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Vibronic quantum beats in PbS microcrystallites
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We have used femtosecond optical spectroscopy to study the dynamics of excitons strongly confined in

microcrystallites of the narrow-band-gap semiconductor PbS. The transient absorption of the lowest ex-
citon level exhibits terahertz-frequency vibronic quantum beats. Far-infrared measurements show that
the vibrations are confined transverse-optical phonons.

Although there has been considerable interest in the
electronic and optical properties of semiconductor micro-
crystallites, or quantum dots, only a small portion of this
work has been done on samples which strongly confine
the excitons, i.e., for which the crystallite is much smaller
than the bulk exciton Bohr radius. ' Large absorptive and
dispersive nonlinearities are predicted for such systems if
the quantum-dot transitions are not broadened excessive-
ly. ' The magnitude and origin of this line broadening
are critical; any broadening counteracts the spectral con-
centration of oscillator strength due to quantum
confinement, and thus reduces the nonlinearity. The
dominant intrinsic source of line broadening is expected
to be exciton-phonon coupling, and this motivates studies
of the strength and time scale of carrier-phonon interac-
tions in quantum dots.

Strong confinement is most readily achieved in
narrow-band-gap semiconductors, in which the excitons
have large Bohr radii. We have chosen to study PbS, for
which the strong-confinement regime is attained for par-
ticle diameters much less than the bulk exciton Bohr ra-
dius of 18 nm. Spherical PbS crystallites approximately 4
nm in diameter can be synthesized with a narrow size dis-
tribution. These 4-nm particles satisfy the condition of
strong confinement as defined by Efros and Efros, ' in
which the particle radius is much less than the Bohr radii
of both the electron and the hole. Furthermore, the
analysis of Banyai et al. predicts that for a given particle
size the nonlinearities of PbS will be 30 times as large as
those of GaAs, and three orders of magnitude larger
than those of CdS.

Here we report on the initial relaxation of photocreat-
ed excitons in PbS microcrystallites. In particular we
focus on an ultrafast oscillatory response which can be
explained as quantum beats between confined vibrational
states of the microcrystallite. The vibronic nature of the
quantum beats and the identity of the vibrational mode
associated with the beats are determined by Raman and
far-infrared measurements.

PbS colloids, stabilized with poly(vinyl alcohol), were
prepared in an aqueous solution. An average particle di-

ameter of 4.3 nm was measured from images taken with a
scanning transmission electron microscope (STEM).
Electron and x-ray diffraction experiments by other
researchers have shown that the crystallites have the cu-
bic structure of bulk PbS, and thus also the bulk pho-
nons. The colloidal solution, which had a lifetime of
several days, was dried into a thin flexible film which had
an indefinite lifetime. The absorption spectrum of the
film was identical to that of the initial solution.

Quantum confinement in the PbS microcrystallites re-
sults in discrete energy levels and an increase in the
effective band gap from the bulk value of 0.41 eV. The
room-temperature absorption spectrum of a film of the
crystallites (Fig. l) exhibits a confinement energy greater
than 1.5 eV and a series of distinct exciton peaks. We at-
tribute the peaks near 600, 400, and 300 nm to the
ls, -ls&, ls, -lp&, and lp, -lp& transitions, respectively.
These assignments are based on solutions of the single-
particle Schrodinger equation assuming an infinite poten-
tial well and parabolic energy bands; the best match to
the measured spectrum occurs with a particle diameter of
4.0 nm. The linewidths are consistent with the observed
distribution of particle sizes. Analysis of the spectrum is
simplified by the fact that in PbS the valence band is non-
degenerate near the L, point of the Brillouin zone, where
the minimum energy gap occurs.

The dynamics of the lowest-energy excitons in PbS mi-
crocrystallites were studied at 300 K with standard time-
resolved nonlinear absorption techniques. Pulses from a
mode-locked dye laser were amplified at kilohertz repeti-
tion rates and used to generate a white-light continuum
from which excitation and probe wavelengths were
selected. The pulses were 90 fs in duration and the fo-
cused excitation pulses had peak intensities of 0.5 —4
GW/cm . PbS microcrystallites are known to exhibit
permanent absorption bleaching after illumination,
perhaps due to photoanodic dissolution. During our ex-
periments the absorption of the sample decreased by up
to 15%, but the transient signals did not change qualita-
tively.

The nonlinear absorption of the crystallites was exam-
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FIG. 1. Room-temperature absorption (solid line) and
luminescence (dotted line) spectra of the PbS microcrystallites.
Identical absorption results are obtained at 10 K. The lumines-
cence was measured with excitation at 581 nm.
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ined for several combinations of excitation and probe
wavelengths relative to the 1s,-ls& exciton transition.
When the crystallites are excited at the peak of the reso-
nance (602 nm), we observe (1) saturation at the pump
frequency and (2) induced absorption on the low-energy
side of the resonance. The absorption bleaching [Fig.
2(a)] exhibits a coherent artifact near zero delay and a de-
cay component lasting several picoseconds. In addition,
there is a sinusoidal component with a frequency of 2.6
THz (corresponding to a period of 385 fs); this is evident
in the Fourier transform of the data [Fig. 2(a) inset]. The
induced absorption [Fig. 2(b)] appears in (200 fs and
also has a decay component of several picoseconds. Any
oscillations which might be present in this induced ab-
sorption are below the sensitivity of the experiment.

Identical pump and probe wavelengths on the low-
energy side of the 1s,-ls& resonance produce an oscilla-
tory response superimposed on induced absorption. An
experimental trace for excitation and probe wavelengths
of 616 nm is shown in Fig. 2(c), and similar results have
been recorded with wavelengths as long as 626 nm. We
believe that the positive spike near zero delay is a
coherent artifact since its duration is less than the tem-
poral resolution of the experiment. The oscillations are
more apparent at 616 than at 602 nm because the contin-
uum was more stable at this wavelength.

The nonlinear absorption of a microcrystallite excited
at the peak of its lowest exciton resonance has been inves-
tigated theoretically by Hu, Lindberg, and Koch and the
results apply to the electronic phenomena (i.e., induced
or saturated absorption) which we observe. The oscilla-
tory component, which is vibrational in origin, will be
discussed below. Absorption bleaching at the peak is due
to saturation of the exciton transition. Induced absorp-
tion near the resonance is due to the formation of biexci-
tons (two-electron-hole-pair states) via the absorption of
one pump and one probe photon; ' this has been ob-
served on both the high- and low-energy sides of the exci-
ton resonance. ' The ground-state biexciton is theoreti-
cally observable as an induced absorption on the low-
energy side of the exciton resonance, but only when the
exciton transition is not strongly damped. For a damp-
ing rate AI greater than the bulk exciton binding energy,
the induced absorption is suppressed by the saturating
one-pair resonance. For PbS this corresponds to a damp-
ing time of much less than 1 ps. The fastest relaxation
process observed in the PbS quantum dots is the 1-ps
damping of the oscillations. Since there is relatively little
damping, we attribute the absorption induced by pump-
ing on resonance and observed below resonance to the
creation of ground-state biexcitons.

Excitation on the low-energy side of the exciton reso-
nance of the PbS crystallites induces absorption at the ex-
citation wavelength. We assume a transition to the biex-
citon ground state is also responsible for this induced ab-
sorption. This requires some homogeneous broadening,
so that the low-energy tail of the exciton transition will
overlap the ground-state —biexciton transition.

The frequency of the observed oscillations is essentially
independent of the underlying electronic process. The
best fit of the function

ba(t) =C, exp( tlat, )+Czexp( t/rz—)cos(2—~vt)
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FIG. 2. Time-dependent nonlinear absorption measured at
wavelengths of (a) 602 nm, (b) 602 nm (pump) and 626 nm
(probe), and (c) 616 nm. The inset shows the power spectrum of
the data of (a). The excitation and probe wavelengths are indi-
cated on the 1s,-is& absorption resonance.

to the data of Fig. 2(c) yields sr=5 ps, rz= 1. 1 ps, and
v=2. 9 THz. We attribute the modulation to quantum
beats. The generation of beats in a three-level system can
be understood as follows. " Assume that optical transi-
tions are allowed from a ground state IO) to excited
states Il) and I2) with associated energies E, and Ez.
Absorption of a short light pulse, the spectrum of which
spans the energies E, and E2, produces an initial state
which is a coherent superposition of these levels,

la(t =0)) =all &+PI2&,

where a and P depend on the excitation spectrum and the
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Re[(aP exp[ i—(E, E2)t/—A']]

which evolve with a period T =h /(E2 E& )—; the absorp-
tion of a probe pulse will be modulated at the same fre-
quency. If the energy levels E& and E2 are different exci-
tations of the same normal mode, the beat frequency will
be equal to the mode frequency. Here the measured beat
frequencies around 2.8 THz imply an energy-level spac-
ing of about 11 meV or 90 cm

If a vibrational mode is coupled to an optical transition
as a phonon sideband, it can often be observed either by
Raman scattering or by infrared absorption. In bulk
PbS, the zero-wave-vector optical modes are Raman inac-
tive and infrared active. ' In resonance-Raman measure-
ments of the PbS crystallites at 10 K, we observe no peak
in the spectrum in the vicinity of 11 meV. Fourier-
transform infrared measurements, however, reveal a
temperature-independent absorption which peaks at 90
cm as shown in Fig. 3. The observation of a peak in
the far-infrared (FIR) absorption at the required energy
confirms that vibronic quantum beats are responsible for
the observed oscillations.

The dielectric function of binary semiconductors typi-
cally has a strong resonance at the frequency of the
transverse-optical (TO) phonon. ' In bulk PbS, the ener-

gy of the zero-wave-vector (I -point) TO phonon is 8.1

meV. ' In a crystallite of radius R, however, confinement
of the phonons' results in a minimum allowed wave vec-
tor q on the order of qR -m; for R =2 nm, q-2X10
cm '. The energy of the bulk PbS TO phonon increases
with wave vector around the zone center and is near 11
meV for q )2X 10 cm ' along the [001] and [110]direc-
tions. ' Thus we conclude that phonon confinement in
the crystallites shifts the FIR absorption to this higher
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FIG. 3. Far-infrared transmittance of one sample of PbS mi-

crocrystallites at 300 K. The absorption spectra vary among
samples; however, all samples exhibit a peak near 90 cm '. The

'

spectra are essentially temperature independent over the range
20—300 K.

transition probabilities. At times longer than the pulse
duration, the superposition state becomes

~
a ( t) ) =a exp( —iE

&
t /A')

~
1 ) +P exp( —iE2 t /A )

~
2 ) .

The relaxation of the exciton population will contain
modulation terms of the form

energy and we assign the measured infrared absorption
peak to the confined TO phonons. A detailed analysis of
the infrared absorption of the crystallites will be present-
ed separately.

Other vibrational modes of PbS are unlikely to be re-
sponsible for the observed FIR absorption. The energy of
the longitudinal-optical (LO) phonon is about 27 meV for
q (4X10 cm '. ' Due to the large difference between
the static ( eo = 170) and high-frequency ( E„=17 ) dielec-
tric constants of PbS, the calculated surface-optical (SO)
modes' are clustered just below the LO-phonon frequen-
cy, between 23 and 24 meV. With one free charge per
crystallite, the calculated SO mode frequencies' are 8
and 160 meV. The SO modes are expected to absorb
strongly in the FIR; we are currently investigating why
this mode is not apparent in the measured spectrum. Fi-
nally, the calculated lowest spheroidal-mode energy' is
about 4 meV.

The observation of a beat frequency corresponding to a
nonzero phonon wave vector raises the question of
whether there is significant exciton-phonon coupling at
wave vectors away from the zone center. Schmitt-Rink,
Miller, and Chemla predict that the exciton-phonon cou-
pling at large wave vectors will increase with decreasing
microcrystallite size due to exciton confinement. The
coupling will be maximum for qR -m. and for R =2 nm,
q-2X10 cm '. Nomura and Kobayashi have per-
formed a detailed calculation of the dependence of the
exciton-phonon coupling on crystallite size and phonon
wave vector. ' For GaAs quantum dots the size of the
bulk exciton, they found significant exciton-phonon cou-
pling for wave vectors as large as 2X 10 cm '. In the 4-
nm PbS microcrystallites, where the excitons are more
strongly confined, one would expect coupling to be at
least as strong to phonons at such large wave vectors.
The exciton is most likely coupled to the TO mode by a
deformation potential interaction. '

Previous observations of quantum beats in bulk and
quantum-well semiconductors have generally involved
electronic states. Quantum beats in CdSe microcrystal-
lites observed by Schoenlein et al. in photon-echo experi-
ments were attributed to LO phonons. ' The observation
of vibronic quantum beats is related to the work of Cho,
Kutt, and Kurz, in which coherent phonons were gen-
erated in GaAs by the separation of photogenerated car-
riers in a surface-space-charge field. In quantum beats
the phonons are directly coupled to the optical transition
while in the coherent-phonon experiments the phonons
are created by impulsive charge separation. Finally,
phonon-polariton beats have recently been excited and
detected in bulk LiTa03.

In conclusion, we have used femtosecond spectroscopy
to study the dynamics of excitons strongly confined in
PbS quantum dots. Relatively small damping of the exci-
ton transition allows us to observe the ground-state biex-
citon as well as an ultrafast sinusoidal relaxation. We at-
tribute the oscillatory response to quantum beats involv-
ing confined TO phonons in the microcrystallites.
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