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Abstract: We couple 1D pulse propagation simulations with laser-solid dynamics in a GaAs
quantum wire, solving for the electron and hole populations and the interband and intraband
coherences between states. We thus model not only the dynamical dipole contributions to
the optical polarization (interband bound-charge response) but also the photo-generation and
back-action effects of the net free-charge density (intraband free-charge response). These results
show that solving for the dynamic electron and hole intraband coherences leads to plasma
oscillations at THz frequencies, even in a 1D solid where plasma screening is small. We then
calculate the transverse and longitudinal response of the quantum wire and characterize the
dispersion relation for the e-h plasma. This approach allows one to predict the optoelectronic
response of 1D semiconductor devices during and after exposure to resonant ultrashort pulses.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1.

Introduction

The behavior of electron-hole plasmas in a nanometer-scale solid does not follow the classical
laws of electronics. Instead, it obeys the laws of quantum physics and Fermi-Dirac statistics [1].
The entire research field of optoelectronics is concerned with explaining the quantum interaction
of electronic material components with light, increasingly on the nanometer-scale. The transport
properties of these light-generated plasmas are hard to predict on time scales of femtoseconds
or attoseconds, since most thermal and other relaxation effects require picoseconds or longer
to drive the plasma to a quasi-equilibrium state [2]. This predictive ability is critical for many
current research topics such as terahertz generation and detection [3–6], remote sensing [3,7],
high-harmonic generation and atto-second physics [8–15], high field optoelectronics [9,10,16],
photovoltaics [17,18] as well as nanoplasmonics [19–21]. Although the strong interaction of
photons with electrons in a solid is ultrashort in time duration, photons still leave their fingerprints
on excited electron-hole pairs. The dynamics of excited pairs can be detected through a delayed
light pulse as a stored photon memory [22] from the pump pulse. In the perturbation regime,
where the laser field is much less than the fields within the atom, the nonlinear optical response
of incident light can be studied, such as the Kerr effect and sum-frequency generation [23,24].
However, for higher field strengths used in optical writing [25,26] and memory [22], these
ultrafast processes are not fully described by a perturbation model.
Laser-generated e-h plasmas in semiconductors are different from gaseous plasmas because, at
low temperatures, they are dense, ordered, and confined. Only after valence band electrons are
excited into conducting states do the interacting electrons (and the holes they leave behind) behave
as a plasma in an undoped semiconductor [27]. Optically generating a plasma in semiconductors
using ultrashort laser pulses requires light intensities on the order of a GW/cm2 , ensuring
that the laser-plasma interactions are nonlinear [28]. To thoroughly understand the physics
of laser-induced e-h plasmas, one must model the change in the propagation of the laser field
while it interacts with the solid. Specifically, self-consistently solving the Maxwell equations
requires both transverse and longitudinal fields, as well as source terms; charge densities, current
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densities, and polarizations. In this way, the induced fields from excited plasmas act back on
photo-generated e-h pairs, i.e. high-order correlation effect.
Recently, a self-consistent quantum-kinetic model for both optical e-h plasma generation,
plasma transport, and pulse propagation was developed within a single framework [29]. This
model is ideal for laser interaction with nanowires because the quantum excitation and transport
is confined along a single dimension in space, thus simplifying the calculations. In this model,
the interactions of quantum-wire electrons with both propagating transverse and localized
longitudinal electric fields are included. Also included is the back action of optical polarizations
and net plasma free-charge density on transverse and longitudinal electric fields. In this work
we modify the model in [29] to include the dynamical intraband electron and hole coherences
(free-charge plasma response) in addition to the traditional intraband coherences (bound-charge
polarization response). Our results show that solving for the dynamic electron and hole intraband
coherences leads to plasma oscillations at THz frequencies, even in a 1D solid where plasma
screening is small [27]. We use these results to characterize the dielectric and optoelectronic
response of a two-band GaAs quantum wire to resonant ultrafast light, where the photon energy
approximately equals the band gap. Due to the 1D nature of both the quantum wire and the
propagation space, the transverse (optical) and longitudinal (plasmonic) fields and dielectric
responses are easily distinguished. We compare numerical results for the dielectric response
from this model to analytical predictions within the random phase approximation after the e-h
plasma has reached a quasi-equilibrium.
2.
2.1.

Theory and numerical methods
Field propagation equations

Figure 1 gives a schematic for this work. The 1D laser field propagates in the y-direction with the
transverse electric field Ex⊥ (y, t) linearly polarized along the x-direction and the magnetic field
Hz⊥ (y, t) along the z-direction. During and after resonant excitation of the quantum wire, the e-h
plasma forms a net free-charge density in the wire, giving rise to a longitudinal electric field
Ey∥ (y, t) along the y-direction. In this work we assume all materials are nonmagnetic, so there
is no longitudinal magnetic field Hz∥ (y, t). We solve for the fields using Pseudo-Spectral Time
Domain (PSTD) methods [30] in which the 1D Maxwell equations are:
∂t H̃z⊥ (q, t) = −iqẼx⊥ (q, t)µ−1
0 ,

(1a)

⊥
∂t D̃⊥
x (q, t) = −iqH̃z (q, t),

(1b)

∂t D̃y∥ (q, t) = −J̃y∥ (q, t),

(1c)

−iqD̃y∥ (q, t) = ρ̃f (q, t),

(1d)

where the tilde indicates spatial Fourier transform, q is the wavenumber along the y-direction,
∥
⊥, ∥
⊥, ∥
⊥, ∥
⊥, ∥
and D̃⊥,
x,y is the electric displacement such that D̃x,y = ϵb ϵ0 Ẽx,y + P̃x,y . Here, P̃x,y (q, t) is the
induced polarization of the quantum wire and ϵb is the background dielectric constant from the
AlAs host. Equations (1c) and (1d) are redundant, and since our model for the quantum wire
naturally calculates ρ̃f (q, t), Eq. (1c) is not needed.
Therefore, at each time-step, the transverse and longitudinal electric fields are given by:
Ẽx⊥ (q, t) =

P̃⊥ (q, t)
D̃⊥
x (q, t)
− x
,
ϵ0 ϵb
ϵ0 ϵb

(2a)

Ẽy∥ (q, t) =

∥
− ρ̃f (q, t) P̃y (q, t)
−
.
iqϵ0 ϵb
ϵ0 ϵb

(2b)
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Fig. 1. Schematic of the simulation. The laser pulse field Ex⊥ (y, t) (shown in red) propagates
in the y-direction down the axis of a 500 nm long GaAs quantum wire. The quantum wire
gating function g(y) is plotted in the inset.

2.2.

Bound charge response

Although the Maxwell equations are solved in the q-space, the propagation simulations also
⊥, ∥
record Ex,y
(y, t) for all y and t. The Maxwell fields that enter the quantum wire Hamiltonian
are gated by the wavefunction envelope which we take to be a normalized super-Gaussian of
order N, g(y) = exp[−(2y/L)N ]/Γ[N/(N − 1)], where L is the length of the quantum wire and
the value of g(y) is approximately zero outside the wire and ∼ 1 inside the wire (|y| ≤ L/2). For
our simulations, N = 150 provides a soft boundary of ±5 nm about the wire edges (ideal for
numerical Fourier transforms). This gate function is plotted in the inset of Fig. 1. We then define
the gated electric field inside the wire as
⊥, ∥
⊥, ∥
Ex,y
(y, t) = Ex,y
(y, t) g(y),

(3)

and express the q-space Fourier transform of this quantity as
Ẽ(q, t) = Ẽx⊥ (q, t) êx + Ẽy∥ (q, t) êy .

(4)

∥
The corresponding polarization components P̃⊥,
x,y (q, t) are calculated from the solutions to the
two-band Semiconductor Bloch Equations (SBEs) as described in Ref. [29]. Our use of only
two bands is justified by our pumping the quantum wire at resonance. The SBEs time-evolve
electron and hole occupation numbers at momentum k, nek (t) and nhk (t), and the coherence between
electrons at momentum k and holes at momentum k ′, pk,k′ (t), yielding
|︁
dnek (t)
{︁
}︁ ∂nek (t) |︁
2 ∑︂
|︁ ,
Im pk,k′ (t) · Ωk′ ,k (t) +
=
(5a)
dt
ℏ k′
∂t |︁rel

dnhk′ (t)
dt
iℏ

|︁
{︁
}︁ ∂nhk′ (t) |︁|︁
2 ∑︂
=
Im pk,k′ (t) · Ωk′ ,k (t) +
|︁
ℏ k
∂t |︁

,

]︁
dpk,k′ (t) [︁ e
= εk + εkh′ + εG + ∆εke + ∆εkh′ − iℏ Γke − iℏ Γkh′ pk,k′ (t)
dt
[︁
]︁
− 1 − nek (t) − nhk′ (t) ℏΩk,k′ (t)
∑︂
∑︂
+ iℏ
Λek,q (t) pk+q,k′ (t) + iℏ
Λhk′ ,q′ (t) pk,k′ +q′ (t) ,
q≠0
j

(5b)

rel

(5c)

q′ ≠0

where pk,k′ (t) = j=x,y pk,k′ (t) êj is the microscopic polarization, êj represent the unit vectors in
the x and y directions, and the spin degeneracy of carriers is included. For a wire with periodic
∑︁
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boundary conditions, the macroscopic quantum wire polarization is given by
α ∑︂
P̃(q, t) =
dcv pk+q,k (t) + c.c,
2δ0 L k
where 1/α is an effective quantum wire thickness in the x-direction, and δ0 is the wire thickness
in the z-direction, the dipole-coupling matrix element at the Γ point is calculated as dcv =
√︁
(3e2 ℏ2 /4m0 εG ) [(m0 /m∗e ) − 1] [31,32], and m0 is the free-electron mass. However, to account
for the borders of the quantum wire as given by the wire envelope function g(y), we calculate the
polarization in the y-space of the wire as
′
α ∑︂
dcv pk,k′ (t)ei(k −k)y g(y) + c.c,
(6)
P(y, t) =
2δ0 L k,k′
where this polarization can be divided into transverse and longitudinal components in like manner
to Eq. (4),
∥
P(y, t) = P⊥
(7)
x (y, t) êx + Py (y, t) êy .
In Eq. (5c), the energy εG is the bandgap of the quantum wire, εke,h = ℏ2 k2 /2m∗e,h are the
electron and hole single-particle energies, m∗e,h are the electron and hole effective masses, and
∆εke and ∆εkh′ are the Coulomb renormalization of these energies given by [7]:
∑︂
∑︂
∑︂
ee
e
ee
eh
∆εke = 2
neq (t)Vk,q;
−
n
(t)V
−
2
nhq′ (t) Vk,q
(8a)
′ ; q′ ,k ,
q
q,k
k,q; k,q
∆εkh′ = 2

∑︂

q

q≠k

nhq′ (t)Vkhh′ ,q′ ; q′ ,k′ −

∑︂

q′

q′

nhq′ (t)Vkhh′ ,q′ ; k′ ,q′ − 2

q′ ≠k′

∑︂

eh
neq (t) Vq,k
′ ; k′ ,q ,

(8b)

q

e (t) and Γh (t) are the electron and hole diagonal dephasing rates while
The quantities Γj,k
j,k′
Λej,k,q (t) and Λhj,k′ ,q′ (t) are the off-diagonal dephasing rates as detailed in the Appendix of Ref.
[29]. The last term in Eqs. (5a) and (5b) are scattering terms containing carrier-phonon scattering
e,h
e,h
| = Wk,(in)
and Coulomb scattering. They are calculated by ∂t ne,h
ne,h
, where
(1 − ne,h
) − Wk,(out)
k rel
k
k
e,h
e,h
the in and out scattering rates, Wk,(in)
and Wk,(out)
, are also given in the Appendix of Ref. [29].
The renormalized Rabi frequency Ωk,k′ (t) in Eqs. (5a)–(5c) for a 1D space is
∑︂
dcv
e,h
Ωk,k′ (t) =
Ẽ(k − k ′, t) +
pk,k′ (t)Vk,k
(9)
′ ;k′ ,k ,
1 1
ℏ
k ≠k,k′ ≠k′
1

1

λ,λ′

where Vk1 ,k2 ;k3 ,k4 is the 1D Fourier transformed Coulomb potential between bands λ and λ ′, i.e.
′
Vkλ,λ
1 ,k2 ; k3 ,k4

e2
=
4πϵ0 ϵb

[Ψkλ1 (r)]∗ [Ψkλ2 (r′)]∗ Ψkλ3 (r′) Ψkλ4 (r)
′

∬

2

2 ′

d rd r

|r − r′ |

′

(10)

Here, the electron and hole wave functions in a quantum wire are assumed to be Ψke,h (r) =
(︂
)︂
√
√
2 x2 /2 are the ground-state
ψ0e,h (x) exp(iky)/ L. The functions ψ0e,h (x) = (αe,h / π) exp −αe,h
√︂
wavefunctions of electrons and holes in two transverse directions, where αe,h = m∗e,h Ωe,h /ℏ,
ℏΩe,h are the level separations between the ground and the first excited state of electrons and
holes due to finite-size quantization, and α introduced in Eq. (6) is given by 2/α = 1/αe + 1/αe .
With these assumptions, Eq. (10) becomes [29]
(︃
)︃
∬
√︂
|︁
|︁2 |︁|︁ λ′ ′ |︁|︁2
e2
λ,λ′
′ |︁ λ
2
′
2
|︁
Vk1 ,k2 ; k3 ,k4 =
δk +k −k −k
dx dx ψ0 (x) |︁ψ0 (x )|︁ K0 |k4 − k1 | (x − x ) + δ0 .
2πϵ0 ϵb L 1 2 3 4
(11)
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Free-charge plasma response

The free-charge density in Eq. (1d) is calculated by
ρ̃f (q, t) = ρ̃h (q, t) + ρ̃e (q, t).
In the limit of an infinitely long wire, the electron and hole densities are given by [27]
eα ∑︂ †
⟨α̂ α̂k ⟩,
ρ̃e (q, t) = −
L δ0 k k−q
eα ∑︂ †
ρ̃h (q, t) = +
⟨ β̂ ′ β̂−k′ ⟩,
L δ0 k′ −(k +q)

(12)

(13)
(14)

where α̂k† and α̂k are the electron creation and annihilation operators, and β̂k† and β̂k are the hole
creation and annihilation operators. However, as with the polarization in Eq. (6), to account for
the borders of the quantum wire as given by the wire envelope function g(y), we calculate the
charge densities in the y-space of the wire as
eαg(y) ∑︂ †
⟨α̂ α̂k ⟩ei(k2 −k1 )y ,
(15)
ρe (y, t) = −
L δ0 k ,k k1 2
1

2

′
′
eαg(y) ∑︂ †
ρh (y, t) = +
⟨ β̂ ′ β̂−k′ ⟩ei(k1 −k2 )y .
L δ0 k′ ,k′ −k1 2
1

(16)

2

The expectation values in Eqs. (15) and (16) require knowledge of the intraband carrier coherences,
where the k1 ≠ k2 and k1′ ≠ k2′ terms provide for a non-uniform spatial distribution of the plasma.
The plasma populations, where k1 = k2 and k1′ = k2′ , are simply the occupation numbers
⟨︂
⟩︂
⟨︂
⟩︂
†
nek = α̂k† α̂k and nhk = β̂−k
′ β̂−k′ and are already calculated by Eqs. (5a) and (5b).
We account for the time-evolution of the electron intraband coherence by solving the equation
]︂
i [︂
d †
(17)
Ĥe + Ĥint , α̂k†1 α̂k2 ,
α̂k1 α̂k2 =
dt
ℏ
where the single electron 1-band Hamiltonian Ĥe is [27]
∑︂
1 ∑︂
†
Ĥe =
εke α̂k† α̂k +
Vq α̂k−q
α̂k†′ +q α̂k′ α̂k .
2
k
k,k′ ,q≠0

(18)

ee
Here, Vqee = Vk+q,k
′ −q,k′ ,k , is the Fourier transformed Coulomb potential given in Eq. (11), while

εke is the carrier energy. The 2-band dipole interaction Hamiltonian Ĥint is given by
]︂
∑︂ [︂
†
∗ ∗
Ĥint = −
dcv
Ẽ (k − k ′, t) β̂−k′ α̂k + dcv Ẽ(k − k ′, t) α̂k† β̂−k
′ .

(19)

k,k′

For notational
simplicity,
we write the expectation value of the interband coherence operator as
⟨︁
⟩︁
Pk,k′ = β̂−k′ α̂k . Adding these contributions into Eq. (17), the resulting equation for k1 ≠ k2
intraband electron coherence is:
∑︂
iVkee−k
d †
i
†
⟨α̂k1 α̂k2 ⟩ = (εke1 − εke2 ) ⟨α̂k†1 α̂k2 ⟩+ 2 1 (nek2 − nek1 )
⟨α̂k+k
α̂k ⟩
1 −k2
dt
ℏ
ℏ
k
(20)
]︂
i ∑︂ [︂
′
∗
∗ ∗
′
+
dcv Ẽ(k2 − k , t) Pk1 ,k′ − dcv Ẽ (k1 − k , t) Pk2 ,k′ .
ℏ k′
Following the approach in Ref. [29], we let Pk,k′ −→ pk,k′ (t), and dcv Ek2 −k′ P∗k1 ,k′ −→ dcv Ẽ(k2 −
k ′, t) · p∗k1 ,k′ (t), to account for the multi-directional nature of the electric field and material response.
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The final equation of motion for the intraband electron coherence is
∑︂
iVkee2 −k1
d †
i e
†
†
e
⟨α̂k1 α̂k2 ⟩ = (εk1 − εk2 )⟨α̂k1 α̂k2 ⟩+
(nek2 − nek1 )
⟨α̂k+k
α̂k ⟩
1 −k2
dt
ℏ
ℏ
k
]︂
i ∑︂ [︂
∗
dcv Ẽ(k2 − k ′, t) · p∗k1 ,k′ (t) − dcv Ẽ (k1 − k ′, t) · pk2 ,k′ (t) .
+
ℏ k′

(21)

An analogous calculation for the holes leads to:
iVkhh′ −k′
∑︂
i h
d †
†
†
h
⟨ β̂−k
⟨ β̂−k′ β̂−k2′ ⟩ = (εk1 − εk2 ) ⟨ β̂−k′ β̂−k2′ ⟩+ 2 1 (nhk′ − nhk′ )
′ −k′ +k′ β̂−k′ ⟩
2
1
2
1
1
1
dt
ℏ
ℏ
′
k
]︂
[︂
∑︂
i
∗
+
dcv Ẽ(k − k2′ , t) · p∗k,k′ (t) − dcv Ẽ (k − k1′ , t) · pk,k′ (t) .
2
1
ℏ k′
2.4.

(22)

Dielectric functions

The longitudinal (plasma) dielectric susceptibility can be calculated by adding the contributions
of electrons and holes,
χ ∥ (q, ω) = χe∥ (q, ω) + χh∥ (q, ω),
(23)
where each contribution is given by a sum over states as
jj

χj∥ (q, ω)

Vq
=−
π

j

∫
dk

j

nk − nk+q
j

j

ℏω − εk+q + εk − iℏγj

,

(24)

and γj are the small electron and hole coherence decay rates. Note, the plasma frequency dispersion
ωp (q) can be obtained from the root of the equation ℜ[ϵj∥ (q, ω)] = 1 + ℜ[ χj∥ (q, ω)] = 0.
The transverse dielectric function ϵ ⊥ (q, ω) = 1+ χ⊥ (q, ω) relates to the laser-induced interband
transitions of electrons between the valence and conduction bands. By using the charge-current
conservation law [33], it is calculated from the distributions after the pulse by:
(︄
)︄
∫
2 α
1 − nek+q − nhk
dcv
⊥
χ (q, ω) =
dk
,
(25)
e − ε h − ε − iℏγ
2ϵ0 ϵb πδ0
ℏω − εk+q
G
eh
k
where γeh is an approximate decay rate for electrons and holes.
3.

Simulation description

As depicted in Fig. 1, the 1D laser pulse is linearly polarized in the x-direction with a peak field
strength of 1.2 MV/cm, a pulsewidth of 40 fs, a central wavelength of 800 nm, and propagates
along the y-axis. The quantum wire is 500 nm in length, lies along y-axis, and is centered about
y=0. The width of the quantum wire is approximately 5 nm in the transverse directions (x and z
directions). The wire itself is presumed to be pure GaAs embedded in an AlAs host medium
(ϵb = 10.1). We use a two-band model for the GaAs quantum wire with a band gap of 1.5 eV and
effective electron/hole masses of m∗e = 0.07 m0 and m∗h = 0.45 m0 .
Each simulation records the transverse laser and generated longitudinal electric fields as
functions of space and time. Within the quantum wire, the simulations record the electron-hole
distributions, coherence, and scattering rates as functions of crystal momentum k and time. They
also record the laser generated quantum wire polarization and the laser-generated electron-hole
free-charge density as functions of space and time.
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Results

Figure 2(a) shows the transverse laser field in the wire, see Eq. (3), as a function of wire position
and time that we obtain from solving the combined Maxwell equations and the SBEs. The tilting
slope for the propagation of field maximum within a quantum wire measures the phase velocity
of EM wave, and it reduces slightly due to renormalization by induced e-h plasmas. Figure 2(b)
shows the corresponding transverse polarization we obtain using Eq. (6). The plots show that
the laser pulse has completely passed through the quantum wire by t = 350 fs, and that the
transverse bound charge response ends by this time. Figure 3 shows that the diagonal dephasing
rates, which are responsible for the broadening of resonance in the induced interband coherence,
also peak during this period but remain consistently around 1 THz−1 thereafter. Moreover, the
diagonal dephasing rate of electrons is much larger than that of holes due to resonantly enhanced
scattering of electrons by optical phonons.

Fig. 2. The normalized (a) transverse electric field Ex⊥ (y, t) and (b) transverse quantum wire
polarization field P⊥
x (y, t) as functions of wire position y and time t. The pump pulse peak
occurs around 275 fs.

Fig. 3. The diagonal dephasing rates for (a) electrons Γke (t) and (b) holes Γkh (t) as functions
of momentum k and time t.

The transverse field in Fig. 2(a) excites electron-hole distributions, shown in Fig. 4 as
functions of carrier momentum and time. Immediately after the initial excitation (t>350 fs), the
distributions have slightly off-center peaks, at higher energies above the gamma-point. After
longer times (t ≫ 1 ps), many-body effects (primarily carrier-phonon collisions) drive the initial
non-equilibrium distributions to a quasi-equilibrium with a central peak within 10 ps. In addition,
the side peaks in Fig. 4(a), which are associated with resonant scattering of electrons to the
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gamma-point, decrease quickly with time after the central peak occurs. On the other hand, no
side peaks and central peak are found for holes in Fig. 4(b), and a quasi-equilibrium state is
reached much faster than that for electrons due largely to Coulomb scattering redistribution of
carriers on this time-scale [34].

Fig. 4. The (a) electron distribution nek (t) and (b) the hole distribution nhk (t) as functions of
momentum k and time t after excitation from the pump pulse.

At all times, the carrier distributions excited in Fig. 4 are arranged non-uniformly along
the wire as described by Eqs. (15) and (16) in Sec. 2.3. Figure 5(a) shows the generated net
free-charge plasma density in the quantum wire as a function of wire position and time. We
see that immediately following the pulse excitation, a spatially non-uniform plasma is created
and plasma oscillations occur within the wire over time. The boundary between positive and
negative charge regions is readily seen, and it switches with time initially as a standing wave
but eventually collapses due to the large dissipation of induced intraband longitudinal plasmon
modes in a quantum wire [1]. As per the Maxwell equations, we use the free charge density from
Fig. 5(a) to calculate the longitudinal electric displacement Dy∥ (y, t) shown in Fig. 5(b). If we treat
the free-charge density like a bound-charge density, then we can formally define a free-charge
⃗ · Pf . Since we also require that
polarization Pf (y, t) according to the standard definition ρf = −∇
∥
⃗ · D, it is clear that Pf = −Dy and Fig. 5(b) gives us the intraband longitudinal plasma
ρf = ∇
polarization. The presence of a free-charge density in Fig. 5(a) creates a strong longitudinal
electric field in the wire that oscillates as the standing-wave plasma oscillates. Figure 6 shows the
interband longitudinal electric and polarization fields in the quantum wire as functions of wire
position and time. The interband longitudinal bound-charge polarization, shown in Fig. 6(b),
only slightly modifies the longitudinal electric field because the frequency of Ey∥ (y, t), the plasma
oscillation frequency, is well-below interband resonance in the wire. Additional simulation
results shown in Fig. 7 confirm that these plasma oscillations do not occur without including the
fully dynamical calculations of the intraband coherence terms as described in Eqs. (21) and (22).
In the simulation for Fig. 7, the free-charge densities were estimated from the instantaneous
values of the interband coherence pk,k′ (t) as found in [29]. This approximation neglects the
back-action effects of the longitudinal electric field on the intraband coherence evolution as
well as the plasma screening. Specifically, it is the first and third terms on the right-hand-sides
of Eqs. (21) and (22) that are critical for capturing the intraband short-time plasma response.
Meanwhile, the second term on the right-hand-sides of Eqs. (21) and (22) gives rise to long-time
plasma screening and plays a smaller but non-negligible role in the plasma oscillations.
Figure 8 shows the real parts of the theoretical calculated susceptibilities as functions of q
and ω after the trailing edge of the laser pulse has passed (t = 3.5 ps). Specifically, at this time
Fig. 8(a) shows the calculation of ℜ[ χ⊥ (q, ω)] using Eq. (24), Fig. 8(b) shows the calculation
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Fig. 5. The normalized (a) laser-generated free charge density ρf (y, t) and (b) intraband
∥

longitudinal displacement field Dy (y, t) as functions of wire position y and time t.

∥

Fig. 6. The normalized (a) longitudinal electric field Ey (y, t) and (b) interband longitudinal
∥

quantum wire polarization field Py (y, t) as functions of wire position y and time t. The peak
∥

Ey (y, t) value is approximately 4.7 MV/cm

∥

Fig. 7. The normalized (a) longitudinal electric field Ey (y, t) and (b) laser-generated free
charge density ρf (y, t) as functions of wire position y and time t for calculations that do not
solve Eqs. (21) and (22) for the intraband coherences, instead approximating the intraband
∥
coherence as shown in [29]. The peak Ey (y, t) value is 0.25 MV/cm.
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Fig. 8. The real parts of the quantum wire susceptibility for the (a) transverse and (b)
longitudinal response. (c) The combined response.

of ℜ[ χ ∥ (q, ω)] using Eq. (23), and Fig. 8(c) shows these combined susceptibilities that any
applied electric field would experience. Here, numerically computed occupation factors and
energy dispersions at t=3.5ps for electrons and holes have been utilized in evaluating Eqs (23)
and (24). In Fig. 8(a), for frequencies below the band gap (ω<1.5 eV) we see a nearly constant
positive value, decreasing gradually with increasing q while increasing with ω as one nears
resonance. The resonance peak curve in ℜ[ χ⊥ (q, ω)] moves upward in ω with increasing q
because q ≠ 0 represents a change in an electron’s crystal momentum during a purely optical
transition. The quadratic dependence on q indicates a renormalization of pulse-laser group
velocity in a dielectric host by induced interband excitation of electrons within a quantum wire.
For direct-gap semiconductors, such an interband q ≠ 0 transition requires an energy resonance
higher than the gamma-point band gap. Just above resonance, for many values of q, Fig. 8(a)
shows that ℜ[ χ⊥ (q, ω)] drops nearly to zero. This feature appears only after the pulse excitation
and occurs because the electron and hole distributions are nearing peak values of 0.5 and 0.25,
respectively, for times t>3 ps (see Fig. 4), and also due to the broadened intraband resonance (see
Fig. 3). Any applied electric field will experience the bound-charge interband dipole response
shown in Fig. 8(a).
Figure 8(b) shows the purely longitudinal intraband plasma susceptibility ℜ[ χ ∥ (q, ω)] containing contributions from both the electron and hole plasmas. The below intraband-resonance
values of χ ∥ (q, ω) are positive, while the appearance of the plasma resonance is clear as the blue
negative curve in the low energy range, where ℜ[ χ ∥ (q, ω)] ≤ −1, and therefore ℜ[ϵ ∥ (q, ω)] ≤ 0.
Therefore, this contributes to the response that gives rise to the mode of plasma oscillations seen
in Fig. 5 and Fig. 6(a). Figure 8(c) simply adds the susceptibilities of Fig. 8(a) and Fig. 8(b)
together to show the combined interband and intraband response that an applied electric field will
experience. In practice, an applied field will only detect the bound-charge interband response in
Fig. 8(a) for optical fields, or the free-charge intraband response of Fig. 8(b) for THz fields. Here,
the intraband excitations of electrons result from an internal longitudinal electric field due to
net charge-density distribution within a quantum wire as a consequence of pulse-laser induced
interband excitations of electrons. Such a localized THz field can be detected if a diffraction
grating is deposited on a quantum wire structure so that this localized THz field can convert into
a radiative one.
The simulation described in Sec. 3. was constructed to generate a significant e-h plasma
(ne,h
∼ 10−1 ) using minimal pulse energy on the ultrafast time scale. We now comment on the
k≈0
robustness of this approach and its results. A modest increase in laser pulse energy or pulse
width will increase number of excited carriers and may cause longer lasting and higher amplitude
intraband plasma oscillations. However, a significant (a factor of 2 or more) increase in energy or
pulse width may saturate the conduction band states near k ≈ 0 and result in Rabi oscillations of
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the e-h distributions. If one keeps the same pulse energy but with a longer (or shorter) ultrashort
pulsewidth, it would change the spectral bandwidth and result in narrower (broader) absorption
peaks in the electron-hole distributions during excitation. However, the results in Fig. 4 show
that scattering events will relax these distributions within 10 ps, leaving the results qualitatively
similar. If one alters the pulse frequency significantly then it will no longer be resonant with the
wire and this paper’s approach is no longer adequate. For off-resonance calculations, the entire
band structure with multiple subbands must often be included for accuracy [5,35].
5.

Conclusion

We couple a recent quantum-kinetic model for e-h plasma photo-generation and transport to
the Maxwell equations and study the optoelectronic response of a semiconductor quantum wire
excited by a resonant ultrashort laser pulse. In this model, the quantum-wire electrons interact
with both propagating transverse and the generated longitudinal electric fields within the wire.
By solving for both interband and intraband dynamical coherences, plasma oscillations emerge in
the wire at THz frequencies. Furthermore, the back action of generated optical polarizations and
e-h plasmas on transverse and longitudinal electric fields, as well as on the electrons themselves
as a correlation effect, is included self-consistently. Due to the 1D nature of both the quantum
wire and the propagation space, the transverse (optical) and longitudinal (plasmonic) fields
and dielectric responses are easily distinguishable even when both are present in the same
susceptibility component. Additional results show the e-h carrier dynamics (including Coulomb
scattering and dephasing, as well as carrier-phonon scattering) cause the electron and hole
distributions to reach different quasi-equilibrium states in less than 10 ps. This understanding
of the electric transverse optical and longitudinal plasma responses in reduced dimensional
solids is necessary for advances in the growing field of ultrafast optoelectronics. Specifically,
our results allow for prediction of highly nonlinear optoelectronic behavior in novel nanoscale
semiconductor devices.
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