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Abstract.  Coherent dynamics of lattice oscillations in a ~20-nm-
thick film obtained by thermal sputtering of bismuth is studied 
using ultrashort electron bunches synchronised with femtosecond 
laser pulses irradiating the sample. The Fourier analysis of ultra-
fast electron diffraction (UED) data shows that the observed modu-
lation of the signal is due to the ensemble of modes corresponding to 
optical phonons with frequencies of approximately 3, 6 and 9 THz. 
A conclusion is made that these peaks correspond to the manifesta-
tion of the bismuth A1g mode (three-terahertz peak), as well as its 
first and second overtones, which is probably due to quantum con-
finement in a 20-nm Bi nanostructure. The possibility of a detailed 
study of the quantum-size effect in bismuth with the help of a trans-
mission UED is analysed.

Keywords: ultrafast electron diffraction, femtosecond laser radia-
tion, optical phonons, thin bismuth film.

1. Introduction

Ultrafast electron diffraction (UED) is a powerful tool for 
studying fast processes and structural phase laser-stimulated 
transitions in physics, chemistry and biology on their natural 
spatiotemporal scales [1 – 6]. In contrast to purely optical 
pump – probe methods, the use of ultrashort electron probe 
pulses allows one to obtain direct information about the 
structural dynamics directly from the time-dependent diffrac-
tion pattern. Earlier, we used UED to detect coherent optical 
phonons in a thin antimony film [7, 8], where the efficiency of 
their generation under the action of femtosecond laser radia-
tion is quite high. Note that Sb crystallises in the rhombohe-
dral structure of A7 with two atoms in the unit cell, a ‘bis-
muth-type lattice’. The crystal structure of bismuth is 
described in detail in Ref. [9].

Bismuth, like antimony, is a model object for real-time 
studies of the various stages of the oscillatory motion of a lat-
tice of a solid body induced by ultrashort laser pulses [10]. In 
the framework of this direction, a series of works has been 

arried out to examine the relaxation dynamics of a crystalline 
bismuth lattice due to oscillations of the A1g optical phonon 
mode by of laser pump – probe method [11 – 17] (see also ref-
erences in [17]). The use of UED made it possible to visualise 
nonthermal melting [18], as well as coherent low-frequency 
acoustic phonons in a thin bismuth film [19], which demon-
strated the feasibility of this method to directly measure the 
ultrafast relaxation dynamics of the crystalline Bi structure at 
its natural time scales. When working with films, it is impor-
tant to take into account the fact that quantum confinement 
and accompanying changes in the electronic structure (from a 
semiconductor in thin films ~30 – 40 nm thick and less to a 
semimetal in bulk samples [20, 21]) for this material can have 
a noticeable effect on the laser-induced response [16].

In the present work, the nonequilibrium excited state of 
the lattice in a thin bismuth film was produced by high-power 
femtosecond laser radiation. Pulse heating of the lattice due 
to electron – phonon interaction was accompanied by the for-
mation of high-frequency optical phonons. In the experiment, 
these oscillations were recorded by the UED method.

2. Experiment

Figure 1 shows the schematic of a femtosecond electron dif-
fractometer [6 – 8]. To probe ultrafast processes in a solid-
state sample, we used photoelectron pulses generated by irra-
diation of a cathode with femtosecond laser light. The cath-
ode was made of a semitransparent (~30 nm thick) gold layer 
on a quartz plate irradiated by the third harmonic of a Ti : sap-
phire laser with a wavelength l = 266 nm, while the funda-
mental harmonic with l = 800 nm and a pulse duration of 50 
fs was used to pump the sample. Optical and photoelectron 
pulses were precisely synchronised using the same femtosec-
ond Ti:sapphire laser for pump and probe channels.

An electron beam with an energy of 20 keV and a diame-
ter of 100 mm was formed by a permanent magnet lens. The 
employed scheme made it possible to minimise the spreading 
of electron bunches due to a small (12 mm) distance from the 
photocathode to the sample, which is important for enabling 
the high temporal resolution of UED. An assembly based on 
a microchannel plate (MCP) and a phosphor screen was used 
to register electrons and to obtain a two-dimensional image of 
the signal. Then, the data was read by a CCD camera and 
transferred to a computer for processing.

As a sample we used a ~20-nm-thick bismuth film depos-
ited by thermal sputtering on a carbon substrate used in 
transmission electron microscopy, and then placed to the 
electron diffractometer chamber. The presence of distinct 
rings in the diffraction pattern recorded with a pulsed photo-
electron beam in the absence of optical pumping is due to the 
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polycrystalline nature of the sample (Fig. 2a). Figure 2b 
shows the radial cross-section profile of the obtained electron 
diffraction pattern as a function of the scattering parameter s = 
(4p/ldB)sin(q/2), where ldB is the electron wavelength, and q is 
the scattering angle. Under our conditions, when the distance 
from the sample to the detector is approximately 208 mm, the 
radius of the detector is 20 mm, ldB » 0.0859 Å and the range 
of the recorded scattering parameter lies in the range 1.5 Å–1 < 
s < 7 Å–1. The lower limit is due to the size of the metal screen, 
which prevents the direct, undiffracted, photoelectron beam 
from reaching the detector. Diffraction maxima (1, –1, 0), 
(1, 1, –2) and (2, –2, 0) are observed against the background 
of smooth diffuse scattering mainly induced by thermal vibra-
tions of Bi atoms, which are averaged under experimental 

conditions. Bismuth crystals in the film are oriented along the 
(111) axis of the rhombohedral system.

To produce a nonequilibrium state in the lattice, the sam-
ple was irradiated with high-power femtosecond laser radia-
tion with a pulse energy density of about 2 mJ  cm–2 and a 
repetition rate of 1 kHz. The characteristic depth of penetra-
tion of laser radiation at a wavelength of 0.8 mm into a bis-
muth sample is about 16 nm [16], which almost coincided with 
the thickness of our sample. The lateral size of the pump 
region (~1 mm) was larger than that of the probe region 
(~100 mm), which made it possible to minimise the effect of 
the laser pump nonuniformity. In the experiment, the electron 
diffraction pattern was recorded as a function of the delay 
time between the pump pulse and the probe pulse with a step 

1

2

3

4 

5

6

6

7

7
7

6

9

8

7

7

7

77

7

10

10

11

8

800 nm

12

2w

 U = –20 kV

9

800 nm

266 nm
e–

3wl/2

w

Figure 1.  Schematic of a femtosecond electron diffractometer for experiments with thin films and nanoparticles:				  
( 1 ) vacuum chamber; ( 2 ) turbomolecular pump; ( 3 ) electron detector on the basis of microchannel plates, phosphor screen and CCD chamber; ( 4 ) 
gold photocathode; ( 5 ) anode + target; ( 6 ) beam splitters; ( 7 ) mirrors; ( 8 ) radiation attenuator; ( 9 ) converters of radiation into the second and 
third harmonics; ( 10 ) lenses; ( 11 ) diaphragm; ( 12 ) polarisation rotator. The inset shows the main elements of the device.
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Figure 2.  (a) Diffraction pattern of a thin bismuth film obtained using a pulsed photoelectron beam and (b) radial intensity profile for the cross 
section of the diffraction pattern. The designations of diffraction maxima are given in the rhombohedral system.
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of 30 fs and an accumulation time of 2 s. The maximum time 
delay was about 10 ps. The obtained time dependence of the 
signal corresponding to the integrated intensity of the sector 
with a spanning angle of about 90° for the brightest ring in 
Fig. 2 was characterised by a set of oscillating components 
with characteristic periods on the subpicosecond scale 
(Fig. 3).

3. Analysis of the results

It follows from the Fourier spectrum of the experimental data 
that the signal modulation is due to the presence of an ensem-
ble of modes with pronounced frequencies of about 3, 6 and 
9 THz (Fig. 4). Phonons at a frequency of 3 THz were previ-
ously recorded by the purely optical pump – probe technique 
[11 – 16]. This technique showed that this mode corresponds 
to fully symmetric A1g optical lattice vibrations of bismuth 
atoms. The observed modes with higher frequencies are of 
particular interest, since they indicate nonlinear processes 
during the excitation of optical phonons in bismuth. Indeed, 
under our conditions, when intense femtosecond laser radia-
tion is used to induce lattice oscillations, we can assume that 

lattice vibrations at frequencies of about 6 and 9 THz are 
manifestations of the first and second overtones of the three-
terahertz peak. In this regard, we note that in studying bis-
muth with purely optical pump – probe methods, harmonics 
of optical phonons, including the second harmonic of the A1g 
mode, have been previously detected under pumping the sam-
ple by high-energy laser pulses [11, 15]. As far as we know, the 
vibration frequency in the region of 9 THz for Bi crystallites 
has not been previously observed and can be related to the 
third harmonic of the A1g phonon mode.

Compared to the first peak, Fig. 4 demonstrates a slightly 
higher intensity of the second peak corresponding to the posi-
tion of the second harmonic of the A1g mode. One of the pos-
sible reasons for this behaviour may be the presence of a thin 
oxide film on the surface of the sample. For example, optical 
phonons at a frequency of 6 THz were previously observed 
using Raman spectroscopy for a and b polymorphs of bis-
muth oxide Bi2O3 [22].

Detection of rapidly oscillating coherent optical phonons 
using UED requires a rather high temporal resolution, which 
depends mainly on the probe channel [1 – 6]. The duration of 
photoelectron pulses is determined by two main mechanisms. 
First, acceleration of photoelectrons in a static electric field 
near the cathode causes the electron bunch to elongate by the 
value of the time-of-flight chromatic aberration tF [4, 23], 
which is associated with the initial spread of the kinetic energy 
of electrons, but does not depend on the Coulomb interaction 
of charges in the beam:
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where me and e are the mass and charge of the electron; dE is 
the distribution width of the initial kinetic energy of the pho-
toelectrons; and F is the electric field strength in the accelerat-
ing gap. Under our conditions, at dE » 0.4 eV and F = 
6.7 ́  106 V  m–1, the time-of-flight chromatic aberration is 
~320 fs.

The second mechanism leading to electron pulse broaden-
ing is due to the Coulomb repulsion of charges, which depends 
on the propagation time of the electron beam. For the calcula-
tion, we use formulae (19) and (22) from [24], which describe 
the Coulomb broadening of the electron pulse in the accelerat-
ing gap of the device (tC1) and when the electron pulse acceler-
ated to 20 keV drifts from the anode to the sample (tC2):
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where l is the length of the accelerating gap; L is the length of 
the path travelled by the beam from the anode to the sample; 
N is the number of electrons per pulse; U is the voltage on the 
accelerating gap; d is the beam diameter; and e0 is the electric 
constant. For estimates, we take the following parameters of 
a compact device: l = 3 mm, L = 9 mm, U » 2 ́  104 V, N » 
1000 ± 300 (the number of electrons in the bunch fluctuates 
over time as a function of energy in the laser pulse irradiating 
the photocathode), and d = 100 mm. As a result, we have tC1 » 
12 ± 4 fs and tC2 » 28 ± 9 fs. Summing up the contributions 
described by formulae (1) – (3), we obtain tp » 360 ± 12  fs, 
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Figure 3.  Dependence of the signal corresponding to the brightest ring 
of the electron diffraction pattern of Bi on the delay between the optical 
pump and probe photoelectron pulses.
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Figure 4.  Fourier spectrum of laser-induced oscillations of the diffrac-
tion signal in a Bi-containing film.
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which implies that the duration of the probe pulses during the 
experiment remains almost unchanged.

Thus, coherent oscillations of the lattice in a thin film 
were initiated by femtosecond laser radiation, which made it 
possible to obtain coherent phonons with frequencies up to 
about 10 THz determined by the width of the spectrum of a 
laser pulse with a duration of 50 fs. The use of short electronic 
pulses, stable in duration and strictly synchronised in time, 
ensured a high degree of details in the experiment at a suffi-
ciently small (at a level of several tens of femtoseconds) scan-
ning step, which is confirmed by the obtained data.

4. Conclusions

The detection of consistent vibrations of atoms with a high 
degree of spatiotemporal coherence is a powerful tool for 
studying matter under nonstationary conditions. The UED 
method is capable of visualising the behaviour of condensed 
matter in real time at various stages of vibrational motion, 
which significantly expands the feasibility of studying the crys-
talline lattice, allowing one to analyse energy transfer, interac-
tion of vibrational modes and other processes, the study of 
which in traditional spectroscopy is a challenging task.

It is known that classical electron diffraction makes is 
possible to visualise the positions of nuclei in a crystalline lat-
tice with high accuracy reaching ~10–2 Å. Using a femtosec-
ond laser for pulsed excitation of matter and generation of 
laser-induced atomic – molecular motion in the sample itself, 
as well as for the formation of ultrashort probe electron 
bunches provides a temporal resolution of ~100 fs. Such a 
combination of spatiotemporal characteristics is the basis for 
observing ‘atomic – molecular cinema’ in matter, and this 
study is an important step in this direction.

In our experiment using a compact ultrafast electron dif-
fractometer, we detected optical phonons with record high 
(for UED) frequencies (up to ~9 THz), which can serve as a 
demonstration of nonlinear phononics in a thin Bi film under 
the action of high-power femtosecond laser radiation. Note 
that, as far as we know, the third harmonic of the A1g mode in 
bismuth has not been previously observed. The lack of litera-
ture data on the generation of the third harmonic of the A1g 
mode in this material suggests that our results are probably 
due to quantum confinement in a 20-nm Bi nanostructure.

Shin et al. [16] performed a comparative study of bulk and 
thin-film (with thicknesses in the range of 25 – 40 nm) bismuth 
samples by femtosecond laser spectroscopy in reflection 
mode. When working with films, the proximity of the charac-
teristic transverse size of the nanostructure to the depth of 
light penetration made it difficult to observe quantum con-
finement in this material due to the reflection of the probe 
laser beam from the back surface of the film [16].

The use of a transmission electron probe allows one to 
overcome this limitation. Note that the characteristic mean 
free path of electrons in a solid increases with increasing 
kinetic energy of the electron beam and, for example, reaches 
~100 nm in the relativistic case. This opens up the possibility 
of a detailed study of the quantum size effect [20, 21] in thin 
Bi films in a wide range of thicknesses by the UED method.
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