PHYSICAL REVIEW B 81, 205320 (2010)

Resonant generation of coherent LO phonons by charge oscillations in a biased quantum well
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A theoretical analysis of the generation of coherent and incoherent LO phonons after optical excitation of an
electrically biased quantum well is presented. We show numerical calculations based on the density-matrix
formalism where both coherent and incoherent phonons are included on a fully quantum kinetic level. Bulk
phonon modes are used as is appropriate for the wide quantum well studied here. The generation of coherent
phonons is resonantly enhanced when two exciton lines with the splitting tuned to the phonon energy are
simultaneously excited; such a tuning is achievable by the quantum-confined Stark effect, where the exciton
lines are shifted by varying the electric bias. However, there is also a strong emission of incoherent LO
phonons due to intersubband transitions of the excited carriers; even in the resonant case this by far dominates
the energy transfer to the lattice. The different contributions of the impulsive and the resonant coherent phonon

generation mechanism are discussed. A good agreement with recent experiments is found.
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I. INTRODUCTION

By using ultrashort laser pulses coherent phonon oscilla-
tions can be excited in semiconductors.! The generation
process is of an indirect nature, since the laser typically only
affects the electronic degrees of freedom, which then, in turn,
drive the lattice vibrations. Therefore this process can ap-
proximately be divided into two steps. In a first step the laser
pulse excites the electronic subsystem on a time scale that is
assumed to be quasi-instantaneous to the much slower pho-
non subsystem. In a second step the electronic subsystem
then excites phonons. In many cases the dynamics of the
electronic subsystem after the pulse is not relevant for the
generation of coherent phonons, which means that those are
impulsively generated by the sudden change induced by the
pulse.%” An example for this impulsive phonon generation is
the displacive excitation of coherent phonons (DECP)
mechanism,? which is relevant for excitation above the band
gap. In this mechanism the laser pulse excites carriers and
thereby abruptly changes the equilibrium positions of the
lattice ions. As a consequence, coherent oscillations of the
lattice ions around their new equilibrium positions set in.

The situation is different if oscillations in the electronic
subsystem are created. These can have a period on the same
time scale as the phonon oscillation, which makes it possible
to resonantly drive coherent phonons. Such an oscillation
may arise through the coherent superposition of two material
transitions, which leads to a quantum beat whose frequency
is determined by the energy splitting of the transitions. This
is similar to the coherent Raman excitation technique, where
two laser pulses with different frequencies are mixed and
create an oscillation with a frequency determined by the de-
tuning of the lasers.’ In both cases the generation of coherent
phonons becomes resonantly enhanced if the frequency of
the beat oscillation is tuned to the frequency of a phonon
mode. For example, such an enhancement has been found for
the generation of coherent longitudinal-optical (LO) phonons
in semiconductor superlattices if the frequency of a Bloch
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oscillation is tuned to the LO-phonon frequency.!*'? In a
quantum well structure the same enhancement effect occurs
if two exciton lines with a splitting tuned to the energy of the
LO phonon are simultaneously excited.'>!* In this case the
resulting electronic polarization resonantly drives coherent
phonons, which has been observed both by tracing the time-
resolved reflectivity'® and by measuring terahertz emission.'*
The measured enhancement was quite strong: the amplitude
of the phonon oscillation was increased by a factor of 20 and
10, respectively, in comparison to the nonresonant (DECP-
like) case.

Related studies have been devoted to the generation of
coherent acoustic phonons in a GaAs/AlAs nanostructure un-
der electric bias driven by an electric current.'>!¢ In contrast
to the generation mechanisms discussed in this paper, the
coherence of the phonons there does not arise through a co-
herent excitation process but through stimulated emission by
the decay of incoherent LO phonons.

In this paper, we will analyze the resonant phonon gen-
eration (RPG) mechanism from a theoretical point of view.
We employ a microscopic model of a semiconductor quan-
tum well where the electronic degrees of freedom are
coupled to the phonons via the Frohlich interaction.!” Based
on this model, we will present simulations of the coherent
phonon generation calculated using density-matrix theory.
We will show that this model well reproduces the main fea-
tures of the mechanism: the resonance in the splitting energy
as well as the characteristic dependence on the central pump
frequency and on the pump intensity. Our results are in good
agreement with experimental findings.'>!* Because in reso-
nance the subband splitting is necessarily high enough such
that intersubband relaxation processes by emission of inco-
herent phonons can take place, incoherent phonons are taken
into account as well treated on a fully quantum kinetic level.
We find that even in the case of resonantly enhanced genera-
tion of coherent phonons the energy transfer to incoherent
phonons is much larger than to coherent phonons.
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FIG. 1. (Color online) Schematic plot of the subband structure:
potential well, energy levels, and wave functions (not drawn to
scale). The wave functions refer to a bias field of 110 kV/cm.

II. MICROSCOPIC MODEL AND GENERATION
MECHANISM

We use a model of a single GaAs/AlAs quantum well
under an electric bias. Here, the bias voltage serves a double
purpose. First, it leads to a charge separation between elec-
trons and holes giving rise to an electrical dipole moment
that may drive coherent phonons. Second, it can be used to
tune the excitonic energy levels via the quantum-confined
Stark effect (QCSE).!® The parameters of the well are ad-
justed to model the structure used in the experiment of Ref.
13; there, a multiple quantum well has been used, where,
however, tunneling between the wells is negligible and there-
fore all the wells behave independently. The confinement is
modeled as a square potential tilted by the electric field. We
assume a width of 15.3 nm and a total potential depth of 1.58
eV distributed 60/40 to conduction and valence bands, re-
spectively. We limit our calculations to the lowest two elec-
tron subbands and the uppermost three heavy-hole subbands.
A sketch of the subband structure of the quantum well in-
cluding the respective envelope wave functions of electrons
and holes is shown in Fig. 1 for the case of an electric field
of 110 kV/em.

The Hamiltonian for noninteracting electrons, holes, and
LO phonons is given by

h i
Hy= 2 sichon+ 2 ehdhdy + > hiw obgbg, (1)
ik ik q

where cfk(cik) denotes the creation (annihilation) operator for
an electron in the ith subband with in-plane (two-
dimensional) wave vector k. Accordingly, d}k and djy are the
hole creation and annihilation operators while b:;(bq) creates
(annihilates) a phonon with the three-dimensional wave vec-
tor q. The single-particle energy of an electron (hole) in the
nth subband with wave vector k is denoted by sflﬂ“) and the
LO-phonon energy fiw; g is taken to be constant.

To this Hamiltonian we add the interaction with the elec-
tric field E(7) of the laser pulse treated in the usual dipole
approximation

Hep= 2 [-E- M;;chdl —E - Mjd; el (2)

==
i.j.k

with the interband dipole matrix
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FIG. 2. Calculated absorption as a function of the photon energy
and the electric bias field.

M;; = MOJ & () l(2)dz. (3)

M, is the common bulk part of the interband dipole matrix
elements and ¢Z(h)(z) is the electron (hole) envelope wave
function in the nth subband. A direct coupling to intraband
transitions has been neglected as this is not relevant for ex-
citation with an optical laser pulse.

We also include electron-electron interaction on the
Hartree-Fock level in order to account for excitonic effects.
Higher order terms like carrier-carrier scattering are ne-
glected because we will restrict ourselves to comparatively
low-carrier densities on the order of 10'° cm™ where the
scattering is dominated by LO-phonon emission. The Hamil-
tonian is not shown explicitly here, for details the reader is
referred to, e.g., Ref. 17.

Based on this model we can calculate absorption spectra
as a function of the bias electric field. The results are shown
in Fig. 2. Standard material parameters for GaAs and AlAs
have been used.'” EnHHm labels the exciton line associated
with the transition from the mth heavy-hole subband to the
nth electron subband. At zero electric field all transitions but
EIHHI and E2HH2 are suppressed. The EIHH2, E2HHI,
and E2HH3 transitions are forbidden due to symmetry while
the EIHH3 transition has a negligible oscillator strength.
With increasing bias these other transitions become allowed;
the exciton lines change in strength and are shifted due to the
QCSE. We are, in particular, interested in the E2ZHH1 and the
E2HH2 exciton lines; their splitting approaches the LO-
phonon energy at a bias field of about 110 kV/cm. These
results agree qualitatively well with the photocurrent mea-
surements of Ref. 13.

So far we have not included the interaction between LO
phonons and charge carriers. In a polar semiconductor the
dominant electron-phonon interaction is typically the
Frohlich coupling. Its Hamiltonian is given by!720
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FIG. 3. (Color online) Lattice displacement field u(z,,7) versus ¢
for resonant (solid curve, electric bias 110 kV/cm) and off-resonant
conditions (dashed-dotted curve, 30 kV/cm); for each curve, z, is
the position at which the oscillation is strongest. The dashed and
dotted curves are the results of calculations where the off-diagonal
elements of the electron and hole density matrices have been
switched off. The inset shows u(z,#,) versus z, where f; is the time
of the largest displacement; the horizontal bar indicates the extent
of the quantum well.
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with q; and ¢, being the in-plane and the z component of the
wave vector q, respectively. Here g2 is the Frohlich matrix
element defined as gﬁ””:géD F,!"> with the bulk Frohlich

matrix element

eﬁwLo<1 1)1
= _— S 5
gq \/ 260V \e, &/q ®)

and the form factor

T = f b, (), (2)edz, (6)

where V is the normalization volume, e is the elementary
charge, g is the electric constant, and &, and &.. are the static
and optical dielectric constants. The operators b('; and b cre-
ate and annihilate bulk phonons with the wave vector q. We
have not assumed different phonon parameters for the AlAs
part of the structure; first, we will see that because of the
confinement of the electrons the lattice displacement is neg-
ligible outside the quantum well (cf. inset of Fig. 3), and
second, phonon confinement effects become smaller with in-
creasing quantum well width and should be insignificant for
a relatively large width as the one considered here.?!

Our model does not include phonon-phonon scattering.
The LO phonon dephasing time in GaAs at low temperatures
has been measured as T,/2~9 ps,? so this is a legitimate
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approximation on the short time scales discussed in this pa-
per. In fact, in the reflectivity measurements of Ref. 13 the
decay is barely visible over a time of 3 ps.

The operator of the lattice displacement is connected to
the phonon operators via

h

T SR
LO

i(r) =

Here M, is the reduced mass of the lattice ions and N is the
number of unit cells in the system volume. Coherent
phonons are characterized by a nonvanishing expectation
value of the displacement vector (d(r)) and thus a nonvan-
ishing value of the coherent phonon amplitudes (b). Be-
cause of the symmetry of the system the expectation value of
the lattice displacement is zero in all directions but the z
direction, that is, (bg) vanishes if q has a nonvanishing in-
plane component. Using the density-matrix formalism we
obtain the following equation of motion for the coherent
phonon amplitude B, = (quez):

. d .
ifi—-B, —hooB, =22 gyel i)
dt ijirk

2 . (8)

J1i2k

The factor of 2 arises because we have implicitly summed
over the spin degree of freedom.

The optical excitation affects the driving terms on the
right-hand side of the equation on a time scale that is shorter
than the oscillation period of the LO phonon. Let us first take
a look at the impulsive, DECP-like part of phonon genera-
tion, which is related to the diagonal terms <ancnk> and
<dnkdnk> Leaving aside excitonic and polaronic effects for a
moment, these terms, i.e., the population of the electronic
states, are constant after the pulse. In a simple approximation
we can therefore assume that B, is driven by an electronic
population with a steplike t1me dependence. Solving the
equation for qu(t) and substituting the result into Eq. (7)
yields a lattice displacement whose time dependence is pro-
portional to [1—cos(w;nt)]. This cosinelike dependence is
characteristic for the bulk DECP mechanism as well.® Physi-
cally, the new carrier distribution means a sudden shift of the
equilibrium position of the lattice ions. The ions then start to
oscillate around their new equilibrium. Obviously the ampli-
tude of the coherent phonon oscillation is proportional to the
number of carriers excited and thus—as long as phase-space
filling effects are negligible—proportional to the integrated
pump intensity.

For the resonant phonon generation mechanism the off-
diagonal terms (c| ! Cante and (d! ) with n#n’ are impor-
tant. They signify a coherent superposition of two electron or
two hole energy levels. If such a superposition is created, the
resulting carrier density oscillates with a frequency deter-
mined by the splitting of the levels: the driving terms of Eq.
(8) are proportional to exp(—iw,, t) where fiw,,  is the en-
ergy difference between the levels n and n'. Thus, B, may
be driven resonantly by tuning the splitting of two energy
levels to the LO-phonon energy. In the present structure such
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a resonance can be achieved for the first and the second hole
subband at a bias field of about 110 kV/cm. To excite the
coherent superposition, a short pump pulse with a spectral
width which is broad enough to extend over both levels is
needed. The superposition is strongest if the central energy
of the pulse is chosen in a way that both levels are equally
populated; if the transition matrix element is similar for both
levels, the central energy should therefore lie in the center of
the two levels. So the characteristics of the RPG mechanism
are a resonant enhancement of the coherent phonon genera-
tion when the level splitting agrees with the LO-phonon en-
ergy and also a resonance behavior when the pump central
energy comes close to the center of the two energy levels.
Again the oscillation amplitude is proportional to the inte-
grated pump intensity. Experimental evidence exists for both
kinds of resonances as well as for the pump power
dependence. !4

In the discussion presented above we have oversimplified
a few points. Coulomb interaction leads to the appearance of
excitonic signatures, so, in fact, the coherent superposition
will consist not only of two subbands but also of two exciton
lines. In addition, we have not considered incoherent
phonons. For resonance conditions a level splitting equal to
the phonon energy is needed, which means that the carriers
can make a transition from the upper to the lower level by
emission of incoherent phonons. In fact, in the experiments a
fast dephasing of the quantum beat has been observed'?
which, in part, can be attributed to this process.

In the density-matrix formalism carrier-phonon interac-
tion gives rise to an infinite hierarchy of equations of motion
for higher-order density matrices.!” Coherent phonons appear
on the first level of approximation if phonon-assisted density
matrices like (cjkcirkrbq> are factorized into products of elec-
tronic density matrices and coherent phonon amplitudes such
as <CjkCirkr><bq>. Incoherent phonons and electron-phonon
scattering processes appear on the next level by keeping the
correlated part of the phonon-assisted density matrices like
&cjkci,k,bq>:(cjkci,k,bq)—(cjkc,-,k&(bq) and factorizing dou-
bly phonon assisted terms, i.e., terms of the form
(chCinebgbyr). We then obtain a closed set of equations of
motion where in addition to the coherent phonon amplitudes
higher order phonon variables like 5<bjlbqr>=<bjlbqr)
—(b)bqr) and &bybg)=(babq)—(bg)(be:) have to be cal-
culated. We will refer to this level as a calculation of second
order in the correlation expansion, whereas factorizing the
single-phonon assisted terms will be called a first-order cal-
culation.

III. NUMERICAL SIMULATIONS OF THE FULL MODEL

Let us now turn to simulations using this model. The
quantum well has already been described. The electric field
is varied from 0 to 160 kV/cm, which yields a splitting of the
E2HHI and the E2HH?2 exciton lines between 8 and 46 meV
(cf. Fig. 2). At 110 kV/cm the splitting approaches the LO-
phonon energy of 36.3 meV. The pump pulse has a central
energy of 1.571 eV, which is slightly above the center of the
exciton lines in resonance, and a Gaussian shape with full
width at half maximum (FWHM) of 100 fs corresponding to
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a spectral FWHM of 36 meV. Its intensity is fixed to a value
that creates a carrier density in the well of about 10' cm™
at 110 kV/cm. Initial state is the thermal equilibrium at zero
temperature.

Figure 3 shows the lattice displacement u(z,?)
=(1,(zy,1)) created by a pump pulse centered at =0 for two
different values of the bias field, 110 kV/cm corresponding
to a resonance between exciton line splitting and LO-phonon
frequency and 30 kV/cm, where the exciton line splitting is
much smaller than the LO-phonon frequency. Here, z,, refers
to the position at which the oscillation is strongest; it has
been determined independently for each curve. Let us first
look at the results of calculations where the electronic quan-
tum beats, i.e., the off-diagonal elements of the electron and
hole density matrices, have been switched off by hand (dot-
ted and dashed lines in Fig. 3). At both values of the bias
field we find that the pulse initiates a nonvanishing lattice
displacement which subsequently exhibits an oscillatory be-
havior. The oscillation frequency is given by the LO-phonon
energy. This is exactly what is expected in the case of the
DECP mechanism. Indeed, also the phase of the oscillations
is in both cases in good agreement with the expected cosine-
like behavior. In the resonant case we observe a slight in-
crease in the mean value of the displacement with increasing
time which results from a change in the electronic charge
distribution caused by intersubband relaxation from the HH2
to the HH1 subband and from the E2 to the El subband
associated with LO-phonon emission processes. At 30
kV/cm the heavy-hole subband splitting is much lower than
the LO-phonon frequency, therefore such intersubband tran-
sitions are only possible for a small fraction of the holes in
the high-energy tail of the distribution and for electrons in
the E2 subband which, however, is only weakly excited in
this case.

When including the electronic quantum beats the
switching-on of the lattice displacement characteristic for the
DECP mechanism is still present. The oscillations after-
wards, however, are strongly modified. In the resonant case
(at 110 kV/cm) the subband splitting matches the LO-phonon
energy. Thus, a quantum beat in the electron-hole system
oscillating with the LO-phonon frequency is excited. We ob-
serve that in this case the oscillation amplitude of the lattice
displacement increases with time, which is a clear signature
of a resonantly driven harmonic oscillator. Due to the peri-
odic driving the phase of the oscillations is shifted compared
to the DECP result. In the off-resonant case (at 30 kV/cm)
the splitting is reduced to 15 meV, so the electronic quantum
beat is much slower. We now have a nonresonantly driven
harmonic oscillator and the lattice displacement exhibits os-
cillations with both the driving frequency and its own char-
acteristic frequency wy . Because of the off-resonant driving
the amplitude is only modulated by the quantum beat but
does not increase with time substantially.

In the inset of Fig. 3 the position dependence of the lattice
displacement at a fixed time 7, is shown. Again ¢ is the time
when the displacement is largest, determined separately for
each curve. The displacement is almost completely confined
to the extent of the quantum well and its integral over the z
direction does not vanish, which is possible because the elec-
tric field breaks the symmetry. Thus the coherent phonon
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FIG. 4. (Color online) Spectral distribution of the coherent pho-
non oscillations at two different values of the bias field.

oscillations are associated with a macroscopic dipole mo-
ment which gives rise to the emission of terahertz radiation
as observed in the experiments.'* In the resonant case the
maximum of the displacement lies closer to the left side of
the well because the wave functions associated with the
heavy-hole subbands which drive the phonon oscillation are
shifted toward this side (cf. Fig. 1).

Figure 4 shows the spectra of the coherent phonon oscil-
lations at bias fields of 110 and 30 kV/cm obtained by Fou-
rier transformation of the coherent phonon amplitude u(z,1).
We clearly see the behavior explained above. In both cases
there is a low-frequency contribution resulting from the non-
zero mean value of the displacement. Under resonance con-
dition we have a strong single peak at the LO-phonon fre-
quency while for an off-resonant driving of the coherent
phonons two or more peaks are present. One is still at the
LO-phonon frequency and the others are at the driving fre-
quencies, i.e., the frequencies corresponding to the subband
splittings. In the present case we have two such peaks, a
large one resulting from the HH1-HH2 subband splitting at
15.1 meV and additionally a weak one at 29.3 meV due to
the HH1-HH3 subband splitting.

We have seen that the amplitude of the coherent phonon
oscillation is much larger when the quantum beat is tuned to
the phonon frequency. We will now quantify this resonant
enhancement by the amount of energy transferred to the co-
herent phonons, which is shown by the solid lines in Figs. 5
and 6 as a function of the subband splitting (Fig. 5) and the
central pump frequency (Fig. 6), respectively. In order to
account for all of the energy leaving the electronic sub-
system, in addition to the free coherent phonon energy
3, hwpolB, |* we have included in this value the coherent
part of the interaction energy, i.e., the factorized part of the
expectation value of the Frohlich Hamiltonian (4). As the
energy contained in coherent phonons oscillates, the average
over the time from the beginning of the calculation, where
the energy densities are zero, up to t=0.7 ps has been taken.
In addition, we have also plotted the energy transferred to the
incoherent phonons (dashed lines). Again this contains both
the free phonon part = fiw; o &bgbq) as well as the correlated
part of the Frohlich interaction energy and has been averaged
over time. Since the amount of energy transferred into coher-
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FIG. 5. (Color online) Time-averaged energy density contained
in coherent and incoherent phonons versus the splitting between the
HH1 and the HH2 subbands. The coherent phonon contribution is
magnified by a factor of 3000. The dashed-dotted line shows the
electric field strength corresponding to a given subband splitting.

ent phonons turns out to be much smaller than for incoherent
phonons, in both figures the value for coherent phonons has
been multiplied by a factor of 3000.

The resonance character of the coherent phonon genera-
tion when varying the splitting energy between the HH1 and
the HH2 subbands is demonstrated in Fig. 5. The splitting is
varied by changing the strength of the electric bias as indi-
cated by the dashed-dotted line. The resonant enhancement
in the energy density of coherent phonons is clearly visible
as a peak at the point where the splitting energy matches the
LO-phonon energy of 36.3 meV. This agrees well with our
understanding of the generation mechanism and also with the
experimental results in Ref. 13.

The second characteristic of the RPG mechanism is the
resonance in the central energy of the pump pulse, which is
shown in Fig. 6. The dashed-dotted line in the background
shows the calculated absorption spectrum, i.e., the imaginary
part of the electric susceptibility x(w); this spectrum, unlike
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FIG. 6. (Color online) Time-averaged energy density contained
in coherent and incoherent phonons versus the central energy of the
pump pulse with the electric bias field fixed at 110 kV/cm. The
dashed-dotted line shows the absorption spectrum calculated with
polaron effects included and the horizontal bar indicates the spectral
width of the pump pulse.
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those shown in Fig. 2, includes the electron-phonon interac-
tion and thereby accounts for polaron effects. The exciton
peaks are labeled by their respective subbands. As expected,
the generation of coherent phonons peaks between the
E2HHI and the E2HH? line. It is not exactly in the center
but slightly shifted toward the E2HH?2 line. This is because
the E2HH?2 transition is weaker and because it is superim-
posed to the continuum part of the E2HH1 transition. This,
too, matches the measurements of Ref. 13.

Even at resonance, however, we find that the energy
stored in coherent phonons is about three orders of magni-
tude smaller than the energy stored in incoherent phonons.
This means that intersubband relaxation strongly dominates
the energy transfer from the electronic subsystem to the lat-
tice. The dependence of the energy density of incoherent
phonons on the subband splitting (Fig. 5) can be understood
as follows. At zero-bias field essentially only the EIHHI1
transition is excited. Because the central pump frequency is
about 40 meV above the exciton resonance and because of
the rather large spectral width intrasubband relaxation pro-
cesses are possible for a considerable fraction of the excited
electrons already here. With increasing bias field the exciton
resonances shift to lower energies thus increasing the excess
energy of the excited carriers. In addition, optical transitions
to higher hole and electron subbands become allowed and
thus phonon-induced intersubband transitions appear. Both
phenomena lead to the increase in the energy density of in-
coherent phonons with increasing bias field. The two
maxima superimposed on this general increase at subband
splittings of about 23 and 42 meV are due to the fact that at
the respective bias fields of 60 kV/cm and 140 kV/cm the
central energy of the pump laser becomes resonant to the
E2HHI and the E2HH?2 transitions, respectively, leading to
maxima in the total generated carrier density (see Fig. 2). For
the dependence on the pump energy (Fig. 6) we observe a
similar behavior. The number of incoherent phonons gener-
ally increases with higher pump energy as more electrons are
excited in higher-lying subbands which can relax down.

The ratio of the energy density of coherent and of inco-
herent phonons is increased at higher pump intensities: the
energy density of coherent phonons depends quadratically on
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the coherent phonon amplitude and therefore increases with
the square of the excited carrier density, while the energy
density of incoherent phonons depends linearly on the carrier
density. At low-pump intensities the carrier density increases
linearly with the pump intensity. However it cannot be raised
to arbitrarily large values due to phase-space filling; if this is
taken into account we find that in the system considered here
the energy transfer to incoherent phonons will always be
dominant.

IV. CONCLUSIONS

We have presented a theoretical investigation of the reso-
nant generation of coherent phonons in a quantum well under
bias. In this mechanism a short optical excitation creates an
electronic quantum beat. The oscillating charge distribution
of electrons and holes associated with this quantum beat
drives coherent phonons. The electric bias can be used to
tune the splitting of two exciton lines to the phonon energy;
at this point the generation becomes resonantly enhanced.
This resonance as well as a resonance in the central energy
of the pump pulse are characteristic for the mechanism.
These properties can be directly inferred from the model sys-
tem and have also been reproduced in numerical simulations.
The results agree favorably with experiments. In the simula-
tion incoherent phonons have been taken into account on a
fully quantum kinetic level, as the resonant generation of
coherent phonons is not possible without allowing for relax-
ation processes by emission of incoherent phonons. The nu-
merical calculations show that only a very small part of the
energy transferred from the electronic subsystem to the lat-
tice goes into coherent phonons which give rise to measur-
able oscillations of the lattice displacement. The largest part
excites incoherent phonons which only increase the fluctua-
tions of the lattice displacement field.
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