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Surface plasmon polaritons’ (SPPs’) frequency blue shift is observed in finite-difference time-domain (FDTD) sim-
ulation of parallel electron excitation Au bulk structure. Comparing with cold dispersion of SPPs, an obvious frequency
blue shift is obtained in low confinement region excitation simulation results. Then, according to SPPs’ transverse atten-
uation characteristics, the excited frequency mode instead of cold dispersion corresponding frequency mode matches it.
Thence, this excited mode is confirmed to be SPPs’ mode. As is well known the lower the frequency, the smaller the
confinement factor is and the lower the excitation efficiency, the wider the bandwidth of excited SPPs is. And considering
the attenuation in whole structure, the excited surface field contains attenuation signal. In a low confinement factor region,
the higher the SPPs’ frequency, the higher the excitation efficiency is, while broadband frequency information obtained
in attenuation signal provides high frequency information in stimulation signal. Thence, in the beam–wave interaction, as
the signal oscillation time increases, the frequency of the oscillation field gradually increases. Thus, compared with cold
dispersion, the frequency of excited SPP is blueshifted This hypothesis is verified by monitoring the time domain signal of
excited field in low and high confinement factor regions and comparing them. Then, this frequency-blue shift is confirmed
to have commonality of SPPs, which is independent of SPPs’ material and structure. Finally, this frequency-blue shift is
confirmed in an attenuated total reflection (ATR) experiment. Owing to frequency dependence of most of SPPs’ devices,
such as coherent enhancement radiation and enhancement transmission devices, the frequency-blue shift presented here is
of great influence in the SPPs applications.

Keywords: surface plasmon polaritons (SPPs), frequency-blue shift, surface plasmon resonance (SPR), coher-
ent enhancement radiation
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1. Introduction

Surface plasmon polaritons (SPPs) were observed in ex-
periment as early as the 1900s[1] and the theoretical stud-
ies were subsequently conducted.[2–4] Owing to the improve-
ment of nanotechnology and nanofabrication, SPPs have be-
come a hot point of research again in recent years. The SPPs
are the slow electromagnetic surface waves,[5,6] which are
widely used in near-field imaging,[7–10] enhancement of op-
tical transmission,[11–13] biosensors,[14–17] and enhancement
of radiation.[18–20] The SPPs in metal or in advanced mate-
rials such as graphene, topological insulation excited in high
confinement factor region (high frequency region) have been
studied numerically.[21–24] However, there have been no spe-
cific researches of excited SPPs in low confinement factor re-
gion (low frequency region), which is SPPs’ frequency rapid
change region bringing excellent frequency tuning ability into
the SPPs coherent enhanced radiation devices.[6,18,23,25]

Therefore, it is of great demands to study the excita-
tion properties of SPPs in this excitation region. In this
study, the finite-difference time-domain (FDTD) simulation is

employed to investigate the excited electromagnetic field of
SPPs’ materials by parallel electrons. The parallel electron-
excited Au bulk structure is calculated by solving Helmholtz’s
electromagnetic-field equation that is commonly used in theo-
retical analysis, in low confinement factor excitation region,
and an obvious frequency-blue shift is observed in FDTD
simulation results. According to SPPs’ transverse attenua-
tion characteristics,[5] this simulated excitation mode instead
of cold dispersion frequency mode matches the attenuation
property. Thence, this excited frequency-blue shift mode is
confirmed to be SPPs’ mode. As is well known the lower
the frequency, the smaller the confinement factor is, and the
lower the excitation efficiency, the wider the bandwidth of ex-
cited SPPs is.[5,18] And considering the attenuation in whole
structure, the excitation signal contains more complex spec-
trum information attenuation signal. Owing to the property of
high frequency signal easier to be excited and complex spec-
trum surface field attenuation signal, the hypothesis of excited
SPPs’ frequency-blue shift with excitation time increasing in
low confinement factor region is proposed. Afterwards, this
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hypothesis of frequency-blue shift is verified by analyzing the
relationship between excitation frequency and the number of
oscillation signal cycles in low and high confinement factor
region, separately. Then, the excited SPPs’ characteristics
of film structure are studied, which is more widely used in
practice.[7–20] And the results show that this frequency-blue
shift of SPPs possesses the commonality in SPPs’ low con-
finement factor region excitation, which is independent of ma-
terial and structure. Finally, the frequency-blue shift is con-
firmed by attenuated total reflection (ATR) experiment. Owing
to frequency dependence of most SPPs’ devices, such as co-
herent enhancement radiation and enhancement transmission
devices,[11–20] this excited frequency-blue shift presented here
is of great influence in the SPPs applications.

2. SPPs’ frequency-blue shift discovery and cer-
tification
The SPPs’ frequency-blue shift in a low confinement fac-

tor region is firstly observed in the study of parallel elec-
trons excited Au bulk. And the simulation model is shown in
Fig. 1(a), which is a typical vacuum electrons excited Au bulk
structure. The Drude model, which is a classical model pro-
posed to explain the dielectric properties of metallic materials,
is used to describe the relative permittivity of Au bulk, ex-
pressed as εm = ε∞−ω2

p/(ω
2+ jωγ).[26,27] And the Drude pa-

rameters for Au are ε∞ = 8.9128, ωp = 1.208×1016 rad/s, γ =

8.7894× 1013 Hz.[28,29] When electrons pass parallel across
the metal surface, SPPs are excited on the surface. Thence,
a series probes set at the interface between Au and vacuum
are used to observe the information about the excited SPPs
in simulation. And owing to the collective effect of material,
the frequency corresponding to the strongest energy is consid-
ered as SPPs’ frequency. Relationship between excitation fre-
quency and excitation electron relative velocity β = v/c forms
dispersion relation, where v is the velocity of excitation elec-
trons and c is light speed in vacuum. The simulation disper-
sion relation is shown in Fig. 1(b) and the detailed information
about excitation frequency and relative velocity are presented
in Table 1. And cold dispersion formula is calculated by solv-
ing Helmholtz’s electromagnetic-field equation and bound-
ary matching, and expressed as kSPPs = k0

√
εm/(1+ εm),[5]

where kSPPs is the wave vector of SPPs, k0 = ω/c and ω is
the angular frequency. The contrast cold dispersion relation is
also shown in Fig. 1(b) and detailed information is presented
in Table 1. In a high confinement factor region (high frequency
region), excitation frequency is basically the same as cold dis-
persion result, while in low confinement factor region (low fre-
quency region), an obvious blue shift of simulation excitation
frequency is generated and the smaller the confinement factor,
the more obvious the frequency-blue shift is.
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Fig. 1. (a) Scheme of parallel electrons excited Au bulk structure, and (b) cold dispersion (red) and simulation hot dispersion (black) curves of Au bulk,
with light line (blue) in inset referring to vacuum light dispersion line, expressed as kz = ω/c.

Table 1. Relation of simulated and theoretically calculated cold dispersion frequency with excitation electron relative velocity.

β 0.64 0.68 0.72 0.76 0.8 0.84 0.88 0.89 0.9
Simulation (THz) 593 587 577 569 560 548 529 524 515
Cold dispersion (THz) 593 587 581 573 563 549 527 520 511

β 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99
Simulation (THz) 508 500 491 484 473 469 464 457 450
Cold dispersion (THz) 501 490 476 460 439 413 378 329 250

Owing to its localization, the electromagnetic field of ex-

cited SPPs decays exponentially along the transverse direc-

tion. The attenuation length ratio of SPPs’ mode in vacuum

to that in metal is R = LVacuum/LAu = |εm|.[5] Then, the theo-

retical relationship between attenuation length ratio R and fre-

quency is calculated and presented in Fig. 2(b). According
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to the above excitation frequencies and theoretical frequen-
cies in different excitation conditions, the simulation contour
maps of these frequencies are obtained. The scheme of at-
tenuation length ratio R in simulation contour map is shown
in Fig. 2(a), and the frequency-dependent theoretical R and
frequency-dependent R for cold dispersion and for excitation
frequency are all presented in Fig. 2(b).
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Fig. 2. (a) Scheme of attenuation length ratio R in simulation contour map
(simulation contour map of 593 THz excited by 0.64c electrons); (b) Rela-
tionship curves between attenuation length ratio R and frequency (blue line:
theoretical SPPs’ attenuation ratio curve; red dots: simulation contour map
attenuation ratio R for cold dispersion frequency; black square points: simu-
lation contour map attenuation ratio R for excitation frequency).

Theoretical results show that SPPs’ attenuation length
ratio R increases with frequency decreasing. Therefore, as
SPPs’ frequency decreases, the confinement factor becomes
less. The above results demonstrate that the transverse atten-
uation characteristic of excited frequency instead of cold dis-
persion frequency in simulation matches the theoretical SPPs’
attenuation property. These results confirm that the excited

mode is the SPPs’ mode rather than cold dispersion frequency
mode. And the excited SPPs’ frequency blue shift in a low
confinement factor region is also confirmed. The above re-
sults also show that the lower the SPPs’ frequency, the greater
the attenuation ratio value in vacuum and in metal is and the
smaller the confinement factor at interface. Furthermore, the
low confinement factor leads to low excitation efficiency and
broadband field of excited SPPs. Owing to the broadband field
property and high frequency SPPs easier to stimulate in a low
confinement factor region, a hypothesis that the frequency of
excited SPPs in low confinement factor region increases as the
wave-beam interaction time increases can be proposed to com-
prehend this frequency-blue shift. Then, time domain signal of
the probe at the interface is analyzed by the fast Fourier trans-
form (FFT) to obtain the spectral characteristics of excited
electromagnetic field and the relationship between frequency
and number of stimulated signal cyclesin the 0.64c electrons’
excitation condition (high confinement factor excitation con-
dition) and 0.99c electrons’ excitation condition (low confine-
ment factor excitation condition) are presented in Tables 2 and
3, respectively.

In the high confinement factor region, as the number of
signal cycles increases, the frequency of excited SPPs’ signal
in each cycle randomly changes near the strongest energy fre-
quency, which is the excited SPPs’ frequency. It is because
of the numerical error of iterative process in simulation. But
in the low confinement factor region, as the number of signal
cycles increases, the frequency of excited SPPs keeps increas-
ing. In the low confinement factor region, the higher the SPPs’
frequency, the higher the excitation efficiency is, while the ob-
tained broadband frequency information in structure attenua-
tion signal provides high frequency information in the excited
field. Thence, in the beam–wave interaction, as the signal os-
cillation time increases, the frequency of the oscillation field
gradually increases. Owing to the collective effect of free elec-
tron oscillation, the frequency with the strongest energy is the
excited SPPs’ frequency. Compared with cold dispersion fre-
quency, the frequency of excited SPPs is blue-shifted. The
above hypothesis about the excited SPPs frequency blue shift
is confirmed.

Table 2. Relationship between SPPs’ signal frequency and number of signal cycles in 0.64c electron excitation condition.

Cycle’s number 1 2 3 4 5 6 7 8 9

Frequency (THz) 596 595 591 587 598 588 589 595 594

Table 3. Relationship between excited SPPs’ signal frequency and number of signal cycles in 0.99c electrons excitation condition.

Cycle’s number 1 2 3 4 5 6 7 8 9

Frequency (THz) 372 407 430 445 460 472 483 493 502
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3. Excited SPPs’ frequency characteristics in
metal film structure
The excited SPPs’ frequency-blue shift in the low con-

finement factor region of metal bulk structure excited by par-
allel electrons is confirmed and comprehended. The lower fre-
quency with lower stimulation efficiency and broader band-
width leads the frequency to increase with the oscillation of
the excitation signal field, which causes the excited SPPs’ fre-
quency to be blue-shifted in the low confinement factor re-
gion. Considering the fact that most of SPPs’ applications
used are the thin film structures, such as SPPs’ coherent en-
hancement radiation or attenuated total reflection (ATR) bio-
chemical sensors,[11–20,30] and the above reason for frequency
blue shift still exists in film structure, the SPPs’ excitation
characteristics in metal film structure are studied in this pa-
per. A parallel electron beam stimulated metal film with a
dielectric substrate, which is a typical structure to coherently
enhance Cherenkov radiation by the excited SPPs in metal
film[18] is employed in this study and the structure scheme
is shown in Fig. 3(a). The cold dispersion of 50-nm-thick
Au film spin-coated on the dielectric substrate is calculated
and the dispersion curves are shown in Fig. 3(b). The rela-
tive permittivity of substrate is set to be 9 and Drude param-
eters of Au film are set to be as follows: ε∞ = 8.9128, ωp =

1.208×1016 rad/s, and γ = 8.7894×1013 Hz.[28,29] It is clear
that there are two SPPs’ modes in film structure: the SPPs’

symmetric (even) mode and SPPs asymmetric (odd) mode.
When the energy of excitation electrons is higher than the
Cherenkov radiation threshold (electron velocity higher than
the light speed in substrate dielectric) of the substrate, only
asymmetric mode can be stimulated in this structure. And ow-
ing to the low excitation efficiency of SPPs in the low confine-
ment factor region, only asymmetric mode is discussed in this
study. Then, 50-nm-thick Au and Ag film structures are inves-
tigated in simulation and the results are presented in Figs. 3(c)
and 3(d), respectively. The Drude parameters of Ag film are
given as follows: ε∞ = 5.9833, ωp = 1.4772×1016 rad/s, and
γ = 1.4276× 1014 Hz.[28,29] The excited SPPs’ frequency-
blue shift in the low confinement factor region is observed
in both of the above structures. All the above results verify
that this frequency-blue shift possesses the commonality of
SPPs, which is independent of structure and material. The
frequency-blue shift leads the dispersion to be modified and
unavailable from the low frequency SPPs, which means that
a low cutoff frequency is generated. And the low cutoff fre-
quency of excited SPPs depends on the limit SPPs’ frequency
at the maximum wave vector. For the 50-nm-thick Au film
structure, the limit SPPs’ frequency is about 610 THz while
the low cutoff frequency is about 450 THz, and for Ag, the
limit SPPs’ frequency is 880 THz while the low cutoff fre-
quency is about 500 THz.
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Fig. 3. (a) Scheme of parallel electrons stimulated metal film structure. (b) Cold dispersion curves of 50-nm-thick Au film spin-coated on dielectric
substrate with relative permittivity 9. In panels (a) and (b) black curve is symmetric mode, red curve refers to asymmetric mode, blue straight line
represents light dispersion line in vacuum (expressed as kz = ω/c), and magenta straight line denotes light dispersion line in dielectric substrate
(expressed as kz = nω/c), with n is refractive index of dielectric substrate. (c) Simulation and cold dispersion curves of 50-nm-thick Au film coated on
the dielectric substrate with relative permittivity 9, with light line in the legend referring to to vacuum light dispersion line and expressed as kz = ω/c.
(d) Simulation and cold dispersion curves of 50-nm-thick Ag film coated on the dielectric substrate with relative permittivity 9, with light line in the
legend referring to vacuum light dispersion line and expressed as kz = ω/c.
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Finally, this SPPs’ frequency-blue shift is confirmed
in a microwave excitation attenuated total reflection (ATR)
experiment[30] in which used is a typical Kretschmann struc-
ture, and the experimental setup is presented in Fig. 4(a). A
40-nm-thick Au film is spin-coated on a semi-cylindrical fused
silica substrate (ATR structure) and xenon light source is em-
ployed in this experiment. The schematic diagram of light
path is shown in Fig. 4(b). The broadband light of xenon
lamp is connected to a collimator through an optical fiber, and
thus forming a parallel light beam. This parallel light beam
passes through a polarizer and diaphragm and reaches an ATR
structure, then, the reflection light is collected by a collimator
and transmitted via optical fiber to a spectrometer. As is well
known the SPPs’ microwave mode is the TM mode. By adjust-
ing the polarization of the incident light, the observed weakest

spectrum is of TM mode and the strongest spectrum is of TE
mode. Then, the absorption peak frequency obtained by di-
viding these two spectra is the excited SPPs’ frequency in ex-
periment. The excited SPPs’ longitudinal wave vector in this
ATR structure satisfies this formula: kSPPs = nk0 sinθ , where
n is the refractive index of silica substrate and θ is the incident
angle. The scheme of the ATR structure is shown in Fig. 4(c).
The dispersion relationship can be obtained by adjusting the
incident angle. The excited SPPs’ dispersion relationship in
experiment and simulation and cold dispersion and also their
comparisons are shown in Fig. 4(d). The experimental results
are basically consistent with the simulation results. Thence,
the excited SPPs’ blue shift in low confinement factor region
is confirmed in this experiment.
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Fig. 4. (a) ATR experimental setup, (b) light path scheme, (c) scheme of ATR structure, and (d) dispersion curves of experimental, simulation results,
and cold dispersion and their comparisons.

4. Conclusions and perspectives
Dispersion characteristics are the essential electromag-

netic properties of materials. In this research, excited SPPs’
frequency-blue shift is observed in a low confinement factor
region by analyzing the finite-difference time-domain (FDTD)
simulation results and cold dispersion results of electromag-
netic wave boundary match about Au bulk structure. And ac-
cording to SPPs’ transverse field attenuation characteristics in
Au bulk, the excited frequency-blue shift mode is confirmed
to be the SPPs’ mode. Owing to the property of high fre-
quency signal easier to excite and complex spectrum surface
field attenuation signal, the hypothesis that the excited SPPs’
frequency-blue shift increases with excitation time increasing
in low confinement factor region is proposed. And then, this
hypothesis of frequency-blue shift is verified by analyzing the

relationship between excitation frequency and the number of
oscillation signal cycles in low and high confinement factor
regions, respectively. Afterwards, this frequency-blue shift is
confirmed to possess the commonality of SPPs, which is inde-
pendent of SPPs’ material and structure in the study of 50-nm-
thick Au and Ag films with substrate. Finally, the attenuated
total reflection (ATR) experiment confirms this frequency-blue
shift. Owing to the frequency dependence in most of SPPs’ de-
vices, such as coherent enhancement radiation and enhance-
ment transmission devices, this excited frequency-blue shift
presented here is of great significance in the SPPs’ applica-
tions.
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