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ABSTRACT 
Inexpensive copper nanoparticles are generally thought to possess weak and broad localized surface plasmon resonance (LSPR). The 
present experimental and theoretical studies show that tailoring the Cu nanoparticle to a cubic shape results in a single intense, narrow, and 
asymmetric LSPR line shape, which is even superior to round-shaped gold nanoparticles. In this study, the dielectric function of copper is 
decomposed into an interband transition component and a free-electron component. This allows interband transition-induced plasmon 
damping to be visualized both spectrally and by surface polarization charges. The results reveal that the LSPR of Cu nanocubes originates 
from the corner mode as it is spectrally separated from the interband transitions. In addition, the interband transitions lead to severe damping 
of the local electromagnetic field but the cubic corner LSPR mode survives. Cu nanocubes display an extinction coefficient comparable to the 
dipole mode of a gold nanosphere with the same volume and show a larger local electromagnetic field enhancement. These results will guide 
development of inexpensive plasmonic copper-based nanomaterials. 
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1 Introduction 
Localized surface plasmon resonance (LSPR) is widely utilized in 
optoelectronics, biosensing, solar energy conversion, photochromics, 
invisibility cloaks, and other applications [1–6]. Plasmonic materials 
developed so far are typically made of gold and silver. The relative 
high cost of gold and silver hinders the commercialization of 
plasmonic materials. Hence, it is significant to search for low-cost 
and earth-abundant materials for plasmonic applications. Copper  
is much less expensive than gold ($0.01/g Cu vs. $40/g Au) [7, 8]. 
Unfortunately, Cu nanostructures give the impression of weak and 
broad LSPR bands because of the large imaginary part in their 
dielectric function [9, 10]. There are at least two factors contributing 
to the imaginary part of the dielectric function in metals: (i) intrinsic 
energy loss due to electron collision, and (ii) interband transitions 
[11, 12]. The intrinsic energy loss can be modeled as a frequency- 
independent constant for a free-electron-like metal; the influence 
of interband transitions is delocalized on the frequency scale,  
but gains strength above a material-dependent energy threshold. 
Unfortunately, the LSPR band of a Cu nanosphere predicted by the 
Mie theory shows a large spectral overlap with the interband 
transitions owing to a low energy threshold at around 2.1 eV, leading 
to severe plasmon damping [13–15]. 

Despite an overall large imaginary part in the dielectric function 
for Cu in the wavelength range from ultraviolet (UV) light through 
to the near-infrared (NIR) regions, it has been noted that there is  
a low-loss window between 620 nm (2 eV) and 720 nm (1.72 eV) 
where the imaginary part significantly drops and becomes comparable 

to those of Ag and Au. This makes it possible to realize strong 
plasmon in Cu nanostructures over this narrow spectral window 
(620–720 nm, or 2–1.72 eV). Van Duyne realized an intense and 
narrow LSPR peak at 698 nm (1.78 eV) on Cu nanotriangle arrays, 
which is comparable to the extinction spectral line shape of the Ag 
and Au nanotriangle arrays with similar dimensions [16]. Sugawa 
demonstrated an intense LSPR peak at 675 nm (1.84 eV) with the 
Cu half-shell array [17]. 

Surprisingly, the experimental results showed that Cu nanocubes 
displayed an intense LSPR peak with a narrow and asymmetric 
spectral line shape at around 585 nm (2.12 eV) where interband 
transitions start to contribute to the energy loss [18–20]. This 
contradicts the previous understanding that interband transitions 
strongly damp surface plasmon [14, 21]. It has also been noted that 
Cu nanocubes exhibit a single LSPR peak whereas Ag nanocubes 
display multiple peaks that are correlated with different plasmon 
modes with surface polarization charges at the corners, edges, and 
facets of the geometry [22–27]. Also, both Cu and Ag nanospheres 
display a single LSPR peak due to the dipolar plasmon mode, 
although the LSPR of Cu nanospheres is much weaker than that of 
their Ag counterparts [19, 28]. These discrepancies suggest that the 
origin of the single intense LSPR band with a narrow and asymmetric 
spectral line shape observed in Cu nanocubes may be much 
different from that of Ag nanocubes, and this demands to be fully 
understood theoretically. 

This study aims to shed light on the origin of the strong and 
narrow LSPR band of Cu nanocubes. To account for the influence 
of interband transitions, the dielectric function is decomposed into 
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a free-electron component and an interband transition component. 
The plasmon modes are calculated with the discrete dipole 
approximation (DDA) method for a free-electron-like Cu nanocube 
and a Cu nanocube under the influence of interband transitions, 
which suggests that all but one plasmon mode gets damped by the 
interband transitions. To unravel how interband transitions could 
interplay with the plasmon modes, a theoretical model is developed. 
According to this model, a free-electron-like nanocube displays 
multiple LSPR peaks corresponding to plasmon modes at the corners, 
edges, and facets. Under the influence of interband transitions, 
those plasmon modes get damped due to their spectral overlap with 
interband transitions, inducing a tail of broad background absorption. 
Only the plasmon mode near or below the threshold of interband 
transitions survives and maintains a free-electron-like spectral line 
shape. As a result, the cubic corner mode of a Cu nanocube with the 
lowest resonance energy near the threshold of interband transitions 
survives, and it exhibits a distinct, strong, and narrow LSPR peak. 
In addition, the extinction coefficient and the local electromagnetic 
field enhancement (EM) are investigated. We believe that the 
theoretical model developed in this study can be used to study 
plasmon modes for a nanoparticle of arbitrary shape under the 
influence of interband transitions, and that this will guide the design 
of plasmonic nanostructures, especially for inexpensive materials 
like Cu. 

2 Results and discussion 

2.1 Optical properties of Cu nanocubes 

Figure 1 shows the synthesized Cu nanocubes with a medium edge 
size of 30 nm (Fig. S1 in the Electronic Supplementary Material 
(ESM)). The Cu nanocubes, which were suspended in toluene, 
displayed a single, intense, narrow and asymmetric LSPR peak, as 
shown with the solid blue curve in Fig. 2. The interband transitions 
of Cu (shaded light blue region in Fig. 2) exhibited an energy 
threshold close to the peak wavelength of Cu nanocubes. Surprisingly, 
the LSPR peak survived the damping by the interband transitions, 
and even exhibited a distinct asymmetric spectral line shape. The 
extinction spectrum of a single Cu nanocube with an edge length of 
30 nm was also calculated using DDA and plotted with a dashed 
orange curve in Fig. 2. It displayed a similar spectral line shape 
consistent with the measurement except for a slightly red-shifted 
LSPR peak position, which was ascribed to the roundness of the 
cubic corners [23]. It is noted that the nanocubes used for all 
calculations in this paper were not rounded to ensure the consistency 
of data analysis with DDA- and finite-difference time-domain 
(FDTD)-based numerical simulations and theoretical modeling. 
The calculation takes 30 nm of edge length for the nanocubes as well 
as the data of dielectric functions from Johnson and Christy [29] 
unless specified otherwise.  

For the sake of comparison, both Au and Ag nanocubes of the 
same size were also studied by DDA, as shown in Fig. S2 in the 
ESM (dashed curves). Rather than displaying a single LSPR peak,  
a gold nanocube exhibited two peaks slightly separated from each 

 
Figure 1 (a) SEM and (b) TEM images of synthesized Cu nanocubes with a 
medium size of 30 nm (see the size histogram in Fig. S1 in the ESM). 

 
Figure 2 Extinction spectra of measured Cu nanocubes (blue solid curve) and 
a single Cu nanocube calculated by DDA (dashed orange curve). The orange 
shaded region shows the extinction spectrum of a free-electron-like (Drude 
Model) Cu nanocube calculated by DDA. The shaded light blue region shows 
the interband transitions of Cu. 

other. A silver nanocube exhibited at least four well-separated peaks. 
Both of these observations are consistent with previous reports [25, 
30]. It is worth noting that interband transitions partially overlap 
with the plasmon edge for an Au nanocube; but overlap little with 
the plasmon band for an Ag nanocube, which is in stark contrast to 
the considerable overlap for a Cu nanocube. This observation 
strongly suggests that interband transitions play critical and different 
roles in nanocubes made from different materials. 

2.2 Free-electron plasmon modes 

To examine what the free-electron-like extinction spectra look like 
without considering the interband transitions, the dielectric function 
is decomposed into a free-electron component and an interband 
transition component [11]. The free-electron component can be 
modeled using a Drude Model (DM). The DM formula is given by 

2
p

2( )
ω

ε ω ε
ω iγω¥= -

+
             (1) 

where ε¥  is the high frequency permittivity, pω  is the plasma 
frequency, and  is the damping constant. The parameters used in 
the Drude Model for Cu, Au, and Ag were adopted from the 
literature [22, 31, 32] and tabulated in Table S1 in the ESM. Figure 
S3 in the ESM shows the free-electron and interband transition 
components of the dielectric functions for Cu, Au, and Ag. In 
addition, the calculated free-electron-like extinction spectra for Cu, 
Au, and Ag nanocubes by DDA are plotted in the orange shaded 
region in Fig. 2, and Figs. S2(a) and S2(b) in the ESM, respectively. 
Interestingly, additional plasmon modes were observed in the case 
of a Cu nanocube (Fig. 2) and an Au nanocube (Fig. S1(a) in the 
ESM), whereas the Ag nanocube was able to maintain the multiple 
plasmon modes observed initially regardless of interband transitions, 
which can be ascribed to the high interband transition energy 
threshold of Ag. Comparison of DDA-calculated extinction spectra 
with and without the influence of interband transitions suggests that 
interband transitions indeed strongly interact with the plasmon 
modes, which reshape the extinction spectrum of the Cu nanocube. 
In short, the LSPR peak of Cu nanocubes is affected by the interband 
transitions rather than the number of plasmonic peaks. A single 
narrow and asymmetric LSPR peak will occur if there is no damping 
by the interband transitions. 

2.3 Normal modes of a Cu nanocube 

Fuchs developed a general approach to calculate the normal modes 
of nanoparticles of arbitrary shape [33]. When this approach is applied 
to plasmonic nanostructures, the normal modes refer to surface 
plasmon modes, which primarily contribute to optical absorption. 
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For small metallic nanoparticles less than 60 nm (e.g., 30 nm Cu 
nanocubes), absorption is predominately responsible for extinction. 
Hence, this study does not distinguish between absorption and 
extinction while acknowledging the existence of a small contribution 
from scattering. Following Fuchs’s method [33], a theoretical model 
is adapted herein to provide an insight into the interaction between 
surface plasmons and interband transitions, and predict the extinction 
spectrum of a Cu nanocube. 

In the subwavelength regime, the retardation effect can be neglected 
safely. The susceptibility of a nanoparticle is then represented by the 
sum over all normal modes, which is given by 

1

h

1 ( )( ) , ( ) 1
4π

1m m
m

c mχ ω c m
ε nε

-= =
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å å         (2) 

where m is the index of normal modes, ε  is the dielectric function 
of the nanoparticle under study, and hε  is the dielectric constant of 
the host environment. The normal mode resonance frequencies are 
determined by the depolarization factor nm with the absorption 
strength given by c(m). For a nanosphere under uniform polarization, 
there is only a single mode thanks to the symmetry of the geometry.  

The depolarization factor of a nanosphere is 1
3mn = , which results 

in the well-known resonance condition 
h

2ε
ε

=-  for a dipole mode  

[13]. For a nanocube, there are at least nine normal modes. However, 
only six modes have significant strength, accounting for all but 7% 
of the absorption. The depolarization factors and absorption strengths 
for the six predominate modes of a nanocube have been previously 
determined [33]: 1 0.193,n = 2 0.251,n =  3 0.294,n =  4 0.396,n =   

5 0.605,n = 6 0.719,n = (1) 0.31,c = (2) 0.31,c = (3) 0.07,c = (4)c =  
0.07, (5) 0.13,c =  and (6) 0.04,c =  with the rest negligible. These 
modes have surface polarization charges distributed on different 
parts of the geometry. The first and second modes have the highest 
amplitudes at the corner, but they have the lowest resonance energy. 
Therefore, the corner modes can be excited most easily. The fifth 
and sixth modes have the highest resonance energies with surface 
polarization charges distributed on the facet, which makes them 
most difficult to excite. 

Based on the susceptibility of a nanoparticle above, the absorption 
coefficient in the electrostatic approximation can be calculated as 
follows 

Imh( ) 4π ( )ωα ω ε V χ ω
c

= á ñ               (3) 

where c is the speed of light in vacuum and V is the volume of a Cu 
nanocube. It is notable that the absorption coefficient is decided by 
the imaginary part of the susceptibility, which can be calculated by 
the sum over all six normal modes. Following the Fuchs method, 
the absorption spectra of a Cu nanocube were calculated using both 
the measured dielectric function from Johnson and Christy [29] 
and the free-electron dielectric function fitted by the Drude Model 
in Eq. (1). The absorption spectra calculated by the Fuchs method 
were consistent with the results by the DDA method (Fig. 3). For 
the free-electron-like spectra calculated by both the Fuchs and 
DDA methods, five out of the six dominant plasmon modes were 
uncovered with the remaining one beyond the energy range displayed. 
The plasmon modes, which were overlapping considerably with 
interband transitions, were significantly broadened and damped 
except for the one with a resonance frequency near the energy 
threshold of interband transitions. The calculation by the Fuchs 
method further underscores the critical role that interband transitions 
play in reshaping the spectral line shape. 

 
Figure 3 Calculated extinction spectra of a Cu nanocube by Fuchs method 
(olive color) and DDA method (orange color). The dashed and dash doted 
curves were calculated using the dielectric function from Johnson and Christy; 
the shaded data was calculated using a free-electron dielectric function fitted by 
the Drude Model in Eq. (1). The parameters used in the Drude Model are 
tabulated in Table S1 in the ESM. 

Based on the observations above, we were motivated to understand 
the mechanism of interaction between interband transitions and 
surface plasmons from a theoretical perspective. A detailed theoretical 
discussion can be found in Section S1 in the ESM. Briefly, the 
dielectric function of Cu in our theoretical model is decomposed 
into an interband transition component and a free-electron component 
using Eq. (1); it is presented in Figs. S3(a) and S3(b) in the ESM. The 
absorption coefficient under the influence of interband transitions 
was derived in Eq. (S6) in the ESM, where the real and imaginary 
parts of the interband transition component both contribute to 
the resonance frequency shift and linewidth broadening. However, 
because the contribution of the interband transition component to 
the dielectric function is very small at and below the threshold  
of interband transitions (Figs. S3(a) and S3(b) in the ESM), the 
interband transitions just slightly affect the normal modes; and 
thus they can maintain well their free-electron-like LSPR spectral 
features. The normal mode resonance frequencies are basically 
determined by shape-dependent depolarization factors. This is the 
reason why the LSPR of Cu nanocubes exhibited a free-electron-like 
extinction peak near the threshold of interband transitions (Figs. 2 
and 3). However, interband transitions and surface plasmons come 
into full play above the threshold of interband transitions where the 
contribution of the interband transition component to the dielectric 
function is significant, which considerably broadens and weakens 
the extinction band, leaving behind a trail of broad background 
absorption (Figs. 2 and 3). 

As the susceptibility χ(w) in Eq. (2) has a general form, and is 
applicable to a nanoparticle with an arbitrary shape, it allows the 
absorption coefficient derived in Eq. (S6) in the ESM to be generalized 
in the subwavelength regime by parameterizing all the terms 

5 4 3 2
1 2 3 4

2 2 2 2
1 2

( ) ( )
( ) ( )

m m m m

m m m

A ω A ω A ω A ωα ω c m
ω B B ω
+ + +

=
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where m represents the number of resonances, Ams (s = 1, 2, 3, 4) 
are coefficients of higher-order polynomials of w, and Bm1 and Bm2 
determine the resonance frequency and spectral linewidth, 
respectively. To validate the generalized absorption coefficient, we 
applied it to fit the measured and DDA-calculated extinction spectra 
of Cu nanocubes. The generalized formula fits the extinction spectra 
perfectly (Fig. 4) and allows us to extract the critical parameters, 
which are otherwise indirectly accessible in the extinction spectra, 
such as the resonance frequency and linewidth as tabulated in 
Tables S2–S4 in the ESM. For the Cu nanocubes synthesized, 
although only one major LSPR peak is observed at the resonance 
energy wres

 = 2.12 eV (as shown in Fig. 4(a)), they actually possess 
multiple plasmon modes, which are damped but can be extracted 
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from the fitting parameters in Table S2 in the ESM. A similar 
observation can also be made for the DDA-calculated extinction 
spectrum in Fig. 4(b) and Table S3 in the ESM. If the influence of 
interband transitions is removed, those otherwise damped plasmon 
modes can be recovered by a free-electron-like Cu nanocube, 
displaying distinct extinction spectral features, as shown in Fig. 4(c). 
The fitting parameters are tabulated in Table S4 in the ESM. In  
Fig. 4(c), the two sharp and intense LSPR peaks with the lowest 
resonance energies are attributed to the most easily excitable corner 
plasmon modes, whereas a weak LSPR peak with the highest 
resonance energy originates from the plasmon mode on the cubic 
facet, which is the most difficult to excite. 

As discussed above, the interplay between surface plasmons and 
interband transitions above the threshold of interband transitions 
leads to drastic plasmon damping, which can be observed spectrally 
in Figs. 2 and 3. By calculating the three-dimensional distribution 
of surface polarization charges on a Cu nanocube using FDTD, 
interband transition-induced plasmon damping can also be visualized, 
as shown in Fig. S5 in the ESM. Without the influence of interband 
transitions, the correlation between each LSPR mode and the 
distribution of surface polarization charges is well-defined (left   

 
Figure 4 Extinction spectra fitting using the generalized absorption coefficient 
formula in Eq. (4). (a) Extinction spectrum (thick blue) of synthesized Cu 
nanocubes and the fitted curve measured with the generalized absorption 
coefficient formula (orange). (b) Extinction spectrum (orange hollow circles) of 
a Cu nanocube calculated by DDA and the fitted curve (blue). (c) Extinction 
spectrum (olive hollow circles) of a free-electron-like Cu nanocube calculated 
by DDA and the fitted curve (red). The fitting parameters are tabulated in 
Tables S2 –S4 in the ESM.  

column in Fig. S5 in the ESM). Under the influence of interband 
transitions, surface polarization charges on the cubic edge and facet 
cannot last. They redistribute on the cubic corner and end up damping 
the edge and facet modes that spectrally overlap with interband 
transitions (Figs. 2 and 3). Because the corner mode can be most easily 
excited given its low resonance energy, it accumulates a large number 
of surface polarization charges and has the most intense EM field 
(Fig. S6 in the ESM). 

2.4 Strong plasmon of a Cu nanocube 

From the measured and calculated extinction spectra of Cu nanocubes, 
the LSPR supported looks much stronger than what could be expected 
previously from Cu nanospheres. It is interesting to compare the 
LSPR of Cu nanocubes with those of Au nanocubes and nanospheres 
to check if a Cu nanostructure is an alternative plasmonic candidate 
to Au nanostructure. Therefore, the extinction spectrum of a Cu 
nanocube was calculated using DDA, and compared to those of the 
Cu nanosphere, Au nanocube, and Au nanosphere (Fig. 5). The 
nanospheres and nanocubes calculated were modeled to be of the 
same volume, or equivalently, the same effective radius. Therefore, 
for a cubic edge length of 30 nm, the spherical diameter used in 
calculation is about 36 nm. Apparently, the LSPR peak of a Cu 
nanocube is much stronger and sharper than that of a Cu nanosphere. 
While it is not as strong as an Au nanocube, it does have an extinction 
coefficient comparable to that of an Au nanosphere, making it a 
promising alternative for light management. 

Finally, the EM field enhancement factors (|E|/|E0|) for the cubic 
corner mode of a Cu nanocube was calculated using DDA and 
compared to the cubic corner mode of an Au nanocube, and the 
dipole modes of a Cu nanosphere and an Au nanosphere, as shown 
in Fig. 6. It is evident that the EM field enhancement factor for  
the cubic corner LSPR mode of a Cu nanocube is less than half that 
of an Au nanocube, but it is 7.2 times as large as that of a dipole 
mode of an Au nanosphere. This indicates that Cu nanocubes are 
alternative plasmonic nanostructures owing to their low cost, 
comparable extinction coefficient, and large EM field enhancement 
factor as compared to the Au nanospheres. 

3  Conclusions 
The LSPR of metallic nanocubes was investigated through experiments, 
numerical calculation, and theoretical modeling. The theoretical 
model can be generalized to study the plasmon modes for a 
nanoparticle of arbitrary shape under the influence of interband 
transitions in the subwavelength regime, and guide future design of 
plasmonic nanostructures. In summary, Cu nanospheres generally 
show a weak and broad LSPR peak due to the severe damping by 
the interband transitions in the same spectral region of LSPR. In 

 
Figure 5  DDA-calculated extinction spectra of an Au nanocube, a Cu nanocube, 
an Au nanosphere, and a Cu nanosphere. The cubes and spheres calculated are 
of the same volume, i.e., an edge length of 30 nm for cubes and a diameter of  
36 nm for spheres. 
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Figure 6 EM field distributions and enhancement factors |E|/|E0| calculated by 
DDA for (a) a Cu nanocube, (b) an Au nanocube, (c) a Cu nanosphere, and (d) 
an Au nanosphere. The peak EM field intensity was used in the calculation of 
enhancement factor. 

contrast, Cu nanocubes exhibit a single strong and narrow LSPR 
peak. Both numerical and theoretical calculations reveal that the 
LSPR peak originates from the cubic corner mode, which is also the 
sole plasmon mode that survives interband transitions-induced 
damping. By decomposing the dielectric function into a free- 
electron component and an interband transition component, a 
free-electron-like Cu nanocube was found to support multiple 
plasmon modes with surface polarization charges distributed on 
the corners, edges, and facets of the geometry. Because the cubic 
corner plasmonic mode has a resonance energy near the threshold 
of interband transitions, it survives the damping from the interband 
transitions, maintaining a free-electron-like intense LSPR peak. 
However, other plasmon modes are spectrally overlapped with 
interband transitions, and consequently they get dramatically 
damped, leaving a broad background absorption tilted upward on 
the higher energy side. In addition, the cubic corner mode of a Cu 
nanocube contributes to an extinction coefficient that is comparable 
to that of an Au nanosphere of the same volume and yields a local 
EM field enhancement factor (|E|/|E0|) that is 7.2 times larger than 
that of the dipolar LSPR mode. In short, this work demonstrates 
that Cu nanocubes can be used as cost-effective plasmonic 
nanostructures.  

4 Experimental 

4.1 Chemicals and materials 

Oleylamine (70%), trioctylphosphine oxide (TOPO, 90%), CuBr, 
toluene, n-hexane, acetone, and ethanol were purchased from 
Sigma-Aldrich. All these chemicals were used as received without 
any further purification. 

4.2 Synthesis of Cu nanocubes 

Cu nanocubes were synthesized with disproportionation of CuBr 
[19]. CuBr (0.6 mmol) and TOPO (5 mmol) were dissolved in 
oleylamine (2 mL) in a three-neck flask with strong magnetic stirring 
at 80 °C under a nitrogen atmosphere. After 15 min, the resulting 
solution was rapidly heated to 210 °C and refluxed at this temperature 
for 1 h before naturally cooling to room temperature. The Cu 
nanocubes synthesized were separated and washed with hexane for 
two cycles of centrifugation/redispersion. Finally, Cu nanocubes 
were dispersed in toluene by ultrasonication for 30 min. 

4.3 Characterizations 

Synthesized Cu nanocubes were characterized under a JEOL 

JSM-7600F scanning electron microscope (SEM) and a JEM 2100F 
transmission electron microscope (TEM) at an acceleration voltage 
of 200 kV. The extinction spectrum of Cu nanocubes was measured 
with a Shimadzu 2550 UV-Visible spectrometer (UV 2401/2, 
Shimadzu). 

4.4 DDA calculations 

Optical extinction spectra, EM field distributions, and enhancement 
factors were calculated using the open source code DDSCAT 7.3, 
developed by Draine et al. [34]. In DDA, the target object is represented 
by an array of point dipoles. The electromagnetic scattering problem 
can be solved exactly for an incident wave interacting with these 
point dipoles. In our study, a total of 125,000 dipoles were used to 
represent a cubic shape with an edge length of 30 nm. The EM field 
was extracted at each peak wavelength. All the data for dielectric 
functions used were from Johnson and Christy [29]. 

4.5 Electron-driven DDA (e-DDA) calculations 

Electron energy loss spectroscopy (EELS) spectra were calculated 
using open source code e-DDA v1.2 [35], which was compiled based 
on the DDSCAT code developed by Draine et al. [34]. In our study 
using e-DDA, swift electron beams with an energy of 300 keV were 
used to replace the incident light. To excite the corner plasmon 
mode, we directed the trajectory of incident electrons to pass by the 
corner of the cube; to excite the facet plasmon mode, which is 
difficult to excite optically, we directed the trajectory of incident 
electrons to pass by the facet of the cube.  

4.6 FDTD simulation 

Surface polarization charge densities were calculated by Lumerical 
FDTD Solutions 8.15. A total-field scattered-field (TFSF) was used 
as the input light source. A mesh size of 0.5 nm was used. The 
dielectric function of Cu was from Johnson and Christy [29]. For a 
free-electron-like Cu, the dielectric function was fitted using a 
Drude Model as shown in Eq. (1) with fitting parameters listed   
in Table S1 in the ESM. The background refractive index was  
fixed at 1.33. After the plasmon modes of the free-electron-like Cu 
nanocube were determined by calculating the extinction spectrum, 
surface polarization charge densities were calculated at the peak 
wavelength of each mode for both the free-electron-like Cu 
nanocube and a Cu nanocube under the influence of interband 
transitions. 
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