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Femtosecond spectroscopy
of promising materials

S V Chekalin

1. Introduction

One of the most powerful tools for studying the dynamics
and structure of various materials is nondestructive optical
methods preserving all the functional properties of the
samples in the performance of the exploration. Obviously,
the properties of promising (next-generation) nanostruc-
tured materials are mainly determined by the spatial
distribution of structural components, their mutual pack-
ing, and interaction. In turn, information about this can be
obtained by studying the relaxation properties of matter.
The nanometer sizes of subunits assume that the minimal
relaxation times of excitations lie in the femtosecond range.
Therefore, femtosecond spectroscopy can be applied for the
study and certification of such materials. This was demon-
strated in experiments on the ultrafast spectroscopy of
photoinduced processes in fullerene±metal nanostructures
of various types [1, 2], where a strong dependence of the
relaxation observed was found on both the relationship
between the quantities of metal and fullerenes and their
mutual packing in samples.

Nearly the last 40 years of the 45-year history of the
Institute of Spectroscopy, RAS (ISAN in Russ. abbr.) are
concerned with ultrafast spectroscopy based on ultrashort
laser pulses (USPs) [1]. Applications of USPs for scientific
studies were initiated in 1973 with the advent of picosecond
lasers (see monograph and theses [3] and references cited
therein). At the same time, the generation mechanism of
femtosecond pulses upon radiation self-focusing in an
active element was disclosed in paper [4]. This mechanism
is used in third-generation solid-state lasers [5] which have
become the most popular. The first femtosecond dye laser
in the USSR was launched at ISAN in 1979 [6]. However, a
few years was required to develop the equipment for the
first experimental study of the ultrafast dynamics with
femtosecond time resolution [7]. In the early 2004, modern
femtosecond equipment, based on third-generation lasers
and developed at ISAN with the support of RAS and other
institutions, was combined in one unique spectrometric
facility at the Center of Collective Use (CCU) [1]. This
allowed us to begin collaborative experiments with many
Russian institutes, the number of them increasing continu-
ously along with expanding experimental feasibilities of the
facility.

2. Femtosecond laser complex
at the Center of Collective Use
at the Institute of Spectroscopy, RAS

The Optical Spectral Studies laser facility at ISAN's CCU
is described in detail in Ref. [1], and therefore we mention
here only the expansion of its capacities for the last eight
years:

(i) The output energy of a 800-nm laser pulse was
increased to 4 mJ, and the pulse duration was shortened to
30 fs.

(ii) A terahertz channel was put in operation (see Section
4.2).

(iii) A pump±probe scheme based on a photoionization
time-of-flight mass spectrometer equipped with a pulsed
supersonic nozzle for studying the cluster dynamics was
triggered (see Section 3.1.3).

(iv) Single-channel detection systems are being developed
for the visible and IR ranges with a sensitivity up to 10ÿ5.

(v) Nanolocalized electron, ion, and X-ray sources based
on microcapillaries were developed, and they can be posi-
tioned in space with a nanometer accuracy (see Sections 3.3
and 4.1).

3. Experiments on the equipment
from the Center of Collective Use

In major experiments both under way and planned for the
nearest future, two main lines of inquiry can be distinguished.
The first concerns the femtosecond dynamics of various
objects and next-generation materials; this study is per-
formed by the pump±probe method. The equipment at CCU
makes it possible to run such experiments using ultrashort
UV, visible, and IR pulses in the region from 200 to
10,000 nm, terahertz (0.5±10 THz) pulses, nanolocalized
electron and ion bunches, and soft X-ray pulses. The second
direction is related to investigations that can considerably
expand the capacity of the laser facility at CCU. They include
the generation of ultrashort electron, ion, and X-ray beams,
the efficient transformation of radiation to the terahertz
range, the diffraction division of pulses, the search for
optimal regimes of radiation conversion to supercontinuum,
and the generation of `light bullets'. Currently, extensive
studies are in progress on the creation of a four-dimensional
(4D) microscope.

3.1 Study of the femtosecond dynamics
in free molecules and molecular complexes
3.1.1 Decay dynamics upon selective excitation of molecules at
the fundamental vibrational frequencies of basic molecular
bonds by femtosecond IR pulses in a gas phase. The excitation
of one of the fundamental molecular vibrations for a time
shorter than the characteristic time of the intramolecular
vibrational energy redistribution (IVR) makes possible the
initiation of bond- or group-of-bonds-selective photochemi-
cal reactions. In our previous experiments [8], we failed to
perform the selective multiphoton excitation of overtones of
the n1 mode of CÿH bonds in CF2HCl, because the main
excitation mechanism at a laser light intensity of
� 100 TW cmÿ2 required in these experiments proved to be
the field ionization. The expansion of the IR spectral range of
the facility allowed us to excite selectively the fundamental
vibrations of basic molecular bonds and to study the
dynamics of intramolecular processes initiated by multi-
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photon IR excitation. In IR pump±probe experiments [9±13]
performed together with E A Ryabov's group, we investi-
gated the vibrational dynamics in a group of molecules with
the chromophore C�O bond excited by femtosecond pulses
at a wavelength of 4.6±5.8 mm.

The selective multiphoton excitation of the n1� 2194 cmÿ1

mode in the �CF3�2CCO molecule was observed up to the
vibrational level v � 7 (� 15;000 cmÿ1) (Fig. 1a) with the
characteristic relaxation time tIVR � 5� 0:3 ps (Fig. 1b). The
`instant' �t5 tIVR� induced absorption signal DOD appeared
in nonresonantmodes n2, n3, and n4 as well (Fig. 1b, c), but the
corresponding relaxation times and the sign of the change
were different for various modes, which is related to distinct
ways and types of migration of the vibrational energy.

The characteristic relaxation times tIVR at the 0ÿ1
vibrational transition in iron and chromium carbonyls
differ by 2ÿ3 orders of magnitude from intramolecular
relaxation times of other molecules studied (see Table 1). An
analysis of the obtained results revealed a correlation
between tIVR and the density of the four-frequency Fermi
resonances in the vicinity of the first excited vibrational level
[13]. The decrease in tIVR observed for ICF2COF upon
increasing the vibrational excitation level of the molecule
(Fig. 1d) is also caused by the increase in the density of
states.

3.1.2 Formation of microstructured surface films upon irradia-
tion of polyatomic molecules by femtosecond IR laser pulses.
Experiments on gas phases revealed the formation of
microstructures on the surface of BaF2 and LiF dielectric
substrates, which were produced from the decomposition of
molecules irradiated by femtosecond IR laser pulses. In the
case of Fe�CO�5 and Cr�CO�6 metal carbonils, such films
began to form after the multiphoton IR dissociation of these
molecules in the gas phase [12, 14, 15]. However, the
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Figure 1. �CF3�2CCOmolecule: (a) difference induced absorption spectrumDOD for the delay td � 1 ps between pump and probe pulses upon excitation

and probing of different transitions of the mode n1 indicated in the figure (OD is abbr. of optical density); the inset shows the linear absorption spectrum.

(b, c) DOD dynamics upon excitation of the n1 mode and probing at the 0ÿ1 vibrational transition for different vibrational modes. (d) DOD dynamics at

different vibrational transitions of the mode n1 in the ICF2C � OF molecule; solid curves fit the single-exponential approximation.

Table 1. Characteristic intramolecular relaxation times tIVR at the 0ÿ1
vibrational transition formolecules studied upon exciting vibrations of the

C�0 bond.
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resonance action of femtosecond IR laser pulses with an
intensity up to � 2:5 TW cmÿ2 on the vibration of the
C�C�O bond in similar experiments with �CF3�2CCO and
some other molecules, including silicon-containing mole-
cules, did not result in the decomposition of these molecules
in the gas phase. Nevertheless, the growth of microstructures
was observed at the radiation intensity by an order of
magnitude lower, � 1011 W cmÿ2 [12, 16], and not only
upon the resonance action, but also upon irradiation at
wavelengths ranging from 3.3 to 5.4 mm. The analysis of
experimental data shows that molecules are decomposed in
a physically adsorbed layer, probably due to ionization by
electrons accelerated in the electric field of laser radiation in
the near-surface layer of a dielectric substrate. This is
consistent with a decrease in the growth efficiency of
microstructures observed when increasing the ionization
potential of molecules under consideration [12, 16].

3.1.3 Decomposition of molecular nanoclusters upon multi-
photon excitation by femtosecond laser pulses. Reactions in
clusters with the formation of I2 and I�2 were observed upon
excitation of alkyl iodide clusters by nanosecond UV pulses
[17]. However, their rates weremeasured only upon excitation
of �CF3I�N by femtosecond UV pulses [18, 19]. The source of
cluster beams was a pulsed supersonic nozzle. Free molecules
being produced after the decomposition of clusters were
ionized by a 266-nm probe pulse with a variable delay td and
detected with a photoionization time-of-flight mass spectro-
meter.

It was found that the ionization of clusters by femtosec-
ond pulses resulted in the formation of a considerably
broader set of ion products with much steeper dependences
of their yield on the radiation intensity than upon ionization
by nanosecond pulses at the same wavelength.

The direct observation of the formation kinetics of I�2
molecular ions upon femtosecond ionization of �CF3I�n
clusters revealed two characteristic times corresponding to
two possible reaction channels. The first, with the character-
istic time t1 � 1 ps, is realized directly in the initial cluster for
specific `dimer-like' configurations, in which two iodine
atoms of neighboring CF3I molecules are separated by the
minimal distance. In the second channel, structures favorable
for the formation of I�2 are produced for the time t2 � 7 ps
due to the structural rearrangement initiated by a pump pulse
in clusters.

The same scheme was used in Ref. [20] for studying the
intramolecular and intracluster dynamics by exciting vibra-
tional degrees of freedom with femtosecond IR laser pulses.

3.2 Study of the femtosecond dynamics
in condensed media by the pump±probe method
in a broad spectral range
The photoinduced response upon excitation and probing at
the same laser wavelength (the `degenerate' scheme) does not
allow one to determine unambiguously the evolution of a
nonequilibrium state. In experiments performed at ISAN, a
broadband probing by supercontinuum pulses or parame-
trically transformed pulses is applied. In addition, the
equipment at ISAN CCU makes it possible to perform
investigations at different excitation wavelengths, which
considerably enriches the information obtained.

3.2.1 Study of the ultrafast dynamics of electrons and coherent
phonons in a bismuth single crystal. The absorption of the

energy of femtosecond laser pulses by electrons inmatter for a
time interval that is small compared to the characteristic time
of motion of atoms significantly changes the interatomic
potential. This leads to such effects as nonthermal melting,
ultrafast structural transitions in the solid phase, and the
generation of coherent phononsÐ the intense coherent
vibrations of atoms at the phonon mode frequency. The
necessary condition for excitation of coherent phonons is
the presence of combination-active transitions at the corre-
sponding frequencies and an excitation pulse with a duration
smaller than the oscillation period. The detection of coherent
phonons can give valuable information about ultrafast
processes in condensed media, which is inaccessible for
stationary spectroscopy.

Due to the large value of the deformation potential,
bismuth proved to be one of the first nontransparent solids
in which the A1g coherent phonon modes were excited (the
out-of-phase displacements of atoms along the trigonal axis)
(Fig. 2). Although all previous experiments had been
performed applying the `degenerate' scheme, some interest-
ing effects were observed at high enough excitation intensi-
ties, in particular, the `softening' in the oscillation frequency
appearing at the excitation instant of time.

We studied the photoinduced response DR=R�t� (the
relative change in the reflection coefficient) of bismuth for
the first time in the excitation and probe wavelength range
from visible to near-IR [21±25]. The signal (Fig. 2a) consisted
of a set of oscillations decaying at the rate g, which were
caused by a coherent phonon with the frequency nA, and the
monotonic response �DR=R�mon characterizing the relaxation
of photoexcited charge carriers and incoherent (nonthermal)
lattice processes:

DR
R
� A exp �ÿgt� cos ÿnA�t�t�� �DR

R

�
mon

; �1�

where A is the oscillation amplitude. It turned out that
�DR=R�mon decayed at three characteristic times t1 �
1:0� 0:3 ps, t2 � 7:0� 0:5 ps, and a considerably longer
time (1.5 ns, according to our measurements), which is
assumed infinite for �DR=R�mon:�

DR
R

�
mon

� s1 exp
�
ÿ t

t1

�
� s2 exp

�
ÿ t

t2

�
� s3 : �2�

This meant that pulsed laser excitation produces in
bismuth three groups of nonequilibrium electrons with
substantially different relaxation rates. Because optical
probing makes possible measuring the dynamics of coherent
phonons and their decay only through their electronic
component having its own complicated dynamics, the data
obtained were compared to the results of probing photo-
excited bismuth by ultrafast X-ray pulses, allowing the direct
detection of atomic positions. The similarity between char-
acteristic relaxation times of the decay and the frequency shift
of coherent oscillations measured under equivalent excitation
conditions [22] prove that probing by femtosecond laser
pulses in the optical range gives the same information about
coherent phonons in bismuth as X-ray measurements, but
with the better time resolution and sensitivity.

It was revealed that the characteristic time of relaxation of
the instant frequency of the A1g oscillations from 2.7 THz at
the excitation moment at a wavelength of 800 nm (for the
excitation energy density 1.2 mJ cmÿ2) to the equilibrium
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value of 2.93 THz obtained in Raman scattering experiments
coincides with the characteristic relaxation time t1 of the fast
component of monotonic response (2). This indicates a strong
coupling between the A1g phonon mode and a group of
electrons with the 1-picosecond dynamics, because the
`frequency softening' effect is caused by the influence of
excited electrons on the interatomic potential in a bismuth
crystal. This assumption was confirmed in experimental
studies of the relaxation dynamics of coherent phonons in
bismuth excited in the spectral range from 400 to 2300 nm [24,
25], which have demonstrated the same spectral dependences
of the amplitude A of the A1g coherent phonons and s1. A
considerable decrease in the generation efficiency of coherent
phonons for quantum energies< 0:7 eV (Fig. 2c) is explained
by excitation of nonequilibrium electrons and holes at points
L andT, respectively, near the Fermi level (Fig. 2d), which are
weakly coupled with the lattice. In this case, relaxation with
the characteristic time � 1 ns represents their indirect
recombination, while the incoherent dynamics with the
characteristic time� 7 ps are related to crystal lattice heating.

For lower excitation energy densities (on the order of
0.1 mJ cmÿ2), the doubly degenerate Eg phonon mode was
also observed in parallel with the totally symmetric A1g mode.

The spectral dependence of the generation efficiency of the
A1g mode remained the same as in previous experiments.
However, beginning from l � 800 nm, the amplitude of the
Eg mode starts to increase, reaching the maximum near
l � 1300 nm (� 1 eV) (Fig. 2c), which corresponds to the
spectral dependence of the Raman scattering cross section. A
comparison between the spectral dependences of the ampli-
tude of the Eg and A1g coherent phonons and Raman
scattering cross sections showed that generation mechanisms
for coherent phonons with different symmetries are distinct.
It was found that the displacements of equilibrium positions
are the main mechanism in the generation of A1g coherent
phonons, and this mechanism cannot be reduced to the
resonant Raman scattering responsible for the coherent
excitation of low-symmetry phonon modes.

3.2.2 Relaxation dynamics of optical excitations in conducting
polymers. The broadband femtosecond pump±probe tech-
nique was applied to studying the features of relaxation of an
initially doped semioxidized polyaniline form, emeraldine,
which is, according to Ref. [26], a metal state with a half-filled
conduction band. The main goal of the experiment was to
understand the nature of primary excitations in this polymer
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excited into 400- and 800-nm bands. The difference spectra
exhibited three distinct features: the bleaching of the 750-nm
band and photoinduced absorption with the center at 460 nm
and in the wavelength range from 850 to 1050 nm [27] (Fig. 3).
The processing of the experimental results (see inset to Fig. 3)
revealed that the dynamics of the 750-nm band are related to
excitons; the longer-wavelength part reflects the appearance
of charge carriers, but the main changes in the difference
spectrum are related to electric fields [28]. Near the zero delay
time, this is the electric field of the exciting pulse (the Stark
effect in an alternating field). For longer delays, the electric
field is produced by free electric charges appearing in the
dissociation of excitons with the characteristic time � 1 ps
and recombining for 7 ps. It was found that no more than 1%
of excitons produced upon laser excitation decay into
individual charged quasiparticles, while the others rapidly
recombine.

As a result, it was shown that the primary photoproduct
does not comprise charge carriers but neutral charge-
transfer excitons, which makes the employment of the
concept of a molecular crystal preferable over the band
model.

3.3 Experiments with photoelectrons
3.3.1 Laser projection microscope (LPM). The idea of
replacing the field emission in the Muller electron micro-
scope, which cannot be used for studying complex polya-
tomic organic molecules because of the distortion of their
structure up to their destruction in a strong electric field, by
much more `soft' electron (ion) emission produced by laser
radiation was suggested by Letokhov [29] in 1975. This
method, along with the spatial resolution, provided the
spectral selectivity, because electrons (or ions) forming an
image can be produced upon selective laser excitation
followed by the ionization of a part of the molecule with a
certain molecular bond. In this case, the radial static electric
field performs in the LPM only the `transport' function. The
use of ultrashort laser pulses could also provide very high

time resolution. In addition, the high intensity of ultrashort
pulses at comparatively low energies makes possible laser-
induced multiphoton emission with the minimal heating of
samples.

Photoion images with a magnification of � 103 upon
selective excitation of dye molecules by ultrashort pulses
were obtained in Refs [30, 31]. However, a rather low spatial
resolution determined by the scatter in the kinetic energy of
molecular photoions desorbed from the surface (at a level of
10 eV) and the destructive nature of the study severely restrict
the potential of this method. As a result, the photoelectron
regime of the LPM proved to be preferable.

In 2004, it was proposed that a quartz nanocapillary be
utilized instead of a classic needle. After the deposition of a
conducting layer on such a capillary, an electrostatic
potential can be applied to it for investigating samples by
the method of photoelectron nanoaperture LPM [32, 33]. In
addition, spatially compressed electron and ion bunches
were prepared by passing them through nanocapillaries
[34±36], and X-rays were concentrated [37]. This permits
the construction of nano-sized electron, ion or soft X-ray
sources that can be precisely moved along a surface with the
aid of a vacuum piezoelectric translator (scanning vacuum
microscopy) [38].

The irradiation of a photoelectron beam by intense tightly
focused ultrashort laser pulses leads to the pulsed scattering
of electrons flying in a light field under the action of the
Gaponov±Miller force [39]. This, together with the employ-
ment of the projection principle, permits one to combine the
spatial and time resolutions in one experiment [40].

3.3.2 Projection nanoaperture microscopy of a conducting
polyaniline polymer. It is known that redox-heterogeneous
structures (regions with different oxidation degrees contact-
ing with each other) strongly affect the electric conduction of
polyaniline (PANI), the most promising representative of
conducting polymers (see Section 3.2.2). The redox-hetero-
geneity of semioxidized PANI on a macroscopic level was
foundwith the help ofKelvinmicroscopy [41]. In experiments
with the nanoaperture LPM, the PANI structure was
visualized and its redox-heterogeneity at the nanometer
scale was discovered, which is of great theoretical and
practical interest [42].

A commercial 100-nm quartz capillary covered with a
polymer layer was utilized as a needle in the microscope, to
which the electric potential U � ÿ3500 V was applied
(Fig. 4a). An oilless vacuum in a chamber was maintained at
a level of 10ÿ7 mmHg. The capillary end was irradiated by
400-nm and 800-nm laser pulses shorter than 100 fs. The
photoemission image of the capillary aperture (Fig. 4c)
recorded with a position-sensitive detector gives the spatial
magnification of the microscope as � 2� 105.

The PANI images obtained upon irradiation at wave-
lengths of 400 and 800 nm are presented in Fig. 4d, e,
respectively. Light and dark regions correspond to the high
and low densities of the photoemission signal, respectively.
The PANI film under study predominantly consists of the
reduced form with the absorption maximum at � 350 nm
and the semioxidized form efficiently absorbing radiation at
400 and 800 nm (Fig. 4d, e) [43]. Consequently, upon
irradiation at l1 � 400 nm, photoemission centers in the
image obtained should be more densely packed than upon
irradiation at l2 � 800 nm, as observed in experiments
(Fig. 4d, e). This confirms in experiment the existence of
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the PANI redox-heterogeneity in wavelength ranges from
nanometers to a macroscopic scale.

4. Studies expanding the possibilities
of the laser complex

4.1 Nanolocal desorption
of complicated molecular complexes
with the help of a compact pulsed X-ray source
based on a femtosecond laser
At present, the desorption effected by soft X-rays is studied
only with the aid of synchrotrons. The authors of Refs [44, 45]
demonstrated for the first time the desorption of complicated
molecular complexes by soft X-ray pulses produced upon
irradiation of a metal target by 1016-W cmÿ2 femtosecond
laser pulses and collimated in a 100-nm quartz capillary
(Fig. 5). The presence of heavy masses in time-of-flight mass
spectra of a conducting organic polymer PANI upon X-ray
desorption demonstrates the difference between this `soft'
regime and the `plasma' character of photodesorption by
intense laser radiation in the visible region, resulting in a
stronger fragmentation of polyaniline (see Fig. 5). These
results open up the possibility of studying surfaces with
spatial nanoresolution in conjunction with the high elemen-
tal (chemical) selectivity, and also of observing the photo-
desorption process with a high time resolution.

4.2 Expansion of the spectral range
of the laser facility to the terahertz region
The change in the spectrum of a femtosecond laser pulse with
an inclined front due to the efficient generation of terahertz
radiation in LiNbO3 by the method of optical rectification
was found in Ref. [46]. Ultrashort terahertz pulses were
generated with an energy conversion efficiency up to 0.25%,
corresponding to a 250% conversion of the number of
photons [47].

4.3 Temporary profile conversion of ultrashort pulses
in a one-dimensional photonic crystal
Diffraction-induced pulse splitting was found experimentally
under conditions of dynamic Bragg diffraction in the Laue
geometry in linear one-dimensional photonic crystals into
two [48] and more [49] pulses due to the difference in the
group velocities of modes propagating in regions with
various refractive indices. Changing the parameters of a
photonic crystal and the input pulse makes possible control-
ing the temporal structure of the output train of pulses and
compressing selectively or focusing one of the pulses in
parallel with the simultaneous broadening or defocusing of
another pulse.

4.4 Light bullets
Upon filamentation of a 70-fs pulse in a 2-cm-thick silica
sample in the anomalous dispersion region (1800 nm) [50], IR
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light bullets with high spatio-temporal energy localization
were produced and detected by the autocorrelation method
[51, 52]. The minimum duration of a 2.7-mJ light bullet
separated at the output from the sample from the near-axial
part of the filament by a 50-mm aperture did not exceed 11 fs,
i.e., approximately two optical periods. The results of
numerical simulations for specified experimental parameters
are consistent with experimental data.

5. Conclusion

The unique combination of the capacities of the Optical
Spectral Studies femtosecond laser facility at ISAN CCU
are far from being restricted to the applications considered
above. Active work is also underway on the dynamics of
excitons and charge carriers in new biologically compatible
composite materials based on nanocrystalline silicon, the
nonlinear response of quantum wells in semiconductors,
and the nonlinear properties of electron gas in crystalline
and nanostructured semimetals. By using the pump±probe
technique in the terahertz region, the study of the
relaxation of low-energy electron excitations in new low-

dimensional systems with the Dirac linear dispersion law
has been initiated. The first 4D microscope in Russia was
developed and is being operated, which combines a
transmission electron microscope with a modern pulsed
laser setup producing ultrashort electron beams. The 4D
microscope will be applied for studying fast processes
initiated by ultrashort laser pulses in promising new
materials and structures with a high spatio-temporal
resolution.
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