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In this study, we probed the lattice dynamics of bismuth subjected to femtosecond laser irradiation by ultrafast
electron diffraction. The changes in the diffraction intensity and angle were determined. The lattice exhibited
compression upon laser excitation, followed by expansion with damped vibrations. Coherent acoustic phonons
were observed as oscillations in the lattice spacing. The results were analyzed using a damped harmonic os-
cillator model where the hot electrons caused the blast compressive force, which resulted in lattice-spacing

oscillation for the expanded lattice following the compression. We obtained the rate of electron-phonon cou-
pling, its anisotropy, and the Griineisen parameters of the electronic subsystem.

1. Introduction

Ultrafast electron diffraction (UED) is a pump-probe technique
where an electron pulse synchronized with a laser pulse is used to de-
termine the transient structural dynamics initiated by the laser inter-
acting with the sample under investigation. UED is an established tool
for the direct observation of phase transitions in metals and semi-
conductors, reactions at surfaces and interfaces, phonon dynamics,
isolated chemical reactions in molecular beams, photochemical pro-
cesses in organics, intermolecular electron transfer, and metal-to-metal
electron transfer [1-4]. Since the early study by Williamson et al. using
20-ps time-resolved electron diffraction to probe the melting of an
aluminum thin film [5], the temporal resolution of this technique has
been extended to a few hundred femtoseconds [6,7].

Bismuth was previously studied by UED to observe coherent
acoustic phonon oscillations [8], probe its solid-liquid phase transition
on a sub-vibrational time scale [9], and determine the anisotropy of the
electron—phonon energy coupling in Bi [10,11]. In the present study,
we conducted a UED experiment where the diffraction intensity and
angle were probed after excitation with a femtosecond laser pulse. The
observed damped oscillations in the lattice spacing are described by a
model where the hot electron blast force is followed by coherent
acoustic phonons. We also determined the energy exchange rate based
on electron-phonon coupling and the electronic Griineisen parameter.

2. Experimental approach

In our UED-based study of the lattice dynamics of Bi films, laser
pulses with a pulse width of ~110fs, wavelength of 800 nm, and a
repetition rate of 1kHz were used to excite the sample. Both the in-
tensity and angle of diffraction orders were probed. The sample was a Bi
thin film with a thickness of 20-22 nm, which was thermally evapo-
rated on a carbon-coated (carbon thickness < 15nm) transmission
electron microscopy (TEM) copper grid (hole size ~42um). The de-
position rate and final Bi film thickness were measured with a crystal
thickness monitor. The absolute calibration of the crystal thickness
monitor was performed by comparing its final thickness measurement
with that obtained from a cross-sectional scanning electron microscopy
image of Bi evaporated on a silicon wafer, which was placed at the same
location as the TEM grids. The photoactivated electron gun and pump-
probe setup used in the experiment were described previously [12,13].
The electron gun produced 35-keV electron pulses with a pulse width of
~1.3 ps at the sample location. The electron pulse width increased with
the laser fluence used to excite the photocathode. To maintain the
electron pulse width at ~1.3 ps, the excitation laser fluence on the
photocathode was kept constant throughout the described experiments.
A movable Faraday cup was used to measure the average electron
current and the numbers of electrons per pulse were obtained. The
number of electrons per pulse was ~5000 under the experimental
conditions employed. The 800-nm pump fluence on the sample was
~1.5mJ/cm? The melting threshold of Bi is 2.85 mJ/cm? Fig. 1 shows
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Fig. 1. Radial averaged profile of the diffraction intensity determined for the
polycrystalline Bi film as a function of the momentum transfer S = 27/d (d is
the interplanar distance). Insets show a TEM image and diffraction pattern for
the Bi film.

the UED pattern obtained for the Bi film and its radially averaged
profile. Bismuth has a rhombohedral crystal structure with the space
group R3m. We used the hexagonal notation for identifying the dif-
fraction orders, where a=b=>50.455nm, ¢ =51.186nm,
a = =90°, and y = 120°. The two side peaks around the (012) order
were separated from the (012) peak by a similar angle, thereby in-
dicating the presence of systematic defects in the grains such as misfit
dislocations. These satellite peaks are often observed in electron and X-
ray diffraction patterns [14]. The TEM image of the Bi sample shown in
the inset in Fig. 1 indicated that the sample comprised a flat poly-
crystalline film with a grain size in the order of several tens of nan-
ometers. The diffraction patterns were captured with delay steps of 1 ps
for delay ranges of — 1 ps <t < 3 ps and 1.5 ps for > 3 ps. Each time-
resolved electron diffraction pattern was acquired twice and the
average value was used in the analysis. The accuracy of the diffraction
angle measurement was determined based on the standard deviation of
the diffraction's radius measured at different delay times without ex-
citation, where it was calculated as 1.1 x 10~ %,

3. Results and discussion

Fig. 2 shows the time-resolved intensity contrast (I(t) — Ip)/I in
relative units and the percentage change in the radius (R(t) — Ro)/Ry
(%) for the diffraction orders, where I(t) and R(t) are the intensity and
radius of the diffraction orders at time ¢, respectively, and I, and R, are
the unperturbed (at the time before the laser pulse arrived at the target)
values of the diffraction intensity and radius. Several important features
are apparent after comparing the temporal changes in the contrast and
radius. First, the Bragg peak positions exhibited a damping quasi-os-
cillatory motion, which was centered at a newly established position
with a reduced radius and a time period of 7-10 ps. In addition, the
temporal dependences of the intensity contrast for diffraction orders I
(1) exhibited less distinct oscillatory behavior in terms of the amplitude.
A phase correlation was not observed between I(t) and R(t), which
indicates that the effects of lattice distortion observed according to the
changes I(t) and R(t) were not directly dependent on each other. For the
(021) and (024) diffraction orders, the dynamics of the R(t) dependence
started with a positive change (compression) shortly after the zero
delay-time, which transformed into a negative change (expansion) as
the delay time increased. The time period during which the change in R
(t) exhibited compression was about 2.5-3.5 ps (for diffraction orders
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Fig. 2. Temporal dependence of the change in the radius R(t) = (R(t) — Ry)/Rq
in % (open circles) and intensity contrast I(t) = (V (t) — W)/V, (relative units)
(closed circles) for diffraction orders of the bismuth film. Circles denote the
experimental data and lines indicate the results obtained by low pass parabolic
fast Fourier transform filtering of the data.

(021) and (024)). At a pump fluence of 1.5 mJ/cm?, the amplitude of
the positive peaks was proportional to the fluence and it indicated
compression. The value of the lattice compression detected based on the
positive change in the (024) ring radius was ~0.05%. The magnitude of
the compression was ~0.02 at a laser fluence of 0.6 mJ/cm? However,
the (012) order of Bi did not exhibit contraction at any time, or its
amplitude may have been sufficiently small not to be detected within
the instrumental limitations. The film was predominantly [012] tex-
tured with some [021] grains, as shown by the relative strengths of the
diffraction peaks in Fig. 1. The peak of this compressive force occurred
at ~ 2 ps after excitation. The drop in the diffraction intensity started at
2.5 ps, which approximately corresponded to the electron-phonon en-
ergy transfer time. In addition, the I(t) and R(t) dependences for the
(012) and (024) orders almost matched in time, whereas there was a
~2.5 pslag in R(t) relative to I(t) for the (021) order. It should be noted
that a lag of 1 ps was also reported by probing a germanium lattice by
femtosecond time-resolved X-ray diffraction [15] and in a UED study of
aluminum [16]. In the present study, we focused mainly on analyzing
the temporal behavior of R(t). The dynamics of the contrast I(t) were
analyzed in a previous study [10].

The R(t) for several diffraction orders of Bi exhibited initial com-
pression, followed by expansion where coherent vibrations were ob-
served around the expanded lattice, as shown in Fig. 2. The range
probed for the reciprocal lattice vector was 1.8-3.9 A~ . To the best of
our knowledge, the initial compressive peak arising after femtosecond
pulse excitation (Fig. 2) has not been detected in previous time-resolved
experiments that probed acoustic coherent phonons in Bi, Ge, Al, and
InSb nanometer thickness films and in Ag nanoparticles [8,14-18]. The
stress wave that causes lattice compression was previously observed in
optical [19] and X-ray [20] experiments with rather thick samples
(220 nm for As;Te; and 2um for GaAs). These experiments also ob-
served coherent acoustic phonon propagation in the crystals. The laser
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excitation produced a stressed thin surface layer of lattice expansion,
which was responsible for driving a compression—-expansion strain wave
that propagated into the bulk. According to a previous model [19],
coherent acoustic phonons are generated by a picosecond laser pulse
when the laser absorption length is shorter than the film thickness,
where the laser absorption results in a temperature rise, which is as-
sumed to be instantaneous, and the temperature then remains constant
over time. The temperature rise causes a strain at a layer near the
surface where the laser energy is absorbed, which propagates away
from the surface at the longitudinal sound velocity, thereby producing a
stress pulse that bounces between the two surfaces of the thin film.

During the femtosecond laser interaction with solids, the initial
lattice compression was experimentally observed [15-18] and modeled
[21-23] based on the hot electron blast arising from the in-
homogeneous distribution of the absorbed energy from the pump pulse
over the probed region. The hot electron blast is the ultrafast de-
formation of the lattice produced during nonequilibrium heating when
the electron temperature T, is significantly higher than that of the lat-
tice T;. The blast force depends on the electron temperature and tem-
perature gradient, where this force lasts for about 1.5 ps in gold [23].
The laser spot size on our samples was much larger than the laser skin
depth in the samples, so a one-dimensional model of electron excitation
was assumed, which resulted in a hot electron blast force along the
sample normal, thereby leading to a pressure [15-18,21-23]:

P() = 2CaT20), W
Where C,y = 72Nkp/2Ty is the electron heat capacity, which we treated
as a constant, kg is Boltzmann's constant, N is the atom density, T is
the Fermi temperature, and 7T, is the electron temperature [23]. The
electrons were assumed to be fully thermalized with each other and
they reached their thermal Fermi-Dirac distribution in a time scale si-
milar to that of the excitation laser pulse width. Hot electrons indicate
an electron distribution that is out of equilibrium with the lattice. The
blast force was generated from the gradient in T, across the sample
thickness, VT,. In previous studies of the femtosecond excitation of
metals (e.g. Ref. [16]), the electron heat capacity C, was considered to
be proportional to T;, C, = C,T,. However, for the high laser fluences
used in the present study, this assumption was inaccurate at a time scale
below that of the electron-phonon relaxation time, which could affect
the accuracy of the maximum calculated T, and the magnitude of VT,.
The UED data based on changes in the diffraction radius were fitted to
the model over a time period that extended to 20 ps, which was much
longer than the electron—phonon relaxation time. Therefore, in-
accuracies in the fit due to the assumption that C, is proportional to T,
did not affect the values for the electron-phonon coupling time or the
Griineisen parameters obtained for the electronic subsystem. Failure to
conform to this assumption would have affected the calculated value of
T., which was not considered in the present study. For the 800-nm
pump laser, the absorption coefficient of Bi was ag; ~ 7-10°cm™! [24].
The laser energy initially absorbed into the sample decayed ex-
ponentially with the depth. The initial electron excitation (electron
temperature and excitation density) decreased exponentially with the
film depth because of the large absorption coefficient of Bi. Conse-
quently, the gradient established in the pressure P(¢) resulted in a hot
electron blast force:

o) d (2
E(.2) = 2P(.2) = (—ceon(t, z)),

z\3 )

where F, is the z-component of vector F. Due to this gradient force, the
compression stress ¢, was normal to the surface of the film. The elec-
tron pulse probed the thin film in the transmission mode. Therefore, the
lattice parameters were observed in a region across the z-direction over
the film thickness and the area of the electron pulse on the Bi thin film.
The observed diffraction pattern was the superposition of the diffrac-
tion from the detected regions. The diffraction pattern exhibited
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compression when more of the volume was compressed at a certain
time over the detected region, whereas the diffraction pattern exhibited
expansion when more of the volume was expanded. When the gradient
in the electronic pressure was removed or reduced, the initial lattice
compression disappeared. The origin of the lag in time between I(t) and
R(t), which was mainly observed in the (021) order, was determined by
the combined action of pulsed compression due to the electron blast
force and thermal expansion. Depending on the amplitude and duration
of the electron blast force, the resulting dependence of R(t) exhibited a
lag. No lag appeared in any of the diffraction orders when the hot
electron blast force was not included. The initial compression was not
accompanied by a drop in the diffraction intensity because the reduc-
tion in the diffraction intensity was due to the electron—phonon cou-
pling increasing the mean atomic vibrational amplitude.

For anisotropic materials such as Bi, the introduction of a stress in
any direction causes strain in all directions [25], &; = S0y (where
Syt is a fourth-rank tensor). Consequently, the hot electron blast force
F, perpendicular to the surface of the sample also caused strains in the
x-y plane.

The distribution of T, across the film thickness became uniform due
to electron transport and electron—phonon coupling. Therefore, the
initially compressed state of the excited Bi film decayed over time. The
driving force for the generation of acoustic phonons was represented by
the combined transient thermal stresses [26] due to electronic o, and
lattice o heating, and the hot electron blast force:

Te Ti
148(2
o(t,z) = (—Ceon(t, z)) - ;/efCedTe;(t, z) — nszdT:(t, 2),

Adz\3 T T

3

where C, and C; are the electron and phonon heat capacities, respec-
tively, 7, and y, are the Griineisen parameters for the electrons and
phonons, T, and T; are the electron and lattice temperatures, Ty is the
room temperature, and A is the surface area. The hot electron dis-
tribution was generated almost instantly (the time period for an elec-
tron's temperature to reach equilibrium distribution is =~ a;—ic ~ 4 fs,

where ¢, is the energy of electrons excited above the Fermi level er and
w, is the plasma frequency [27]). Therefore, at the initial stage of ex-
citation, the gradient blast force dominated the electronic and lattice
heating terms. At room temperature, the electronic thermal Griineisen
parameter for Bi is expected to be positive in a similar manner to other
elements with high atomic number [28].

The temporal dependence of the lattice vibrations shown in Fig. 2
was fitted to a classical simple damped harmonic oscillator model:

X" + 28X + wiX = Ho (1), 4

where X (t) is the lattice displacement, H is a scaling factor, 8 and w,
are the damping constant and phonon angular frequency, respectively,
and o (t) is the driving force. A detailed calculation of the electron blast
force was previously derived from a solution of the Boltzmann transport
equation [23,29]. After neglecting the temperature dependences of C,
and C,, the thermal stress can be expressed in its known form
[18,19,30]:

o(t) = =1, CeAT () — GAT(7)

—WEr[Gu/v)g ) — (/v — DA — exp(—t/Te—pn))],

()

where Er is the total laser energy deposited per unit volume, g(t) is the
normalized temporal profile of the laser pulse, and z,_p; is the elec-
tron—phonon energy exchange time. To consider the electron blast
force, the initial conditions for Eq. (4) must satisfy X (0) = a > 0, and
X'(0) = b > 0. These conditions simply state that at the maximum
amplitude of the exciting laser pulse (t = 0), the atom can stay close to
or leave the initial equilibrium position (X (0) = a > 0) and it possesses
a certain speed (X’(0) > 0), which is caused by the compressing hot
electron blast force. For Bi, which is highly anisotropic, one could
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Fig. 3. Numerical fitting of the driven harmonic oscillator model (dashed lines)
to the results obtained by low pass parabolic fast Fourier transform filtering
(solid lines) of the experimental data (closed circles) for the changes in radius
for the (024) and (021) diffraction orders.

expect that both of these conditions depend on the orientation of the
vector X'(0) relative to the elongated body diagonal of the crystal
[31,32]. In general, this means that the value of the derivative can
contribute differently to various diffraction orders.

According to Nie et al. [30], based on the numerical fit of the so-
lution of Eq. (4) to the experimental results, the following parameters
were obtained: (i) electron-phonon energy exchange time 7,_,p, (ii)
ratio of Griineisen parameters y,/y, and (iii) angular frequency w,. The
fitting was limited to approximately 1.5-2 times the period of the os-
cillations because the structure of the oscillations degraded outside this
time. This time can be considered as the coherent time of an acoustical
phonon spectrum. Originally, these phonon modes were rigidly syn-
chronized by the femtosecond pulse but the phase mismatch increased
with time and the dependence departed from simple harmonic oscil-
lation. Examples of the fits are shown in Fig. 3. The parameters re-
trieved from the fits are presented in Table 1 with the interplanar dis-
tance d from JCPDS Card No. 44-1246. Our results showed that 7,_p,
was strongly anisotropic where values of ~1.3, ~1.4, and ~2.2 ps
corresponded to diffraction orders of (012), (024) and (021), respec-
tively. Due to the convolution of the lattice response with the probe
electron pulse width, the values obtained as ~1.3ps(012) and

Table 1

Parameters obtained from diffraction orders (hkl) using the interplanar distance
d, electron-phonon energy exchange rate 7,_,, ratio of the Griineisen para-
meters y,/y;, and oscillation frequency v.

(hkl) d &) To—pn(PS) v (GHz) Y/
(012) 3.268 1.3 70 0.60
(021) 1.936 2.2 80 0.60
(024) 1.634 1.4 150 0.58
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~1.4 ps (024) are the upper limits due to the temporal resolution of our
UED setup. It should be noted that the value of 7,_,, ~ 2.2 ps obtained
in our experiment corresponded well with the integrated value of the
time constant for the rise in the inelastic scattering measured previously
for Bi [9]. In addition, under our experimental conditions (excitation
fluence ~1.5mJ/cm?), the theoretical evaluations of the electro-
n-phonon exchange rate [32,33], ie., Te_py~ % ~(2—-4) ps,
yielded approximately the same range (T, is the Debye temperature, ¢
is the Fermi level, 7 is Plank's constant divided by 2w, wp is the Debye
frequency, and T; is the lattice temperature). Our results indicated the
anisotropy of 7,_p, in Bi, as observed in our previous studies [10,11].
Moreover, our results are strongly supported by previous detailed the-
oretical analyses of anisotropic relaxation-time tensors for materials
with Fermi surfaces comprising a group of ellipsoids [34,35].

The previously measured linear thermal expansion of a single-
crystal bismuth rod was used to determine y, , based on which the
lattice Griineisen parameters were calculated as y, = 1.32 and
7)1 = 1.1, where the symbols || and L denote the parallel and perpen-
dicular directions relative to the crystal's trigonal axis [36]. After ne-
glecting the possible anisotropy of y, and using the average values for
the y,/y, ratio derived from the experiment, we obtained y, = 0.72. To
the best of our knowledge, measured or theoretical values of the elec-
tronic Griineisen parameter y, have not been reported previously for
Bi. We consider that the value obtained for y, is only an estimate. We
previously reported measurements of y, for Sb, which were obtained
using the same experimental setup [37]. The results are similar because
both elements have a rhombohedral structure and similar electronic
properties.

The observed coherent phonon oscillations in R(t) occurred at fre-
quencies of 70-150 GHz, which are excessively high for breathing
modes and they could not exceed 64 GHz under our experimental
conditions (maximum velocity of sound for Bi v = 2.57 km/s [38]).
However, the observed oscillation frequencies were excessively low
compared with the phonon frequencies measured in a Bi crystal by
neutron inelastic scattering [39]. Previously, it was observed that in
addition to the two main peaks for the optical phonons, i.e., the A;y
(2.78 THz) and E, (2.2 THz) modes, four peaks could be attributed to
acoustic phonons: TA(X) at 0.68 THz, LA(X) at 1.02THz, LA(A) at
1.42 THz, and LA(T) at 1.76 THz [40]. The exact source of the observed
oscillations at 70-150 GHz is not known. We previously suggested that
these low frequency oscillations may be due to combinations of several
phonons or confined acoustic phonon modes [10], as suggested for the
low frequency broad-band peaks observed in the Raman spectra of
nanocrystalline Bi [41]. For nanocrystals with a mean height of 6.18 nm
and mean diameter of 23 = 2nm, this broad-band was centered at
~500 GHz with a wing extending to < 100 GHz [41]. The Bi film in-
vestigated in the present study comprised grains with a mean thickness
of 20-22nm and the grain size distribution in the lateral dimensions
was mostly in the order of several tens of nanometers according to the
TEM observations. The vapor-deposited film contained many defects,
including dislocations, staking faults, and grain boundaries. Thus,
possible effects due to the grain size distribution, grain shape, and
crystalline defects on acoustic phonon confinement for the observed
oscillations at 70-150 GHz cannot be excluded. The amorphous carbon
backing film could also have affected the damped frequency response of
the film. The frequency of oscillation observed in the (012) diffraction
order was about twice that observed for the (024) diffraction order. We
note that the interplanar distance d for the (012) planes was twice that
of the (024) planes, as shown in Table 1.

The influence of reflected light from the back surface of the film
could be neglected because of the large absorption coefficient of the
800-nm laser in Bi [24]. The inhomogeneous optical excitation across
the film thickness was the fundamental source of the electron blast
force and it was included in the gradient of T.. Based on the absorption
coefficient of Bi, for the 800-nm light that penetrated the film (i.e., not
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reflected at the Bi-air interface), only ~20% reached the Bi—C inter-
face. The refractive index of Bi at 800 nm is 2.78 and that of graphite is
1.96, thereby resulting in ~ 3% reflection at the Bi—C interface [42].
Therefore, only ~3% of the 20% of the light that reached the Bi—C
interface would have been reflected back. This value (0.6%) is ex-
cessively small to affect the dynamics.

The electronic Griineisen parameter y, denotes the change in the
dimensions of a solid due to the heating of its conduction electrons. The
use of UED to probe y, at room temperature avoids complications as-
sociated with the need for low temperatures in the conventional tech-
niques employed for measuring y, [30]. 5, has been characterized by
UED for only a few materials, i.e., Al, Ni, and Sb [30,37,43]. Measuring
7, of Bi using low-temperature methods is particularly challenging
because Bi exhibited high magnetoresistance [44]. The importance of
characterizing the fundamental properties of Bi, such as , , is due to its
technologically important properties in terms of superconductivity [45]
and its metal-to-semiconductor transition at a critical thickness [46],
which make Bi a useful material for optical and electro-optical appli-
cations.

4. Summary

In this study, we used UED to detect the generation of coherent
acoustic phonons after the femtosecond laser irradiation of bismuth
film. The temporal development of both the intensity and angle of the
diffraction orders were measured. An initial compressive peak was
observed based on the change in the diffraction Bragg peak angle. The
temporal development of the lattice spacing was described by a model
based on a damped harmonic oscillator, which considered the effect of
the hot electron blast force. According to the numerical fitting results,
the energy exchange rates between the hot electrons and the phonons
were determined as well as electronic Griineisen parameters.

This study is based on research supported by the National Science
Foundation under Grant No. 1708717.
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