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A B S T R A C T

The lattice dynamics of bismuth nanoislands induced by ultrafast laser excitation is studied by ultrafast electron
diffraction. The decay times of the Bragg peak intensity depend on the diffraction order. For 5-nm flat na-
noislands, the decay time of the (110) diffraction order is close to the A1g optical phonon decay time. When the
thickness is increased to ∼16 nm, the excitation energy is dissipated into low energy phonons, making energy
transport diffusive, thus leading to a longer decay time. The temporal evolution of the (012) Bragg diffraction
peak shows a two exponential decay with a second decay time of ∼40 ps emerging when the nanoislands are
5 nm thick and the laser fluence is lower than 1.5 mJ/cm2. This second decay may be attributed to a phonon
bottleneck caused by size restriction.

1. Introduction

Ultrafast pump-probe studies using optical/near infrared, x-ray, and
electron pulses have enabled the studies of the transient structural
evolution upon excitation by femtosecond laser pulses with a time re-
solution up to tens of femtoseconds [1–8]. Most studies on the transient
structural evolution were carried out on thin films [4,9–12] and crys-
talline surfaces [3,13,14]. In the past few years, such studies have been
extended to probe size-confined systems, such as nanoparticles
[7,8,15,16], flat nanoislands [17], and nanowires [18] with the aim of
revealing size-dependent electronic and structural mechanisms [19].
For example, a transient lattice contraction due to hot electron blast
force was observed over several picoseconds in Bi nanoparticles [16],
and the decay time of the transient electron diffraction of GaAs nano-
particles was found to be size-dependent [15]. Among those size-de-
pendent phenomena, the phonon bottleneck effect is expected to be
universal because the phonon energy levels become discrete in size-
confined materials, leading to insufficient relaxation via phonon in-
teractions [19]. Yet, only a few experimental studies on the effects of
the phonon bottleneck have been reported [20,21]. Many open ques-
tions remain on the roles of the electrons, holes, and phonons in the
ultrafast response of size-confined materials.

Among the studied materials, crystalline Bi receives great interests
because of its semimetallic nature and pronounced structural response
to laser excitation [2,3,6,7,16,17,22,23]. Numerous phenomena have

been studied in Bi, such as sub-picosecond disordering [24–26], laser-
driven phase transition [27,28], and squeezed phonon states [1,4].
Theoretical explanations of the relaxation dynamics in Bi crystals ex-
cited by ultrafast lasers usually employ the longitudinal A1g phonons as
an intermediate energy transporter [2,3]. Particularly, displacive ex-
citation of coherent phonons is widely used to describe optical re-
flectivity oscillations induced by the fully-symmetric A1g phonons in Bi
after absorption of energy from the femtosecond laser pulse [29,30].
Upon femtosecond photo-excitation, the density of excited carriers in
the conduction band is increased through the inter-band transition, and
the electron gas temperature is raised through photon absorption. The
impact of these effects is to displace the equilibrium atomic positions
due to the change in the atomic bond strength, which eventually
launches large amplitude coherent oscillations corresponding to the A1g

phonons [3]. The generation of the A1g phonons occurs in ∼100 fs,
which is much shorter than the temporal resolution in the present ul-
trafast electron diffraction (UED) experiment and is not a major factor
in the present work [2,3]. Damping of the A1g phonons starts by non-
linear phonon-phonon interactions dephasing the harmonic vibrations
which lead to the onset of thermal expansion [3]. Decay of the A1g

phonons into two acoustic phonons has been suggested to be the
dominant underlying mechanism that contributes to a lattice therma-
lization time in about 5–20 ps [3]. The decay time of the A1g phonons in
Bi is well characterized by pump-probe reflectivity measurement, be-
cause it is observed in the reflectivity oscillation resulting from electron
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density oscillation induced by the A1g phonons [3,6].
In the present UED study, electron pulses are used to obtain trans-

mission diffraction patterns of the Bi nanoislands. The lattice structural
evolution detected by changes in the Bragg diffraction peaks is studied.
The intensities of the Bragg diffraction peaks depend on the mean-
square displacement of the atoms. Assuming harmonic oscillation of the
atoms, the decay of peak intensity in UED follows the Debye-Waller
treatment [31,32], where the intensity of the diffraction peaks is re-
duced due to the vibration of atoms around its equilibrium position.
This is considered a measure of the lattice temperature; however, ex-
tension of this treatment to define a temperature is not strictly valid if
the phonon distribution has not reached equilibrium. In transmission
UED, the absorbed pump laser energy is not uniformly deposited in the
sample as it decreases with sample depth. The absorption skin depth of
Bi at 800 nm is ∼14 nm, smaller than the thickness of most samples
studied by transmission UED; hence ballistic and diffusive heat trans-
port may not be negligible. It was previously shown that, when the size
of a GaAs nanoparticle is smaller than the inelastic phonon mean-free
path, slower acoustic phonon-phonon scattering is prevented, and the
energy is localized in high-energy acoustic modes that “travel” co-
herently within the film, resulting a decay time of Bragg diffraction
peaks that is close to the decay time of the longitudinal optical phonons
in GaAs [15]. As the size of the GaAs nanoparticle increases, slower
phonon-phonon scattering within the acoustic population takes place,
and the lattice thermalization becomes diffusive in nature [15]. In that
case, a much longer Bragg diffraction peak decay time is observed
[7,10]. The inelastic phonon mean-free path is thus the decisive para-
meter that determines the decay time of the Bragg diffraction peaks.

To clarify the relation between the A1g phonon decay and the
transient UED peak intensity decay in Bi, we measured the transient
decay time for UED diffraction peaks from flat nanoislands as functions
of laser fluence and sample temperature. When the sample is 5 nm thick
and the laser fluence is < 1.5 mJ/cm2, the decay time of (012) Bragg
diffraction peak has a two exponential structure with the second decay
time of ∼40 ps. This second decay time may be attributed to phonon
bottleneck effect due by size limitation.

2. Experiment

The experimental setup is described elsewhere [7,10,16,17]. Briefly,
an electron pulse is generated by photoemission from a silver thin-film
photocathode excited by UV pulse at 267 nm generated by frequency
tripling of 110 fs duration, 1 kHz, 800 nm fundamental laser with two
cascaded (barium borate) BBO crystals. The photocathode is connected
to a high voltage supply, which is set at negative 35 kV. The electrons
are accelerated towards a grounded metal anode with a pinhole of
150 μm in the center. After passing through the pinhole, the electrons
are collimated and directed toward the sample by a set of electro-
magnets located outside the vacuum. The electron probe pulse is used
in the transmission diffraction geometry. The diffraction pattern is
formed on micro-channel plate (MCP)-phosphorus screen assembly, and
captured by CCD camera PIXIS-1024. The samples are mounted on a
resistive heating stage and exposed to the 800 nm pump laser pulse
with variable fluence controlled by a laser attenuator consisting of a
half-waveplate and a thin film polarizer. The time delay between the
electron and laser pulses was controlled by an optical translation stage.
The temporal resolution of the UED setup is ∼1.5 ps at this photo-
cathode voltage and photocathode excitation.

3. Results and discussion

Bismuth film of 5 nm average thickness was grown by thermal
evaporation on 3mm diameter copper transmission electron micro-
scopy (TEM) grids coated with<10 nm thick carbon layers. As shown
in the TEM image in Fig. 1(a), the film is not continuous. The Bi flat
islands are formed after annealing with the fundamental wavelength of

the femtosecond laser pulses at a fluence of ∼2.4mJ/cm2 operating at
1 kHz repetition rate (Fig. 1(b)), the annealing process takes about 2 h.
If the sample was heated at 450 K when it is being annealed by the
laser, the Bi islands melt, resulting in its quenching to form Bi nano-
particles (Fig. 1(b)). Fig. 1 also shows the corresponding electron dif-
fraction patterns obtained in a transmission electron microscope. Due to
the shape irregularity, the mean size of the nanoislands is less relevant,
hence we estimate the average crystal size in the islands to be ∼7.2 nm
by the Scherrer equation using the full-width at half-maximum of the
(110) peak. On the other hand, the size of the nanoparticles was ob-
tained by TEM images, and the mean length of the major axis and the
minor axis of the nanoparticles were 16 ± 4 and 14 ± 4 nm, respec-
tively.

Fig. 2 shows the normalized time-resolved intensity of the (012) and
(110) Bragg diffraction peaks for pump laser fluence of 1.5 and 2.5 mJ/
cm2. The behavior of the diffraction intensity for the (012) diffraction
peak was fitted to a double exponential decay function:
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The fitting parameters are summarized in Table 1. Fitting para-
meters obtained at a laser fluence of 3.3 mJ/cm2 are also shown in
Table 1. The damping of the normalized intensity depends on the laser
fluence and the diffraction peak order. The second exponential decay
was observed only for laser fluence at 1.5 mJ/cm2 on the (012) dif-
fraction order. The diffraction peak intensity is reduced with heating
due to the increased vibration of atoms around their equilibrium po-
sitions. Thus, the two exponential decays with decay times depicted as
τ1 and τ2, can be treated as two different energy coupling dynamics
leading to lattice heating.

The slower decay time τ2 ∼37 ps on the (012) Bragg peak was only
observed on nanoislands at a laser fluence at 1.5mJ/cm2. Coherent
acoustic phonons have a decay time of tens of ps in Bi thin films
[10,12], but if the observed ∼37 ps day is connected with the decay of
coherent acoustic phonons, the Bragg diffraction peak intensity would
show some oscillation, which is not observed in the present experiment.
A plausible explanation of the presence of a second decay time is that a
phonon bottleneck effect, induced by the size confinement, slows down
the thermal relaxation process. The energy levels in a size-confined
material are discrete and thermal relaxation becomes inefficient due to
the lack of efficient cascade momentum relaxation within a continuum
energy band that is available in non-confined materials. The tempera-
ture rise rate for the nanoislands due to ultrafast excitation according to
Debye-Waller treatment [13,14] was found to be 64 KmJ−1 cm2. High
laser fluence, for example, 3.3mJ/cm2 in our experiment, would bring
the temperature of nanoislands to ∼511 K, only ∼35 K lower than the
melting point of bulk bismuth. At this temperature, phenomena such as
lattice instability, and surface melting, broadens the discrete energy
levels caused by size confinement. Therefore, the thermal relaxation
processes become more efficient, and the time-dependent Bragg peak
intensity at the high laser fluence does not show the slower decay
component. This could be a reason that a phonon bottleneck effect is
not observed in the UED experiment.

The faster decay τ1 is related to the normal lattice heating processes
we described above. Clearly, the decay time τ1 is longer for the (012)
diffraction order than for the (110), indicating an anisotropic lattice
response. Anisotropic thermal response upon ultrafast laser excitation
has been observed in Bi nanoparticles [7,16], flat nanoislands [17], and
polycrystalline film [10]. This anisotropy shows that the energy transfer
from the excited carriers and coherent phonons to the lattice is aniso-
tropic. The anisotropic Debye-Waller factor e-W is given by Refs.
[31,32].
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where βij is anisotropic temperature factor; ∥U 2 and ⊥U 2 denote mean-
square displacement of the atoms parallel and perpendicular to the
hexagonal c-axis, respectively; h, k, and l are Rhombohedral Miller in-
dices, a* and c* are the axis lengths. In the present work, the electron
diffraction from the (012) and (110) planes are investigated. Therefore,
the decay terms of the two diffraction peak intensities in the Debye-
Waller factor are
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An important inference from these Debye-Waller factors is that the
decay of the (110) Bragg diffraction peak intensity is only determined

by the vibration perpendicular to the c-axis, while the decay of the
(012) peak intensity is related to vibration perpendicular and parallel to
the c-axis. Upon the femtosecond excitation, coherent A1g phonons
along the c-axis are induced. The dominant decay pathway for the A1g

phonons is the decay into two high-energy acoustic phonons, increasing
the mean-square atomic displacement ⊥U 2, with ⊥U 2 increasing at the
same time scale as the decay of the A1g phonons. In case of thin sample,
like the 5-nm nanoisland used in this experiment, the high-energy
phonons originating from the decay of the A1g phonons, distribute their
energy evenly inside the sample. In this scenario, where thermal
transport is negligible, the decay of the (110) Bragg peak will depend
on the decay time of the A1g phonons. To the contrary, if the sample is
thicker than the mean-free path of the high-energy acoustic phonons,
the high-energy acoustic phonons generated from the decay of the A1g

phonons would do not distribute their energy evenly inside the sample.
Slower phonon-phonon scattering within the acoustic population takes
place, and thermal transport leads to a longer time to reach thermal
equilibrium throughout the nanoparticle.

Fig. 1. TEM and diffraction patterns of Bi: (a) the as-deposited 5-nm Bi film, (b) femtosecond laser annealed nanoislands, and (c) simultaneously annealed thermally
and with femtosecond laser pulses resulting in formation of nanoparticles. The ring overlaps on the (012) diffraction peaks is due to the disordered state from the
surface, which can be found in almost all Bi nanoparticles synthesized by chemical methods [23,33]. The mean length of the major axis and the minor axis of the
nanoparticles were 16 and 14 nm.
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To further identify the origin of the size-dependent decay time of
the Bragg diffraction orders, we obtained the decay time of the Bragg
peak intensity of the (012) and (110) diffraction orders at different base
temperatures and for different laser fluence by systematically mea-
suring the time dependent diffraction order intensity change of the
(012) and (110) Bragg diffraction orders. The results are shown in Fig. 3
(a) and (b). The decay times for Bragg peaks from (012) and (110)
diffraction orders are reduced with the increased laser fluence and base
temperature.

Because the diffraction peak intensity change is related to the mean-
square amplitude of the phonons involved, the temporal evolution of
the coherent A1g phonons is closely related to the decay time of the
Bragg peaks. Here, we extrapolate the damping time of the A1g phonons
on Bi bulk surface from Ref. [3], and plot it in Fig. 3. The damping time
of the A1g phonons matches well the decay time of the (110) Bragg
peak. Apparently, the decay of the (110) Bragg peak intensity of flat
nanoislands is dominated by damping of A1g phonons. It is known that
the A1g phonons vibrate parallel to the (110) plane and the c-axis. Thus,
the amplitude of the A1g phonons is not reflected on the Bragg peak
intensity. The measured decay time of the (110) Bragg peak intensity is
essentially linked to the speed of energy transfer to phonons vibrating
perpendicular to the c-axis. For a nanoislands, which restricts one

dimension to a smaller value than the inelastic phonon mean-free path,
the Bragg peak intensity decay time becomes close to the damping time
of the longitudinal optical phonons. In bismuth, 80% of thermal con-
ductivity at room temperature is contributed by phonons with mean-
free path< 15 nm [34], which is larger than the ∼5 nm thickness of
the nanoislands. Thus, the observed decay time for (110) diffraction
peak is close to the A1g damping time. Several fast processes that occur
right after carrier excitation, such as electron-hole recombination [35]
and squeezed phonon state [1,4] are not discussed here. These pro-
cesses occur at the beginning of the relaxation processes, thus are not
affecting the observed decay time.

As for the (012) Bragg peak, Eq. (5) indicates that the decay of this

Fig. 2. Time dependent normalized Bragg diffraction peak intensity for (a)
(012), and (b) (110) diffraction orders of 5-nm-thick Bi nanoislands at pump
laser fluence of 1.5 and 2.5 mJ/cm2. Data sets at 2.5 mJ/cm2 were lowered 0.1
for visibility.

Table 1
The summary of fitting parameters.

peak Intensity (mJ/cm2) A B τ1 (ps) C τ2 (ps) Reduced Chi-squared

(012) 1.5 0.71 ± 0.02 0.25 ± 0.05 5.0 ± 2.3 0.16 ± 0.04 37 ± 22 7.1× 10−4

2.5 0.69 ± 0.00 0.25 ± 0.01 9.1 ± 1.6 – – 3.6× 10−4

3.3 0.45 ± 0.00 0.59 ± 0.02 4.0 ± 1.5 – – 4.4× 10−4

(110) 1.5 0.75 ± 0.00 0.22 ± 0.01 4.7 ± 1.8 – – 9.8× 10−4

2.5 0.70 ± 0.00 0.28 ± 0.02 4.0 ± 1.7 – – 5.6× 10−4

3.3 0.42 ± 0.00 0.51 ± 0.03 2.8 ± 1.7 – – 7.6× 10−4

Fig. 3. The decay time of Bragg peak intensity for the (012) and (110) planes of
5-nm-thick Bi nanoislands at different temperatures for pump laser fluence
2.5 mJ/cm2, and (b) for different pump laser fluence at room temperature. The
blue-star are damping time for A1g phonons on bulk bismuth surface, extra-
polated from Ref. [3]. (c) The decay time for Bragg peak intensity for the (012)
and (110) diffraction orders of Bi nanoparticles. The mean length of the major
axis and the minor axis of the nanoparticles were 16 and 14 nm.
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peak depends on both the mean-square displacements perpendicular
and parallel to c-axis. The A1g phonons are excited on 100 fs time scale
due to the fast electron-phonon interaction. However, the fast increase
in ∥U 2 associated with the A1g phonons is not observed in the present
experiment due to the limited temporal resolution of our UED setup.
The decay of the A1g phonons quickly raises ⊥U 2, which lead to the quick
decay of the (110) peak. A1g phonons predominantly decay into two
high energy acoustic phonons. Equilibrium is reached after the phonons
are dephased and energy is evenly redistributed in all degrees of
freedom. However, the phonons with vibration components along the c-
axis reach equilibrium slower due to the energy reserved in the de-
caying coherent A1g phonons along the c-axis slows energy backflow.
Therefore, the equilibrium on c-axis is reached later, leading to a slower
decay of the (012) Bragg peak.

If the temperature of the sample is increased, the single phonon
damping rate would increase with the square of the temperature [3].
Thus, the damping time of the A1g phonons decreases with temperature
causing the shorter decay time observed in the UED experiment. In-
creasing the laser fluence also leads to a higher temperature, hence
decreases the decay time. We note that the thickness of the nanoislands
and nanoparticles is critical in the observed decay time change. As
shown in Fig. 3(c), for the ∼16 nm Bi nanoparticles, the decay times of
the (012) and (110) diffraction orders are much longer than the
damping time of the A1g phonons. Here, although the ∼16 nm Bi is
comparable with the mean-free path of the phonons, the larger side of
the size distribution contribute to the observed extended decay time.

4. Conclusion

We studied the ultrafast lattice thermal response of 5-nm flat na-
noislands and 16-nm nanoparticles by UED. The size of the nano-ma-
terial plays an important role in their thermal response to laser ex-
citation. For the 5-nm thick flat nanoislands, the decay time of the (110)
Bragg diffraction peak from (110) planes was found to be close to the
A1g damping time, and was attributed to the reduced effect of the
slower acoustic phonon-phonon scattering due to the nanoisland
thickness being smaller than the mean-free path of the acoustic pho-
nons. A second exponential decay time of∼40 ps emerged for the (012)
Bragg diffraction peak, which is observed when the nanoislands are
5 nm and laser fluence is lower than 1.5 mJ/cm2. This longer decay
time may be attributed to a phonon bottleneck effect caused by size
restriction.
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