
Quantum Electronics  43 (4)  313 – 319  (2013)	 © 2013  Kvantovaya Elektronika and Turpion Ltd

Abstract.  Femtosecond spectroscopy in the wavelength range 
0.4 – 2.3 mm has been used to probe ultrafast electronic and lattice 
processes in bismuth. The photoresponse of a bismuth crystal is 
shown to comprise components with relaxation times of 1 ps, 7 ps, 
and ~1 ns. The electron – hole and electron – phonon interaction 
strengths in bismuth are found to depend significantly on the wave 
vector in the Г – T direction of the Brillouin zone. Comparison 
of  the spectral dependences of the amplitudes of coherent Eg and 
A1g phonons and the corresponding dependences of the Raman scat-
tering cross sections indicates that these phonon modes differ in 
generation mechanism. The generation of coherent A1g phonons 
is mainly due to displacement of the equilibrium position of atoms 
in the crystal lattice in a nonequilibrium state. This process differs 
fundamentally from resonance Raman scattering responsible for 
the coherent excitation of low-symmetry phonon modes.

Keywords: femtosecond spectroscopy, electron – phonon coupling, 
bismuth, coherent phonons.

1. Introduction

In the past two decades, both theorists and experimentalists 
have paid a great deal of attention to the interaction of ultra-
short laser pulses with solids. Constant interest in this issue 
is generated primarily by the fact that the range from femto- 
to nanoseconds, investigated by standard ultrafast optical 
techniques, includes characteristic times of fundamental 
processes, such as electron thermalisation, electron – phonon 
relaxation, formation and decay of collective excitations 
(excitons, polarons, magnons and others), phase transitions 
and many others.

A special place is held by the use of ultrashort laser pulses 
for probing opaque crystals. The laser energy is then absorbed 
by electrons within ~10 fs, a time short compared to the char-
acteristic period of atomic motion (~100 fs at room tempe
rature). As a result, the interatomic potential of the solid 
changes significantly, especially under the action of high-power 
femtosecond pulses. The relaxation of highly nonequilibrium 
states of this kind may be accompanied by unusual effects, 

including ultrafast atomic disordering (or nonthermal melting), 
ultrafast structural transitions of solids and ‘coherent’ phonon 
(CP) generation.

The ability to determine the modified interatomic poten-
tial and predict further evolution of the electron and lattice 
subsystems of the crystal is a challenging problem in the theory 
of solids. As a result, simplified or even phenomenological 
approaches are often used in interpreting experimental data.

One example is the so-called two-temperature model [1], 
which is widely used to interpret the kinetics of photoexcited 
electrons in semiconductors and metals. According to this 
model, femtosecond laser radiation is absorbed by some of 
the valence electrons, producing a nonequilibrium electron 
distribution. Electron – electron interaction leads to energy 
redistribution between all charge carriers, following which a 
particular electron temperature Te sets in. This process, com-
monly referred to as thermalisation, lasts from a few to tens 
of femtoseconds. Therefore, at the end of a pump pulse, the 
crystal lattice is at room temperature, T0, whereas the electron 
subsystem has a temperature Te >> T0. The subsequent pro-
cess is energy transfer from the ‘hot’ electron ensemble to the 
‘cold’ lattice through electron – phonon coupling over a period 
considerably longer than the thermalisation time. Thus, an 
excited state of a crystal can be characterised by the total 
number of photoexcited electrons or their temperature.

One prominent example that casts doubt on the applica-
bility of this approach is crystalline bismuth. The relaxation 
of the nonequilibrium electron distribution in this material 
is accompanied not only by heating of its crystal lattice but 
also by intense correlated atomic vibrations of certain spatial 
symmetry. The frequency of such vibrations is as a rule close 
to the frequency of the A1g phonon mode of bismuth, so the 
process in question is referred to as CP generation in the 
crystal [2, 3].

Currently, CPs in bismuth are being actively studied in the 
context of possible structural quantum effects. The ability to 
detect correlated vibrations allows one to gain insight into 
electron – phonon coupling, phonon anharmonicity [4] and 
laser field coherence transfer to the crystal lattice. Intriguing 
assumptions have been made that one can create squeezed 
and entangled phonon states [5] and a transient Bose – Einstein 
condensate of phonons [6]. Note that not only essentially 
quantum-mechanical phenomena but even the observation 
of coherent atomic vibrations cast doubt on whether thermo-
dynamic models of relaxation similar to the two-temperature 
model are applicable to bismuth [2, 7, 8].

Another distinctive feature of bismuth is that it has 
unusual electronic properties. Bismuth is a semimetal and has 
an indirect overlap of its valence and conduction bands [9]. 
Because of this, depending on photon energy a laser pulse 
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may cause ‘interband’ and ‘intraband’ electronic transitions, 
similar to those in semiconductors and metals, respectively. 
Since different energy levels become filled in these transitions, 
the relaxation of nonequilibrium states in bismuth is a rela-
tively complex process [10].

The use of simplified models for interpreting ultrafast pro-
cesses in bismuth is in many respects caused by the character 
of available data. In almost all studies, so-called degenerate 
pump – probe measurements were used to gain insight into 
ultrafast phenomena in bismuth. The processes of interest are 
initiated by a pump pulse and are detected using a time-
delayed probe pulse to measure the transmission or reflectivity 
of the sample. Both laser pulses reproduce the input pulse 
and, hence, their relatively narrow spectrum is centred at the 
same wavelength. As a result, there is a photoresponse at only 
one wavelength and the evolution of the nonequilibrium state 
is difficult to interpret unambiguously. In a number of studies, 
bismuth was probed by X-ray [11, 12] or electron diffraction 
[13, 14] and angle-resolved electron spectroscopy [15]. In the 
former case, however, essentially no information about the 
dynamics of outer electrons is provided and, in the latter, 
surface states are primarily probed.

In this study, the photoresponse of bismuth is examined 
for the first time in the visible and near-IR spectral regions. 
Near-IR excitation is shown to slow down the electron 
dynamics in bismuth and initiate the generation of CPs of the 
E1g (doubly degenerate) mode, along with A1g (totally sym-
metric) vibrations [16]. Our data on the decay of nonequi
librium excited states demonstrate that there are several 
groups of charge carriers that differ markedly in relaxation 
time, which invalidates the concept of a fully thermalised 
ensemble of electrons that determines the photoresponse of 
bismuth. Various groups of charge carriers are assigned to 
particular regions in the Brillouin zone, electron – phonon 
coupling strength is evaluated for electronic states with the 
corresponding wave vectors, and the generation mechanisms 
are identified for CPs of various spatial symmetries.

2. Experimental details

In our experiments, we employed a standard pump – probe 
technique, with femtosecond pulses generated by a Ti : sapphire 
laser at wavelengths l = 800 and 400 nm (after frequency 
doubling in a BBO crystal) or l = 600 – 2300 nm (after para-
metric amplification). The pump pulse duration was ~70 fs. 
In addition, supercontinuum pulses ( l = 450 – 780 nm) were 
used as probes. The pump and probe pulses were focused 
onto the surface of a bismuth single crystal cleaved along the 
(111) plane. The spot diameter of the pump laser beam on the 
crystal surface exceeded that of the probe beam. We measured 
the relative reflectivity change DR(t)/R as a function of pump – 
probe delay time t. Two measurement systems were used: 
multichannel (resolution, 250 fs; sensitivity, ~10–4DR/R), 
with broadband supercontinuum detection by linear photo
diode arrays, and single-channel (resolution, 100 fs; sensitivity, 
~10–5 DR/R), with narrow-band detection by individual photo
diodes. All the measurements were made at room tempera-
ture and atmospheric pressure.

3. Results and discussion

The photoresponse of bismuth (Fig. 1) comprises a monotonic 
signal and damped oscillations. These latter are caused by CPs 
of A1g symmetry, whereas the monotonic component repre-

sents the relaxation of photoexcited carriers and incoherent 
(thermal) processes in the crystal lattice. In experiments, such 
CPs can be detected only indirectly, but comparison with 
X-ray measurement results in a previous study [17] indicates 
that the optical pump – probe technique gives adequate CP 
parameters: the frequency, phase and decay time.

The total photoresponse of bismuth, shown in Fig. 1 for 
two probe wavelengths, can be represented as

DR/R = Aexp(– gt) cos[nA(t)t] + (DR/R)mon ,	 (1)

where A is the amplitude and g » 0.5 ps–1 is the decay rate of 
the A1g oscillations. The monotonic component of the signal, 
(DR/R)mon, can be represented in the form

(DR/R)mon = s1 exp(–t/t1) + s2 exp(–t/t2) + s3,	 (2)

where s1, s2 and s3 are the contributions of components at a 
given probe wavelength (the time delay t is in picoseconds). 
Strictly speaking, s3 should also be multiplied by an expo
nential, but its decay time is so long (~1 ns according to our 
measurements) that the approximation we use is accurate 
enough for a period of 30 ps. The above components corre-
spond to several groups of electrons with different relaxation 
rates, which are determined primarily by electron – phonon 
coupling efficiency.

The oscillation amplitude and the contributions of the 
fastest and quasi-constant components are wavelength-depen-
dent. At the same time, the instantaneous frequency and life-
time of the vibrations are independent of the probe wavelength 
at a given excitation intensity and wavelength. Representing 
the monotonic photoresponse of bismuth at two wavelengths 
by (2), we obtained t1 = 1.0±0.5 ps, t2 = 7.0±0.5 ps and s2 » 
0.007 over the entire range of probe wavelengths studied. 
Figure 2 shows s1, s3 and A as functions of probe wavelength.

One incoherent process that can underlie the above data is 
energy transfer from excited electrons to the crystal lattice, 
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Figure 1.  Photoresponse DR/R of bismuth measured at wavelengths of 
( 1 ) 780 and ( 2 ) 600 nm with the single-channel system using 400-nm 
pump pulses with a fluence of 1.3 mJ cm–2. The solid lines represent the 
slow component of the electronic response and the dashed line repre-
sents the fast component.
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similar to what occurs in metals. This process shows up as a 
reduction in reflectivity, uniform throughout the visible range 
(s2 is wavelength-independent), with a relaxation time of 7 ps. 
The reflectivity of bismuth is known to decrease with increas-
ing temperature [18], and the decrease is uniform over the 
spectrum. It is therefore reasonable to assign the s2 com
ponent to the heating of the crystal due to the interaction of 
its lattice with some of the excited electrons. Using earlier 
data [19], we can estimate the increase in temperature in our 
case. Wu and Xu [19] obtained d(DR/R)/dT = 8.5 ́  10–5 K–1. 
Dividing s2 = 0.007 by this value, we find that, ~20 ps after 
heating is ceased, the temperature of the crystal is 383 K. It is 
worth noting that this temperature is substantially lower than 
the melting point of bismuth (490 K). The above estimate 
indicates that, at the excitation fluence used in our experi-
ments (~1 – 2 mJ cm–2), bismuth is crystalline throughout the 
relaxation process.

Since DR/R ¹ 0 at long delay times, the relaxation process 
in crystalline bismuth does not cease after heating. The residual 
signal is determined by the slow component s3( l), whose 
nanosecond dynamics are characteristic of semiconductors. 
In semiconductors, electrons excited by ultrashort laser pulses 
to the conduction band rapidly occupy states near its bot-
tom, and the characteristic time of subsequent electron – hole 
recombination typically lies in the nanosecond range. Even 
though bismuth is not a semiconductor but a semimetal, with 
its valence and conduction bands overlapping each other, the 
overlap is indirect and the electron – hole recombination near 
the Fermi level is a rather slow process [20]. Thus, the s3( l) 
component is attributable to nonequilibrium electrons that 
occupy states in the conduction band near the Fermi level. 
Note that the recombination of these charge carriers makes no 
significant contribution to the heating of the sample because 
it occurs simultaneously with the heat diffusion to the interior 
of the crystal, whose characteristic time also lies in the nano-
second range.

An important point is that the s3( l) spectrum is similar in 
shape to the spectral dependence of the coherent amplitude. 
Indeed, it is seen in Fig. 2 that both spectra have a minimum 

near l = 620 nm. The coincidence is rather interesting and can 
be interpreted as follows.

A1g vibrations are known to be antiphase vibrations of 
two atoms that constitute a unit cell of bismuth along its 
trigonal axis [21, 22]. The equilibrium distance between these 
atoms is often referred to as an internal displacement, d. The 
d value determines the distinction of the rhombohedral struc-
ture of bismuth from a cubic structure and the indirect overlap 
of its valence and conduction bands. Because of this, the free 
carrier concentration depends on d. Since the number of 
free  carriers influences the intensity of the light reflected 
from the crystal, a change in internal displacement, Dd, leads 
to an increase or decrease in reflectivity, DR. CPs of A1g 
symmetry correspond to a periodic modulation of d and, 
accordingly, show up as reflectivity oscillations with a wave-
length-dependent amplitude A( l). Another way to change 
the number of free carriers, in addition to changes in d, is to 
fill states near the Fermi level using photons. It is possible 
with femtosecond excitation because the excited electrons 
lose their energy and some of them accumulate near the Fermi 
level. Their contribution to the photoresponse is represented 
by the nanosecond component s3, whose spectrum in the case 
under consideration should have common features with the 
spectrum of the A1g oscillation amplitude. This is what is 
observed: the s3( l) and A( l) spectra are similar in shape. The 
minimum in both spectra at l = 620 nm (2 eV) may be due to 
the influence of the La(2) – Ls(3) interband transition (in the 
notation proposed by Wang and Jain [23]), with an energy of 
1.92 eV.

Consider another important correlation found in our 
experiments. The instantaneous frequency of coherent A1g 
phonons, nA, varies with time, which is due to the effect of 
excited electrons on the interatomic potential of the bismuth 
crystal. At a near-zero delay time, nA is lower than the steady-
state frequency n0 obtained in Raman measurements (so-
called frequency softening, or bond softening). As shown pre-
viously [17],

nA(t) » n0 + Dnexp(–t/t),	 (3)

where n0 = 2.93 THz; t = 1±0.3 ps; and Dn is the excitation-
intensity-dependent frequency change due to the softening 
effect. Thus, the characteristic relaxation time of the instanta-
neous frequency of A1g vibrations coincides with that of the 
fast component s1 of the monotonic response to within the 
present measurement accuracy. This suggests that there is 
strong coupling between the A1g phonon mode and the group 
of electrons with picosecond dynamics. To find out where in 
the Brillouin zone these nonequilibrium charge carriers are 
located, we used near-IR femtosecond pump pulses. The pump 
wavelength was varied in the range 400 to 2300 nm. In each 
case, we took into account the pump beam spot diameter on 
the sample surface and the reflectivity of bismuth at a parti
cular wavelength in order to ensure a constant excitation 
intensity (optical field intensity in the surface layer of the 
sample) throughout the spectral range studied. When this 
condition was satisfied, the amplitudes of the picosecond 
(t2 = 7 ps) and nanosecond components were essentially inde-
pendent of the pump wavelength. This is well seen in Fig. 3, 
which compares the photoresponses measured using femto-
second pulses at l = 400 and 2300 nm. After ~4 ps, the curves 
almost coincide, whereas at shorter delay times they differ 
markedly, which is primarily due to the smaller amplitude of 
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Figure 2.  Spectra of the amplitude A of coherent oscillations (dashed 
line) and the fast (s1, ) and quasi-constant (s3, +) components of the 
monotonic photoresponse (data extracted from multichannel measure-
ment results).
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coherent oscillations and smaller contribution of the compo-
nent with t1 = 1 ps under IR excitation. Moreover, a detailed 
analysis indicates that the longer wavelength excitation leads 
to a smaller phonon frequency shift.

The oscillation amplitude and the contribution of the com-
ponent with t1 = 1 ps were measured as functions of pump 
photon energy in the range 0.5 – 3 eV. To reach the best sensi-
tivity, the measurements were made with the single-channel 
system at a probe wavelength of 800 nm. The results (Fig. 3b) 
demonstrate that the amplitude of CPs and that of the s1 
component are similar in behaviour: both decrease con
siderably at pump photon energies below ~0.7 eV.

To relate this energy to the electronic properties of bis-
muth, we used the band structure parameters of bismuth cal-
culated by Golin [24]. The energy of 0.7 eV approaches the 

energies of the G6+(5) – G6–(6) and G+45(4) – G6–(6) optical tran
sitions: 0.821 and 0.825 eV [24]. In piezoreflectance experi-
ments [23], the respective values were 0.69 and 0.81 eV, so it is 
reasonable to assign the s1 component to excited electrons that 
occupy states in the band containing point G6– (Fig. 4). Thus, 
when the pump photon energy exceeds 0.7 eV, electrons can 
occupy these states either directly or through relaxation from 
higher energy levels due to electron – electron interaction. The 
relaxation time is substantially shorter than the time resolu-
tion in our experiments, as evidenced by the similarity of the 
photoresponses under excitation in the visible spectral 
regions.

It is important here to take into account as well the decrease 
in phonon frequency shift with increasing pump wavelength. 
This result indicates that excited electrons in the band con-
taining point G6– cause significant A1g mode softening. Since 
A1g in bismuth is a Peierls distortion mode, it is reasonable 
to  draw an analogy with quasi-one-dimensional materials. 
Indeed, in materials characterised by a Peierls distortion of 
the crystal lattice, strong coupling would be expected between 
longitudinal optical phonons in the centre of the Brillouin 
zone and electronic states at its periphery. In bismuth, the 
internal displacement d, which is an order parameter of the 
Peierls phase, is parallel to the trigonal axis, which corre-
sponds to the Г – L – T direction in reciprocal space. In this 
case, the longitudinal optical phonons that modulate d are A1g 
phonons in the form of a coherent wave packet composed of 
states near the centre of the Brillouin zone. Thus, it follows 
from the above analogy that excited electrons responsible for 
the s1 component occupy states near point T6+ in the Brillouin 
zone of bismuth.

The electronic states that are excited at photon energies 
below 0.7 eV are characterised by picosecond (~7 ps) ‘cooling’ 
(by analogy with metals) and nanosecond relaxation (see Fig. 4). 
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Figure 3.  (a) Photoresponse of bismuth at a probe wavelength of 800 
nm under pulsed excitation at l = 400 (solid line) and 2300 nm (dashed 
line). (b) Initial oscillation amplitude A ( ) and amplitude of the s1 com-
ponent with t1 = 1 ps ( ) as functions of pump photon energy.
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Figure 4.  Portion of the band structure of bismuth from Ref. [23]. The 
grey arrow represents resonance electron excitation resulting in the 
component with t1 = 1 ps and A1g phonon generation. The open arrow 
represents intraband transitions which cause only charge accumulation 
near the Fermi level. The cross-hatched areas represent excited electrons 
and holes with nanosecond lifetimes at points L and T.
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It is reasonable to identify these charge carriers as nonequilib-
rium electrons and holes at points L and T, respectively, near 
the Fermi level. The relaxation with a characteristic time of 
~1 ns is then their indirect recombination.

Varying the pump pulse wavelength leads not only to a 
reduction in the oscillation amplitude of coherent A1g pho-
nons and in electron relaxation rate but also to another inter-
esting effect. It can be observed at lower excitation fluences 
(~0.1 mJ cm–2).

Figure 5 shows the relative reflectivity change as a func-
tion of time delay for bismuth under excitation with 400- 
and 1300-nm pulses (excitation fluence, ~0.3 mJ cm–2 ). The 
Fourier spectra presented in Figs 5b and d demonstrate that 
the principal distinction between the curves in Fig. 5 is the 
presence of strongly damped 2.1-THz oscillations, which are 
attributable to coherent phonons of Eg symmetry [4, 25]. With 
Eg vibrations included in analysis, a good fit to these curves 
can be obtained.

Figure 6 shows the spectral dependences of the amplitude 
for the totally symmetric and doubly degenerate phonon modes. 
The amplitude of the Eg oscillations is seen to be almost zero 
in the visible range (at pump wavelengths l = 400, 600 and 
700 nm). At the same time, at l ~ 800 nm the Eg mode ampli-
tude begins to rise, reaching a maximum near l = 1300 nm 
(~1 eV). In contrast, the A1g phonon amplitude is roughly 
constant in the visible and near-IR spectral regions, up to 
l  =  1300 nm. At pump wavelengths above l = 1800 nm 
(~0.7 eV), the generation efficiency of the two phonon modes 
drops significantly.

The result obtained is remarkable in that it demonstrates 
the feasibility of observing relatively strong coherent Eg pho-
nons (the Eg amplitude is one-quarter of the A1g amplitude) 
even in standard pump – probe experiments at room tempera-
ture by using an appropriate pump wavelength. In previous 
studies, the photoresponse was dominated by totally sym
metric CPs, and doubly degenerate CPs were only detected at 
low temperatures [25] or high excitation fluences [4], or when 
anisotropic detection was used [26]. The efficient Eg phonon 
generation is obviously the consequence of the resonance 
character of the process, as supported by the shape of the 
spectral dependence of the Eg amplitude (Fig. 6).

It is now worth turning to existing models for the band 
structure of bismuth in order to attempt to identify which 
electronic transitions are responsible for the observed reso-
nance near epump = 1 eV. As above, theoretical results [24] 
and experimental piezoreflectance data [23] can be used for 
this purpose. It is worth noting that the femtosecond pulses 
employed in our measurements had a rather broad spectrum. 
The same refers to the width of the electronic bands involved 
in optical transitions in bismuth. Because of this, the A1g and 
Eg resonances can be interpreted in several ways. According 
to Golin [24], these are the La(5) – Ls(7), G+45(4) – G6–(6) and 
G6+(5) – G6–(6) transitions, with energies of 1.15, 0.825 and 
0.821  eV, respectively. Slightly lower values were extracted 
from piezoreflectance data: 1.13, 0.81 and 0.69 eV [23]. In this 
case, the maximum in the Eg amplitude corresponds to one 
of  the above transitions. When the carrier frequency of a 
femtosecond pump pulse approaches the frequency of a tran-
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sition, the CP generation efficiency rises steeply. If the fre-
quency is detuned from resonance, the efficiency drops and 
the Eg mode is essentially impossible to detect by a standard 
pump – probe technique.

The description of CP generation in terms of a generalised 
Raman scattering model [27, 28] suggests that the coherent 
oscillation phase in the case of resonance should be p/2, which 
corresponds to a cosinusoidal time dependence. In bismuth, 
resonance conditions are realised for both the A1g and Eg 
modes, so the initial phase shift of the two modes in this 
model should be taken to be zero. However, analysis of our 
experimental data indicates a 90° phase difference at l = 
1300 nm and at any pump wavelength at which we were able 
to measure the Eg oscillation amplitude [16].

Clearly, this result is at variance with the simplest version 
of the generalised Raman scattering model, but the contra
diction can be eliminated by taking into account the finite 
carrier lifetime, as was done by Riffe and Sabbah [29]. To 
this  end, the lifetime of charge carriers associated with Eg 
phonons should be assumed to be much shorter than the 
pump pulse duration. In addition, the carrier concentration 
should be anisotropic to satisfy symmetry constraints.

There is, however, a serious argument against applying 
any version of the generalised Raman scattering model to 
totally symmetric vibrations. In a previous study [16], we 
compared the amplitudes of the A1g and Eg modes obtained 
in  our time-resolved experiments to the corresponding 
Raman  scattering cross sections measured in the range 
epump = 1.55 – 2.7 eV [30]. The results demonstrate that only 
for the Eg mode do the Raman scattering cross section 
and CP amplitude vary similarly with pump wavelength. The 
spectral range used by Renucci et al. [30] was too narrow to 
find the exact resonance position of the Eg mode. Never
theless, they assumed that Raman scattering would be most 
efficient at photon energies near the energy at the critical 
point E1 of bismuth (1.2 eV) [30]. This point corresponds to 
the above-mentioned transition La(5) – Ls(7).

In contrast to the Eg oscillations, coherent A1g phonons 
are effectively generated only when the pump photon energy 
exceeds a critical value, which was determined to be ~0.7 eV. 
When this condition is met, the amplitude and even the entire 

photoresponse are essentially independent of pump wave-
length. The observed distinction between the Raman A1g 
resonance profile and the pump wavelength dependence of 
the amplitude of coherent A1g phonons leads us to conclude 
that phonon generation through Raman scattering is ineffi-
cient in the case of totally symmetric phonons in bismuth.

The key role of absorbed energy and the unusually high 
efficiency of totally symmetric CP generation lead us to con-
clude that, in this case, the generation mechanism is displace-
ment of the equilibrium position of atoms in the crystal lat-
tice (displacive excitation of coherent phonons (DECP)). This 
process involves the modification of the interatomic potential 
due to energy redistribution between highly nonequilibrium 
charge carriers and carrier accumulation near point T6+ in the 
Brillouin zone. Since the characteristic time of electron – 
electron interaction is shorter than the A1g vibration period, 
coherent atomic vibrations can be generated.

4. Conclusions

An ultrafast response of a bismuth single crystal to a femto-
second laser pulse has been measured in a broad spectral 
range. In contrast to simple models that describe a nonequi-
librium state of bismuth by the total number of excited elec-
trons, multicomponent electron dynamics were observed, 
with characteristic times from pico- to nanoseconds. Several 
groups of photoexcited charge carriers were identified, with 
different strengths of coupling to the crystal lattice. The 
most efficient coupling is that of electronic states near point T 
in the Brillouin zone to optical A1g phonons at its centre. 
Incoherent dynamics are shown to involve heating of the 
crystal lattice in ~7 ps and nanosecond indirect electron – hole 
recombination near the Fermi level. Resonance amplification 
of the amplitude of the Eg mode has been demonstrated at a 
pump photon energy of ~1 eV. The spectral dependences of 
the amplitudes of the A1g and Eg modes have been compared 
to experimental Raman scattering data. The results lead us to 
conclude that the generation of A1g phonons is caused by dis-
placement of the equilibrium position of atoms in the crystal 
lattice. The generation of Eg phonons is due to resonance 
Raman scattering.
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