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Nondegenerate four-wave-mixing allows one to monitor the femtosecond relaxation of free carriers in GaAs
and CdTe at densities as low as<20'® cm 3. The energy relaxation time of electrons via LO-phonon
emission is determined to be 24Q0 fs in GaAs. In more polar CdTe, this time constant is found to be as short
as 70- 15 fs which is even shorter than the phonon oscillation period of 20(B&163-182@09)51840-7

In the past few years, femtosecond nonlinear spectroscopyurations as in standard pump-probe experiments. The ex-
of semiconductors has provided new insight in the cohererperimental setup takes advantage of a two-color
and incoherent dynamics of electronic excitatiofie two  Ti:sapphire-laséf*?which produces two independently tun-
most widely employed experimental techniques have beefble transform-limited pulse trains with a temporal jitter be-
four-wave-mixing (FWM) and differential transmission low 2 fs. Figure 1a) schematically depicts the applied FWM
spectroscopyDTS). With FWM in both two and three beam technique. It consists of a conventional three-beam FWM
geometries a wealth of information about the coherent intergeometry except for the fact that two beams are derived from
band dynamics has been obtairfei Differential transmis- ~one branch of the two-color Ti:Sapphire laser, while the third
sion on the other hand is determined by coherent as well d§ delivered by the second branch. When the two pulses with
incoherent dynamics. DTS has provided valuable detailgentral frequencyw,; and wave vectork; andk, arrive at
about the temporal evolution of nonthermal carrier distribu-the sample with a delay;, comparable to or shorter than
tions in semiconductors including the quantum Kkinetictheir pulse duration they form a carrier population grating in
electron-LO-phonon emission in GaA8.The sensitivity of  the sample from which the third beam with central frequency
this technique is limited by the small transmission changes i, can be diffracted over a broad spectral range. In order to
the band-to-band continuum of semiconductors at moderatgchieve a large modulation depth of the population grating
excitation densities and by the large background of the transsur measurements are performed gt=0. The two degen-

mlttgd probe light. Most_of the FWM experiments have es-g 4te pulses with Wavevectda; andIZ; serve as the pump in
sentially beenone-colorin that one performs degenerate e sense of a DTS experiment. The population grating in the
measurements and tunes the photon energy. Thetist  sampje results in a modulation of the refractive index and the
color femtosecond FWM experiments were performed byapsorption due to the nonlinear response of the semiconduc-
Cundiff et al” and Kim et al.™™ Both papers obtained infor- 4 This grating is then probed by the third pulse with cen-

mation about the excitonic properties of semiconductor% al frequenc and wavevectok. after a delav time
while the coherent as well as the incoherent response of the q M 8 y D

band-to-band continuum remained unresolved due to the lim-

ited sensitivity and insufficient time resolution. a) b cb
In this communication, the first two-color femtosecond

FWM measurements high in the absorption continuum of g F
bulk semiconductors are presented. We have developed a 2 £
FWM technique that combines properties of FWM and DTS

experiments and which has—to our knowledge—not been re- \hh
ported previously. The main advantages are as folldws:

The investigated signal is produced in a phase-matched and Ih

background free direction as in the case of standard FWM

experiments(ii) Our technique monitors the incoherent re-  FIG. 1. (a) Scheme of the nondegenerate four-wave-mixing ge-
laxation of nonthermal carrier distributions in bulk semicon-ometry.(b) Schematic band structure and relevant transitions of the
ductors with a temporal resolution limited only by the pulseinvestigated semiconductors.
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FIG. 2. Spectrally resolved four-wave-mixing signal in GaAs
for an average excitation density of<7L0'® cm 2 for different

delay timestp . The dotted insert @ =100 fs shows the excitation 10 ’\M‘i’”ﬁiﬂ V‘\&E‘fﬁi"i

spectrum.
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The background free signal observed in the phase-matched . N

direction (3 + k; — k) is spectrally resolved and studied as a 0 500 1000 0 150 300
function of wavelength and delay tintg . Delay Time t; (fs)

. The third Order nonlinear response of the e_lbsorptlon o giG, 3. (a) Four-wave-mixing signal recorded at a photon en-
tinuum of a semiconductor arises from three different effects;

. . . . o -~ ergy of 1.61 eV for different carrier densities in Ga#eft-hand
(i) The main nonlinearity at moderate excitation densities 'SSide). The pump pulse is centered at 1.58 eV. The upper curves

the result of Pauli blocking of band-to-band transitions bYgispjay the uncorrected data with a biexponential fit; the lower
photoexcited carriers. As shown in Fighl one expects dif-  ¢,nes show the signal without the slowly varying background. The
ferent contributions since both light haldh) and heavy hole  ayerage carrier density N and the decay timef the rapidly de-
(hh) transitions are excited by the pump pulses. In addition tGaying part of the signal are indicated. The additional dashed curve
the pump frequencies, bleaching effects also occur for othep the top diagram refers to the cross correlation of pump and probe
transition energies. As indicated in the right part of Fih)1  pulse. (b) Analogous measurements for CdTeght-hand sidg
electrons generated from the Ih band bleach hh transitionSote the different scales of the abscissas.

with lower energies than the pump energy. Similarly, elec-

trons ge_nerated via the hh b_and lead to a bleaching effect cBénsity of the probe pulse at the corresponding photon en-
Ih transitions blue-shifted with respect to the pump photony ., The main results of these measurements are as follows:
energy.(ii) Coulomb interaction between the generated Calor a delay time otp=0 fs a signal following the spectral

riers has been shown to result in a red-shift of the bleaching,, fth Ise is red-shifted about 10 meV due to
effect in DTS”®12 (i) Collective effects such as band gap Coi?gn?b ef?e%tjgsﬂspghsf ése;i a? ; Sho?oguenergy of 1.60

_renormalization lead toa small background of the signal thaf,, 5 ises from bleaching of hh transitions by electrons gen-
is only slowly varying with Fhe phaton energy. Therefore th_eerated from the lh band. After a delay timetgf=100 fs the
spectrally resolved FWM signal depends strongly on the dISFninimum between these two components has been reduced

tan:lcf).n ?f the carrlerts ;ndv?lence and Co?d(;JCt'onGZinds_i_h by electrons generated from the hh band having emitted one
Irst, experimental data are presented on S O-phonon ¢ w, o= 36 me\). This relaxation also leads to a

sample is a bulk GaAs layer of a thickness of 400 nm Withbroadenin .
. . . : g of the peak at 1.60 eV. According to the FWM
AlGahs cladding and AR-coating on both sides. All experi- spectra on the right hand side of Fig. 2, the carrier distribu-

ments are carried out at a temperature of 20 K. The PUMBoN relaxes towards a thermal distribution within several

pulses with wavevectork; andk, are tuned to a central hyndreds of femtoseconds as expected from theoretical esti-

photon energy of 1.68 eV and a pulse duration of 90 fs tomates for the carrier-phonon and carrier-carrier scattering
prepare an energetically narrow initial distribution of carrierstjmes.

polarized linear and parallel to each other and produce agt 3 fixed spectral position of 1.61 eV for different carrier
spatially averaged electron density ok10°cm 2. The 20  densities. In these experiments the pump pulse is centered at
fs probe pulse with wave vectd; encompasses the entire 1.58 eV and has a spectral width of 16 meV full width at half
spectral bandwidth from the excitonic resonance at 1.512 evhaximum and a pulse duration of 100 fs. As a result, the
to beyond the photon energy of the excitation pulse. Thenergetic width of the photoexcited carrier distribution in the
polarization of the probe beam is chosen perpendicular tgonduction band is much narrower than the LO-phonon en-
those of the pump pulses in order to suppress scattered ligBtgy of #w, o=36 meV. This fact is essential for a quanti-
efficiently via a polarizer and to reduce coherent artifactstative study of LO-phonon emission by electrons since scat-
The intensity of the probe pulse is one order of magnitudeering events within the initial distribution are avoided. As
weaker than that of the pump beams. In Fig. 2 spectrallyndicated in Fig. 1b) the photogenerated electrons also in-
resolved FWM data are shown for various delay timgs  fluence the refractive index and the absorption coefficient at
The signals depicted here are normalized to the spectral irltigher photon energies via the bleaching effect of Ih transi-
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280 —r—rrrrr—rr T relaxation in this strongly polar material. The sample con-
240 sists of a 370 nm bulk CdTe layer. The pump pulse is cen-
) tered at 1.65 eV with a duration of 100 fs and spectral full
= 200 width at half maximum of 16 meV. Again, the energetic
(3 . . . s
Q 160 width of the pump pulse is Chosen- significantly smaller-than
£ hw o=21 meV. The probe pulse is spectrally broad with a
'; 120 pulse duration of 25 fs. According to the right hand side of
3 80 Fig. 3, the FWM data decay biexponentially. The fast decay
8 time in the femtosecond regime is connected with the energy
40 CdTe relaxation of the electrons. As depicted in Fig. 4 the initial
L decay time increases from a value of 45 fs at a density of
2015 10% 107 10 108 cm™3 to 70+ 15 fs for densities below 8 10 cm™3,

) . 3 This finding is closely related to the coupling strength for the
Carrier Density (cm™) LO-phonon emission of the nonequilibrium electrons via the
Frohlich interaction. The polar optical scattering mechanism
is of fundamental theoretical interest because the electron-
honon scattering in CdTe should exhibit strong quantum
inetic features. The polaron coupling constantef 0.33 is
relatively large in CdTe as compared to GaAs with
=0.06. The time constant of the scattering process in CdTe

tions by electrons created from hh transitions. Therefore thé faster than the phonon oscillation period of 200 fs which is
relaxation of the photo-generated electron distribution can bgenerally taken as an estimate for the duration of the inter-
investigated via transitions at 1.61 eV. This constellation@ction process. In Fig. 4, the initial decay times are depicted
provides two major advantage&) Mainly electron dynam- Versus excitation density. The_ transm_on t_o a Iov_v _den5|ty re-
ics is monitored since the involved Ih transitions are notdime where electron-electron interaction is negligible can be
populated by the pump pulséi) Artifacts due to coherent S€en fpr both GaAs and CdTe. Of spgual interest is the ob-
coupling effects between pump and probe pulses are suSérvation that the phonon scattering is larger by a factor of
pressed. The data of Fig. 3 exhibit a biexponential decayree in CdTe compared to GaAs due to the strongeh+ro
with one time constant in the femtosecond regime and dch coupling. As a result, the saturation region which is
background slowly varying on a time scale of several pico-domlﬂ?lteq by carrier-lattice interaction extends to higher
seconds. The faster decay timef the signal is as fast as 90 densities in CdTe. _ o ,
fs for high excitation densities and increases with decreasin% For the theoretical interpretation of the relaxation times in
carrier density. As depicted in Fig. 4, the relaxation timeGaAs and CdTe we assume a pure Hfiah type electron-
saturates at 24020 fs for carrier densities below>110 phonon interaction® The polar optical scattering dominates
cm~2. These fast decay times can be attributed to the energghe energy t_ransfe_r to the Iattice_ since.deformation potential
relaxation of the photogenerated electrons. For low densitiecattering with optical phonons is forbidden in thevalley
electron-electron scattering is negligible and the time con®f zincblende materials due to symmetry co_n3|derat?6ns.
stant of 24@ 20 fs derived from these FWM data is directly The Scattering rate can be calculated analytically for elec-
related to the energy relaxation of electrons via LO-phonor{fons in @ parabolic conduction band via Fermi’s golden rule.
emission. For densities abovex1.0* cm~2 an additional /N first order perturbation theory the scattering rate for an
contribution to the energy relaxation via electron-electron€!€ctron with effective mase and kinetic energyE. is
scattering becomes significant. It should be noted that thgiven by

same LO-phonon emission time has recently been deter-

mined via ultrasensitive DTS spectroscdp¥he previous mr ool 1 ) Ee
value agrees perfectly with the present findings. Earlier mea- 'e-Lo= \/ 2E 2nhieg | € € Arsinh horg 1
surements of the electron-phonon-interaction employed more (1)
indirect methods. Kasbt all* have investigated the carrier-
phonon-interaction via time-resolved Raman spectroscopylhis expression is derived in Ref. 17 and is valid for negli-
An electron-phonon scattering time of 165 fs was deducedjible phonon occupation, i.e. for low temperatur@s
by averaging over 12 emission steps. Levial’® have de- <#w o/kg and for dispersionless LO-phonons. The rel-
rived a scattering time of approximately 180 fs via injected-evant material parameters for GaAs and CdTe are given in
hot-electron transport. Our measurements provide a more rd-able I. In our experiments the average kinetic energies of
liable result since we monitor the electronic relaxationthe electrons initially excited by hh transitions is 65 meV for
directly via the decay time of the FWM signal. the measurements in GaAs and 45 meV for those in CdTe.
The picosecond component of the signal may be attribThe scattering times calculated from Bd) are 255 fs in
uted to two mechanisméi) Band gap renormalization due to GaAs and 75 fs in CdTe in very good agreement with our
the photoexcited carriétsand (i) the spectral wings of the experimental results. This agreement is surprising especially
strong excitonic nonlinearities extending into the band-tofor the case of strongly polar CdTe considering the simplic-
band continuurtf. ity of our estimate: Eq(l) takes into account only first order
We now turn to the results on CdTe. The measurementperturbation theory. Until now it has not been clarified if this
provide the first experimental investigation of free electronapproximation is still sufficient for a polaron coupling con-

FIG. 4. Decay times of the four-wave-mixing signal in GaAs
(circles and CdTe(squares for different excitation densities. The
theoretical LO-emission times via polar optical scattering according{z
to Eq. (1) for electrons in GaAgdashed ling and CdTe(dotted
line) are marked. The solid lines are to guide the eye.
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TABLE |. Material parameters taken from Ref. 19 for the cal- nondegenerate FWM experiments. The results are not acces-
culation of the scattering rate of electrons in GaAs and Caife  sjble with usual two beam or three beam degenerate FWM
free electron masse.., €: dielectric constants in the high fre- techniques. Our method provides a background free alterna-
quency and static limit. tive for DTS experiments and offers therefore a variety of
applications in the investigation of femtosecond dynamics.

Gans CdTe In the first measurements with this technique we have moni-
mp /Mg 0.067 0.090 tored femtosecond free carrier relaxation in GaAs and CdTe
hw o (MmeV) 36 21 and investigated the electron-LO-phonon interaction at low
€. 10.9 7.1 densities where carrier-carrier scattering is negligible. Our
€ 12.5 10.2 findings are consistent with the assumption of a pure

Frohlich-type interaction.

stant as large as=0.33 becausex is expected to be a We wish to thank W. Kaiser and E. P. Ippen for valuable

measure for the relative importance of higher-order pro-discussions. This work has been supported by the DFG via

cesses. In both materials we do not see evidence for a nothe Schwerpunktprogramm “Quantenkobaz in Halbleit-

exponential decay of the photogenerated electron distributioarn” and the Sonderforschungsbereich 410 “lI-VI-Hableiter:

which might be expected in a strong coupling regifhe. Wachstumsmechanismen, niederdimensionale Strukturen
In conclusion we have presented a special application found Grenzflahen.”
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