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Ultrafast lattice dynamics in lead selenide quantum dot
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Abstract. We monitored the femtosecond-laser-induced lattice dynamics in

PbSe quantum dots by ultrafast electron diffraction. The electron-phonon coupling didn’t show phonon bottleneck. And lattice dilation exhibited unusual
features. Heat transport to the substrate deviated significantly from Fourier’s
Law.

1 Introduction
Lead selenide (PbSe) quantum dots (QD) are photoactive in the near infrared region with very
high photoluminescence quantum yields. Electron and hole Bohr radii in PbSe QDs are so
large (about 23 nm) that both carriers experience very strong confinement in sub-10 nm particles [1]. The strong confinement makes the electronic density of states very discrete with
the energy difference between adjacent electronic states exceeding several optical phonon
energies. It has been predicted that carrier-phonon relaxation rate is significantly reduced
(phonon bottleneck). However, the experimental evidences for phonon bottleneck effect have
been controversial with both pros and cons [2–4], and several theoretical models bypassing
phonon bottleneck are proposed [2, 5]. In this paper, we demonstrated a method of probing
the electron-phonon coupling in QDs through directly monitoring the lattice system with ultrafast electron diffraction (UED). In particular, we traced the lattice temperature, its dilation,
and the heat transport from QDs to the substrate.

2 Methods
The experiment was conducted on the UED instrument using 60 keV electron with an overall
temporal resolution less than 500 fs. [6] The QDs with average size and size distribution
5.8 nm and 0.2 nm (standard deviation) respectively, were synthesized and dip-coated onto
50 nm thick Si3 N4 membranes . [7] Static measurements were conducted to determine the
linear expansion coefficient and the Debye-Waller factor (DWF). [8] The DWF is then used
to covert the intensity change of diffraction peaks into lattice temperature change in an UED
experiment. In the experiment, the sample base temperature was 146 K and lattice dynamics
was initiated by 800 nm, 50 fs laser pulses at ∼ 5 µJ mm−2 .
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Figure 1. (a) A typical DP of PbSe QDs and (b) the corresponding intensity profile after background
substraction. Inset: the intensity profile of (2,2,0) peak at 0 ps (open circle) and 10 ps (open square)
after time zero, respectively. The solid curves are fittings by a Lorentz function. (c) The change of DWF
(solid square) as a function of time. The solid line is a model fitting. The asterisk line is a simulation of
the evolution of carriers’ excessive energy due to Auger relaxation. (d) Relative lattice spacing change
(open circle) as a function of time. The dashed line is for guiding viewer’s eyes.

3 Results and discussion
As shown in Fig.1, the lattice temperature (extracted from DWF) and lattice spacing change
(extracted from the position of the Bragg peaks in Fig.1(b)) were not in pace, reflecting
unusual aspects of lattice dynamics. Specifically, the lattice temperature rose in about 10 ps
and then fell back to the original value in about 40 ps; while the lattice spacing showed an
initial 6 ps rise faster than lattice temperature, and didn’t return back to the original value.
The QD dynamics is set by the electron-electron scattering, carrier-phonon scattering, heat
flow from QDs to the substrate. After absorbing 1.55 eV photons, the electrons are excited
into the conduction band with an excessive energy Eex ≈ 0.75 eV . These carriers redistribute
their energies among themselves by various carrier-carrier scattering process. Particularly,
via Auger scattering [9], a portion of the electrons and holes recombine while transferring
their energy to the remaining ones. Meanwhile, the carriers relax their energy to the lattice
system by carrier-phonon scattering. The above process is modeled by [8]
dEex
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where V is the average volume of the QDs, τ is the time constant that characterizes carrierphonon coupling, and S (t) is the laser pumping term. n0 is the initial density of excited
carriers. C p is the lattice heat capacity [10], and T l is the lattice temperature. q represents
the energy flow between the QD and the substrate. The first term on the right hand of Eq.1
represents the Auger relaxation process with the Auger constant A = 5 × 10−42 m6 s−1 [11].
Eq.3 is the Cattaneo equation [12] with τR as the retarded time constant and h as the product of
thermal contact conductance and contact area. We define τheat = C p /h as the time constant of
heat transport between the QD and the substrate. We take τR , τ, and τheat as fitting parameters,
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and the evolution of Eex due to Auger relaxation alone is also plotted. We obtained τ ≈ 10 ps,
no longer than the bulk value, indicating no phonon bottleneck. Regarding the heat transport
to substrate, τR = 10 ps was very critical for the data fitting, which implies that under a
non-thermal-far-from-equilibrium condition established in QDs with T e does not equal T l ,
the Fourier’s Law doesn’t hold any more. [13]
The transient lattice spacing change in Fig.1 (d) also raised some interesting points. The
lattice dilation can be driven by carriers and/or phonons and is sometimes accompanied by a
coherent vibration at the beginning [14]. The total stress can be expressed by [15]
σ = σT E + σDP + σother

(4)

where σT E is the phonon stress due to thermal elasticity, σDP is the stress from carriers due
to the deformation potential, and σother accounts for all other contributions. The lattice expansion is ahead of temperature indicating the significant contribution of σDP and σother . But
σDP is compressive when all carriers relax to the bottom of the conduction band. After about
40 ps when lattice temperature returns back, there is still about 0.05 % dilation remaining. So
σother must be tensile. We speculate that QD charging by pumping may expand QDs. [16]
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