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In this article, we show time-resolved reflectivity experiments in a pump and probe configuration on Bismuth single crystal, 
with two crystallographic orientations: one with the principal axis orthogonal to the surface plane, and the other one with the 
principal axis in the surface plane. We point out the strong anisotropy in the ultrafast response by comparing the results on 
the two different orientations and we discuss them in the light of the two-temperatures model. 
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1. Introduction 
 
The study of lattice and electrons dynamics is a key 

point in the knowledge and understanding of material 
properties1. Actually, the electron-phonon interaction 
controls most of the physical properties of a crystal, such 
as the transport properties, and determine the path of a 
phase transition2. In order to discriminate the contribution 
of the different phonon modes to the electron-phonon 
interaction, it is convenient to excite only one phonon 
mode at the time3,4, and to follow its dynamics together 
with its energy exchange with the electrons. This is 
possible by time-resolved reflectivity measurements in a 
pump and probe scheme. Many materials have been 
subjected to this type of investigations, ranging from 
standard metals5,6 to strongly correlated materials7,8 like 
superconductors9,10. Recently, the advent of femtosecond 
X-ray11,12 and electrons sources13 have strongly supported 
the further development of the ultrafast studies in 
condensed matter, allowing the necessary spatial 
resolution within the elementary cell of the crystal. 

In this type of studies, the prototype sample has 
always been the bismuth crystal. This is due to its simple 
crystallographic structure with only two atoms in the 
elementary cell, displaced symmetrically along the 
principal diagonal, that is the [1,1,1] direction with respect 
to the trigonal cell coordinates, to which we will refer here 
as principal axis. The completely symmetric optical 
phonon mode, called A1g, which consists of the oscillation 
of the two atoms in the elementary cell one against the 
other, reminds the textbook case of a simple harmonic 
oscillator, and it is therefore a perfect starting point to 
build our knowledge on the lattice dynamics in the 
photoexcited state. For this reason, bismuth has been 
widely used as first sample in a number of investigations, 
ranging from time-resolved reflectivity5 to X-ray 
diffraction14,15, XUV16 or femto-ARPES17 experiments. 
Time-resolved reflectivity measurements in Bismuth have 
always been carried out by using a crystallographic 

orientation with the principal axis orthogonal to the 
surface plane, therefore with [1,1,1] crystallographic 
orientation, showing some general features in the electron-
phonon interaction. It is interesting to note that the 
electronic properties of Bismuth are strongly anisotropic 
with respect to the principal axis, and therefore different 
behaviours must be expected for different crystallographic 
orientations. 

In order to study the influence of the crystallographic 
orientation, we carried out transient reflectivity 
experiments on bismuth single crystal with the principal 
axis orthogonal and parallel to the sample surface. 

 
2. Experimental setup 
 
Experiments have been carried out with a homemade 

laser system, delivering 40 fs pulses centered at 800 nm 
wavelength at 1 kHz repetition rate. Although the full laser 
pulse energy can reach 10 mJ after compression, in this 
experiment we have only used few μJ on the sample. The 
whole experimental setup for pump-probe experiment is 
shown in Fig. 1, and further details are found in reference1. 
The outcoming laser pulse has been dived into two parts 
by using a (80%, 20%) beam splitter, used as the pump 
and probe pulse, respectively. The pump pulse goes trough 
a motorized delay line, consisting of two mirrors mounted 
on a microstep motor. Pump and probe pulses were cross 
polarized. Pump and probe were spatially separated by 
using close but different incident angles at the sample 
surface, in order to reduce the additional noise that would 
be produced by the detection of the pump beam. In order 
to further reduce the pump induced noise, we used an 
analyzer in front of the probing photodiode in order to 
discriminate only the detection of the polarization 
component corresponding to the probe beam. The pump 
beam was focussed on a 120 μm spot size diameter, 
whereas the probe beam was focussed on a 20 μm spot 
size diameter. This ensures that the probe pulse interacts 
with an uniformly excited area on the sample surface. 
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Typical fluencies used were in the range of 4 to 20 
mJ/cm2. The pump beam was chopped at 500 Hz, and the 
reflected signal was detected by using a lock-in amplifier. 
This allowed us to reach a sensitivity of around 10−5, 
which is today the state of the art at this repetition rate1,3,4. 

 
 

 
Fig. 1. Experimental setup1. The details are explained in 

the text. 

 
3. Experimental results and discussions 
 
Fig. 2 shows a comparison between the behavior of 

the transient reflectivity of bismuth single crystal with two 
different crystallographic orientations, with the principal 
axis orthogonal and parallel to the sample surface, to 
which we will refer as OS and PS, respectively. 
Qualitatively, the two responses show different dynamics. 
Close to time zero, both curves exhibit an increase in 
reflectivity followed by damped coherent oscillations, 
superimposed to a slow relaxation. However, in the OS 
sample, the transient relaxation goes into the negative 
change of the reflectivity after around 5 ps, reaching a 
metastable plateau at around 20 ps. Instead, in the PS 
sample, the slow relaxation does always remain within 
positive values, reaching a metastable plateau in around 5 
ps. This qualitative difference was observed for the whole 
range of excitation fluencies. 

 
 

 
Fig. 2. Transient reflectivity for two types of Bismuth 
samples: principal axis orthogonal to the sample surface 
(blue line) and principal axis parallel to the sample 
surface (red line). Fluency was around 15 mJ/cm2 in both  
                                           cases. 

When the pump pulse heats the sample surface, at t = 
0, the heat is transferred first to the electrons, which 
therefore increase their density and temperature, leaving 
the lattice at room temperature. This instantaneous 
modification in the electrons density modifies 
consequently the interatomic potential, acting as an 
impulsive force exciting the coherent phonon mode. For t 
> 0, electron-phonon collisions determine the energy 
transfer from the electrons to the lattice, in a time scale 
that depends on the electron-phonon coupling. Therefore, 
the three parts of the transient reflectivity behaviour can be 
explained3,4 by assuming that the reflectivity changes 
linearly as function of the electrons temperature Te(t), the 
lattice temperature TL(t) and the phonon displacement Q(t) 
through the equation3,4  
 

R t   C1 Te t C2  TL t C3  Q t  (1) 

 
where the constants C1, C2 and C3 contain the expression 
of the derivatives with respect to Te(t),TL(t) and Q(t) 
calculated at equilibrium. In equation (1), the temporal 
behaviour of electrons and lattice temperatures is known 
through the two temperatures model 
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where Ce and CL are the electrons and lattice heat 
capacities, respectively, g is known as electron-phonon 
coupling constant, z is the propagation direction axis of the 
laser into the crystal, and κe and κL are the electrons and 
lattice thermal conductivities. In the time range considered 
in this article, we can neglect the lattice thermal 
conductivity, because it takes place on a nanosecond time 
scale. Q(t) is the oscillatory part of the phonon term5 and 
can be expressed as damped cosine oscillation 
 

Q t   Aph et cos  t    (3) 

 
where Aph is the oscillation amplitude, γ is the damping 
rate, ω is the angular phonon frequency and φ is the 
oscillation phase. The equations (1) and (2) have been 
already successfully applied to the transient reflectivity 
study of OS sample3,4. Here we focus on the description of 
the PS sample. 

We have investigated the PS sample in a broad range 
of fluencies. The phonon frequency versus the pump 
fluence exhibits standard behavior18,19, Fig. 3, consisting in 
an initial red shift proportional to the pump fluence, 
followed by exponential like relaxation toward the 
equilibrium frequency. This is explained by the 
modification in the shape of the interatomic potential 
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induced by the excitation of electrons into the conduction 
band20. 

 

 
Fig. 3. Oscillating part of the transient reflectivity at 
increasing pump fluencies, from blue to green line. 

 
 
The interesting part is the whole analysis of the 

transient reflectivity behaviour using equation (1). As 
already demonstrated in reference [3], for Bismuth crystal 
with the principal axis orthogonal to the sample surface, 
the constant C1 > 0, whereas C2,3 < 0. This means that the 
increase in electrons and lattice temperatures produces an 
opposite sign change in the transient reflectivity. 
Therefore, the effect of electrons and lattice temperature 
are competing until the thermal equilibrium is reached, 
producing the changes toward negative value of the 
transient reflectivity. Instead, by looking at Fig. 2, it is 
clear that when the principal axis is parallel to the sample 
surface, there is no sign competition. In other words, C1 > 
0 and C2 > 0, therefore the increase of both electrons and 
lattice temperature produces an increase in the transient 
reflectivity. By using this approach, we can have a good fit 
of the data, as shown in Fig. 4. By comparing the two 
types of crystal orientations, this shows that the main 
effect of the anisotropy is to change the sign of the 
response of the reflectivity to the increase of the lattice 
temperature. This should be related to the changes in 
dielectric function. Actually, the explicit expression of the 
C2 constant is 
 

C2 
R

Re


Re

TL


R

 Im


 Im

TL

 (4) 

 
where εRe and εIm are the real and imaginary part of the 
dielectric function at wavelength λ = 800 nm. The 
derivatives ∂R/∂εRe and ∂R/∂εIm can be calculated by using 
the Fresnel equations. Instead, a further model is needed to 
determine the expression of the dielectric function versus 
the lattice temperature and versus the electrons 
temperature. A convenient approach is to consider a Drude 
approximation of the dielectric function and to expand the 
electron-phonon collision rate through the kinematical 
approximation3,4. It is interesting to note that this finding 

validates the theoretical approach introduced originally in 
reference [3], and suggests to investigate in more details 
the effect of anisotropy in bismuth with other techniques, 
such like femtoARPES or X-ray diffraction. 
 

 
Fig. 4. Fit to the experimental data with the theoretical 

approach explained in the text. 

 
4. Conclusions 
 
In conclusion, we have shown transient reflectivity 

measurements on Bismuth single crystal with the principal 
axis parallel to the sample surface. The results clearly 
show the effect of the anisotropy of Bismuth, especially 
concerning the changes in transient reflectivity induced by 
the lattice temperature. The experimental results were 
explained using a first order approximation of the 
reflectivity changes, together with the two temperatures 
model. These results stimulate a new direction of 
experiments in Bismuth crystal. 
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