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We report on the time-resolved observation of coherent optical phonons in GaAs by the Franz-Keldysh
effect. This effect leads to a modulation of the optical interband transitions with a nonlinear dependence on the
macroscopic electric field associated with the coherent phonons. We find that the nonlinear electro-optic effect
forms a far more efficient detection mechanism for coherent phonons than the linear electro-optic effect near
the band gap.

In recent years, the study of coherent phenomena with
ultrashort laser pulses has become a matter of growing inter-
est. The use of subpicosecond laser pulses allows a direct
observation of coherent vibrations in molecules,1 phonons in
solid-state materials,2–4 and electronic wave-packet oscilla-
tions in quantum-well structures in the time domain.5 In pre-
vious studies the excitation mechanisms and the dephasing
of coherent oscillations have been addressed.

Recent investigations of coherent phonons in solid-state
materials have shown that the excitation results from the im-
pulsive interaction of the material with laser pulses whose
durations are shorter than the period of the oscillation. In
molecules, coherent vibrations can be excited by impulsive-
stimulated Raman scattering processes.1 In narrow-band-gap
semiconductors, the strong interband excitation of carriers
leads to the excitation of coherent phonons by the impulsive
elongation of the bonds.3 It was found that in these materials
the breathing mode of the coherent lattice vibrations modi-
fies the band gap via the deformation potential.6 In III-V
semiconductors, the femtosecond excitation of free carriers
results in the impulsive screening of the surface depletion
field due to an ultrafast charge separation. This mechanism
generates coherent longitudinal optical~LO! phonons, which
are associated with an oscillating macroscopic electric
field.2,7 These field changes have been observed in time-
resolved reflectivity measurements via the linear electro-
optic effect.2

In principle, the reflectivity changes induced by coherent
phonons in III-V semiconductors arise from the modulation
of the optical susceptibility at the phonon frequency, which is
expressed by the coupling of the Raman tensor with the co-
herent motion of the atomic displacement. In afirst-order
approximation the phonon-induced reflectivity changesDR
can be described by

DR;~]x/]Q!DQ5@~]x/]Q!F1~]x/]F !Q~]F/]Q!#DQ,
~1!

wherex is the real part of the optical susceptibility,Q the
atomic displacement, andF the macroscopic electric field.
The first and second terms at the right-hand side in Eq.~1!
are the deformation potential and the electro-optic contribu-
tion, respectively. This first-order Raman tensor determines
the usual allowed Raman scattering with its specific polar-
ization selection rules.8,9

However, in the vicinity of critical points in the electronic
band structure,nonlinear effects such as forbidden Raman
scattering and electric-field-induced Raman scattering by LO
phonons become strongly enhanced.8,9 The polarization se-
lection rule for these types of Raman tensors is different
from that of allowed Raman scattering. Both effects are
based on the modulation of the optical susceptibility through
the nonlinear electro-optic~NEO! contribution to the Raman
tensor. The resonance enhancement of the electric-field-
induced Raman scattering at theE0 band gap is determined
by the Franz-Keldysh effect,8 which can be described by the
third-order nonlinear optical susceptibilityx (3) in a low-field
approximation.10

Here, we demonstrate the modification of the optical tran-
sition at a critical point (E0) in GaAs induced by coherent
LO phonons as detected via the time-resolved Franz-Keldysh
effect. The Franz-Keldysh enhancement is isotropic, e.g., it
does not depend on the polarization of the detecting laser
light. Thus, it can be easily separated from the linear electro-
optic ~LEO! effect, for which the polarization selection rule
is the same as that of the first-order Raman tensor of Eq.~1!.
We observe a strong spectral dependence of the NEO effects
in the vicinity of theE0 band gap of GaAs driven by coher-
ent phonons.

Our experiments are performed with a fast-scan pump-
probe setup, which is equipped with a shaker scanner instead
of a stepper motor for realizing the pump-probe time delay.
This real-time data acquisition without using a chopper for
the pump pulse significantly improves the signal-to-noise ra-
tio. We measure coherent phonon-induced reflectivity
changes with laser pulses shorter than 50 fs derived from a
Kerr-lens mode-locked Ti:sapphire laser with a repetition
rate of 82 MHz. The sample isn-doped, 33 1017-cm23

GaAs wafers with~100! orientation. The surface field due to
band bending originating from the Fermi-level pinning11 and
the width of depletion layer estimated from the Schottky
model12 are; 200 kV/cm and; 50 nm, respectively. The
absorption length at 1.47 eV, 1.0mm,13 for our present ex-
periments is much smaller than the width of the depletion
layer. This satisfies a nearly homogeneous distribution of the
optically excited carrier density in the depletion layer. All
measurements are performed at room temperature. At normal
incidence on a~100!-oriented sample, the LEO effect leads
to anisotropic reflectivity changes,14 whereas the NEO effect

PHYSICAL REVIEW B 15 MARCH 1996-IVOLUME 53, NUMBER 11

530163-1829/96/53~11!/6904~4!/$10.00 6904 © 1996 The American Physical Society



leads to an isotropic change.15 For a ~110!-oriented sample,
only the NEO contributions can be observed. To separate the
isotropic from the anisotropic reflectivity changes at a~100!
surface, the reflected beam is split into its polarization com-
ponents, parallel to the@011# and @011̄# crystal axes, respec-
tively. This measurement scheme allows an exact compari-
son of the contributions of the different polarizations without
any change of the spot position or the overlap of pump and
probe on the sample.

The time-resolved reflectivity signature of~100! GaAs ex-
cited with a laser pulse with a photon energy of 1.47 eV is
shown in Fig. 1 for two different polarizations of the probing
laser pulse. At an optically excited carrier density of 1018

cm23 they differ only slightly at the scale of
DR/R0;1023. The main feature results from the saturation,
the interband transition, and the electric-field-induced
changes of the absorption. The corresponding refractive in-
dex changes are isotropic. The field-induced absorption
changes result from the ultrafast screening of the surface
depletion field by photoexcited carriers. These field changes
lead to a reflectivity change due to the Franz-Keldysh effect
as has been shown in time-resolved transmission experi-
ments on the field dynamics in a GaAs modulator structure.16

The periodic THz modulation superimposed on the reflectiv-
ity signature arises from a coherent LO-phonon-plasmon
mode that is excited by the impulsive screening of the sur-
face electric field of GaAs. The frequency of the modulation
is 7.6 THz. This frequency corresponds to the frequency of
the lower branch of the LO-phonon-plasmon-coupled
modes.8 At the high densities used in our experiments, the
upper branch cannot be observed due to the limited time
resolution. At low excitation densities beating phenomena
are observed indicating that both phonon-plasmon branches
are excited. The same effect has been observed in 2-eV ex-
citation experiments,17 where the phonon-plasmon modes
were probed using the LEO effect only. For the interpretation
of the plasmon-phonon-coupled mode, one has to consider
that we excite a nonequilibrium carrier distribution that is

strongly inhomogeneous due to the spatial variation of the
intensity over the focus of the pump beam.18,19 However, at
high densities the frequency of the lower phonon-plasmon
mode approximately equals the TO frequency~8.05 THz, for
q50! over a large range of densities. Hence, the spatial in-
homogeneity hardly leads to a smearing out of the oscilla-
tions of the lower phonon-plasmon mode. For a further re-
duction of the smearing-out effect, we made the focus of the
probe about three times smaller than that of the pump. The
dephasing times observed are in the subpicosecond regime,
which is significantly shorter than that of the bare LO pho-
non ~3.524.0 ps! observed at low excitation densities2 in
accordance with time-resolved Raman experiments.20 This
difference originates partly still from the variation of the car-
rier density at the probe spot. This leads to an inhomoge-
neous broadening of observed modes and this broadening is
great if one compares it with the homogeneous linewidth of
a bare LO phonon. More relevant, the coupled nonequilib-
rium plasmon is damped more strongly than the phonon
eigenmode due to carrier-carrier scattering. In the same den-
sity range, the thermalization of nonequilibrium electrons
has been determined to be 200 fs at room temperature and at
the same photon energy.21 However, the dephasing time of
the coupled phonon-plasmon oscillations is found to be
about three times longer than the thermalization time of 200
fs. We attribute this result to the phononlike part of the
coupled mode, which does not lose its coherence even in the
presence of much faster momentum scattering rates within
the carrier plasma. Increased linewidths of phonon-plasmon-
coupled modes have also been found in Raman scattering
experiments.22 Most recently, the electroabsorption due to
bare plasmon oscillation has been observed in fs transmis-
sion experiments in the GaAs diode structure with built-in
field.23 There, dephasing times, 400 fs have been observed
at a lattice temperature of 90 K and carrier densities of
1016 cm23. These dephasing times are significantly shorter
than the ones we observe at room temperature, higher densi-
ties, inhomogeneous carrier, and field distributions in a
doped sample. This astonishing difference confirms our in-
terpretations of the stability of the phonon-plasmon-coupled
mode. Detailed investigations on the plasmon-phonon cou-
pling and the plasmon dephasing for near-band-gap excita-
tion will be published in a forthcoming paper. For further
interpretation of our experiments, we note that the conclu-
sions we draw do not depend on whether we observe the
unscreened LO phonon at low densities or phonon-plasmon-
coupled modes at higher excitation densities, since both are
longitudinal modes associated with a macroscopic electric
field.

For a detailed analysis of the polarization selection rules
of the detection mechanism, the oscillations extracted from
Fig. 1 are shown enlarged at a scale ofDR/R0;1025 in Fig.
2. At this scale, noticeable differences between the two
probe-beam polarizations are observed. The amplitude of the
reflectivity changes for polarization along the@011# direction
is larger than that for the polarization along the@011̄# direc-
tion. In the inset of Fig. 2 the difference between these two
polarizations is plotted at a scale ofDR/R0;1026. This dif-
ference corresponds directly to changes in the refractive in-
dex Dn determined by the first-order Raman tensor of Eq.

FIG. 1. Transient reflectivity changes of a~100!-oriented
n-doped ~331017 cm23) GaAs. The excitation density is about
1018 cm23. The upper and lower traces correspond to reflectivity
changes with the polarization parallel to the@011# and@011̄# crystal
axes, respectively. The inset shows the polarization components
~6E ref) of the probe beam with respect to the crystal axes of a
~100! wafer.
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~1!. For the LO-phonon mode, for whichQ is linearly related
to F, these changes can be equivalently expressed by the
LEO effect:

DnLEO;n0
3~r e1r i !Fsin~2u!, ~2!

wheren0 denotes the unperturbed refractive index,r e and
r i are the electronic and the ionic contributions to the linear
electro-optic coefficientr 41(5r e1r i),

24 andF is the change
of the surface depletion field including the macroscopic LO-
phonon field.u is the azimuth angle between the polarization
component of the reflected probe beam and the@010# crystal
axis ~see inset of Fig. 1!. According to the symmetry of the
LEO tensor, this contribution disappears after rotating the
sample by 45° as shown in the inset of Fig. 2~curve marked
by arrow!. This demonstrates that the anisotropic LEO con-
tribution is smaller than the isotropic modulation by one or-
der of magnitude.

By tuning the central wavelength of the laser pulse, we
measure the dispersion of both the LEO and the NEO effect.
The excitation density of the photoexcited carriers is kept
constant at 1018 cm23 in order to achieve the same coherent-
phonon amplitude at all photon energies. Figure 3 shows the
dispersion of the LEO and the NEO effect as derived from
the photon-energy dependence of the oscillation amplitude.
The strong enhancement of the NEO effect in comparison to
the LEO effect in the near-band-gap regime as derived from
coherent-phonon amplitudes is clearly observed. It agrees
well with the results of an earlier study on a Mach-Zehnder
phase modulator.25 The observed dispersion follows the gen-
eral dispersion of the Franz-Keldysh effect. However, dis-
tinct Franz-Keldysh oscillations in the initial phonon ampli-
tude cannot be observed due to the field inhomogeneities at
the surface and the broad energy width of the laser pulse.
The fact that the anisotropic contribution depends only
weakly on the photon energy above the band gap indicates
that neither the LEO effect nor the phonon-generation
mechanism shows a significant dispersion above the band
gap. Thus, the strong enhancement of the isotropic NEO con-

tribution near the band gap is solely due to the resonant
character of the nonlinear electro-optic detection mechanism.

Recently, it has been proposed that the coherent excitation
of a direct and a phonon-assisted interband transition can
lead to a modulation of the interband oscillator strength with
the longitudinal optical phonon frequency.26 However, this
quantum beat effect cannot be responsible for our observa-
tions, since the interband dephasing time is extremely short
~on the order of 100 fs! at room temperature. In addition, the
required excitonic effect is strongly suppressed due to sur-
face field-induced ionization and the Coulomb screening at
these carrier densities.

The electro-optic changes of the reflectivity can be ex-
pressed as the real part of the nonlinear optical susceptibility.
Taking into account the unscreened portion of the inhomo-
geneous surface depletion field (Fs), the electric field can be
written asFs1F0e

2t/tcos(Vt), whereF0 is the amplitude of
the longitudinal field produced by the phonons,V the oscil-
lation frequency, andt the dephasing time of the oscillation.
The unscreened background field in the vicinity of the sur-
face during the transport duration of the nonequilibrium car-
riers is much larger than the longitudinal field (F0) produced
by the phonons.7 Hence, the quadratic electro-optic effect
proportional toFsF0(V) is larger than that proportional to
F0
2(2V). Due to the permutation of the frequency arguments

in x (n), higher order inF0(V) leads to higher harmonics as
well as the fundamental term ofV. In the present case, we
observe changes in the reflectivity with the phonon fre-
quencyV. Oscillations with higher harmonics cannot be re-
solved due to the limited time resolution. Hence, we will
consider only terms with the fundamental frequencyV in the
expansion of the nonlinear susceptibility:

DnNL~V!;x~2!F0~V!e2t/t1

1 f ~x~3!Fs ,x
~5!Fs

3 , . . . !F0~V!e2t/t11•••.

~3!

The first term describes the LEO effect, while all higher-
order terms contribute to the NEO effect. In this equation it
is assumed thatx (4) is negligibly small compared tox (2).

FIG. 2. Oscillatory parts extracted from the reflectivity changes
of Fig. 1. The inset shows the oscillations obtained by directly
measuring the anisotropic LEO effect by subtraction of the signal
with polarization along@011# from that with polarization along
@011̄#. The curve indicated by an arrow is measured with the sample
rotated by 45°.

FIG. 3. The amplitude of the LEO~open squares! and NEO
~solid circles! oscillation amplitude vs the photon energy of the
laser pulses extracted at a delay time of 380 fs.
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The functionf depends on the surface depletion fieldFs and
the nonlinear optical susceptibilitiesx (2n11) that describe the
Franz-Keldysh effect.10

Since the isotropic NEO signal depends on the unscreened
background field,Fs , the time dependence of the total NEO
signal contains the time evolution of the surface field in the
presence of carrier transport. Thus, the dephasing for the
NEO and the LEO response is expected to be different.
These different dephasing responses are also clearly illus-
trated by the amplitude difference between the two polariza-
tions in delay time in Fig 2. Figure 4 shows the dephasing of
the isotropic and anisotropic oscillations extracted from Fig.
2. Each oscillation is fitted numerically and both traces are
presented with a normalized amplitude at zero time delay.
The short transport time associated withFs in the NEO sig-
nal leads to a faster decay time of; 400 fs compared to
; 530 fs for the LEO signal.

In conclusion, we report on the observation of coherent
phonon oscillations via the nonlinear electro-optic effect.
This effect is based on the Franz-Keldysh effect, which is
strongly enhanced near the band gap as compared to the
linear electro-optic effect. The polarization selection rules
enable the separation of the linear and the nonlinear electro-
optic effects. Our findings show that the NEO effect is very
important in the interpretation of time-resolved data mea-
sured in the presence of electric fields near the band gap.
Similar strong nonlinear electro-optic effects are expected in
quantum-well structures due to the quantum confined Stark

effect27 or the Wannier-Stark effect. They might open the
way to use these structures as THz electro-optic oscillators
close to the optical phonon frequencies.
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