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The plasmonic properties of noble metal nanoparticles have potential uses in a wide variety of technologies,
particularly sensing devices, based on their optical response. To better understand how nanoparticles can be
incorporated in such devices, the detailed relationship between the optical response and structural properties
of single nanoparticles is needed. Here we demonstrate that correlated localized surface plasmon resonance
(LSPR) spectroscopy and high-resolution transmission electron microscopy (HRTEM) measurements can be
used to obtain the optical response and detailed structural information for a single nanoparticle, using a silver
(Ag) nanocube as the example. By carefully incorporating the HRTEM structural details into finite-difference
time-domain (FDTD) electrodynamics calculations, excellent agreement with the LSPR measurements is
obtained. The FDTD calculations show strong sensitivity between the nanocube optical response and the
face-to-face width, corner and side rounding, and substrate of each cube, so careful determination of these
parameters (1 nm resolution) is needed if theory and experiment are to match. In addition, the comparison of
theory and experiment enables us to study the relative merits of the Johnson and Christy and Lynch and
Hunter Ag dielectric data for describing perfect crystalline nanoparticles.

1. Introduction

Significant attention has been given to the study of the
plasmonic properties of noble metal nanoparticles as a result
of their potential uses as components in a diverse range of
technologies, such as waveguides,1-3 photonic circuits,4,5 mo-
lecular rulers,6 and chemical and biological sensors.7-10 All of
these applications are based on the localized surface plasmon
resonance (LSPR) of each nanoparticle. LSPRs are excited when
electromagnetic radiation interacts with a nanoparticle to create
coherent oscillations (excitations) of the conduction electrons.
This phenomenon has two key consequences: (1) selective
photon absorption and scattering allows the optical properties
of the nanoparticles to be monitored by conventional UV-Vis
spectroscopy and far-field scattering techniques and (2) en-
hancement of the electromagnetic fields surrounding the nano-
particles leads to surface-enhanced spectroscopic techniques,
such as surface enhanced Raman spectroscopy.11 Previous
studies show that the plasmon frequency is extremely sensitive
to the nanoparticle composition,12 size,13 shape,14-16 dielectric
environment,17-19 and proximity to other nanoparticles.20-24 To
better understand the design rules for practical plasmonic
devices, the properties of single nanoparticles, including the
relationship between particle morphology, substrate composition,
plasmon spectral position(s), dielectric sensitivity, and sensing
volume, need to be understood in greater detail. One way to
study these relationships for a single nanoparticle is to make a
correlated measurement, where for example, the optical response
is measured with spectroscopy and structural information on

the same nanoparticle is obtained by microscopy.25,26 One of
the most detailed microscopy methods is high-resolution
transmission electron microscopy (HRTEM), which can resolve
subnanometer features and has ∼10 000 times higher magnifica-
tion capabilities than optical microscopy. In addition, three-
dimensional and internal crystallographic structural information
can be obtained by using HRTEM via various techniques, such
as electron energy loss spectroscopy and diffraction. Mie
theory27 can be used to analytically describe the relationship
between the optical response, dielectric environment, and size
of spherical nanoparticles. However, for more complex shapes
analytical descriptions do not exist, and numerical methods, such
as the finite-difference time-domain (FDTD) method,28,29 must
be used.

The goal of this work is to describe the relationship between
the optical response, morphology, and dielectric environment
of a single silver (Ag) cubic nanoparticle, a nanocube. A
correlated LSPR-HRTEM measurement of the nanocube is
presented, and using FDTD we carefully analyze the relationship
between the nanocube optical response, face-to-face width,
corner and side rounding, and substrate. We also assess the
relative merits of the Johnson and Christy (JC)30 and Lynch
and Hunter (LH)31 Ag dielectric data for describing perfect
crystalline nanoparticles.

2. Experimental Methods

2.1. Materials. The substrate was a commercially available
copper TEM grid with a 50-nm Formvar polymer and 2-3 nm
amorphous carbon (C) layer (Ted Pella, Redding, CA). The grid
was placed on an 18-mm No. 1 glass coverslip from Fischer
Scientific (Pittsburgh, PA). Glassware preparations utilized
H2O2, H2SO4, HCl, HNO3, and NH4OH from Fischer Scientific,
and ultrapure H2O (18.2 MΩ cm-1) from a Millipore academic
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system (Marlborough, MA). Trisodium citrate dihydrate and Ag
nitrate (99.9999%) were purchased from Aldrich (Milwaukee,
WI).

2.2. Synthesis of Nanocubes. Colloidal suspensions of Ag
nanoparticles were synthesized by reducing Ag nitrate with
sodium citrate, using an established scheme pioneered by Lee
and Meisel.32 Following this approach, 90 mg of Ag nitrate and
500 mL of ultrapure water were combined and brought to a
boil in a cleaned (3HCl:1HNO3) 1 L flask. Then, 10 mL of a
1% sodium citrate solution was added while stirring vigorously,
and the resulting solution was boiled for 30 min. During this
time, the solution underwent a color change sequence: first to
light yellow followed by a change to opaque brown. The
suspension was allowed to cool, and then transferred to a brown
glass bottle for storage. Most of the nanoparticles in such a
suspension are spherical in shape, with a diameter of ∼40 nm.
However, many other geometries are also present, such as
triangular prisms, rods, cubes, and hexagonal plates, which is
easily verified by using electron microscopy.17,33

When ready to use, a 2-10 µL aliquot of nanoparticle
solution was drop-coated onto the surface of a TEM grid. The
substrate was then left to dry in air until the suspension droplet
was no longer visible by eye. Samples were further dried in an
N2 environment for 1 h.

2.3. Optical Characterization. All single nanoparticle scat-
tering spectra were obtained with either a Nikon Eclipse TE300
or Nikon Eclipse TE2000-U inverted optical microscope (Nikon,
Japan) coupled to a SpectroPro 300i imaging spectrometer and
a liquid nitrogen cooled Spec-10:400B CCD detector. These
microscopes use a tungsten filament for illumination, which was
focused on the surface of the sample by a Nikon 0.8-0.95
numerical aperture (NA) dark-field condenser. Single nanopar-
ticles scatter this light into the collection optics. For our approach
it was critical that the NA of the objective (collection optic) be
smaller than the NA of the condenser so that none of the
illumination light would be collected. A Nikon variable aperture
(NA ) 0.5-1.3) 100× oil immersion objective was chosen for
this purpose. Figure 1 in the Supporting Information shows a
schematic diagram of this apparatus.

To acquire a single nanoparticle scattering spectrum, the
nanoparticle of interest was first imaged at the center of the
spectrometer slit, which was narrowed to the diffraction limited
spot size of the nanoparticle image. The grating was then rotated
out of zero order into first order, and the dispersed light was
imaged. WinSpec software (Princeton Instruments, Trenton, NJ)

was used to digitally select the region of the detector chip over
which the nanoparticle’s scattered light was located. A region
of the same size was chosen where no nanoparticle scattering
existed for background subtraction. The spectra were acquired
and divided by the lamp spectrum.

To locate the same Ag nanoparticle for the TEM study, the
asymmetric center of a TEM grid was used as a mark to define
a coordinate for each section of the grid (Figure 2 in the
Supporting Information). The grid was divided into four
quadrants: (+,+), (+,-), (-,+), (-,-). Counting sections from
the center grid mark gave the numeric value of the coordinate,
while the sign of the number gave the quadrant. During the
same time of the TEM study, a low-resolution optical image
containing approximately all the particles in one specific section
of the grid was recorded, as shown by Figure 3 in the Supporting
Information. The TEM and optical images were used as pattern
recognition maps to determine the relative locations of the
nanoparticles.

2.4. Structural Characterization. Following the optical
characterization, the same sample was transferred to a JEOL
JEM-2100F Fast TEM (Tokyo, Japan), operating at an ac-
celerating voltage of 200 kV, which was used to acquire all
TEM data.

2.5. Computational Methods. FDTD calculations were
carried out using standard techniques.29 The computational
domain was discretized using grid spacings of 1.0 nm, and
terminated with convolutional perfectly matched layers (CPML).
The dielectric functions of Ag and C were modeled using Drude
plus 2 Lorentz pole functions (eq 1 in the Supporting Informa-
tion) fit to empirically determined dielectric data30,31,34 over
wavelengths important to this study (λ ) 300-800 nm).
Formvar and glass were both modeled using a refractive index
of n ) 1.5. A Gaussian damped sinusoidal pulse with wave-
length content over the range of interest was introduced into
the computational domain using the total field-scattered field
technique at normal incidence from the air side. Scattering cross
sections were calculated by integrating the normal component
of the Poynting vector over a boundary enclosing the particle
using the scattered fields.

3. Results and Discussion

Colloidal Ag nanoparticles were synthesized and a correlated
LSPR spectrum-HRTEM image of a single nanocube was
obtained (Figure 1). From the HRTEM image (Figure 1c), the

Figure 1. Correlated LSPR-HRTEM measurement of a single nanocube: (a) LSPR spectrum, (b) HRTEM image, and (c) HRTEM image with
overlaid structural information (in nm). The inset white scale bars in panels b and c represent 40 nm. The FDTD calculated scattering cross section
is also shown in panel a with open red circles.
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face-to-face widths are found to be 85.6(5) and 80.9(5) nm along
both in-plane directions, with two of the corners rounded to
11.0(5) nm radii of curvature and the other two rounded to
12.0(5) nm. The structural information available from this image
is limited by the TEM resolution and the top-down perspective.
However, a cube height of 83(1) nm can be assumed by taking
the average of the in-plane face-to-face widths, and the radii of
curvature of the bottom edges and corners can be inferred from
the corresponding top corners.

Two main peaks are observed in the LSPR spectrum, a narrow
peak at 399 nm and a broad peak at 461 nm. The assignment
of these peaks has been analyzed in detail previously,17 where
it was demonstrated that they are resonances associated with
the tips of the cube where the electromagnetic fields are the
most intense. Two peaks result from the two dielectric environ-
ments present, and have adiabatic correlations with the dipole
and quadrupole resonances of the cube in a homogeneous
environment. By analogy to the corresponding dipole and
quadrupole resonances for spherical- or spheroid-shaped par-
ticles, the dipole resonance is expected to be broader than the
latter due to important radiative damping effects.15 Figure 1a
shows that this analogy holds for the cube resonances, with the
line width of the higher wavelength peak being 2.03 times that
of the lower wavelength peak (experimental). Of course other
effects can also contribute to the line widths, including charge
transfer processes between the particle and its surrounding
medium (so-called “chemical interface damping” effects35).
However, in the present application the widths of the peaks seem
to be well accounted for by electrodynamics calculations in
which the particle and surrounding media are described using
bulk dielectric constants (Figure 1a).

To determine the effects that the nanocube parameters and
surrounding media have on the optical response, FDTD calcula-
tions were performed. The Ag nanocube was defined by its
dielectric constant (JC or LH), face-to-face width (d), and radii
of curvature of the corners and sides (r). Even though in the
experiment each face-to-face width and radius of curvature of
a corner or side is slightly different, they were assumed identical
for the calculations. The nanocube was spaced by a distance h
from a carbon (C) layer with thickness hC. The C layer was
placed on an infinite n ) 1.5 substrate, and the surrounding
medium was air (n ) 1.0). Figure 2 shows a two-dimensional
schematic diagram of the described system. Scattering cross
sections for normal incident illumination were calculated for
comparison with the experimental LSPR spectrum. Even though
in the experiment the cube is illuminated at an angle and light
is only collected for a range of angles around the forward
direction (see Figure 1 in the Supporting Information), our past
studies of these effects indicate that theory and experiment
should have similar LSPR spectra. The scattering cross section
of a nanocube with a face-to-face width of d ) 83 nm and r )
13 nm of rounding, spaced h ) 2 nm above an hC ) 2 nm
thick C layer, and modeled with JC dielectric data is shown in
Figure 1a, where excellent agreement with experiment is seen.
The nanocube was positioned at h ) 2 nm above the C layer to
simulate the effect that the nanocube may not be resting directly
on the substrate. This spacing could arise from physisorbed or
weakly chemisorbed H2O, CO2, and hydrocarbons on the
substrate, as well as citrate, O2, and possibly hydroxyls on the
nanocube surface. Depending on the thickness and dielectric
constant of adsorbed molecules, the plasmon resonance positions
and line widths will be affected, so other choices of h are

considered below. Unfortunately we have no way to estimate
the dielectric constant, so in the rest of this paper we have taken
it to be 1.0.

Scattering cross sections were then calculated for nanocubes
modeled by using the LH dielectric data with face-to-face widths
of d ) 80 and 90 nm and no rounding, and compared to
experiment (Figure 3a). These parameters were chosen to
elucidate only the effects due to the face-to-face widths, and
are at the extremes of the actual parameters seen in the HRTEM
image (Figure 1c). The d ) 80 nm nanocube is seen to agree
better with experiment, with the higher and lower wavelength
peaks 21 and 10 nm closer to the experimental values,
respectively. The difference in shifts is related to the smaller
dielectric sensitivity of the lower wavelength (more quadrupolar)
mode compared to the higher wavelength (more dipolar) mode,
as noted previously for other particle shapes.36 This effect arises
from the shorter range of the near-field decay of the lower
wavelength mode. However, even for the d ) 80 nm nanocube,
the calculated lower and higher wavelength peak positions are
35 and 44 nm red-shifted from the experimental values,
respectively. This discrepancy arises from the choice of
parameters other than the face-to-face width, which also have
a large effect on the positions of both peaks and their relative
amplitudes (see below).

Scattering cross sections were then calculated for a d ) 80
nm nanocube with corners and sides rounded to various radii
of curvature, and compared to experiment (Figure 3b). In
addition, to increase the dielectric sensitivity we moved the
nanocube to h ) 1 nm above the C layer. The calculations show
that the higher wavelength peak shifts by 41 nm as the radii
increase from r ) 0 to 12 nm, whereas the lower wavelength
peak shifts by only 29.5 nm. These results are again related to
the dielectric sensitivity of the quadrupolar mode versus the
dipolar mode, and they highlight the importance of near-field
contact area in determining the dielectric response of the
nanocube, as has been found previously for other particle
shapes.37

Additional insight concerning the effect of the C layer is
provided by scattering cross sections calculated with the
nanocube placed directly on the substrate, with and without C

Figure 2. Two-dimensional schematic diagram of the nanocube system
modeled with FDTD. The parameters in the figure are defined in the
text.
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present (Figure 4). For these calculations, the contact area was
made large by using a d ) 90 nm nanocube with only r ) 7
nm rounding, and the effect of C was heightened by making
the layer hC ) 3 nm thick. The results show that the C has
little effect on the lower wavelength peak, but red-shifts and
significantly damps the higher wavelength peak. This is again
related to the fact that the near-field decay of the lower
wavelength mode is much shorter than the higher wavelength
mode, and is therefore relatively unaffected by the substrate.
These findings demonstrate the exquisite sensitivity of the
plasmon resonance properties to substrate position and dielectric
response, a result previously demonstrated by using gold

nanorings,38 which gives us confidence that the optimal param-
eters that we have chosen to compare to experiment (Figure 1)
are unique.

To assess the relative merits of the JC and LH Ag dielectric
data when used to model perfect crystalline nanoparticles,
scattering cross section of a d ) 90 nm nanocube with r ) 7
nm rounding were calculated and compared to experiment for
both sets of data (Figure 5). For these calculations there was
no C layer, and the nanocube was placed directly on the n )
1.5 substrate. It is seen that the JC data give results that agree
much better with experiment, with the lower and higher
wavelength peaks 10 and 21 nm closer to the experimental
values, respectively. In addition, the JC dielectric data more
accurately describe the width and relative amplitude of the lower
wavelength peak. We should note that both the JC and LH
dielectric data sets were inferred from thin films that are
presumably polycrystalline or somewhat amorphous in character.
It is therefore not a priori obvious why the JC dielectric data
best describe our perfect crystalline nanoparticles. However, it
has been found that for crystalline Ag nanowires the LH
dielectric data provide a too lossy description, and effectively
reducing the loss (more consistent with the JC dielectric data)
improves agreement with experiment.39 Similar conclusions were
obtained in studies of Ag nanostrips made by using e-beam
methods.40

4. Conclusions

Understanding the relationship between the optical response,
structure, and dielectric environment of single nanoparticles is
important to effectively design devices based on their plasmonic
properties. Here we presented a detailed study of silver (Ag)
nanocubes. A correlated LSPR spectrum-HRTEM image of a
single nanocube was first obtained. FDTD calculations were
then performed to study the relationship between the optical
response, face-to-face width, radii of curvature of the corners
and sides, and the substrate. It was found that all of these
parameters have a large effect on the optical response, but if
they are carefully incorporated into the FDTD calculations
excellent agreement with experiment is obtained. In addition,
it was found that the JC Ag dielectric data are more accurate
for describing perfect crystalline nanoparticles compared to the
LH dielectric data. These results demonstrate the importance
of detailed structural and dielectric environment information in
single nanoparticle studies for obtaining good agreement
between experiment and theory.

Figure 3. FDTD calculated scattering cross sections of a nanocube in
response to (a) the variation in the face-to-face width with no corner
rounding and placed h ) 2 nm above the C layer and (b) the variation
in the radii of curvature of the corners and sides of a d ) 80 nm
nanocube placed h ) 1 nm above the C layer. In both cases, the
nanocube is modeled by using the LH dielectric data and the C layer
is hC ) 2 nm thick.

Figure 4. FDTD calculated effect of the C layer on a d ) 90 nm
nanocube. The nanocube is modeled with the LH dielectric data, has
corners and sides rounded to r ) 7 nm radii of curvature, and is placed
directly on the C layer.

Figure 5. Comparison of JC to LH Ag dielectric data for modeling
perfect crystalline nanoparticles, using a d ) 90 nm nanocube as the
example. The nanocube has corners and sides rounded to r ) 7 nm
radii of curvature and is placed directly on a n ) 1.5 substrate with no
C layer.

2734 J. Phys. Chem. C, Vol. 113, No. 7, 2009 McMahon et al.
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