Exciton Relaxation in PbSe Nanorods
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ead-salt (PbS, PbSe, and PbTe) nano-

structures currently attract much inter-

est. Due to the large dielectric con-
stants and small carrier masses of the parent
crystals, their exciton Bohr radii are large,
20—46 nm. Nanocrystals that strongly confine
charge carriers are easily synthesized by col-
loidal chemistry. Moreover, their nearly sym-
metric conduction and valence bands lead to
relatively simple electronic structure, com-
pared to lI-VI, lll-V, and column-IV materials.
By changing the size of PbS or PbSe quantum
dots, their absorption and emission peaks can
be tuned across the near-infrared spectrum,
which makes them strong candidates for the
active material in solar energy applications.
Solar cells made with PbS or PbSe quantum
dots as the active material have recently
achieved 6% power-conversion efficiency.'

In the past decade, research on quasi-one-
dimensional (1D) nanostructures has grown
substantially. A number of overviews of nano-
wire (NW) and nanorod (NR) research have
been published? ™ In a 1D structure the
Coulomb interaction can act primarily thro-
ugh the host medium, so it will not be
screened as effectively as in 0D (quantum
dot) or 3D (bulk) materials. Thus, the transition
from the limit of strong confinement to the
limit of strong correlation can be investigated
as the length of the nanostructure changes.

Coulomb interactions are manifested
dramatically in carrier dynamics, as Auger
processes are critically important in nano-
structures.>® They present a major impedi-
ment to creation of optical gain’® and are
directly relevant to multiple-exciton genera-
tion (MEG).? Several studies of ultrafast elec-
tron dynamics in 1D or quasi-1D quantum-
confined materials have been reported. For
example, in small aspect ratio CdSe NRs,
relaxation of higher energy state is faster,
while the lowest energy state population
rises slower compared with QDs of same
band-gap energy.'® This was explained as
due to the reduced energy level degeneracy
caused by the shape anisotropy. In NRs with
larger aspect ratio, carrier thermalization
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Measurements of the picosecond-time-scale dynamics of photoexcited electrons in PbSe

nanorods are reported. The intraband (1I1—1Z)) relaxation occurs with a time constant of

~500 fs, which corresponds to a fast energy-relaxation rate of ~0.6 eV/ps. The biexciton

lifetime in PbSe nanorods is significantly (3—4 times) longer than the lifetime of PhSe

quantum dots with the same energy gap, roughly as expected considering the increased

volume. The multiexciton lifetimes of PbSe nanorods scale as expected for a bimolecular

recombination mechanism. Implications of the observed relaxations will be discussed.
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happens in a dense manifold of high-energy
states, and the behavior is similar to the bulk
material."" CdSe NRs with different diam-
eters but similar lengths were studied, and
intraband relaxation was found to be faster
in smaller rods,'? which is consistent with
hole-assisted Auger relaxation. Multiexciton
relaxation has been studied in CdSe NRs'?
and single-walled carbon nanotubes.'* The
relaxation was explained as a bimolecular
Auger recombination in these 1D materials,
in contrast to the three-body Auger relaxation
found in quantum dots'® and bulk materials.

There are few reports of anisotropic lead-
salt nanostructures, mostly due to the diffi-
culty of synthesizing anisotropic particles with
isotropic (rock salt) crystal structure. Koh et al.
recently reported a one-pot, catalyst-free
synthesis of PbSe NRs with high optical
quality.’® The structures have diameters
around 4 nm and are 20—30 nm long, so both
dimensions are small compared to the exciton
Bohr radius. A four-band envelope-function
calculation'”"® accounts well for the observed
optical transitions. An important prediction of
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Figure 1. Structural and optical characterization of samples. (a) TEM image of nanorod sample NR2, which has dimensions
4.5+ 0.6 nm x 28 & 7 nm. (b) Theoretical energy spectrum of sample NR2. Here 11— 1X states are dashed, as the 13— 111 transition is
optically forbidden. (c) Absorption spectrum of NR2 and a PbSe dot sample for comparison. Pump (800 nm) and probe wavelengths
(spanning from the blue side to the red side of the absorption peak) are shown. Inset: Absorption spectra on semilogarithmic scale, to
show features at the high-energy side. (d) Emission spectrum of NR2 and PbSe dot sample. Inset: Fluorescence decays.

the theory is that the electrons and holes exist as tightly
bound excitons in PbSe NRs, in contrast to the situation
in lead-salt quantum dots." In terms of electron
relaxation in 1D lead-salt structures, a theoretical treat-
ment concludes that Auger recombination is forbid-
den for the lowest biexciton state.?’ On the other hand,
Cunningham et al. reported that the efficiency of MEG
in quasi-1D PbSe structures is significantly higher than
that of PbSe quantum dots, and the MEG energy
threshold is much lower.?" This observation implies
significant potential for NR solar cells and increases the
motivation to study carrier dynamics in lead-salt NRs.

Here, we report femtosecond optical studies of the
relaxation of excitons in PbSe nanorods with dimensions
near 4 nm x 20 nm. Excitons created in excited 111 states
relax to the lowest exciton state in two stages in the first
few picoseconds. The fast energy relaxation rate is similar
to that found in PbSe quantum dots. Multiple excitons
decay on the 100 ps time scale. The biexciton lifetime is
found to be several times larger than that of quantum dots
with the same energy gap, roughly as expected based on
the volumes of the structures. However, the multiexciton
lifetimes scale as expected for a bimolecular recombina-
tion process, which is expected for tightly bound excitons.

We synthesized PbSe NRs using the one-pot reaction
developed previously.'® A typical transmission electron
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microscope (TEM) image is shown in Figure 1a. High-
resolution TEM images (Supporting Information) confirm
that the NRs are single-crystalline and grow along the
(100) direction. We studied six NR samples (which we
refer to as NR1 to NR6), with diameters ranging from 3.3
to 45 nm and lengths from 20 to 30 nm. These have
lowest exciton transitions between 1100 and 1430 nm. It
was difficult for us to grow high-quality NRs outside these
ranges. Within each sample, there is about 10% variation
in diameter and 25% in length. A PbSe quantum dot
sample with lowest exciton transition near 1470 nm was
also studied for comparison.

The theoretical exciton spectrum of a 45 nm X
28 nm PbSe NR is shown in Figure 1b. The single
particle states are labeled as follows: ka,’,’( for the kth
electron or hole level, with z component of total angular
momentum equal to n and angular momentum projection
of the conduction (valence) band component of the wave
function equal to |m| =0, 1,2,..for X=3, T, A, ..."” Due
to strong electron—hole interaction, we draw the energy
levels in terms of exciton states instead of single-
particle states. A typical absorption spectrum is shown
in Figure 1c along with the spectrum of the PbSe
quantum dot sample for reference. The correspond-
ing fluorescence spectra and decays are shown in
Figure 1d. The fluorescence lifetime of the NRs is 1.7 us.
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Figure 2. Saturated absorption traces for pump fluences cor-
responding to (No) = 0.84, 1.6, 3.1, and 3.6, from bottom to top.
o is the optical density at the probe wavelength, measured with
the CW spectrometer, and Aa is the change in optical density
due to the pump pulse. Solid lines are multiexponential fits (see
text), with 7, = 217 ps, 73 = 65 ps. Inset: Signal magnitude
measured at t = 3 ps after the initial excitation versus initial
excitation ((No)). The line is the fit for low excitation.

RESULTS

Important relaxation processes occur on the 100 ps
and 1 ps time scales and were studied using standard
time-resolved transient absorption measurements.
We will begin with an overview of the experimental
data and discussion of the dynamics on the ~100 ps
scale, which provide information on Auger relaxation
of multiple ground-state excitons. Then, we will
focus on the ~1 ps time scale, which corresponds
to energy relaxation within the electron or hole
states. Qualitatively similar results were obtained
for all samples. Results obtained with sample NR2
(4.5+0.6nm x 28 £+ 7 nm) will be discussed in detail,
and then results obtained from all the samples will
be summarized.

Multiexciton Dynamics. The saturated-absorption traces
obtained by excitation at 800 nm and probing the lowest
exciton transition (Figure 2) exhibit features that are
familiar from work on quantum dots*>~>* and are qua-
litatively similar to data presented in the study of MEG in
1D structures.?’ With initial excitation (No) below one
electron—hole pair per NR, the trace shows negligible
change on the time scale of the measurement (500 ps), as
expected from the microsecond population decay ob-
served in fluorescence. As the pump fluence increases,
faster decay components appear progressively, which
correspond to discrete multiexciton relaxation due to
Auger recombination.

Modeling of the exciton dynamics follows the
approach used for quantum dots.'>?? Since the exci-
tons are created by photons with energy lower than
twice the energy gap, MEG does not occur, and the
excitation probability satisfies the Poisson distribution:
the probability that a NR has n excitons at t =0 is

Pt = 0) = Me*wo) )
n!

The excitons decay to the lowest state within a few
picoseconds (this will be shown in the next section).
From that point on, the exciton population distribution
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follows a cascade model:

dp(t) _ Pn(f)+Pn+1(t) 2)
dt Tn Tn+1

(N@W) =3 nPa(t) @3)
n=1

where 7, is the n-exciton lifetime. The initial average
population can be calculated as (No) = j,0, where j is
the pump fluence per pulse, and o is the absorption
cross-section at the excitation wavelength. We calcu-
lated o following previous work on PbSe quantum
dots,?® assuming that at high energy (3.1 eV) NRs and
quantum dots both behave like bulk material and thus
have the same cross-section per unit volume. By scal-
ing from the measured absorption at 400 and 800 nm,
we obtained the cross-section at 800 nm, the excitation
wavelength. Experimentally, the absorption spectra of
the NRs and quantum dots do not match exactly at high
energy (Figure 1¢, inset), and this introduces uncertainty
into our modeling. To reflect this, along with uncertainty
in measurements of the pulse fluence, we treated the
cross-section as a fitting parameter. The best-fit value of
this parameter was always within 25% of the nominal
cross-section, which indicates that the original assump-
tion is reasonable. The effect of inhomogeneous excita-
tion across the sample due to absorption was also
considered in the model (see Supporting Information).
The saturated absorption signal 3 ps after the pump pulse
varies linearly with excitation intensity up to (No) ~ 5
(inset of Figure 2), as expected based on similar results
obtained with quantum dots®*? This enabled us to
directly correlate the measured signal to the number of
excitons in the NR and ensured valid analysis.

By solving eq 2 with the initial condition of eq 1, we
obtain the time-dependent exciton population. The
parameters in the model are the absorption cross-
section and the multiexciton lifetimes 7,, (n = 1-5). In
solving eq 2, higher exciton states (n > 5) were
neglected, due to their short expected lifetimes and
small probabilities of being excited initially.

For each sample and each probe wavelength, a
global fit to the experimental data recorded for all
excitation levels was performed. The best-fit curves
(solid lines in Figure 2) agree well with the data. The
biexciton lifetime extracted from the fit, 75, is 210 £
40 ps, while the triexciton lifetime, 73, is 64 + 7 ps. The
uncertainties in the inferred values of 7, and s are large,
and we do not attach significance to those lifetimes.

Previous work on Auger recombination in quantum
dots found that the biexciton lifetime is proportional to
volume.?® A study of CdSe NRs similarly found that the
biexciton lifetime is linearly proportional to the NR
length, for fixed diameter.'* However, the lifetime is
smaller than that of a quantum dot with the same
volume. The biexciton lifetimes of our samples are
summarized in Figure 3. The large variations in the
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Figure 3. Biexciton lifetimes. (a) Biexciton lifetime vs volume.
(b) Biexciton lifetime vs band gap. The gray square is for the
quantum dot sample; the red lines are to guide the eye.

diameter and length of our NRs translate into large
uncertainties in the volume, which hinders comparison
to the trends observed in the prior work. We do not find
systematic variation of the lifetime with volume nor
with energy gap. On the other hand, the biexciton
lifetimes of the NRs are 3 to 4 times longer than those
of the quantum dot sample with similar energy gap,
which is roughly expected based on the volume of the
structures. This contrasts with the results of Cunningham
et al.”’ who found similar biexciton lifetimes in quan-
tum dots and 1D structures.

The ratio of multiexciton lifetimes can shed light on
the nature of the charge-carrier states in nanostruc-
tures. For a nanocrystal with N electrons and N holes
(independent charges model), 7' =< N* (N — 1). The
scaling factor is the product of the number of all
possible conduction-to-valence band transitions (N?)
and the number of carriers that can accept the extra
energy (N — 1). In this case, 75/73 = 4.5, which was
confirmed in a study of PbSe quantum dots.' If the
electron and hole are highly correlated and form an
exciton, the relaxation should be bimolecular, and the
lifetimes should scale as 7y~ o< N(N — 1), in which case
7,/75 = 3. However, measurements of CdSe NRs'* and
carbon nanotubes'® both found 7,/75 = 1.5. The results
were explained as bimolecular recombination, but the
analysis was not carried out in the small-N limit (N =
2—3). The different scaling law could be a consequence
of specific band structure. For example, the small
degeneracy of lowest exciton states in CdSe could
result in triexcitons that contain carriers in states of
other symmetries. In this case, the triexciton lifetime is
likely to be longer, due to reduced probability of
interband transitions of states with different symme-
tries. This would reduce the ratio 7,/75."°

Bartnik's theory predicts that the electron and hole
form tightly bound excitons in PbSe NRs,'” so bimolec-
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ular scaling would be expected. We find 7,/73 =33 £
0.3, in good agreement with the bimolecular model of
multiexciton recombination. The aspect ratios of our
samples range from 5 to 7. In the case of CdSe NRs,'?
the transition from 0D to 1D corresponds to an aspect
ratio of 8. However, lead-salt materials may well have a
different threshold for the transition from 0D to 1D.
Experiments on PbSe NRs with a wider range of aspect
ratios would be helpful for clarifying this point.

Energy Relaxation. We now turn to the first few
picoseconds of the saturated-absorption traces ob-
tained with excitation at 800 nm, which provide in-
formation about the energy relaxation of hot excitons.
For a NR with lowest transition at 1350 nm, the 1114, —
1II¢/, and 1117, — 11IS,, transitions (Figure 1b) are
predicted to be near 815 nm."” The 1575 — 1AZh, 1ASh,
25 transitions have approximately the same energy, but
much weaker oscillator strength. Thus, excitation at 800 nm
should produce only NRs with carriers in the 111 states.

Measurements of the quantum dot sample are
shown in the left panel of Figure 4 for reference, and
results from the NRs are shown in the right panel.
Different lines correspond to different excitation flu-
ences. The probe wavelength is 1414 nm for the NRs,
on the low-energy side of the lowest exciton transition.

The data from the quantum dots exhibit an instru-
ment-limited rise time, as reported for previous mea-
surements of intraband electron relaxation in PbSe
quantum dots.2* The rise of the population on the time
scale of the pump pulse suggests that the pump and
probe transitions have an energy level in common. The
800 nm excitation is not resonant with any particular
excited states in this quantum dot. According to the
four-band envelope-function calculation, a PbSe quan-
tum dot with lowest transition at 1470 nm has 1p, —
1p. transition near 970 nm."? It also has 1d), — 1s, and
1s, — 1d, transitions around 920 nm. Although the
oscillator strengths for s;(dp)—d.(s.) transitions are
small, they are closer to the excitation wavelength
and thus contribute the instantaneous rising part of
the transient-absorption traces. The instrument-limited
rise is followed by the population increase that is
attributed to the intraband relaxation in the quantum
dots (d. — S, d;, — sp,). In contrast, the signals from the
NR sample exhibit only a well-resolved rise, which we
attribute to population relaxing to the lowest mani-
folds of electron and hole states. By fitting traces from
the same sample at different excitation fluences, a time
constant of ~500 fs is inferred (Figure 4).

After the initial 500 fs rise, the transient-absorption
traces depend on the probe wavelength (Figure 5a). On
the high-energy side of the lowest transition, the signal
reaches a peak at a delay near 1 ps and then decays to a
lower level over the next few picoseconds. On the low-
energy side of the transition, the trace continues torise. At
all probe wavelengths, a quasi-steady state is reached
at ~3 ps. This indicates that the energy relaxation is a
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Figure 4. Rising edge of transient absorption for different pump fluence. Left: Quantum dot probed at 1470 nm, (Ny)=0.7, ...,
3.3, from bottom to top. Right: NR2 probed at 1414 nm, (N,) = 0.8, ..., 2.5. Due to a much larger absorption cross-section for NR,
it is easier to probe higher excitation states in NR without any sign of sample damage.
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Figure 5. (a) Rising edge of transient absorption of sample NR2 at 1300, 1350, 1414, and 1470 nm. Pump wavelength 800 nm,
(No) =~ 0.6. Solid lines are fits to a two-stage cascade model with 7, = 7, = 0.53 ps (see text for details). Inset: Absorption
spectrum with probe wavelengths indicated. (b) Schematic of three-level system. 7 is a state in higher manifold; o, is an
intermediate state in the lowest manifold; and o; is the lowest exciton state.

multistep process, consistent with the energy spectrum
of 1D structures. The strong confinement in the trans-
verse direction produces manifolds of 1D exciton states
(see Figure 5b). The initial component corresponds to the
relaxation of excitons from the initial excited exciton state
to the ground exciton manifold. The later component
comes from the relaxation within this dense energy
manifold. Relaxation within the ground exciton manifold
was studied in CdSe NRs."!

To quantify the energy relaxation, we introduce an
approximate three-level model, with a high-energy state
(/1) that corresponds to the photoexcited exciton; an
intermediate state (05) in the lowest manifold of states;
and the lowest exciton state (). Here ;r and o5 should be
considered as groups of closely spaced states. The energy
difference between o, and o, is taken to be the energy
difference between the probe wavelengths of 1300 and
1414 nm, 70 meV. The relaxation sequence is S (o)
e 0. Due to inhomogeneous broadening, the transient-
absorption signal will have contributions from both o,
and g, but o5 will contribute more on the high-energy
side, while g; will contribute more on the low-energy
side. The temporal instrument response was assumed to
be a Gaussian with duration of 220 fs and incorporated in
the fitting procedure. The best-fit traces are shown in
Figure 2 as the solid lines. The best fit is obtained with 7,
and 7, equal to 0.53 ps.

Admittedly, this model is crude and neglects de-
tailed description of the dynamics between states in
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the same manifold. Due to limited signal-to-noise ratio,
it is very hard to distinguish multiple components.
Nevertheless, this model still provides useful informa-
tion. The fact that 7, and 7, are similar means that the
corresponding energy relaxation rates are very differ-
ent. 7, = 0.53 ps implies an exciton energy relaxation
rate of 1.1 eV/ps. If the electron and hole relax inde-
pendently, the energy relaxation rate for each carrier
would be 0.6 eV/ps. For comparison, the energy relaxa-
tion rate for the electron ranges from 0.15 to 1.0 eV/ps
for PbSe quantum dots with diameters between 3.0
and 5.0 nm.?” The comparable rates suggest that when
carriers are in the high-energy manifold, they cool in
the same way as in quantum dots: the electron and
hole cool independently and they are not tightly
bound. On the other hand, 7, = 0.53 ps implies an
energy relaxation rate about 0.13 eV/ps. The reduced
rate could be due to reduced density of possible final
states as carriers relax to the band edge. In addition, the
electrons and holes are more likely to be bound into
excitons when they are sufficiently cold. Interaction
between excitons and polar optical phonons is weak, 2%
and this would further reduce the cooling rate.

Finally, we find that the initial stage of relaxation
depends on excitation fluence. Figure 6 plots the rising
edge with different pump fluence, at different probe
wavelengths. The traces are normalized to their values
at 3 ps to highlight the initial relaxation. Traces with
different pump fluence overlap very well from 3 to 6 ps,
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Figure 6. Normalized rising edge at different probe wavelength (1350, 1414, 1470 nm), with different pump fluence, corresponding
to (N) = 3.3 (blue), 2.8 (green), 1.4 (yellow), and 0.8 (red). The traces are normalized to their values at long time (3 ps) for comparison.

which shows that the effect of Auger recombination
due to different numbers of excitons is not present on
this time scale. The rise in the ground-exciton population is
faster at lower excitation levels. The trend is weaker on the
low-energy side of the transition and stronger on the high-
energy side of the transition. These measurements suggest
that multiexciton states cool slower than single-exciton
states. However, other explanations, such as hot-exciton-
induced Stark effect, could yield similar results3**' A more
detailed understanding of exciton interaction is needed
here to give a definite explanation.

DISCUSSION

We find that Auger relaxation is 3 to 4 times slower in
NRs compared to quantum dots with the same energy
gap. This is very roughly as expected due to the
increased volume and, thus, reduced exciton density.
Rupasov predicted theoretically that Auger recombi-
nation for the ground biexciton state is forbidden and,
therefore, should be strongly suppressed,®® which is
clearly not observed here. Our results also differ from
those of Cunningham et al., who found that nanorods
and quantum dots have similar biexciton lifetime.*'
The structures they studied were quasi-1D hyper-
branched structures, which could be a reason for the
discrepancy. A reduced Auger rate should be beneficial
in applications to lasing. This has been demonstrated
with CdSe nanostructures.'>*? The energy-loss rate of
single excited excitons in PbSe NRs is comparable to
the rate in quantum dots. For MEG to be efficient, the
energy relaxation of single excitons should be slower
than the Coulomb scattering between single and
multiexciton states.?® Our observation of slower Auger
relaxation in nanorods (for similar values of photon
energy in units of the energy gap) and similar energy-
loss rate would predict a lower MEG rate in NRs. We
suggest that the apparent asymmetry between Auger

METHODS

Chemicals. Selenium pellets (Aldrich, <5 mm, 99.999%), tris-
(diethylamino)phosphine (TDP, Aldrich, 97%), lead(ll) oxide
(PbO, Aldrich, 99.9%), oleic acid (OA, Aldrich, 90%), and 1-octa-
decene (ODE, Aldrich, 90%) were used.

PbSe NR Synthesis. The synthesis follows the procedure in Koh
etal's paper.'® The selenium precursor is prepared by dissolving
selenium pellets (0.79 g, 10 mmol) into TDP (10 mL) overnight,
forming a 1 M solution of TDPSe. The synthesis is performed

YANG ET AL.

recombination and MEG is a consequence of the
densities of states. In Auger recombination, the biexciton
density of states is not relevant because the biexciton is the
initial state. In MEG, the biexciton density of states is a
crucial factor, regardless of the precise mechanism. For
impact ionization,*® the number of final states increases,
while with coherent coupling of single and multiexciton
states,>*'3* the decoherence of multiexciton states be-
comes quicker. Considering the exciton moving in 1D, the
total number of exciton states is proportional to the length
of the NR. The density of states for the biexciton (if we
neglect their interaction) would be a convolution of two
single-exciton densities of states and, therefore, propor-
tional to the square of length, much faster than the rise for
single exciton states. This argument does not necessarily
mean that the longer the wire, the higher the MEG
efficiency. Momentum conservation, especially at high
energy, would also limit the effective number of states
that actually undergo MEG. More studies are needed to
find the optimum size and dimensionality that would
result in the highest MEG efficiency.

CONCLUSION

We described measurements of Auger relaxation of
multiple excitons and intraband energy relaxation of
charge carriers in PbSe nanorods. The biexciton lifetime
of a nanorod is about the same as that of a quantum dot of
the same volume, but is much larger than that of a
quantum dot with the same energy gap. The multiexciton
lifetimes scale approximately as expected for tightly bound
excitons, which are expected in these 1D structures. The
intraband energy relaxation of excited excitons proceeds
in two stages: the 1IT to 1Z relaxation has a 500 fs time
constant, and this is followed by additional slower energy
relaxation within the manifold of 1Z states. These results
will be important to future applications of lead-salt nano-
rods in light emitters and photovoltaics, among others.

using a standard Schlenk line. PbO (0.22 g, 1 mmol), OA
(1 mL, ~3 mmol), and ODE (5 mL) are added to the reaction
flask. The solution is vacuumed at <200 mTorr followed by N,
gas under rapid stirring. This process is repeated three times
before the solution is heated to 110 °C. The solution is again
vacuumed for 3 min twice to get rid of water produced in the
reaction. The solution is then heated to the desired injection
temperature (170 °C in a typical synthesis) and allowed to
stabilize. The 1 M TDPSe solution (3 mL, 3 mmol of Se) prepared
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prior to the synthesis is obtained from the glovebox and quickly
injected into the reaction flask. Upon injection, the temperature
of the solution drops 10—20 °C below the injection tempera-
ture. The heating element is manually adjusted to keep the
solution at a near constant temperature for a desired reaction
time (3—5 min). Over the course of the reaction it is typical for the
temperature to fluctuate within a 5 °C range. After the reac-
tion, the flask is quickly placed in an ice bath while being stirred
until the solution temperature reaches room temperature. A 5 mL
portion of hexane is then injected into the solution. The solution
is preciptated by acetone and ethanol. The precipitated nanorod
is isolated by centrifugation at 2500 rpm for 5 min, redissolved in
toluene, and placed into the glovebox.

Sample Preparation. Samples were prepared by suspending
PbSe NRs in tetrachloroethylene. The samples were sealed in an
air-free environment and removed just before the optical
experiments. A 3 mm x 3 mm cuvette was used, with the
concentration chosen to keep the optical density less than
0.3 at the excitation wavelengths. Experiments were performed
with both static and flowing samples, and nearly identical
results were obtained. Results presented were obtained with-
out flowing the sample, which yielded better signal-to-noise
ratios.

Transient Absorption Measurment. Standard transient saturated-
absorption measurements on interband transitions were per-
formed using a Ti:sapphire amplifier and optical parametric
amplifier, which supply 130 fs pulses at 1 kHz repetition rate.
The time resolution of the setup is 220 fs, determined by the
cross-correlation of the 800 nm pump and ~1500 nm probe
pulses.
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