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Abstract. The impulsive excitation and phase-sensitive detection of coherent phonons and phonon-polaritons provide a detailed insight into the dynamical properties
of matter. The experiments are based on optical pump-probe techniques with femtosecond time resolution. These techniques enable the detection of amplitude and
phase of the coherent lattice motion simultaneously. Frequencies in the THz range
and dephasing times in the picosecond range can be obtained with high accuracy.
Especially in semiconductors and semiconductor heterostructures, where a coherent
phonon mode and free carriers are excited simultaneously, important information
about carrier-phonon interaction far away from equilibrium is obtained. This paper
presents an overview of recent achievements in this vivid eld of condensed matter
physics.
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1 Introduction
The time-resolved detection of transient phenomena in the picosecond and
subpicosecond range has been enabled by the development of ultrafast laser
sources. Ultrafast laser systems allow us to perform pump-probe experiments
in several congurations concerning the photon energy, the light intensity,
polarization selectivity, etc., thus a huge variety of impulsively stimulated
processes can be studied in condensed media. Ultrafast time-resolved optical
techniques contributed to disentangle the time constants of the most important interactions in semiconductors and semiconductor heterostructures. A
thorough review of the whole eld has been given recently by Shah 1].
First time resolved observations of non-equilibrium phonon dynamics were
performed by means of time-resolved Raman scattering techniques 2, 3, 4].
By time-resolving the intensity of the anti-Stokes line, these experiments
yield information on the decay of coherently excited phonon populations.
The requirements for time-resolving a Stokes or anti-Stokes Raman peak
is that the energetic pulse width must be smaller than the phonon energy,
i.e. the pulse duration must be larger than a phonon period. Otherwise the
observed phonon line would lie within the spectrum of the laser, aggravating
the detection of the Raman shifted intensity. Therefore these techniques do
not allow the resolution of the coherent phonon amplitude phase sensitively.
Extensive investigation of the phonon dynamics in InP and GaAs have been
performed by this technique by Vallee at al. 5, 6, 7]. For a review on coherent
anti-Stokes Raman scattering techniques and results we refer to Bron 8].
Laser pulses with durations suciently shorter than the inverse of a fundamental lattice vibration frequency allow us to excite this lattice mode coherently, i.e. with a large number of phonons in one mode with constant phase
relation 9]. This coherently excited mode is associated with a macroscopic
lattice distortion. This chapter deals with the mechanisms responsible for the
generation of coherent phonons and the dierent experimental possibilities
for their detection. The focus lies on the excitation of opaque semiconductors.
Analogies and dierences to the well established techniques of Raman spectroscopy will be outlined. The experiments performed on coherent phonons
within the last years have enlarged our knowledge on non-equilibrium states
of phonons complementary to the knowledge gained by the mature and highly
sophisticated eld of inelastic light scattering in solids, for which the contributions to this series are outstanding references.
One important dierence between Raman spectroscopy and time-resolved
coherent phonon spectroscopy is the fact that in the latter the excitation and
detection processes can be separated and that they may have dierent physical origins. In the detection process of coherent phonons, infrared-active and
Raman-active act dierently. In the case of polar lattices, a macroscopic polarization is generated by IR-active phonons at the phonon frequency, which
leads to the emission of THz radiation 10, 11, 12]. Such a macroscopic polarization at phonon frequencies can be detected time resolved via nonlinear
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optical processes such as the rst-order electro-optic eect (related to the
second order nonlinear susceptibility (2) ) 13] and the Franz-Keldysh effect (related to (3) ) 14] in bulk semiconductors. Detection processes based
on the quantum connement of electronic states become relevant in twodimensional semiconductor heterostructures and quantum dots. For nonpolar lattice modes, i.e. only Raman-active modes, the detection process is
closely related to the Raman susceptibility. In this case, the macroscopic lattice distortion leads to a change in reectivity or transmission based on the
Raman tensor (@=@Q)Q, where Q is the atomic displacement coordinate.
While this detection is conceptually very close to inelastic light scattering
experiments, there exist some fundamental dierences: Let us assume a time
interval of at least one phonon period for the inelastic interaction of a photon and a phonon in order to impose a sideband at the phonon frequency
!phonon on the light at frequency !. A suciently short laser pulse can be
regarded as a delta-function in time compared to the oscillation period of the
phonon, thus it represents a stroboscopic illumination of the crystal in a certain coherent displacement state Q. The intensity changes of the transmitted
or reected probe pulse do not necessarily obey the restrictions of wavevector
and energy conservation for an inelastic scattering process.
This chapter is organized as follows: The generation and detection processes for coherent phonons are outlined in Sec. 2 and Sec. 3, respectively. The
coherent phonon generation, detection, and manipulation by fs laser pulses
is discussed in detail in Sec. 4 for the case of GaAs, since GaAs plays the
role of a key material for the understanding of a non-Raman excitation process for coherent LO phonons in opaque semiconductors. Section 5 discusses
the observation of coherent phonons and coupled phonon-carrier excitations
in low-dimensional semiconductor heterostructures. Experiments performed
on Te single crystals reveal the possibility to detect coherent phonons via
their Raman activity or via their IR activity (Sec. 6). Thus it is shown that
time-resolved optical pump-probe techniques and THz emission spectroscopy
represent the counterpart to CW Raman and CW IR spectroscopy, respectively. High excitation experiments in Te allow the observation of an optically induced phase transition via monitoring the coherent phonon frequency.
Results on phonon-polaritons in ferroelectric crystals and high-temperature
superconductors are briey discussed in Sec. 7. Finally, recent achievements
in the eld of coherent phonon spectroscopy are summarized in Sec. 8.

2 Coherent phonon generation
In this section we present a phenomenological description for the excitation
of coherent phonons. The equation of motion of coherent phonons can be expressed as a driven harmonic oscillator for the coherent phonon displacement
amplitude Q2, 15]
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2
 @ @tQ2(t) + 2phonon @Q@t(t) + !phonon
Q(t) = F Q (t)
(1)
where  a the reduced lattice mass, phonon a phenomenological damping
constant, and F Q (t) the appropriate driving force. Equation (1) can be de-

rived from a quantum mechanical model for the coherent phonon amplitude
9]. The damping constant phonon is related to the dephasing time T2 of the
coherent mode via phonon = 1=T2. The dephasing time 2=T2 = 1=T1 + 1=Tp
is a combination of phase-destroying contributions  Tp and truly population
decreasing contributions  T1 16]. The latter are dominated by anharmonic
decay processes, e.g. the decay of LO phonons into acoustic phonons. Other
population decreasing processes are based on electron-phonon interaction,
e.g. the absorption of a phonon by an electron.
The driving force F Q (t) is exerted by an ultrashort laser pulse. Dierent
types of driving forces have been classied into Raman type and non-Raman
type excitation 17]. The Raman driving force is given in lowest order by
the interaction of the electromagnetic eld E and the Raman polarizability
(@ )=(@Q) of the medium,
@ 
F Q (t) = 21 @Q
Ek El :
(2)
kl
Another useful distinction can be made into impulsive and resonant type of
excitation. An impulsive excitation of the phonon mode is explained by a
model denoted as displacive excitation of coherent phonons (DECP) 18, 19,
20], which is based on an interband excitation from bonding to antibonding
orbitals. This process leads to an impulsive change of the equilibrium position
of the atoms and thereby to a coherent excitation of lattice vibrations maintaining the crystal symmetry, i.e. A1 modes for a large variety of materials.
Displacively excited coherent phonons are characterized by a cos(!phonon t)
dependence of the coherent amplitude 20]. DECP has been treated in a
more rigorous quantum-mechanical description by Kuznetsov and Stanton
9]. DECP is one of the most prominent examples for non-Raman excitation
mechanisms of coherent phonons. Further non-Raman mechanisms will be
discussed later. For a comprehensive distinction of Raman and non-Raman
processes we also refer to the recent review by Merlin 17].
Impulsive resonant excitation can be accomplished by the combined action
of two eld components, Ek and El , delivered by the broad spectrum of
the ultrashort laser pulse. According to wavevector and energy conservation
rules a lattice mode with frequency !l ; !k = !phonon and wavevector kl ;
kk = kphonon is excited. This process is denoted as impulsive stimulated
Raman scattering (ISRS) 21, 22, 23, 24, 25]. The phonon wavevector can
be manipulated by using two excitation pulses with well dened angles of
incidence. The initial phase of the coherent lattice displacement excited via
ISRS should obey a sin(!phonon t) dependence, however, resonant ISRS may
also exhibit a cos(!phonont) dependence 25]. ISRS is one prominent Raman
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mechanism for the excitation of coherent phonons, which has been exploited
most frequently for the generation of coherent phonons in the past.
For polar Raman-active LO phonons the driving force in Eqn. (1) can be
described in the following way 15]:

FjQ (t) = Rjkl Ek El ; e PjNL
1

0

(3)

where Rijk is the Raman tensor and PjNL is a nonlinear longitudinal polarization along direction j . The nonlinear polarization PjNL can be divided into
several possible contributions 26]
(3)
PjNL = (2)
jkl Ek El + jklm Ek El Em
Zt
Zt
Z
0
0
0
+
dt Jj (t ) + Ne
dt

;1

;1

(4)
1
;1

dxj h (xj  t0 )jxj j (xj  t0 )i 

where the rst two terms represent higher order nonlinear susceptibilities, e.g.
eld-induced Raman scattering. The third and fourth terms describe polarizations set-up by longitudinal intraband currents. The third term represents
a longitudinal polarization generated by non-equilibrium currents with risetimes faster than the phonon period. They can impulsively excite coherent
LO phonons in a current surge model for the screening of surface elds of IIIV semiconductors 13, 27, 28, 11] (see Sec. 4.1) or via the ultrafast build-up
of electric Dember elds 29, 10, 30] (see Sec. 6.2). It should be noted that
these ultrafast currents do not require coherence in the electronic system.
The last term of Eqn. (4) describes the case of coherent electronic wavefunctions, which may set-up a macroscopic intraband polarization. If the level
splitting of coherently superposed electronic excitations is close to the LO
phonon resonance, i.e. the frequency of the intraband polarization is close to
the phonon frequency, a direct interaction of the electronic polarization with
the lattice polarization is expected 31].
For polar phonons the coupling of the lattice polarization given by a
displacement Q and an electronic polarization P is given by a set of coupled
equations 11]:

@ 2 P +  @ P + !2 P = e2 N ;E ext ; 4  Q 
12 j
@t2 j el @t j el j 1  j

@2 Q + 
@
12 ; ext
2
@t2 j phonon @t Qj + !phononQ = 1 Ej ; 4 Pj :

(5)
(6)

Ejext is a macroscopic electric eld which has to be determined self-consistently
via the Poisson equation and describes, e.g.,pthe surface eld dynamics. 12
is a coupling constant given by 12 = !TO ( 0 ; 1 )=(4 ). The generalized phenomenological damping constant el describes the damping of the
electronic polarization, e.g. the momentum scattering time of a dense carrier
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plasma or the dephasing time of the intraband polarization of coherent electronic wavepackets. The frequency !el is either the plasma frequency or the
frequency of a coherent wavepacket oscillation. The driving force in Eqn. (5)
and (6) is set-up by a combined action of the electric eld dynamics and the
polarization, which has been expressed in the dierent possible contributions
in Eqns. (3) and (4).
Equations (5) and (6) describe coupled electron-phonon dynamics in a
macroscopic sense. For the case of homogeneous densities and negligible
damping, Eqns. (5) and (6) reproduce the well known dispersion branches
of coupled plasmon-phonon modes for a one-component plasma 32]


(1=2)
q

2
2
2
!PPM
= 21 !LO
+ !P2  (!P2 + !LO
)2 ; 4!P2 !TO


(7)

with the plasma frequency !P2 = (e20 N )=( 0 1 m ), with N being the electron
density and m the eective mass. The associated plasmon-phonon coupled
modes were rst observed in Raman experiments in doped GaAs 33, 34]. In
order to temporally resolve coherent plasmon-phonon dynamics we have to
bear in mind that an optically excited plasma may be strongly inhomogeneous
in real space and k-space. For minimizing the lateral real-space inhomogeneity
due to the excitation with a Gaussian beam prole it is incumbent to use
excitation spots larger than the probe spot size. The spatial inhomogeneity
perpendicular to the excited surface in absorbing materials has also to be
considered.
The wavevector of the excited phonon modes strongly depends on the
excitation process. For experiments in transparent media when the coherent
phonon excitation is based on rst-order Raman processes, the wavevector
is given by the wavelength of the pump laser, i.e. k = 2 n= , where n
is the refractive index. In two-beam excitation congurations based on (2)
processes the coherent phonon wavevector can be selected via the angle between the two laser pulses (see Sec. 7.2). For opaque semiconductors where
the excitation is mainly based on non-Raman processes, e.g. DECP or the
eld screening mechanism, the excited phonon wavevector is mainly determined by the imaginary part of the refractive index , i.e. k = 2 = . Since
the dispersion of optical phonons is weak for small wavevectors, their k cannot be determined from the observed frequency with high accuracy. This is
not the case for acoustic zone-folded phonons in semiconductor superlattices
(see Sec. 5.3) and acoustic modes in bulk materials excited at the edge of the
Brillouin-zone 35], where the frequencies observed allow one to disentangle
details of the excitation mechanism.

3 Detection of coherent phonons
There exist dierent possibilities to detect coherent phonons in the time
domain: Two main classes of detection methods can be distinguished. One
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class is based on the detection of changes in the optical properties of the
investigated material at the frequency of the laser light. The other class is
based on the time-resolved detection of far-infrared light in the THz frequency
range generated by coherent IR-active phonons. These two classes reect the
two historic continuous-wave methods for investigating phonon resonances,
i.e. Raman spectroscopy and IR spectroscopy, respectively.

Fig. 1. Set-up for the time-resolved all-optical detection of coherent phonons in
transient reectivity (R(t)), transmission (T (t)), or polarization-analyzed
reectivity changes (R (t) ; R (t)). D1 and D2 denote photo-detectors and
x

PBS a polarizing beam splitter.

y

The rst class can be divided into the time-resolved detection of reected,
transmitted or diracted light. The mechanisms giving rise to a modulation of
the optical properties at the phonon frequencies can themselves be manifold.
Figures 1 and 2 depict schematically the experimental setup and the principle
for detecting coherent phonons in the time domain, respectively.
The modulation of the reectivity R can be explained on the base of
the rst-order Raman tensor (@)=(@Q), i.e.

@R @ Q:
n

R = @R
@n
@ @Q

(8)

Since (@)=(@Q) is a tensor, dierent modes can be probed selectively by
means of polarization analysis of the probe pulse 10, 36, 37]. For fully symmetric phonons the Raman tensor contains diagonal contributions of equal
magnitude only. In this case the reectivity changes will be isotropic irrespective of the polarization of the probe pulse relative to the crystal orientation. For phonon modes with non-diagonal terms in the Raman tensor,
(@)(@Q)jk 6= 0 for j 6= k, the reectivity changes will depend on the crystals
orientation and the light polarization. Further detection schemes are based
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Fig. 2. Schematic sketch of the principle of time-resolved coherent phonon detection. The pump pulse induces a coherent atomic displacement Q(t), which is
stroboscopically sampled in the intensity changes of the reected or transmitted
probe pulse.
on Raman interaction with transmitted probe pulses, which results in a periodic shift of the spectral components of the probe pulse with the frequency
of the lattice vibrations 38, 17]. In crystals exhibiting a linear electro-optic
eect (Pockels eect), coherent phonons may be detected sensitively via the
associated longitudinal eld 13]. In terms of Raman tensors, the so-called
electro-optic contribution to the Raman tensor (@=@F )(@F=@Q)Q has to
be added to Eqn. (8). The electric eld induced phonon detection may be
resonantly enhanced via third-order nonlinearities associated with the FranzKeldysh eect close to interband resonances 39, 14].

Fig. 3. Experimental set-up for the time-resolved detection of THz electromagnetic
waves.
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Fig. 4. Principle of the detection of THz electromagnetic pulses by using a gateable
dipole antenna.
Another important possibility for detecting coherent IR-active phonons,
phonon-polaritons or plasmon-phonon modes is via the emission of electromagnetic radiation in the THz frequency range. The emission characteristics
can be assumed to follow the emission of a dipole, which is set-up by the
volume in which coherent phonons form a macroscopic polarization. The
pointing vector of the radiation is given by 11]

P (t) sin  s
S(t) = !phonon
16 r c
4

2

2

2

0

2 3

(9)

where  is the angle between the direction of observation s and the polarization P, and r is the distance to the detector. Experimentally, the timeresolved detection of THz electromagnetic elds has become possible by the
application of ultrafast photoconductive switches 40]. Figures 3 and 4 depict the experimental arrangement for time-resolving THz electromagnetic
elds. The emitted THz radiation is collected by paraboloidal mirrors onto
the dipole antenna, which is activated by the time-delayed gating pulse. The
antenna of approximately 50 m dipole length is fabricated on a semiconductor exhibiting free carrier lifetimes in the subpicosecond range, e.g. ionimplanted silicon on sapphire or low-temperature-grown GaAs. The incident
THz electric eld drives a current in the outer circuit of the antenna during
the time span of the gate pulse. The measured current is directly proportional
to the incident eld strength. Thus the THz electric eld can be measured
in amplitude and phase. The bandwidth of the antennas is roughly given by
the free carrier lifetime in the photoconductive switch (< 1 ps depending on
the material used). Useful frequency bandwidths are typically in the range
of 100 GHz to 3 THz. This limit excludes many interesting phonon modes in
semiconductors to be studied. However, recent developments in the detection
of THz radiation via electro-optic crystals are highly promising for achieving
a detection bandwidth up to 30 THz 41, 42].
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4 Coherent LO phonons in GaAs
4.1 Coherent phonon generation and detection in GaAs
The coherent phonon generation in opaque semiconductors was rst observed
by Cho et al. in the time-resolved reectivity changes in GaAs 13] and by
Cheng at al. in Bi and Sb 18]. Here we focus on the experiments in GaAs, a
material which has been intensively studied by Raman spectroscopy 43, 44].
The results obtained by fs spectroscopy on GaAs clearly demonstrate some
of the main points of time-resolved phonon spectroscopy, i.e.
{ the impulsive excitation via non-Raman eects due to the excitation of
a dense electron-hole plasma in combination with built-in electric elds,
i.e. the dynamics described by Eqn. (5) and (6),
{ the visibility of coherent phonons via @=@Q according to the electrooptic Raman tensor and higher order terms,
{ the dispersion of the detection process in the vicinity of singularity points
of the band structure, e.g. the resonance enhancement of the FranzKeldysh eect,
{ the coupling between coherent LO phonons and non-equilibrium carrier
distributions.
The laser system employed in the rst subpicosecond time-resolved experiments on GaAs was a colliding pulse modelocked (CPM) dye laser which
delivers light pulses at 2 eV with pulse durations of 50 fs. For the detection
of coherent phonons, which often give small contributions on a large electronic background signal, a special fast-scanning detection system has been
developed 45, 13]. This detection system is based on scanning the time-delay
between pump and probe pulses with a retroreector mounted onto an activated vibrator. This allows the scanning of the time-delay at frequencies
around 100 Hz. With a real-time data acquisition system based on a homebuilt VME-bus computer system the data are accumulated without using
further lock-in ltering techniques. This technique enabled the detection of
time-resolved signal changes down to some 10;7 even with the CPM dye laser
as pulse source 46].
In order to explain the excitation mechanism for coherent phonons in
GaAs, electric surface elds at bare surfaces of III-V compounds have to be
taken into account. Charged surface states lead to a pinning of the Fermi level
within the gap, in turn producing a bending of the band structure towards
the surface. The associated electric elds are calculated within a Schottkybarrier model 47] and exhibit a square root dependence on the doping density
of the crystal. An external manipulation of the surface eld is possible via
transparent Schottky contacts. Figure 5 sketches the underlying process for
the generation of coherent LO phonons in GaAs surface space charge elds.
The optical injection of carriers within the surface eld region leads to an
ultrafast current surge which rapidly screens the built-in electric eld 28].
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Fig. 5. Schematic sketch of the eld screening process at a bare surface of an
n-doped semiconductor with mid-gap Fermi-level pinning at the surface. The solid
(dashed) lines represent the band bending before (after) the optical excitation.

Associated with this ultrafast polarization change is the emission of broadband THz radiation 40]. The ultrafast depolarization of the surface depletion
eld leads to the coherent excitation of LO phonons 13, 27]. The detection for
wavelengths far from resonances is accomplished via the Pockels eect 48].
On (100) GaAs surfaces, a longitudinal eld along the 100] direction leads
to induced birefringence in the (100) plane. By subtracting two polarizations
components of a linearly polarized probe pulse along the 011] and 011]
direction, the reectivity change is given by 49, 13]
R(t) = R 011] (t) ; R 011] (t) = 4 r41 n30 E
R0
R0
n20 ; 1 surface(t) : (10)
where r41 is the electro-optic coecient, n0 is the unperturbed refractive
index, and Esurface(t) is the time dependent macroscopic electric surface
eld along the 100] direction.
Figure 6 depicts the electro-optic reectivity changes of an n-doped GaAs
sample prepared with a transparent indium-tin oxide Schottky contact on
top. The optical excitation density is 41017cm;3 , the experiments were
performed at room temperature. The transparent Schottky contact allows
the change of the electric surface eld by applying dierent voltages to the
sample. The electro-optic measurements in Fig. 6 reveal the transient screening of the surface eld, Esurface(t),for dierent initial surface eld strengths.
The screening dynamics exhibit a fast component on the time scale of the
exciting pulse, i.e. within one optical phonon period, and a slower component
on a ps time scale. The associated electric eld changes are in the order of
100 kV/cm 28]. The data are clearly modulated with oscillations with a frequency of 8.75 THz, matching the GaAs k = 0 LO phonon frequency at 300
K. The dephasing time of the oscillations, 4.00.3 ps, is independent of the
applied electric elds. This dephasing time is in agreement with the phonon
lifetime derived from CARS experiments 5]. This agreement suggests that
the observed decay of the coherent amplitude is determined by anharmonic
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Fig. 6. Electro-optic reectivity changes from (100) GaAs with a transparent Schottky contact on top. The data are obtained for dierent reverse-bias voltages at 300
K (from Ref. 28]).
decay and not by pure dephasing processes. Such an agreement between the
dephasing time derived from coherent phonon experiments and the linewidth
obtained in Raman scattering experiments has also recently been observed
in a thorough study on the dephasing in single-crystal bismuth 50].

Fig. 7. Amplitude of coherent LO phonons (solid squares) versus the electro-optic
reectivity changes in Fig. 6 at a time delay of 50 fs (from Ref. 27]).

In order to verify that the eld screening is the responsible driving force
of the coherent LO phonons, we plot the phonon amplitude versus the reectivity change at a time delay of 50 fs (Fig. 7). This value is proportional
to the driving force for coherent LO phonons according to the third term in
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Eqn. (4), since it represents the optically detected surface eld changes, i.e.
R(50 fs)  Esurface(50 fs). The data reveal a linear dependence of the
phonon amplitude on R(50 fs), thus conrming the proposed generation
mechanism. The initial phase of the oscillations is  cos(!t). This behavior
is expected for an oscillator starting at a displaced position, i.e. the atomic
positions at negative time delays, driven to oscillate around a new equilibrium
position given by the electric eld at positive time delays.
The excitation process of coherent LO phonons observed in GaAs is
isotropic in the sense that the coherent phonon amplitude is independent
of the incident polarization of the pump pulse 38, 27]. This observation rules
out a coherent phonon generation via a (2) process (rst right-hand term
in Eqn. (4)). The last remaining Raman process which could in principle
account for an isotropic generation process is a third-order nonlinear polarization with the third eld being the surface eld (second right-hand term in
Eqn. (4)). This eect has been observed in CW Raman experiments close to
electronic resonances and has been denoted as inverse Franz-Keldysh eect
51]. This eect has been shown to drop in scattering eciency by orders of
magnitude when the laser energy is detuned from interband resonances by a
few tens of meV. This eect could not be ruled-out completely as generation
mechanism at the time when only fs lasers with 2 eV photon energy were
available. Therefore this question will be addressed later in the context of
resonant excitation with a tunable fs titanium-sapphire laser.
Intriguing situations in light scattering experiments arise when the photon
energy is in the vicinity of interband resonances 52, 53, 39]. The invention
of the Kerr-lens modelocked Ti:sapphire laser allows one now to perform
coherent phonon experiments over a wide range of excitation wavelengths
(from 700 nm to 1000 nm). This range covers the bandgap of GaAs (1.42 eV
at room temperature). Hence dierent contributions to the resonant and nonresonant excitation and detection of coherent phonons can be investigated.
Figure 8 shows the time resolved reectivity change from a (100) GaAs
surface for 2.0 eV and 1.47 eV laser energy obtained with two dierent probe
polarizations along the principle axis of the electro-optic index ellipsoid, i.e.
the 011] and 011] rystal direction. In contrast to the electro-optic reectivity changes shown in Fig. 6, the probe pulse is not polarization analyzed.
The observed reectivity changes at 2 eV have two contributions: (i) An electronic contribution due to the refractive index changes/absorption changes
associated the free carriers introduced by the excitation of interband transitions. This contribution is isotropic in the sense that it does not depend
on the probe pulse orientation. (ii) The electro-optic contribution which is of
comparable magnitude as the isotropic reectivity change. For a probe polarization along the 011] (011]) crystal direction the electro-optic eect gives
a positive (negative) contribution to the carrier-induced reectivity changes.
This sign reversal of the electro-optic contribution is also observed for the
phonon-induced contribution, as can be seen in the phase shift between
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Fig. 8. Comparison of reectivity changes of (100) GaAs at 2 eV (left) and 1.47
eV (right) photon energy for dierent polarizations of the reected probe beam
Eref , i.e. along the 001], the 011], and the 011] direction. In the lower part the

oscillatory contributions are compared for the 011] and the 011] polarization.

the oscillations. The same measurements performed close to the band edge
exhibit a much larger total reectivity change and a phonon induced contribution larger by more than an order of magnitude than the electro-optic contribution at 2 eV. In addition the phase of the oscillations does not change with
the probe polarization. Only a tiny dierence exists between the two curves
with a magnitude comparable to the dierence between the two equivalent
2 eV curves. All these observations point toward the fact that the phonon
detection at the fundamental bandgap is not based on the electro-optic effect but on an isotropic optical nonlinearity. This contribution arises from a
third order nonlinearity associated with the Franz-Keldysh eect 14]. The
term in expansion of the nonlinear third-order polarization responsible for
this detection process is

P (!) = ((3) Esurface(0)Ephonon(!LO )E (!)) 

(11)

where Esurface(0) is the surface eld, Ephonon(!LO ) the eld associated with
the coherent LO phonons, and E (!) the light eld. The surface eld Esurface(0)
is assumed to be nearly static with respect to the light frequency. However,
the subpicosecond surface eld dynamics also inuences the coherent phonon
amplitude detected via Eqn. (11).
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Fig. 9. Dispersion of the electro-optic (open squares) and Franz-Keldysh (closed
dots) contribution to the coherent LO phonon amplitude (from Ref. 14]).

Figure 9 shows the dispersion of the electro-optic and of the Franz-Keldysh
contribution derived from the detection of coherent LO phonons at dierent
laser energies, i.e. the dispersion of (2) and (3) at the LO phonon frequency.
The data reveal a nearly dispersion-free electro-optic eect, while the FranzKeldysh-like detection is strongly enhanced when the energy approaches the
band edge. This data give clear evidence for higher order nonlinearities being
relevant in the resonant detection of phonons. A dispersion of the generation
process can be ruled out experimentally, since it would lead to a change
in the phonon amplitude in the electro-optic detection scheme. Thus these
measurements rule out the inverse Frank-Keldysh eect discussed above as a
relevant excitation mechanism.

4.2 Coupled plasmon-phonon modes
The interaction of phonons and plasmons has been an intensively investigated subject in Raman experiments since the rst observations in doped
semiconductors by Mooradian and McWorther 34]. The origin of such coupled modes has already been discussed in Sec. 2. Time-resolved experiments
allow the study of non-equilibrium eects on the coupled dynamics. We focus on experiments in GaAs, where coherent LO phonons are generated and
detected as discussed in the previous section.
Figure 10 shows early data on coupled plasmon-phonon modes obtained
in the electro-optic detection conguration with 2 eV laser pulses delivered
by a CPM laser 54]. The time domain data exhibit a pronounced beating
which is identied as a superposition of a coherent LO phonon and a broad
plasmon contribution centered around the TO phonon, i.e. the screened LO
mode. No distinct modes other than LO or screened LO could be observed.
This fact is a shortcoming of the output power delivered from the CPM laser.
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Fig. 10. Extracted phonon signature of electro-optic reectivity changes obtained

on (100) GaAs at 2 eV excitation for the two dierent densities given in the gure.
The inset shows the Fourier transforms of the time domain data.

In order to achieve high carrier densities in excess of 51017cm;3 , necessary
to drive the plasma frequency into resonance with the LO phonon, the pump
spot has to be focused tightly to < 20 m. At this focus size, the probe pulse
averages over a lateral highly inhomogeneous carrier density, so that distinct
plasmon modes cannot be resolved. Beside this spatial inhomogeneity, the
optically generated plasma is also highly inhomogeneous in k-space. At 2 eV
excitation energy strong electronic intervalley transfer into X and L valleys of
the conduction band within the rst 100 fs has been reported 55]. This leads
in turn to a multicomponent plasma not having a well dened frequency.
By using a Ti:sapphire laser, both lateral and k-space inhomogeneities
can be suppressed. Figure 11 depicts coherent plasmon-phonon oscillations
detected in the electro-optic reectivity change at 1.5 eV. The crystal is (100)
oriented n-doped GaAs with a doping density of ND = 3  1017 cm;3 . The
data are recorded using a 5 times larger pump than probe spot diameter.
Thereby it is possible to scan the probe spot across the pump spot, thus
detecting dierent optically excited densities. The maximum density in the
center of the pump spot is 1  1018cm;3 . At this point a rapidly dephasing
mode with a frequency close to the screened LO phonon is observed. For detection spots further away from the center, the frequency of the fast dephasing
component decreases according to the dispersion of the lower plasmon branch
and the unscreened LO phonon dominates the reectivity changes. These results demonstrate that the mode-beating observed at high densities using 2
eV excitation (Fig. 10) stems from dierent contributions within the laterally
inhomogeneous plasma.
After having demonstrated the time resolved detection of coherent plasmonphonon modes we investigate the eect of a cold carrier plasma introduced
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Fig. 11. Time-resolved phonon traces probed via the Pockels eect with a small
probe spot scanned over a large Gaussian excitation spot (from Ref. 56]).

Fig. 12. Oscillatory part of isotropic reectivity changes of dierently doped GaAs

samples at a constant excitation density (left) and Fourier transforms of the data
(right, from Ref. 57]).
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via doping of the sample. This investigation is expected to shed light on the
mechanism relevant for the dephasing of coherent plasmon oscillations 57].
Figure 12 shows coherent plasmon-phonon signatures from n-doped GaAs
crystals with dierent doping densities at a constant optical excitation density. Figure 13 depicts the frequencies derived from the experimental data in
comparison with the theoretical plasmon-phonon dispersion curve. Clearly,
the data only follow the expected dependence if the sum over the optically
excited density and the cold plasma resulting from the doping is taken into
consideration. This observation gives strong evidence that the initially thermalized background plasma participates in the coherent plasmon oscillation.
A closer analysis of the dephasing time of the plasmon oscillations reveals
that it decreases if the relative contribution of the optically excited density
increases, even when the total carrier density is kept at a constant level.
This is a clear indication of the importance of electron-hole scattering for the
plasmon dephasing 57].

Fig. 13. Plasmon-phonon dispersion (solid line), plasmon frequency (dashed line)

and the frequencies obtained from the time-resolved data as a function of the optically excited density (crosses), the doping densities of the sample (open squares)
and the sum of both (closed circles) (from Ref. 57]).

Recently, THz radiation from coherent plasmon modes has been reported
by Kersting et al. 58]. In time-resolved reectivity experiments on GaAs at
77 K, plasmons far away from the phonon resonance were detected by Sha
et al. 59]. Furthermore, coherent plasmon-phonon modes as presented here
were observed in time-resolved second harmonic generation (SHG) from bulk
GaAs 60]. This detection is closely related to the electro-optic detection of
plasmon-phonon modes presented here. Due to the possible selectivity of SHG
towards the surface contribution, this technique opens an intriguing way to
study the temporal dynamics of interface phonons 61, 62].
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4.3 Coherent control of LO phonons
The phase information obtained from the time resolved detection of the coherent amplitude opens the way towards the coherent control of that amplitude.
Multiple successive pulses have been applied for a selective enhancement of
certain vibrational modes in molecular systems 63]. Especially the recent
advances in the shaping of femtosecond pulses 64] open the way to drive
the phonon dynamics in a well dened way. By this technique, lattice distortions can be achieved, which could not be accomplished with a single intense
optical pulse due to the saturation of the optical transition.
The concept of coherent control over the phonon dynamics is readily illustrated by means of a two-pulse excitation experiment 65]. Figure 14 depicts
the transient electro-optic reectivity changes obtained on a (100) GaAs surface. The excitation of coherent LO phonons is achieved via the eld screening mechanism. Two successive pump pulses impinge upon the sample. Their
intensity and time delay is adjusted in such a way that the second pulse provides a driving force for a coherent amplitude equivalent to the amplitude
persistent from the rst pulse. In addition, the initial surface eld is adjusted via a transparent Schottky contact, in order not to screen the surface
eld completely already with the rst pulse. By carefully adjusting the pulse
separation, the driving force is in-phase or out-of-phase with the primarily
generated coherent mode. In this way, complete destruction or resonant enhancement of coherent LO phonons is observed. This method enables the
generation of coherent LO phonons for a well dened time interval shorter
than the intrinsic dephasing time of LO phonons. Similar experiments are
performed in Sb, where the A1 mode is manipulated in a similar way 37].
In Bi-Sb mixed crystals, the Bi-Bi, Bi-Sb, and Sb-Sb vibrations could be enhanced and canceled by applying femtosecond pulse trains 66]. Intriguing
experiments have been reported on the coherent control over the dynamics
of degenerate phonon modes, which allow even the generation of circularly
polarized phonons 67]. Recently, the coherent control of acoustic phonons in
superlattices was accomplished, where acoustic backfolded modes of dierent
order were silenced out or enhanced by applying multiple successive pump
pulses. By this method a high sensitivity detection of higher order modes can
be achieved 68] (for the generation of acoustic phonons see Sec. 5.3).

5 Coherent phonons in low-dimensional semiconductors
5.1 Coupled intersubband-plasmon phonon modes in quantum
wells
Carrier-phonon interaction is one of the most important processes leading to
energy relaxation in semiconductor devices, e.g. in heterostructure lasers 69].
The relaxation channels are strongly modied compared to the bulk semiconductor due to the introduction of discrete energy levels. The relaxation rates
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Fig. 14. (a) Electro-optic reectivity changes of a (100) GaAs surface covered with
an Indium-Tin-oxide Schottky contact on top. Two fs laser pulses at 2 eV separated
by the delay t12 are used for coherent phonon generation. p1 and p2 denote the
data obtained with single pulse excitation, p12 the signal for double pulse excitation.
(b) The extracted oscillatory contribution of the signal after the second pump pulse
for dierent pulse separations t12 in units of the LO phonon period(n=4).
may strongly depend on whether the level spacing is smaller or larger than
an LO phonon energy 70]. Especially at the high carrier densities present in
semiconductor lasers during operation, new collective modes can be formed
based on the coupling between intersubband transitions and phonons. Such
modes have been denoted as intersubband-plasmon modes they have been
observed in Raman scattering experiments in two-dimensional electronic systems 71, 72, 73]. A review of the investigations of elementary excitations
in these systems by inelastic light scattering has been given by Pinczuk and
Abstreiter 74].
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In the case of femtosecond excitation a non-equilibrium population of
several subbands can be achieved. This non-equilibrium population alters
the dielectric response of the system along the growth direction. If the associated change in the polarization is fast enough on the time-scale of the
transition frequencies, the new resonances of the dielectric response are excited coherently and can be probed via the electro-optic detection scheme
described in Sec. 4.1. We would like to note that eects based on eld screening are strongly altered in 2D due to the connement of the carriers along
the growth direction of the heterostructures.
The dielectric response of the two dimensional system considering several
subbands may be written as 75]:
 !2 ; !2 
X jdij j2 (ni ; nj )
(!) = 1 !LO
+
4

(12)
2
 
TO ; ! 2
ij "i ; "j + !
where denotes the heavy-hole and conduction band, i and j are the subband indices, ij are the subband energies, dij is the dipole matrix element
between level i and j , and nij is the population of the subbands summed over
perpendicular momenta. We note that the second part of Eqn. (12) gives a
contribution to the dielectric function if ni 6= nj , i.e. two adjacent levels are
populated dierently. The electronic dielectric function has been calculated
for dierent quantum well widths and under the assumption of a thermal
population of the subbands 75].
Figure 15 depicts experimental results for 15 nm wide multiple quantum wells excited resonantly at the lowest interband transitions for three
dierent excitation densities. The highest excitation density corresponds to
31018cm;3 in bulk GaAs. At this level the bulk coherent phonon spectra
are fully dominated by the screened LO phonon at the TO frequency (see
Sec. 4.2). In the quantum well, the screening is strongly suppressed, since
the carriers cannot move freely along the (100) direction. With increasing
excitation density in the quantum well a mode beneath but close to the TO
frequency evolves, while the mode close to the LO phonon slightly shifts to
higher energies. Both features can be qualitatively explained by the shift
of the resonances introduced by a non-thermal population of the dierent
subbands 75].
Further time-resolved experiments on plasmon-phonon coupling have been
reported by Baumberg and Williams for a GaAs/AlxGa1;xAs 2D electron gas
76]. An increase in the screened LO phonon at TO frequency was observed
for increased optical excess energy above the GaAs bandgap it is induced by
an increase in the excitation density.

5.2 Coupled coherent Bloch-phonon oscillations in superlattices
The previous sections elucidated carrier-phonon interaction studied via coherent phonons at high excitation densities. An intriguing situation arises
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Fig. 15. (a) Oscillatory traces of electro-optic reectivity changes of a 15 nm wide
MQW sample at dierent excitation densities. The experiments are performed with
a laser energy of 1.5 eV at 300 K. The maximum density N0 corresponds to a bulk
18
;3
density of 310 cm . (b) Fourier transforms of the data in (a) normalized to the
peak close to the LO phonon.

in quantum conned systems, when the electronic level spacing equals the
LO phonon energy. In this case a large transition matrix element for phonon
assisted relaxation is anticipated. The electronic level spacing in heterostructures can be manipulated by means of electric or magnetic elds. Inelastic
light scattering experiments have been performed on Landau levels separated
by an LO phonon energy, leading to the observation of magneto-polarons 77].
In semiconductor superlattices, the energy separation of Wannier-Stark levels
can be tuned via an applied electric eld over a range given by the electronic
miniband width 78]. In this system, double and triple resonant Raman scattering experiments have been performed revealing increased scattering cross
sections under resonance conditions 79, 80].
Semiconductor superlattices open the unique possibility to coherently excite electronic wavepackets with tunable oscillation frequencies, i.e. Bloch os-
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Fig. 16. Coherent Bloch oscillations extracted from anisotropic transmission

changes in a 35 period GaAs/Al0 3 Ga0 7 As superlattice of 67 
A well width and
17 
A barrier width. The calculated rst electronic miniband width of the superlattice is 36 meV. The lattice temperature is 10 K and the excitation density is
3109 cm;2. The data are depicted for dierent voltages applied to the superlattice
that was embedded into a Schottky diode 31].
:

:

cillations, which are accessible by several experimental techniques 81, 82, 83,
84, 85]. The Bloch frequency is determined by BO = eFd=h, where d is the
superlattice period and F the applied electric eld. The Bloch wavepackets
are associated with a macroscopic polarization oscillating along the growth
direction of the superlattice, leading to the emission of THz radiation 83].
For details of Bloch oscillations we refer to the review by Kurz et al. 85].
Here we show results on coherent Bloch oscillations GaAs/AlxGa1;x As
superlattices with large miniband widths, i.e. minibands with energetic widths
equal or larger than the LO phonon energy, where the oscillation frequency
can be tuned into resonance with the GaAs LO phonon. The detection is
based on an optical anisotropy induced by the coherent electronic polarization 84], which is accomplished in basically the same experimental set-up as
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the electro-optic detection of coherent LO phonons in GaAs, but in transmission geometry.

Fig. 17. Frequency and dephasing rate of Bloch oscillations depicted in the previous
picture. The linear slope of the frequency obeys the Bloch relation  = eFd=h 31].
Figure 16 depicts the extracted Bloch oscillations detected at 10 K for
dierent voltages applied to the sample. The excitation density corresponds
to 3109 electron-hole pairs per cm2 , which is more than 3 orders of magnitude lower than the densities used for the excitation of coherent LO phonons
in GaAs via surface eld screening. An increase in frequency can be clearly
observed, from some 100 GHz close to 10 THz, which is approximately the
limit given by the miniband width. Beside the rise in frequency, a decrease
in oscillation amplitude is observed which is due to the increased Stark localization of the wavepackets at increasing elds 86]. The eect of the reduced
localization length and the associated decreased Bloch amplitude has been
studied recently in THz emission 87] and more precisely in four-wave mixing
experiments 88].
The change of oscillation frequency can be derived from the Fourier transforms of the time-resolved data in Fig. 16 and is depicted in Fig. 17. The internal electric eld in the sample is proportional to the applied voltage plus an
o-set voltage. The frequency follows over a wide range of voltages the linear
relation expected for Bloch oscillations. Only for frequencies above 7 THz the
frequencies start to deviate slightly from this relation. For higher voltages, a
splitting into a lower and upper branch at the TO and LO phonon frequencies of GaAs, respectively, is observed. The origin of this splitting is presently
unknown, since at these densities the LO phonon cannot be screened. Non-
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linear interaction may account for the opening of a gap between the TO and
LO phonon 89]. In addition to the deviations of the linear eld-frequency
relation, a decrease in the dephasing rate of about 30 % is observed close
to the phonon resonance (Fig. 17). This behavior is counterintuitive to an
anticipated increased dephasing via resonant emission of LO phonons between Wannier-Stark levels, and would imply a stabilization of the electronic
coherence via coupling to the lattice polarization. This behavior is in close
analogy to the frequency dependence of the plasmon-phonon dephasing above
resonance, when the lower-branch oscillation becomes more lattice like. It is
important to note that this coupling observed in the superlattice occurs at 2
orders of magnitude lower carrier densities than necessary in bulk GaAs to
tune the plasmon frequency into resonance with the LO phonon.

Fig. 18. (a) Time-resolved Bloch-phonon oscillations in a GaAs/Al0 3 Ga0 7 As su:

:

perlattice at 10 K for dierent applied reverse bias voltages. The data at the highest
voltages are enlarged by a factor of 5. (b) Normalized Fourier spectra of the data.
From Ref. 31].

If the excitation density is increased by a factor of 3, we observe that the
coherent electronic polarization launches coherent phonons in the superlat-
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tice. This excitation process is described by the last term in Eqn. (4). Figure
18 depicts the oscillatory traces of Bloch-phonon oscillations in the same superlattice as investigated before. At reverse bias voltages below -3.8 V, the
oscillations are pure electronic with dephasing times in the sub-picosecond
range. When the applied voltage is increased by -0.2 V, the fast dephasing
Bloch oscillations transit into a long living oscillation at the phonon frequency. The frequency of this oscillations matches the LO phonon frequency
of bulk GaAs. This observation demonstrates that via Bloch-phonon coupling
coherent phonons can be excited at densities which are more than two orders of magnitude smaller than the densities necessary to drive coherent LO
phonons via eld screening in bulk GaAs. This intriguing subject is under
further experimental and theoretical investigation.

5.3 Coherent acoustic phonons in superlattices
The understanding of low-frequency excitations in semiconductors is of paramount importance for a complete picture of scattering and dephasing processes. The detailed knowledge of the lifetimes of acoustic phonons is important for description of heat dissipation in semiconductor devices. The investigations discussed so far deal with the excitation of coherent optical phonons.
Here we present recent developments in the observation of coherent acoustic phonons in GaAs/AlAs based heterostructures (for further developments
in low dimensional systems see also Sec. 8). The acoustic phonon branch is
directly accessible by means of Brillouin scattering.
In semiconductor superlattices the eect of zone-folding leads to a series
of acoustic phonons with ! 6= 0 for k = 0 90]. Zone folded acoustic phonons
have been intensively studied throughout the last years by Raman scattering
91, 92]. The rst time-resolved observation of coherent acoustic phonons
succeeded in GaAs/AlAs superlattices under resonant excitation of the rst
interband transitions 93]. The samples consist of 15 (18) monolayers GaAs
wells and AlAs barriers. The coherent acoustic modes induce a change in the
reectivity, which is detected by the measurement of the time-derivative of
the reectivity change 94]. This technique is applied since the reectivity
change induced by the electronic excitation is much larger than the phonon
induced oscillatory component. The data suggested that a stress in the wells
is generated by the optical excitation, thus leading to the excitation of a mode
of B2 symmetry within the D2d point group of the superlattice. However, this
observation was in disagreement with Raman selection rules, i.e. the B2 mode
is not Raman active.
More recently we 95] and other groups 96, 97] investigated the generation of coherent acoustic phonons in GaA/AlAs superlattices in more detail.
Figure 19 shows high resolution time-resolved reectivity changes obtained
by excitation of a 19 monolayers GaAs/19 monolayers AlAs superlattice in
resonance with the rst interband transition. The reectivity changes exhibit
a complicated oscillatory structure in the time domain which stems from the
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Fig. 19. Time-resolved reectivity changes from a 19 monolayers GaAs/19 monolayers AlAs superlattice at room temperature (left). Fourier transform of the time
resolved data (right, adapted from Ref. 95]).

superposition of 6 dierent frequencies. The reectivity change of the order
10;3R=R0 , which is induced by the electronic excitation of the superlattice,
has been subtracted. The observed modes belong to two triplets of the rst
and second order backfolded acoustic phonon spectrum. Each triplet has a
strong center mode which corresponds to the k = 0 mode of A1 symmetry.
The two smaller peaks exactly match the calculated frequencies of phonons
with a wavevector of k = 2klaser. This observation points towards ISRS in
forward (k=0) and backward scattering direction (k = 2klaser ) as the driving
force 95]. The detection process is observed to be resonantly enhanced at the
lowest interband transitions and is assumed to be based on the energy shift
of the interband transitions coupled to the acoustic mode via the deformation potential. The dephasing times of the acoustic modes are in the range
of 100 ps. The linewidths in the Fourier spectrum in Fig. 19 are still limited
by the nite time window of the experiment. By taking time scans over time
delays > 200 ps we recently obtained linewidths of 0.3 GHz (< 0.01 cm;1 )
which opens the pathway for high resolution spectroscopy in this intriguing
material system.
Coherent acoustic phonons have also been observed in superlattices of the
Fibonacci sequence 98]. In this system, the quasi-periodicity of the superlattice generates a self-similar spectrum of phonon modes, which have also been
observed in Raman spectroscopy 99].

6 Coherent phonons in Tellurium
6.1 Selection rules for coherent phonon detection in Te
For the case of bulk GaAs we illustrated in Sec. 4, how dierent nonlinear contributions to the coherent phonon detection process can be separated. Here
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we like to show, for Te single crystals, that dierent phonon modes can be separated on the base of the symmetry of the relevant Raman tensors. Tellurium
is a perfect candidate for this purpose, since its crystal symmetry results in
a set of only Raman-active, Raman- and IR-active, and only IR-active lattice modes. The phonon spectrum consists of 6 optical phonon modes. Te
crystallizes in a hexagonal lattice (space group D34 or D36 ) containing three
atoms per unit cell arranged in a helix along the c-axis. The lattice vibrations consist of a fully symmetrical, only Raman-active A1 mode (3.6 THz),
two degenerate Raman- and IR-active E modes (E'TO=LO : 2.76/3.09 THz,
E"TO=LO : 4.22/4.26 THz) and one only IR-active A2 mode (A2TO=LO : 2.6/2.82 THz)100]. The internal polarization is either perpendicular (E modes)
or parallel (A2 mode) to the c-axis. This will be relevant in the next section
for the detection of THz emission.
The fully symmetric A1 mode in Te is driven by the DECP mechanism,
as has been demonstrated experimentally and conrmed theoretically 20].
However, the excitation of other modes of less symmetry cannot be explained
within the DECP model, but is rather based on ISRS.
We applied to Te the same simultaneous detection of isotropic and anisotropic reectivity changes as it has been already introduced for the electrooptic detection of LO phonons in GaAs in Sec.4.1. Again, the term isotropic is
used to express that the phonon induced reectivity changes do not depend
on the relative angle between the probe pulse polarization and a certain
crystal axis, while anisotropic means that two orthogonal components of the
reected probe pulse are subtracted from each other. This notation should be
clearly distinguished from the Raman notation of polarized and depolarized
spectra.
Figure 20 depicts the time-resolved isotropic and anisotropic reectivity
changes recorded in Te at a surface perpendicular to the c-axis. The experiments are performed with a CPM dye laser. The isotropic reectivity shows
a strong modulation at the frequency of the A1 mode, while the anisotropic reectivity exhibits a more complicated oscillatory behavior. The Fourier
transformed time-domain data reveal the two E modes and the absence of
the A1 mode in the anisotropic reectivity change.
The manifestation of phonon modes in the anisotropic reectivity changes
results from the o-diagonal elements of the Raman tensor. The anisotropic
reectivity can be expressed as

Rj ; Rk  Erj (@=@Q)Ei Q ; Erk (@=@Q)Ei Q

(13)

where Ei and Er are the incident and reected probe elds, respectively.
(@=@Q) denotes the Raman tensor, which contains the following non-zero
elements for the two doubly degenerate E modes 100]:

E (x) : (@=@Q)xx = ;(@=@Q)yy = c
(@=@Q)yz = (@=@Q)zy = d
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Fig. 20. Oscillatory component of the (a) isotropic and (b) anisotropic reectivity

change from single crystal Te, surface perpendicular to the c-axis, obtained at 2
eV. The data are recorded in a time-dierential method 94]. Numerical ts (thin
lines) are hard to distinguish from the experimental data. (c) Fourier transform of
the time-resolved signals.

E (y) : (@=@Q)xy = (@=@Q)yx = ;c
(@=@Q)xz = (@=@Q)zx = ;d
The Raman tensor of the A1 mode contains diagonal elements only. For
the c? surface, we obtain the
p anisotropic reectivity change induced by the
E modes: Rx ; Ry  2c(QE(x) + QE(y)), i.e. a non-zero contribution
from the coherent displacement amplitudes of the degenerate E modes. For
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the fully symmetric A1 mode, Rx ; Ry is zero. These considerations are
conrmed by the experiments illustrated in Fig.20.
The detection of modes other than those of A1 symmetry in (anisotropic)
reectivity changes has been recently conrmed by Hase et al. for the case of
Bi 37] and Garrett et al. for Sb 36]. In transparent media Raman selection
rules in the phonon detection process have been observed by Liu at al. in
LaAlO3 101].

6.2 THz emission from coherent phonons
In the previous section the relevance of Raman processes for the phonon detection has been established. Here we discuss the detection of IR-active but
Raman inactive phonons. Since the atomic displacements associated with
these modes do not lead to changes in the optical properties in the visible
range of the spectrum, they can be neither excited nor detected via Raman
processes. By means of time-resolving the THz emission from semiconductors
following pulsed excitation, an emission at the phonon frequency is expected.
The THz emission from coherent phonons has been rst theoretically proposed for coherent (Raman and IR active) LO phonons in GaAs by Kuznetsov
and Stanton 9]. However, the LO phonon frequency of GaAs is not within the
detection bandwidth of conventional dipole antennas used for time-resolved
THz detection. Therefore we have chosen to investigate the THz emission
from single crystal Te, which exhibits IR-active phonons in a lower frequency
range.
In the THz-emission experiments, the sample is excited under 45o incidence by Ti:sapphire laser pulses with 1.75 eV photon energy and a pulse
duration of 150 fs. The coherent THz radiation emitted in the direction of
the reected optical beam is collected with two paraboloidal mirrors and
detected with a submillimeter dipole antenna that is gated by a second timedelayed laser pulse. The current in the dipole antenna, which is proportional
to the incident electric eld, is recorded as a function of the time delay 40].
The sensitivity of the detection system peaks at about 1 THz and extends
up to 3 to 4 THz40].
Figure 21 (a) shows the measured electric eld emitted from a surface
perpendicula to the c-axis. The data are compared to the emission spectrum
of a broad-band emitter (InP), where the emission is based on the screening
of the surface eld 40]. The signal from Te consists of a strong initial emission
followed by a periodically modulated tail. The strong peak is attributed to
a polarization that results from the ultrafast build-up of an electric photoDember eld 29], which is driven by the strong carrier gradient at the surface
and the dierence in electron and hole diusion coecients 30]. This eect
is amplied by dierences in the transient electron and hole temperatures.
Numerical simulations conrm a Dember eld build-up with amplitudes of
50 kV/cm and a rise-time of 100 fs. The screening of depletion-layer elds as
the source of the radiation can be neglected in Te, because of a low density of
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Fig. 21. (a) THz emission from Te (surface perpendicular to the c-axis) and InP.
(b) Fourier transform of the time domain data in (a). The high frequency part is
enlarged by a factor of 10. Adapted from Ref. 10].

charged surface states within the small bandgap 102]. The amplitude of the
initial THz signal due to the Dember eld is only a factor of 5 weaker than the
emission from a polar semiconductor with strong surface elds (e.g. InP) for
the same excitation power. Figure 21 (b) depicts the amplitude of the Fourier
transform of the time-domain signal. The frequency spectrum reveals, for Te,
a broad peak at approximately 500 GHz. At high frequencies, the signal
decreases to nearly zero at 2.62 THz before reaching a second maximum at
about 2.9 THz. For clarity, this part of the spectrum is enlarged by a factor
of 10. The high-frequency spectrum of a broadband emitting surface (InP,
also 10, not normalized) representing the antenna response is shown for
comparison. By polarization analysis of the high frequency emission it can
be shown that the emission stems from the coherently excited A2 mode at
2.82 THz, which is only IR active. This mode has an internal polarization
parallel to the c-axis, i.e. perpendicular to the excited surface. Thus this mode
couples eectively to the Dember eld.
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The excitation mechanism via the build-up of a Dember eld is conrmed
by numerical calculations of the non-equilibrium electron-hole distribution
close to the surface 30]. The Dember eld perpendicular to the sample surface has a transverse wavevector due to the 45 incidence of the optical pulse.
According to the phonon-polariton dispersion for transverse electromagnetic
waves, the polarization and the electric eld inside the sample will dominantly oscillate at the LO phonon frequency at small wavevectors, while the
polarization at the TO frequency is small. As a result, the THz emission is
much stronger at the LO frequency than at the TO frequency. The spectral shape of the THz emission is furthermore inuenced by the frequency
dependence of the outcoupling eciency. The frequency dependence of the
refractive index makes the outcoupling most ecient at the LO frequency
and least ecient at that of the TO phonons. This eect leads to a further
increase in intensity at the LO frequency and a decrease at the TO frequency.
In addition, plasmon-phonon coupling as discussed in Sec. 4.2, is expected to
change the spectral shape of the THz emission 11]. However, due to the large
carrier gradient close to the surface, the plasma frequency is not well dened.
Recently, the results summarized here have been experimentally conrmed
by Tani at al. in Te, PbTe and CdTe 12].

6.3 Impulsive mode softening of phonons
One important aspect of phonon spectroscopy is the fact that the timeresolved detection of the phonon frequency provides information on the dynamics of phase transitions. The transition from a crystalline to an amorphous state, e.g., is accompanied by a strong change in the phonon spectrum. Information about the origin of optically induced phase transitions is
essential for the optimization of material processing based on high power fs
laser sources, as well for future phase-change optical recording materials. One
specic form of phase transitions proposed for excitation with fs laser pulses
is non-thermal melting, where the crystal is destabilized by the optical excitation before energy transfer from the excited carriers to the lattice can take
place. Several investigations deal with this problem. Most of them are based
on time-resolved second harmonic generation (SHG), which vanishes when
the crystal loses its symmetry. It has been reported, that this process occurs
on time scales which are shorter than the typical energy transfer times from
the electronic system to the lattice 103, 104, 105]. Theoretically it has been
predicted that a non-thermal phase transition may occur when more than 9%
of all valence electrons are excited into antibonding conduction band states
106, 107].
For an investigation of this intriguing phenomenon, we investigate the coherent phonon dynamics in single crystal Te excited by amplied CPM laser
pulses of 2 eV photon energy 108]. This laser system delivers pulse energies
of 1.2 J at a repetition rate of 6.8 kHz. Figure 22 shows the time-resolved
reectivity changes at dierent pump uences. The reectivity changes are
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Fig. 22. (a) Time-resolved reectivity changes from single crystal Te for dierent
excitation uences as given in the gure. (b) Not normalized Fourier transforms of
the data in (a) (adapted from Ref. 108]).

dominated by the A1 mode excited via DECP as has already been shown
in Sec. 6.1. The oscillation frequency decreases linearly for this range of uences from 3.6 THz, i.e. the value of the unperturbed phonon resonance, to
approximately 3 THz. A t to the data shows that this mode softening is
instantaneous. This is a clear hint for non-thermal melting of the crystal,
since the energy transfer to the lattice is expected to take place on a longer
time-scale. A numerical simulation of the phonon dynamics, including the
eect of carrier diusion in this time scale, gives an estimate for the critical excitation density necessary for the non-thermal melting of the crystal,
which is about 20 % of all valence band electrons 109]. A careful comparison
of the reectivity change induced by the coherent phonons with the reectivity changes induced by heating the crystal allows one to determine the
relative lattice displacement of 0.36 % of the equilibrium lattice constant for
the highest excitation density in Fig. 22 110].
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In Ti2 O3 a transient shift of the phonon frequency, similar to the observations in Te, has been observed by Cheng at al. 111]. The Raman-active A1 g
mode of Ti2 O3 at 7 THz is excited via the DECP mechanism. An estimation
of the lattice displacement associated with the coherent atomic motion shows
that the semiconductor-to-semimetal transition in this narrow-bandgap material is modulated at 7 THz. These experiments demonstrate the feasibility
to control material properties on a subpicosecond time scale via the excitation
of large vibrational amplitudes.

7 Coherent phonons in other materials
7.1 Coherent phonons in high-temperature superconductors

The role of electron-phonon coupling in the mechanism responsible for high
temperature superconductivity (HTSC) is of central importance for the understanding of this phenomenon. Phonon modes in HTSC's have been extensively investigated by Raman spectroscopy, for a review we refer to Ref. 112].
The study of coherent phonon dynamics may contribute important information, since the dynamics of Cooper pairs and quasi particles can be observed
concomitantly with the lattice dynamics on a sub-ps time scale.
The rst observation of coherent phonons in HTSC materials has been
reported by Chwalek et al. 113] in the non-superconducting phase and Albrecht et al. 114] for both superconducting and non-superconducting phases.
As intriguing question in these materials concerns the excitation mechanism
for coherent phonons { especially in the superconducting phase { and the
relation to the optically induced breaking of Cooper pairs.
Figure 23 depicts the oscillatory contributions to time resolved reectivity changes of YBa2 Cu3 O7; (YBCO) in the superconducting phase 115].
The oscillations consist of a superposition of the A1g modes of Ba and Cu(2)
in the CuO2 plane, with frequencies of 3.6 THz and 4.5 THz, respectively
116]. The amplitudes, phases and dephasing times are obtained with high
accuracy from these ts. Figure 24 depicts the coherent phonon amplitudes
obtained from time-resolved reectivity changes in YBCO measured at different lattice temperatures. While there is a weak temperature dependence of
the amplitude of the coherently excited A1g mode of Ba and Cu(2) above Tc ,
the amplitude of the Ba mode strongly increases below Tc. In addition the
phase of this mode changes strongly as a function of temperature, indicating
a dierent excitation mechanism above and below Tc to be responsible for the
coherent phonon generation. The amplitude dependence is well reproduced
by a two-uid model below Tc 114, 115], indicating a strong correlation between the coherent phonon amplitude and the perturbation of the electronic
system. Above Tc both modes are excited via DECP, leading to an impulsive
bond-weakening of the lattice. Below Tc the excitation mechanism for the
Ba mode can be explained by the ultrafast breaking of Cooper pairs induced
by the optical pulse. The pair breaking strongly changes the conductivity in
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Fig. 23. Oscillatory contribution of time-resolved reectivity change (solid line) of

a YBa2 Cu3 O7; thin lm. The experiments are performed with a Ti:sapphire laser
at 1.55 eV. The numerical t is based on two sine functions with the Ba-mode
frequency (3.6 THz) and the Cu-mode frequency (4.5 THz). From Ref. 115].


the CuO2 planes. This produces a sudden change in the local crystal eld
of the Ba atoms, leading to their coherent displacement. The Cu(2) mode is
less sensitive to the local crystal eld changes. Similar changes of intensities
of the Ba and Cu(2) observed in the time-resolved phonon amplitudes have
been also observed in the ordinary Raman spectra 117]. The relevance of
the sudden screening of the local crystal eld and the implications on the
generation of coherent phonons in HTSC have been conrmed recently in a
systematic study on dierently doped YBCO and in Bi2 Sr2 CaCu2 O8 115].

Fig. 24. Coherent phonon amplitude of the Ba and Cu(2) modes in YBa2 Cu3 O7;
as a function of lattice temperature. From Ref. 115]
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7.2 Coherent phonon-polaritons in ferroelectric crystals

In Sec. (6.2) we discussed the coherent excitation of an only IR active phonon
mode via an electric Dember eld and the associated emission of THz radiation. There exists a more direct way to generate FIR light inside a crystal via
ISRS 118, 119], dierence frequency mixing 120, 121] or the optical Cerenkov
eect 122]. In the generation mechanism based on dierence frequency mixing two laser elds Ek and El provided by two fs laser pulses with spatial
and temporal overlap are focused on the same spot on the sample 121]. This
process is based on the second order nonlinear susceptibility (2) of the crystal. By choosing a certain angle between the two laser pulses a well dened
mode on the phonon-polariton dispersion can be selected corresponding to
the wave vector k = kk ; kl . This method creates two counterpropagating
polaritons within the laser spot. The generated coherent phonon-polariton
can be probed via a third time-delayed laser pulse positioned closely on either side of the excitation spot. The polariton may be detected by probe light
diracted via the electro-optic eect. Since the dierence frequency mixing
is performed with laser energies well below interband resonances, high peak
intensities are necessary for these experiments. Therefore the experiments
were performed with amplied laser pulses, e.g. with an amplied CPM laser
at a photon energy of 2 eV, 60 fs pulse duration and a pulse energy of  J.
By this technique, Bakker et al. were able to map out the phonon-polariton
dispersion with high sensitivity in the low frequency range in several ferroelectric crystals (LiTaO3 121] and LiNbO3 123]). Due to the high sensitivity
of this method, new resonances in the dispersion could be detected at 0.95
THz in LiTaO3 and at 1.3 THz, 2.4 THz, 3.4 THz and 4.1 THz in LiNbO3 .
These frequencies, and the corresponding temperature dependence of the dephasing times, allowed the authors to develop a quantum mechanical model
for the ferroelectric phase transition. The newly observed resonances turned
out to be quantum mechanical tunneling resonances of the lowest phonon
mode. A recent review on this subject can be found in Ref. 124].
Furthermore, time-resolved phonon-polariton studies have been performed
by Vallee and Flytzanis 125], where phonon-polariton packets are generated
in one crystal and the detection is accomplished in a second crystal separated
by an air gap from the rst. This technique allows the study of the inuence
of interfaces and surfaces on the phonon-polariton propagation.

8 Recent developments
There exist several interesting recent reports on the observation of coherent
phonons in a variety of materials, which we like to summarize here.
The application of laser pulses of 10 fs to 20 fs duration directly derived
from a resonator enables one to time-resolve phonon oscillations in the range
beyond 10 THz. Fleischer et al. recently demonstrated the observation of a
coherently excited Ag (1) mode at 14.9 THz in doped C60 molecules 126]. In
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addition to this mode, a low frequency mode around 4.5 THz was observed
which could not be observed in CW Raman experiments. These modes are
attributed to arise from the dopant atoms.
Hase at al. recently observed coherent plasmon-phonon modes also from
the upper branch of the coupled mode dispersion by applying 20 fs laser pulses
127]. These ndings conrm that the frequency of coherent modes is given
by both, the optically excited carriers and the carriers from the background
doping of the sample 57].
Coherent optical and acoustic modes have been observed recently in semiconductor quantum dots 128, 129, 130, 131, 132]. Resonant excitation of
quantum dots in conjunction with strong electron-phonon coupling leads to
a modulation of a four wave mixing signal with the frequency of the LO
phonon in CdSe quantum dots 128, 129] and of the LO and TO mode in InP
quantum dots 131]. Coherent acoustic modes could be observed in resonant
pump-probe experiments on PbS quantum dots 132, 133]. The generation
mechanism is based on deformation-potential coupling of the lowest-order
spheroidal acoustic mode to the quantum-dot excitons 132]. The dominant
damping mechanism has benn identied as radiative loss from the quantum
dots to the surrounding glass 133]. In contrast to the work on CdSe and
InP quantum dots, the optical mode could not be observed in PbTe quantum dots, suggesting dierences in the exciton-phonon coupling strength in
quantum dots of IV-VI, II-VI and III-V composition.
One basic concept of quantum mechanics is Heisenberg's uncertainty principle for two non-commuting observables. However, the quantum uctuations
of one observable may be reduced below the vacuum limit at the expenses of
the other such that the product of the uctuations still obeys the uncertainty
relation. A state prepared in this way is denoted as vacuum squeezed state and
has rst been observed by Slusher et al. for photons 134]. Coherent phonons
and polaritons may provide the access to the realization of squeezed states in
solids 135, 136]. Recently, Garrett et al. achieved the observation of phonon
squeezed states in KTaO3 35]. The excitation is based on a second-order
process leading to an impulsive change of the phonon frequency of transverse
acoustic modes. The squeezing factor derived from the observation of coherently excited TA modes is in the range of 10;6, which is still small compared
to values obtained in squeezing experiments with photons. These ndings on
phonon squeezed states in solids are supported by experiments in SrTiO3 by
the same group 137].
The coherent control of electron-LO-phonon scattering has been achieved
in fs four-wave mixing experiments, where the delay of two excitation pulses
has been varied on a time scale of several tens of femtoseconds before electronLO-phonon scattering is completed 138]. These experiments allowed the control of the scattering dynamics in a coherent fashion, thus leading to the suppression or enhancement of the scattering process within the time in which
the process is not yet fully accomplished.
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9 Conclusion
In this chapter we presented an overview of the feasibilities of time-resolved
detection of coherently excited lattice vibrations in the THz frequency range.
In contrast to conventional Raman scattering, the generation and detection
processes of coherent phonons can be well separated leading to interesting
insights into the nonlinear interaction between sub-ps light pulses and semiconductors, superconductors and ferroelectric crystals, etc. In recent years,
coherent phonon spectroscopy has revealed many results important for the
understanding of lattice dynamics and nonlinear phonon-photon interaction.
This development was strongly driven by the improvement of sub-picosecond
laser sources. Most recent developments of stable laser sources with pulse
durations in the range of 10 fs and high peak powers up to J per pulse
in combination with pulse shaping techniques should allow us to perform
a huge variety of intriguing experiments on coherent phonon dynamics, including the coherent control over the lattice motion up to enormously large
displacements. In comparison to CW inelastic light scattering experiment
the eld of time-resolved coherent phonon spectroscopy is relatively young.
The spreading and availability of stable femtosecond lasers in all ranges of
wavelengths and energies will certainly intensify the research in this eld.
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