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Abstract—The transient analysis of electromagnetic problems is
important in the designing of plasmonic devices. It is useful for
clarifying physical phenomena with extremely short timescales,
because transient response affects the device performance. A time-
domain computational technique is proposed for the transient anal-
ysis of electromagnetic problems with nanostructures. Our method
is based on boundary integral equations in the complex frequency
domain and fast inverse Laplace transforms. The advantage of our
method is that the objects can be modeled by surface structure,
dispersive media can be easily considered, computational error
analysis is simple, and the electromagnetic field at the desired
observation time can be obtained.

Index Terms—Fast inverse Laplace transform (FILT), plasmonic
device, Poggio–Miller–Chang–Harrington–Wu–Tsai (PMCHWT),
transient analysis.

I. INTRODUCTION

R ECENTLY, a helicity-dependent all-optical magnetic
switching has attracted attention for ultrafast magnetic

recording systems [1]–[3]. The recording speed of this system
is 100 000× faster than conventional magnetic recording sys-
tems. It is a requirement for imping circular polarized light for
magnetic reversal. Furthermore, the localized light is necessary
because the magnetic recording density is related to the beam
spot size. To realize these requirements, a plasmonic antenna
is designed as the localized light can be beyond the diffraction
limit [4]–[6]. Although many plasmonic devices are designed
using properties based on frequency response, it is important
to investigate the characteristics of transient response in the
helicity-dependent all-optical magnetic switching. The record-
ing speed is related to the transient state of light.
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Conventionally, the finite-difference time-domain (FDTD)
method is used for studying these plasmonic devices [7]. How-
ever, since metal is dispersive in the optical frequency band, it
is difficult to implement with FDTD. Furthermore, when con-
sidering the fine structure, the minimum discretized segmented
area, which is the cell size for FDTD, is very small. The stability
condition of the explicit FDTD becomes strict. The time step size
depends on the minimum cell size, so the computational time
increases for more accurate computation.

Previously, we proposed the novel computational method
as an alternative technique to FDTD for designing plas-
monic devices. Maxwell’s equations are solved by the finite-
difference complex-frequency-domain method [8]–[10]. The
solution in the complex frequency domain is transformed into
the time domain using a fast inverse Laplace transform (FILT)
[11]–[13]. The advantages of this method are the following: the
dispersive media is easy to implement, computational modeling
is compatible with FDTD, and it is suitable for the parallel
computation [10]. However, it is necessary to implement an
absorption boundary. Moreover, when staircase approximation
same as FDTD is used for modeling, a singular phenomenon
occurs on the surface of the object that causes computational
errors in near-field analysis.

In this letter, a novel transient computational technique for
analysis of the nanoscale electromagnetic problems is proposed.
Our method has the following advantages: dispersive media can
be easily considered, the absorption boundary condition is not
necessary, and the objects can be modeled by only the surface
structure. The boundary integral equation method is applied for
solving the complex frequency domain problems. Here, Poggio–
Miller–Chang–Harrington–Wu–Tsai (PMCHWT) is used for
integral equation and extended in the complex frequency domain
[14]. The electromagnetic field at the observation time can be
obtained by using FILT [11]. FILT is error controllable method,
thus, computational error analysis is simple. The solution at
the desired observation time can be obtained. Furthermore,
time-division parallel computing can be easily realized [9], [10].

These advantages are suitable for designing plasmonic de-
vices where evaluation of the time response is important. To
demonstrate our method, the plasmonic antenna for helicity-
dependent all-optical magnetic switching has been designed.
The investigation of steady-state and transient-state responses
are evaluated to confirm that generation of high-intensity circu-
larly polarized light and the stability of magnetization switching
speed, respectively. Compared with the time-domain PMCHWT,
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Fig. 1. Geometry and coordinates systems.

the proposed method has advantages as follows. 1) The electro-
magnetic fields can be independently evaluated at the specific de-
sired time. 2) The dispersive medium can be treated in the same
implementation as in the frequency domain [15], [16]. Also,
compared with inverse fast Fourier transform based methods,
our proposed method is more appropriate and efficient especially
for plasmonic antenna design [17]. When the electromagnetic
field rapidly changes in time, computation using the unequal and
coarse sampling values in time domain is useful for brief and
quick estimation. Sampling points can be later added by using
our technique when detailed evaluation is needed.

II. FORMULATION

The scatterer is a metallic nano object, as shown in Fig. 1.
The electromagnetic fields Ei and Hi impinge on the scatterer
to form incident angles θin and φin. The time-domain waveform
of the incident wave is expressed as the image function of f̂(s).
Here, s = σ + iω is complex frequency, σ is a real number,
and ω is real frequency. The permittivity of the object is ε2 and
has dispersive characteristics ε(s). The Lorentz–Drude model
is extended in the complex frequency domain for the expression
of metal properties [18].

The boundary integral equation for homogeneous media,
which is PMCHWT formulation, is expressed with the equiva-
lent surface electric current density JΩ and the magnetic current
density MΩ [14]. The boundary condition is the tangential
component of electromagnetic fields that are continuous at the
boundary. The electric field integral equation is a summation for
the electric field in external and internal regions as follows:

−Ei (r) f̂ (s)

= t̂ ·
2∑

m = 1

[sμ0Lm (r, r′) · JΩ (r′) +Km (r, r′) ·MΩ (r′)] .

(1)

Similarly, the magnetic field integral equation is expressed as

−Hi (r) f̂ (s)

= t̂ ·
2∑

m = 1

[
Km (r, r′) · JΩ (r′) +

sμ0

η2m
Lm (r, r′) ·MΩ (r′)

]

(2)

Fig. 2. Time-domain responses of the electric field near a gold nano sphere
with a 25 nm radius.

where t̂ is a unit tangential vector on the boundary, and Lm and
Km are integral operators defined by

Lm (r, r′) ·X (r′) =
∫
Ω

[
X (r′)−∇∇

S2
m

X (r′)
]
gm (r, r′) dΩ′

(3)

Km (r, r′) ·X (r′) =
∫
Ω

X (r′)×∇gm (r, r′) dΩ′ (4)

gm (r, r′) =
exp

(−S2
m |r − r′|)

4π |r − r′| (5)

where ηm is wave impedance and Sm = s(εmμm)−1. The un-
known functions are electric current density JΩ and magnetic
current density MΩ,, and are discretized by basis function [12].
These can be obtained by solving a linear equation based on (1)
and (2). Here, when the scatterer is the complex multimaterials
composite objects, definition of the basis function is a cumber-
some procedure. In this case, it is necessary to consider using
that another integral equation method should be considered
[19]. Electromagnetic fields in the complex frequency domain
are computed by the unknown functions. The solution for the
complex frequency domain F (s) obtained by PMCHWT is
transformed into the time-domain by FILT [11]–[13]. Using
the approximate exponential function and residual theorem, the
time-domain function f(t) is expressed by

f (t) :=
exp (α)

t

K∑
n=1

(−1)nIm [F (sn)] (6)

where t is the observation time, α is the approximation parame-
ter, K is the truncation number, and sn is the sampling complex
frequency as defined by

sn =
α+ i (n− 0.5)π

t
. (7)

III. COMPUTATIONAL RESULTS

To verify our proposed method, we investigated the electric
field near a gold nano sphere with a 25 nm radius. The obser-
vation point is at 30 nm on the x-axis. The incident wave is
assumed to be a sinusoidal plane wave and has only electric
field of x component. The incident angles are θin = φin = 0◦.
Fig. 2 shows the time domain responses of the electric field at
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Fig. 3. Convergence process of the relative error for varying truncation num-
bers. The relative error is defined by the difference between the computational
value and the exact one.

Fig. 4. Time domain response for relatively large time step size.

the observation point. Red X’s indicate the computational results
obtained by our method, and the blue line indicates the exact Mie
series solution [12]. The computational results correspond to the
exact solution for all points in time.

The convergence process shows the relative error for varying
the truncation number of FILT K as shown in Fig. 3. The relative
error is defined by the difference between the computational
value and the Mie series solution at t = 9.25 fs [12]. The
error converges by increasing the truncation number K and the
converged value depends on the selection of the approximation
parameter α. If α = 1 and K > 25, the relative error converges
to 10−1. It tends to 10−3 order when α = 3 and K > 50.
The proposed method can precisely control the computational
accuracy by selecting the approximation parameterα and proper
truncation number K for which the converged value is obtained.

Fig. 4 shows the time response for the relatively large step
size of one-quarter period. Compared with the time step size
of FDTD with a minimum cell size of 1 nm, our time step
size is over 200 times. For large intervals, the computational
results obtained by our method and the exact solution are a good
match. With our method, the electromagnetic field at the desired
observation time can be obtained.

To compare the FDTD method, the electric field near a gold
nano spheroid is investigated as shown in Fig. 5. The observation
point is at 45 nm on the x-axis and the incident wavelength is
550 nm. In Fig. 6, all computational results are in complete
agreement. The time step size of our method was selected about
40 times that of the FDTD. The memory requirement of the
FDTD was 16 GB and that of our method was about 1 GB.

Fig. 5. Computational model for the spheroid.

Fig. 6. Time response of electric field for the nano spheroid.

TABLE I
SPEED UP RATE FOR TIME-DIVISION PARALLEL COMPUTING

We can perform a time-division and complete parallel com-
puting which has the advantage in efficiency. The speed up rate
is verified in Table I. In our method, the computational task
can be divided into multi computers. The speed up rate always
corresponds to the number of computers, since there is no data
communication.

The application of our proposed method is discussed here,
and the plasmonic device for a helicity-dependent all-optical
magnetic switching has been designed. In this system, the
localized circular light is required for ultra-high-speed, high
density recording. To obtain the localized circular polarized
light, a cross-bar type antenna is assumed, and has been designed
using gold as the material. To produce the phase difference
between the x- and y-components of the electric fields for circular
polarized light, the characteristics of the cross-bar based antenna
investigated in Fig. 7. The incident light is assumed to be a
linearly polarized sinusoidal plane wave. The incident angles
are θin = φin = 0◦. The amplitude of the electric field is 1 V/m
and the wavelength is 780 nm. The observation point is at the
center of the antenna.

Fig. 8 shows the electric field and phase shift for varying
lengths in the x-direction. The length of the y direction bar is
fixed. The phase shifts are based on the phase at x-length =
49 nm, which is the peak of the electric field. To generate the
circularly polarized light from linearly polarized light, a 90◦

phase difference is necessary. The lengths of bars for the x-
and y-directions are selected to be 42 and 51 nm, respectively,
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Fig. 7. Computational model for designing a cross-bar type antenna.

Fig. 8. Electric field and phase shift for varying x-length, which is the length
of the bars in the x-direction.

because those values produce a 90◦ phase shift. Here, to match
the amplitude of the electric field intensity of the x- and
y-components, the incident angle becomes φin = 61.2◦.

To confirm that this antenna can generate the localized circular
polarized light, electric field intensity and circularity distribution
are shown in Fig. 9(a) and (b), respectively. The electric field
is enhanced around the center of the device. The clockwise
circularly polarized light is generated from linearly polarized
light.

Moreover, the transient analysis is important for evaluation
of the generation time of circular polarized light, and is re-
lated to the recording speed. Our method is suitable for these
problems, because small time increments are not required to
evaluate the transient response time. Fig. 10(a) and (b) shows
the time response and the Lissajous curve of the electric field
at the center of the device using our method. We can confirm
that the x- and y-components of the electric field are uniform
in steady state after t = 30 fs. The generation of clockwise
circularly polarized light from a linearly polarized light has been
successfully demonstrated.

IV. CONCLUSION

In this letter, we propose a novel computational technique for
time domain analysis of plasmonic devices. FILT is applied for
PMCHWT formulation in the complex frequency domain. Some
advantages of our method include the following: dispersive
media such as the metal for light band can be easily considered,

Fig. 9. Evaluation of field distribution. (a) Electric field intensity and
(b) circularity distribution.

Fig. 10. Evaluation of electric fields at the center of the antenna. (a) Time-
domain response and (b) Lissajous figure.

and computational error can be easily controlled, and the elec-
tromagnetic field at desired observation time can be obtained.
Finally, the application of our method was demonstrated. The
plasmonic antenna that generates the localized circular polarized
light can be designed and evaluated in terms of transient state.
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