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We report femtosecond stimulated Raman spectroscopy measurements of lattice dynamics in
semiconductor nanocrystals and characterize longitudinal optical (LO) phonon production during
confinement-enhanced, ultrafast intraband relaxation. Stimulated Raman signals from unexcited CdSe
nanocrystals produce a spectral shape similar to spontaneous Raman signals. Upon photoexcitation,
stimulated Raman amplitude decreases owing to experimentally resolved ultrafast phonon generation
rates within the lattice. We find a ~600 fs, particle-size-independent depletion time attributed to hole
cooling, evidence of LO-to-acoustic down-conversion, and LO phonon mode softening.

DOI: 10.1103/PhysRevLett.111.107401

In addition to size-tunable electronic properties [1],
quantum-confined semiconductor nanocrystals (NCs)
exhibit discrete electronic density of states and carrier
energy-level spacings that can significantly exceed the
longitudinal optical (LO) phonon energy. Such electronic
characteristics led to the prediction of a phonon bottleneck
that would substantively slow intraband relaxation [2,3] as
only weakly allowed multiphonon processes could facili-
tate relaxation between widely spaced electronic states.
Several studies have shown that, despite this expectation,
intraband excitonic relaxation occurs on a sub- to single-
picosecond time scale in typical NC compositions [4-8],
similar to bulk-phase semiconductors.

Confinement-enhanced electron-to-hole Auger energy
transfer has been suggested as the primary means of hot
exciton cooling in CdSe NCs where electron excess energy
is transferred to holes that then rapidly cool via phonon
emission [9]. Experimentally, transient absorption (TA)
measurements show faster intraband exciton cooling in
smaller particles with larger band gaps [4,5,8], consistent
with the proposed mechanism. Since bleach signals in CdSe
NCs predominantly arise from excited electrons, these mea-
surements specifically convey NC size-dependent electron
cooling rates [10—12]. Recently, Xu et al. observed rapid
hole cooling times via comparison of TA and femtosecond
up-conversion measurements [13]. Similarly, Hendry et al.
reported ~1 ps electron-hole coupling time based upon
transient terahertz measurements [6]. Missing from the
literature are direct examinations of lattice dynamics during
this process. Such measurements present inherent chal-
lenges as the typical subpicosecond carrier relaxation life-
times and small phonon energies obviate the utility of
transient spontaneous Raman spectroscopy [14].

Here, we make use of the recently developed technique
of femtosecond stimulated Raman spectroscopy (FSRS),
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which is known to offer high temporal (~100 fs) and
energy (~10 cm™!) resolution [15], to investigate phonon
dynamics in photoexcited NCs for the first time. For CdSe
NCs, we observe subpicosecond phonon dynamics along
with mode softening, and note a lack of size dependence
for the initial change in signal levels despite size-
dependent electronic intraband relaxation [10-12]. We
attribute initial depletion of the FSRS signal to size-
independent hot-hole-to-phonon coupling. We also
observe a rapid (7 = ~2 ps) recovery of the stimulated
Raman signal that is consistent with relaxation of LO
phonon populations into other vibrational modes. This
rapid phonon down-conversion is followed by a slower
recovery of gain amplitude with a time scale and size
dependence consistent with phonon outflow from the NC
into the surrounding matrix. Diminished gain amplitude
at even longer times (~1 ns) is suggestive of persistent
LO-phonon generating processes or altered phonon cou-
pling in NCs containing a band-edge exciton, for which the
radiative lifetime is on the order of nanoseconds.

We examine hexane suspensions of octadecylamine-
capped CdSe NCs with spherical particle shapes, and
optical properties as noted in Ref. [16] (see also the
Supplemental Material [17]). Figure 1 shows a schematic
depicting the FSRS experiment in the context of NC
dynamics. The detailed experimental setup has been
described previously [18]. Here, we adjust the actinic and
Raman pump fluences such that the average number of
electron-hole pairs generated per NC is less than 0.2 [12].
This assures that dynamics related to single excitons are
observed. Optical Kerr-effect (OKE) cross correlation of
the actinic pump and probe pulses in hexane indicates a
time resolution of ~170 fs.

Figure 2(a) displays raw FSRS spectra of colloidal CdSe
NCs with a 1.5 nm radius. The features observed are
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FIG. 1 (color online). An actinic pump photon, having energy
greater than the NC energy gap, excites a hot electron-hole pair,
denoted by “X”. The ladder levels represent exciton (i.e.,
electron + hole) states. As the system evolves in time, hot carriers
cool via various pathways including phonon emission and Auger-
like electron-to-hole energy transfer. The Raman pump, which is
resonant with electronic transitions in the NC, and probe pulses
stimulate Raman transitions at various time delays, generating
FSRS signal. Inset: Absorption spectrum of 3.1-nm radius CdSe
nanocrystals capped with octadecylamine and suspended in hex-
ane. The actinic pump and Raman pump wavelengths are indi-
cated relative to the 155,,-1S, exciton transition.

consistent with previous static measurements of resonant
Raman scattering in this material [19]. The peak at
+210 cm™! corresponds to the longitudinal optical (LO)
phonon mode of the CdSe lattice and a 2LLO phonon
Raman peak also appears at =410 cm™'. Atypically, the
CdSe phonon features exhibit gain at both Stokes and anti-
Stokes frequencies (see the Supplemental Material [17]).
A low-frequency shoulder on the LO phonon feature,
commonly observed in spontaneous Raman spectroscopy
[19,20] and attributed to the surface optical (SO) phonon
mode [20], is reproducibly observed both here [Fig. 2(a),
inset] as well as in static Raman spectra. To analyze each
mode, we fit the LO phonon feature using the sum of two
Gaussian line shapes as illustrated in the inset of Fig. 2(a).
In the dynamics experiments discussed later in this Letter,
we note that the LO and SO phonon modes exhibit indis-
tinguishable dynamics, suggestive of a single population
exhibiting both phonon features.

Figure 2(b) shows background-subtracted time-resolved
spectra for the anti-Stokes 1LO phonon feature at three
time delays relative to the 0.5 nJ/cm? actinic pump: Both
the Stokes (not shown) and anti-Stokes gain amplitudes are
depleted by photoexcitation, with partial recovery of the
gain signal at longer times. Normalized, background-
subtracted 1LO phonon FSRS spectra, presented in
Fig. 2(c) for a 2.4 nm radius CdSe NC, prior to (—2 ps)
and shortly after (0.1 ps) photoexcitation reveal that the
ILO phonon feature is redshifted by approximately
2 cm™! for both the Stokes and anti-Stokes features.
This redshift occurs upon generation of LO phonons by
photoexcited NCs. The presence of excitons in NCs leads

to a transient renormalization (softening) of the LO phonon
frequency. To explain this, we consider the exciton-phonon
interaction due to Frolich coupling. The general form of
this interaction is shown in Eq. (1) [21],

Z Z ynlm i Cj(anlm nlm)J (1)

ij nlm

ex LO ™

where ¢; denotes the annihilation operator for the ith
exciton state and a,,,, is the phonon annihilation operator
for the nth phonon mode having angular momentum I. y)/,
are the exciton-phonon coupling matrix elements. In the
case of strongly confined NCs, excitons couple strongly to
LO phonons having / =0 and their coupling can be
expressed in terms of sine integrals [22]. The form of the
exciton-phonon matrix elements is given by Eq. (2),

Vrim = —e\/%—[sl«n +i=Dm)=Sil(n+i+1)m)

+Si((n—i+ 1)) —Si((n—i — 1)), 2)

where Si denotes the sine integral, () is the LO phonon
frequency, and k = (€y€./€y — €x). Once the coupling
constants are obtained, the change in the phonon frequency
for an excited NC may be calculated using second-order
perturbation theory following the procedure described by
Zimin et al. [21],

|2 1P2(E; — Eq)
=2 = Ey -0 @
In Eq. (3), E; denotes the energy of the ith exciton state.
Using Egs. (2) and (3), we carry out this analysis using CdSe
material parameters. For a 2.4-nm radius CdSe NC, we
estimate a change in LO phonon frequency upon photo-
excitation of —2.6 cm™!, in good agreement with our
observation. Figure 2(d) displays the dynamics of the LO
phonon peak center for the same sample. Following the
initial redshift, the 1LO phonon peak center shifts back
towards its original position, but remains slightly redshifted
even at time delays of 1 ns, likely owing to a long-lived
population of single excitons in photoexcited NCs.

In Fig. 3 we present FSRS dynamics as a function of
pump-probe delay for several NC sizes. Figure 3(a) dis-
plays the temporal evolution of the 1LO phonon Stokes
signal amplitude for the first few picoseconds. Comparison
of the instrumental response function (IRF) to the transient
phonon signal indicates that the initial dynamical changes
in stimulated Raman intensity are well resolved. The early-
time FSRS data are dominated by a rapid depletion of the
1LO phonon peak amplitude followed by a slower recov-
ery. Expressions found in the work of Eesley and later
McGrane et al. [23,24] indicate that stimulated Raman
scattering intensity depends exponentially on the inverse
of the LO phonon occupation number. FSRS gain intensity
can be described by [24]

I(wgain: L) = I(wgain’ O)nga;“/(rHl) 4)
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FIG. 2 (color online).
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(a) Raw ground-state FSRS spectrum for 3.1 nm radius CdSe NCs suspended in hexanes at negative time delay

(prior to photoexcitation by the actinic pump). 1LO and 2LO phonon features are indicated. The inset displays a fit of the background-
subtracted anti-Stokes peak to the sum of two Gaussian functions. The blue line indicates the overall fit, with the two individual
Gaussian functions shown (red and green) and labeled according to their physical origin. In accordance with previous reports, the main
peak is assigned to the LO phonon mode, while the low-energy shoulder is assigned to the SO phonon mode. (b) Background-
subtracted anti-Stokes phonon peak for 3.1-nm radius CdSe NCs at indicated pump probe time delays. (c) Normalized anti-Stokes
phonon band for a 2.4-nm radius CdSe NC at the indicated time delays. The vertical lines serve as a guide to the eye and represent the
location of the LO phonon peak center as determined by fits of the phonon band to two Gaussian functions. (d) Dynamics of the LO
phonon peak center for a 2.4-nm radius CdSe NC derived from the two-Gaussian fit. The location of the phonon peak center prior to

photoexcitation is indicated by the dotted black line.

In Eq. (4), Cgiy is a collection of terms that depend
weakly on temperature; Cyi, = [I(@1)9?0g/0QdAw] X
(L pno/8h@,n Ngyin80). Here, L is the sample path
length, @ and @;, are the Raman pump and gain frequency,
respectively, n; and ng,, are the refractive indices of the
sample at @ and w,,, and n is the Bose-Einstein phonon
occupation number, given by n=-exp[(wyo/kgT)—1]"".
Such a dependence taken together with the reduced stimu-
lated Raman gain following excitation strongly suggests
that the LO phonon population within the NCs increases
following excitation.

Figure 3(b) shows FSRS data for three NC sizes at probe
delays up to 1 ns in the main panel, with an intermediate
time scale (out to 12 ps) shown in the inset. The data in
Fig. 3(b) show a recovery of the depleted LO phonon gain
amplitude, indicative of decreased LO phonon occupation
number with time. The recovery dynamics (following the
Raman gain minimum) exhibit a rapid initial component
followed by two slower recovery components. Time con-
stants extracted from triexponential fitting are shown in
Table I for three NC sizes [Fig. 3(b)].

The fast Raman gain recovery component (7;) exhibits a
picosecond time constant that is consistent with the decay
of LO phonons into acoustic phonon modes, based upon

previous estimates that utilized resonance Raman line-
width analysis [25] [Fig. 3(b), inset]. Recent theoretical
studies predict similar time scales for optical phonon
relaxation in other materials [26]. This initial rapid recov-
ery exhibits a dependence on NC size, with smaller NCs
recovering more rapidly. Similar size dependence is
observed for the intermediate component (7,). Along
with the observed dependence on NC radius, these inter-
mediate time constants (7, = ~2-20 ps) resemble previ-
ously reported time scales for the thermalization of the NC
with the surrounding medium [27], but as Ref. [27] mea-
sures thermal transport due to acoustic phonons, further
study will be needed to definitively assign the origin of
these dynamics. The slowest component of the recovery
(73) exhibits time constants ranging from ~100-230 ps.
The time scale of the slower recovery as well as the lack of
complete recovery by 1 ns precludes intraband relaxation
or biexcitonic Auger recombination, but is consistent with
nanosecond time scale recombination (radiative and non-
radiative) of excitons and trions [28,29]. The influence of
carrier recombination on these processes suggests a con-
tribution to the FSRS signal by photoexcited NCs, a notion
supported by the long-lived character of the transient LO-
phonon redshift [Fig. 2(c)] [21].
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FIG. 3 (color online). (a) Anti-Stokes gain amplitude dynamics
at the 1LO phonon frequency for CdSe NCs having radii of 1.2 nm
(blue circles), 2.4 nm (green circles), and 3.1 nm (red circles). Data
are presented for time delays corresponding to the first few pico-
seconds before and after the actinic pump arrival (Ar = 0). The
dotted gray line shows the IRF. The vertical red lines indicate the
signal depletion time, defined here as the time taken for the signal
to drop from 80% to 20% of its initial (A¢ < 0) intensity. The inset
displays transient absorption dynamics of the 155/,-1S, bleach
feature for the same set of NCs. (b) Anti-stokes gain amplitude
dynamics for 1.5 nm (navy circles), 2.4 nm (green triangles), and
3.1 nm (red diamonds) radius CdSe NCs at time delays up to 1 ns.
The inset shows the same dynamics for time delays from O to 12 ps.
(c) Comparison of measured depletion times for the FSRS 1LO
phonon anti-Stokes gain feature (crosses) and the 153,,-18, ex-
citon bleach formation time constants (triangles) as a function of
NC radius. Error bars represent the standard deviation from
multiple measurements, when available.

To further explore the relationship of intraband relaxa-
tion to LO phonon generation, we performed a side-by-side
comparison with transient absorption measurements under
identical experimental conditions by removing the Raman
pump beam and instead modulating the actinic pump pulse.

TABLE I. Time constants for Raman gain recovery dynamics
extracted from fits to a triexponential function. Errors are derived
from the triexponential fits.

Radius (nm) 71 (ps) 7, (ps) 73 (PS)

1.5 0.50 = 0.07 5.0 0.9 104 = 34
24 1.13 £ 0.05 174 229 =43
3.1 1.7 £ 0.2 29 = 19 200 = 82

The inset of Fig. 3(a) displays early-time TA kinetics for
the 1S exciton bleach feature. These data are in close
agreement with previous reports [4—7,12] and show the
well-known slower intraband relaxation for larger NCs. We
observe FSRS depletion dynamics beginning before time
zero as identified by TA experiments under identical con-
ditions; we can attribute this pre-time zero signal to an
interaction with the picosecond Raman pump pulse the
exact nature of which is under investigation. We discuss
initial FSRS dynamics in the context of a gain depletion
time, which, in this instance, refers to the amount of time
needed for the Raman gain to decrease from 80% to 20% of
the initial intensity following interaction with the actinic
pump. In Fig. 3(c), we compare the 1L.O phonon depletion
time observed in FSRS [for the feature displayed in
Fig. 3(a)] and the 1S bleach formation time from TA [for
1S bleach feature, Fig. 3(a) inset]. While the TA excitonic
intraband relaxation depletion times exhibit the expected
dependence on NC radius, the FSRS depletion times are
relatively independent of size. The rate of LO phonon
generation by carrier relaxation in quantum-confined
NCs is proportional to the strength of the exciton-LO
phonon coupling and the density of states in the valence
band, which is only weakly size dependent in the regime

250-900 fs
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e relaxation)
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FIG. 4 (color online). Following photoexcitation, Auger
energy transfer provides the primary relaxation pathway for
the electron. Auger energy transfer rates are dependent on NC
size. Conversely, hole cooling is primarily facilitated by LO
phonon generation, a process with little or no dependence on NC
size for CdSe.
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studied here [6,30]. Importantly, the FSRS depletion times
measured for the generation of LO phonons are compa-
rable to those observed for the relaxation of the hole to the
valence band edge following Auger energy transfer [6,13].
Consistent with this observation, we suggest that hole
cooling, rather than electron cooling, principally generates
LO phonons, a visual depiction of which is given in Fig. 4
and described here. Estimates of phonon generation in bulk
CdSe yield phonon emission times of <1 ps for low exci-
tation densities [31], also consistent with the notion of size-
independent phonon generation rates.

In summary, we utilized FSRS to probe the ultrafast
dynamics of LO phonons in colloidal CdSe NCs.
Changes in stimulated Raman intensity indicate changes
in LO population. First, excited charge carriers generate
LO phonons during intraband relaxation. Subsequently,
LO phonon population is depleted by down-conversion
and thermalization processes, which we suggest dominate
the NC-size dependent constants 7; and 7,, respectively.
To our knowledge, this work constitutes the first direct
measurement of LO phonon generation rates in semicon-
ductor NCs. These measurements shed light on the pro-
cesses by which carrier energy is dissipated in NC lattices,
including acoustic phonon down-conversion and thermal-
ization with the surrounding bath. The rate of LO phonon
generation is found to be consistent with that for hole
cooling, suggesting that holes relax via LO phonon emis-
sion subsequent to electron-hole energy transfer. Our work
should aid recent theoretical studies that have focused on
separate electron and hole relaxation dynamics in the con-
text of vibrational coupling to ligand and phonon modes in
the system [32].
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