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Abstract. In this article, we investigate the coherent A1g phonon mode in bismuth crystal using transient
reflectivity measurements, focusing on two distinct crystallographic orientations: one with the principal axis
((1 1 1)-direction in the trigonal cell representation) perpendicular to the sample surface, and the other with
the principal axis parallel to the surface. Our results demonstrate significant variations in the amplitude, fre-
quency, and lifetime of the coherent phonon mode between these two orientations, even when identical pump-
ing and probing conditions are applied. We attribute these differences to the anisotropy of the electron effective
mass, which influences electron mobility and, in turn, affects the phonon dynamics in bismuth.
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1 Introduction

The coherent control of atomic vibrations offers a powerful
tool to manipulate the properties of matter at the micro-
scopic level [1]. In crystalline solids, these coherent vibra-
tions correspond to specific phonon modes that can be
excited by ultrafast laser pulses [2]. When the photon
energy of the laser matches an electronic transition that
destabilizes the crystal lattice, it induces a coherent atomic
motion, setting up one or more phonon modes [3]. Coherent
optical phonons enable the study of selective electron-pho-
non coupling, offering insights into phenomena of signifi-
cant interest, particularly in strongly correlated materials.
Coherent optical phonons are also important in driving or
modulating phase transitions, as their interaction with elec-
tronic states can help stabilize or enhance specific phases of
a material [4]. To investigate these processes, a wide range
of experimental configurations have been employed, pri-
marily using the pump-probe technique with sub-100 fs
time resolution [5]. Early studies focused on all-optical con-
figurations at a wavelength of 800 nm, but these have since
expanded to cover broader spectral ranges for both pump
and probe pulses, including advanced methods such as
high-order harmonics generation [6] and time-resolved elec-
tron diffraction [7].

Bismuth has often been the prototypical material for
coherent optical phonon experiments [5–9] due to its rela-
tively simple crystal structure, in which two Raman-active

phonon modes are present: the A1g mode with a frequency
centered at 2.92 THz, also known as the breathing mode,
and the Eg mode with a frequency centered at 2.22 THz
[10]. The A1g mode involves symmetric oscillation of the
two Bi atoms against each other along the (1 1 1)-direction,
preserving all the symmetry operations of the unit cell. In
contrast, the Eg mode corresponds to atomic oscillations
in the plane orthogonal to the (1 1 1)-direction, making it
degenerate within that plane. Among these, the breathing
mode (A1g) is more efficiently excited in pump-probe exper-
iments because it maintains the full symmetry of the crystal
unit cell [10]. As a result, the A1g mode has become one of
the most extensively studied coherent phonon modes,
examined across a wide range of experimental setups. How-
ever, nearly all optical studies to date have focused on bis-
muth samples with the principal axis oriented
perpendicular to the sample surface ((1 1 1)-oriented).
One previous study has reported the behavior of the reflec-
tivity in two different crystallographic orientations [11].
However, that study primarily focused on the sign change
of the reflectivity at the plateau, which was interpreted
within the framework of the two-temperature model, and
did not address the critical comparison of the coherent pho-
non mode dynamics between the two types of crystallo-
graphic orientations.

In this study, we extend the investigation of the coher-
ent A1g phonon mode in bismuth crystals to two distinct
crystallographic orientations: one with the principal axis
((1 1 1)-direction) perpendicular to the sample surface
and another with the principal axis parallel to the surface.
Despite the preserved symmetry of the breathing mode,* Corresponding author: davide.boschetto@ensta.fr
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our experimental results show clear differences in the pho-
non dynamics between these two configurations. We attri-
bute these differences to the anisotropy of the electron
effective mass, which affects electron mobility and, conse-
quently, the behavior of the coherent phonon mode.

2 Results and discussion

Experiments have been carried out in a pump-probe config-
uration [12] with a custom-built laser system, delivering a
50 fs laser pulse at a wavelength of 800 nm and at repetition
rate of 1 kHz. The pump and probe pulses are orthogonally
polarized, and are focused on around 130 lm and 40 lm,
respectively, in order to probe a homogeneously excited sur-
face. The pump fluence was kept at 15 mJ/cm2, while the
probe fluence was kept at 0.1 mJ/cm2.

Figure 1 presents the experimental results of the tran-
sient reflectivity measurements for both crystallographic
orientations: OS (where the principal axis is orthogonal to
the surface) and PS (where the principal axis is parallel
to the surface). In both cases, we observe a damped coher-
ent phonon mode superimposed on a slowly varying back-
ground. This background is attributed to the competition
between electron and lattice temperatures, as described
by the two-temperature model [11]. The behavior of the
OS sample is consistent with previously reported results
[5, 8, 11]. Several key differences can be identified from
Figure 1. Firstly, the amplitude of the coherent phonon
oscillations is more pronounced in the OS sample, and it
exhibits a slightly longer lifetime compared to the PS sam-
ple. Secondly, despite the same pump fluence being used for
both samples, the phonon frequencies differ between the
two orientations.

To isolate the coherent oscillations from the slower ther-
mal dynamics, we calculated the temporal derivative of the
signals, as shown in Figure 2. This approach allows us to fit
the oscillatory behavior more accurately without the influ-
ence of thermal effects. The fits of the temporal derivative
of the signal were performed using a damped cosine

function:
d
dt

�R
R

� �
¼ A � e�ct � cos 2pxt þ /ð Þ þ c0, where

t is the pump-probe time delay, A is the amplitude, c is
the phonon damping rate, x is the frequency, / is the
phase, and c0 accounts for any baseline shift. Overall, the
fits show good agreement with the experimental data,
although a slight discrepancy is observed at longer time
delays (beyond approximately 4 ps), which could indicate
a minor change in the phonon frequency over time, as sug-
gested by previous studies [5]. For simplicity, we have mod-
eled the frequency as constant in our analysis, as this
assumption does not significantly impact the main trends
and conclusions of our study. Three parameters of particu-
lar interest here are the phonon amplitude, frequency and
damping rate. For the OS sample, the best fit yields
AOS = 3.3 � 10�5, xOS = 2.77 THz and
cOS = 5.6 � 10�4 fs�1. In contrast, the PS sample shows
APS = 2� 10�5, xPS = 2.85 THz and cPS = 6.3� 10�4 fs�1.

The observed differences in both the amplitude and fre-
quency of the coherent phonon mode between the two sam-
ples could be attributed to anisotropy in their optical
properties, particularly the real and imaginary parts of
the dielectric function. At a wavelength of 800 nm, while
the real part of the dielectric function remains nearly con-
stant, the imaginary part shows a significant difference:
�16.25 for the OS sample and �20 for the PS sample
[8, 13]. This indicates that the PS sample has a stronger
absorption, which would typically suggest a higher number
of excited electrons and a more efficient driving of the
coherent phonon mode. Consequently, one might expect
the PS sample to exhibit a larger phonon amplitude and
a lower phonon frequency due to a phenomenon known as
mode softening [5], where a higher pump fluence generally
leads to an increased phonon amplitude and a decrease in
phonon frequency. However, the experimental results show
the opposite trend: the amplitude is greater in the OS sam-
ple, which also exhibits a slightly lower phonon frequency.
This contradicts the expectation based on the stronger
absorption of the PS sample, suggesting that the underlying
mechanism is more complex than initially assumed.

Fig. 1. Transient reflectivity measurements for both crystallographic orientations: OS (blue) and PS (red).
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To explain the observed change in frequency, we refer to
the model explained in [5], for which x2 ¼ x2

0 1� Te=�bð Þ,
where x0 = 2.92 THz is the equilibrium Raman frequency,
Te is the electron temperature in eV, and eb = 2.16 eV is the
electron binding energy in bismuth. According to this
model, the frequency depends on the electron temperature
established shortly after excitation. The higher frequency
observed in the PS sample suggests that the electron tem-
perature in this configuration is actually lower than in the
OS sample. Indeed, previous studies have shown that elec-
tron diffusion plays a crucial role in the early stages of
dynamics in bismuth [9]. The strong gradient induced by
pump absorption causes high-energy electrons to migrate
away from the heated region, leading to a lower electron
temperature in the probed skin depth. Therefore, our
results suggest that electron mobility and diffusivity are
higher in the PS sample than in the OS sample. To verify
this hypothesis, we must examine the electron mobility
and diffusivity in both cases. The electron mobility l is
given by l = es/m*, where e is the electron charge, s is
the collision time, and m* is the electron effective mass.
The electron diffusivity D is related to mobility by
D = lkBT/e, where kB is the Boltzmann constant and T
is the temperature. Bismuth exhibits strong anisotropy in
its electron effective mass, with a difference of about an
order of magnitude between the two crystallographic direc-
tions: m�

OS ¼ 0:612 and m�
PS ¼ 0:0675 [14]. Since electron

mobility and diffusivity are inversely proportional to the
effective mass, it is reasonable to conclude that electron
transport in the PS sample is more efficient, leading to fas-
ter diffusion out of the pumped region, a lower electron tem-
perature, and consequently, a higher phonon frequency.
These results support the validity of the model proposed
in [5] and highlight the significant role of electron mobility
in the photo-excited dynamics of bismuth.

However, electron diffusion is not the only possible
mechanism to explain the observed changes in frequency.
Other possible explanations involve nonlinear optical effects
and laser-induced structural changes. For example, the
increased absorption in the PS sample suggests a higher
likelihood of multi-photon absorption. This process can pro-
mote electrons to higher energy states, where they may cou-
ple less efficiently with the A1g mode, leading to a lower

amplitude of the coherent phonon oscillations and, conse-
quently, a higher frequency. To evaluate these hypotheses,
it is worth noting that investigations using double-pump
experiments [8] have shown that the amplitude, frequency,
and damping time of the coherent phonon excited by the
first pump pulse are nearly identical to those excited by a
second pulse arriving 25 ps later after the first phonon mode
has vanished. This observation suggests that the vibra-
tional parameters of the coherent phonon mode are primar-
ily determined by the electron temperature immediately
after photoexcitation – which is quasi-instantaneously mod-
ified by each pump pulse – and are not significantly affected
by the increased lattice temperature or residual excited car-
riers. On the other hand, if laser-induced structural phase
transitions were occurring under our experimental condi-
tions, we would expect significant changes in the phonon
parameters between the first and second pump pulses due
to altered electronic or structural states of the sample.
Therefore, the consistency of the phonon parameters indi-
cates that no structural phase transition took place. This
supports the scenario that the coherent phonon dynamics
are governed by the initial photoexcited electron population
resulting from linear absorption processes, and that any
process altering the local electron temperature, such as elec-
tron diffusion, can significantly influence the vibrational
parameters of the coherent phonon. It is also worth men-
tioning that in insulators and semiconductors, two-photon
absorption becomes relevant for pulse intensities in the
range from 109 up to 1012 W/cm2 [15]. However, in metals
and semimetals like bismuth, one-photon absorption re-
mains dominant even within this intensity range due to
the high free-electron density, which ensures the availability
of carriers for one-photon transitions. In conclusion, if sig-
nificant multi-photon absorption or laser-induced structural
changes were occurring at our experimental fluence, we
would expect to observe notable differences in the phonon
parameters, which is not the case based on our double-
pump experiments. Therefore, while additional experiments
and theoretical calculations are needed to clearly distin-
guish between the proposed mechanisms, multi-photon
absorption and laser-induced structural changes are less
likely to play dominant roles at the experimental fluence
used here. In contrast, the explanation attributing the

Fig. 2. Derivative of the experimental results with fitted curves for both OS (left panel) and PS (right panel) samples.
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observations to the anisotropy of the effective electron mass
and electron diffusion is more consistent with existing mea-
surements [9, 14]. However, additional experimental and
theoretical efforts are needed to further confirm the pro-
posed mechanism responsible for the differences in the
coherent phonon parameters between the two crystallo-
graphic orientations.

An interesting and unexpected observation in our study
is the higher phonon damping rate in the PS sample com-
pared to the OS sample, despite the larger amplitude of
atomic motion in the latter. This result seems counterintu-
itive if one assumes that a larger atomic displacement would
naturally lead to a higher damping rate due to increased
phonon-phonon interactions. However, in this case, other
mechanisms may contribute to the observed behavior.
One plausible explanation is that in the PS orientation,
the pump pulse perturbs more efficiently other phonon
modes, for example the Eg mode or acoustical modes, which
subsequently couple to the A1g mode. This additional cou-
pling can provide a more efficient pathway for energy trans-
fer, enhancing the overall damping rate of the breathing
mode. Such mode coupling could lead to a faster redistribu-
tion of energy from the coherent A1g mode to other modes,
thereby increasing the damping rate observed in the PS
sample. Further studies are required to explore this hypoth-
esis, potentially through techniques that can selectively
probe different phonon modes or their interactions, such
as time-resolved electron diffraction [16].

3 Conclusions

In conclusion, we investigated the A1g coherent phonon in
bismuth crystals with two different crystallographic orien-
tations, showing anisotropic behavior. These differences
can be attributed to the anisotropy in the electron effective
mass in bismuth, which influences the electron mobility and
subsequently the phonon behavior. However, additional
experiments and theoretical calculations are needed to fur-
ther elucidate the suggested mechanisms. Our results
underscore the importance of considering crystallographic
orientation in the study of coherent phonon dynamics and
suggest that further investigation into mode coupling
effects and their dependence on sample orientation could
provide deeper insights into the fundamental mechanisms
governing phonon behavior in anisotropic materials.
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