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itoni
 and spin ex
itations of single semi
ondu
tor quantum dots 
urrently attra
t attention as possible
andidates for solid state based implementations of quantum logi
 devi
es. Due to their rather short de
oheren
etimes in the pi
ose
ond to nanose
ond range, su
h implementations rely on using ultrafast opti
al pulses to probeand 
ontrol 
oherent polarizations. We 
ombine ultrafast spe
tros
opy and near-�eld mi
ros
opy to probe thenonlinear opti
al response of a single quantum dot on a femtose
ond time s
ale. Transient re
e
tivity spe
trashow pronoun
ed os
illations around the quantum dot ex
iton line. These os
illations re
e
t phase-disturbingCoulomb intera
tions between the ex
itoni
 quantum dot polarization and 
ontinuum ex
itations. The resultsshow that although semi
ondu
tor quantum dots resemble in many respe
ts atomi
 systems, Coulomb many-bodyintera
tions 
an 
ontribute signi�
antly to their opti
al nonlinearities on ultrashort time s
ales.1. INTRODUCTIONOur insight into the stru
ture, fun
tion and dynami
s of atomi
, mole
ular, biologi
al and solid-state nanostru
-tures has been in
uen
ed strongly during the last two de
ades by two 
omplementary and novel experimentaltools, i.e., by s
anning probe mi
ros
opy and ultrafast opti
s. The te
hniques of s
anning probe mi
ros
opy (1),in parti
ular s
anning tunneling mi
ros
opy (STM) and atomi
 for
e mi
ros
opy (AFM), enable one to imagethe stru
ture of surfa
es on an atomi
 and even sub-atomi
 (2) s
ale and give information about the lo
al ele
-troni
 density of states. STM te
hniques o�er the unique ability to manipulate the position of single atoms withsub nanometer pre
ision and to assemble new stru
tures on a nanos
ale (3; 4). Dynami
 pro
esses on surfa
es,however, 
an only be studied on a time s
ale given by the me
hani
al s
an speed of the raster probe, i.e. typi
allyon a millise
ond time s
ale.Opti
al te
hniques, on the other hand, are inherently di�ra
tion limited in spatial resolution to the s
aleof the wavelength of the light, i.e., to about 0.5 �m in the visible range. In 
ombination with ultrashort lightpulses, opti
s allows to probe stru
tural 
hanges on femtose
ond time s
ales. This makes ultrafast spe
tros
opya unique tool for probing the elementary dynami
s of ele
troni
 and nu
lear motion in atomi
, mole
ular andsolid state systems. It is the ideal te
hnique for the time-resolved study of 
hemi
al rea
tion dynami
s (5; 6)and of the dynami
s of ele
troni
 ex
itations in solid state media (7).A parti
ularly interesting resear
h perspe
tive lies in a 
ombination of s
anning probe mi
ros
opy and ultra-fast opti
s to spatially resolve the ultrafast dynami
s of opti
al ex
itations on ultrashort, nanometer length s
ales.During the last de
ade, s
ientists have embarked on di�erent strategies to attain this goal. The 
ombination ofa s
anning tunneling mi
ros
ope with ultrashort light pulses o�ers ultimate, nanometer spatial resolution; yet,experimentally, has so far been proven diÆ
ult (8; 9). An alternative 
on
ept relies on using the nano-opti
alte
hniques that have been developed during the last de
ade, e.g. aperture-based (10; 11; 12) or apertureless,s
attering-type (13; 14; 15) near-�eld mi
ros
opy, to break the di�ra
tion limit and lo
alize ultrashort light pulsesto spatial dimensions of the order of 10 to 100 nm. Ultrafast nano-opti
s is 
urrently a rapidly expanding �eldof resear
h, as the newly developed experimental tools have the potential to probe and manipulate the dynami
sof opti
al ex
itations of single nanostru
tures (16; 17; 18; 19). This allows to eliminate ensemble averaging, sofar unavoidable in 
onventional far-�eld ultrafast experiments.It is the aim of this arti
le, to introdu
e a novel experimental approa
h, 
ombining near-�eld opti
s and fem-tose
ond pump-probe spe
tros
opy, to probe the nonlinear opti
al response of single nanostru
tures on ultrafasttime s
ales. This te
hnique is implemented to study the 
oherent polarization dynami
s and opti
al 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 s
ale at four di�erent instants in time. Around t =14 fs the pulse
enter rea
hes the aperture, generating an ultrashort near-�eld light spot dire
tly below the aperture. Note the strongba
k re
e
tion of the pulse inside the �ber. The metal 
oating is assumed to be a perfe
t 
ondu
tor.of a single semi
ondu
tor quantum dot. Analyzing transient re
e
tivity spe
tra, we dire
tly demonstrate thee�e
ts of many-body Coulomb intera
tions on the ex
itoni
 polarization dynami
s. The paper is organized asfollows. In se
tion 2, the experimental te
hniques applied in this study are introdu
ed. Se
tion 3 summarizesbrie
y some basi
 properties of interfa
e quantum dots. The experimental results and their analysis are presentedin se
tion 4. A summary and some 
on
lusions are given in se
tion 5.2. ULTRAFAST NANO-SPECTROSCOPYA prerequisite for probing the dynami
s of opti
al ex
itations on a nanometer s
ale in real spa
e is the abilityto generate and/or probe light spots with a temporal duration in the femtose
ond range and nanometer spotsizes. A straightforward approa
h relies on transmitting ultrafast lasers through nanometer-sized apertures innontransparent metal �lms. In the dire
t vi
inity of the aperture, i.e., in its near �eld, the spatial resolutionis de�ned by the dimension of the aperture, rather than by di�ra
tion. The resolution 
an thus be in
reasedby suÆ
iently de
reasing the size of the aperture. If the aperture is fabri
ated at the tip of, e.g., a metal-
oated tapered opti
al �ber, it 
an be raster-s
anned a
ross the sample surfa
e, using 
onventional te
hniquesof s
anning probe mi
ros
opy (1). Near-�eld opti
al images are then generated by re
ording the transmitted orre
e
ted light as a fun
tion of tip position. This approa
h is illustrated in �gure 1. It depi
ts a two-dimensional�nite di�eren
e 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
 s
ale at four di�erent instants intime. Around t =14 fs the pulse 
enter rea
hes the aperture. A near-�eld light spot with a lateral dimensiongiven by the aperture size is generated dire
tly below the aperture. For a 100-nm aperture, its energy is about 3orders of magnitude smaller than that of the in
ident pulse 
oupled into the �ber taper and this energy de
reasesstrongly with de
reasing aperture size. With 
urrent te
hnology, aperture sizes down to about 30{40 nm 
an befabri
ated, but the transmission 
oeÆ
ient is typi
ally less than 10�4 (22; 23).Sin
e many semi
ondu
tor nanostru
tures are grown on non-transparent substrates, using a re
e
tion ge-ometry is often desirable. In metal-
oated tapers, however, most of the in
ident pulse energy is ba
k-re
e
tedinside the taper. This makes it diÆ
ult to dete
t opti
al signals indu
ed by the lo
alized near-�eld light spotin a re
e
tion geometry. Sin
e many semi
ondu
tor nanostru
tures are grown on non-transparent substrates,
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Figure 2. (a) S
hemati
 illustration of the illumination/
olle
tion mode. (b) S
anning ele
tron mi
ros
opy image of aet
hed un
oated near-�eld �ber probe. (
) Dependen
e of the re
e
ted light dete
ted in illumination/
olle
tion mode onthe tip-to-sample distan
e.using a re
e
tion geometry is often desirable. In designing high spatial resolution experiments on semi
ondu
tornanostru
tures, it is important that high opti
al quality semi
ondu
tor quantum wells (QWs), wires (QWRs)and dots (QDs) are often buried at a depth of 50{100 nm below the sample surfa
e in order to avoid nonradiativere
ombination e�e
ts. Thus, even if an ideal point-like dipole sour
e 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 theevanes
ent �elds generated near the surfa
e the has de
reased substantially when intera
ting with the buriedsemi
ondu
tor nanostru
ture.Therefore, a slightly di�erent approa
h is used in our experiments. We repla
e the metal-
oated �ber probe byan un
oated, et
hed single mode opti
al �ber taper with a 
one angle of about 30Æ. Tube et
hing (24) is used toredu
e the surfa
e roughness and improve the opti
al quality of the taper (�gure 2). These un
oated tips are usedin an illumination/
olle
tion geometry (�gure 2a), dete
ting the light that is re
e
ted ba
k into the taper. Thisdete
tion geometry is parti
ularly sensitive to the lo
al surfa
e re
e
tivity, as 
an be seen from the pronoun
edde
rease of the re
e
ted light intensity with in
reasing tip-to-sample distan
e (�gure 2(
)). The re
e
ted intensityde
reases by a fa
tor of 2 within the �rst 150 nm. An approximately exponential distan
e dependen
e with ade
ay length of 250 nm, free of interferen
e os
illations is observed for good quality tapers. 3D FDTD simulations(25) show that in the presen
e of a semi
ondu
tor, almost all of the in
ident pulse energy is adiabati
ally guidedinto a spot with a diameter of about 250 nm at the very end of the taper. In illumination/
olle
tion geometry,the spatial resolution is further improved sin
e the light passes twi
e through the aperture. It 
an rea
h lessthan 150 nm or about �=5 (26). The FDTD simulations also show that a large fra
tion of the lo
ally re
e
tedlight is 
oupled ba
k into the tapered �ber. Experimentally, we �nd that for GaAs samples about 1% of the light
oupled into the �ber is 
olle
ted in this geometry. This high transmission and 
olle
tion eÆ
ien
y makes su
hun
oated �ber probes parti
ularly well suited for semi
ondu
tor nano-spe
tros
opy. Also, due to its pronoun
eddistan
e dependen
e, the intensity of the lo
ally re
e
ted light 
an be used to sensitively sense the tip-to-sampledistan
e with an a

ura
y of +=�2 nm. In our experiments, the re
e
ted light is used for a sensitive, 
onta
t-freedistan
e regulation setup, avoiding the me
hani
al strain that is sometimes found in shear-for
e based feedba
ks(27).When using these tapered �ber probes for femtose
ond time-resolved spe
tros
opy, the temporal broadeningof light pulses during propagation due to group-velo
ity 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. S
hemati
 setup of the near-�eld pump-probe spe
trometer (28; 12). Pump and probe pulses are derivedfrom a 50 fs, 80 MHz repetition rate Ti:sapphire os
illator. The pulses are spe
trally and temporally shaped in twoindependent 
ompressor units in order to rea
h less than 200 fs time resolution at the exit of the �ber tip. In theillumination/
olle
tion-mode, pump and probe pulses are 
oupled into a near-�eld �ber probe and the re
e
ted light is
olle
ted through the same �ber, spe
trally dispersed in a mono
hromator and dete
ted with a CCD 
amera. The �berprobe is raster-s
anned a
ross the sample whi
h 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 velo
ity dispersion (GVD) parameterkd = �2k=�!2, with k being the waveve
tor and ! the angular frequen
y. Higher order dispersion is negle
tedin this formula. For quartz single mode �bers at a laser wavelength around 800 nm, kd ' 100 ps2/km. In atypi
al, 100-
m long quartz single mode �ber, a 50 fs input pulse is stret
hed to about 4 ps. Thus, a GVDpre
ompensation setup must be introdu
ed 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 typi
ally a
hieve 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 a
hieved timeresolution is mainly limited by higher order dispersion inside the opti
al �ber, whi
h 
an not be 
ompensatedwith this grating 
ompressor. With unampli�ed laser pulses taken from mode-lo
ked os
illators, the distortionof the pulse spe
trum due to self-phase modulation is generally negligible.A s
hemati
 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 modelo
ked Ti:sapphire os
illator 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. Ea
h of these beams travels through a separate grating setup for spe
tral sele
tionand pre
ompensation of group velo
ity dispersion. Both pump and probe pulses are 
oupled into an un
oatednear-�eld �ber probe. The probe light re
e
ted from the sample is lo
ally 
olle
ted through the same �ber.The sample is mounted on the 
old �nger of a helium 
ow 
ryostat (29). For spe
trally resolved pump-probeexperiments, the 
olle
ted light is dispersed in a 0.5-m mono
hromator yielding a spe
tral 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 dete
tion sensitivity. The 
olle
ted light is therefore dete
ted with a high-sensitivity liquid-nitrogen-
ooled CCD 
amera. The signal-to-noise ratio of the CCD dete
tion 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 indu
ed 
hange in re
e
tivity of a single GaAs quantum wire (QWR)(28). The map is re
orded 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-indu
ed 
hange in re
e
tivity of a single GaAs quantum wire. The mapis re
orded at room temperature with a probe laser set to 1.45 eV at the 
enter of the QWR absorption resonan
e. Apump laser at 1.52 eV generates ele
tron-hole pairs in the embedding quantum well. Trapping of 
arriers into the QWRblea
hes the QWR absorption and de
reases the re
e
tivity. (b) Spatial variation of the 
hange in re
e
tivity along a lineperpendi
ular to the quantum wire axis at a probe energy of 1.46 eV. The 
losed 
ir
les show data for resonant quantumwire ex
itation with a pump laser at Epu =1.48 eV, demonstrating 200 nm spatial resolution. For o�-resonant ex
itationat Epu =1.44 eV the nonlinear signal vanishes (open 
ir
les).eV, the 
enter of the QWR absorption resonan
e. A pump laser pulse, arriving 10 ps before the probe laser,generates ele
tron-hole pairs in the quantum well surrounding the QWR. Trapping of 
arriers into the QWRblea
hes the QWR absorption and thus de
reases the re
e
tivity. The lo
al pump-indu
ed 
hange in QWRre
e
tivity is 
learly resolved in �gure 4(a). The temporal dynami
s of the QWR re
e
tivity reveal an ultrafasttrapping of 
arriers into the QWR (28)and allow to time resolve the opti
ally-indu
ed nonequilibrium 
arriertransport along the quantum wire (31).3. INTERFACE QUANTUM DOTSAn important QD model system are thin semi
ondu
tor quantum wells (QW). In quantum wells, lo
al monolayerheight 
u
tuations at the interfa
es (interfa
e roughness) and 
u
tuations of the alloy 
omposition (alloy disorder)are unavoidable (�gure 5(a)). The resulting disordered potential leads to the lo
alization of ex
itons in single"interfa
e" quantum dots with a 
on�nement energy of about 10 meV (�gure 5(b)). This disorder gives riseto a pronoun
ed inhomogeneous broadening of far-�eld opti
al spe
tra. In experiments with high spatial andspe
tral resolution, however, the smooth, inhomogeneously broadened photolumines
en
e (PL) spe
tra breakup into narrow emission spikes from a few lo
alized ex
itons (32; 33; 34; 26; 35; 36). This makes nano-opti
alte
hniques with high spe
tral resolution parti
ularly well suited for studies of single QDs.The linear opti
al properties of interfa
e QDs resemble in many aspe
ts those of atomi
 systems. At lowtemperatures, the ex
itoni
 lines display a narrow homogeneous linewidth of 30{50 �eV, in agreement withmeasured dephasing times of 20{30 ps. The QDs show a dis
rete absorption spe
trum (34) and a �ne stru
turesplitting due to the spatial asymmetry of the monolayer islands. The temperature dependen
e of the ex
itonlinewidth and the �ne stru
ture of these emission line has been thoroughly investigated (34; 37). The 
enter-of-mass wave fun
tion of lo
alized ex
itons in interfa
e quantum dots typi
ally extends over several tens of nm. Thisresults in large QD dipole moments of 50{100 Debye and a parti
ularly strong 
oupling of these ex
itons to light(38; 39). This makes interfa
e quantum dots a parti
ularly interesting model system for nonlinear spe
tros
opyof single quantum dots.Mu
h information about the underlying disorder potential and about the lo
alization length of the ex
itoni
wave fun
tions is obtained from a statisti
al analysis of the auto
orrelation fun
tion of su
h near-�eld spe
tra(35; 40). Spe
i�
ally, su
h experiments reveal ex
itoni
 level repulsion as a robust 
orrelation between lo
alized
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Figure 5. (a) Disorder in quantum wells arises from spatial 
u
tuations of the lo
al quantum well thi
kness (interfa
eroughness) and of the quantum well 
omposition (alloy disorder). (b) S
hemati
 illustration of the e�e
tive disorderpotential V (R) and of a lo
alized ex
itoni
 
enter-of-mass wave fun
tion j	(R)j2. (
,d) Representative near-�eld PLspe
tra (T =12K) of (
) a 5.1 nm thi
k and (d) a 3.3 nm thi
k (100) GaAs QW.ex
iton states with spatially overlapping wave fun
tions 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 thi
knesses grown ona (100) GaAs substrate. The QW layers are separated by AlAs/GaAs short period superlatti
e barriers, ea
hformed by nine AlAs and GaAs layers with a total thi
kness of 23.8 nm. Here, we investigate the top sevenQWs with thi
knesses of 3.3 to 7.1 nm. The layers are buried at distan
es between 40 and 211 nm below thesurfa
e. Growth interruptions of 10 s at ea
h interfa
e lead to a large 
orrelation length of the QW disorderpotential and to the formation of interfa
e quantum dots (QD). The growth interruptions are kept short in orderto avoid a monolayer splitting of the ma
ros
opi
 PL spe
tra and to minimize the in
orporation of impurities atthe interfa
es.In �gures 5(
) and (d) representative low temperature (T =12 K) near-�eld PL spe
tra are shown for the 3.3and 5.1 nm thi
k (100) GaAs QW. The spe
tra reveal 
learly the emission from ex
itons lo
alized in interfa
equantum dots. The linewidth of the sharp resonan
es is limited by the spe
tral resolution of 100 �eV. Thespe
tra are re
orded at an ex
itation intensity of 110 nW, 
orresponding to an average ex
itation density wellbelow one ex
iton per monolayer island. For ex
itation powers between 1 and 500 nW, we �nd a linear intensitydependen
e and an ex
itation-independent shape of the emission spe
tra, indi
ating negligible 
ontributionsfrom biex
itons and 
harged ex
itons. In addition to the sharp lo
alized ex
iton emission, these spe
tra displaya spe
trally broad ba
kground emission from more delo
alized ex
itons in QW 
ontinuum states (26).4. ULTRAFAST NONLINEAR OPTICAL RESPONSE OF SINGLE QUANTUMDOTSThe nonlinear opti
al properties of ex
itons in single interfa
e QDs have been investigated mainly by high-resolution nonlinear spe
tros
opy in the frequen
y domain (16; 17). The third-order nonlinear response hasbeen explained on the basis of homogeneously broadened two-level systems, in analogy to des
riptions of atomi




systems. On the other hand, it is well known that Coulomb intera
tions play an important role for ultrafastopti
al nonlinearities of higher dimensional systems, su
h as quantum wells and wires. This raises the questionhow transient many-body intera
tions arising from multiex
itoni
 intera
tions (41) and/or nonresonant opti
alex
itations of the QD and its environment [e.g., neighboring QDs (42)℄ a�e
t the QD opti
al nonlinearities andtheir ultrafast dynami
s. Sin
e su
h 
ouplings are diÆ
ult to probe and/or 
ontrol in ensembles, time-resolvedstudies of single QD nonlinearities are desirable.Knowledge about the e�e
ts of many-body intera
tions on the opti
al nonlinearities of single QDs is parti
u-larly important in the light of re
ent proposals to use ex
itoni
 ex
itations of single QDs as basi
 building blo
ksfor quantum information pro
essing in solids (42; 41). Sin
e the de
oheren
e times of ex
itoni
 ex
itations are
omparatively short, in the range of 10 ps to 1 ns, su
h implementations rely on 
ontrolling ex
itoni
 nonlin-earities on an ultrafast, femtose
ond time s
ale, mu
h shorter than the ex
itoni
 de
oheren
e time. Controlledmany-body intera
tions, e.g. via dipole-dipole 
oupling (42), are essential for 
oupling ex
itons in neighboringquantum dots, i.e., for implementing 
ontrolled quantum gates. Un
ontrolled many-body intera
tions with 
ar-riers in the environment of the QD, on the other hand, e�e
tively 
ouple the QD ex
itons to a surrounding bathand thus may be an important sour
e of de
oheren
e.Here, the �rst femtose
ond study of the nonlinear opti
al response of a single QD is reported. By ana-lyzing transient re
e
tivity spe
tra from single QDs, we dire
tly probe the dynami
s of the 
oherent ex
itoni
polarization in the presen
e of nonequilibrium 
arriers ex
ited in the environment of the QD. We show thatex
itation-indu
ed dephasing by Coulomb intera
tions with 
ontinuum ex
itations is the dominant nonlinearityof the QD ex
iton on an ultrafast time s
ale. This presents an important step forward in probing and manipu-lating 
oherent QD polarizations, whi
h is of fundamental importan
e for semi
ondu
tor-based implementationsof quantum information pro
essing.In this se
tion, we �rst des
ribe how QD nonlinearities are probed in near-�eld re
e
tivity measurementsand then analyze the dynami
s of the QD nonlinearities. From these experiments, the radiative re
ombinationrate of di�erent quantum dots is extra
ted and their dipole moment is inferred. Then, the dynami
s of theQD polarization in the presen
e of nonequilibrium 
arriers are dis
ussed and ex
itation-indu
ed dephasing isidenti�ed as the dominant QD nonlinearity on an ultrafast time s
ale.4.1. Near-�eld re
e
tivity spe
tra of single quantum dotsIn our experiments, we probe the QD nonlinearity by measuring the spe
trum of a probe laser lo
ally re
e
tedfrom the QD sample. Here the e�e
t of the the ex
itoni
 QD polarization on the dete
ted spe
trum, i.e., thegeneration of the nonlinear re
e
tivity signal is des
ribed.Our experimental 
on
ept is outlined in �gure 6(a). A spe
trally broad femtose
ond laser, 
entered aroundthe QW absorption, is 
oupled into the near-�eld �ber probe. The probe laser light re
e
ted from the sampleis 
olle
ted by the same �ber probe, dispersed in the mono
hromator and dete
ted with the CCD 
amera. Thissteady-state re
e
tivity spe
trum R0(!det) 
ontains weak spe
trally narrow resonan
es from single QD transitions(�gure 6(a)). A se
ond, blue-shifted pump laser 
reates 
arriers in QW 
ontinuum states. This nonequilibrium
arrier 
on
entration a�e
ts the QD spe
trum and thus gives rise to a modi�ed probe re
e
tivity R(!det).Di�erential probe re
e
tivity spe
tra �R(!det;�t)=R0 = [R(!det;�t) � R0(!det)℄=R0(!det) are re
orded at a�xed spatial position of the near-�eld tip as a fun
tion of the time delay �t between pump and probe pulses.To probe the nonlinear opti
al response from single quantum dots, the high spatial resolution of the near-�eld te
hnique is needed for two reasons. First, the 
ombined spatial and spe
tral resolution allows to isolatesingle QD resonan
es (�gure 5). Se
ond, the relative amplitude of the QD resonan
e in R0(!det) s
ales, in �rstapproximation, inversely proportional to the square of the spatial resolution. Thus improving the resolution from1 �m to 100 nm in
reases the weak nonlinear QD signal by two orders of magnitude.Spe
i�
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 ele
tron-hole pairs in QW states, 
orresponding to an ex
itation density of5 � 109
m�2. The 1 fJ probe pulses of 18 meV bandwidth are 
entered at 1.655 eV, around the QW absorptionresonan
e. Figure 6(b) depi
ts a di�erential re
e
tivity spe
trum �R(Edet) at a time delay of 30 ps in the lowenergy region of the 5.1 nm QW absorption spe
trum. It displays a single spe
trally sharp resonan
e at exa
tly
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Figure 6. (a) S
hemati
 illustration of the experimental setup and of near-�eld PL and re
e
tivity spe
tra of the QDsample. (b) Near-�eld PL spe
trum of a single QD (solid line) and di�erential re
e
tivity spe
trum �R=R0 at �t =30 ps.PL and �R are re
orded with identi
al pump pulses 
entered at 1.675 eV, ex
iting ele
tron-hole pairs in 2D 
ontinuumstates. The 100 nW probe pulses of 19 meV bandwidth are 
entered at 1.655 eV, around the QD absorption resonan
e.Inset: S
hemati
 energy diagram.the same spe
tral position EQD as the simultaneously re
orded near-�eld PL spe
trum. The large amplitude ofthe signal of 5 � 10�3 is 
onsistent with a spatial resolution of the experiment of 200{250 nm. Two-dimensionalspatial s
ans indi
ate a resolution of 230 nm, limited by the QW-to-surfa
e distan
e.Figure 7 
ompares di�erential re
e
tivity �R(Edet) and PL spe
tra re
orded under similar ex
itation 
ondi-tions for single lo
alized ex
itons in �ve di�erent QWs buried at distan
es of 95 nm to 211 nm below the surfa
e.We very 
learly observe a transition between a dispersion-like and an absorption-like line shape as the QW to sur-fa
e distan
e is varied. This behavior of the QD line shape 
an be understood in the framework a lo
al os
illatormodel as 
aused by the interferen
e between the ele
tri
 probe laser �eld ER(t) re
e
ted from the sample surfa
eand the �eld EQD(t) emitted from the QD in ba
k dire
tion. A fra
tion ER(t) of the probe laser is re
e
tedfrom the sample surfa
e and 
oupled ba
k into the near �eld �ber probe. The probe �eld ET (t), transmittedinto the semi
ondu
tor, indu
es a polarization PQD(t) = R dt0�QD(t0)ET (t� t0) of the QD lo
ated at a distan
ed below the sample surfa
e. Here, ET (t) and �QD denote the probe �eld intera
ting with the QD and the QDsus
eptibility, respe
tively. The QD polarization re-emits an ele
tri
 �eld and a fra
tion of this �eld, EQD(t)is lo
ally 
olle
ted by the near-�eld probe where it interferes with ER(t). The time-integrated re
e
tivity R(!)dete
ted behind the mono
hromator 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 mono
hromator resolution and theweak 
ontribution from jEQD j2 has been negle
ted. Ex
itation by the pump laser a�e
ts the QD polarizationand thus results in a 
hange of the QD re
e
tivity. The di�erential re
e
tivity �R(!;�t) represents the spe
tralinterferogram of ~ER and ~EQD:�R(!;�t) / Ref ~E�R(!)[ ~EQD(!;�t)� ~EQD;0(!)℄g: (1)The spe
tral shape of this interferogram evidently depends on the QD polarization dynami
s and on the phasedelay between EQD(t) and ER(t). Treating the QD for simpli
ity as a point dipole and the near-�eld tip asa point-like emitter, the phase delay depends on the distan
e between quantum dot and near �eld tip. Thisinterferen
e e�e
t is ni
ely seen in �gure 7 and explains the transition between absorptive and dispersive lineshapes. Sin
e the QDs are buried more than 50 nm below the surfa
e, the near-�eld terms of the QD dipoleemission 
an be negle
ted sin
e they de
ay on a typi
al length s
ale of �=(2�n) '35 nm (n ' 3:5 - refra
tiveindex). Based on an opti
al path of 4�nd=�, we estimate a phase 
hange of �=2 for a 
hange in QD-sampledistan
e of 28 nm. This is in quite good agreement with the results of �gure 7. We 
onsider this 
onvin
ingeviden
e for the validity of the phenomenologi
al lo
al os
illator model des
ribed above. Clearly a detailed
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Figure 7. Di�erential re
e
tivity spe
tra (open 
ir
les) of �ve interfa
e QDs lo
ated at di�erent depths of 95 to 210 nmbelow the sample surfa
e (see inset). The di�erential re
e
tivity spe
tra are 
ompared to simultaneously re
orded PLspe
tra. Note the transition between dispersive and absorptive line shapes.analysis of these data, using, e.g., a Green fun
tion solution of Maxwell's equations for a realisti
 experimentalgeometry is desirable for a quantitative 
omparison between experiment and theory.4.2. Ex
iton re
ombination in single quantum dotsIn this se
tion, the dynami
s of the di�erential QD re
e
tivity spe
tra on a 100 ps time s
ale are analyzed.The data allow to extra
t the ex
iton lifetime and infer the QD dipole moment. Figure 8(a) shows the timeevolution of �R(EQD) for three di�erent QD resonan
es at 1.6598 eV (
ir
les), 1.6614 eV (triangles) and 1.6647eV (squares). �R displays a slow de
ay with time 
onstants �QD of 50{150 ps. The lifetime is found to 
u
tuatefrom QD to QD. The overall trend is a de
rease with in
reasing EQD . A 
lear 
orrelation between 1/�QD andthe magnitude of �R is observed.The nonlinearities observed at suÆ
iently 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 ele
tron-hole pairsin QW 
ontinuum states. Subsequent trapping of these 
arriers gives rise to a blea
hing of the QD absorption anda 
on
omitant de
rease of the QD absorption. Hen
e, the de
ay time of �R re
e
ts the lifetime of the individualex
iton state probed. Following an earlier 
onje
ture (34), the QD population de
ay is mainly dominated byradiative re
ombination, i.e. �rad ' �QD. We 
an then estimate the dipole moment of the individual QDs using(43; 39): 1�rad = n!3 � d2QD3��0�h
3 : (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 ex
eed those of atomi
 systems by more thanan order of magnitude and re
e
t the large spatial extension of the ex
iton 
enter-of-mass wave fun
tion in
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 Figure 8. (a) Temporal dynami
s of �R=R for three di�erent QD resonan
es (logarithmi
 ordinate s
ale). All de
aysare biexponential with a slow de
ay time varying between 30 and 150 ps. (b) Early time �R=R0 dynami
s of a single QDresonan
e. A slow rise of �R=R0 is observed at negative time delays. The time resolution of the experiment is 150 fs, asindi
ated by the 
ross-
orrelation measurement (solid line around �t=0).these QDs. Near-�eld auto
orrelation spe
tra indi
ate an ex
iton lo
alization length of about 40-50 nm. Due tothe statisti
al nature of the disorder potential, the ex
iton lo
alization length and thus the dipole moment andradiative re
ombination rate varies quite strongly from QD to QD, as seen in �gure 8(b). Theoreti
al models oflo
alized ex
itons in disordered quantum wells (44) yield 
omparable results.4.3. Coherent quantum dot polarization dynami
s and ex
itation indu
ed dephasingIn this se
tion, the dynami
s of the QD re
e
tivity on a time s
ale of few ps is dis
ussed. After nonresonantfemtose
ond ex
itation of 
arriers in 
ontinuum states, we observe, unlike in atomi
 systems, transient di�erentialre
e
tivity spe
tra with pronoun
ed os
illatory stru
ture around the QD ex
iton resonan
e. These os
illationsre
e
t the perturbation of the free indu
tion de
ay of the 
oherent QD polarization by transient many-bodyintera
tions.Figure 8(b) plots the dynami
s of QD re
e
tivity 
hange time delays between -10 ps and +10 ps. Thetime evolution of �R(EQD ;�t) shows an 8-ps rise at negative delay times, mu
h slower than the 150-fs 
ross
orrelation of pump and probe pulses. A biexponential de
ay is found at positive delays. The fast de
ay time ofabout 6 ps is similar for all di�erent QD's investigated, whereas the de
ay time of the slow 
omponent varies fromdot to dot. The re
e
tivity �Rt(�t) = R dEdet�R(Edet;�t), spe
trally integrated over an energy interval of2 meV around the QD resonan
e, vanishes at negative delay times and shows a slow exponential de
ay at �t > 0.The spe
tral 
hara
teristi
s of the di�erential re
e
tivity are markedly di�erent at positive and negative delays(�gure 9). At negative delays, pronoun
ed spe
trally symmetri
 os
illations around the ex
itoni
 resonan
e areobserved. Their os
illation period de
reases with in
reasing negative time delay. At large positive delays, thespe
tra show a blea
hing of the QD resonan
e.To a

ount for this behavior, one has to 
onsistently des
ribe the dynami
s of the �eld EQD(t) radiated fromthe 
oherent QD polarization PQD(t). We phenomenologi
ally des
ribe the QD as an e�e
tive two-level systemwith a ground, no-ex
iton state j0i, and an ex
ited one-ex
iton 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 mi
ros
opi
QD polarization (45). Then, the well known Blo
h equations hold and �01 obeys the equation of motion��t�01(t) = �i!QD�01(t) + i(1� 2nQD)!R � 
�01(t); (3)with ex
iton energy !QD, dephasing rate 
, ex
iton population nQD and generalized Rabi frequen
y !R.
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Figure 9. (a) Near-�eld �R=R0 spe
tra (
ir
les) at di�erent delay times �t. The spe
tra at �t < 0 display pronoun
edspe
tral os
illations around the ex
itoni
 resonan
e. The solid lines shows simulated spe
tra for the perturbed freeindu
tion de
ay of the 
oherent QD polarization assuming T2=15 ps. (b)Dynami
s of PQD(t) extra
ted from the time-dependent near-�eld �R=R0 spe
tra.In the absen
e of a pump laser, the resonant probe laser impulsively ex
ites a 
oherent QD polarization thatthen de
ays with the dephasing rate 
. The re-emitted �eld interferes with the re
e
ted probe laser �eld, givingrise to a Lorentzian QD line shape in R0(!) (�gure 6). The fa
t that we observe a linewidth that is limited byour mono
hromator resolution of about 60�eV gives a lower limit for the QD dephasing time of T2 = 1=
 > 15ps.Su
h a line shape is only observed under weak ex
itation 
onditions. For strong ex
itation, Rabi os
illations(18; 46) in
uen
e the polarization and population dynami
s and a�e
t the QD line shape. The experimentsreported in this paper are all performed in the weak ex
itation limit with a probe pulse area of less than 0:4�.In additional experiments, that will be dis
ussed elsewhere, 
lear Rabi os
illations are observed for resonant QDex
itation and time-resolved dete
tion of the indu
ed biex
itoni
 QD nonlinearity.The transient spe
tral os
illations around the QD ex
iton resonan
e at negative time delays indi
ate thatthis free indu
tion de
ay of the PQD(t) is perturbed by the presen
e of the pump laser. In semi
ondu
tors,su
h os
illations have so far only been observed for higher dimensional system, e.g., studies of transient QWnonlinearities (47; 48). In our experiments, the o�-resonant pump does not dire
tly intera
t with the QD dipolebut 
reates ele
tron-hole pairs (density nQW )in the QW 
ontinuum. Thus many-body intera
tions perturb thefree indu
tion de
ay of PQD(t).The spe
tra at �t < 0 are quantitatively des
ribed by assuming that an ex
itation-indu
ed dephasing (49),i.e., an in
rease in 
 due to the intera
tion between �01 and nQW is the leading 
ontribution to the QD nonlinearityat early times. Coulomb s
attering between the QD dipole and the initial nonequilibrium 
arrier distribution inthe QW 
auses this additional fast damping of �01. In the frequen
y domain, this ex
itation-indu
ed dephasingleads to os
illatory stru
tures in the spe
trum with a period determined by the time delay between probe andpump. The solid lines in �gure 9(a) are 
al
ulated from equation (3) by assuming that the probe-indu
ed QDpolarization PQD(t) de
ays initially with an e�e
tive dephasing time T2 = 15 ps, de
reasing to TEID = 3 ps afterthe arrival of the pump laser (�gure 9(b)). Su
h an ex
itation-indu
ed dephasing model a

ounts quantitativelyfor the the transient os
illations and this analysis allows to extra
t the QD polarization dynami
s.A detailed theoreti
al analysis of the data was performed on the basis of the semi
ondu
tor Blo
h equationsin the mean-�eld approximation (19). In �rst approximation, the ex
itation-indu
ed dephasing rate shouldin
rease linearly with the pump-indu
ed nonequilibrium 
arrier 
on
entration nQW in QW 
ontinuum states.
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Figure 10. Simulation illustration of two models assuming (a) blea
hing (a) and ex
itation-indu
ed dephasing as thedominant QD nonlinearity. (
) Experimental �R(!QD)=R0 dynami
s and simulations based on the two models.Su
h a phenomenologi
al model for the dephasing rate 
 = 1=T2+ 
1 �nQW was in
luded in the simulations andgood agreement between experiment and theoreti
al simulation was obtained. The theoreti
al simulations show
learly the importan
e of ex
itation-indu
ed dephasing to the perturbed free indu
tion de
ay.The assumption of a density-dependent dephasing rate 
an also explain the fast de
ay of the di�erentialre
e
tivity at early positive delay times (�gure 8(b)). We assume that nQW de
ays on a time s
ale of about3 ps. This de
ay is most likely due to 
arrier trapping into QD states. Then, the initial fast di�erentialre
e
tivity de
ay re
e
ts the transition from a QD nonlinearity dominated by ex
itation-indu
ed dephasing toa nonlinearity dominated by ex
iton blea
hing due to the population relaxation into the QD. The slow de
ay ofthe di�erential re
e
tivity on a time s
ale of tens of ps then re
e
ts the population lifetime, i.e., the ele
tron-hole pair re
ombination time in the individual QDs. It is determined by radiative re
ombination and inverselyproportional to the square of the QD dipole moment, as dis
ussed above.This model for the QD nonlinearity allows to quantitatively des
ribe the dynami
s of the di�erential re
e
-tivity at both positive and negative delay times (�gure 10). It a

ounts for the transient spe
tral os
illations atnegative delay times and reprodu
es the biexponential de
ay at positive delay times.The experimental spe
tra probe re
e
t the dynami
s of the QD polarization PQD(t), whi
h is given as theprodu
t of the dipole moment dQD and the mi
ros
opi
 polarization �01. Thus, one may spe
ulate that a 
hangein the os
illator strength model of the quantum dot may a

ount for the observed spe
tra (50). Su
h an os
illatorstrength model is in
onsistent with our experimental results. Within su
h a model one expe
ts an in
rease in�R(EQD ;�t) at positive delay times on the time s
ale of the swit
h-o� time of the dipole moment (�gure 10).In 
ontrast, an initial de
ay is observed, in agreement with the assumption of a nonlinearity that is dominatedby ex
itation indu
ed dephasing.These results show quite 
learly that although single quantum dots resemble in many respe
t atomi
 systems,Coulomb many-body intera
tions 
ontribute signi�
antly to their opti
al nonlinearities on ultrashort time s
ales.Su
h many-body intera
tions have to be taken into a

ount as important additional dephasing me
hanisms. Onthe other hand, the now established ability to probe the dynami
s of 
oherent polarization of single ex
itonsin real time improves our understanding of su
h intera
tions. This is important for optimizing quantum dotgeometries and ex
itoni
 ex
itations with their environment.Also, the strong Coulomb and light-matter intera
tions in ex
itoni
 systems open up new and very interestingways for a 
ontrolled ultrafast manipulation of 
oherent QD polarizations, e.g. via dipole-dipole intera
tions of



neighboring quantum dots (42). This is highly relevant for semi
ondu
tor-based implementations of quantuminformation pro
essing. 5. CONCLUSIONIn summary, we have des
ribed and demonstrated a novel experimental te
hnique, 
ombining near-�eld mi-
ros
opy and femtose
ond pump-probe spe
tros
opy, to probe the nonlinear opti
al response of single nanos-tru
tures. The te
hniques provides a spatial and temporal resolution of 200 nanometer and 100 femtose
onds,respe
tively. Dete
ting the spe
trally resolved re
e
ted probe laser light with a high-sensitivity CCD 
ameraallows to temporally resolve the opti
al nonlinearity of a single semi
ondu
tor quantum dot. The high sensi-tivity of the pump-probe te
hnique demonstrated in this work makes it a powerful tool for probing nanos
aleopti
al nonlinearities of a wide 
lass of materials, e.g, organi
 semi
ondu
tors or photo
hromi
 mole
ules. It willbe interesting to further improve the spatial resolution of the near-�eld pump-probe te
hnique, e.g. by usingapertureless metalli
 probes. This opens the way to performing nonlinear opti
al spe
tros
opy on a length s
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