
Femtoseond near-�eld spetrosopy of single quantum dotsChristoph Lienaua, Tobias Guenthera, Thomas Unolda, Kerstin Muellera and ThomasElsaesseraa Max-Born-Institut f�ur Nihtlineare Optik und Kurzzeitspektroskopie, Max-Born-Stra�e 2A,D-12489 Berlin, Germany;ABSTRACTExitoni and spin exitations of single semiondutor quantum dots urrently attrat attention as possibleandidates for solid state based implementations of quantum logi devies. Due to their rather short deoherenetimes in the pioseond to nanoseond range, suh implementations rely on using ultrafast optial pulses to probeand ontrol oherent polarizations. We ombine ultrafast spetrosopy and near-�eld mirosopy to probe thenonlinear optial response of a single quantum dot on a femtoseond time sale. Transient reetivity spetrashow pronouned osillations around the quantum dot exiton line. These osillations reet phase-disturbingCoulomb interations between the exitoni quantum dot polarization and ontinuum exitations. The resultsshow that although semiondutor quantum dots resemble in many respets atomi systems, Coulomb many-bodyinterations an ontribute signi�antly to their optial nonlinearities on ultrashort time sales.1. INTRODUCTIONOur insight into the struture, funtion and dynamis of atomi, moleular, biologial and solid-state nanostru-tures has been inuened strongly during the last two deades by two omplementary and novel experimentaltools, i.e., by sanning probe mirosopy and ultrafast optis. The tehniques of sanning probe mirosopy (1),in partiular sanning tunneling mirosopy (STM) and atomi fore mirosopy (AFM), enable one to imagethe struture of surfaes on an atomi and even sub-atomi (2) sale and give information about the loal ele-troni density of states. STM tehniques o�er the unique ability to manipulate the position of single atoms withsub nanometer preision and to assemble new strutures on a nanosale (3; 4). Dynami proesses on surfaes,however, an only be studied on a time sale given by the mehanial san speed of the raster probe, i.e. typiallyon a milliseond time sale.Optial tehniques, on the other hand, are inherently di�ration limited in spatial resolution to the saleof the wavelength of the light, i.e., to about 0.5 �m in the visible range. In ombination with ultrashort lightpulses, optis allows to probe strutural hanges on femtoseond time sales. This makes ultrafast spetrosopya unique tool for probing the elementary dynamis of eletroni and nulear motion in atomi, moleular andsolid state systems. It is the ideal tehnique for the time-resolved study of hemial reation dynamis (5; 6)and of the dynamis of eletroni exitations in solid state media (7).A partiularly interesting researh perspetive lies in a ombination of sanning probe mirosopy and ultra-fast optis to spatially resolve the ultrafast dynamis of optial exitations on ultrashort, nanometer length sales.During the last deade, sientists have embarked on di�erent strategies to attain this goal. The ombination ofa sanning tunneling mirosope with ultrashort light pulses o�ers ultimate, nanometer spatial resolution; yet,experimentally, has so far been proven diÆult (8; 9). An alternative onept relies on using the nano-optialtehniques that have been developed during the last deade, e.g. aperture-based (10; 11; 12) or apertureless,sattering-type (13; 14; 15) near-�eld mirosopy, to break the di�ration limit and loalize ultrashort light pulsesto spatial dimensions of the order of 10 to 100 nm. Ultrafast nano-optis is urrently a rapidly expanding �eldof researh, as the newly developed experimental tools have the potential to probe and manipulate the dynamisof optial exitations of single nanostrutures (16; 17; 18; 19). This allows to eliminate ensemble averaging, sofar unavoidable in onventional far-�eld ultrafast experiments.It is the aim of this artile, to introdue a novel experimental approah, ombining near-�eld optis and fem-toseond pump-probe spetrosopy, to probe the nonlinear optial response of single nanostrutures on ultrafasttime sales. This tehnique is implemented to study the oherent polarization dynamis and optial nonlinearity
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Figure 1. Two-dimensional FDTD simulation of the spatio-temporal evolution of a 10-fs light pulse at a enter wave-length of 810 nm propagating through a tapered, metalized �ber probe of 100-nm aperture diameter. The �eld intensityjEx(x; y; t)j2 is displayed on a logarithmi intensity sale at four di�erent instants in time. Around t =14 fs the pulseenter reahes the aperture, generating an ultrashort near-�eld light spot diretly below the aperture. Note the strongbak reetion of the pulse inside the �ber. The metal oating is assumed to be a perfet ondutor.of a single semiondutor quantum dot. Analyzing transient reetivity spetra, we diretly demonstrate thee�ets of many-body Coulomb interations on the exitoni polarization dynamis. The paper is organized asfollows. In setion 2, the experimental tehniques applied in this study are introdued. Setion 3 summarizesbriey some basi properties of interfae quantum dots. The experimental results and their analysis are presentedin setion 4. A summary and some onlusions are given in setion 5.2. ULTRAFAST NANO-SPECTROSCOPYA prerequisite for probing the dynamis of optial exitations on a nanometer sale in real spae is the abilityto generate and/or probe light spots with a temporal duration in the femtoseond range and nanometer spotsizes. A straightforward approah relies on transmitting ultrafast lasers through nanometer-sized apertures innontransparent metal �lms. In the diret viinity of the aperture, i.e., in its near �eld, the spatial resolutionis de�ned by the dimension of the aperture, rather than by di�ration. The resolution an thus be inreasedby suÆiently dereasing the size of the aperture. If the aperture is fabriated at the tip of, e.g., a metal-oated tapered optial �ber, it an be raster-sanned aross the sample surfae, using onventional tehniquesof sanning probe mirosopy (1). Near-�eld optial images are then generated by reording the transmitted orreeted light as a funtion of tip position. This approah is illustrated in �gure 1. It depits a two-dimensional�nite di�erene time domain (FDTD) simulation (20) of the propagation of a 10 fs light pulse with a enterwavelength of 810 nm through a metal-oated near-�eld �ber probe with a 100-nm aperture diameter (21). Thespatial distribution of the �eld intensity jEx(x; z)j2 is shown on a logarithmi sale at four di�erent instants intime. Around t =14 fs the pulse enter reahes the aperture. A near-�eld light spot with a lateral dimensiongiven by the aperture size is generated diretly below the aperture. For a 100-nm aperture, its energy is about 3orders of magnitude smaller than that of the inident pulse oupled into the �ber taper and this energy dereasesstrongly with dereasing aperture size. With urrent tehnology, aperture sizes down to about 30{40 nm an befabriated, but the transmission oeÆient is typially less than 10�4 (22; 23).Sine many semiondutor nanostrutures are grown on non-transparent substrates, using a reetion ge-ometry is often desirable. In metal-oated tapers, however, most of the inident pulse energy is bak-reetedinside the taper. This makes it diÆult to detet optial signals indued by the loalized near-�eld light spotin a reetion geometry. Sine many semiondutor nanostrutures are grown on non-transparent substrates,
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Figure 2. (a) Shemati illustration of the illumination/olletion mode. (b) Sanning eletron mirosopy image of aethed unoated near-�eld �ber probe. () Dependene of the reeted light deteted in illumination/olletion mode onthe tip-to-sample distane.using a reetion geometry is often desirable. In designing high spatial resolution experiments on semiondutornanostrutures, it is important that high optial quality semiondutor quantum wells (QWs), wires (QWRs)and dots (QDs) are often buried at a depth of 50{100 nm below the sample surfae in order to avoid nonradiativereombination e�ets. Thus, even if an ideal point-like dipole soure was used, the spatial resolution would belimited to about 1.5 - 2 times the depth, i.e., to about 100{200 nm. This also means that the amplitude of theevanesent �elds generated near the surfae the has dereased substantially when interating with the buriedsemiondutor nanostruture.Therefore, a slightly di�erent approah is used in our experiments. We replae the metal-oated �ber probe byan unoated, ethed single mode optial �ber taper with a one angle of about 30Æ. Tube ething (24) is used toredue the surfae roughness and improve the optial quality of the taper (�gure 2). These unoated tips are usedin an illumination/olletion geometry (�gure 2a), deteting the light that is reeted bak into the taper. Thisdetetion geometry is partiularly sensitive to the loal surfae reetivity, as an be seen from the pronounedderease of the reeted light intensity with inreasing tip-to-sample distane (�gure 2()). The reeted intensitydereases by a fator of 2 within the �rst 150 nm. An approximately exponential distane dependene with adeay length of 250 nm, free of interferene osillations is observed for good quality tapers. 3D FDTD simulations(25) show that in the presene of a semiondutor, almost all of the inident pulse energy is adiabatially guidedinto a spot with a diameter of about 250 nm at the very end of the taper. In illumination/olletion geometry,the spatial resolution is further improved sine the light passes twie through the aperture. It an reah lessthan 150 nm or about �=5 (26). The FDTD simulations also show that a large fration of the loally reetedlight is oupled bak into the tapered �ber. Experimentally, we �nd that for GaAs samples about 1% of the lightoupled into the �ber is olleted in this geometry. This high transmission and olletion eÆieny makes suhunoated �ber probes partiularly well suited for semiondutor nano-spetrosopy. Also, due to its pronouneddistane dependene, the intensity of the loally reeted light an be used to sensitively sense the tip-to-sampledistane with an auray of +=�2 nm. In our experiments, the reeted light is used for a sensitive, ontat-freedistane regulation setup, avoiding the mehanial strain that is sometimes found in shear-fore based feedbaks(27).When using these tapered �ber probes for femtoseond time-resolved spetrosopy, the temporal broadeningof light pulses during propagation due to group-veloity dispersion has to be onsidered. For a bandwidth-limited Gaussian input pulse of duration �in, the output pulse length �out after propagation through a dispersive
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Figure 3. Shemati setup of the near-�eld pump-probe spetrometer (28; 12). Pump and probe pulses are derivedfrom a 50 fs, 80 MHz repetition rate Ti:sapphire osillator. The pulses are spetrally and temporally shaped in twoindependent ompressor units in order to reah less than 200 fs time resolution at the exit of the �ber tip. In theillumination/olletion-mode, pump and probe pulses are oupled into a near-�eld �ber probe and the reeted light isolleted through the same �ber, spetrally dispersed in a monohromator and deteted with a CCD amera. The �berprobe is raster-sanned aross the sample whih is mounted on the old �nger of a helium ow ryostat (29)material of length L is given by �out = �inp1 + 4jkdj2L2=�4in. The group veloity dispersion (GVD) parameterkd = �2k=�!2, with k being the wavevetor and ! the angular frequeny. Higher order dispersion is negletedin this formula. For quartz single mode �bers at a laser wavelength around 800 nm, kd ' 100 ps2/km. In atypial, 100-m long quartz single mode �ber, a 50 fs input pulse is strethed to about 4 ps. Thus, a GVDpreompensation setup must be introdued before the �ber in order to add a negative GVD that ompensatesthe positive GVD of the �ber. We use a grating ompressor (30) (�gure 3) and typially ahieve a time resolutionof less than 100 fs for a 40-m-long �ber taper and less than 200 fs for 100-m-long �bers. The ahieved timeresolution is mainly limited by higher order dispersion inside the optial �ber, whih an not be ompensatedwith this grating ompressor. With unampli�ed laser pulses taken from mode-loked osillators, the distortionof the pulse spetrum due to self-phase modulation is generally negligible.A shemati illustration of the near-�eld pump-probe setup used in our experiments is shown in �gure 3. Bothpump and probe pulses are derived from a modeloked Ti:sapphire osillator providing pulses with a length ofabout 50 fs pulses that are tunable in the wavelength range from 810 to 870 nm. The laser works at a repetitionrate of 80 MHz and gives an average power of up to several hundred of milliwatt. The laser output is split intoa pump and a probe beam. Eah of these beams travels through a separate grating setup for spetral seletionand preompensation of group veloity dispersion. Both pump and probe pulses are oupled into an unoatednear-�eld �ber probe. The probe light reeted from the sample is loally olleted through the same �ber.The sample is mounted on the old �nger of a helium ow ryostat (29). For spetrally resolved pump-probeexperiments, the olleted light is dispersed in a 0.5-m monohromator yielding a spetral resolution of 60 �eV.The experiments are performed at low probe laser powers of only about 100 nW oupled into the near-�eld �ber,requiring a high detetion sensitivity. The olleted light is therefore deteted with a high-sensitivity liquid-nitrogen-ooled CCD amera. The signal-to-noise ratio of the CCD detetion used in this setup is approximatelytwo times higher than the shot noise limit.The spatial resolution that is obtained with this near-�eld pump-probe setup is illustrated in �gure 4, showinga spatial map of the nonlinear pump-laser indued hange in reetivity of a single GaAs quantum wire (QWR)(28). The map is reorded at room temperature using a 100 fs probe laser pulse with a photon energy of 1.45
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Position y ( m)Figure 4. (a) Spatial map of the nonlinear pump-indued hange in reetivity of a single GaAs quantum wire. The mapis reorded at room temperature with a probe laser set to 1.45 eV at the enter of the QWR absorption resonane. Apump laser at 1.52 eV generates eletron-hole pairs in the embedding quantum well. Trapping of arriers into the QWRbleahes the QWR absorption and dereases the reetivity. (b) Spatial variation of the hange in reetivity along a lineperpendiular to the quantum wire axis at a probe energy of 1.46 eV. The losed irles show data for resonant quantumwire exitation with a pump laser at Epu =1.48 eV, demonstrating 200 nm spatial resolution. For o�-resonant exitationat Epu =1.44 eV the nonlinear signal vanishes (open irles).eV, the enter of the QWR absorption resonane. A pump laser pulse, arriving 10 ps before the probe laser,generates eletron-hole pairs in the quantum well surrounding the QWR. Trapping of arriers into the QWRbleahes the QWR absorption and thus dereases the reetivity. The loal pump-indued hange in QWRreetivity is learly resolved in �gure 4(a). The temporal dynamis of the QWR reetivity reveal an ultrafasttrapping of arriers into the QWR (28)and allow to time resolve the optially-indued nonequilibrium arriertransport along the quantum wire (31).3. INTERFACE QUANTUM DOTSAn important QD model system are thin semiondutor quantum wells (QW). In quantum wells, loal monolayerheight utuations at the interfaes (interfae roughness) and utuations of the alloy omposition (alloy disorder)are unavoidable (�gure 5(a)). The resulting disordered potential leads to the loalization of exitons in single"interfae" quantum dots with a on�nement energy of about 10 meV (�gure 5(b)). This disorder gives riseto a pronouned inhomogeneous broadening of far-�eld optial spetra. In experiments with high spatial andspetral resolution, however, the smooth, inhomogeneously broadened photoluminesene (PL) spetra breakup into narrow emission spikes from a few loalized exitons (32; 33; 34; 26; 35; 36). This makes nano-optialtehniques with high spetral resolution partiularly well suited for studies of single QDs.The linear optial properties of interfae QDs resemble in many aspets those of atomi systems. At lowtemperatures, the exitoni lines display a narrow homogeneous linewidth of 30{50 �eV, in agreement withmeasured dephasing times of 20{30 ps. The QDs show a disrete absorption spetrum (34) and a �ne struturesplitting due to the spatial asymmetry of the monolayer islands. The temperature dependene of the exitonlinewidth and the �ne struture of these emission line has been thoroughly investigated (34; 37). The enter-of-mass wave funtion of loalized exitons in interfae quantum dots typially extends over several tens of nm. Thisresults in large QD dipole moments of 50{100 Debye and a partiularly strong oupling of these exitons to light(38; 39). This makes interfae quantum dots a partiularly interesting model system for nonlinear spetrosopyof single quantum dots.Muh information about the underlying disorder potential and about the loalization length of the exitoniwave funtions is obtained from a statistial analysis of the autoorrelation funtion of suh near-�eld spetra(35; 40). Spei�ally, suh experiments reveal exitoni level repulsion as a robust orrelation between loalized
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Figure 5. (a) Disorder in quantum wells arises from spatial utuations of the loal quantum well thikness (interfaeroughness) and of the quantum well omposition (alloy disorder). (b) Shemati illustration of the e�etive disorderpotential V (R) and of a loalized exitoni enter-of-mass wave funtion j	(R)j2. (,d) Representative near-�eld PLspetra (T =12K) of () a 5.1 nm thik and (d) a 3.3 nm thik (100) GaAs QW.exiton states with spatially overlapping wave funtions and allow to estimate the orrelation length of theunderlying disorder potential.In this work, we investigate a sample onsisting of 12 single QW layers of di�erent thiknesses grown ona (100) GaAs substrate. The QW layers are separated by AlAs/GaAs short period superlattie barriers, eahformed by nine AlAs and GaAs layers with a total thikness of 23.8 nm. Here, we investigate the top sevenQWs with thiknesses of 3.3 to 7.1 nm. The layers are buried at distanes between 40 and 211 nm below thesurfae. Growth interruptions of 10 s at eah interfae lead to a large orrelation length of the QW disorderpotential and to the formation of interfae quantum dots (QD). The growth interruptions are kept short in orderto avoid a monolayer splitting of the marosopi PL spetra and to minimize the inorporation of impurities atthe interfaes.In �gures 5() and (d) representative low temperature (T =12 K) near-�eld PL spetra are shown for the 3.3and 5.1 nm thik (100) GaAs QW. The spetra reveal learly the emission from exitons loalized in interfaequantum dots. The linewidth of the sharp resonanes is limited by the spetral resolution of 100 �eV. Thespetra are reorded at an exitation intensity of 110 nW, orresponding to an average exitation density wellbelow one exiton per monolayer island. For exitation powers between 1 and 500 nW, we �nd a linear intensitydependene and an exitation-independent shape of the emission spetra, indiating negligible ontributionsfrom biexitons and harged exitons. In addition to the sharp loalized exiton emission, these spetra displaya spetrally broad bakground emission from more deloalized exitons in QW ontinuum states (26).4. ULTRAFAST NONLINEAR OPTICAL RESPONSE OF SINGLE QUANTUMDOTSThe nonlinear optial properties of exitons in single interfae QDs have been investigated mainly by high-resolution nonlinear spetrosopy in the frequeny domain (16; 17). The third-order nonlinear response hasbeen explained on the basis of homogeneously broadened two-level systems, in analogy to desriptions of atomi



systems. On the other hand, it is well known that Coulomb interations play an important role for ultrafastoptial nonlinearities of higher dimensional systems, suh as quantum wells and wires. This raises the questionhow transient many-body interations arising from multiexitoni interations (41) and/or nonresonant optialexitations of the QD and its environment [e.g., neighboring QDs (42)℄ a�et the QD optial nonlinearities andtheir ultrafast dynamis. Sine suh ouplings are diÆult to probe and/or ontrol in ensembles, time-resolvedstudies of single QD nonlinearities are desirable.Knowledge about the e�ets of many-body interations on the optial nonlinearities of single QDs is partiu-larly important in the light of reent proposals to use exitoni exitations of single QDs as basi building bloksfor quantum information proessing in solids (42; 41). Sine the deoherene times of exitoni exitations areomparatively short, in the range of 10 ps to 1 ns, suh implementations rely on ontrolling exitoni nonlin-earities on an ultrafast, femtoseond time sale, muh shorter than the exitoni deoherene time. Controlledmany-body interations, e.g. via dipole-dipole oupling (42), are essential for oupling exitons in neighboringquantum dots, i.e., for implementing ontrolled quantum gates. Unontrolled many-body interations with ar-riers in the environment of the QD, on the other hand, e�etively ouple the QD exitons to a surrounding bathand thus may be an important soure of deoherene.Here, the �rst femtoseond study of the nonlinear optial response of a single QD is reported. By ana-lyzing transient reetivity spetra from single QDs, we diretly probe the dynamis of the oherent exitonipolarization in the presene of nonequilibrium arriers exited in the environment of the QD. We show thatexitation-indued dephasing by Coulomb interations with ontinuum exitations is the dominant nonlinearityof the QD exiton on an ultrafast time sale. This presents an important step forward in probing and manipu-lating oherent QD polarizations, whih is of fundamental importane for semiondutor-based implementationsof quantum information proessing.In this setion, we �rst desribe how QD nonlinearities are probed in near-�eld reetivity measurementsand then analyze the dynamis of the QD nonlinearities. From these experiments, the radiative reombinationrate of di�erent quantum dots is extrated and their dipole moment is inferred. Then, the dynamis of theQD polarization in the presene of nonequilibrium arriers are disussed and exitation-indued dephasing isidenti�ed as the dominant QD nonlinearity on an ultrafast time sale.4.1. Near-�eld reetivity spetra of single quantum dotsIn our experiments, we probe the QD nonlinearity by measuring the spetrum of a probe laser loally reetedfrom the QD sample. Here the e�et of the the exitoni QD polarization on the deteted spetrum, i.e., thegeneration of the nonlinear reetivity signal is desribed.Our experimental onept is outlined in �gure 6(a). A spetrally broad femtoseond laser, entered aroundthe QW absorption, is oupled into the near-�eld �ber probe. The probe laser light reeted from the sampleis olleted by the same �ber probe, dispersed in the monohromator and deteted with the CCD amera. Thissteady-state reetivity spetrum R0(!det) ontains weak spetrally narrow resonanes from single QD transitions(�gure 6(a)). A seond, blue-shifted pump laser reates arriers in QW ontinuum states. This nonequilibriumarrier onentration a�ets the QD spetrum and thus gives rise to a modi�ed probe reetivity R(!det).Di�erential probe reetivity spetra �R(!det;�t)=R0 = [R(!det;�t) � R0(!det)℄=R0(!det) are reorded at a�xed spatial position of the near-�eld tip as a funtion of the time delay �t between pump and probe pulses.To probe the nonlinear optial response from single quantum dots, the high spatial resolution of the near-�eld tehnique is needed for two reasons. First, the ombined spatial and spetral resolution allows to isolatesingle QD resonanes (�gure 5). Seond, the relative amplitude of the QD resonane in R0(!det) sales, in �rstapproximation, inversely proportional to the square of the spatial resolution. Thus improving the resolution from1 �m to 100 nm inreases the weak nonlinear QD signal by two orders of magnitude.Spei�ally, in our experiments, pump pulses entered at 1.675 eV with an energy of 1.5 fJ and a repetitionrate of 80 MHz reate less than �ve eletron-hole pairs in QW states, orresponding to an exitation density of5 � 109m�2. The 1 fJ probe pulses of 18 meV bandwidth are entered at 1.655 eV, around the QW absorptionresonane. Figure 6(b) depits a di�erential reetivity spetrum �R(Edet) at a time delay of 30 ps in the lowenergy region of the 5.1 nm QW absorption spetrum. It displays a single spetrally sharp resonane at exatly
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Figure 6. (a) Shemati illustration of the experimental setup and of near-�eld PL and reetivity spetra of the QDsample. (b) Near-�eld PL spetrum of a single QD (solid line) and di�erential reetivity spetrum �R=R0 at �t =30 ps.PL and �R are reorded with idential pump pulses entered at 1.675 eV, exiting eletron-hole pairs in 2D ontinuumstates. The 100 nW probe pulses of 19 meV bandwidth are entered at 1.655 eV, around the QD absorption resonane.Inset: Shemati energy diagram.the same spetral position EQD as the simultaneously reorded near-�eld PL spetrum. The large amplitude ofthe signal of 5 � 10�3 is onsistent with a spatial resolution of the experiment of 200{250 nm. Two-dimensionalspatial sans indiate a resolution of 230 nm, limited by the QW-to-surfae distane.Figure 7 ompares di�erential reetivity �R(Edet) and PL spetra reorded under similar exitation ondi-tions for single loalized exitons in �ve di�erent QWs buried at distanes of 95 nm to 211 nm below the surfae.We very learly observe a transition between a dispersion-like and an absorption-like line shape as the QW to sur-fae distane is varied. This behavior of the QD line shape an be understood in the framework a loal osillatormodel as aused by the interferene between the eletri probe laser �eld ER(t) reeted from the sample surfaeand the �eld EQD(t) emitted from the QD in bak diretion. A fration ER(t) of the probe laser is reetedfrom the sample surfae and oupled bak into the near �eld �ber probe. The probe �eld ET (t), transmittedinto the semiondutor, indues a polarization PQD(t) = R dt0�QD(t0)ET (t� t0) of the QD loated at a distaned below the sample surfae. Here, ET (t) and �QD denote the probe �eld interating with the QD and the QDsuseptibility, respetively. The QD polarization re-emits an eletri �eld and a fration of this �eld, EQD(t)is loally olleted by the near-�eld probe where it interferes with ER(t). The time-integrated reetivity R(!)deteted behind the monohromator is proportional to j ~EQD(!) + ~ER(!)j2 ' j ~ER(!)j2 + 2Re[ ~E�R(!) ~EQD(!)℄,where ~E(!) denotes the Fourier transform of the �eld E(t). Here, the �nite monohromator resolution and theweak ontribution from jEQD j2 has been negleted. Exitation by the pump laser a�ets the QD polarizationand thus results in a hange of the QD reetivity. The di�erential reetivity �R(!;�t) represents the spetralinterferogram of ~ER and ~EQD:�R(!;�t) / Ref ~E�R(!)[ ~EQD(!;�t)� ~EQD;0(!)℄g: (1)The spetral shape of this interferogram evidently depends on the QD polarization dynamis and on the phasedelay between EQD(t) and ER(t). Treating the QD for simpliity as a point dipole and the near-�eld tip asa point-like emitter, the phase delay depends on the distane between quantum dot and near �eld tip. Thisinterferene e�et is niely seen in �gure 7 and explains the transition between absorptive and dispersive lineshapes. Sine the QDs are buried more than 50 nm below the surfae, the near-�eld terms of the QD dipoleemission an be negleted sine they deay on a typial length sale of �=(2�n) '35 nm (n ' 3:5 - refrativeindex). Based on an optial path of 4�nd=�, we estimate a phase hange of �=2 for a hange in QD-sampledistane of 28 nm. This is in quite good agreement with the results of �gure 7. We onsider this onviningevidene for the validity of the phenomenologial loal osillator model desribed above. Clearly a detailed
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Figure 7. Di�erential reetivity spetra (open irles) of �ve interfae QDs loated at di�erent depths of 95 to 210 nmbelow the sample surfae (see inset). The di�erential reetivity spetra are ompared to simultaneously reorded PLspetra. Note the transition between dispersive and absorptive line shapes.analysis of these data, using, e.g., a Green funtion solution of Maxwell's equations for a realisti experimentalgeometry is desirable for a quantitative omparison between experiment and theory.4.2. Exiton reombination in single quantum dotsIn this setion, the dynamis of the di�erential QD reetivity spetra on a 100 ps time sale are analyzed.The data allow to extrat the exiton lifetime and infer the QD dipole moment. Figure 8(a) shows the timeevolution of �R(EQD) for three di�erent QD resonanes at 1.6598 eV (irles), 1.6614 eV (triangles) and 1.6647eV (squares). �R displays a slow deay with time onstants �QD of 50{150 ps. The lifetime is found to utuatefrom QD to QD. The overall trend is a derease with inreasing EQD . A lear orrelation between 1/�QD andthe magnitude of �R is observed.The nonlinearities observed at suÆiently long positive �t are easily understood on the basis of a simple two-level model for the QD nonlinearity. The pump laser reates a non-equilibrium distribution of eletron-hole pairsin QW ontinuum states. Subsequent trapping of these arriers gives rise to a bleahing of the QD absorption anda onomitant derease of the QD absorption. Hene, the deay time of �R reets the lifetime of the individualexiton state probed. Following an earlier onjeture (34), the QD population deay is mainly dominated byradiative reombination, i.e. �rad ' �QD. We an then estimate the dipole moment of the individual QDs using(43; 39): 1�rad = n!3 � d2QD3��0�h3 : (2)We estimate dipole moments dQD of 50 to 85 Debye for �rad between 150 and 50 ps. These values are inrather good agreement with previous estimates (18; 43). They exeed those of atomi systems by more thanan order of magnitude and reet the large spatial extension of the exiton enter-of-mass wave funtion in
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 Figure 8. (a) Temporal dynamis of �R=R for three di�erent QD resonanes (logarithmi ordinate sale). All deaysare biexponential with a slow deay time varying between 30 and 150 ps. (b) Early time �R=R0 dynamis of a single QDresonane. A slow rise of �R=R0 is observed at negative time delays. The time resolution of the experiment is 150 fs, asindiated by the ross-orrelation measurement (solid line around �t=0).these QDs. Near-�eld autoorrelation spetra indiate an exiton loalization length of about 40-50 nm. Due tothe statistial nature of the disorder potential, the exiton loalization length and thus the dipole moment andradiative reombination rate varies quite strongly from QD to QD, as seen in �gure 8(b). Theoretial models ofloalized exitons in disordered quantum wells (44) yield omparable results.4.3. Coherent quantum dot polarization dynamis and exitation indued dephasingIn this setion, the dynamis of the QD reetivity on a time sale of few ps is disussed. After nonresonantfemtoseond exitation of arriers in ontinuum states, we observe, unlike in atomi systems, transient di�erentialreetivity spetra with pronouned osillatory struture around the QD exiton resonane. These osillationsreet the perturbation of the free indution deay of the oherent QD polarization by transient many-bodyinterations.Figure 8(b) plots the dynamis of QD reetivity hange time delays between -10 ps and +10 ps. Thetime evolution of �R(EQD ;�t) shows an 8-ps rise at negative delay times, muh slower than the 150-fs rossorrelation of pump and probe pulses. A biexponential deay is found at positive delays. The fast deay time ofabout 6 ps is similar for all di�erent QD's investigated, whereas the deay time of the slow omponent varies fromdot to dot. The reetivity �Rt(�t) = R dEdet�R(Edet;�t), spetrally integrated over an energy interval of2 meV around the QD resonane, vanishes at negative delay times and shows a slow exponential deay at �t > 0.The spetral harateristis of the di�erential reetivity are markedly di�erent at positive and negative delays(�gure 9). At negative delays, pronouned spetrally symmetri osillations around the exitoni resonane areobserved. Their osillation period dereases with inreasing negative time delay. At large positive delays, thespetra show a bleahing of the QD resonane.To aount for this behavior, one has to onsistently desribe the dynamis of the �eld EQD(t) radiated fromthe oherent QD polarization PQD(t). We phenomenologially desribe the QD as an e�etive two-level systemwith a ground, no-exiton state j0i, and an exited one-exiton state j1i. Within the density matrix formalism,PQD(t) is given as PQD(t) = d�QD�01 + ::, where dQD denotes the QD dipole moment and �01 the mirosopiQD polarization (45). Then, the well known Bloh equations hold and �01 obeys the equation of motion��t�01(t) = �i!QD�01(t) + i(1� 2nQD)!R � �01(t); (3)with exiton energy !QD, dephasing rate , exiton population nQD and generalized Rabi frequeny !R.
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