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Abstract

The theory of transversal light forces on electron—hole pairs in semiconduc-
tors has been formulated recently (Lindberg and Binder 2003 J. Phys.: Con-
dens. Matter 15 1119), but only light forces from single Gaussian beams
were considered. In the present paper, it is shown theoretically that Hermite—
Gaussian beams can be used to reduce and even reverse natural wavepacket
spreading. Furthermore, a spatially moving beam can be used to displace and
accelerate an electron—hole plasma, in analogy to well-known optical tweezers
in atomic systems. The light forces exerted by Hermite—Gaussian beams appear
to be robust and therefore of possible practical importance.

1. Introduction

Our previous study of light forces on electron—hole (e—h) pairs in semiconductors [1] can
be viewed as part of a general quest of the semiconductor community to identify analogies
between optical processes in semiconductors and atoms. Other examples, for which theoretical
analysis and experimental verification already exist, include photon echoes, optical Stark shift
and Rabi floppings (see, e.g., [2—16] and for a comprehensive review [17]). Such analogies are
often useful for the understanding of basic nonlinear optical phenomena in semiconductors.
However, there are generally significant differences between nonlinear effects in atoms and
semiconductors, because atoms can often be treated very successfully as two-level systems,
while the system of electron—hole pairs in semiconductors has to be treated as a many-particle
system.

In atomic systems, the transversal light force, originally proposed by Ashkin [18], acts
when the atoms are illuminated with an off-resonant light field with a transversal spatial
intensity profile. Reviews and text book treatments can be found, for example, in [19-21].
Using this gradient force in combination with moving optical beams, so-called optical tweezers
can be created that are able to move objects like atoms, Bose condensates, dielectric spheres
or even bacteria [22]. In [23], for example, a gaseous Bose condensate has been transported
over distances up to 44 cm. The question naturally arises whether our previous treatment of
light forces on e-h pairs can be extended to include optical electron—hole tweezers. In [1],
we concluded that (i) a generalization of the gradient force on e-h pairs can be derived on
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the basis of the electron—hole transport equations, (ii) the sign of the transversal light force is
reversed compared to atoms (i.e. light with frequencies tuned below the interband transition
frequencies yields a repulsive force between the light beam and a pre-existing electron—hole
plasma), (iii) the use of a single pulse with a Gaussian spatial beam profile can induce only
small movements of the e-h plasma, due to the limitations of finite-lifetime effects, natural
wavepacket spreading, and the limitation of relatively large (micron-sized) beam waists.

In the following, we revisit the issue of wavepacket spreading and controlled movement
of the e-h plasma using the same theory as derived and evaluated in [1]. In contrast to [1],
we use a Hermite—Gaussian beam profile. After a brief summary and review of the theoretical
framework (section 2), we present numerical solutions for spatially fixed Hermite—Gaussian
beams in section 3, and similarly for a moving beam in section 4, and we summarize our results
in section 5.

2. Review of the theoretical model

In this section, we briefly review the theory established in [1] and specify the equations used
in the numerical evaluations presented below (sections 3, 4).
We use the following Hamiltonian for electrons and holes coupled to an optical field:

H :hAfdmg(?)\ye(?)

2
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/dr U (F)V? W (F) — —/dr W () V2 (7)
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Here, the electron and hole bands are assumed to be parabolic and characterized by the
effective masses m. and my, and the coupling to the light field is described by a local dipole
approximation involving the dipole matrix element i and the envelope of the light field
amplitude E (7). The centre frequency wy of the light pulse is assumed to be detuned from the
semiconductor bandgap E by the amount A = E;/fi — wg. The Coulomb interaction between
the charge carriers is neglected here, which limits the validity to systems with local charge
neutrality (i.e., no space-charge fields) and unbound electron-hole pairs (i.e., no excitons).
While neglecting exciton effects may seem like an very restrictive approximation, we point
out that the light force discussed below accelerates electrons and holes in the same direction,
i.e. it does not effect a significant spatial separation (apart from the slight difference in the values
of the forces on and accelerations of electrons and holes). Therefore exciton effects, which
require electrons and holes to stay together while being accelerated, would not counteract the
light-induced acceleration. We will discuss the expected modifications of our results due to
Coulomb effects where appropriate.

The creation (¥ ) and annihilation () operators are used to define the Wigner distributions
for electrons (W, ) and holes (W},),

Wen(R, K) = / 07 K7 (W7 (R +7/2)Wen(R — 7/2)) @
as well as that of the interband polarization
P(R,K) = /d?e—i’?'?wh(ﬁ—7/2)\ye(13+?/2)>. 3)

Assuming the spatial variation of the light intensity to be sufficiently small, so that we
can make a gradient expansion for the field amplitude neglecting all derivatives of order two
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or higher, we obtain the following equations of motion:

d - = h - - -
= Wen(R, K) = — K- Vi Wen(R, K)

Jat Me h
+i(fi - E(R) P*(R,0en K) — ji - E*(R) P(R, 0cy K))
~ L (Vi - E(R) - Vi P*(R, 001 K)
+ V(i - E(R)) - Vg P(R, 04 K)) @

where 0. = +1 belongs to the electron (index e) and o, = —1 to the hole (index h) equation,
and
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We have added a phenomenological dephasing rate y in the equation to approximate the
physical dephasing processes.

In the following section, we present numerical solutions of equations (4) and (5), assuming
non-zero initial conditions for electron and hole populations, zero initial conditions for
the interband polarization P, and using time-independent (section 3) and time-dependent
(section 4) spatial light field profiles. For simplicity, we assume the semiconductor to be
one-dimensional.

3. Subnatural spatial widths and spatial compression

In this section we address the question whether an optical pulse can prevent an incoherent e—h
plasma, which has initially a finite spatial extension, from spreading, or even can effect spatial
compression of the plasma. We recall that, in [1], we have shown that a light pulse with finite
spatial extension centred in frequency below the absorption edge (i.e. below the bandgap E,
in the case of vanishing Coulomb interaction or below the lowest exciton resonance in the case
where exciton effects are important) yields a repulsive force on the plasma. Specifically, we
studied the action of a single-peak Gaussian spatial light profile of the form

E(X,t)=E®)G(X,0y) (6)

where

XZ
G(X,0,) = exp<—21n 2—2). (7
o

X
A plasma, initially located, say, to the left of the light field’s intensity peak, experiences a light
force to the left and also natural wave spreading related to the distribution of momentum states
of the plasma. We also found that, given the time constraint that comes from the finite life
time of the plasma (the radiative recombination time in direct-gap semiconductors is of the
order of nanoseconds), the available forces can only produce very small displacements. The
use of an attractive light force could in principle be advantageous, but, in our case, it can be
obtained only by tuning the light field above the transition frequencies, i.e. above E,. This
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has a practical disadvantage because, ideally, the only effect of the light field is a force on the
existing plasma, while in this case it gets strongly absorbed, creating additional e-h plasma as
an unwanted side effect.

For these reasons, we study in the following the effects of a light pulse that has a double-
peaked spatial structure, and we place an initial e-h plasma between the two peaks of the light
intensity. Specifically, we use, as the initial distribution for the e-h plasma, the following
Gaussian form in real and momentum space:

Wa(X, K, t0) = WaoG*(K, 1) G* (X, 0,) ®)

with a = e, h. The plasma density has a single peak at X = 0 and a momentum spread of order
or. The initial polarization is chosen to be zero, because we are simulating an incoherent e-h
plasma. For the light field amplitude, we choose a Hermite—Gaussian pulse in space (leading
to a double-peaked structure in the intensity) and a temporal shape that contains a switch-on
phase, and constant-amplitude phase, and a switch-off phase. Specifically, we choose

G(t,o0y) ift <0

. X — Xo() . R

E(X,t) = Epexp (—iwgt) ————G(X — Xo(#),0on) { 1 ifO0<r <t
on Git—1o)  iff<t.

(C))

Here, the spatial profile is centred about X (¢), i.e. the intensity has a double-peaked structure
symmetric about X((7), and we allow in principle the beam to move in space. However, in
this section, we discuss only spatially fixed beams with Xy(¢) = 0 (i.e. the double-peaked
structure is symmetric about X = 0). In the next section (section 4), we investigate the action
of a moving beam with time-dependent X ().

In the numerical simulation, we choose the following parameter values: m. = 0.067my,
my = 0.197mq (mg is the electron mass in vacuum), iwyg = E; — 40 meV, uEy = 60 meV,
oy = 200ap = 2 um, where the Bohr radius ay is taken to be 100 A, oy = 2 ps, f =20,
Weo = Who = 0.6, 03 = 0.5a, ", 0, = 100ap = 1 um.

In figures 1 and 2 we show the spatial density profiles for electrons and holes at various
times before, during and after the pulse. The computational domain in time begins atr = —6 ps,
and the corresponding initial density profiles (the same for electrons and holes) show a single-
peaked structure centred at X = 0. The light pulse is then turned on smoothly with a time
constant of 2 ps, until it reaches its maximum value at + = 0. The intensity is then kept
constant until # = 4 ps and then switched off with a time constant of 2 ps. We see thatat? = 0,
the density profiles develop a double-peaked structure. This is nothing but the virtual carriers
created by the off-resonant light field. Since the light is strongly detuned below the resonance,
the virtual carriers live only as long as the light field is turned on. Similar to the well-known
case of adiabatic following (see for example [24]), the virtual carrier density follows the pulse
intensity, i.e. it remains constant during the time interval of constant light amplitude between
0 and 4 ps. Figures 1 and 2 show that, at ¢+ = 0, the value of the density at X = 0 does not
deviate visibly from its initial value. This is expected since the light field is zero at X = O.
However, at later times, for example at + = 4 ps, the density at the centre (X = 0) increases
significantly. Moreover, immediately after the pulse is switched off (roughly at 7 = 6 ps), when
the virtual carriers are gone, the central peak of the density profile is significantly narrower than
the initial density profile. This shows that the light field has successfully prevented the plasma
from its natural spreading, possibly even leading to a spatial compression of the electron and
hole plasma (we will discuss this point in more detail below). At times greater than 6 ps,
the light field is zero and the plasma evolves freely. The electron plasma shows much faster
spatial spreading with two outward-moving peaks, while the holes show less spreading and,
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Figure 1. Spatial profile of electron density for different times (from bottom to top): —6, 0, 4, 6,
8, 10 and 12 ps. For all times except —6 ps, the zero line has been shifted for clarity as indicated
by the horizontal dashed lines.

instead of two outward-moving peaks, exhibits only small shoulders on either side of the central
peak. The following interpretation, which is based on a detailed analysis of the full Wigner
functions in real and momentum space, can explain the features seen in the freely evolving
plasmas (¢t > 6 ps). The light field, while present, accelerates the carriers in the following
way: carriers at positive x (roughly between x = 0 and 1 um) feel the repulsive force of the
light peak centred at about x = 1 um and are accelerated to the left (towards negative x).
Correspondingly, the carriers on the left between O and —1 pm are accelerated to the right. In
the case of the electrons, the force is large enough so that the movements to the right and left
lead to the peaks that are clearly visible in figure 1 at ¢+ = 10 and 12 ps. At these times, the
carriers forming the peak at positive x are the ones originating at negative x and vice versa. The
same effect holds in principle for the holes as well, but the velocity of the holes is reduced by a
factor of m./my compared to that of the electrons. The reason for the smaller velocity follows
immediately from the fact that the forces on electrons and holes are the same (this holds at
least in the limiting case of adiabatically eliminated interband polarizations, as shown in [1]).
With the force on the holes being the same as that on the electrons, the resulting acceleration
of the holes is reduced by the mass factor.

To further analyse and summarize the main features seen in figures 1 and 2, we plot in
figure 3 the spatial width of the electron and hole density profiles, defined by

|:81n2 dK( (Xa)>2 }1/2
ou(t) = /dX— X — Wa(X, K) (10)

N, 2 N,
with

dK
(X,) = /dX XWX, K) 11
2
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Figure 2. Same as figure 1, but for holes.

and
dK
Na=/dX—Wa(X, K). (12)
2

We note that, while the light pulse is on, i.e. roughly from —2 to 6 ps, the width is dominated
by the virtual carriers, an effect that is not essential for the present analysis. More important
is the fact that, after the pulse is switched off, the width of the density profiles is subnatural.
We define a subnatural width as one that is smaller than the width that the density would have
required in the absence of any light field. We therefore show in figure 3 the natural width
that occurs due to the free evolution of the plasma without any light field, choosing the same
initial time (—6 ps) and same initial distributions (equation (8)). Since we have chosen simple
Gaussians for the initial conditions, one can obtain an analytical result for the natural spreading,

which is
12
(nat) 2 2 ht ?
o,"() =|o; +2In20; | — . (13)

ny

This is similar to the spreading of a quantum mechanical Gaussian wavepacket, but note that,
in contrast to a quantum mechanical Gaussian wavepacket, the initial widths o, and o} are
independent variables within the Wigner function approach used here. Equation (13) shows
that, as expected, the heavier particles (in our case the holes) suffer less natural spreading at
a given time compared to the lighter particles (the electrons). Figure 3(a) shows that, in a
time interval roughly from 6 to 12 ps, the electron spatial width is smaller than the natural
width (i.e. subnatural), but not smaller than the initial width (i.e. there is no compression of
the density profile). In contrast, the holes (figure 3(b)) show a spatial width that is not only
less than the natural width, but also significantly less than the initial width. In other words, the
light field has succeeded in actually compressing the spatial profile of the holes. Note that the
fast increase of the electron spatial width in this time interval (f > 6 ps) is related to the free
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Figure 3. Spatial width of electron (a) and hole (b) density versus time.

evolution of the two peaks (one moving to the right and one to the left), where the velocity
of the peaks is governed by the acceleration during the presence of the light pulse and the
electron’s mass (see figure 1). In other words, the spreading in this situation does not follow
the simple form of a spreading Gaussian according to equation (13). As discussed above, the
light-induced velocities of the holes are reduced by the mass factor with respect to those of
the electrons, which explains the smaller broadening of the hole width at times greater than
6 ps. Indeed, as discussed above, the fact that the holes at positive x are accelerated toward
negative x and vice versa, combined with the fact that the induced velocities are quite small,
can explain the fact that the minimum spatial width occurs at a time much later than the end
of the light pulse (approximately at t = 10 ps).

4. Moving action of electron-hole tweezers

In the previous section, we have shown that a light field with a double-peaked intensity pattern
exerts a force on an e—h plasma (situated in-between the two light intensity peaks) that can
effectively trap the plasma and lead to subnatural spatial widths and even compression. In the
following, we study the effect of a double-peaked light pulse moving in space. We want to
address the question whether the light beam can drag the e—h plasma with it in space.

For the light amplitude, we assume the Hermite—Gaussian (equation (9)) to move in space
at a constant velocity v during the time interval from #, = —o; to t, = ¢ + o, (i.e. basically
from the time the pulse gets switched on until it is switched off). At times ¢ < f,, we choose
the beam to be centred about the fixed position x = 0, i.e. xo(#) = 0. During the time interval
[t., 1], we have xo(t) = v(t — t,), and at times ¢ > 1, we have xo(t) = v(t, — t,). In the
numerical simulation, we use v = 0.1 um ps~'.

In figure 4 we show the initial spatial profiles of the electrons and holes at time t = —6 ps
and the final profiles at r = 12 ps. Clearly, the plasma has moved along with the light beam
by a significant distance. We summarize the movement by showing the centre of the spatial
profile, (X.) and (X}), together with the spatial centre of the light beam as a function of
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Figure 4. Spatial profile of electron (a) and hole (b) density before the pulse at 1 = —6 ps (dashed
lines) and after the pulse at # = 12 ps (solid lines).

time in figure 5. The time interval during which the light amplitude is maximum and kept
constant (from ¢ = 0 to 4 ps) is indicated by the vertical dotted lines. While the light pulse
is on, the spatial centres of the electron and hole densities follow almost exactly the position
of the beam. This is simply a consequence of the fact that the light creates a large amount of
virtual carriers (larger than the initial density). Our simulation shows that the virtual carriers
follow the beam at the chosen velocity. A closer inspection of the time dependence of the total
(spatially integrated) plasma density (not shown) shows that, at this velocity, the principle of
adiabating following (i.e. the fact that the virtual plasma density follows the light intensity) is
still preserved. The qualitative behaviour of the spatial widths in the case of a moving beam
(shown in figure 6) is similar to that of the stationary beam (see figure 3), but the reduction of
the widths of the electron and hole densities is not as large as in the case of a stationary beam.

The fact that the plasma centre-of-mass follows the light field during the times when then
virtual plasma dominates over the pre-existing plasma is only of minor importance to our
investigation. More important is the fact that, after the light pulse is gone, the spatial centre
of the electron and the hole density has shifted to positive x. Moreover, the electron and hole
components of the plasma have acquired a certain velocity, which makes them move on after
the pulse is gone, i.e. at times larger than about 6 ps. The velocity of the electrons is evidently
larger than that of the holes, which is in agreement with the aforementioned mass dependence
of the light force and plasma acceleration. We note that, within our model, the motion of the
plasma at times after the light pulse has gone is purely ballistic. In a real system, however,
incoherent scattering processes lead to friction and diffusion, and the prediction of ballistic
motion is certainly invalid on a timescale comparable to or larger than the relaxation time
(which depends on the details of the system). Hence, we expect that the observable effect of
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Figure 5. Spatial centre of electron (solid line) and hole (dashed line) versus time. Also shown is
the spatial centre of the light field (dash—dotted line). The vertical dotted lines indicate the time
interval in which the light amplitude is kept constant.
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Figure 6. Spatial width of electron (a) and hole (b) density versus time.

light-induced acceleration indicated in figure 5 will generally be smaller than predicted in our
idealized treatment.

From figure 5 we see that immediately after the pulse (at about # = 7 ps), the electrons
have moved by about 0.4 um. Given the fact that, during the time when the light intensity is
kept constant (i.e. between 0 and 4 ps) the light moves exactly 0.4 um, we can say that the
moving light beam acts in a way similar to optical tweezers. It apparently traps the electron
plasma and carries it in the potential energy minimum provided by the light. The same effect
exists in principle also for the hole plasma, but apparently the displacement of the hole plasma
after the pulse is much less than that of the electron plasma. To understand this, we analyse the
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Figure 7. Effective e-h trapping potential U(x) (solid line). Also shown is a harmonic
approximation (dashed line) and the maximum amplitudes in a classical model for electrons and
hole (arrows); see text for details.

spatial density profiles after the pulse shown in figure 4. We first note that even the electron
plasma does not exhibit a perfect displacement. It exhibits a primary density peak centred
roughly at x = 12 um and a secondary peak (or shoulder) at the position of the initial density
profile. The displacement of the primary peak to the position of x = 12 pum is consistent with
the ramping velocity of v = 0.1 um ps~' and the time instant of 12 ps. The existence of the
secondary peak indicates that not all of the carriers get accelerated by the light in the same
way. Apparently, this effect of carriers being left behind is even stronger for the holes.

In order to have a simple interpretation of this effect, we analyse the effective trapping
potential and provide a simple semi-classical model for the acceleration process. As shown
in [1], an approximate expression for the force on the carriers can be obtained within the
adiabatic elimination of the optical polarization function. In the limit of zero momentum and
vanishing dephasing we have

- i E(R))?

F(R)=—V; %
We note that this expression does not depend on the pre-existing carrier density, and that, for a
certain desired force and given detuning, it gives a criterion for the light intensity that is needed.
In turn, the light intensity determines the amount of virtual carriers (present only during the
duration of the light pulse). Hence, within this model, the densities of the pre-existing carriers
and the virtual carriers are independent of each other.

Within the one-dimensional model that we use in our calculations, the force corresponds
to a potential energy profile of

ILE(X)?
—x

We show this potential in figure 7, along with a parabolic approximation valid at small x.
Clearly, the actual potential has a finite barrier height of about 12 meV in our case. If we
assume, for the sake of argument, a classical particle with mass m with zero velocity to be at
the bottom of the parabolic potential at time # = 0, and we furthermore assume the parabolic
potential to start moving with velocity v at that time, i.e. for t > 0,

(14)

UX) = (15)

UX) = im(X —vt)’Q? (16)
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where 2 characterizes the harmonic potential, the solution of Newton’s equation is
v
X(@) —vt = 5 sin(§2¢). (17)

Due to the sudden movement of the parabolic potential, the particle acquires an amplitude inside
the potential of A = v/, corresponding to a maximum potential energy of (1/2)mA%Q? =
(1/2)mv?. The potential U (x) in figure 7 is the same for electrons and holes, i.e. independent
of the mass m, therefore m.Q2 = m, Q2. Consequently, the frequency €2 is larger for electrons
than for holes and the amplitude A is smaller for electrons than for holes. The amplitudes are
indicated by horizontal arrows in figure 7. Since the real potential has a finite height, it is clear
that the heavier particles are more at risk of rolling over the left potential maximum when the
potential starts moving to the right. It is simply the inertia of the particles that makes heavier
particles more difficult to accelerate than light particles, and this is the basic reason for the
optical tweezers action shown in figures 4 and 5 to be more effective for electrons than for
holes. The inertia-related leakage of particles out of the trapping potential can, in principle, be
minimized through a careful choice of light-beam acceleration and optimized light intensity,
but such detailed considerations are beyond the scope of this work.

We finally note that the light-induced spatial separation of electrons and holes will be
significantly reduced if not cancelled by the Coulomb interaction. It is well known that the
internal electric field (space-charge field) tends to minimize the distance between electrons
and holes and make their respective velocities equal. In the ballistic regime, this leads to
ambipolar drift, while in the diffusive regime it leads to ambipolar diffusion. The timescale on
which the internal space-charge field removes a local charge imbalance is called the dielectric
relaxation time, and in electron—hole systems this is usually in the sub-picosecond regime (see,
for example, p 180 of [25]). While our simplified model does not include Coulomb effects, it
is physically reasonable to assume that the displacements one would obtain from a calculation
with Coulomb effects are probably almost the same for electrons and holes (and may be close
to the average of the electron and hole displacements found in our simplified model).

5. Summary

We have analysed the action of a double-peaked light intensity profile on a non-interacting
electron—hole plasma. The numerical solutions of the transport equations for the Wigner
functions of electrons, holes, and interband polarization revealed that a spatially fixed Hermite—
Gaussian light pulse can prevent the natural spatial spreading of the plasma and even lead to
spatial compression. The underlying transversal light force has been discussed in [1], but the
application of a Hermite—Gaussian pulse exhibits a much more robust effect on the electron—
hole plasma than the one found for a single-peaked Gaussian beam studied in [1]. Furthermore,
we have shown above that the robustness of the light force in this configuration also allows for
the plasma to be moved in a moving light intensity profile (optical tweezers). Deviations from
an ideal tweezers action can be understood in terms of the inertia of the particles and has been
found to be strongly dependent on the effective masses of the particles. This kind of optical
tweezers for electrons and holes could point the way towards a controlled spatial manipulation
of electrons and holes, which could be useful in the context of basic research (e.g. the quest
for Bose condensation of excitons) and information technology.
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