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This paper aims to achieve broad-spectrum tuning of surface plasmon resonance (SPR) with
palladium nanorods. For this purpose, the finite-difference time-domain (FDTD) method was
selected to simulate the optical properties of palladium nanorods. Specifically, we
investigated the effects of radius, axial length, and aspect ratio of palladium nanorods on the
SPR, the impacts of axial length on SPR of palladium and gold nanorods of the same size,
and the influence of radius on palladium nanospheres and nanorods of the same axial length.
The absorption spectra of palladium nanorods in different sizes were also analyzed. The
results show that the longitudinal absorption peak of palladium nanorods can be used to tune
the SPR from the visible region to the infrared region; palladium nanorods are more suitable
for broad-spectrum tuning of the SPR than gold nanorods; palladium nanorods are more
effective for broad-spectrum SPR tuning than palladium nanospheres; changing the size of
palladium nanorods can effectively tune the SPR across a broad spectrum. The research
findings shed important new light on the design of surface plasmon scales, filters, biosensors,
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1. INTRODUCTION

Metal nanoparticles can absorb the incident light of a certain
wavelength. The obvious absorption band is corresponded to
the ultraviolet-visible region. In this band, surface plasmon
resonance (SPR) may occur, enhancing the local electric field.
The SPR refers to the electromagnetic response that occurs
when the free electrons are oscillating at the same frequency
with the incident light on the surface of a material [1]. The SPR
is typically observed on gold, which can be tuned from 523 to
1,550nm [2-5]. However, the SPR tuning is severely lacking
for non-gold applications.

Like gold, palladium is also a rare metal with obvious SPR
effect. The absorption peaks of palladium nano-cubes are
212nm. The linear optical properties of palladium
nanoparticles, ranging from extinction, absorption to
scattering, depend heavily on their size and shape, as well as
the surrounding media [6]. Many scholars have explored deep
into palladium nanoparticles. For example, some scholars
studied nano-cubes, triangular nano-disks and hexagonal
nano-disks of palladium, and assembled palladium-core
silver-shell nano-cubes [6-8]. some scholars prepare core-shell
Au-Pd@Pd icosahedral nanoparticles with trapezoidal shell
and core-shell Au@Pd nanorods [9, 10]. Mahmoud [11, 12]
probed into the extinction features of gold nanocage structure,
hollow core-shell structure of gold-palladium double shell,
and hollow core-shell rattle structure of gold-palladium double
shell. Some scholars investigate Pd concave nano-cubes,
M@Au (M=Pd, Cu-Pt) mixed nano-stars, palladium
nanosheets, Au nanospheres with core-shell structure,
revealing that the SPR is tunable in dimer nano-antennas of
transition metal (e.g. platinum and palladium) and palladium-
silver bimetallic nano-catalysts [13-18]. Kim et al. [19]
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prepared core-shell nanoparticles of double-shell (palladium-
platinum) structure for a 3D defocusing direction sensor.
Wang et al. [20] prove that Au-Pd alloy and lactate
dehydrogenase can work together and promote the selective
oxidation of benzyl alcohol under photocatalysis. Nugroho et
al. [21] establish the general scale and design rules for
hydrogen-induced optical properties of palladium and
palladium alloy nanoparticles. Wang et al. [22] grow
palladium nanoparticles on polydopamine coated with Fe,Os,
and use them as high performance recoverable nano catalysts.
Watkins and Yves [23] fabricate ultra-sensitive and fast
plasma hydrogen sensors with palladium nanofilms. Xu et al.
[24] calculates the photothermal coupling factor based on
palladium nanoparticles-loaded TiO; to reduce CO,.

The above studies mainly focus on preparing palladium
nanoparticles and applying them in such fields as catalysis,
hydrogen production and sensor fabrication. However, there is
little report on the implementation of palladium nanoparticles
in broad-spectrum SPR tuning. To make up for this gap, this
paper attempts to design a reasonable structure of palladium
nanoparticles that can tune the SPR across broad spectrum.
Hence, the optical properties of palladium nanorods were
simulated by finite-difference time-domain (FDTD) method.
Firstly, the author explored how the SPR is affected by radius,
axial length, and aspect ratio, respectively. Next, the author
analyzed the effect of axial length on SPR of palladium and
gold nanorods of the same size, and then the effect of radius
on palladium nanospheres and nanorods of the same axial
length. Finally, the absorption spectra of palladium nanorods
in different sizes were observed in details. The research aims
to promote the preparation of palladium nanomaterials.



2. SIMULATION

There are three popular numerical methods to analyze metal
nanoparticles, namely, discrete dipole approximation (DDA),
finite-element method (FEM) and finite-difference time-
domain (FDTD) method. In this paper, the transmission
properties of palladium nanoparticles are simulated by an
FDTD software. During the simulation, the light was incident
along the z-axis, and polarized along the x-axis. The periodic
boundary condition (PBC) was adopted for both x- and y-axes,
and the perfectly matched layer (PML) boundary condition
was selected for z-axis. The dielectric constant of palladium
was obtained from the handbook authored by Edward D. Palik.
The dielectric environment was configured as the air. The
refractive index was set to 1.0. The FDTD model (Figure 1)
includes a cylinder in the middle and two hemispheres at both
ends, where a refers to radius and b represents axial length.
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Figure 1. The FDTD model

3. RESULTS AND DISCUSSION
3.1 Effects of radius on the SPR

The absorption spectra of palladium nanorods with the same
axial length (54 nm) and different radii (5, 6, 8 and 9 nm) are
displayed in Figure 2. It can be seen that each palladium
nanorod had two absorption peaks, a transverse absorption
peak and a longitudinal absorption peak. With the growth in
radius, the wavelength of the transverse absorption peak
shifted from 353 to 329nm, while the longitudinal absorption
peak moved from 780 to 546 nm.
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Figure 2. Absorption spectra of palladium nanorods with the
same axial length and different radii

The relationship between each absorption peak and the
radius is plotted as Figure 3. It can be observed that the
longitudinal absorption peaks blue shifted faster and widened
more obviously than the transverse absorption peaks.
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Figure 3. The relationship between each absorption peak and
the radius

3.2 Effects of axial length on the SPR

The absorption spectra of palladium nanorods with the same
radius (6 nm) and different axial lengths (40, 50, 70, 80, 90,
110, 120, 130, 140, 150, 160, 170 and 180 nm) are presented
in Figure 4. It can be seen that, with the increase of axial length,
both transverse and longitudinal absorption peaks of
palladium nanorods were red shifted. The transverse
absorption peak appeared near 340nm, and always red shifted
slowly in the ultraviolet region. Meanwhile, the longitudinal
absorption peak red shifted from the visible region (597 nm)
to infrared region (1,386 nm). The longitudinal absorption
peak red shifted faster and widened more obviously than the
transverse absorption peak. With the transverse absorption
peak in the ultraviolet region and the longitudinal absorption
peak in visible-infrared region, the palladium nanorods have
achieved broad-spectrum SPR, which is tunable in ultraviolet-
visible-infrared regions.
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Figure 4. Absorption spectra of palladium nanorods with the
same radius and different axial lengths

The relationship curve between the longitudinal absorption
peak and the axial length is described in Figure 5. It can be



learned that, as the axial length of palladium nanorods was
increased continuously from 40 to 180nm, the longitudinal
absorption peak saw a linear increase in wavelength, and

surpassed the transverse absorption peak in red shift sensitivity.

The slope k of the relationship curve equals the ratio of the
mean wavelength change A4 of the absorption peak to the
change of axial length Ab:

DYV

> Ab

After knowing the position of absorption peak, the
longitudinal size of palladium rod can be estimated to save the
cost of transmission electron microscopy (TEM). Moreover,
the colloidal solution of palladium nanorod with extremely
uniform morphology can be produced by precisely controlled
synthesis and post-treatment. The palladium nanorods with
minimal individual differences can be used as a standard
reference at the nanoscale.
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Figure 5. The relationship between longitudinal absorption
peak and the axial length

3.3 Effects of aspect ratio on the SPR

The aspect ratio refers to the quotient of length and diameter.

For palladium nanorods, the length equals the sum of diameter
and axial length. Figure 6 presents the absorption spectra of
several palladium nanorods, which differ in radii (3, 4, 5, 6, 7
and 8nm) and axial lengths (54, 72, 90, 108, 126 and 144nm)
but agree in aspect ratio (10). As shown in the figure, with the
increase in size, transverse absorption peak showed a small
blue shift, the longitudinal absorption peak was red shifted,
and the absorption rate was on the rise.

Similarly, Figure 7 shows the absorption spectra of several
palladium nanorods, which also differ in radii (2, 3, 4, 5, 6, 7
and 8nm) and axial lengths (60, 90, 120, 150, 180, 210 and
240nm) but agree in aspect ratio (16). Obviously, the
transverse and longitudinal absorption peaks followed the
same trend as in Figure 6.

The above two figures demonstrate that, when palladium
nanorods have a fixed aspect ratio and an expanding size, the
transverse absorption peak will blue shift slightly, the
longitudinal absorption peak will be red-shifted, and the
absorption rate will increase.
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Figure 6. Absorption spectra of palladium nanorods with
different sizes and the same aspect ratio (10)
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Figure 7. Absorption spectra of palladium nanorods with
different sizes and the same aspect ratio (16)

3.4 Effects of axial length on the SPR of palladium and gold
nanorods of the same size

Figure 8 shows the absorption spectra of gold nanorods with
the same radius (6nm) and different axial lengths (40, 50, 60
and 70nm). As shown in Figure 8, with the growth in axial
length, transverse absorption peak of goal nanorod slowly red
shifted away from 540nm, while the longitudinal absorption
peak quickly shifted from 670 to 770nm. Compared with
transverse absorption peak, longitudinal absorption peak red
shifted rapidly and obviously widened.

Figure 9 displays the absorption spectra of palladium
nanorods with the same radius (6 nm) and different axial
lengths (40, 50, 60 and 70 nm). It can be seen that, with the
increase of axial length, the transverse absorption peak of
palladium nanorods slowly red shifted away from 340nm,
while the longitudinal absorption peak shifted rapidly from
590 to 800nm. The longitudinal absorption peak of palladium
nanorods red shifted faster than their transverse absorption
peak, and also faster than longitudinal absorption peak of gold
nanorods. The full width at half maximum (FWHM) of
palladium nanorods had much greater growth than that of gold
nanorods. This is because palladium has a wider conduction
band than gold. The electrons at different positions of the
conduction band differ in periods of motion.
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Figure 8. Absorption spectra of gold nanorods with different
axial length and the same radius
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Figure 9. Absorption spectra of palladium nanorods with
different axial length and the same radius

To sum up, with the growth in axial length, the transverse
and longitudinal absorption peaks of palladium and gold
nanorods both red shifted. The fastest red shift was observed
in the longitudinal absorption peak of palladium nanorods.
Comparing the absorption spectra of the two types of nanorods,
the SPR of gold nanorods can be tuned in the visible-near
infrared region, while that of palladium nanorods can be tuned
in ultraviolet-visible-infrared region. In other words,
palladium nanorods are more suitable for broad-spectrum
tuning of the SPR.

3.5 Effects of radius on the SPR of palladium nanospheres
and nanorods of the same axial length

Figure 10 provides the absorption spectra of palladium
nanospheres and nanorods with the same axial length (54 nm)
and different radii (3, 6, 10 and 11 nm). As shown in the figure,
with the growth in radius, the absorption peaks of palladium
nanospheres appeared were blue shifted slightly from 216 nm.
For palladium nanorods, the transverse absorption peak was
located near 340 nm, while the longitudinal absorption peak
changed rapidly from 768 to 479 nm; the longitudinal

238

absorption peak blue shifted faster than transverse absorption
peak; the blue shift of the longitudinal absorption peak was
accompanied with an obvious decrease of the FWHM.
Therefore, palladium nanorods are more effective for broad-
spectrum SPR tuning than palladium nanospheres.
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Figure 10. Absorption spectra of palladium nanospheres and
nanorods with different radii

3.6 Absorption spectra of palladium nanorods with
different sizes with the longitudinal absorption peak at
1,330nm

Figure 11 gives the absorption spectra of palladium
nanorods with different radii (3, 4, 5, 6,7, 8,9, 10, 11, 12 and
13 nm) and axial lengths (136, 90, 150, 170, 190, 200, 230,
220, 270, 300 and 310 nm).
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Figure 11. Absorption spectra of palladium nanorods with
different sizes with the longitudinal absorption peak at
1,330nm

As shown in this figure, with the growth in the size of
palladium nanorods, the transverse absorption peak had a
small blue shift, the longitudinal absorption peak generally fell
at 1,330 nm, which is the working wavelength of optical fibers,
and the absorption rate showed a rising trend. In other words,
when the longitudinal absorption peak remained at the same
wavelength, the transverse absorption peak generally had a



limited blue shift, indicating that the axial length of palladium
nanorods need to be increased.

4. CONCLUSIONS

(1) With the transverse absorption peak in the ultraviolet
region and the longitudinal absorption peak in visible-infrared
region, the palladium nanorods have achieved broad-spectrum
SPR. Thus, the longitudinal absorption peak of the palladium
nanorods can be used to tune the SPR from the visible region
to the infrared region.

(2) The SPR of gold nanorods can be tuned in the visible-
near infrared region, while that of palladium nanorods can be
tuned in ultraviolet-visible-infrared region, indicating that
palladium nanorods are more suitable for broad-spectrum
tuning of the SPR.

(3) According to the absorption spectra of palladium
nanospheres and nanorods with the same axial length and
different radii, palladium nanorods are more effective for
broad-spectrum SPR tuning than palladium nanospheres.

(4) The palladium nanoparticles with absorption peaks in
the ultraviolet region can be used for up-conversion to kill
lesion with ultraviolet; those with absorption peaks in the
visible region can be used in photocatalysis, hydrogen
production and solar cells; those with absorption peaks in the
infrared region can be used to develop biosensors and
communication windows.
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