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Transient oscillations in the vicinity of excitons and in the band of semiconductors
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Several semiconductor materials, including CdS, CdSe, GaAs, and GaAs-Al„Ga& „As multiple
quantum wells were studied with use of femtosecond pump-probe spectroscopy. Oscillatory struc-
tures are observed in the differential transmission spectra of the probe pulse at the very early times
when the probe pulse precedes the pump pulse. In addition to oscillations around the exciton fre-

quency when pumping is either above or below the exciton, oscillatory structures are also observed
in the vicinity of the pump frequency when the pump is tuned inside the semiconductor band. A
semiclassical theory qualitatively explains the observed data. These oscillations are found to be the
precursors of spectral hole burning (oscillations around the pump for pumping into the band), exci-
ton bleaching (oscillations around exciton for pumping into the band) and exciton optical Stark shift
(oscillations around exciton for pumping below the band).

I. INTRODUCTION

The dynamics of a semiconductor shortly after optical
excitation has been studied extensively in the last de-
cade. ' ' The development of picosecond-laser systems
first made possible the direct observation of hot-carrier
distributions. ' Later, femtosecond systems allowed the
study of such fast processes as spectral hole burning. '

The processes that involve carrier excitation in the con-
duction band are not coherent in the strict sense of the
definition that a coherent system oscillates in phase with
the exciting field, because the light pulses of -=100 fs
duration are either comparable to or longer that the di-
pole decay rate. True coherent e8ects associated with
discrete exciton states, however, can be observed with the
available pulses as the coherence decay time for excitons
is long on the femtosecond time scale.

Recently, we reported oscillatory structures in the
transmission spectra of bulk GaAs and CdSe at times be-

fore the arrival of the peak of the exciting pulse. ' '
These oscillatory features, however, are general and can
be observed in any semiconductor. We highlight that
fact here by presenting a comprehensive study of the
temporal evolution of the oscillatory features in mo-
lecular-beam-epitaxy (MBE) -grown GaAs and GaAs-
Al„Ga, „As multiple quantum wells (MQW's), bulk
CdS, and CdSe. Oscillations in the di8'erential transmis-
sion spectra are reported in the region around the exciton
when the pump is below or above the band edge, and in
the region of the pump when the pump is above the band
edge. No oscillations are seen in the region of the pump
when the pump is tuned below the band edge. Our re-
sults are in qualitative agreement with the recently
developed theory and we find that for pumping below the
band edge, the oscillations around the exciton are the
transient precursors to the optical Stark shift. ' '" Oscil-
latory structures around the pump when the pump is
tuned above the band edge are the transient precursors of
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spectral hole burning. And, finally, oscillations around
the exciton for pumping far above the band gap are the
initial consequence of exciton bleaching. '

In this paper the experiments and the results are de-
scribed in Secs. II and III, respectively. A comparison of
these results with theory is given in Sec. IV. Finally, the
paper is closed with a discussion in Sec. V.

II. EXPERIMENT ARRANGEMENT

Standard femtosecond time-resolved pump-probe ex-
periments were carried out on systems in Tucson (8-kHz
system) and Palaiseau (France) (10-Hz system). Both sys-
tems used a balanced colliding-pulse mode-locked laser
(CPM) to generate =-100-fs pulses at 620 nm. In the sys-
tem used to study bulk and MBE-grown GaAs, a 10-Hz
Nd-YAG (YAG denotes yttrium-aluminum-garnet) laser
was used to amplify the output pulses of the CPM. Part
of the amplified output was sent through a water cell to
generate a broadband probe. The remainder of the 620-
nm beam was the source of the pump, either at its origi-
nal wavelength or around 800 nm. The 800-nm operation
was accomplished by sending the amplifier output
through a second water cell followed by spectral filtering
and a second amplifier. GaAs MQW's, CdSe, and CdS
were studied on the second system, which used an 8.5-
KHz copper-vapor laser amplifier and an ethylene-glycol
jet to produce the continuum probe. This system used a
620-nm pump for all experiments.

Figure 1 shows the experimental arrangement. The
pump and probe were focused at a relative angle of =—15'
onto the sample, which was mounted in a cryostat. The
transmission of the probe is detected as a function of
wavelength at various time delays between the pump and
probe pulses using a spectrometer followed by an optical
multichannel analyzer. The delay between the two pulses
is controlled by a stepper motor which changes the
length of an optical delay line. Either the normalized
differential transmission spectra (DTS) 5T =(T—To)/
Tp or minus the differential absorption multiplied by the
sample thickness (which is equal to 5T for small signals)

was measured in all of the experiments. Here, To is the
linear probe transmission and T is the probe transmission
with the pump present.

III. EXPERIMENTAL RESULTS

As mentioned above, we studied coherent transients in
three cases distinguishable by the pump frequency rela-
tive to the band edge and the spectral region probed. In
particular, we measured the 5T in the vicinity of (i) the
pump when the pump is far above the band edge, (ii) the
exciton when the pump is below the band edge, and (iii)
the exciton when the pump is far above the band edge.

Figure 2(a) shows the results for case (i) for a =0.5-
pm-thick CdSe platelet (A, , -=670 nm) pumped at 620
nm. At a time delay of —10 ps (the minus sign indicates
that the probe precedes the pump), no transmission
changes have occurred and only the background noise is
present. Starting at —800 fs, oscillations appear which
increase in magnitude and decrease in frequency as the
time delay approaches zero. The oscillations are sym-
metric about the pump and are contained in an envelope
which roughly follows the pump spectrum. For the
curve at —100 fs the oscillations have disappeared, and
the peak, which is centered at the pump wavelength, rap-
idly grows and broadens into a feature characteristic of
state filling by a nonthermal distribution of carriers (spec-
tral hole). Figure 3 shows similar results in a GaAs-
Al„Ga, „As MQW with 100-A wells at room tempera-
ture. The spectra again contains oscillations that
broaden and evolve into a central peak. The linear
dependence of oscillation frequency on time delay is
clearly visible. This dependence is shown in Fig. 4 where
we have plotted the frequency of the oscillations (the in-
verse of the fringe spacing of the oscillatory structures in
units of femtoseconds) of Fig. 3 versus time delay. The
frequency of oscillations was measured away from the
central peak to avoid any inhuence from the hole burn-
ing. In this curve the absolute position of zero has been
changed. ' Note that the measurement of the oscillations
is a very convenient method to determine the absolute
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FIG. 1. Experimental arrangement for the time-resolved pump-probe experiments reported in this paper.
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position of zero time delay.
The next two experimental cases involve the spectral

region around the exciton. Figure 5(a) shows the results
of the differential transmission measurements for a 0.5-
pm-thick MBE-grown layer of bulk GaAs at 15 K when
the pump was tuned just below the 818-nm exciton reso- 20o)
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FIG. 3. Measured differential transmission spectra near

pump wavelength in a 0.75-pm-thick, 100-A GaAs-A1„Ga& As

multiple quantum well at 300 K. The pump pulse is centered
around 620 nm, it has a 150-fs FWHM, and a peak intensity of
10 W/cm'. Delay times (in fs) are —5000, —800, —750, —700,
—650, —600, —550, and —500.
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nance. The curves are 200 fs apart. The inset in Fig. 5(a)
displays the position of the pump relative to the exciton
peak. The oscillations are now centered around the exci-
ton with increasing amplitude as the time delay ap-
proaches zero. However, unlike the previous case, the
shape of the oscillations is asymmetric, always with the
largest positive peak on the side toward the pump and the
largest negative peak away from the pump. The oscilla-
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FIG. 2. (a) Measured differential transmission spectra around
the pump wavelength in a 0.5-pm-thick CdSe platelet at 10 K.
The pump pulse is centered around 620 nm, it has a 150-fs
FWHM, and a peak intensity of 10 W/cm . Curves are taken
at (lower to upper curve) —10000, —800, —750, —700, —650,
—600 —550—50, —500, and —100 fs. The last curve is compressed
by a factor of 5; (b) differential transmission spectra calculated
for interband excitation. The central pump frequency QL is as-
sumed to be well above the semiconductor band gap. The de-
tuning is normalized to o '=120/(21n2) fs. The temporal
FWH M of the pump pulse is 120 fs and the damping constants
have been taken as y=0.035 fs ' and I =1/100 fs '. Various
curves are for different time delays t~ between pump and probe.
The bottom curve is for t~ = —400 fs and the top curve is for
t~ =50 fs. The curves are in 50-fs intervals.
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FIG. 4. Measured frequency of oscillations (Ref. 16) (inverse
of the fringe spacings) for the spectra of Fig. 3 (bars). Calculat-
ed frequency of oscillations for the case shown in Fig. 2(b) as a
function of time delay t~ (line).
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tions later develop into a dispersive-looking feature indi-
cative of a blue shift of the exciton resonance.

In Fig. 6 the differential transmission is shown for
pumping below the exciton in a thin CdS platelet at 150
K. The DTS are similar to those in Fig. 5(a) and this sup-
ports are assertion that the observed effects are general
and do not depend on the choice of samples. Again, as in
Fig. 5(a), asymmetric oscillations are seen in the vicinity
of the exciton resonance, which, with increasing temporal
overlap between pump and probe, evolve into a

dispersive-looking feature like that in Fig. 5(a).
For case (iii) we present the series of curves for 0.5-

pm-thick GaAs and CdSe samples shown in Figs. 7(a)
and 8. For both samples the pumping frequency is at 620
nm, which is above the band gap of both materials. In
Fig. 7(a) the data for GaAs are plotted at 15 K. The
curves have time delays which are 100 fs apart and, spec-
trally, are centered around the exciton resonance at 818.3
nm. For early delays there are symmetric oscillations
around the exciton very similar to those around the
pump in case (i). The amplitude of the oscillations in-

creases with decreasing time delay between the pulses.
The frequency of the oscillations is found to vary propor-
tionally to the time delay. The evolution of the oscilla-
tions, as the time delay goes through zero, can be seen in
the later curves. The oscillations gradually disappear,
and the central peak assumes the spectral shape of the ex-
citon. This is characteristic for the bleaching of the exci-
ton resonance. Figure 8 shows the same experiment in
the CdSe platelet at 10 K. The curves are taken every 50
fs and the oscillations are centered around the 8 exciton
at 669 nm.

IV. COMPARISON WITH THEORY

To explain the observed experimental results, we apply
a semiclassical theory (Refs. 17, 18, and the preceding pa-
per, Ref. 19) that has been developed to calculate the
changes in a weak probe transmission through a medium
that are caused by the interaction between the polariza-
tion of that medium and a strong femtosecond optical ex-
citation. The slowly varying amplitude approximation is
used and the propagation effects in the sample are
neglected, hence restricting the validity to optically thin
samples. However, these conditions are easily met in the
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FIG. 5. (a) Measured differential transmission in the spectral
region of the exciton for a 0.5-pm thick bulk GaAs sample ex-

cited below the exciton resonance. The sample temperature is
15 K and the pump pulse is centered around 850 nm with 300-fs
duration. Delay times are 200 fs apart; (b) differential transmis-
sion spectra calculated in the spectral vicinity of the exciton res-
onance co„. The central pump frequency QL is assumed to be
detuned by —10o and the temporal FWHM of the pump pulse
is 120 fs. The curves are for different time delays t~ with 100-fs
intervals, starting from the bottom at —500 fs to the top curve
which is for 0 fs.
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FIG. 6. Measured differential transmission spectra in the ex-
citon region in a thin CdS platelet for below-resonance pump-
ing. The sample temperature is 150 K and the pump pulse is
centered around 620 nm. The spectra were taken in 100-fs in-

tervals.
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reported experiments which used pump pulses =-100 fs
long ( =—50 optical cycles) and samples of thickness
L (0.5 pm.

In this approach the differential transmission spectra at
very early times are calculated by assuming that the
different dipole-coupled k states in the semiconductor
bands react independently to the exciting light. The total
response is obtained by computing the response of an in-
dividual k state separately and then integrating the result
over all k values. In this integral the density of states is
that of an electron-hole system with a Coulomb attrac-
tion. ' The effects of carrier screening, phase-space
filling, and band-gap renormalization are neglected, ex-
cept for one case discussed later, where they are included
phenomenologically.

When calculating an individual e-h-pair response,
however, two-body processes such as carrier-carrier and
carrier-phonon scattering become important soon after
excitation. Three constants, I, y, and A, are used to
simulate the various relaxation effects. For instance, the
rate of intraband scattering in which the electron or hole
inelastically scatters to different nonresonant states
within the same band is given by I . The dephasing of the
dipoles (the nondiagonal elements of the density matrix)
is characterized by the dipole decay rate y. Finally, A
takes into account that in the nearly full valence band the
optically created empty states are filled incoherently from
other states.

Using these simplifying assumptions the DTS are cal-
culated and compared below to our data for all three
cases.

A. Case (1)

Here the pump is tuned well above the band edge,
bound states are neglected, and a pump field amplitude,
CL, which is small in comparison to that of a m pulse, is
assumed. Under these conditions the probe-transmission
changes around the pump frequency QL are given as [see
Eq. (14) of preceding paper]
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FIG. 7. (a) Measured differential transmission around the ex-
citon resonance in a 0.5-pm-thick MBE-grown layer of GaAs at
15 K, for pumping above band. The pump pulse is centered
around 620 nm with 60-fs duration. The spectra are taken 100
fs apart; (b) differential transmission spectra calculated in the vi-
cinity of the exciton resonance co„. The pump is high into the
band with QL &&co„. The curves are in 50-fs intervals with the
bottom trace for —350-fs and the top trace for 0-fs time delays.

T

5T(co)= T'Re dt e e r' J dt'e ' 8t (tz t')6't (tz —t' t)——
0 0

+T' Re dt e e 'J dt'e ' r "8t (t+t& —t')8t (t& —t')
0 0

where T' is a combination of constants. The delay time,
t between the pump and probe pulses is negative for sit-pP

uations where the probe pulse is ahead of the pump pulse.
The calculated results of Eq. (1) are plotted in Fig. 2(b)

for several values of t . A few comments are in orderp
here. First, the plots shown in Fig. 2(b) [as well as those
in Fig. 5(b)] were calculated using a pump pulse with an
envelope shape E ~ e ~

' ~, where 0. describes the tem-
p

poral pulse width. This unphysical shape simplified
analytical calculations, and differed very little from re-

17suits obtained using a more realistic sech pulse shape.
Similarly, a temporal 5-function probe pulse was used in
the calculations; however, as is shown in the Appendix of

Ref. 19, the results are essentially unchanged for longer
probe pulses.

The frequency of the oscillations in Fig. 2(b) is deter-
mined by the time delay between pump and probe. In-
creasing the temporal overlap between the pulses causes a
decrease in the number of oscillations and an increase in
the amplitude of these oscillations with respect to the
central peak. These results are in qualitative agreement
with the experimental case (i). A plot of the calculated
frequency of oscillations (inverse of the fringe spacing)
versus t is the straight line shown in Fig. 4. The experi-

p
~ ~

mental data points are represented by data bars, and he
on or close to this line.
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FIG. 8. Measured differential transmission spectra around
the exciton resonance of a 0.5-pm-thick CdSe platelet at 10 K
for pumping into the band. The pump pulse is centered around
620 nm, it has a 150-fs FWHM, and a peak intensity of 10
W/cm . The different spectra are 50 fs apart.

An analysis of the relative importance of the different
damping processes shows that the shape of the oscillatory
structures is rather insensitive to the value of the dipole
damping rate y. Even for large values of y, the only
effect of increasing y is the overall decrease of the spec-
tra. On the other hand, the calculations show that the
DTS in this region is quite sensitive to the population de-
cay rate, I, which simulates the intraband scattering of
the laser-excited carriers. Increasing I decreases the am-
plitude of the oscillations with respect to the central peak
until, for large I only a broadened peak, the spectral
hole, is left. 5T(co) ~ '

Re
( & 5+&0)l&e ' ~ for t &0,

y —&b

(3)

where Co is a combination of constants [see Eq. (18) of
preceding paper]. This differential transmission is plotted
in Fig. 5(b) for various t O. scillations in the differential

transmission spectra are now expected around the exci-
ton frequency and should have the features displayed in

Fig. 5(b). The structures should not be symmetric as in

the case of the resonant interband transitions, but rather
asyrnrnetric because the pump laser is detuned from the
exciton resonance. As the delay time approaches zero,
the oscillations should change gradually into the disper-
sive shape characteristic for the optical Stark shift of the
exciton resonance. In fact, in Eq. (2) oscillations occur if
the integrand has a peak between the limits of the in-

tegral, that is, if the time delays are negative only. These
qualitative features are observed in the experimental Figs.
5(a) and 6. Hence, the oscillatory structures can be
viewed as the early stages of the optical Stark effect in

short-pulse pump-probe spectroscopy, and Eq. (2) can be
regarded as generalization of the Stark-shift result ob-
tained in the adiabatic limit. ' Note that Eq. (2) also
expresses that the amplitude of oscillations falls off with

the detuning of the pump from the exciton, whereas the
shape of the oscillations is detuning independent.

C. Case (iii)

When the pump is far above the band and there is no
spectral overlap between pump and probe, many-body
Coulomb effects cannot be neglected, because they
represent the only mechanism by which the pump-
generated electrons and holed modify the exciton reso-
nance. The major consequence of these many-body
Coulomb effects between the exciton and the excited elec-
trons and holes inside the band is a bleaching of the exci-
ton resonance. ' The pump-induced exciton bleaching is
modeled as a time-dependent dipole damping, where the
damping rate increases with increasing pump-pulse inten-
sity. In other words, y is replaced with y(t) in the Bloch
equation for the exciton state. This simple model yields

B. Case (ii)
Re

y —iA
for t ~0,

XIm dt I t+t e—lk 0

(2)

For case (ii), when the pumping takes place below the
band but the 5T in the spectral region around the exciton
is analyzed, the exciton is modeled as a single homogene-
ously broadened transition and contributions from the
band states are neglected. If the pump detuning from the
exciton, QL —co„, largely exceeds both the exciton
linewidth y and the spectral width of the pump, the
differential transmission as a function probe detuning,
A=co —co, 1S

5T(co)= —Co
1

co~ —QL

where y(t)=yo+5y(t).
A numerical evolution of Eq. (3) is shown in Fig. 7(b)

and is in good qualitative agreement with the experimen-
tal observations of Fig. 7(a) and 8.

V. DISCUSSION

There are some differences in the physical origins of
the oscillations which occur in the band and those cen-
tered around the exciton. In the latter case the pump in-
teracts not only with the probe-induced polarization
when there is temporal overlap of pump and probe, but
also with the coherent polarization remaining in the sam-
ple after complete transmission of the probe through the
sample. In the former case there is interaction between
the pump and the probe-induced polarization only when
the two pulses are overlapped in the sample.
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The reason for the difference lies in the fact that the
free induction decay (FID) of the exciton state is much
longer than the probe-pulse duration, while the effective
FID of the composite system of unbound e-h pairs is not.
Brito Cruz et al. ' discuss this point explicitly when
analyzing oscillations in the transmission spectra of or-
ganic dyes. They used a perturbative approach which
separates into two terms the interactions which occur in
the sample when the exit of the probe pulse precedes the
arrival of the pump pulse, and those that occur when the
two pulses are overlapped in the sample. On the other
hand, the theoretical approach applied in this paper'
to cases (i) and (ii) incorporates both these terms into one.
It is the energy integration over the effective density-of-
states term, discussed at the beginning of the preceding
section, that causes the FID in the band and at the exci-
ton frequency to have diff'erent importance. In fact,
while a major contribution to the oscillations around the
exciton may be considered a result of a perturbation of its
FID, ' the oscillations around the pump, when it is tuned
above the band, must be viewed primarily as scattering of
the pump from a grating produced by the probe and a
leading part of the pump which has some temporal over-
lap with the probe.

Regardless of the details of an excitation, however, it
can be shown quite generally' that oscillations in
differential transmission spectra are expected as long as
the pump field produces any substantial change in the to-
tal transmitted probe field. In this paper we reported
three such cases of oscillations in the differential

transmission spectra detected using femtosecond pump-
probe spectroscopy. For case (i) the change in probe
transmission results in oscillations at the pump position,
which finally evolve into the spectral hole when the time
delay approaches zero. In case (ii) it is the change in the
probe transmission due to the early stages of the Stark
shift of the exciton, which leads to the oscillations in the
vicinity of exciton. And, finally, for case (iii) the pump
bleaches the exciton by many-body Coulomb effects. The
oscillations in 5T in this case evolve into the exciton line
shape, which is characteristic for the bleached exciton.
There is good agreement between theory and experiment
for all three cases.
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