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ABSTRACT Optical gain from colloidal quantum dots has been

desired for several decades since their discovery. While gain from
multiexcitations is by now well-established, nonradiative Auger
recombination limits the lifetime of such population inversion in
quantum dots. CdSe cores isovalently doped by one to few Te atoms
capped with rod-shaped CdS are examined as a candidate system for
enhanced stimulated emission properties. Emission depletion spec-
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troscopy shows a behavior characteristic of 3-level gain systems in

these quantum dots. This implies complete removal of the 2-fold
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degeneracy of the lowest energy electronic excitation due to the large repulsive exciton—exciton interaction in the doubly excited state. Using emission

depletion measurements of the trap-associated emission from poorly passivated (dS quantum dots, we show that 3-level characteristics are typical of

emission resulting from a band edge to trap state transition, but reveal subtle differences between the two systems. These results allow for unprecedented

observation of long-lived population inversion from singly excited quantum dots.
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efforts were invested in studying stim-

ulated emission (SE) and attempting
to achieve optical gain from colloidal semi-
conductor quantum dots (QDs)." ~® The at-
tractiveness of QD-based gain systems is
partially due to the cost-effective solution
processing, and partially due to the possibil-
ity to tune the emission wavelength from
the ultraviolet to the near-infrared by tailor-
ing the QD size’ and composition. The
improved temperature stability of QD and
nanorod (NR)® devices further adds to make
these systems desirable candidates for
light amplification (see ref 9 and references
therein). Yet, lasing and gain in QD-based
systems have so far been significantly hin-
dered due to the necessity to excite, at least
partially, more than one exciton per QD to
achieve population inversion. Most com-
monly (as in VI materials), excitation of
biexcitons (BXs) is needed due to the 2-fold
degeneracy of the lowest electronically ex-
cited state and the attractive interaction
between multiple excitations in the same
nanocrystal. The optical gain threshold is
dictated by the detailed interplay between

For the last two decades, significant
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biexciton interaction and Stokes shifts.'°
The dynamics of these processes are dis-
cussed in a recent review.'' Experimentally,
the optical gain threshold in type-I QDs has
been observed to be an average excitation
level of (N), ~ 1.6."> While multiexcitons
(MXs) provide the advantage of broad gain
bandwidth,'® the fast nonradiative Auger
recombination of MXs'* presents a main
obstruction in realizing such ampilification,
typically allowing only for short-lived (<2 ns)
optical gain. More recently, several authors
have reported gain in the single exciton
regime from QDs,'>~'” but none showed
population inversion that is long-lived (i.e.,
limited by the radiative lifetime of the singly
excited state).

Super-resolution microscopy is another
field which drew much attention to pro-
cesses involving SE in the past two
decades.'® Reversible saturated switch-off
of fluorophores allows imaging with subdif-
fraction limit resolution.'® One successful
method is stimulated emission depletion
(STED), which relies on full inhibition of
fluorescence by SE.' The high photo-
stability and quantum yields (QYs) of QDs
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compared to those of organic dye molecules, for which
these methods are well-established, make QDs desir-
able candidates® for STED microscopy. Yet, because of
the same restrictions, only a few implementations of
light modulation have been reported with QDs,”' ~* and
none showed full inhibition of fluorescence due to SE.

Type-Il QDs, in which the electron and hole wave
functions are spatially separated, have been suggested
to allow for single exciton gain.?> The separation of the
charge carriers generates Coulomb repulsion between
the two excitons comprising a BX. For a large enough
blueshift of the BX state due to the Stark effect,
photons resonant with the lowest single exciton transi-
tion will not be absorbed, and long-lived population
inversion should be possible.

Large BX blueshifts have been observed in such
Type-ll QDs,"” though the removal of the degeneracy
was not complete. CdSe QDs isovalently doped with up
to a few atoms of Te have shown, to date, the largest BX
blueshifts.?® In these systems, the hole wave function is
strongly localized around the Te inclusion, leading to a
very strong hole—hole repulsion in the biexciton
state.?” In addition, the large Stokes shift between the
band-edge exciton and the Te-defect state simplifies
the requirement for a low-energy transition which does
not spectrally overlap with higher energy transitions.
These two mechanisms practically suggest full removal
of the lowest electronic state degeneracy and potential
for stimulated emission in the single exciton regime.

Emission depletion is a nonlinear spectroscopic
pump—probe method used for characterizing the
ability of fluorescence inhibition. In contrast to tran-
sient absorption (TA) spectroscopy, in which the pump-
induced change of the absorption of the probe pulse is
measured, in this method the sample is excited by the
pump pulse, and the change of the fluorescence
intensity induced by the probe pulse is measured.

THEORETICAL MODEL

We apply a simple 3-level model to describe the CdSe:Te
system. A schematic representation of the 3-level system is
presented in Figure 1b. Further details can be found in the
Supporting Information.

The assumptions of this model are that all MXs decay to the
band-edge single exciton, which further decays to a trap state, all
on a very short time scale. The radiative lifetime 7, of the trap state is
assumed to be long compared to all other time scales in the system.

The scheme of the model is described as follows. Population
is excited with some probability P by an excitation pulse, and is
being modified by a probe pulse. The probability of excitation to
the biexciton state by the probe pulse is neglected. This is in
stark contrast to the typical case of y = 2 degeneracy of the
lowest electronic excitation.

The depletion ratio Rqep is defined according to

P(|t); before probe pulse) — P(|t); after probe pulse)
P(|t); before probe pulse)

Rep =

P(|t)) is the probability for population of the trap state |t). This
ratio is negative when the probe pulse induces further excitation,
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Typically, the “turn-off” mechanism is stimulated
emission,'® although other mechanisms such as opti-
cal shelving®® or ground-state-depletion (GSD)*° have
been exploited for manipulation of fluorescence. Emis-
sion depletion is routinely measured on organic dye
molecules for subdiffraction limited microscopy appli-
cations (e.g., STED microscopy),'® but has rarely been
employed with QDs.>* As we show, this method has the
advantages of clarifying the level structure of the system
and its applicability for stimulated emission applications
while being technically simple. It should be noted that
observation of stimulated emission does not directly
imply optical gain, since the loss induced by excited
state absorption (ESA) impedes gain but is often incon-
sequential in the fluorescence depletion measurement.

The goal of this work is to gain better understanding
of the characteristics of doped QDs in the context of
stimulated emission. By probing the system when
excited at different intensities, we obtain evidence
for the dynamics of population inversion. A 4-level
system, for example, would show a threshold for
population inversion at very low excitation, whereas
a 3-level system would require excitation of 50% of the
population. Additionally, a 4-level system could exhibit
full depletion of fluorescence by a probe depletion
pulse, while a 3-level system would allow maximal
fluorescence inhibition of 50% (or less, depending on
the excited state population). Here we utilize emission
depletion spectroscopy to show that the isovalently
doped CdSe:Te system admits a 3-level behavior, with
complete removal of the BX degeneracy. We then
extend these measurements to CdS QDs with broad-
band trap-states emission, demonstrating that 3-level
behavior is a general concept for QDs exhibiting emis-
sion involving a band-edge to trap state transition. Yet,
our measurements reveal important differences be-
tween these two systems.

zero for no depletion, and approaches unity for full depletion. The
parameters 1 and 19 denote the normalized energies A = I/l
of the excitation (pump) and the depletion (probe) pulses, respec-
tively, where I, is the saturation intensity of the transition.

In the strong excitation pulse limit A°* > 1, the dependence
of the depletion ratio on the depletion pulse energy reduces to

Rdep = {1 O.5-exp<At>} [1 —exp( —29eP)]

Tr

where At is the time delay between the pulses. The depletion
ratio increases with the depletion pulse energy, saturating at a
value of up to 50% (for At <t,).

In the strong depletion pulse limit 9P > 1, the dependence
of the depletion ratio on the excitation pulse energy reduces to

0.5
At
exp <7 T—) (1 — exp(-A%)]

r

Rgep = 1 —

As the excitation energy is increased, a transition from absorp-
tion to stimulated emission is observed at an energy around /X,
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Figure 1. (a) Schematic illustration of the CdSe:Te/CdS core—shell nanorods, alongside their corresponding energy bands
alignment. (b) Schematic description of the energy levels which constitute the 3-level system. The arrows depict the
transitions of the band-edge absorption (blue) and the trap-related emission (red), respectively. (c) Absorption (blue) and
emission (red) spectra of the Te-doped NRs. Also shown are the wavelengths chosen for the excitation (purple dashed line)
and the depletion (dark red dashed line) pulses in the emission-depletion measurements, as well as the detection window

(gray rectangle) of the fluorescence.

after which the depletion ratio saturates at the same value as in
the previous limit.

RESULTS AND DISCUSSION

As potential candidates for a 3-level system, we
studied Te-doped CdSe nanocrystal cores. The as-
sumptions of the 3-level model are satisfied in this
system: rapid relaxation of the electron and the hole to
the band-edge (subpicosecond and picosecond time
scales respectively),'**° followed by further fast relaxa-
tion of the hole to the Te-defect state on a subnano-
second time scale' Additionaly, the long radiative
lifetime of around 60 ns is much longer then all other
relaxation time scales.

Figure 1a shows a schematic of the structure and
band alignment of Te-doped CdSe core, overcoated by
a CdS rod-like shell. Overcoating of the doped cores
increases both the photostability and the quantum
yield of the NRs, without significant modifaction of the
band structure, which was shown to provide better
conditions for observing gain23? The band-edge ex-
citon absorption of these NRs appears at ~650 nm, and
emission from the Te defect states peaks at 688 nm.
The Te trap states exhibit a large Stokes shift and
spectraly broad emission, which allowed us to probe
the transition between |f) and |g) without being influ-
enced by the band-edge exciton state |e). Figure 1c
shows the above band gap excitation wavelength and
the depletion probe wavelength used in the measure-
ment to be described. The depletion wavelength was
tuned at the red-tail of the emission curve. The partic-
ular choice of depletion wavelength reflected a trade-
off between a large emission dipole moment of the
Te-state related emission and having negligble absorp-
tion to the band-edge of thermally excited carriers in
the ground state. Yet, the results presented here do not
depend strongly on the exact depletion wavelength.

The experimental setup for emission depletion mea-
surements is shown in Figure 2a. A 5 ns excitation
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pump pulse at 355 nm, and a 5 ns depletion probe
pulse at 740 nm delayed by 20 ns from the excitation
pulse, were focused into a cuvette containing the NRs
dispersed in toluene. The 5 ns temporal width of the
pulses is much longer than all cooling time-scales,
therefore the saturation at the steady-state solution
of the 3-level model when using strong pulses is
justified. If one of the already excited charge carriers
is further excited by the laser pulse, it decays on a
comparably shorter time scale, much before the pulse
ends. Therefore, this method is unaffected by such ESA.
The effective waist of the excitation and depletion
pulses at the focal plane was approximately 40 um.
Experimentally, however, it was found that maximal
depletion ratios were obtained with strongly saturated
excitation, better mimicking a flat-top excitation profile
at a time delay of 20 ns, after multiply excited states
have all relaxed.®® This necessarily biases the energy
densities used here toward higher values. Time-
resolved fluorescence was collected at a right-angle,
spectrally filtered by a monochromator, and detected
by a photomultiplier tube with a time resolution
of ~2 ns. Further details of the experimental setup
are described in the Methods section.

We compared decay time-traces of the fluorescence
with and without the probe depletion pulse. The
depletion ratio was defined as the normalized differ-
ence between the temporal integration of both curves
after the depletion pulse, as shown in Figure 2b for a
typical measurement.

We measured the Te-doped NRs depletion ratio's
dependence on the energies of both the excitation
pulse and the depletion pulse, as shown in Figure 3. In
Figure 3a, the excitation pulse energy was fixed at a
value above excitation saturation. This means that
after ~1 ns, all of the NRs are excited at the Te-defect
state. The depletion ratio increases with depletion
pulse energy, saturating at a value of around 0.3.
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Figure 2. Schematic of the experimental setup (a) and a typical measured fluorescence time-trace (b). The fluorescence
transient of the sample is measured after an excitation pulse and a delayed depletion pulse (magenta line), and compared to
the transient after only an excitation pulse (blue line). The depletion ratio is defined as the normalized difference between the
temporal integrations of both traces. Excitation (green) and depletion (red) pulses are also shown.

The data shows good agreement with the 3-level
model, taking into account the 20 ns delay between
the pulses. Since the time delay between the pump
and the probe is of the order of the radiative lifetime,
by the time the depletion pulse arrives, some of the
QDs have already radiatively decayed. This accounts
for a theoretically predicted value for the maximal
depletion ratio of 0.29, in good agreement with the
experimental observations.

In the experiments presented in Figure 3b, the
depletion pulse energy was fixed at a value above
depletion saturation. This means that a depletion pulse
tuned to the |t) < |g) transition would leave the system
at the steady-state of this pulse, namely, 50% of the
population at the [t) state and 50% at the ground state.
This plot shows the depletion ratio for different excita-
tion pulse energies. At low excitations, most of the
population is in the ground state, and the depletion
pulse is absorbed and excites population to the |t)
state, which is manifested by a negative depletion ratio.
As the excitation energy was increased, we observed a
clear transition from absorption to stimulated emis-
sion. This transition to stimulated emission was not
observed in a control experiment on undoped type-I
QDs, emphasizing the intrinsic modification induced
by the Te doping (see Supporting Information). Figure 3
also shows the large difference of saturation energy
densities between the |t) < |g) transition to the above
band gap transition. The former is larger by one or
2 orders of magnitude compared to the latter, reflect-
ing the much lower value of the dipole moment of the
defect state transition compared to the band-edge
transition.

Notably, despite the qualitative agreement, the
quantitative agreement between the simple model
and the results of Figure 3b is not as good. We attribute
this to the fact that the model assumes flat-top beams,
whereas in practice the excitation and probe pulses
are both spatially nonuniform. Clearly, the results of

LAHAD ET AL.

Figure 3b, where the depletion ratio varies from nega-
tive to positive values, are more susceptible to distor-
tion by this. Accounting for the spatial shape of the
beams leads to a better quantitative agreement (not
shown).

While the results of Figure 3 clearly show stimulated
emission, they do not necessarily imply the observa-
tion of optical gain, due to the effects of excited state
absorption as discussed above. To elucidate whether
this system exhibits optical gain, we conducted tran-
sient absorption (TA) measurements on the Te-doped
NRs. In this pump—probe configuration, a white probe
pulse is used, and the difference in absorption between
an optically excited medium and one which was not
pre-excited is measured. These experiments were per-
formed using a pump pulse at 520 nm, having a
duration of 120 fs, a total energy of 3 uJ, and an
effective size of about 500 um. The negative differential
absorption (—AOD) spectrum of the probe pulse, taken
~1 ns after the pump, is shown (blue line) in Figure 4,
and compared to the linear absorption spectrum (red
line). Gain requires that the negative differential ab-
sorption exceeds the steady-state absorption (i.e., the
blue curve is higher than the red one). The decrease in
absorption due to the pump pulse, manifested by
positive peaks such as at the first excitonic peaks
shown at ~650 nm and at ~575 nm in Figure 4, is
likely a bleach signal due to the electronic excitation.
Anincrease in absorption, associated with excited state
absorption (manifested by a negative value) is ob-
served at the red edge of the spectrum (1 > 750 nm).
From the 3-level model and emission depletion mea-
surements, we expect to observe optical gain at wave-
lengths used for the depletion pulse (~740 nm) when
well above 50% the NRs are excited. From the TA data,
it is likely that just about 50% of the NRs are excited by
the pump (further pumping was not possible in our
system due to the limited excitation pulse energy).
This leads to transparency (zero absolute absorption) at
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Figure 3. Emission depletion on Te-doped NRs. (a) Depletion ratio dependence on depletion pulse energy (blue points).
Excitation pulses were of 12 uJ, above excitation saturation value. A clear saturation at around 0.3 depletion ratio is observed.
The data is best fit to the 3-level model (red line) for depletion saturation energy of 212 uJ. (b) Depletion ratio dependence on
excitation pulse energy (blue points). Depletion pulses energies were around 500 xJ, above depletion saturation value. The
data is fit to the 3-level model (red line) for excitation saturation energy of 2.25 xJ. Notice the factor of ~100 between the two

different saturation energies.
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Figure 4. Transient absorption spectrum of Te-doped NRs
(blue line), compared to their absorption spectrum (red
line). Inset: Zero absolute absorption is observed at wave-
lengths around 730—740 nm.

wavelengths around 730—740 nm (Figure 4 inset),
which suggests an upper bound of about ~ 1 mJ cm ™2
for the threshold pumping level for population inversion.

As shown above, emission depletion measurements
enable to clearly extract information about the ener-
getics of an emitting trap state. They can provide not
only details about the lifetime of the inverted popula-
tion, but also direct spectroscopic evidence which can
differentiate between an effective 3-level system and,
for example, a 4-level one. One system where the level
structure has recently been under debate is of broad-
band emitting CdS QDs. Similarly to the Te-doped NRs,
these QDs also exhibit strong trap state related emis-
sion, although in this case the trap states arise due to
poor passivation of the surface, and not as a result of a
dopant site in the crystal. The spectrally broad surface-
related emission, as well as the narrower higher energy
band-edge transition, is clearly shown upon excitation
in room temperature, as can be seen in Figure 5a.

LAHAD ET AL.

Surface-related photoluminescence in semiconduct-
ing QDs was traditionally treated as an unwanted side
effect in colloidal syntheses, one which can usually be
overcome by proper passivation of the surface. How-
ever, it can also be utilized as a means to generate
energy-efficient illumination sources such as white
LEDs.>*3® The broadband surface related emission is
often attributed to a broad distribution of the energies
of trap states.3®*” Recently, Mooney et al.>® suggested
an alternative explanation based on a semiclassical
electron transfer (ET) model* to explain the broad and
red-shifted surface-related emission, as well as its
temperature dependence. The model evoked Marcus
theory considerations to attribute the bandwidth of
the trap-related emission to strong phonon coupling
of the surface state. Here we utilize emission depletion
spectroscopy to differentiate between these two mod-
els. For the multiple traps model, emission is to the
ground state, hence a 3-level behavior is expected,
whereas the electron transfer model predicts a
phonon-broadened line where the emission is to an
excited vibrational manifold of the ground state.
Because of rapid phonon cooling, this should be
equivalent to a 4-level scenario.

Emission depletion measurements were conducted
on these QDs using the same experimental setup as for
the Te-doped core—shell NRs. Figure 5b presents the
dependence of the depletion ratio on the excitation
energy. The observed 3-level-like trend bears similarity
to the one measured for the doped NRs, where two
features are clearly observed: a transition from absorp-
tion to population inversion, and saturation at the
value predicted by the 3-level model. This appears to
be inconsistent with the recently suggested semiclas-
sical ET model. However, these results differ from the
more “pure” 3-level behavior we witness in the case of
the doped NRs. Here, the saturation of the depletion
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Figure 5. Emission depletion on broadband emitting CdS. (a) Absorption and photoluminescence spectra, showing both the
band-edge and trap-states emission at 450 and 615 nm, respectively. Wavelengths of the excitation pulses (purple dashed
line), the depletion pulses (dark red dashed line), and the detection window (gray rectangle) for the emission depletion
measurements are also shown. (b) Dependence of the depletion ratio on excitation energy. The energy of the depletion pulses
was fixed around 500 xJ, above depletion saturation value. The depletion ratio shows the same qualitative dependence on

excitation energy as the doped NRs and as in the 3-level model.

ratio with the excitation energy is much slower, and
extends over an energy scale larger by a factor of 10.
The stepwise increase in the depletion ratio implies the
presence of several saturation intensities. This can be
attributed to a more complex multilevel structure
within the band gap, either within the same dot or
among different populations in the batch. The different
surface related states have a wide distribution of cross
sections for the transition from the ground state,
which is manifested by the extended scale of satura-
tion energies.

CONCLUSIONS

We performed emission depletion measurements
on Te-doped NRs, in which the influence of a depletion
pulse on excited NRs was studied. The Te dopants bind
the lowest-energy excitons, and allow for huge biexci-
ton blueshifts. Our measurements verify that this
blueshift enables the complete removal of the exci-
ton—biexciton degeneracy. Emission from these trap

METHODS

Synthesis. Te-doped CdSe cores synthesis. 26 mg of CdO,
120 mg of TDPA and 10 mL of ODE were degassed in a 50 mL
flask under a vacuum at 120 °C for 30 min. The temperature was
raised to 290 °C under argon flow and a mixture of 2 mL and
60 uL of 0.1 M Se:TOP and Te:TOP solutions (correspondingly)
were injected to the flask. The reaction was stopped after 2—2.5 min.
2 mL of nonanoic acid were added upon cooling (at ~100 °C).

CdSe(Te)-CdS rods synthesis. Purified CdSe(Te) dots were
used as cores for the seeded-growth of CdS nanorods. 64 mg of
CdO, 312 mg of ODPA, 82 mg of HPA and 3 g of TOPO were
degassed in a 50 mL flask under a vacuum at 150 °C for 1 h. The
temperature was raised to 350 °C under argon flow, and 2 mL
of TOP were added upon dissolution of the CdO. At 350 °C, a
solution of 120 mg S in 2 mL of TOP, mixed with 1 mL of
CdSe(Te) in TOP was injected to the flask. The reaction was
stopped after 5 min. 2 mL of nonanoic acid were added upon
cooling (at ~100 °Q).

LAHAD ET AL.

states showed behavior of a 3-level system, indicated
by 50% threshold for population inversion and max-
imal depletion value predicted by a simple model.

Broadband emitting CdS QDs also exhibited clear
3-level system characteristics from emission depletion
measurements. This is in contrast to a recently sug-
gested model that predicted 4-level behavior. How-
ever, our results imply for the existence of a more
complicated multilevel structure than that observed
for the Te-doped NRs.

In both these systems, the existence of localized trap
states within the band gap enabled population inver-
sion in the single exciton regime for a band-edge to trap
state transition. This results in what is, to the best of our
knowledge, the longest-lived stimulated emission ob-
served from colloidal quantum dots. Our findings
indicate these systems are not suitable for STED micro-
scopy, which requires complete depletion of fluores-
cence. However, Te-doped NRs in particular show high
potential for light amplification applications.

CdS QDs synthesis. 13 mg of CdO, 0.6 mL of oleic acid and
4 mL of ODE were degassed in a 50 mL flask under a vacuum at
110 °C for 1 h. The temperature was raised to 250 °C under
argon flow, and 0.5 mL of 0.1 M S:ODE solution was injected. The
reaction was stopped after 5 min.

TEM and Optical Characterization. TEM images of the QDs were
taken at 120 kV, using a TEM (CM-120, Philips). UV—vis absorp-
tion spectra were measured using a UV—vis—NIR spectropho-
tometer (V-670, JASCO). PL spectra were measured using a
spectrofluorimeter (USB4000, Ocean Optics).

Emission Depletion. Excitation and depletion pulses were
generated by a frequency tripled Nd:YAG Q-switched laser
oscillator pumping an optical parametric oscillator (OPO)
(NT342/C/3/UVE, EKSPLA) with pulse durations of ~5 ns at a
repetition rate of 10 Hz. Excitation pulses at 355 nm were
derived from third harmonic of the Nd:YAG. Depletion pulses
at 740 nm, obtained from the OPO, were delayed usinga ~7 m
delay line by 20 ns from the excitation pulses. Both beams were
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merged by a dichroic mirror, then focused into a 10 x 10 mm
rectangular quartz cuvette (Starna Cells), containing a solution
of a low concentration of QDs dispersed in toluene. Fluores-
cence signals were collected at a right-angle by a 0.4 NA
objective. After spectral filtering by a dielectric short-pass filter
and a long-pass color glass, the signals were further passed
through a monochromator (SpectraPro 2150i, Acton) for com-
plete filtering of the laser pulses from the fluorescence. Time-
resolved signals were measured by a photomultiplier tube
(R10699, Hamamatsu Photonics, Hamamatsu City, Japan). Data
was collected by a 600 MHz GHz oscilloscope (WaveSurfer 62Xs,
Teledyne LeCroy). Pulse energies were measured by a pyro-
electric sensor (PE9-C, Ophir Optronics). For measuring energies
of single pulses synchronized with their corresponding fluores-
cence signals, beam samples were split from the laser lines by
a glass slide. The beam samples were measured by another
photomultiplier tube (R5108, Hamamatsu) connected to the
oscilloscope, calibrated beforehand with a pyroelectric sensor.

Transient Absorption. Spectroscopy was performed using a
system based on a mode-locked Ti:sapphire oscillator (MaiTai,
Spectra Physics). The oscillator produces a train of <120 fs pulses
(bandwidth ~10 nm fwhm), with a peak wavelength centered
at 800 nm. The low-power oscillator pulses are amplified by a
chirped pulse regenerative amplifier (CPA) (Spitfire ACE, Spectra
Physics). The pulses are first stretched, then regeneratively
amplified in a Ti:sapphire cavity, pumped by a pulsed Nd:YLF
laser (Empower 45, Spectra Physics) operating at 1 kHz. After the
pulse has been amplified and recompressed, its energy is about
5.0 uJ in a train of 1-kHz pulses, and about 1 «J is used in the
transient absorption setup. An independent pump pulse is
obtained by pumping an optical parametric amplifier (OPA-
800CF, Spectra Physics) that produces 120 fs pulses tunable
from 300 nm to 3 um. For these experiments the pump laser was
tuned to 520 nm. The output power of the OPA is a few micro
joules (depending on the chosen wavelength) at 1 kHz. The
measurements are carried out in an EOS subnanosecond tran-
sient absorption spectrometer (Ultrafast Systems LLC), where
the white light probe used is generated from a photonic crystal
fiber laser. The pump and probe pulses are crossed in the
sample at a small angle. The probe beam is imaged into an
optical fiber which is then coupled to the spectrograph. Part of
the probe beam is collected directly to another spectrograph, as
a reference, in order to reduce noise in the measurement. The
pump power intensities were measured using a photodiode
sensor (Ophir Optronics) in proximity to the sample.
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