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We report a first-principles calculation for the wavelength dependence of a laser-excitation process on
a silicon surface. Although a lower-frequency laser is reflected by a lower-density plasma, it can penetrate
a thicker plasma sheet. Therefore, the depth of the laser processing depends on the width of the plasma at
the surface and laser wavelength. The time-dependent density-functional theory and Maxwell’s equations
are simultaneously employed to elucidate the effect of laser propagation on laser-matter interaction under
ultrafast pulse lasers (FWHM: 12 fs). A longer-wavelength laser field facilitates deeper melting and abla-
tion in silicon, despite a lower critical plasma density. Such a deeper excitation by a longer wavelength
is because of the penetration of the laser field through the plasma on the surface. The plasma-formation
depth is saturated at approximately half the wavelength in silicon.
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I. INTRODUCTION

Processing of solid-state materials using femtosecond
laser pulses has attracted considerable interest because of
their potential applications in high-precision processing
technology [1–12].

In particular, a pulse with a duration of a few tens of
femtoseconds (fs) enables the processing of dielectric sur-
faces without thermal damage because this duration is
considerably shorter than the thermalization duration (ps
or more) [10,13]. Moreover, the excitation of dielectrics
by intense laser fields is employed in plasma optics such
as plasma mirrors [8,14].

Many experimental and theoretical works on laser
processing using near-infrared (NIR) lasers have been
reported [15–20]. However, recently, the progress of laser
technology has made intense mid-IR (MIR) lasers avail-
able [21,22]. As the photon energy of the IR laser is
considerably lower than the dielectric bandgap, nonlinear
excitation (multiphoton absorption and tunnel ionization)
is a critical process. In general, a theoretical treatment
for laser-electron nonlinear interaction is described by the
rate equation that includes the electron excitation by the
Keldysh theory [23], the avalanche effect, Joule heating,
and the Drude model [2].

The time evolution of the laser field can be described
by Maxwell’s equations, considering the material proper-
ties through the constitutive relations. For ordinary light
pulses, the response of the medium is linear in the elec-
tromagnetic field, and is characterized by linear suscepti-
bilities. However, for intense and ultrashort laser pulses,
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conditions that require theoretical treatment beyond the
linear response are encountered. If perturbative expan-
sion is no longer useful, the time-dependent Schrodinger
equation must be applied for electrons and solved in the
time domain.

For a many-electron system, the time-dependent
density-functional theory (TDDFT) [24] has been applied
for laser-molecule and solid-state interaction [25,26]. We
consider the TDDFT as the only ab initio quantum method
applicable to strong electromagnetic fields in condensed
media. In our previous work, we developed a formal-
ism and computational method to describe the propaga-
tion of an intense electromagnetic field in a condensed
medium, incorporating the electron dynamics feedback
to the electromagnetic field [27–29]. In particular, in
the case of processing with an MIR laser, the plasma
frequency of the excited electron-hole pairs affects the
dynamics of the electromagnetic field at lower plasma
density because the plasma density easily reaches the fre-
quency of an MIR laser. Although a lower-frequency laser
is reflected by the plasma at the surface with a lower
laser intensity, a wider plasma sheet must be formed
to reflect the MIR laser. Therefore, we must clarify the
relationship between the excitation depth and laser fre-
quency to understand laser processing under various laser
frequencies.

In this study, we present the first-principles simulation
of the laser frequency and intensity dependence of the
laser-excitation process on a silicon surface employing the
above multiscale approach. We assume an ultrafast pulse
laser (12 fs FWHM) in the MIR-NIR frequencies. We
present the position dependence of the excitation energy
and electron-hole density with various laser parameters to
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elucidate the laser-excitation process and plasma-mirror
formation at the surface.

The remainder of this paper is organized as follows: in
Sec. II, we describe our first-principles multiscale formal-
ism to calculate the laser-matter interaction on the surface.
In Sec. III, we present the numerical results. In Sec. IV, we
summarize the study.

II. COMPUTATIONAL METHOD

As the theory and its implementation employed in the
calculation herein are described elsewhere [27,28,30], we
explain it in brief. The laser pulse that enters from a vac-
uum and attenuates in the medium varies on a micrometer
scale, whereas the electron dynamics occur on a sub-
nanometer scale. To overcome these conflicting spatial
scales, we develop a multiscale implementation, intro-
ducing two coordinate systems: a macroscopic coordinate
X for laser-pulse propagation and a microscopic coordi-
nate r for the local electron dynamics. The laser pulse is
described by the vector potential �AX (t), which satisfies

1
c2

∂2 �AX (t)
∂t2

− ∂2 �AX (t)
∂X 2 = −4πe2

c
�JX (t) . (1)

At each point X , we consider the lattice-periodic
electron dynamics driven by electric field EX (t) =
−(1/c)dAX (t)/dt. They are described by the electron
orbitals ψi,X (�r, t), which satisfy the time-dependent Kohn-
Sham equation
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∂
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where the potential φX (�r, t), which includes the Hartree
and ionic contributions, and the exchange-correlation
potential μxc,X (�r, t), are periodic in the lattice. The electric
current JX (t) is provided from the electron orbitals:
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∫
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[
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c
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]
ψi,X

+ JX ,nl(t), (3)

where V is the volume of a unit cell; JX ,nl(t) is the current
caused by the nonlocality of the pseudopotential.

We solve Eqs. (1)–(3) simultaneously as an initial value
problem, where the incident laser pulse is prepared in
a vacuum region on the top of the surface, while all
the Kohn-Sham orbitals are set to their ground states. In
this study, we use the modified Becke-Johnson exchange
potential (MBJ) [31] specified in Ref. [32] [Eqs. (2)–(4)]
with an local density approximation (LDA) correlation

FIG. 1. Real and imaginary parts of the dielectric function
calculated by TDDFT with the MBJ potential.

potential [33] in the adiabatic approximation. The MBJ
potential improves the bandgap, which is underestimated
in conventional LDA. Figure 1 depicts the real and imagi-
nary parts of the dielectric function calculated by TDDFT
with the MBJ as a function of the photon energy. The cal-
culated optical bandgap is 3.0 eV, which is an improvement
compared to that obtained using the LDA (2.4 eV) [27],
and it is approximately equal to the experimental value (3.4
eV) [34].

Our multiscale calculation uses a one-dimensional grid
with a spacing of 250 a.u. for the propagation of laser
electromagnetic fields. At each grid point, the electron
dynamics are calculated using an atomic scale cubic unit
cell containing eight silicon atoms, which are discretized
into 243 Cartesian grids. We discretize the Bloch momen-
tum space into 83 k points. The dynamics of the 32 valence
electrons are treated explicitly; the effects of the core elec-
trons are considered through the pseudopotentials [35,36].
The electromagnetic fields as well as electrons are evolved
with a common time step of 0.04 a.u. Note that we dis-
cretize the Bloch momentum space into 163 k points for the
calculation of ε(ω) (Fig. 1) to obtain a smooth spectrum.
For multiscale calculation, we use a sparse k grid because
of the limitation of the computational resource. Although
this calculation may not provide fully convergent results,
we do not expect the truncation to affect the physical results
by more than 10% [27].

The incident laser field Ein(X , t) in vacuum is

Ein(X , t) =
{

E0 sin2
(
π

tX
Tp

)
cos(ω0tX ) 0 < tX < Tp

0 Tp < tX < Te,
(4)

where E0 is the peak electric field amplitude, ω0 is the
laser frequency, and tX = t − X /c describes the space-
time dependence of the field. The pulse length Tp is set to
31.2 fs, and the computation is terminated at Te = 48.3 fs.
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(a)

(b)

(c)

FIG. 2. Time evolution of the electromagnetic field for a laser
frequency of 0.4 eV at intensities of (a) 1 × 1012, (b) 5 × 1012,
and (c) 1 × 1014 W/cm2.

III. RESULTS AND DISCUSSION

Figure 2 shows the time evolution of the electromag-
netic field of the pulse laser whose frequency is 0.4 eV,
around the silicon surface. The initial field (0 fs) is denoted
by a red-dashed line. The laser collides with the silicon
surface exhibiting reflection and transmission; these are
denoted by a green-dotted line (19 fs). The blue-solid
line denotes the field after laser-silicon interaction. The
laser frequency is set to 0.4 eV, and the laser intensities
are set to 1 × 1012 [Fig. 2(a)], 5 × 1012 [Fig. 2(b)], and
1 × 1014 W/cm2 [Fig. 2(c)], respectively. For the least
intensity [Fig. 2(a)], the reflection and transmission occur
as linear processes. Therefore, the laser field in the silicon
(X > 0) at 36 fs (blue-solid line) shows a profile similar to
that of the incident field (red-dashed line for X < 0).

The reflectivity is defined by

R =
∫ 0
−∞ dX |E(X , t = Te)|2∫ 0
−∞ dX |Ein(X , t = 0)|2

, (5)

where E is the electric field associated with the pulse. R is
approximately 0.299, which is consistent with the reflectiv-
ity (0.30) calculated using the dielectric function [ε(ω =
0.4) = 11.5]. Meanwhile, as the laser intensity increases,
the profile of the laser field in silicon is deformed to be

FIG. 3. Incident laser reflectivity at frequencies of 0.4 eV (red
circle), 0.775 eV (green triangle), and 1.55 eV (blue square),
respectively, as a function of the incident laser intensity.

rectangular and the reflectivity increases because photoab-
sorption occurs dominantly around the pulse peak. Reflec-
tion by the electron-hole plasma at the surface occurs, and
it is considerable at the highest intensity.

The laser intensity and frequency dependence of the
reflectivity are depicted in Fig. 3. We assume three dif-
ferent frequencies: 0.4, 0.775, and 1.55 eV. In general,
the dielectric function ε(ω) is modulated by the plasma
response. The reflectivity is minimized when the screened
plasma frequency at the surface coincides with the laser
frequency. A dip in the reflectivity can be observed at
intensities of 3 × 1012, 5 × 1012, and 7 × 1012 W/cm2, for
ω0 = 0.4, 0.775, and 1.55 eV, respectively. Above these
critical intensities, the reflectivity increases up to 0.77 at
the maximum intensity because of the metallic response of
the plasma.

The laser-intensity dependencies of the reflectivity
for each frequency exhibit qualitative differences. The
increase in reflectivity becomes more moderate for lower
frequencies, above the critical intensity. In all frequencies,
the reflectivity shows the linearly dependence on log(In),
where In is the laser intensity, around 2 × 1013 W/cm2.
Table I shows the reflectivities at 1 × 1013 and 5 ×
1013 W/cm2. The change of the reflectivity between 1 ×
1013 and 5 × 1013 W/cm2 is larger at higher laser fre-
quency.

TABLE I. Reflectivity at laser intensities of 1 × 1013 and 5 ×
1013 W/cm2 with each frequency.

�ω (eV) 1 × 1013 W/cm2 5 × 1013 W/cm2 Difference

0.4 0.35 0.575 0.225
0.775 0.33 0.625 0.295
1.55 0.33 0.655 0.325
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(a)

(b)

(c)

FIG. 4. Laser-intensity dependence of the deposited energy
Eab(X ) at (a) 0.4, (b) 0.775, and (c) 1.55 eV.

The deposited energy per silicon atom is shown in
Fig. 4 as a function of the depth from the surface. We
compute the energy transfer to the medium from the elec-
tromagnetic side because calculation using the Kohn-Sham
densities requires an explicit energy density functional for
the MBJ potential. The energy transfer rate W is given
by W = −�E · �J , where E is the electric field associated
with the pulse. The deposited energy density is given by
Eab(X ) = − ∫

dtWX (t).
The two dashed-black lines denote the melting and

cohesive energy of silicon. For laser processing, the melt-
ing energy is an important index, whereas, the cohesive
energy indicates the ablation threshold [28]. In the case
of melting, the time scale may be longer than that of the
ablation. Then, the diffusion of the energy is also impor-
tant. Our results clearly indicate that lower-frequency laser
can excite silicon more deeply; this is not surprising, if we
consider the propagation of the long wavelength, although
a shallower excitation depth is expected for lower fre-
quency because a higher multiphoton process is needed for
the electron excitation process at lower frequency, because
multiphoton process is a highly nonlinear process and sen-
sitive to the laser intensity. The longer-wavelength light
field can penetrate the thin plasma at the surface, when the
thickness of the plasma sheet is considerably smaller than
the wavelength in silicon.

From Fig. 3, the plasma functions as a mirror, above
the critical intensities. However, the quality of the plasma
mirror depends on the laser frequency. To elucidate the
functioning of the plasma sheet as a mirror, and laser
penetration into the plasma sheet, we depict the position-
dependent electron-hole density (Ne) in Fig. 5. The laser-
intensity dependencies of Ne as a function of the position
from the surface are shown in Figs. 5(a)–5(c). Ne is defined
as the projection of ψi,X to the ground states at the same
vector potential (�i,X ):

Ne(X ) = 1
V

∑
ii′=occ

(
δii′ − |〈�i,X |ψi′,X (t = Te)〉|2

)
, (6)

at the end of the time evolution. We scale Ne using the
critical density for the screened plasma:

Ncr ≡ ω2
0m∗ε(ω0)

4πe2 , (7)

where m∗ = 0.3m is the effective mass, ε(ω0) is the dielec-
tric function at frequency of ω0. Ncr is 0.008/atom for
0.4 eV, 0.033/atom for 0.775 eV, and 0.15/atom for 1.55
eV. Figure 5 shows the critical depth (Xcr) defined by the
position Ne(Xcr) = Ncr as a function of the laser intensity.
Around the critical intensity, Xcr corresponds to the surface
(X ∼ 0) at all the frequencies. It should be noted that Ne
should be defined in the absence of an electric field because
it modulates the ground state. In our calculation, the very-
weak light field induced by the spontaneous oscillation of
JX (t) renders Ne larger than the ideal value. In particular, in
the case of 0.4 eV, whose Ncr is very small and the critical
depth is large, Xcr is considered as the reference because
the number of excited electron is affected by the tail of
the laser pulse. However, our results provide sufficient
accuracy for Xcr to discuss the plasma thickness [27].

With the increase in laser intensity, Xcr increases rapidly,
immediately above the critical intensities (Fig. 5). How-
ever, Xcr is saturated at approximately 500 nm for 0.4
eV, 200 nm for 0.775 eV, and 100 nm for 1.55 eV.
The wavelength in the material, λm, can be expressed as
λm = λ/

√
ε(ω) below the optical band gap. Here λ is the

wavelength in vacuum. In the case of silicon,
√
ε(ω) ∼ 4

[37]. Actually, in our calculation, ε is smaller than the
experimental results, and is

√
ε(ω) ∼ 3.6. Therefore, the

wavelength in the silicon is about quarter of λ. The satu-
rated positions (X sat

cr ) correspond to half the wavelength in
silicon (dashed lines) for all the frequencies. These results
demonstrate that the functioning of the plasma mirror
is inadequate until the plasma thickness increases suffi-
ciently. The saturation of the reflectivity shown in Fig. 3
and Xcr (Fig. 5) indicate that the plasma reflection is sat-
urated, when Xcr becomes quarter of the wavelength in
silicon, in the case of 1.55 and 0.775 eV. After the plasma
reflection is saturated, the thickness of the plasma accesses
the X sat

cr value.
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(a)

(b)

(c)

(d)

FIG. 5. Laser-intensity dependence of the number of excited
electrons [Ne(X )] scaled by the critical electron number (Ncr) at
laser frequencies of (a) 0.4 eV, (b) 0.775 eV, and (c) 1.55 eV. (d)
Critical depth Ne(Xcr) = Ncr for each frequency. The dashed lines
indicate half of the wavelength for each frequency in silicon.

IV. CONCLUSION

In summary, a first-principles simulation of the laser-
intensity dependence on the processing of the silicon
surface is presented in this study. The obtained results
indicate that low-frequency (long-wavelength) laser can
excite deeper layers. The frequency dependence of the
laser-processing depth is attributed to the ratio between the
thickness of the plasma sheet formed at the surface. The
functioning of the formed plasma as a mirror is inadequate,
until the thickness of the plasma becomes comparable
to quarter of the wavelength in silicon. In particular, the
thickness of the plasma accesses half the wavelength in
silicon with an increase in laser intensity. It may be possi-
ble to optimize the characteristic depth of ablation and/or
the melting of silicon using lasers of various frequencies.
The wavelength dependence of the quality of the plasma
mirror provides crucial insights for plasma optics.

ACKNOWLEDGMENTS

This work is supported by MEXT Quantum Leap Flag-
ship Program (MEXT Q-LEAP) Grant No. JPMXS011806
7246, JST-CREST under Grant No. JP-MJCR16N5, and
by JSPS KAKENHI Japan Grant No. JP17H03525. The
numerical calculations are performed on supercomputer
SGI ICE X at the Japan Atomic Energy Agency (JAEA).

[1] B. N. Chichkov, C. Momma, S. Nolte, F. von Alvensleben,
and A. Tünnermann, Femtosecond, picosecond and
nanosecond laser ablation of solids, Appl. Phys. A 63, 109
(1996).

[2] B. C. Stuart, M. D. Feit, S. Herman, A. M. Rubenchik, B.
W. Shore, and M. D. Perry, Nanosecond-to-femtosecond
laser-induced breakdown in dielectrics, Phys. Rev. B 53,
1749 (1996).

[3] X. Liu, D. Du, and G. Mourou, Laser ablation and micro-
machining with ultrashort laser pulses, IEEE J. Quantum
Electron. 33, 1706 (1997).

[4] M. Lenzner, J. Krüger, S. Sartania, Z. Cheng, C. Spielmann,
G. Mourou, W. Kautek, and F. Krausz, Femtosecond Opti-
cal Breakdown in Dielectrics, Phys. Rev. Lett. 80, 4076
(1998).

[5] M. Geissler, G. Tempea, A. Scrinzi, M. Schnürer, F. Krausz,
and T. Brabec, Light Propagation in Field-Ionizing Media:
Extreme Nonlinear Optics, Phys. Rev. Lett. 83, 2930
(1999).

[6] M. Lenzner, F. Krausz, J. Krüger, and W. Kautek, Photoab-
lation with sub-10 fs laser pulses, Appl. Surf. Sci. 154–155,
11 (2000).

[7] L. Sudrie, A. Couairon, M. Franco, B. Lamouroux,
B. Prade, S. Tzortzakis, and A. Mysyrowicz, Fem-
tosecond Laser-Induced Damage and Filamentary Prop-
agation in Fused Silica, Phys. Rev. Lett. 89, 186601
(2002).

[8] G. Doumy, F. Quéré, O. Gobert, M. Perdrix, P. Martin, P.
Audebert, J. C. Gauthier, J.-P. Geindre, and T. Wittmann,
Complete characterization of a plasma mirror for the pro-
duction of high-contrast ultraintense laser pulses, Phys.
Rev. E 69, 026402 (2004).

[9] S. Amoruso, G. Ausanio, R. Bruzzese, M. Vitiello, and X.
Wang, Femtosecond laser pulse irradiation of solid targets
as a general route to nanoparticle formation in a vacuum,
Phys. Rev. B 71, 033406 (2005).

[10] R. R. Gattass and E. Mazur, Femtosecond laser micro-
machining in transparent materials, Nat. Photonics 2, 219
(2008).

[11] E. Gamaly, The physics of ultra-short laser interaction with
solids at non-relativistic intensities, Phys. Rep. 508, 91
(2011).

[12] B. Chimier, O. Utéza, N. Sanner, M. Sentis, T. Itina, P. Las-
sonde, F. Légaré, F. Vidal, and J. C. Kieffer, Damage and
ablation thresholds of fused-silica in femtosecond regime,
Phys. Rev. B 84, 094104 (2011).

[13] S. K. Sundaram and E. Mazur, Inducing and probing non-
thermal transitions in semiconductors using femtosecond
laser pulses, Nat. Mater. 1, 217 (2002).

024062-5

https://doi.org/10.1007/BF01567637
https://doi.org/10.1103/PhysRevB.53.1749
https://doi.org/10.1109/3.631270
https://doi.org/10.1103/PhysRevLett.80.4076
https://doi.org/10.1103/PhysRevLett.83.2930
https://doi.org/10.1016/S0169-4332(99)00432-8
https://doi.org/10.1103/PhysRevLett.89.186601
https://doi.org/10.1103/PhysRevE.69.026402
https://doi.org/10.1103/PhysRevB.71.033406
https://doi.org/10.1038/nphoton.2008.47
https://doi.org/10.1016/j.physrep.2011.07.002
https://doi.org/10.1103/PhysRevB.84.094104
https://doi.org/10.1038/nmat767


T. OTOBE PHYS. REV. APPLIED 13, 024062 (2020)

[14] M. Tsubouchi and T. Kumada, Development of high-
efficiency etalons with an optical shutter for terahertz laser
pulses, Opt. Express 20, 28500 (2012).

[15] C. V. Shank, R. Yen, and C. Hirlimann, Time-Resolved
Reflectivity Measurements of Femtosecond-Optical-Pulse-
Induced Phase Transitions in Silicon, Phys. Rev. Lett. 50,
454 (1983).

[16] K. Sokolowski-Tinten, J. Bialkowski, A. Cavalleri, D. von
der Linde, A. Oparin, J. Meyer-ter Vehn, and S. I. Anisi-
mov, Transient States of Matter During Short Pulse Laser
Ablation, Phys. Rev. Lett. 81, 224 (1998).

[17] A. Borowiec, M. MacKenzie, G. Weatherly, and H. Hau-
gen, Transmission and scanning electron microscopy stud-
ies of single femtosecond- laser-pulse ablation of silicon,
Appl. Phys. A 76, 201 (2003).

[18] J. Bonse, K.-W. Brzezinka, and A. Meixner, Modifying
single-crystalline silicon by femtosecond laser pulses: An
analysis by micro Raman spectroscopy, scanning laser
microscopy and atomic force microscopy, Appl. Surf. Sci.
221, 215 (2004).

[19] M. Harb, R. Ernstorfer, C. T. Hebeisen, G. Sciaini,
W. Peng, T. Dartigalongue, M. A. Eriksson, M. G.
Lagally, S. G. Kruglik, and R. J. D. Miller, Electronically
Driven Structure Changes of Si Captured by Femtosec-
ond Electron Diffraction, Phys. Rev. Lett. 100, 155504
(2008).

[20] K. Werner, V. Gruzdev, N. Talisa, K. Kafka, D. Austin,
C. M. Liebig, and E. Chowdhury, Single-shot multi-stage
damage and ablation of silicon by femtosecond mid-
infrared laser pulses, Sci. Rep. 9, 19993 (2019).

[21] S. Ghimire, A. D. DiChiara, E. Sistrunk, P. Agostini, L.
F. DiMauro, and D. A. Reis, Observation of high-order
harmonic generation in a bulk crystal, Nat. Phys. 7, 138
(2011).

[22] D. R. Austin, K. R. P. Kafka, S. Trendafilov, G. Shvets, H.
Li, A. Y. Yi, U. B. Szafruga, Z. Wang, Y. H. Lai, C. I. Blaga,
L. F. DiMauro, and E. A. Chowdhury, Laser induced peri-
odic surface structure formation in germanium by strong
field mid IR laser solid interaction at oblique incidence,
Opt. Express 23, 19522 (2015).

[23] L. V. Keldysh, Ionization in the field of a strong electro-
magnetic wave, Sov. Phys.-JETP 20, 1307 (1965).

[24] E. Runge and E. K. U. Gross, Density-Functional The-
ory for Time-Dependent Systems, Phys. Rev. Lett. 52, 997
(1984).

[25] X.-M. Tong and S.-I. Chu, Multiphoton ionization and
high-order harmonic generation of He, Ne, and Ar atoms
in intense pulsed laser fields: Self-interaction-free time-
dependent density-functional theoretical approach, Phys.
Rev. A 64, 013417 (2001).

[26] T. Otobe, M. Yamagiwa, J.-I. Iwata, K. Yabana, T. Nakat-
sukasa, and G. F. Bertsch, First-principles electron dynam-
ics simulation for optical breakdown of dielectrics under an
intense laser field, Phys. Rev. B 77, 165104 (2008).

[27] K. Yabana, T. Sugiyama, Y. Shinohara, T. Otobe, and G.
F. Bertsch, Time-dependent density functional theory for
strong electromagnetic fields in crystalline solids, Phys.
Rev. B 85, 045134 (2012).

[28] S. A. Sato, K. Yabana, Y. Shinohara, T. Otobe, K.-M.
Lee, and G. F. Bertsch, Time-dependent density functional
theory of high-intensity short-pulse laser irradiation on
insulators, Phys. Rev. B 92, 205413 (2015).

[29] M. Noda, S. A. Sato, Y. Hirokawa, M. Uemoto, T.
Takeuchi, S. Yamada, A. Yamada, Y. Shinohara, M.
Yamaguchi, K. Iida, I. Floss, T. Otobe, K.-M. Lee, K.
Ishimura, T. Boku, G. F. Bertsch, K. Nobusada, and K.
Yabana, Salmon: Scalable ab-initio light–matter simulator
for optics and nanoscience, Comput. Phys. Commun. 235,
356 (2018).

[30] G. F. Bertsch, J.-I. Iwata, A. Rubio, and K. Yabana, Real-
space, real-time method for the dielectric function, Phys.
Rev. B 62, 7998 (2000).

[31] A. D. Becke and E. R. Johnson, A simple effective potential
for exchange, J. Chem. Phys. 124, 221101 (2006).

[32] F. Tran and P. Blaha, Accurate Band Gaps of Semiconduc-
tors and Insulators With a Semilocal Exchange-Correlation
Potential, Phys. Rev. Lett. 102, 226401 (2009).

[33] J. P. Perdew and A. Zunger, Self-interaction correction to
density-functional approximations for many-electron sys-
tems, Phys. Rev. B 23, 5048 (1981).

[34] R. R. L. Zucca and Y. R. Shen, Wavelength-modulation
spectra of some semiconductors, Phys. Rev. B 1, 2668
(1970).

[35] N. Troullier and J. L. Martins, Efficient pseudopotentials
for plane-wave calculations, Phys. Rev. B 43, 1993 (1991).

[36] L. Kleinman and D. M. Bylander, Efficacious Form for
Model Pseudopotentials, Phys. Rev. Lett. 48, 1425 (1982).

[37] D. E. Aspnes and A. A. Studna, Dielectric functions and
optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs,
and InSb from 1.5 to 6.0 eV, Phys. Rev. B 27, 985 (1983).

024062-6

https://doi.org/10.1364/OE.20.028500
https://doi.org/10.1103/PhysRevLett.50.454
https://doi.org/10.1103/PhysRevLett.81.224
https://doi.org/10.1007/s003390201409
https://doi.org/10.1016/S0169-4332(03)00881-X
https://doi.org/10.1103/PhysRevLett.100.155504
https://doi.org/10.1038/s41598-019-56384-0
https://doi.org/10.1038/nphys1847
https://doi.org/10.1364/OE.23.019522
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevA.64.013417
https://doi.org/10.1103/PhysRevB.77.165104
https://doi.org/10.1103/PhysRevB.85.045134
https://doi.org/10.1103/PhysRevB.92.205413
https://doi.org/10.1016/j.cpc.2018.09.018
https://doi.org/10.1103/PhysRevB.62.7998
https://doi.org/10.1063/1.2213970
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1103/PhysRevB.23.5048
https://doi.org/10.1103/PhysRevB.1.2668
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1103/PhysRevLett.48.1425
https://doi.org/10.1103/PhysRevB.27.985

	I. INTRODUCTION
	II. COMPUTATIONAL METHOD
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


