AND DISCUSSION

We first apply our nonlocal EELS machinery to the
study of single gold nanoprisms. Specifically, we con-
sider nanoparticles with an equilateral triangular cross
section of side L ranging from 5 to 200 nm, and height
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Figure 1. Simulated EELS response of single gold nano-
prisms (height D = 0.3L) on a 0.5 nm chromium adhesion layer,
supported by a SiN, membrane of thickness D. (a) Black and
red lines plot local (1.6 eV) and nonlocal (1.9 eV) E;,"_d along
the y-axis of a nanoprism with L = 5 nm. (b) Local E;,"d map
within thez=D/2 plane at 1.6 eV. (c) The same as panel b but
under the nonlocal description and at 1.9 eV. In both panels,
the saturated color scale ranges from positive (red) to
negative (blue) electric field amplitude, and the position
of the electron beam source is indicated by a gray dot. (d)
Simulated local (black) and nonlocal (red) EELS spectra for
single nanoprisms with various L. To make the system fully
scalable, we have set the distance between target and
source to 0.15L. (e) Trace of the spectral position of the
modes identified in panel d. The insets show saturated
nonlocal charge density maps (L = 5 nm) at the energies
of the dipole (1.9 eV) and quadrupole (2.4 eV) modes.

D = 0.3L. The gold permittivity in our calculations
corresponds to the Drude fitting to the experimental
datain ref 41, as outlined in the Methods section at the
end of this article. To mimic realistic experimental
conditions, we place these plasmonic nanostructures
on a SiN, supporting membrane with dielectric con-
stant ¢ = 5. We also introduce a thin (~0.5 nm)
chromium adhesion layer (with dielectric properties
taken from ref 42) between target and membrane®
(note that nonlocal effects in chromium have been
neglected in our calculations due to the low value of
the Fermi velocity ~f, which in chromium is 1 order of
magnitude smaller than in gold**). Figure 1a—c plots
the y-component of the electric field induced in an
L = 5 nm triangle by an incident electron beam
positioned 0.75 nm away from the center of one of
its sides, as indicated by the gray dot in panels b and c.
Panel a plots Ej,"d as a function of the y-coordinate
along the nanoprism axis (x = 0, z = D/2). The electric
fields are evaluated at the lowest plasmonic resonance
supported by the nanostructure, and the black (red)
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line corresponds to local (nonlocal) predictions. Panels
b and c render the local (1.6 eV) and nonlocal (1.9 eV)
Ej,"d, respectively, within the z = D/2 plane. The plots
of the y-component of the electric field (normal to one
of the sides of the prisms) in Figure 1a—c illustrate the
central manifestation of spatial dispersion, namely, the
removal of the discontinuity of the normal component
of the electric field at the metal boundaries. This
smearing of the EM fields is concomitant with a
decrease of the electric field amplitude. Note the 2-fold
reduction in E},”d at the prism corner in panel a.
Figure 1d shows I'gg s(w) for gold nanoprisms with
different L obtained within the local (black) and non-
local (red) picture. To make the system fully scalable,
we have set the distance between target and electron
beam to 0.15L. Note that the impact of spatial disper-
sion is more apparent in the spectral position of the
EELS maxima than in its intensity. In panel e, the
evolution of the resonant position for increasing prism
side is rendered. The insets display saturated nonlocal
charge density plots, p ~ V-E"(r,w), evaluated at
1.9 and 2.4 eV for L = 5 nm. These plots enable us to
classify the two resonances observed in the spectra as
in-plane dipole and quadrupole plasmonic modes,
respectively. Figure 1d allows us to bracket the point
at which local and nonlocal predictions begin to
diverge between L = 10 nm and L = 50 nm, which is
in agreement with recent experimental findings on
silver nanoparticles.3'* Interestingly, this onset of the
nonlocal regime also corresponds to the nanoprism
size range where local electrodynamics converges
to the so-called quasi-static regime. In this limit, the
energy of plasmonic modes is scale-invariant under the
local approximation, making the spectral position of
the EELS maxima independent of the overall size of the
target. Figure 1e illustrates how the introduction of
spatial dispersion in the metal permittivity gives rise to
a continuous blue shifting of the plasmonic modes as
L decreases. This effect can be linked to the continuous
increasing of the relative size of the nonlocal surface
charge thickening, given by the ratio d;p/L.
Interestingly, Figure 1 shows that the dipolar plas-
mon mode supported by gold nanoprisms is more
sensitive to spatial nonlocality than its quadrupole
counterpart. This can be qualitatively understood from
the longitudinal plasmon dispersion given by eq 5.
Note that, as the spectral position of both plasmonic
modes is well below wp, the second term in the right-
hand side of this equation acquires very similar values
in both cases. However, the insets of Figure 1e evi-
dence that the effective wavelength, which is inversely
proportional to ki and measures the spatial extent of
the EM oscillations along the nanoparticle perimeter, is
significantly shorter for the quadrupole mode. By
estimating the effective wavelength of the plasmonic
resonances through these charge plots, d,p can be
calculated from eq 5. This yields a smaller longitudinal
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Figure 2. Geometry considered in our calculations. Two
gold nanoprisms of height D and side length L, connected
through a bridge of width d and length g (measured apex to
apex). The resulting structure is separated from a SiN,
supporting membrane through a 0.5 nm thick chromium
adhesion layer. The impact parameter of the electron beam
is 0.15L nm away from the center of the outer side of the
connected nanoprisms.

plasmon decay length for the higher order mode,
which explains the lower impact that nonlocality has
on its spectral position.

Next, we perform a similar study for a structure
consisting of a pair of gold nanoprisms of the same
dimensions as the ones investigated in Figure 1. As
illustrated in Figure 2, the two prisms are mirrored at
their apex and connected through a gold bridge of
variable shape. We choose this geometry instead of
a separated configuration for two reasons. First, non-
local effects in gapped nanoparticles have already
been investigated lately.>346*” Second, whereas rele-
vant quantum tunnelling effects take place in ang-
strom-sized plasmonic gaps,>**® we can expect them
to be negligible in conductive junctions, which makes
connected geometries a more suitable platform for
the analysis of spatial nonlocality. Figure 2 shows the
various geometric parameters of the EELS target: prism
side L, height D, and bridge width and length, d and g,
respectively (note that the bridge length is measured
from the points where the triangles apexes would have
been in a disconnected dimer). We restrict our atten-
tion to electron beams impinging in the vicinity of the
center of one of the outer sides of the nanoprisms.
Again, in order to make the nanostructure scalable, we
set the distance target-excitation to 0.15L.

Figure 3 summarizes the findings of our EELS ex-
ploration of nonlocal effects in connected gold nano-
prisms. Note that the lowest resonance supported
by this geometry is a charge transfer plasmonic mode
characterized by a large accumulation of positive and
negative charges at opposite ends of the dimer. This
mode cannot be described by plasmon hybridiza-
tion,*® as each of the resonant prisms, considered as
isolated elements, does not satisfy charge neutrality.
Figure 3a—c renders the electric field, £/ at the
charge transfer mode, revealing that nonlocal effects
diminish significantly the field localization that takes
place around the connective bridge within the local
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Figure 3. Simulated I'ggs(w) for connected gold nano-
prisms of side length L and height D = 0.3L. The bridge
width and length are d = 0.1L and g = 0, respectively. The
nanostructures are placed on top of a 0.5 nm chromium
layer, and supported by a SiN, membrane of thickness D.
The distance target-excitation is 0.15L. (a) Local (black) and
nonlocal (red) E;,"d along the y-axis for L = 5 nm evaluated
at 0.75 and 0.8 eV, respectively. (b) Local E;,“d maps within
the z = D/2 plane at 0.75 eV. (c) The same as panel b but
under the nonlocal description and at 0.8 eV. The position of
the electron beam is indicated by a gray dot in both panels.
(d) Simulated local (black) and nonlocal (red) I'gg s(w) for
connected nanoprisms with L ranging from 5 to 200 nm. (e)
Trace of the spectral position of the EELS maxima identified
in panel d. The insets show saturated nonlocal charge
density maps for the L = 5 nm dimer.

picture. The parameters of the structure are L =5 nm,
D =15nm,d=0.5nm, and g = 0 nm. Note that our
theoretical model does not account for grain boundary
and quantum confinement effects at the gold bridges,
which are expected to strongly impact the electronic
response of this system. We anticipate that these will
be introduced in a phenomenological manner in our
model at a later stage.

The field enhancement in this geometry is lower
than in the single prism case (note that there is no
lightning rod effect at the bowtie bridge). However, the
relative impact of spatial dispersion is similar to the one
observed in Figure 1, yielding as well a 2-fold reduction
in £"®. Panel a plots the local (black) and nonlocal (red)
electric fields as a function of y (x = 0, z = D/2). Panels
b and c display Ei,“d color maps at z = D/2 obtained
under the local (0.75 eV) and nonlocal (0.8 eV) picture,
respectively. These results show that the nonlocal
smearing of the electric fields at the metal boundaries
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leads to a significant reduction of the field enhance-
ment in the vicinity of the bowtie. This effect is
particularly pronounced in the region of the narrow
connective bridge, where the discrepancy between
local and nonlocal predictions is largest.

Figure 3d plots I'eg s(w) obtained from nanoprism
dimers with side length ranging from 5 to 200 nm. The
nanostructure height is set to D = 0.3L, and the bridge
geometric parameters are d = 0.1L and g = 0. Local
(nonlocal) results are shown in black (red) lines. Again,
the effect of nonlocality is more pronounced in the
resonance position than in their intensity. The EELS
spectra for the bowties are dominated by the afore-
mentioned charge transfer peak (note that I'grs
is ~10 times larger than all other resonances). To make
the fingerprint of higher order plasmonic modes in
the EELS signal apparent, the vertical axes below 1 eV
have been rescaled. Three different EELS resonances
can be identified in our theoretical spectra, in agree-
ment with previous studies on similar gold nanostruc-
tures. Figure 3e renders their spectral position as a
function of L. The insets show the charge distribution
evaluated at the three EELS maxima for L = 5 nm. As
anticipated, the low energy peak corresponds to the
charge transfer mode. On the other hand, the two
broader peaks at higher energies cannot be unam-
biguously characterized.** Both emerge in a frequency
range where the structure supports two distinct but
nearly degenerate plasmonic modes. Thus, the max-
imum between 1.4 and 2.1 eV (2.3 and 2.5 eV) originates
from plasmonic modes corresponding to the parallel
and antiparallel orientation of the dipole (quadrupole)
resonances supported by single nanoprisms. In both
cases, the charge configuration most efficiently excited
by the incident electron beam is shown in the corre-
sponding inset of Figure 3e (L =5 nm).

Similarly to the case of isolated nanoprisms, the
impact of spatial dispersion on connected bowties
increases with smaller size. However, the phenomen-
ology of the modes sensitivity is more complex than
in the single-particle configuration. Figure 3e shows
that both the charge transfer and the quadrupole—
quadrupole peaks are rather robust to nonlocal effects.
However, the dipole—dipole resonance presents a
much higher sensitivity. Again, we can gain physical
insight into these observations through eq 5. The rapid
spatial oscillation of the quadrupole—quadrupole
mode effectively enlarges the longitudinal plasmon
parallel wavevector, and therefore the normal compo-
nent as well. In a similar way, it is the frequency term
in the dispersion relation which increases k, for the
charge transfer mode. As a result, d,p is diminished in
both cases. On the other hand, for the dipole—dipole
EELS maximum, both the kj and the frequency term in
the right-hand side of eq 5 acquire intermediate values.
Our results indicate that the balance between these
two terms yields the longest d,p, in a similar way to the
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Figure 4. (a) Simulated local (black) and nonlocal (red)
EELS spectra for gold nanoprisms connected by bridges of
various widths, d (L = 10, D = 3, and g = 0 nm). The target
configuration (substrate, adhesion layer, electric beam
excitation) remain the same as in Figure 3. (b) Electric field
amplitude along the bridge width for the three narrowest
geometries in panel a. Top (bottom) profiles correspond
to local (nonlocal) calculations. (c) Trace of the local (black)
and nonlocal (red) resonances for connected nanoprisms
against d (top, g = 0 nm) and against g (bottom, d =1 nm).

dipole mode supported by a single nanoprism. Note
that the nonlocal blueshift experienced by the lower
energy resonance in Figure 1 resembles the one
observed in Figure 3 for this mode.

The spectral properties of the plasmon modes sup-
ported by gold bowties are highly sensitive not only
to the dimensions of the connected nanoprisms (as
we have demonstrated above), but also to the geome-
try of the junction between them. This makes these
structures very attractive candidates for photonic ap-
plications that rely on the precise engineering of one
or several EM resonances over a wide frequency
window.’°™>? In the following, we investigate how
the high tunability featured by these plasmonic de-
vices within the local approximation is affected by
spatial dispersion. In Figure 4a, the effect of the bridge
width on the charge transfer mode is analyzed for
connected nanoprisms with L = 10 nm and D = 3 nm.
Local (black) and nonlocal (red) EELS spectra for d
ranging from 0.25 to 10 nm are plotted (g = 0 nm).
Interestingly, our results show that the impact of spatial
dispersion on the position of the EELS maxima is higher
at larger d. This is a surprising result, as it seems to
contradict our previous observations which showed
the enhancement of nonlocal effects with decreasing
nanoparticle size, L. However, note that the thickest
bridge (d = 10 nm) yields a rectangular-shaped nano-
particle, and the EELS peak in this case originates
from a dipole mode similar to the one we identified
in Figure 1 for single prisms. On the other hand,
d = 0.25 nm corresponds to a connected dimer like

WIENER ET AL.

the ones in Figure 3, and we can link the maximum
in ee s(w) to a charge transfer plasmonic mode. As we
showed above, the former is very sensitive to nonlocality,
whereas the latter is much more robust. This explains the
spectral trends that we observe in Figure 4a.

To gain further physical insight into the interplay
between geometric and nonlocal effects at the dimer
bridge, we plot in panel b of Figure 4 the local (top)
and nonlocal (bottom) electric field amplitude across
(x-direction) the bridge for the three narrowest bowties
in panel a. These profiles are evaluated at resonance
and indicate that the electric field is significantly
amplified at the junction for small d, whereas it remains
moderate for wider geometries. In narrow bridges, the
nonlocal smearing of the electron density effectively
pushes the plasmonic modes into the metal regions,
while decreasing their parallel wavevector. These man-
ifestations of spatial nonlocality lead to the slower
variation of the electric field amplitudes across the
nanoprism junctions in panel b. Note that, although
the field accumulation for the narrow bridges does not
lead to an apparent nonlocal shift of the EELS maxima,
it gives rise to the highest reduction in their intensity in
panel (a). In the top panel of Figure 4c, the spectral
position of the EELS resonances is plotted against d for
bridges narrower than 4 nm (g = 0 nm). In this panel,
the three resonances supported by the nanostructure
are investigated. As we already observed in Figure 3,
the dipole—dipole peak at intermediate energies is the
most affected by nonlocality, which also increases its
sensitivity to the bridge width. In the bottom panel of
Figure 4c, the effect of the bridge length g is investi-
gated (d = 1 nm). This panel indicates that the bowtie
resonances investigated here, even within the nonlocal
description, can be only slightly tuned through this
geometric parameter.

Current experimental capabilities make the accurate
fabrication and characterization of plasmonic EELS
samples shaped at the nanometer scale possible. Here,
we present EELS measurements performed on a single
gold bowtie antenna of 70 nm side length and 20 nm
height. This target was fabricated onto a 30-nm-thick SiN,
membrane using methods previously described?”#>*3
(see the Methods section for further details). Shifts in
the charge transfer plasmon mode were due only to
variations in the bridge geometry, and not variations
from one bowtie to another. This controlled experi-
ment was achieved by performing local electron-beam
sculpting (ablation) of the bridge region (to be detailed
separately). Doing so allowed EELS spectra obtained
from bridges of different widths (but of identical
prisms) to be consistently compared with each other,
as plotted in Figure 5a. As the bridge width was
decreased from d = 7 nm to d = 1.6 nm, the charge
transfer plasmon peak red-shifted slightly but de-
creased significantly in intensity. Remarkably, these
experimental results show that charge-transfer plasmons
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Figure 5. (a) Experimental EELS spectra for connected gold nanoprisms with L =70 nm, D=20 nm,andd = 1.6 nm,4and 7 nm.
The bowties are placed on top of a 1 nm chromium layer and are supported by a 30 nm thick SiN, membrane. The inset shows
a transmission electron microscopy (TEM) image of one of the samples. (b and c) TEM images zooming at the two narrowest
connective bridges. (d) Local (dotted lines) and nonlocal (solid lines) simulations mirroring the experimental geometries in
panel a. (e and f) Nonlocal charge density maps evaluated at the charge transfer resonance for the geometries modeling the
bridges in panels b and c. (g) Local T'gg  s(w) for bowties with d = 1.6 nm and chromium bridges of height 5, 2, 1, and 0 nm (from
top to bottom). (h) The same as panel g but for 1 nm chromium thickness and increasing Drude damping frequency at the gold
bridge, effectively modeling grain boundary electron scattering effects. The top (bottom) spectrum corresponds to an
increase in the gold damping frequency by a factor of 1 (75) with respect to the prism regions.

can still be supported across a bridge that is only 6
atoms across, as seen in Figure 5c.

We investigate the emergence of nonlocal effects in
samples with bridge widths as small as 1.6 nm both
theoretically and experimentally. In Figure 5a, the EELS
spectra measured from three of these nanostructures
(see inset for a TEM image) are plotted. Panels b and
c display TEM images of the two narrowest junctions,
d = 4 and 1.6 nm. Importantly, our experimental
spectra show the signature of the plasmonic modes
predicted theoretically for the structure. In agreement
with the numerical Tggs(w) in Figure 3, the lowest
energy EELS maxima stand out in the measured EELS
profiles. Note that the height of this peak diminishes
drastically in the 1.6 nm bridge case. As expected from
the numerical trends in Figure 4c, the charge transfer
and the dipole—dipole resonances are more sensitive
to the bridge geometry and red-shift significantly with
decreasing d. On the other hand, the quadrupole—
quadrupole mode (the highest in energy) emerges at
roughly the same position for the three samples.

Figure 5d show numerical T'gg s(w) mimicking the
experimental conditions. The model geometries in
the calculations are set in accordance to the nominal
dimensions of the measured samples. Dashed and
solid lines correspond to local and nonlocal calcula-
tions, respectively. We can observe the good agree-
ment with the spectra in panel a, in particular for the
two widest bridges. Our theoretical results also show
the low impact that nonlocality has on the connected
geometries explored in the experiments. Note that the
main nonlocal feature in the EELS spectra is the further
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red-shift of the charge transfer mode with decreasing
d. This red-shift is a striking result, because it is con-
trary to the phenomenology observed in single nano-
particles®' and gapped dimers,'” where spatial disper-
sion always increases the surface plasmon resonant
energies. Note that a slight (0.01 eV) nonlocal red-shift
of the EELS maximum (with respect to the local
prediction) can be also observed in the bottom spec-
trum of Figure 4a. We can understand this spectral
lowering of the charge transfer mode as a conse-
quence of the effective narrowing of the bridge width
associated to the nonlocal smearing of the surface
charge distribution at the metal boundaries.>**>
This interpretation is supported by the nonlocal charge
density maps at the bridge areas displayed in Figure 5ef.
These are evaluated at the charge transfer resonance
for the two narrowest bridges. Note that the color
scale is the same for both structures, demonstrating
the effective narrowing of the connective bridge asso-
ciated to the nonlocal thickening of the surface charge
distribution in the d = 1.6 nm case.

Our theoretical EELS spectrum does not reproduce
the drastic reduction of the charge transfer peak found
in the experiments for the 1.6 nm thick bridge. This
means that spatial dispersion is not the cause for the
severe lowering in the experimental EELS signal, and
that the physical mechanism inhibiting the charge
transfer plasmonic mode is not reflected in our theore-
tical description. To explain the drastic reduction in peak
height as the bridge was narrowed, we turn to three
plausible considerations, all of which result in drastically
reduced conductance by the bridge. First, we consider
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the case in which the gold bridge has been removed
and only chromium atoms remained at the junction. We
realize that this is an unlikely case because the gold
lattice fringes can be seen in the TEM image to extend
from the individual nanoprisms into the bridge region.
Nevertheless, Figure 5g plots I'eg s(w) for nanoprisms
with chromium bridges ranging from 5 nm (top) to 0 nm
(bottom). Note that the bottom spectrum (dashed line)
corresponds to a separated bowtie, which does not
exhibit the charge transfer EELS maximum. We can
observe that the reduction of the chromium bridge
leads to a continuous red-shift of the lower energy EELS
resonance similar to the one associated to the decrease in
din Figure 4c. This allows us to discard this consideration,
as it does not reproduce the drastic reduction in peak
height observed experimentally, and overestimates the
red-shift of the peaks as the bridge was narrowed.

A second possibility is that quantum confinement
present in the bridge has lowered the conductance
substantially by offering a reduced number of open
channels. The increased effective resistivity can be
included by an enhanced Drude damping in the
bridge.®® The third plausible origin of the drastic
decrease in g s(w) at the charge transfer mode for
narrow bridges is as follows, and can be described also
by an increased Drude damping. The TEM images in
Figure 5b,c show the polycrystalline character of the
bridges connecting the nanoprisms. Upon careful in-
spection, itis evident that the crystal orientations in the
nanoprisms are different, and merge at a single grain
boundary that spans the entire cross section of the
d = 1.6 nm bowties. Grain boundaries have been de-
scribed as tunnel-barriers for electron transport that
introduce electron surface scattering®” and therefore
increase the Drude damping rate. Note that this effect
is inversely proportional to the metallic cross sectional
area, and therefore, we can expect that this damping
mechanism will be larger for narrower bridges. To
capture the effect of this locally enhanced resistance,
we increased the gold Drude damping only at the
junction of d = 1.6 nm bowties. This phenomenological
treatment of electron scattering is inspired in the so-
called quantum corrected model, in which the effect of
quantum tunnelling at the subnanometric gap be-
tween two metallic nanoparticles is modeled through
an effective Drude permittivity with high absorption
losses.'® Figure 5h plots the EELS spectra obtained by
increasing the damping frequency in our local calcula-
tions by a factor of 1, 10, 25, 50, and 75 (top to bottom)

METHODS

Finite Element Simulations. As outlined in the Theory section,
the EELS source was implemented as a line current of the
form j(z,w) = —e2d[R — Role#* in COMSOL Multiphysics, a com-
mercial differential equations solver implementing the finite
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with respect to the gold prism regions. These numbers
are in good agreement with the resistivity enhance-
ment due to electron scattering reported for polycrys-
talline gold nanowires with grain sizes ranging from
a few nanometers to a few angstroms.”® Our results
indicate that this increase in Drude damping yields
the observed reduction in the charge transfer peak,
without altering its spectral position. Note as well that
the higher energy plasmonic modes are not affected
significantly by the increase in absorption losses at
the prisms junction. Therefore, we can conclude that
either quantum confinement or grain boundary elec-
tron scattering, or a combination of the two, is likely
to be the cause of the disagreement between our
theoretical and experimental results for 1.6 nm thick
bridges.

CONCLUSION

In summary, we have developed a three-dimen-
sional nonlocal hydrodynamic solution of Maxwell's
equations in order to investigate the electron-energy
loss probing of nonlocal effects in metals structured
below the nanoscale. Applying our theoretical model
to single gold prisms, we have bracketed the onset of
the regime of significant nonlocality for this geometry
between 10 and 50 nm prism side length. We have
extended our study to connected bowties, where the
phenomenology associated to spatial dispersion is
richer, analyzing the interplay between nonlocal and
geometric effects for this structure in detail. Using the
longitudinal plasmon decay length as a key magni-
tude, we have shed light into the different degrees of
nonlocal sensitivity exhibited by the various plasmonic
modes supported by these two nanoparticle config-
urations. For connected bowties, we show that it is the
dipole—dipole mode that is most affected by non-
locality, resulting in blueshifts as large as 0.7 eV for a
dimer made up of prisms with side length of 5 nm.
Finally, we have presented experimental electron-
energy loss spectra for gold nanoprisms connected
by bridges as narrow as 1.6 nm. Here, nonlocal effects
do not appear to be pronounced. Our results reveal
that, in contrast to nonlocal models which treat metals
as completely homogeneous, quantum confinement
and granularity at the nanometer scale need to be taken
into consideration. In particular, comparison with our
theoretical predictions has enabled us to reveal the
strong additional damping that occurs in plasmonic
nanostructures connected by diminutive junctions.

element method (note that w is the angular frequency and
Ro = (xo,Y0) is the impact parameter of the electron trajectory).
Next, the Maxwell's wave equation (eq 3) and the hydrody-
namic transport equation (eq 4) were solved simultaneously
using the multifrontal massively parallel sparse direct solver
(MUMPS).>
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Highly nonuniform tetrahedral discretization meshes were
used to resolve accurately the different length scales involved in
the solution of the coupled set of equations. The finest details of
the nanostructures were mapped manually using grid spacings
as narrow as 0.01 nm. The electron beam, the substrate and the
metallic nanostructures were enclosed by a spherically sym-
metric perfectly matched layer (PML) that efficiently absorbs
scattered EM waves. The convergence of the calculations
against simulation volume, EELS line current source length,
mesh resolution and PML thickness was checked systematically
for variations in each of these parameters.

The gold permittivity in our calculations corresponds to the
Drude fitting to the experimental data in ref 41, with a Drude
plasma frequency parameter wp = 4.6 eV, damping parameter y =
0.071 eV, and background permittivity .. = 3.46. The dielectric
properties for the chromium adhesion layer were taken from ref 42.

For each frequency point, we performed two simulations
based on an identical mesh: first, the background electric field,
Ey(r,w), is determined in the absence of the metallic nanostruc-
ture. Then, the metallic structure is added and the full field E(r,w)
is calculated. Once these quantities are known, the induced field
is straightforwardly evaluated by E™(r.w) = E(rw) — Eo(rw).

Sample Fabrication. Gold nanoprism pairs with bridge size
of ~6 nm were first fabricated onto 30-nm-thick silicon nitride
(SiN,) membranes using electron-beam lithography combined
with a lift-off process. The prisms consisted of 20 nm thick Au on
an ~1 nm Cr adhesion layer, evaporated by an electron-beam
evaporator. To further shrink the bridge size of the connected
nanoprism pairs, they were loaded into a high-resolution trans-
mission electron microscope (FEI Titan) for focused-electron-beam
nanosculpting. In brief, we used a focused, 200 keV electron beam
in STEM mode to irradiate the bridge junction region to remove
the atoms slowly. Every minute or so, a STEM image was taken to
monitor the evolution of the bridge and correct for specimen drift.
Depending on the beam current, beam size, and the nanosculpt-
ing time, we were able to control the bridge size with atomic
precision. The smallest bridge size was limited by surface diffusion
of the gold atoms during imaging and by the stress in the bridge
that was introduced when the specimen was taken in-and-out of
the TEM between sessions in this multisession experiment.

EELS Characterization. In between each sculpting session, EELS
was performed in STEM mode on the same FEI Titan TEM with
Schottky electron source, now operated at 80 kV. The electron
beam was focused to a probe with a diameter less than 1 nm,
using a convergence semiangle of 13 mrad. Attached to the
TEM was a Gatan Tridiem ER EELS detector for EELS mapping
and spectroscopy, for which a 6 mrad collection semiangle was
applied. A Wien-type monochromator dispersed the electron
beam in energy, and a narrow energy-selecting slit formed
a monochrome electron beam with typical full-width at half-
maximum values of 60—70 meV and full width at 1/1000 of
maximum values of 0.7 eV. EELS was acquired with a modified
binned gain averaging routine. In brief, individual spectra were
acquired fast, with illumination periods around 40 ms, using
16 times on-chip binning for detector CCD readout. No gain or
dark signal was corrected during acquisition; the detector
channel-to-channel gain variation was averaged out by con-
stantly changing the readout location and correcting for these
shifts after completing the EELS acquisition. A high-quality dark
reference was acquired separately, and used for postacquisition
dark signal correction. Spectra shown are typically summations
of 1000 individual, aligned spectra. The spectra were normal-
ized by giving the maximum of the spectra (the top of the zero-
loss peak) the same value. All spectra were acquired 1—2 nm
away from the metal surfaces, axially at the long edge of the
nanoprism pair. The background signal was subtracted by
fitting a high-quality, premeasured spectrum from only the SiN,
membranes, far away from any deposited gold.
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