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We present a microscopic theory of plasmon-phonon oscillations created by ultrafast optical excita-
tion in polar semiconductors. Our analysis is based on the equations for the optical lattice displacement
and the electronic polarization. For an idealized situation with homogeneous plasma density we find
that plasmonlike oscillations dominate the transient behavior after the optical excitation. However,
once the inhomogeneous density distribution is taken into account, only density-independent LO-
phonon oscillations are present in the transient optical response. By using a model of electro-optical
response that includes the influence of both the electric field and the lattice displacement on the refrac-
tive index, we achieve a quantitative agreement with the experiment.

I. INTRODUCTION

Recent experiments! ~® have shown that ultrafast opti-
cal excitation can coherently excite optical phonon
modes in semiconductors. Oscillating changes in optical
properties have been observed in GaAs,? Ge,? and a
number of other materials.*> A thorough discussion of
the experimental techniques and a complete bibliography
can be found in a recent review. ¢

In materials with low crystal symmetry phonon oscilla-
tions are caused by deformational electron-phonon cou-
pling which makes a finite value of the lattice displace-
ment energetically favorable after the excitation. The
sudden increase in the photocarrier density during the
femtosecond excitation makes the lattice oscillate around
the new equilibrium position.*”® However, this “displa-
cive” mechanism can only work in materials where iso-
tropic electron density distribution can deform the lattice
along some preferential crystallographic direction, and
only 4, phonon modes that do not reduce the lattice
symmetry can be excited in this way. 7

Coherent optical phonon oscillations are quite pro-
nounced in GaAs,"? where experiments suggest another
mechanism for coherent phonon excitation. It has been
shown experimentally that the amplitude of the oscilla-
tions in polar materials is related to the strength of the
electric field in the depletion region near the surface of
the sample. In a polar material, the electric field in-
teracts with both optical phonons and electrons. After
the optical excitation the photocarriers will separate in
the electric field, creating electronic polarization. This
polarization will, in turn, affect the field and may cause
the lattice to oscillate.

Although the transient screening of the depletion field
by photocarriers has been unambiguously identified as
the driving force for phonon oscillations, »>°~13 it should
also drive plasmon oscillations even in a nonpolar materi-
al. In polar materials, where plasmons and LO phonons
combine into plasmon-phonon modes with density-
dependent frequencies, '“ one can expect both modes to be
excited by ultrafast screening. While experiments clearly
show oscillations with the LO-phonon frequency, it is
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surprising that there is no trace of plasmon oscillations,
nor is there any density dependence of the observed oscil-
lation frequency at densities up to10'® cm 3.

The existing theoretical approaches neglect the
plasmon degree of freedom in their treatment of electron
dynamics. Scholz and Stahl'> have considered the evolu-
tion of the depletion field after ultrafast photoexcitation
taking into account lattice polarization macroscopically.
Kurz and co-workers have performed numerical simula-
tions based on the drift-diffusion model®!? which de-
scribes the slow component of the observed optical
response very well. However, neither of the models ade-
quately describes the experimentally observed oscilla-
tions.

In the present paper we develop a microscopic theory
of plasmon-phonon oscillations. The plasmon-phonon
equations for a uniform case are solved in Sec. II, where
we also discuss differences in the oscillatory behavior of
the electric field and the lattice displacement. In Sec. III
we consider the case of a nonuniform density distribution
which is more appropriate for the description of experi-
ments!? performed with tightly focused laser beams, and
compare the results with experiment. We also discuss the
possibility of terahertz emission by coherent phonons.
The final section, Sec. IV, contains concluding remarks.

II. DYNAMICS OF PLASMON-PHONON MODES
FOR UNIFORM PHOTOEXCITATION

In this section we will study the plasmon-phonon dy-
namics for the case of spatially uniform density of pho-
toexcitations. This generic case of homogeneous density
and uniform applied field is important for understanding
the physics of the transient response, although it may not
be directly applicable to realistic experiments.

Our analysis is based on the well-known equations for
plasmon-phonon modes which in the time domain read'*
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Here, P is the electronic polarization and W is the nor-
malized lattice displacement (W =V pu, where u is the
displacement of the optical mode and p is the reduced
density). In the absence of coupling, the polarization is
expected to oscillate with the plasmon frequency
a)pl=\/ 4meN /e, u (N being the total density of carriers
and u the reduced electron-hole mass), while the frequen-
cy of lattice oscillations should be that of the longitudinal
optical phonon @;. The coupling of phonons to the elec-
tric field is characterized by y,=wrV (gg—t,)/4,
where g, and €, are the low- and high-frequency dielec-
tric constants, and w4 is the transverse phonon frequen-
cy. 13

Note that, because both optical phonons and plasmons
are dispersionless, the equations are the same for all wave
vectors except =0, where the uniform applied field E
creates a driving force on the right-hand side of both
equations. If the field is nonuniform as is the case in the
surface depletion layers, the driving term will be finite
also in a small vicinity of q=0. However, the corre-
sponding range of wave vectors is of the order of the in-
verse depth of the depletion layer (about 100 nm), so that
it is very small compared to the size of the Brillouin
zone. Therefore we can restrict ourselves to considering
only the zero-wave-vector mode.

The decay of the oscillations is described by phenome-
nological relaxation terms in (1) and (2). The relaxation
constant for electronic polarization has the meaning of
the momentum relaxation time, which can be as short as
a few tens of femtoseconds. The constant that describes
damping of phonon oscillations is related to the anhar-
monic decay time for LO phonons (about 4 ps). 16

These equations describe two coupled harmonic oscil-
lators. The frequencies of the normal modes of this sys-
tem are shown in Fig. 1 for GaAs parameters (g,=12.9,
£,=10.9, v =8.76 THz, v;,=8.06 THz, and
©=0.06m;) as a function of plasma density. At very low
densities the plasmon branch is overdamped, and the
phonon branch has the LO frequency. At very high den-
sities, the fast plasmon oscillations screen the longitudi-
nal field associated with the lattice motion, reducing the
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FIG. 1. Density dependence of plasmon-phonon mode fre-
quencies in GaAs. The two bottom curves with negative fre-
quencies show the density-dependent dephasing of both modes
calculated for y5'=0.1 ps and y,,' =4 ps. Vertical dotted lines
mark density values used in numerical solutions below.
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phonon frequency to that of the TO phonon. The an-
ticrossing of both branches occurs at densities around
10'® ¢cm ™3, where both modes become strongly damped.
Except for a small effect of damping on the frequencies,
Fig. 1 is identical to the well-known results of Ref. 14.

In the presence of the external electric field, these
equations also have steady-state solutions:

w=-T112_ g 3)
[OF R

P=0,

for zero density before the excitation, and

E ext

P »
47

W =0 (4)

after the excitation pulse has created a nonzero carrier
density in the sample. The system will react to the opti-
cal excitation by moving from one equilibrium position
(3) to the other (4). Because both the lattice and the elec-
trons possess a certain inertia represented by second-
derivative terms in (1) and (2), the system will oscillate
around the new equilibrium position. Both plasmon-
phonon modes shown in Fig. 1 should be involved in the
oscillatory transient.

Unfortunately, in general it is not possible to describe
this transient behavior analytically because of the way
the time-dependent carrier density enters Eq. (1): it
affects the source term in the right-hand side and the
plasmon frequency, so that solutions of (1) are nonlinear
in the density even in the absence of phonons [note that
the plasmon-phonon coupling is also proportional to the
density through the prefactor on the right-hand side of
(1)]. However, an approximate analytical solution can be
obtained in the limit of very low densities, where we can
leave out the coupling between the two equations, and
neglect the time dependence of the plasmon frequency.

We will describe the evolution of the density by a sim-
ple rate equation,

dN

7 NyI(t), (5)
where N is the final value of the density, and I (¢) is the
temporal profile of the excitation intensity normalized in
such a way that

[ @ rn=I0=0=1. ©)

— 0

This equation represents the process of optical generation
of carriers. We do not include recombination in (5) since
it occurs in a much longer time scale (tens of
nanoseconds).

In the low-density limit the equations are uncoupled,
so that we can solve the plasmon equation (1) first and
then substitute the resulting solution for the polarization
into (2). If we further assume that the excitation duration
is much shorter than the characteristic rise time of the
polarization (the plasmon period), we can neglect the
time dependence of the plasmon frequency on the left-
hand side of (1). Under these simplifications, we can im-
mediately write down the Fourier-transformed solution:
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The denominator of (7) is a third-degree polynomial, so
that the solution has three poles in the frequency domain.
Consequently, in the time domain the solution will be the
sum of three oscillating terms with the frequencies O and
*o, (for simplicity, let us assume that the dephasing is
zero; finite dephasing will only add a small imaginary
part to the plasmon poles):

a)f)lECXt
P(t)=T{1—I(a)p1)cos[a)p1t]}6(t) (®)
(it is valid only after the pulse is over). Substituting (7) as
a source term into (2), we get for the Fourier transform of
the displacement,
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[the constant component (3) has been left out]. Again,
the denominator is a polynomial, so that in the time
domain the solution is a superposition of three oscillating
components:

W ()=0()[ Wo+ W, coswyt + W, cosw t],  (10)
with
Y E™ o7,

7 Wa=Wolloy)——-
€, 0T 0] —o

Wy=
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Wy — Wy
We see that the constant component exactly offsets the
initial displacement (3); the component at the plasmon
frequency is of the order of the initial displacement and
may even exceed that, while the component at the LO
frequency is small (quadratic in plasma frequency, i.e.,
linear in N, and further scaled down by the excitation
spectral density at the phonon frequency). In the same
approximation, we can write down for the electric field

E(t)=E®'—4qP—y,W
=E—6()[E™'+E cosw,t +Ey, coswt]

(12)
with
E =~E™"w,),
p p X (13)
E.=E™[(w,) Dpl €0 Ew
ph @r)—, 2
wpl_wL €o

We see that both the lattice displacement and the elec-
tric field are superpositions of a constant background
with oscillations at plasmon and phonon frequencies.
However, the relative magnitudes of oscillations in these
two quantities are very different. Comparing (11) with
(13), we have
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According to (14), an oscillatory electric field at the pho-
non frequency produces a displacement which is about an
order of magnitude larger than the constant displacement
(3) caused by a constant field of the same magnitude.
Due to this resonant enhancement, the lattice displace-
ment (10) is no longer proportional to the electric field
(12) as is the case for constant (or slowly varying) field.

The above analytical results are of limited practical
value because the approximations we made are too crude
(e.g., the results would diverge at the next step of the
iterative procedure because we have neglected mode cou-
pling). However, the qualitative trends that we have dis-
cussed in connection with this approximate solution are
borne out by numerical results that are presented below.

The system of equations (1) and (2) poses little compu-
tational challenge. We have solved it numerically for the
parameters of GaAs (see Fig. 1), assuming a Gaussian ex-
citation pulse with 50 fs full width at half maximum
(FWHM), and the magnitude of the external dc field set
to 100 kV/cm (the results are linear in the dc field, so this
choice does not really matter). The solutions and their
Fourier transforms are shown in Figs. 2-5.

Figure 2 shows the evolution of lattice displacement W
at different excitation densities; Fig. 3 displays the
Fourier transforms of these curves. At low densities, the
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FIG. 2. Transient behavior of the lattice displacement after
ultrafast optical excitation at different excitation densities indi-
cated by dotted lines in Fig. 1. After the initial displacement
has been compensated, the lattice oscillates around W =0.
Note the mode beating at intermediate densities due to the pres-
ence of two plasmon-phonon modes.
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FIG. 3. Fourier transforms of the lattice displacement curves
shown in Fig. 2. The transition from weak LO oscillations to
strong TO oscillations at high densities is evident. In the an-
ticrossing region (N =7.5X 10! cm ~3) both modes show strong
damping that results in the suppression of the oscillations in the
time domain.

amplitude of the phonon oscillations is small while the
plasmon oscillations are of the order of the initial dis-
placement. At intermediate densities, the phonon oscilla-
tions shift to higher frequencies and both modes become
strongly damped (cf. Fig. 1). At high densities, the high-
frequency branch (plasmons) no longer shows in the lat-
tice displacement because the plasmons become too fast
for the lattice to be able to respond to their motion. In-
stead, the fast plasmons are now able to adiabatically fol-
low lattice oscillations, which results in the disappear-
ance of LO oscillations and the emergence of a strong TO
peak. The magnitude of the TO oscillations at high den-
sities is practically equal to the initial displacement,
which is the theoretical limit for a shifted oscillator that
is released instantaneously.

The results for the electric field shown in Figs. 4 and 5
confirm the analytical argument that the dynamical
behavior of the field can be very different from that of the
displacement. The LO-phonon oscillations are much less
pronounced in the field dynamics, in agreement with the
estimate (14). Also, at higher densities the field has a
high-frequency plasmon component that does not appear
in the lattice dynamics.

In summary, the results of this section indicate that in
a spatially homogeneous situation it is quite difficult to
excite LO-phonon oscillations. For the above-discussed
reasons, LO oscillations are more pronounced in the lat-
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FIG. 4. Time dependence of the electric field (14) for the con-
ditions of Fig. 2. Again, after the applied field is screened, there
are oscillations around zero field. However, the relative magni-
tude of the two modes is different from that in the case of dis-
placement.
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FIG. 5. Fourier transforms of the field from Fig. 4. Note that
the high-frequency plasmons are quite pronounced in the field
at high densities, and that at low densities the LO peak is very
weak.
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tice displacement than they are in the field dynamics, but
still they are weak compared to the plasmons, in agree-
ment with the analytical estimates (11) and (13). There
are two physical reasons for that: (a) LO phonons are
only present at low densities, where the rise time of the
polarization (the plasmon period) is long, so that the lat-
tice has time to adjust adiabatically to the time-
dependent field; (b) the factor I (w; ) in (11) and (13) fur-
ther reduces the LO amplitude by a factor of 3 for a 50 fs
pulse.

This result apparently disagrees with experiment. In
the next section we will show how the experiments can be
quantitatively explained in spite of this apparent contrad-
iction.

III. COMPARISON TO EXPERIMENT

We will concentrate on the experiments conducted by
Kurz and co-workers. »>%10 A typical set of experimen-
tal data is shown in Fig. 6, where the observed reflective
changes are plotted versus probe delay time for different
excitation densities. The change in the reflection
coefficient is thought to represent the time-dependent
electric field directly via the electro-optic effect. »>%10

To begin with, let us point out three features of the ex-
perimental data that are most important for our analysis.
(1) The frequency of oscillations is independent of the
density and is equal to that of the LO phonon; (2) there is
no trace of plasmon oscillations in any of the curves, even
though they cover two orders of magnitude in the densi-
ty; (3) the amplitude of the oscillations never exceeds
10% of the overall reflective change. All three features
are in direct contradiction to the analysis of the preced-
ing section, where we have shown that the oscillation fre-
quency should be density dependent, the plasmons should
be more pronounced than the phonons, and the ampli-
tude of lattice oscillations can be of the order of the ini-
tial displacement.

In this section we are going to demonstrate that these
contradictions can be eliminated by taking into account
the differences between the realistic experimental situa-
tion and the idealized case considered above.

20 p-type GaAs (2x10'8cm™3)
o 5x10!8
o
g 20 16x1018
<
S 10 Bx1017
2x1017
0.0 x1010cm™3

0.0 0.5 1.0 1.5 2.0
Time Delay (ps)

FIG. 6. Experimentally observed reflective changes in p-
doped GaAs at different excitation densities. Reprinted with
permission from Ref. 10.

7559

Inhomogeneous density distribution

In the experiment, high excitation densities are pro-
duced by tightly focusing the laser beam on the sam-
ple."2 Focusing does produce higher average densities,
but also makes it practically impossible to maintain con-
stant density across the illuminated spot. As was pointed
out by Collins and Yu,!” this density inhomogeneity is
absolutely crucial to understanding the optical response.
In their Raman scattering experiments, they have seen
LO and TO scattering peaks instead of density-dependent
plasmon-phonon features. To explain their results, they
had to integrate the mode spectrum over a wide density
range. Because only density-independent features such as
LO phonons at low densities and TO phonons at high
densities can survive such averaging, the plasmon branch
is not observed due to this inhomogeneous broadening
effect. Let us stress that this does not mean that the
plasmons are not excited, it only means that they cannot
be detected because of the interference of plasmons with
different frequencies that contribute to optical response
from different points in the excited spot.

The situation of Ref. 17 is very reminiscent of the
coherent phonon results discussed here, where neither
plasmons nor the density dependence of oscillation fre-
quency is observed. The averaging over different densities
across the excited spot can be expected to suppress
density-dependent plasmon oscillations. The exact way
the density averaging should be performed depends on
the particular form of the density distribution across the
illuminated spot. If the reflectivity R is dependent on the
local value of the density n (7), the observed reflectivity
can be represented as!’

R* e [ “2ardr R(n[rDE™(r) (15)

where we have also taken into account the spatial distri-
bution of the probe electric field (since the reflected signal
is collected by a lens from its focal point, one has to sum
the fields and not the intensities from different points). In
the case when both the pump and the probe have Gauss-
ian spatial profiles, we can transform (15) into an integral
over the density:

tot Mo R(n)
R e [ Cdn= 2= f (n) . (16)
Here, N, is the maximum density at the center of the
spot, and the phenomenological form factor f(n) ac-
counts for deviations from the Gaussian profile (it is
equal to 1 if the distribution is exactly Gaussian). In the
numerical simulations below, we will assume that the
form factor changes linearly from 1 at n =0 (in the wings
of the distribution) to a finite value C <1 in the center of
the spot (C =0.2 unless stated otherwise). Even without
the form factor, it is clear from (16) that the low-density
wings, because of their greater area, give a much larger
contribution to the overall signal than the small high-
density region in the center.

Hot-carrier effects

Another deviation from the simple physical picture of
the preceding section is due to band structure effects in
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FIG. 7. Time evolution of the electron density in the L-valley
(dashed line) and the T' valley (dotted line). The solid line
is the effective density N°*f=N+40.1N,. Calculated according
to a rate-equation model of Ref. 18.

GaAs. Optical excitation at 2 eV creates electrons with
enough kinetic energy for intervalley transfer, so a sub-
stantial part of the total density will be transferred to the
L valley immediately after the excitation. Since the ratio
of L- to I'-valley mass is about 10, the L-valley electrons
have much lower mobility and are much less effective in
screening of the applied field. This effect was shown to be
important for the description of the slow component of
the optical response. '°

Following the approach of Ref. 18, we assume that the
total mobility is proportional to N*¥=N . +0.1N; due to
the above-mentioned mass difference between the valleys.
We have calculated the time dependence of the densities
in different valleys using the rate-equation model of Ref.
18 and used the time dependence of the effective density
rather than that of the total density in the subsequent cal-
culations of the optical response. The effective density
(Fig. 7) drops immediately after the excitation due to the
transfer of carriers to the L valley, and then approaches
the total density as the carriers transfer back to the I val-
ley with the time constant of about 3 ps. '°

This effect brings the slow component of the calculated
response closer to the experimentally observed one and
also enhances the amplitude of the oscillations. We did
not include more complicated high-field transport effects
such as drift velocity saturation, !° which could have fur-
ther improved the slow response but are unlikely to affect
the oscillations which are our main concern.

Field nonuniformity

In the preceding section we have assumed the applied
dc electric field to be spatially uniform. However, in real-
istic depletion layers the field penetrates only a short dis-
tance (some tens of nanometers) below the surface.

We have found that the nonuniform density distribu-
tion plays a decisive role in our model because the
response is nonlinear in the density. In contrast, the
nonuniform field distribution in itself does not affect any-
thing for the simple reason that the response is linear in
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the field. However, the finite depth of the depletion layer
has an indirect effect on the optical response for two
reasons. (1) The depletion layer depth w is much smaller
than the absorption length /, (about 300 nm in GaAs at 2
eV). Since the oscillations will be affected by the screen-
ing transients only within the depletion layer, while the
probe reflection is determined by a much larger region of
the thickness ,, the transient response should be scaled
down roughly by a factor w/I,. A full electrodynamic
calculation (e.g., the transfer matrix approach of Ref. 10)
is needed to describe this effect quantitatively. (2) In an
infinite system, an arbitrarily small density of carriers can
screen any applied field by achieving large enough separa-
tion distance. However, for a system where the field is
present only within a narrow layer of the depth w, the
maximum field strength that can be screened by a given
density of carriers N is E,, =4meNw. At low densities
(<10' cm™3) this value can be smaller than the de-
pletion field, so that not all of the available field will be
screened. This effect is evident in Fig. 6 where experi-
mental curves at lower densities clearly approach smaller
limiting values at long times, which seems to indicate
smaller overall field change, i.e., that the screening is in-
complete.

Both effects make it difficult to predict the absolute
value of the reflective changes due to the lack of reliable
information about the depth and field profiles of realistic
depletion layers. However, the first effect only scales the
response by a constant factor, while the second leads
mostly to a density-dependent scaling at low densities.
Including realistic field profiles is needed for the descrip-
tion of the slow component of the response, which is
determined by the balance of drift and diffusion flow at
longer times.!® In contrast, for the oscillatory response
which is determined by a short-time dynamics, we can ex-
pect field inhomogeneity to be only marginally important.

In this paper we will treat these geometrical con-
straints simply by scaling the calculated optical response
so that it matches the observed limiting value of the
reflective change at long times. The scaling factor turns
out to be density independent at higher densities, and has
to be reduced at very low densities to account for the in-
complete screening in agreement with the above argu-
ment.

Electro-optical response

We also have to consider how the experimentally mea-
sured quantity (the difference in reflection coefficients for
two orthogonally polarized probe components) is related
to microscopic quantities in our model. In steady state
(or for slowly varying fields) the difference in refractive
indices is determined by the electro-optic effect:

An=1n3r,E(1), a7

where r,, is the electro-optic coefficient (1.6X107!°
cm/V for GaAs). !0

However, the lattice displacement also affects the opti-
cal properties. We can quite generally write the follow-
ing phenomenological expression for the reflective
change:"°
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In the traditional language of electro-optical phenomena,
the first term in (18) originates from (fast) electronic
“bond charge” response, while the second is related to a
slower lattice distortion process (“bond stretching”). !

In steady state, this expression reduces to (17) with
riu=ré+r", because in steady state the displacement is
proportional to the field [Eq. (3)]. Consequently, for
slowly varying fields there is no need to distinguish be-
tween the field and the displacement, and the expression
(17) can be used to calculate the optical response.

However, as we have seen in Sec. II, the dynamical
behavior of the field and the displacement can be very
different, so that the more general Eq. (18) is needed to
describe the transient optical response. Because field os-
cillations cause disproportionately large lattice displace-
ment [cf. (14)], the oscillatory optical response will be pri-
marily determined by the second term in (18).

Below we will present results calculated with »*=0 (the
response is determined by the displacement only), r*=0
(by the field only), and r°¢/r*=—2.7, which is a proper
choice for GaAs according to Ref. 19.

Numerical results

In our numerical simulation, we solve the plasmon-
phonon equations (1) and (2) for 100 density values from
N, (the value shown on the curves) down to zero. The
time dependence of the effective density is determined by
the rate-equation model of Ref. 18 (Fig. 7) and is the
same for all densities. Then we integrate the calculated
field and the displacement according to (16) to account
for the inhomogeneous density distribution. The result-
ing integrated field and displacement are then used to
evaluate the optical response according to (18). The
curves are scaled to match the observed values of the
reflective change at long times. Finally, the results are
convolved in time with a 50 fs FWHM Gaussian probe
pulse to simulate the detection procedure.

The results of the simulation are shown in Figs. 8—-10
for three different choices of the electro-optic coefficients.
Figure 8 displays the results for »¢/r**=—2.7, which is
the value taken from Ref. 19. The agreement between
this set of data and the experimental curves shown in Fig.
6 is remarkably good, especially for the oscillatory part of
the response. As we have mentioned earlier, the slow
response is influenced by the finite depth of the depletion
layer and is much better described by the drift-diffusion
model of Ref. 10. However, we are able to reproduce the
frequency, amplitude, and phase of the observed oscilla-
tions reasonably well.

In the preceding section we have pointed out that it is
quite difficult to excite LO-phonon oscillations in a spa-
tially homogeneous situation. However, weak LO oscilla-
tions from the low-density wings of the distribution have
a constant frequency and add up constructively during
the density averaging. In contrast, the plasmon oscilla-
tions, which have different frequencies at different densi-
ties, tend to cancel out in the density integral, even
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FIG. 8. Time dependence of the differential reflectance for
different excitation densities calculated using the procedure de-
scribed in the text. One of the curves is lifted by 0.5 to avoid
overlapping. The ratio of electro-optic coefficients in (18) is
r¢/r**=—2.7, which is the value given in Ref. 19 for GaAs.

though at any given density they are stronger than the
phonon ones.

Let us also mention that the densities we have used in
the simulation are systematically lower than the ones in-
dicated in Fig. 6 by approximately a factor of 5. This
may partly be due to our simplified treatment of the hot-
carrier transport. For 2 eV excitation and strong dc
fields, the effective mass of the carriers may be higher,
which would have the same effect as scaling up the densi-
ties. Also, the experimental values of the densities may
be overestimated due to the uncertainties in the absorp-
tion length and the lateral dimensions of the excited spot.

In Fig. 9 we show the reflective response calculated for
r°=0, i.e., under the assumption that the response is
determined solely by lattice displacement. Figures 8 and
9 are almost identical, which confirms our claim that the
displacement is primarily responsible for the oscillatory
response. However, one can see that the oscillations in
Figs. 8 and 9 have opposite phases. This is due to the
fact that in Fig. 8 the contributions of the electric field
and the displacement have opposite sign. For the slow
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FIG. 9. Differential reflectance calculated with »°=0, i.e., as-
suming that the response is affected by lattice displacement
only. One of the curves is lifted by 0.5 to avoid overlapping.
The response is very similar to that of Fig. 8, but the sign of the
oscillatory component is reversed.
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contribution is increased by a much larger factor due to
resonant enhancement, and the overall sign of the
response is reversed. In other words, the signs of the
effective electro-optic coefficients for the slow response
and for the oscillations are opposite. As a result, the os-
cillations are flipped over in Fig. 9 where both the slow
and the oscillatory component have the same sign of the
response.

Finally, in Fig. 10 we plot the time dependence of the
electric field which would be directly proportional to the
differential reflectivity?!° if we neglected the influence
of the lattice displacement. The amplitude of the oscilla-
tions in Fig. 10 is clearly too small to explain the experi-
mental data, and they also have the wrong phase com-
pared to Fig. 8.

These results demonstrate that nonuniform density
effects play a decisive role in the observed transient opti-
cal response by eliminating the plasmon oscillations that
dominate in the spatially homogeneous case. Another
important finding is that the simplistic picture of the
electro-optic effect based on (17) is inadequate for this
transient regime, and that in fact the lattice dynamics
and not the electric field per se determines the oscillatory
optical response.

Mode beating

The experiment also indicates that at higher densities
both LO and TO oscillations are present in the reflected
signal, which results in a characteristic beating pat-
tern.®2° The observation of LO-TO beating is the most
conclusive evidence for the inhomogeneous density effect.
It is obvious from Fig. 1 that longitudinal oscillations
with LO and TO frequencies cannot exist simultaneously
at any single value of the density, so the only explanation
for their coexistence is the presence of different densities
in the region sampled by the probe beam. The mode
beating effect is reproduced in our calculation if we in-

FIG. 11. Time derivative of the lattice displacement at high
densities. The beating between LO and TO oscillations is clear-
ly visible, and the damping becomes density dependent.

2 4 6 8 10 12
Frequency (THz)

FIG. 12. Fourier transforms of the curves shown in Fig. 11.
The TO mode is absent at low densities, but quickly becomes
dominant at high densities. Note that the relative magnitude of
the two peaks and their damping (spectral width) are density
dependent, but their spectral position is not.
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crease the densities by another order of magnitude.

In Fig. 11 we plot the time derivative of the lattice dis-
placement for densities ranging from 1X10'® to 10X 10'8
cm®. We have taken the derivative to eliminate the
slow component of the response. Also, we concentrate on
the lattice displacement and do not calculate the full
response (18) because we expect the displacement to play
a dominant role.

In this numerical example, the densities in the center of
the laser spot are such that a well-defined longitudinal
mode with TO frequency can exist (cf. Fig. 1). This mode
competes with LO oscillations that are primarily pro-
duced at the wings of the density distribution. With
growing density, the TO oscillations become comparable
to the LO oscillations and eventually become dominant.
This is clearly seen in Fig. 12, where the Fourier trans-
form of the oscillatory patterns in Fig. 11 is plotted.

These results are qualitatively similar to recent experi-
mental results®® which confirm the above-described beat-
ing pattern. We would also like to point out that these
are not ‘“‘true” quantum beats where the same mode oscil-
lates with two frequencies, but rather the result of in-
terference between oscillations that occur in different
places of the excited region.

Terahertz emission by coherent phonons

Rapid changes in current resulting from ultrafast opti-
cal excitation of dc-biased semiconductors lead to tran-
sient dipole electromagnetic radiation in the terahertz
frequency range, as was experimentally and theoretically
demonstrated in recent years.?! ~2* The radiation mostly
results from fast initial rise of the polarization. However,
as the above analysis demonstrates, there is also an oscil-
latory component in the polarization that in principle can
result in a quasimonochromatic electromagnetic radia-
tion at the phonon frequency.

Let us note that such radiation is very different from
conventional polaritons!> which are transverse elec-
tromagnetic modes propagating inside the material. The
polaritons do not create macroscopic dielectric polariza-
tion of the material and therefore do not emit dipole radi-
ation. The electromagnetic transients we are concerned
with here are observed in the far-field zone outside the
material and are coherently produced by a collective
motion of particles in the excited spot. Although techni-
cally this radiation is produced by longitudinal modes
which would have been impossible in an idealized homo-
geneous situation, longitudinal oscillations of the polar-
ization in a finite-size excited spot whose dimensions are
smaller than the relevant wavelength constitute an exper-
imental realization of a Hertzian dipole oscillator (see,
e.g., Sec. 9.2 of Ref. 24) and can be treated accordingly.

In contrast to the electro-optic response discussed
above, the radiated electric field E™ is directly related to
macroscopic polarization and hence to the time depen-
dence of the electric field E in the material:?*

Erd(p ¢ +r/c)=s—in—¢—£ d’E (19)
’ g c2 r dt?’

where ¢ is the angle of incidence, V the radiating volume,
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and 7 the distance from the sample to the detector. Since
we calculate the electric field dynamics in our numerical
simulations, we can easily evaluate the radiated signal.
According to Ref. 23, the effect of “nonvertical transi-
tions”?? that are neglected in our model should be
minimal for the relevant case of high dc fields and 2 eV
excitation.

In Fig. 13 we plot the radiated field (19) for the case of
high excitation density where the phonon oscillations
(with the TO frequency, cf. Fig. 11) are most pronounced.
We see that the radiation is still dominated by fast initial
screening of the field, and the subsequent radiation at the
TO frequency is about an order of magnitude weaker.
The Fourier transform of this signal is shown in the inset.
Note that, while the lattice dynamics at this density (the
top curve in Figs. 11 and 12) is strongly dominated by TO
oscillations, the electric field and the radiated transient
contain LO, TO, and plasmon features.

Our results suggest that the role of phonon oscillations
in the terahertz emission is expected to be minor. While
in principle the magnitude of the oscillatory component
in the radiated field (about 1 V/cm) is detectable by the
dipole antennas used in terahertz experiments,?! it seems
unlikely that such oscillations can be measured by this
technique because the frequency response of the dipole
antennas is limited to about 2 THz. However, the pho-
non feature in the frequency domain can potentially be
detected by bolometric techniques?? which have wider
bandwidth.

Very recently, Dekorsy et al.?> have observed an elec-
tromagnetic terahertz transient from coherent phonons
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FIG. 13. Transient electromagnetic radiation for a high-
density excitation (N =8X 10'"® cm™3; the top curve in Fig. 12)
calculated according to Eq. (19). The radiating volume is as-
sumed to be 107° cm ™3, =1 cm, and ¢=45°. The initial tran-
sient is stronger than the subsequent oscillatory feature by
about an order of magnitude even in this high-density example
where the oscillations are most pronounced. In the frequency
domain (inset), the LO and TO spectral features superimpose
with a broad (up to 40 THz) response from the initial transient
producing a peculiar dispersive shape of the overall signal. The
plasmons are responsible for a small bump at 23 THz. In the
time domain, fast plasmon oscillations are visible immediately
after the initial transient.
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in Te, where the phonon frequencies (about 2 THz) are
within the spectral range of dipole antennas. This experi-
ment indicates that the terahertz emission from coherent
phonons is a quite general phenomenon and is not
specific to GaAs or any other material.

IV. CONCLUSIONS

In this paper we have studied transient processes that
follow ultrafast optical excitation of dc-biased polar semi-
conductors. By suddenly changing the dielectric proper-
ties of the material, optical excitation makes both the
photoelectrons and the lattice oscillate around their new
equilibrium positions. We have presented a microscopic
theory that describes this oscillatory transient in terms of
plasmon-phonon modes.

Our results can be summarized as follows. The physi-
cal quantities that perform the oscillations are the lattice
displacement of the optical mode and the electronic po-
larization which are coupled to produce the well-known
plasmon-phonon modes. The plasmons are much more
effective in screening of the applied field because the pho-
nons are relatively weakly coupled to the field. There-
fore, in a generic case of uniform plasma density, the
plasmon oscillations are found to be much stronger than
the phonon ones.

However, the plasmon frequency is density dependent,
and in a realistic experimental situation the plasmon os-
cillations are very strongly inhomogeneously broadened
because regions of the excited spot with very different
densities will contribute to the response. The effect of
density inhomogeneity is to wash out plasmon oscilla-
tions while preserving density-independent LO-phonon
features, which is consistent with the experimental
findings. Although the plasmons do not show in the ex-
perimental curves, from the theoretical standpoint they
are still very important because the plasmon period limits
the rise time of electronic polarization and thus
effectively controls the magnitude of the oscillatory
response. A more careful experiment with controlled
density distribution should be able to reveal both
plasmons and phonons in the transient regime.

Although the inclusion of the inhomogeneous density
effect gives the correct frequency of the oscillations, we
were unable to reproduce the magnitude and phase of the
oscillations in the differential reflectivity under the as-
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sumption that the reflectivity is directly related to the in-
stantaneous value of the electric field via the linear
electro-optic effect'® [cf. Eq. (17)]. The amplitude of the
field oscillations turns out to be too small compared to
the applied field to explain the experimentally observed
oscillatory response. However, the oscillating component
in the lattice displacement is much stronger and is of the
order of the observed response. After the influence of
both the electric field and the displacement on the
reflectivity is taken into account, the amplitude of the
calculated oscillations becomes consistent with experi-
ment.

At higher densities our theory predicts mode beating
between LO oscillations from the fringes of the excited
spot and TO oscillations from the high-density region in
the center of the beam. Such LO-TO beating has been
observed experimentally,>? which decisively confirms
the presence of a wide range of densities in the excited
spot.

The coherent oscillations in polarization should be a
source for electromagnetic radiation at the phonon fre-
quency.? Our calculation suggests that while this effect
is measurable in principle, it is small compared to the
broadband electromagnetic transient associated with
quick initial screening of the applied field. The detection
of such an oscillatory signal is also problematic because
its frequency (10 THz) greatly exceeds the possibilities of
conventional dipole antennas.

In conclusion, the coherent oscillations in GaAs can be
quantitatively understood in terms of a plasmon-phonon
picture. To describe the experimental data, the inclusion
of the inhomogeneous density effect and a more accurate
description of the electro-optic response are needed.
However, nonlinear transport effects such as drift veloci-
ty saturation!® seem to play no role in the oscillatory
response.
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