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Quantum kinetic exciton—LO-phonon interaction in CdSe

U. Woggon, F. Gindele, and W. Langbein
FB Physik, UniversitaDortmund, Otto-Hahn-Strasse 4, D-44227 Dortmund, Germany

J. M. Hvam
Research Center COM, Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 27 July 1999

Oscillations with a period of- 150 fs are observed in the four-wave mixiff§VM) signal of bulk CdSe and
interpreted in terms of non-Markovian exciton—LO-phonon scattering. The experiments show evidence of
phonon quantum kinetics in semiconductors of strong polar coupling strength and high exciton binding energy.
By comparison of the spectral and temporal response of the FWM signal in bulk CdSe and CdSe quantum dots,
we demonstrate the influence of continuum states on the interference of electron-hole pair polarizations
coupled via an LO phonon.

I INTRODUCTION lation period Tos= 27 wos. according to wos= w o1

i . ) ) , +m./my), wherem, , are the electron and hole masses, has
_ Inasem!classmal treatment of Ilght-matterlntgractlon, theyeen explained within a single-particle picture for small
time evolution of a system coupled to a bath is generallyzshjich coupling constanta<1 and small exciton binding
dgscrlbed by two damping constgﬂ'tgor the energy relax- energies Eg,<fiw 0. Non-Markovian dynamics of LO-
ation andT for the phase relaxation time. Such an approachyponon scattering is also found in pump-and-probe experi-
s a common practice, e.g., in the denglty matrix formalismpants on bulk GaA2.Interest has now been focused on
or when solving the optical Bloch equatio(eee, €.g., Refs. .y semiconductor compounds because of their larger
1-3 and references therginf the system can be described pyyjich coupling constants. The first experiments on ZnSe
by.a Lorentzian osglllat_or, the homogeneous line broadeningy,\ved that the oscillations of the FWM signal are modu-
I in the spectrum is given by =24/T, and the decay of |ted by several beating frequencies, e.g., heavy-hole—light-
polarization proceeds in a strictly exponential form. In thathole(hh—lh) beating due to strain splitting or modulations by
model, scattering processes are considered as infinitely shq{fice the LO-phonon oscillation peridd.n order to resolve
in time. Such an impact approximation, however, results ifhe characteristic LO-phonon oscillations, coherent control
pronounced tails in the sp_ectral line shape_that are usual|¥xperiments were implement&tCurrently, no quantum ki-
not observed. On a short time scale, scattering processes &fgic theory exists for the exciton—LO-phonon interaction in
not yet completed and the dynamics of the system is CONgg sirong coupling regime. The available theoretical models
nected to the history at earlier times. The time evolution of, o developed for I1I-V semiconductors with small and
the system depends on its state at tirtlest, i.e., memory Ery. For strong polar coupling and large exciton binding
effects have to be taken into account by replacing the damFEnergies, as typically found in 1I-VI materials, the conse-
ing constantd™ by I'(t—t') and integrating over all previous quences of non-Markovian relaxation on the spectral and
states of the system. For such a case the dynamics is callgéimporal response of the FWM signal are still unknown.
non-Markoviart® In this paper, we study the time evolution of quantum
In semiconductors, the time evolution of the electroniccoherence in the I11-VlI semiconductor CdSe by time-
states is given by a many-particle Sctlirmger equation that integrated, two-beam four-wave mixing, using spectrally
cannot be solved analytically. The decay of polarization istunable fs pulses of varying pulse lengff0—200 f$. Since
mediated by carrier-carrier scattering and carrier-phonoithe carrier—LO-phonon and carrier-carrier interaction times
scattering. If the exciting laser pulses are as short as thare set by the LO-phonon perio@ o=2m/w =160 fs
collision times, memory effects can no longer be neglectedzw, o=25.9 meV and the plasma oscillation periob,
and the relaxation dynamics of the semiconductor has to be27/wy~200 fs (for an electron-hole density afig,=1
described by quantum kinetics. Evidence for non-Markovianx 10" cm™3), the carrier dynamics in CdSe enters the time
electron—-LO-phonon scattering has been obtained in tworegime of quantum kinetics already at pulse lengths of the
beam four-wave mixingFWM) experiments on bulk GaAs. exciting laser around 100 fs. The oscillation period of the
The time-integrated FWM signal exhibits oscillations of FWM signal is analyzed, and the spectral response is studied.
~100 fs, a time slightly below the LO-phonon oscillation The oscillations found cannot be explained by a renormal-
period of T o=27/w _o=115 fs in GaAs. In the spectral ized oscillation time as reported for GaAs, which points to
response, however, no corresponding LO-phonon sidebandsse importance of excitonic effects. By extending the pulse
are found. Such a behavior has been predicted by theory dsngth, the transition to the Markov limit is demonstrated.
being a typical signature of LO-phonon quantum kinetics inThe results derived for bulk CdSe will be contrasted with
semiconductor8.The observed renormalization of the oscil- those for CdSe quantum dots, a system of only discrete states
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with even higher exciton binding energy and similar cou- —
pling strength to LO phonons. For both materials, the ob- 3 £
tained results deviate from those measured for the electron— 2 ; -
LO-phonon quantum kinetics in the weak coupling limit in % 3 st A
GaAs. The differences are attributed to Coulomb correlation g e R T
effects, in particular due to the higher exciton binding ener- = F AR\ T,-380 75 = V)
gies. S A
ZH.
Il. SAMPLES AND EXPERIMENTAL CONDITIONS T I_
A. The material system CdSe

CdSe is a polar 1I-VI semiconductor of wurtzite crystal o0 o4 o8
lattice structure with a band gap energy of 1.84 @¥' T Delay Time T (ps)
=4 K). The uppermost valence band is split by the crystal- o . . .
field interaction, giving rise to two exciton series, labefed FIG. 1. Time-integrated FWM signal as a function of delay time

andB, and separated in energy BE =25 meV. The spin-  excited by 70 fs pulses of polarizatidel|c and detected at the
orbit split-off C valence band is well separated in energy byenergy OféheB ?gciton Ep=18526V. The excitr;uion gaensities are
~420 meV. The exciton binding energies are 15 meV and 168 410 cm %, (b) 3x10°® ¢, (¢) 1x10°" e, (d) 3.7
meV for the A and B excitons, respectively. While th <107 cm 2, (e) 1.8x10'® cm*. Curves(c) and(d) are fitted by

iton i ticallv all d for both polarizatios. & and an oscillation period of 143 fs. The inset shows the spectrum of the
exciton Is optically allowea for both polarizatio can exciting laser pulse and the energy positions of Ahexciton (A),

E”C, the A exciton is dip0|e'f0rbidden for the latter case the B exciton ®), the B-continuum edge Bc), and theB-exciton
(here ¢ is the crystal axis,E the electric field The energy+hw. o (B+LO).

A-biexciton binding energy of 4-5 meV has been deter-

mined by FWM experiments on a ps time sc&té’ The  product'*!*The samples are placed in a He cryostat and all
Frohlich-coupling constanir of CdSe is 0.39 and in the data are obtained at a temperatureTef5 K.

strong coupling regiméfor comparisonagaas=0.06). The
zone-center LO-phonon energy of 210 ¢his known from
Raman scattering and correspondsiio, o=25.9 meV, or
an oscillation period oT| o=27/w o= 160 fs. The quantum A. Non-Markovian LO-phonon scattering
kinetic model of the LO-phonon interaction, derived for
GaAs! would predict for the corresponding CdSe material
parameters a renormalized LO-phonon oscillation period o

Tosg= 2/ wosc= 126 1s of the FWM signal. . exciton states witin>1. Furthermore, the Coulomb correla-
For the_ expe_rlmentsl C(_JISe platelets of thicknais tion between excitons and continuum states should result in
~1 wm with an in-planec axis and CdSe quantum dots of the well-known phenomena of local-field effedisF) and
R=2.5 nm embedded in a glass matrix are used. excitation-induced dephasiri§ID).1*~2° An inherent experi-
mental problem is therefore the superposition of all these
different signals in the FWM response which is illustrated in
Fig. 1. In the inset of Fig. 1 the experimental conditions can
The FWM signal is detected spectrally resolved and timebe seen which are chosen following the experiment on
integrated in direction @&—q, as function of delay time GaAs! The central energy of a spectrally broad laser pulse is
between the two exciting beams of directiogs and q,,  tuned near the continuum edge and both exciton and con-
using reflection geometry for bulk CdSe and transmissiorfinuum states up t&g+#w o are excited simultaneously.
geometry for CdSe quantum dots. The fs pulses are providelgxcitation of states arising from thé-exciton series has
by an optical parametric amplifier pumped by an amp|ifiedlze€n switched off 9by using the polarization configuration
Ti:sapphire laser and can be spectrally tuned between 508||c of the incidentE field. The importance of high exciton
nm (2.48 eV) and 700 nm(1.77 e\). The excitation density binding energies and Coulomb interaction between excitons
can be adjusted between?0cm 2 and 1% cm 3. The and between exciton and continuum states is indicated by
laser pulses with a spectral width ef25 meV[full width at ~ the observation of quantum beats betweenBhe;- and the
half maximum (FWHM)] cover the energy range between B,_»- exciton state at lowest excitation densitiease(a) in
the exciton energy andEy+7% w . To extract the typical  Fig. 1; the oscillation period of 380 fs corresponds to tke 1
features of LO-phonon quantum kinetics, the superpositior2s splitting energyAE ;¢ ,=11 meV], and(ii) the large sig-
of coherent oscillations arising from different excitonic statesnal enhancement and very fast decay at zero delay times
has to be avoided. To suppress the excitation of interferingvhich is a clear hint to excitation-induced ultrafast coherent
states which could produce disturbing quantum beats, weransients>-%>With increasing excitation intensities the de-
exploit the polarization selection rules and use external pulseay of the signal at delay times>100 fs becomes faster due
shaping. By a grating/lens combinatidpulse shaper the  to exciton-carrier scattering. The shift of the maximum of the
spectral bandwidth of the exciting laser is controlled and thdFWM signal towards later times shows the transition be-
chirp is compensated to a minimum time-bandwidthtween two different mechanisms: the change from an

IIl. RESULTS AND DISCUSSION

Since -Vl semiconductors possess not only a higher
Frbhlich coupling but also large exciton binding energies, we
expect quantum beats between the 1 exciton state and

B. FWM and pulse shaping
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FIG. 2. Time-integrated FWM signal as a function of delay time g5 3. Spectral response of the FWM signal shown in Fig. 2

excited by a 100 fs pulse of polarizatidtc and detected at the measured at a delay time o0 fs. The spectra are normalized
energy of theB excitonEg=1.852 eV. The excitation densities are ijth respect to the maximum.

(@ 5x10% cm3, (b) 2x 10 cm™2, (c) 5x 10 cm 3. The in-

set shows the spectrum of the exciting laser pulse and the energgmporal response of the FWM signal oscillates with that
positions of theA exciton (A), the B exciton B), theB-continuum  LO-phonon period until the scattering process is completed
edge Bc), and theB-exciton energy+ i w,o (B+LO). The dashed- Up to @ maximum time which should correspond to the finite
dotted line is the temporal profile of the laser pulse; the solid,ifetime of the LO phonon. Such an oscillatory behavior of

dashed, and dotted lines are fits of the ocillations for different osthe FWM response is predicted in quantum kinetic thécfy.
cillation periods(see text In contrast to Boltzmann kinetics, the information about the
phases of the coherently excited polarizations is preserved
excitation-induced dephasing at the exciton to a photomfter summation over all contributing interband
echolike signal arising from excitation of continuum statespolarizations*’?® Considering only electron—LO-phonon in-
distributed ink space. In the intermediate density range, i.e.teraction, the renormalization @i, i.e., the difference be-
under conditions where thes2exciton is already screened tween T, and T o has been traced back to a negligible
but the Is exciton signal decay is still longer than the LO- hole—LO-phonon coupling.The different valence and con-
phonon period, weak oscillations of a period of #B) fs  duction band dispersions result in the renormalization factor
are visible. (1+mg/my). Following that illustrative model, in case of
To enhance the signals arising from the LO-phonon quanexciton—LO-phonon interaction the oscillation time will
tum kinetics we use in the following an experimental con-change since then both electron and hole are involved in the
figuration in which the continuum contributions are reduced.coupling and no reason exists for any renormalization of
The spectral bandwidth of the exciting pulse is limited by T, o. Therefore, the oscillation period provides an informa-
pulse shaping betweefEz—20 meV andEg+27 meV tion about the dominant interaction pathway.
around the B-exciton energigee inset of Fig. 2 Thus we For the three different excitation densitieshown in Fig.
reduce the distribution of continuum stateskispace and do 2, the oscillation periodos., the modulation deptla, and
not allow oscillation with twice the LO-phonon periqor ~ the decay timeTqecay have been determined by fitting the
higher multiples which would additionally modulate the sig- data according togyy~[1+ asin(wesd — ¢) J€Xp(-UTgecay -
nal. Furthermore, the formation of a density grating in theFor _the time-integrated FWM  signal atn=5
continuum is reduce® Also, the pulse maximum is not X210 cm~3, 2x10* cm™2 and 510" cm™° we find a
resonant with thé,,_, exciton(as in the setup shown in the constant modulation depth af=0.13, an oscillation period
inset of Fig. 2 which weakens the<:2s beat signal. Apply-  0f Tosc=150+5 fs and slightly decreasing decay times of
ing this pulse shaping, the time-integrated FWM measured decay= 235 fs, 220 fs, and 165 fs with increasing excitation
for different excitation densities is shown in Fig. 2. Pro- density(the phase shiftp was the same for all curvesBoth
nounced oscillations can be seen. The fast initial decay dugodulation depth and oscillation period are independent of
to EID effects is reduced and the LO-phonon oscillations carhtensity in the given range. For comparison, along with the
be observed over a time intervall of 800 fs. To exclude anymeasured oscillation periods and their fits, the pefled
experimental artifact due to pulse shaping, the tempora+ 160 fs andT,,— 126 fs are plotted in Fig. 2. The occur-
shape of the excitation pulse is shown too. The oscillations imence of a fully renormalized oscillatioh,.. can clearly be
the pulse Tpuse=192 f9 do not coincide with the signal excluded from our experiments. The deviationTaf, from
osc?llat@on and are z_ibout two orders of magnitude below thgygth T o=160 fs andT ogc= 126 fs illustrates the failure of
oscillations of the signal. o _ ~ the weak coupling theory and the demand for a different
An intuitive explanation for the oscﬂlqtmg FWM _slgnal IS quantum Kinetic treatment in case of strong coupling
the assumption of n9n-energy-conserwng_)scatterlng eventgtrengths and high excitonic binding energies. The reason for
If an electron at statk is scattered to a stat€ by emission the observed deviations could be a superposition of signals
of an LO phonon but with the peculiarity that both initial and arising from both exciton- and electron—LO-phonon cou-
final states have the same enefgyare even identicalthen  pling.
a deficite in the energy balance exists of jésb 5. The In Fig. 3 the spectral response of the FWM signal is plot-
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FIG. 4. Time-integrated FWM signal as a function of delay time  FIG- 5. Spectral FWM response offa=2.5 nm CdSe quantum

after excitation by a pulse-shaped 210 fs pulsE atl.85 eV in the dot sample measured at different delay times, as indicated, for ex-
Markov limit (see text The inset shows the spectrum of the excit- citation with 80 fs pulses centerediat=2.134 eV. The inset shows

ing laser pulsésolid ling) and the energy positions of tieexciton _the linear absorption spectrum of the CdSe quantum dots embedded
(A), the A-continuum edge &), the B exciton (B) (dashed line, [N glass and the laser pulsdasheql
spectrum), and the energy of thB,,_, exciton Byg).
=2x10" cm 2 up ton=1.7x10'° cm 3). The difference

ted for three different intensities. At lowest excitation we between decay time and spectral FWM linewidth is due to
still have a small contribution from thB,_,- exciton state the different real-time dynamics of the signals arising from
which vanishes with increasing density. Also the efficientexcitation-induced dephasing and phase-space filling. The
suppression of thA-exciton signal by pulse shaping aific ~ EID signal results in a Lorentz-squared line shape having a
polarization is confirmed. With increasing intensity, the linewidth of 64% of the Lorentzian linewidth in agreement
spectral response of tigexciton gradually broadens but no With our results. The fast decay time is attributed to the cou-
signal at the energis+ % w o is found, also not at different pling of the B-exciton toA-continuum states.
delay timesr. The same is found in the experiments shown
in Fig. 1 in case of low excitation densiti€surves(a)—(c)],
before the continuum starts to contribute to the spectrum
[curves(d) and(e) in Fig. 1]. The missing LO-phonon side- ~ Quantum dots are of nanometer size and have only a few
bands are not explained until now by a theory consideringliscrete energy states. The lack of continuum states and the
the strong coupling limit. tiny, limited volume of spherical or slightly prolate shape
make them different from bulk semiconductors. In quantum
dots, no real energy states exist which are resonari to
*hw o wWith E the quantum confined energy level. A cou-

The external pulse shaper can also be used to extend tiing to coherent LO phonons is assumed for quantum dots.
exciting laser pulses up to a few hundreds of femtosecondsn this case, the crystal lattice itself is driven by an external
In this case solely th& exciton of CdSe is excited and we laser field to coherent oscillations which couple then to an
can study the Markov Limit. The result is shown in Fig. 4 for electronic state and modulate its polarization decay. The ex-
resonant excitation of thB exciton by a 210 fs laser pulse citation of one electron-hole pair per dot could be already
and a low excitation density of %10 cm 3. It can be sufficient to achieve a high local charge density within a
summarized as follows(i) the decay of the FWM signal nanometer-sized crystal lattice. Such a process, however,
shows no oscillations and is almost monoexponential with &hould strongly depend on excitation density because it
decay time OfT yecqy= 246 fs(which would result in a homo- needs high local charge densities to produce the strong lattice
geneous linewidtH’=2.7 meV in case of a Lorentzian line distortions. This intensity dependence can be used to divide
shapg, (ii) the linewidth of the spectral response is 1.8 meVbetween LO-phonon quantum kinetics and coupling to co-
(FWHM, see inset of Fig. ¥ i.e., the relationl’=2%/T, is  herent lattice oscillation witil 5, as outlined in a recent
not fulfilled, and(iii) signals at negative delay times are ob- paper and demonstrated in coherent control experinténts.
served. These features illustrate the well-known fact thaCarrying out a three-beam FWM experiment, oscillations of
even for spectrally narrow, resonant excitation of a singlea period of 163 fs have been reported in Refs. 29 and 30 for
exciton, the Markov limit in semiconductors does not resultCdSe quantum dots. However, a simultaneous analysis of the
in a system which can be described by a two-band opticalemporal and spectral response of the FWM signal has not
Bloch equation without accounting for Coulomb interaction.been performed yet. In case of coupling to coherent LO
The observation of strong FWM signals at negative delayphonons, oscillations with exactly the LO phonon period and
times indicate the dominance of interaction-induced signalsidebands in the optical spectra are expected which exhibits a
(LF and EID caused by Coulomb correlation effects in the constant spectral shape over time. The modulation depth of
semiconductor sample. For a homogeneously broadenetle oscillations should increase with increasing intensity. As
resonance the relationse= tyecay2 is expected® in agree-  shown this was not observed in the case of LO-phonon quan-
ment with our observations at low excitation densiti@s ( tum kinetics in bulk CdSe.

C. Comparison between bulk CdSe and CdSe quantum dots

B. The Markov limit in semiconductors
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value measured for bulk CdSe. Added to the plot is the cor-
L — T, =160fs responding curve for the renormalized oscillation period

------- Tose =126 T8 Tos—= 126 fs which clearly does not agree with the experi-
mental data for CdSe quantum dots. When the excitation

Euol density is varied over 1.5 orders of magnitude,change in
5118 6V the oscillation time and modulation depth is observed.

It should be noted that an inhomogeneous broadening can
result in signal modulations both in the spectral and temporal
. response. This effect has been examined and found not to
R explain our experimental results because it does not result in

i temporal oscillations of the FWM signal.

2.109 eV

FWM Signal (log. units)

02 00 02 04 06 08 1.0 1.2
Delay Time T (ps)

IV. SUMMARY

FIG. 6. Time-integrated FWM signal as a function of delay time | . The experlm.ents show the features of q“a”t“”? klnetlcs n
excited by 80 fs pulses and detected at two different enefgies highly polar, Wlde-_gap semiconductors. The oscillation pe-
=2.118 eV andE=2.109 eV. The solid lines are fits reproducing 0d Tosc betweenT,s. and T\ o and the spectral response
the oscillation frequency of o=160 fs and the dashed line illus- cannot be explained by present theories and indicate the im-
trates an oscillation witfT, o= 126 fs. portance of the excitonic binding for quantum kinetics. The

experiments under conditions of the Markov limit illustrate

In this section we investigate both the temporal and Spect_he ty_pical featu_res of optical nonlin_ear?ties_ in semiconduc-
tral FWM response of CdSe quantum dots embedded in l;jprs, ie., Iocal—f_leld effects and excitation-induced dephas-
glass matrix and compare the results with those of bulk Cdsid- BY comparing the results of the temporal and spectral
obtained under similar experimental conditions. The inset if€SPONse obtained for bulk CdSe and CdSe quantum dots we
Fig. 5 shows the linear absorption spectrum for Bve 2.5 found for quantum QOts an oscnlathn period Wlth exactly the
nm quantum dot sample under study. For such a size, thkeO-phonon oscillation time and sidebands in t_he spectra,
confined electron-hole pair ground state and first excited/nereas for bulk material a slightly smaller oscillation pe-
state are separated in energy 570 meV3! The spectral riod and no S|debands_are observed W|Fh|n a detectlpn range
response of the two-beam four-wave mixing experiment i f four o_rders of magn'IUde: ngever, In .bOth ‘.“a‘?“?"s the
shown in Fig. 5 for different delay times. In contrast to modulation dep'th n the oscillating FWM §|gpal IS W'th.m L5
bulk CdSe, two sidebands are visible separated from the si rders of mggnlt_ude, mdepen_dent of excitation intensity. The
nal maximum by approximately the LO-phonon energy. Th atter re_sult |mpl|es t_hat _both in CdSe quantqm dots and bulk
corresponding delay-time traces of the time-integrated FW ds.?’ Interaction W'th light does not result in a strong non-
signal are shown in Fig. 6 for two different spectral posi- €duilibrium population of coherent phonons.
tions. In particular at the low-energy sideithin the tail of
size distribution we see pronounced oscillations which can
be fitted well by a period ,s.= 160+ 3 fs, in agreement with Stimulating discussions with M. Wegener, H. Haug and
the result of Ref. 30. The damping of the oscillations, how-L. Banyai are grateful acknowledged. Financial support of
ever, is stronger as observed for colloidal CdSe nanocrystalthe Deutsche Forschungsgemeinschaft within the program
most probably caused by the inclusion of the quantum dotsQuantum Coherence in Semiconductors” and by the Min-
in a glass matrix. The phonon oscillations here are dampeidtry of Education and Science of Nordrhein-Westfalia is
by a rate of~(1/300) fs !, which is also about twice the grateful acknowledged.
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