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(color online). (a) Sketch of the hybrid nanostructure.
The 4 nm wide ZnO QW is situated on top of a 600 nm thick Zn0:9Mg0:10O barrier 
layer grown on a Al2O31120 substrate. The growth direction is along the wurtzite c 
axis. After cappingwith a Zn0:9Mg0:1O spacer of variable thickness (0–50 nm), the
sample is transferred into the adjacent chamber where the organic layer is 
deposited. (b),(c) Structures of 6T and POPOP.(d),(e) AFM images of 6T and 
POPOP deposited onZnO00014  4 at a substrate temperature of 100 C (6T)
and 25 C (POPOP), respectively, and a deposition rate of 1 A= m  

 
Fig. 3b. The structure investigated by F.Henneberger et al. 

It was shown theoretically [1–4] that the energy transfer between resonant 
inorganic quantum dots and organics also can be very efficient. The first demonstration 
of this effect was presented in the publication by V. Bulovic (MIT), A. Nurmikko (Brown 
University) and their collaborators [13]. It was shown in this publication that not only 
resonant energy transfer from inorganic quantum dots to organics but also transfer from 
organics to inorganic quantum dots can also be very efficient. This result can be 
important for the creation of solar cells of a new type. 

It is known that the main limitation of solar power now is its cost, because 
crystalline silicon used to make most solar photovoltaic cells is expensive. An approach 
to overcome this cost factor is to concentrate light from the sun using mirrors or lenses, 
thereby reducing the total area of silicon needed to produce a given amount of 
electricity. But traditional light concentrators are bulky and unattractive. We note here 
the possibility to create a mechanism of a new type by which sunlight can be 
concentrated using the process of nonradiative energy transfer from organics to 
semiconductor nanostructures. As a model nanostructure we consider the results of a 
paper [13]. In this paper the electronic energy transfer from organics to semiconductor 
nanocrystals (NCs) was investigated using the multilayer structure presented in Fig. 4. 

A highly efficient energy transfer from an organic material to NCs can drastically 
increase the number of carriers in NCs, because the absorption of light by the rather 
dense organic material can be much larger than the absorption of light by the system of 
separated NCs (in the case of the structure created in [13], the absorption in organics is 
larger than the absorption of NCs more than ten times). One can expect that the 
absorption of NCs based on the equivalent bulk volume is very close to the absorption 
of the bulk semiconductor. However, NCs have to be separated, and a relatively small 
absorption of light by NCs mainly results from a small density of NCs, which cannot be 
higher than some critical value.  
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Fig. 4. The possibility of creating such a structure reflects the high level  

of modern nanotechnology. 
 

The second important feature of the carrier generation under the influence of the 
discussed energy transfer is the structure of the electric field in the volume of an NC. In 
the simplest approximation, this field is created by the transition dipole moment of 
organic molecules. Even in spherical NCs, this field is very inhomogeneous. It is clear 
that this asymmetry of the electric field could be responsible for changes in the selection 
rules, determining the population of electron higher energy states in NCs. This effect is 
interesting because it can reduce the minimal energy of excitation which produces 
carrier generation.  
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Exciton Polaritons in Organic Microcavities 
M. L.Litinskaya 

 
Polaritons are quasiparticles that describe the propagation of electromagnetic 

waves near the resonance frequencies of solids [1, 2]. The influence of the 
electromagnetic field on the polarization of a medium and the response influence of the 
polarization on the electromagnetic field can be described as an interaction between a 
“bare photon” and a “bare excitation” of the medium (called the exciton). If this 
interaction is stronger than the losses in the medium, then two excitation branches (the 
upper and the lower polaritons) separated by a gap are formed near the resonance 
between the exciton and the light mode. This situation is referred to as the regime of 
strong coupling between the light and the exciton. The dispersion of polaritons in a 
homogeneous and isotropic medium is determined by the following equation: 

2( ( ))( ( ))phot excE E k E E k− − = Δ ,                  (1) 

where ( )photE k  and ( )excE k  are the energies of the photon and the exciton, ( )E E kρ= , 
,U Lρ = are the energies of polaritons, andΔ  is the coupling constant.  
In 1992, polaritons were observed for the first time in a semiconductor 

microcavity. A microcavity is a structure consisting of a quasi-two-dimensional 
semiconductor film (a quantum well) sandwiched between two plane mirrors [3]. Since 
then, much attention has been devoted to the study of quasi-two-dimensional (i.e., 
described by a two-dimensional wave vector) cavity polaritons. Recently, the possibility 
of the existence of a polariton laser was widely discussed [4], as well as of the 
occurrence of a Bose–Einstein-condensate-like phase transition for cavity polaritons: at 
specific conditions a macroscopic population can spontaneously gather at the lowest 
energy state [5]. 
 1. Not long ago, cavity polaritons were observed also in organic microcavities. As 
was shown in [6], Frenkel excitons have a large oscillator strength in some organic 
materials, and the gap 2Δ between the polariton branches appears to be an order of 
magnitude larger than in inorganic microcavities. In contrast to low-temperature 
inorganic polaritons, organic polaritons are stable up to room temperature. First organic 
samples demonstrating the regime of strong coupling between cavity photons and 
electronic transitions were strongly disordered (but homogeneous on the average) 
structures involving J aggregates of cyanine dyes [7]. The observed values of the gap 
were 2Δ ~ 80–500 meV. Each J aggregate can be approximately characterized by one 
electronic transition with the transition dipole moment directed along the chain (other 
electronic transitions have very small oscillator strengths). The typical length of a J 
aggregate is much smaller than the cavity photon wavelength, and, thus, each J 
aggregate can be modeled as a point two-level molecule (as we shall call them below). 
Molecules are chaotically distributed within the microcavity, their transition dipole 
moments are randomly oriented within the microcavity plane, and fluctuations in the 
parameters of J aggregates cause strong fluctuations in the electronic transition 
energies Ej in the molecules. 

Due to a strong disorder in the electronic subsystem, the excitation spectrum of 
such a structure consists of both plane-wave-like and localized states, and the latter 
constitute 95% of the states [8]. The formation and the localization of states can be 
qualitatively explained as follows. Since the mean distance between molecules in the 
matrix is ~ 200 angstroms, the intermolecular interaction is very weak, and the 
electronic subsystem can be treated as incoherent (the excitations of the electronic 
subsystem can be viewed simply as excitations of single molecules). All the molecules 
interact independently with a microcavity photon. As a result, states form, which can be 
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approximately characterized by a two-dimensional wave vector q, because the system 
is homogeneous on the average. The fluctuations present in the system cause elastic 
scattering of polaritons, and a wave vector broadening qδ  appears. Clearly, it makes 
sense to describe the states in terms of the wave vector only if q qδ < . This condition is 

satisfied when ( ) ( )
maxmin

L Lq q q< < for the lower polariton, and when ( )
min
Uq q>  for the upper 

polariton [8]. The values of the “end-points” are determined by the parameters of the 
sample. Remaining excitations are localized states, because an increase in 

qδ corresponds to a decrease in the volume occupied by the state. The excitation 
spectrum in a disordered organic microcavity is shown in Fig. 1a. 

The positions of the end-points and the reasons leading to the appearance of the 
broadening qδ  of the wave vector can be determined analytically [9]. In the majority of 
cases, the main reason for the polariton elastic scattering is the resonant scattering of a 
polariton by molecules having an electronic transition with the same energy as the 
polariton. The lower and the upper branch states with the energies below ( )( )

min
L

LE q  and 

( )( )
min
U

UE q  are polaritons localized within a scale smaller than their wavelength. Thus, 

( )
min
Lq  and ( )

min
Uq  can be interpreted as the points of the crossover to the regime of strong 

(Anderson) localization of polaritons (these states are marked by “loc” in Fig.1) [10]. The 
lower branch states with the energy above ( )( )

max
L

LE q  can hardly be called polaritons, 

because photons with large wave vectors are out of resonance with electronic 
transitions of molecules. Thus, ( )

max
Lq  can be interpreted as an approximate end of the 

polariton spectrum and the crossover to the regime of weak coupling between the 
electronic transitions and the light (these states are marked as “weak coupl” in Fig.1). 

In Fig. 1b, solid lines show the dependences of ( )
max
Lq  and ( )

max
Lq on two external 

parameters, which are the wave vector q in the plane of the microcavity (it is determined 
by the angle of incidence) and the detuning u (u = Ec – E0, where E0 is the mean energy 
of the electronic transitions, and Ec is the photon energy at q=0). The grey and white 
parts of the diagram show, respectively, the localized states of both types and the 

 

Fig. 1. (а) The excitation spectrum in a disordered organic microcavity. Solid lines show the plane-
wave-like states, UP and LP denote the upper and the lower polariton branches. The localized states 
are shown in grey. (b) The dependence of the number of states of each type on the external 
parameters (the detuning and the wave vector of the incident light). In the region marked by “el,” the 
elastic scattering prevails over the phase-breaking scattering, and the weak localization of polaritons is 
possible. The inelastic scattering prevails in the region marked by “inel.” 
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plane-wave-like states, which can be described by the wave vector. In the white region, 
one can compare the elastic mean free path ( ) ~ 1/resl q qδ  with the phase breaking 
length hom( ) ( ) ( )inel gl q v q q= Γh , where ( )gv q  is the group velocity of polaritons, and 

hom ( )qΓ  is its homogeneous broadening (determined mainly by the quality of the cavity 
mirrors). The result of such a comparison is shown in Fig.1b by a dotted line. The 
condition res inell l<  is satisfied for a wide range of parameters, and consequently the 
weak localization of polaritons can be realized [11].  

Such a structure of the excitation spectrum leads to some peculiarities of the 
energy relaxation after non-resonant excitation in disordered organic microcavities [8]. 
After the excitation, the energy relaxes into the lowest electronic excited states with the 
energies Ej, which are localized at single molecules. After that, either such a molecule 
can emit light of the frequency /jEω = h  and pump resonantly cavity polariton states, or 
a transition can occur to the bottom of the lower polariton band with the emission of an 
optical phonon or of a quantum of an intramolecular vibration. The effectiveness of 
either of these two processes is determined by the corresponding lifetimes of the 
electronic excitation of the molecule. The emission of a quantum of light by the molecule 
occurs on a scale of tens of picoseconds, and the lifetime of the electronic excitation 
with respect to the emission of an optical phonon is about 9–25 ps [12]. Consequently, 
the relaxation with a large (~70 meV) one-step energy loss, first proposed in [6], indeed 
can compete with radiative damping processes. This is important, because this one-
step relaxation could help to overcome the relaxation “bottleneck” [13] and could result 
in the relaxation of polaritons towards the bottom of the band in the regime of relatively 
weakly interacting bosons.  

2. Exciton polaritons can also be observed in microcavities involving single crystals 
(such as anthracene or naphthalene) as a material with an excitonic resonance [14]. In 
these crystals, there are special directions, determined by the fixed orientations of the 
transition dipole moments of molecules forming the crystal. Because the constant of the 
exciton–photon coupling is given by the scalar product of the electric field and the dipole 
moment, one can expect that the value of the coupling constant depends on the 
direction of propagation of the polariton. Besides that, the exciton energies also depend 
on the direction of propagation. In particular, the exciton energy in a bulk crystal is even 
not an analytical function of the wave vector at 0q →  [1].  

The dispersion relation of polaritons in a crystalline organic microcavity has been 
derived from the Maxwell equations in [15] and later, from a microscopic consideration, 
in [16]. The energies of polaritons at small q were found to be almost isotropic functions 
of the wave vector. The reason for this is the following. The energy of an exciton in a 
film is an analytical function of the wave vector due to the reduced dimensionality of the 
problem (the dipole sums converge faster in a two-dimensional film than in a bulk 
crystal), and the angular dependence of the exciton energy was found to be relatively 
weak. Besides that, it turns out that, for any orientation of the wave vector q with respect 
to the dipole moment P, the total electric field E in the polariton modes is such a 
combination of the TE- and TM-modes, that the total field E is almost parallel to P. That 
is why changing the direction of the wave vector, one changes the ratio between the 
TE- and TM-modes in the total field, but not the scalar product PE, which determines 
the coupling constant. This leads to an unexpected result: an almost isotropic dispersion 
of a quasiparticle in a strongly anisotropic medium. 

Investigations of the nonlinear properties of polaritons in crystalline organic 
microcavities are just in their beginning. In particular, the problem of kinematic 
interaction between two polaritons was formulated in [17] and solved in [18] with the 
help of the Agranovich–Toshich transformation [19], which allows one to replace the 
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Pauli exciton operators with Bose operators at the cost of extra terms appearing in the 
Hamiltonian of the problem. It was found that the description depends crucially on 
whether the energy conservation law allows for the scattering of interacting polaritons 
into the exciton-like part of the excitation spectrum. In this region, the density of states is 

6
* / ~ 10m μ  times larger than in the polariton-like part of the spectrum ( *m  and 

2 2 2/ c cL Eμ π= h  are, respectively, the effective masses of the exciton and of the two-
dimensional cavity photon). If the scattering into the exciton-like part of the excitation 
spectrum is allowed, then it dominates, because the effectiveness of a scattering 
channel is proportional to the number of available final states. Such a scattering cannot 
be described as a perturbation (the scattering amplitude has a large imaginary part). At 
certain wave vectors, the amplitude has a complex pole, which corresponds to the 
scattering of incoming polaritons into a bound biexciton state. If the scattering into 
exciton states with a large q is not possible (as it happens when, for example, both 
interacting polaritons belong to the lower branch), then the kinematic interaction can be 
taken into account as a perturbation by introducing an effective potential. The 
magnitude of this potential is on the order of the exciton bandwidth, and it corresponds 
to the repulsion between polaritons.  
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Light Driven Self-Organization of Disordered Media 
B.P. Antonyuk 

 Self-organization of random media in a field of a homogeneous light wave, which 
we discovered, opens surprising possibilities for manipulating glass, amorphous 
semiconductors, ceramics, etc., using such a tool for this as a light beam. Can you 
imagine, dear reader, that a laser beam with a diameter of a few millimeters cuts a 
sample of fused silica into calibrated balls with a diameter of two microns? We were 
able to do this using self-organization, and balls obtained are just a structure induced by 
homogeneous light.  
 Can such a beam drill long holes whose diameter is much smaller than the beam 
diameter? It turns out that yes, it can! We succeeded in obtaining centimeter-long holes 
with a diameter of down to two microns with the help of a laser beam whose diameter 
was two millimeters. Formation of such channels also is self-organization and is an 
example of a subtle manipulation using light and understanding of self-organization 
effects under its action. 

A macroscopic superstructure can be imposed on a substance with the help of 
light if a special structure of the light field is preliminarily created. In a widely used 
example, two coherent waves are converged at some angle between them. As a result, 
a lattice of the light intensity is formed in the medium, which, in turn, forms a 
corresponding lattice of the refractive index. This method is direct and was well studied; 
we will term it the method of structuring of substance, to distinguish it from self-
organization of substance that occurs under homogeneous illumination. The self-
organization reflects the intrinsic properties of the medium, and the scale of an arising 
structure has no relation to the scale of the light field (its wavelength, coherence length, 
beam size, etc.). There exists a deep analogy between self-organization and oscillations 
of a violin string that arise under the action of a bow moving at a constant velocity: the 
bow forms a structure that is ordered in time (self-oscillations) and whose time period 
does not depend on the bow. In exactly the same way, the spatial period of the structure 
formed by light does not depend on the characteristics of the light. 

 
Fig. 1. Cutting out balls. 

 To be certain that, in our case, the ordered structure is formed by homogeneous 
radiation, we applied a simple test; namely, during the treatment with light, the sample 
was slightly rocked perpendicular to the beam axis. We found that this rocking has no 
effect on the formation of the structure. If the structure were induced by the profiled 
light, it would evidently be smeared by the motion since, during the state preparation, 
the density maxima of the light energy would fall on different parts of the sample. 
 Theory and experiments show that an intense light wave creates an effective 
attraction between electrons. The homogeneous distribution of electrons and holes 
becomes unstable, and bundles of electrons and holes are formed. The electric field at 
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their boundaries reaches a value of 107 V/cm. In these regions, light quanta with 
energies slightly smaller than the “bandgap” (the Franz–Keldysh effect) are efficiently 
absorbed creating electrons and holes in a free state. Such a light breaks bonds only in 
the boundary regions thereby exhibiting the formed domain electron–hole structure. By 
this means, the light cuts out balls calibrated in size and throw them out of the crater. 
Far from the crater, discrete balls with a diameter of two microns can be observed, and 
beside them, where the concentration of balls is large, balls begin to coagulate (Fig. 1). 
The bottom of the crater is a system of closely packed hemispheres with a diameter of 2 
μ and with the same distance between them. 

 
Fig. 2. Formation of channels. 

 At lower light intensities, electrons have time to be transferred during the pulse 
only along the direction of the polarization of the wave (for our radiation, it is random in 
the plane perpendicular to the wave vector k); therefore, the system becomes one-
dimensional, and the light cuts out channels in the direction of k (Fig. 2). Channels of a 
minimal diameter of 2 μ and their bundles are observed. 
 We used samples of KU-1 fused silica with a thickness in the range 1–10 mm. 
Radiation from an ArF excimer laser at a wavelength of 193 nm was focused by MgF2 
lenses onto the surface from which the radiation emerges from the sample. The laser 
generated pulses with a duration of 20 ns, with an energy of 350 mJ, and with a pulse 
repetition rate of 100 Hz. Ablation was observed in air or in a hermetical chamber filled 
with nitrogen or evacuated. 
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Spintronics 
A.G.Mal’shukov 

 
 Studying of the spin transport in semiconductor quantum wells started at the 
Theoretical Department long before this problem has attracted great interest of 
physicists around the world. We investigated weak localization effects in quantum wells 
of noncentrosymmetric semiconductors and found out that a quantum correction to the 
spin diffusion coefficient has a sign opposite to that of the particle diffusion [1]. Later on, 
our results on weak localization magnetoresistance were experimentally confirmed. 

Our recent work has been focused on the spin transport under the action of an 
applied external electric field. Such sort of the electric control of the spin degree of 
freedom becomes possible due to a relatively strong spin–orbit interaction in narrow-
gap semiconductor quantum wells. In practice, it allows manipulating spin fluxes and 
polarizations without any use of magnetic fields or magnetic materials. In particular, the 
accumulation of the spin polarization caused by the spin-Hall effect was studied in the 
case of a two-dimensional electron gas confined in a strip [2]. It was also predicted that 
the electric current in a quantum well of a noncentrosymmetric semiconductor can 
induce a dipole-like distribution of the spin polarization around a point elastic scatterer 
[3]. Such a dipole is similar to some extent to the well-known Landauer electric dipole. 
An interesting feature of narrow gap semiconductors is the dependence of the spin–
orbit interaction on lattice distortions. We showed that such a dependence can be used 
for the detection of the spin current, because the spin polarization flux causes a torsion 
of a nanomechanical resonator [4]. This effect appears to be strong enough to be 
observed experimentally. Apart from these works, we also studied the Aharonov–
Casher effect in mesoscopic rings. We also predicted emission of circularly polarized 
photons in light emitting diodes with anisotropic distributions of electrons and holes. 
Later on, this effect was employed in measurements of the spin-Hall effect. 
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Nonlinear Waves in a Bose–Einstein Condensate 
A.M. Kamchatnov 

 
 Soon after the Bose–Einstein condensation of dilute gases was experimentally 
discovered in 1995, it became clear that such a medium has a very rich nonlinear wave 
dynamics, since it possesses both dispersion and nonlinear properties due to, on the 
one hand, quantum-mechanical properties of ultra-cold atoms and, on the other hand, 
due to their interaction with each other. Correspondingly, in a Bose–Einstein 
condensate (BEC), such nonlinear structures as solitons and vortices were discovered. 
During recent years, much work was done at Theoretical Department of the Institute to 
study the nonlinear dynamics of BEC and, especially, dispersive shock waves. Such 
waves represent a dispersive counterpart of the well-known dissipative (viscous) shock 
waves that occur in media where dispersive effects dominate over viscous ones, and 
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BEC is precisely a medium of this kind. As is known, the dynamics of BEC is described 
very well by the Gross–Pitaevskii equation  
 
 
 
which governs the evolution of the condensate wave function ψ. Here, 2| |n ψ=  is the 
atomic density in BEC, while the gradient of the phase of ψ equals to the flow velocity of 
a quantum gas. The parameter g characterizes the interaction of atoms with each other, 
and extV  is the potential of external forces acting on atoms of BEC. The characteristic 
size of nonlinear excitations (solitons and vortices) is given by the healing length 
parameter 

2mgn
ξ =

h , 

and linear waves with a wavelength much greater than ξ propagate with the sound 
velocity 

s
gnc
m

= . 

The main properties of the flow depend on the Mach number defined as a ratio of the 
flow velocity to the sound velocity, 

s

uM
c

= . 

 To clarify the principal features of the condensate dynamics, this dynamics was 
numerically simulated, and the simulation results are shown in Fig.1. The initial density 
distribution had a hump at the center of a two-dimensional trap. After switching off the 
trap potential, a dispersive shock wave in the form of concentric density oscillations was 
generated as a result of the evolution of this hump. Besides that, an obstacle was 
introduced inside the BEC (experimentally, it is usually created by a laser beam), and 
the flow of BEC past the obstacle generated waves of two types: a pair of dark solitons 
was located inside the Mach cone, and parabola-like ship waves were located outside 
the Mach cone, with this cone being represented by two lines drawn at an angle θ with 
respect to the flow direction, where 

1sin
M

θ = . 

 
Fig. 1. Wave structures generated in the flow of a condensate: (1) cylindrically symmetric shock wave,  
(2) ship waves outside the Mach cone, and (3) two dark solitons inside the Mach cone. 
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 The theory of all the three types of waves in BEC has been developed at the 
Theoretical Department.  
 1. The shock wave that propagates outward from the center can be represented 
as a modulated cylindrically symmetric nonlinear wave. In its part with a large enough 
curvature, the wave can be considered as a plane one. The Whitham method was 
developed for this case, and the main parameters of the shock wave (soliton 
amplitudes, velocities of the edge points) were calculated. Analytical results agree well 
with the results of numerical simulations [1]. 
 2. The theory of the wave pattern located outside the Mach cone was developed 
in [2, 3] by analogy with the well-known Kelvin’s theory of ship waves generated by a 
ship moving in still deep water. 

 
Fig. 2. Numerically calculated wave pattern of two-dimensional flow 
with the Mach number / 2sM u c= =  of a condensate past an 
obstacle; the flow velocity u is directed from left to right, and the 
obstacle is located at the origin of the coordinate system. Dashed 
line corresponds to an analytically calculated wave crest. 

 
 The theory is based on the Bogoliubov dispersion law for linear waves 
propagating in BEC and gives simple formulas for the lines of constant phase (e.g., the 
wave crests). Figure 2 compares the analytical form of the wave crest with the numerical 
simulations. It is clear that they agree quite well. Expressions for the wave amplitudes 
were obtained for both regions far enough from the Mach cone and in its vicinity. They 
also agree well with the results of numerical simulations. 
 3. Dark solitons located inside the Mach cone are described by the exact 
solutions [4–6] of the Gross-Pitaevskii equation. Comparison of the analytical profiles of 
the condensate density with the numerically calculated ones shows that, for large times 
and far from the obstacle, the numerical profiles tend asymptotically to the analytical 
ones. This evolution of the profiles is illustrated in Fig.3.  

Such an evolution of the soliton profile is indicative of its stability, which contrasts 
to the well-known instability of dark solitons generated by other methods, when the 
condensate is at rest at infinity. In typical unstable situations, the transverse instability 
takes place which eventually leads to decay of solitons into vortices. This difference 
between the two situations was explained in [7] by the observation that, in case of 
formation of solitons by the obstacle, there exists a flow of BEC along the soliton’s plane 
and this flow can convect unstable modes, which results in the transition from the 
absolute instability of dark solitons to the convective instability. Effectively, this means 
that, in the reference frame with the obstacle at rest, the dark soliton is stable. 
According to the criterion derived in [7], the transition from the absolute to the 
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convective instability occurs at velocities with the Mach number greater than the critical 
value 1.46cM = , which agrees well with the results of numerical simulations.  

 
Fig. 3. Profiles of the condensate density at 20x =  (dashed line), 60x =  
(solid line), and 0y > , obtained by numerical solution of the Gross–
Pitaevskii equation. They are compared with analytical profiles as functions 
of the transverse y coordinate across the flow at the same values of x  
( 20x =  corresponds to crosses and 60x =  to circles). 
 

 Thus, at the Theoretical Department of the Institute, an important study of 
dispersive shock waves and solitons in Bose–Einstein condensates is performed. This 
research is quite topical in connection with recent experiments on formation of such 
waves in the condensate [8] and of similar structures upon propagation of light beams in 
photorefractive media [9]. 
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Mesoscopic Effects in Low-Dimensional Electron Systems 
V.I. Yudson 

 
One of surprising mesoscopic effects is the existence of nondissipative currents 

in small rings of normal (non-superconducting) conductors threaded by a magnetic flux. 
These so called persistent currents (PCs) are not exponentially small, despite the fact 
that the ring circumference length is considerably larger than the electron mean free 
path. The necessary condition is the smallness of the circumference length as 
compared to the mean free path of inelastic scattering. This condition is usually fulfilled 
at sub-Kelvin temperatures. Experimentally, PCs have been discovered in an ensemble 
of copper rings (Bell Lab, 1990) and in isolated gold rings (IBM, 1991). Surprisingly, PC 
current magnitudes turned out to be considerably greater than theoretical expectations, 
and this excited interest in the problem. In connection with this problem, the possibility 
of generating a direct current in mesoscopic rings under the action of an external high-
frequency electromagnetic field was studied [1]. The induced current amplitude is 
proportional to the intensity (rather than to the amplitude) of the external field. The 
disorder-averaged value of the current is a periodic function of the static magnetic flux 
and may considerably exceed the corresponding value of the equilibrium persistent 
current. The averaged direct current is a mesoscopic quantity which is absent in 
ordered samples and in the standard photovoltaic configuration (zero magnetic flux). 

Experimentally, PC amplitudes were determined by measuring the axial 
magnetization of rings. It is interesting that, in a small (hollow) metal cylinder threaded 
by a magnetic flux, the magnetization vector is oriented not along the axis but (contrary 
to common intuition) has a lateral component [2]. The lateral magnetization (LM) is a 
novel mesoscopic quantity. Caused by fluctuations of the persistent current density, LM 
vanishes for an ideal sample and as a result of averaging over the disorder. For not very 
short cylinders, the LM magnitude is comparable with the typical magnitude of the 
usually considered axial magnetization (AM). A universal relationship between LM and 
AM was found.  

In [3-5], the nonlinear response of mesoscopic systems to the time-dependent 
external field has been considered in detail. It was shown that the dynamical theory 
(ignoring inelastic processes) suffers from singularities [3]. A consistent kinetic theory 
was developed [4], which takes into account electron–electron and electron–phonon 
interactions, as well as effects of multiple electron scattering. General expressions for 
the induced DC current were derived. Using the quantum kinetic equation, the 
temperature of the pumped electron system was estimated. It was shown that, for the 
pump field intensity such that the induced DC current magnitude becomes comparable 
with the PC one, the heating effects are still small and do not destroy the coherent 
properties of the system. For mesoscopic rings pierced by the magnetic flux F and 
subjected to an external electromagnetic field, the correlation function < I (F) I (F') > of 
the time-independent current (equilibrium PC and the field-induced DC) was calculated 
[5]. This correlation function is shown to possess different symmetries with respect to 
the flux inversion (F � - F): it contains an even part for a quasi-monochromatic external 
field, but it becomes odd in F for a broad spectral bandwidth of the field. This finding is 
supportive for the hypothesis about the noise-induced nature of the enormous 
measured magnitude of PC. 
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In addition to particular mesoscopic effects, some general problems of the theory 
of mesoscopic systems have been studied. The dependence of the electron energy 
level statistics on the geometry and boundary conditions of an effectively two-
dimensional disordered conductor was described in [6]. In particular, for closed surfaces 
(with no boundary), the tail in the two-level spectral correlation function R(s) decays as 
an inverse square of the energy interval s with the coefficient proportional to the Euler 
characteristic 2(1 – p) of the surface with p "handles" (holes). Thus, somewhat 
surprisingly, the short-time (large energy interval s) correlation function of the randomly 
propagating quantum particle depends on the system topology. For instance, R(s) 
decays exponentially in the system of torus topology but only in a power law in the 
system of sphere topology. This effect is another interesting feature of mesoscopic 
systems: albeit the electron mean free path is small as compared to the system size, 
the correlation characteristics of the energy levels “know” about the global geometry 
and topology of the system. This new property of mesoscopic systems is universal—it 
does not depend on microscopic parameters.  

Another curious universality has been found recently [7] for electron scattering by 
mesoscopic obstacles (of the size large as compared to the electron wavelength). It has 
been shown that, for a wide class of geometrical shapes of randomly located 
mesoscopic scatterers (namely, for convex objects), averaged transport and total 
quantum scattering cross-sections demonstrate a surprising universality: their ratio does 
not depend on the particular shape of scatterers and is determined only by the space 
dimension. These cross-sections can be found from independent measurements of the 
sample conductivity (the transport cross-section) and the decay of Shubnikov–de Haas 
oscillations in a weak magnetic field (the total quantum cross-section).  

The early papers [8, 9] have been recognized for the discovery of a puzzling 
effect that put forward the necessity of generalization of the standard field-theoretical 
approach to the Anderson localization of electrons in a random potential, the approach 
based on the matrix nonlinear sigma-model. It was shown in [8, 9] that the ordinary 
nonlinear sigma-model possesses an unexpected internal ”instability'' with respect to 
the inclusion of vertices with high derivatives: these high-gradient vertices have positive 
anomalous dimensions, which increase rapidly with the number of derivatives. This 
instability is related to a singular behavior of high moments of mesoscopic fluctuations. 
The results of [8, 9] call for generalization of the standard one-parameter scaling 
scenario of localization. The desirable theory should be able to describe the localization 
transition with taking into account not only averaged quantities but also their 
fluctuations. This theory is still in demand. A conformal character of the renormalization 
group (RG) invariant combinations of vertices, found in [8, 9], may be the hint at the 
structure of a future theory. 

Works [8, 9] received further development in [10], where a field-theoretical 
representation for the distribution functions of physical parameters (such as the 
conductance and the global electron density of states (DOS)) in disordered conductors 
was suggested. This opens a way for studying the distribution functions of physical 
quantities without preliminary calculations of all the moments of these quantities. Up to 
now, the calculation of moments was the only one known way for studying the 
distribution functions of systems with a dimension greater than one. Leaving aside the 
difficulties of such calculations, we only note that the information extracted from such an 
approach is indirect and, in principle, it needs an additional justification (this is due to 
the well-known mathematical statement about ambiguities in restoration of distribution 
functions from moments). The field-theoretical representation for distribution functions 
suggested in [10] is based on the functional integral over “bi-local” super-fields instead 
of local fields of the usual representation for moments. The formalism allows one to 
perform constructively the disorder averaging and to exclude fast degrees of freedom in 
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order to derive an effective field theory for the distribution functions in terms of slow 
(diffusive) variables (in analogy with the usual nonlinear sigma-model approach). As an 
application of the developed theory, the logarithmic-normal form of the long-tail 
asymptotic of the global DOS distribution function was derived. 
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Interaction Effects in Nanostructures 

V.I. Yudson 
 

As was proposed in the early paper [1], the Wigner crystallization of a low-density 
two-dimensional electron gas (2DEG) may be promoted by a strong perpendicular 
magnetic field. This simple qualitative paper was followed by a large number of 
theoretical and experimental works on possible phases of low-density 2DEG. In 
particular, the paper [1] was cited in the seminal experimental work by Tsui, Stormer, 
and Gossard (1982) in their attempt to explain the observed effects as the electron 
crystallization (In fact, the achieved electron density was still too high to accept this 
explanation and the observation of 1982 turned out to be nothing but the discovery of 
the Fractional Quantum Hall Effect). The research in this field is still in progress at many 
universities and research centers.  

The subject of the early papers [2–7] is the possibility of nondissipative 
(superconducting) currents along two closely located layers with spatially separated 
electrons and holes. It was shown that pairing of spatially separated electrons and holes 
is accompanied by the formation of an electron–hole condensate similar to the 
condensate of electron Cooper pairs in ordinary superconductors. The nondissipative 
motion of paired electrons and holes over neighboring layers gives rise to 
nondissipative anti-parallel electric currents flowing along the electron and hole layers. 
A systematic study of physical effects (structure defects, an interlayer charge tunneling–
fixation of the Bose condensate phase, etc.), which may prevent the electron–hole 
pairing and coherent phenomena was performed in [2–7]. This series of papers inspired 
intensive theoretical and experimental research on the drag effect and optical properties 
of coupled electron–hole quantum wells. Analogies of the predicted phenomenon in bi-
layer systems are investigated also in the quantum Hall regime; possible realizations of 
the suggested system in grapheme bilayers became the subject of recent discussions, 
too.  

Even more interesting effects may occur in double-layer systems located near a 
plane-parallel ”metal” plate [8]. Image charges decrease the Coulomb repulsion of 
carriers and this may lead to the formation of thermodynamically stable mobile charged 
complexes of several electrons bound to a spatially separated hole. The simplest 
charged complex of Bose statistics is "h + 3e"; its total charge is –2e. The physical 
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realization of such a system of stable and mobile charged boson complexes would 
demonstrate a variety of new interesting phenomena. At present, no other equilibrium 
charged bosons have been known in condensed matter systems. 

The paper [9] presents an observation of a hysteretic cyclotron resonance (CR) 
in a laterally confined high-mobility 2DEG in GaAs/AlGaAs heterostructures and a 
model aimed at explaining this novel effect. The hysteresis and switching phenomena 
were observed in the microwave radiation absorption at temperatures below 25 K. The 
effect is accompanied by long-lived changes in the 2DEG density. These changes were 
attributed to modifications of vertical electron-transport processes in heterostructures 
under the microwave heating of the 2DEG. The model of the density-dependent CR in 
the laterally confined interacting 2DEG describes the main experimental findings 
(bistability and hysteresis) and points out at the importance of vertical electron-transport 
processes, which, usually, are not taken into account in such systems.  

Along with two-dimensional systems, we also studied effectively one-dimensional 
systems where interaction effects are especially important. Low-temperature transport 
was studied for interacting electrons in a one-dimensional quantum wire hybridized with 
a single-level impurity [10]. The hybridization induces backscattering of electrons in the 
wire, which strongly affects its low-energy properties. Using the Luttinger model for 
interacting electrons, we found that the electron transmission coefficient through the 
wire has an anti-resonance (vanishes at resonance) and possesses a generalized 
Breit–Wigner shape, whose effective width diverges at the Fermi level. Also, we found 
that both the local electron density of states nearby the impurity and the density of 
states at the impurity vanish with energy approaching the Fermi level. This means that, 
at low temperatures, the hybridization of the quantum wire with a single-level impurity 
“cuts” the wire into two isolated parts. Such a behavior differs drastically from the 
previously studied transmission of Luttinger electrons through a double barrier with a 
resonant level inside the wire (in the latter case, the transmission has a resonance, and 
its effective width vanishes near the Fermi level). Hence, the hybridization of a quantum 
wire with a controlled single-level impurity or a quantum dot might, in principle, allow 
one to manipulate the electron transport through the wire. 
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LABORATORY OF SPECTROSCOPY OF 
NANOSTRUCTURES 

 
       The Laboratory includes two scientific Groups, the 
Theory and Computer Simulation Group (the Head is Prof. 
Yu.E.Lozovik) and the Experimental Group (the Head is 
senior researcher S.P.Merkulova). Along with 
postgraduates and undergraduates, about 20 people are 
involved in the laboratory activity. 
 Researchers are performed in a number of fields of 
nanophysics, nanotechnology, nanophotonics, solid-state 
physics, physics of ultrafast processes initiated by ultrashort 
laser pulses, physics of new nanostructures and 
nanoclusters and of new cluster materials. 
 A number of basic problems such as Bose 

condensation, quantum electrodynamic processes in optical microcavities, topological 
phases in quantum theory, and dynamics of quantum systems are also theoretically 
studied in the Laboratory. New methods of computer simulation are developed. 
 The scientific policy of the laboratory is to combine analytical calculations based 
on the potential of the modern mathematical formalism with computer simulations using 
molecular dynamics, Monte Carlo, and quantum Monte Carlo techniques. Simulation is 
applied to the ab initio studying of complex systems that defy analytical calculations 
because of the absence of a small parameter of the problem. Such computer 
experiments, which, in contrast to physical experiments, are free from the distorting 
influence of unimportant details on their results, are used for the verification of 
theoretical models and for the search for optimal parameters of physical experiments on 
nanooptics and nanotechnology that are performed in the Merkulova’s group.  

Researchers of the laboratory published more than 300 scientific works (including 
a number of reviews and collective monographs), and more than 30 Ph.D. theses were 
defended (the supervisor is Yu.E. Lozovik). 
 The Laboratory of Spectroscopy of Nanostructures cooperates with the 
Laboratory of Spectroscopy of Ultrafast Processes and other laboratories of the 
Institute, as well as with the Moscow State University, the Institute of General Physics, 
RAS, the Institute of Chemical Physics, RAS, and with the Technical University of Berlin 
and University of Goeteborg. Investigations of the Laboratory were supported by the 
program “Metamaterials” of the Presidium of the RAS, by the programs “Quantum 
Macrophysics,” “Physics of Low-Dimensional Structures,” and “Strongly Correlated 
Systems” of the Division of Physical Sciences of the RAS, as well as by grants from the 
Russian Foundation for Basic Research. 

 
Graphene: A New Nanostructure 

 
In 2004, K.S. Novoselov, A.K. Geim, S.V. Morozov, et al. were succeeded in 

detaching a one-atom-thick carbon layer from a graphite crystal, which was termed the 
graphene [1]. 

Graphene provides an absolute limit of miniaturization in one dimension and is 
ideally appealing for use in modern planar technologies of fabrication of integrated 
circuits. With the help of nanolithography, one can cut fragments of an arbitrary shape 
from graphene and attach contact or contactless electrodes to them.  
 The mobility of carriers in graphene achieves record-high values, and such 
phenomena as quantum Hall effect and spin transport were observed in graphene even 



 185 

at room temperature. All this makes graphene the promising material for creating future 
nanoelectronic devices. Graphene is also interesting from the fundamental point of view 
due to its unique electronic properties: near the Fermi level, electrons in graphene are 
described by a two-dimensional Dirac equation for massless particles with an effective 
“speed of light” of 106 m/s. Using this system as an example, one can practically study 
particles of a new type, massless charged fermions, which do not occur anywhere else 
in the nature. 
 

 
 
 
 
 
 
 
 
 

 
 
 

Collective electronic phenomena in graphene and nanostructures on its basis are 
systematically studied in the Laboratory of Spectroscopy of Nanostructures [2]. 
Characteristic features of collective phenomena in graphene and its closest 
“nonrelativistic” analogs—semiconductor quantum wells—have both similarities and 
differences. “Ultra-relativism” of electrons in graphene has two very important 
consequences. First, electrons in graphene are chiral particles and are described by a 
multicomponent wave function. Second, the linear dispersion relation leads to a different 
relationship between the kinetic and potential energies of the electron system compared 
to quantum wells. This makes it possible to realize new regimes of behavior of the 
quantum system of electrons in structures based on graphene. 

As one of such systems, we considered an electron--hole bilayer that was 
composed of two parallel graphene layers in one of which a certain concentration of 
electrons was created and the other layer contained the same concentration of holes. 
The concentration of charge carriers in each graphene plane can be controlled by 
changing the gate voltage between the graphene and the closely located electrode. The 
electron--hole bilayer proves to be unstable with respect to the pairing of electrons and 
holes due to their Coulomb attraction, which is similar to the pairing of electrons in a 
superconductor due to phonon exchange described by the Bardeen–Cooper–Schrieffer 
(BKS) theory. It was shown [3] that, despite the ultra-relativism of electrons, the problem 
of pairing in the graphene bilayer is rather similar to the analogous problem for coupled 
semiconductor quantum wells (see below). However, there are also significant 
distinctions. 

In quantum wells, the dimensionless parameter that characterizes the coupling 
strength increases with decreasing concentration of particles. At large values of this 
parameter, i.e., in the strong coupling regime, the size of electron--hole pairs becomes 
substantially smaller than the distance between them; as a result, pairs behave as 
weakly repelling Bose particles. At sufficiently low temperatures, the gas of localized 
pairs transits to a superfluid state. Despite the fact that the coupling strength is large, 
the transition temperature to the superfluid state is determined by the dynamics of the 
motion of pairs as a whole and, as a rule, is very low. 

 

Graphene is a single graphite plane Electronic spectrum of graphene 
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In graphene, as it turned out, the coupling strength can be controlled not only with 

the help of the concentration of particles but also through the dielectric permittivity of the 
surrounding medium. If the dielectric permittivity of the medium is sufficiently large, the 
weak coupling regime is preserved no matter how small is the concentration, which 
sharply differs from the situation in quantum wells. However, if the dielectric permittivity 
of the surrounding medium is small, it is possible to experimentally follow the entire 
transition from the weak to the strong coupling strength by varying the gate voltage.  

In the strong coupling-strength regime, particular features of the electronic 
properties of graphene give rise to an interesting effect. “Ultra-relativistic” electrons and 
holes cannot form localized pairs; as a result of which, even in the strong coupling-
strength regime, BCS pairing will occur. In this case, the temperature of the transition to 
the superfluid state can be very high, up to room temperature.  

Experimentally, the occurrence of a BCS condensate of electron--hole pairs in a 
graphene bilayer can be detected in several ways. First, this is the detection of the 
Coulomb drag effect, which manifests itself in the appearance of a current in one of the 
graphene layers as a voltage is applied to the other layer. As the system transits to the 
superfluid state, the drag coefficient should sharply increase.  Second, this is the study 
of effects that are similar to the stationary and nonstationary Josephson effects. Finally, 
the condensation changes the character of the response of the system to an external 
magnetic field. In particular, the application of a magnetic field parallel to the graphene 
layers leads to the appearance of persistent currents, which can be directly detected. 

The implementation of a high-temperature superfluidity in an electron--hole 
bilayer of graphene would be of a great practical significance. Based on such a system, 
a dissipationless twin line can be constructed. The Josephson effects can be used for 
the creation of high-sensitivity magnetometers, high-frequency oscillators, microwave 
detectors, and compact fast transistors. 

Another collective phenomenon in graphene, which was studied in the 
Laboratory, is Bose condensation and superfluidity of magnetoexcitons in an electron--
hole graphene bilayer placed in a perpendicular magnetic field [4]. In a magnetic field, 
electrons and holes form localized pairs, magnetoexcitons, which behave in sufficiently 
high magnetic fields as bosons interacting by means of dipole--dipole repulsion. The 
spectrum of collective acoustic excitations in the system of magnetoexcitons was 
studied, and the temperature of the transition to the superfluid state was found. In the 
absence of the magnetic field, the system of superfluid magnetoexcitons, as well as the 
system with the BCS condensate, should demonstrate Coulomb drag and Josephson 
effects. Local fluctuations of the superfluid density above the transition temperature to 
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the superfluid state can manifest themselves in local optical and transport properties. 
The effective mass of a magnetoexciton in a graphene bilayer, which is not bounded by 
the masses of electron and hole forming this magnetoexciton (which are equal to zero) 
can be made arbitrarily small. Since the transition temperature to the superfluid state is 
inversely proportional to mass, the study of the superfluidity of magnetoexcitons in the 
graphene bilayer may prove to be more simple than in coupled quantum wells.  

If a three-layer system based on graphene with alternating layers of electrons and 
holes is placed in a magnetic field, then, as was shown in [5], the system of 
magnetoexcitons proves to be unstable with respect to the formation of 
magnetobiexcitons, which are coupled pairs of magnetoexcitons with antiparallel dipole 
moments. In turn, the system of magnetobiexcitons is stable and transits to a superfluid 
state at sufficiently low temperatures. 

Also, the properties of magnetoplasmons in graphene, bilayer of graphene, and 
superlattice of parallel graphene layers were studied [6]. In certain intervals of wave 
vectors, magnetoplasmons exhibit Landau damping, and, in the superlattice, the 
instability of magnetoplasmons is sharply increases compared to the single layer system 
due to the in-phase superposition of oscillations. This effect can be used for conversion 
of the energy of magnetoplasmons into electromagnetic radiation in the terahertz 
frequency range. An additional advantage of such sources is the possibility of controlling 
the radiation frequency with the help of the magnetic field strength. 
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Photonic Crystals 

 Photonic crystals are structures, as a rule, artificially created, whose dielectric 
permittivity periodically varies in space. The periodicity of the dielectric permittivity leads 
to a band spectrum for photons similarly to that as a spatially periodic potential leads to 
a band spectrum for electrons. Photonic crystals attract interest both fundamentally (for 
example, for controlling quantum electrodynamic processes) and for numerous 
applications, mainly due to their property not to transmit electromagnetic waves in a 
certain frequency range, photonic gap, which depends on the geometric parameters of 
the photonic crystal and on the properties of the material. In particular, it is of interest to 
use photonic crystals for controlling thermal radiation, which can result in a substantial 
increase in the efficiency of thermal light sources. Along with this, photonic crystals can 
be successfully employed as filters in the optical and IR ranges, optical switchers, and 
waveguides.  
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 Figure 1 presents an electron photograph of a three-dimensional photonic crystal 
that is a stack of periodically arranged layers of rectangular metallic parallelepipeds, 
with the parallelepipeds in neighboring layers crossing each other at a right angle. 
 

 
 
   

 
 
 It is seen from Fig. 2 that there is a complete band gap in the IR spectral range, 
which lasts up to a wavelength of 1250 nm. The density of photon states in the band 
gap is zero; therefore, one can conclude that, up to this wavelength, the absorption of 
the photonic crystal will be minimal. Therefore, such a photonic lattice can be used for 
increasing the efficiency of thermal and light radiation sources. Along with this, the 
photonic crystal with such characteristics can be used as a high-frequency filter, 
provided that the corresponding geometric parameters are chosen. 

One of the most widely used methods of calculation of photonic crystals is the 
method of expansion in plane waves with the help of which dispersion dependences of 
photonic crystals are calculated. Initially, the method made it possible to construct band 
structures and predict the positions of photonic gaps in two-dimensional photonic 
crystals consisting of dielectric materials. Then, the method was modified for the case of 
metals, the dielectric permittivity of which was obtained using the Drude approximation. 
Calculations with this method had a good predictive power for the long-wavelength 
spectral range. To calculate photonic gaps in the visible and near-IR ranges, a more 
exact approximation for the dielectric permittivity of metals is required. Such an 
approximation is the Drude–Lorentz formula, which most exactly describes the behavior 
of the dielectric permittivity in the wavelength range from 400 to 1500 nm. To calculate 
the widths and positions of photonic gaps in two-dimensional metallic photonic crystals, 
we modified the method of expansion in plane waves for the case of the Drude–Lorentz 
approximation. With the help of our program, we investigated both the band structure of 
metallic photonic crystals of several types and the dependence of the band-gap width on 
the geometric parameters of the lattice (Fig. 3).  

For a photonic crystal with absorbing elements, we discovered a new effect, 
which can be of a large applied interest. Namely, we found that the absorption 
coefficient of such a crystal sharply depends on the angle of incidence of an 
electromagnetic wave on it, which is related to the energy redistribution within the crystal 
(due to the Bloch character of light waves within the photonic crystal). This effect can be 

Fig. 1. Electron photograph of a photonic 
crystal made of metallic rods. The distance 
between the rods is 750 nm, the height is 375 
nm, and the thickness is 250 nm. 

Fig. 2. Band structure of a photonic crystal made of 
metallic rods presented in Fig. 1. The metal is 
tungsten; T = 1600 K. 
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   a)       b) 
 
Fig. 3. (a) Band structure of a two-dimensional metallic photonic crystal calculated with the help of a 
modified method of expansion in plane waves. The metal filling factor is f = 1%; the period of a quadratic 
lattice is 650 nm (blue); the lowest branch corresponds to a period of 350 nm (red). (b) IR photonic gap 
width of the same two-dimensional metallic photonic crystal as a function of the lattice period a. 
 
used in optoelectronics. We considered a structure consisting of three layers of direct 
opal, which forms an FCC lattice. Tungsten balls covered with dielectric shells occupy 
the lattice sites. Figure 4 shows the absorption spectrum of this structure for three 
different angles of incidence of the wave.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

 
 
 
It is seen from Fig. 3 that, for a sufficiently narrow range of variation of the angle 

of incidence, the amplitude of the absorption peak sharply depends on the wavelength, 
whereas, at a normal incidence of the wave, the absorption curve falls smoothly without 
any peculiarities. We constructed the distribution of the energy amplitude of the 
electromagnetic field in each of the three layers for two angles, theta = 30 and theta = 
23, for a wavelength of 455 nm, corresponding to the maximum of absorption. 

 
Fig. 4. Absorption spectrum of three layers of FCC opal cut perpendicular to the (111) direction.
The spectra were obtained for three different angles of incidence (0, 23, and 30°).  
Tungsten balls are dressed in dielectric shells, εdiel = 2.1; tungsten, T = 2400 K. 
The lattice constant is a = 500 nm; the diameter of inner tungsten balls is d = 100 nm;  
and the diameter of the dielectric shells is d = 200 nm. The inset shows the FCC lattice of 
close-packed direct opal. 
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 From Figs. 5 and 6, it is seen that, at the absorption maximum corresponding to 
the angle of incidence of 23°, at the wavelength λ = 455 nm, sharp maxima of the 
electromagnetic-field energy amplitude are observed, which are localized at the surface 
of absorbing metallic balls. At the same time, for the angle of incidence of 30° and at the 
same wavelength, at the absorption minimum, the field distribution maxima in all the 
three layers are mainly localized between elements of the photonic crystal. The 
observed effect can be considered as an analogue of the well-known Borrmann effect 
for optical crystals, which, in ordinary crystals, is observed for X-radiation. 
 We also studied metamaterials of a new type, photonic crystals of 
superconducting elements. We analyzed the band structure of superconducting 
photonic crystals and controlling this structure with the help of temperature and 
magnetic field, which vary the superconducting gap, and, in relation to this, the dielectric 
function of the superconductor. It was shown that the photonic gap of superconducting 
photonic crystals can be controlled in the terahertz range with the density of photonic 
states being more completely suppressed compared to metallic photonic crystals 
because of the absence of the decay at frequencies lower than the superconducting 
gap. 
 A photonic crystal of a new type that is based on a superconductor of the second 
kind where an Abrikosov vortex lattice is formed, which yields a periodic modulation of 
the dielectric permittivity, was considered. Resonance radiation transfer through 
polaritons in this system was investigated, as well as for films with holes of different 
shapes. 

 The properties of the transmission spectra, the angular dependences, and the 
band gap spectrum of a photonic crystal that is composed of a two-layer system of BST 
ferroelectric films and an MgO substrate onto which copper electrodes are deposited 
were theoretically studied and analyzed in detail with the help of computer simulation. 
This photonic crystal can serve as an optical switch. Good agreement between theory 
and experimental data was obtained.  
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Nanooptics and Nanolithography 

 
 A new method of optical 
measurements with an ultrahigh 
time resolution and, 
simultaneously, with a high 
spatial resolution was studied in 
the Laboratory. The method 
uses a local field (near field) of 
laser pulses enhanced near the 
tip of a scanning probe 
microscope or an atomic force 
microscope, in particular, due to 
the excitation of local plasma 
resonances in the doubly 
connected tip–substrate system. 
Local resonances and spatial 

distributions of optical fields near the tip were numerically analyzed in detail. A strong 
near field in the subwavelength (nanometer) region under the tip can be used for 
studying linear and nonlinear optical properties of nanostructures, as well as for 
ultradense information recording, nanolithography. The latter was experimentally 
implemented in the laboratory, and the formation of nanostructures on a surface 
exposed to a nanolocal action of a femtosecond laser pulse was observed. The method 
ensures the possibility of ultradense data recording (λ/40, where λ is wavelength). An 
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optimal regime of using apertureless near fields in nanolithography was experimentally 
and theoretically worked through.  
 Apertureless near fields can also be used in optical measurements with ultrahigh 
time and spectral resolutions and, simultaneously, with a high spatial resolution. 
 

 In the laboratory, plasmon 
optics of surfaces with a 
femtosecond time resolution was 
proposed and experimentally 
studied. The possibility of 
amplification of the signal from a 
surface plasmon was 
demonstrated. With the method 
proposed, the surface plasmon 
decay was directly measured. The 
second harmonic generation as a 
result of interactions between 
femtosecond laser pulses and a 
metal surface with a periodic relief 
under “plasmon resonance” 
conditions was experimentally 
studied. The noncollinear 
interaction of two surface plasmons 

was analyzed for the one-beam and two-beam regimes. The visualization of surface 
plasmons with the help of a scanning optical acoustic microscope was investigated. 
 We studied 
 - the resonance transmission of electromagnetic waves through a film with a 
periodically patterned surface; 
 - the use of the system as a sensor; 
 - cavitation processes and self-organization upon laser action on a material;  
    - experimentally the two-photon interference in ultrathin gold films deposited on 
quartz substrates. A role played by the absorption was analyzed for all modes involved 
in spontaneous parametric light scattering. Conditions under which the absorption for 
the signal wave and pumping has an insignificant effect on the interference pattern were 
determined. It was shown that, if these conditions are implemented, the visibility of the 
interference pattern and the shape of the frequency-angular spectrum for the signal 
wave are completely determined by the optical parameters of the medium at the 
frequency of the idler wave, which belongs to the near-IR range. The problem solved is 
important in the context of physics of quantum information. 
       The spectra of plasmons localized near impurities and near various 
inhomogeneities were analyzed; the Raman scattering by localized plasmons and their 
decay were calculated. The supertransparency of a metal film with nanoholes that arises 
due to the excitation of local plasmons was analyzed. An anomalous suppression of the 
scattering of electromagnetic waves from the system of particles with a magnetic 
coating (nonreflecting coating) was predicted. The theory of scanning capacitive 
microscopy was developed. 
 Light backscattering in a disordered quasi-two-dimensional system was studied. 
      Recently, in cooperation with the Institute of Chemical Physics, RAS, we have 
studied the effect of local luminescence enhancement in a system of gold and silver 
nanoclusters deposited onto mesoporous TiO2 films under two-photon excitation. The 
luminescence enhancement turned out to be dependent on the polarization of the 
incident radiation. It was found that metal nanoparticles make the main contribution to 

Using an Ntegra scanning probe complex (from NT-MDT, 
Zelenograd, Russia), nanostructures created in our 
laboratory are studied and experiments on 
nanolithography are performed. 
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luminescence. It was theoretically shown that the system of two closely spaced 
nanoparticles yields the highest enhancement of a local electromagnetic field. 
Resonance characteristics of such a system depend on the polarization of the excitation 
pulse. The system studied is promising for controlling the charge transfer at the metal–
semiconductor interface. 
 

Optics of Ultrafast Processes in Solids 
The understanding of basic processes occurring in quantum-dimensional 

structures on a femtosecond time scale is important for the creation of a new class of 
ultrafast instruments and devices, as well as of fundamentally new hardware 
components, for nano- and optoelectronics; for the development of coherent controlling 
excitations, excitons; for coherent controlling chemical reactions; and so on. In addition, 
spectroscopy with an ultrahigh time resolution yields unique information on ultrafast 
relaxation processes in solids in real time and, as our studies showed, makes it possible 
to select relaxation of different groups of charge carriers. A new method for studying the 
Fermi-liquid properties of the electron subsystem of superconductors and metals was 
developed in the laboratory. The method is based on the analysis of the spectral 
dependence of the ultrafast relaxation time of an ultrafast photoinduced response, with 
this dependence being obtained with the help of femtosecond pump–supercontinuum 
probe spectroscopy. The behavior of the spectral dependence of the ultrafast relaxation 
time of a photoinduced response was predicted for a number of conducting materials. 
The method measures the spectral dependence of the electron relaxation rate near the 
Fermi surface by pump–supercontinuum probe spectroscopy. The relaxation time for 
optical transitions dramatically increases near the Fermi surface, which makes it 
possible to directly determine the position of the Fermi level. In an underdoped material 
YBCO, a linear dependence of the electron relaxation rate was observed, which 
indicates that the behavior of carriers is of the non-Fermi type. 

The electromagnetic response of superconductors for an arbitrary ratio between 
the coherence length and the London penetration depth was calculated. A theory for 
transitions from the valence band to the conductivity band in superconductors was 
developed. The behavior of the superconducting gap in this transition was analyzed. 
The theory proposed was confirmed by femtosecond laser spectroscopy experiments. A 
new method for studying electron–phonon interaction constants by femtosecond 
spectroscopy was proposed and experimentally implemented.  

Photoinduced femtosecond processes in С60 were investigated over a wide 
spectral range. Processes and mechanisms of ultrafast energy relaxation of charge 
carriers were studied in detail, which is important for the possible use of fullerenes in 
optoelectronics. A new method was developed for determining mobility edges in 
disordered semiconductors, which separate localized states from delocalized ones, using 
the spectral transition from exponential relaxation to stretched exponential relaxation. 

 Effects of the Coulomb correlation between electrons and of the excitation of 
plasmons in metallic nanotubes were studied, as well as the influence of the quasi-one-
dimensional character of the electron density in nanotubes on the manifestation of a 
strong electron correlation, in particular, on a nonquadratic dependence of the electron 
relaxation time near the Fermi level. The nonquadratic character of the electronic 
excitations decay (deviating from that predicted by the Landau theory of a Fermi-liquid) 
is consistent with experimental data for carbon nanotubes obtained by the pump–
supercontinuum probe method. In this relation, excitonic excitations in carbon 
nanotubes, as well as their dependences on the properties of nanotubes, were 
numerically analyzed in detail. 
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 Jointly with the Laboratory of Spectroscopy of Ultrafast Processes and with the 
Department of Solid State Spectroscopy of our Institute, ultrafast processes in an 
semiconductor–metal optical cavity were studied. 
 Researches in this field were performed in cooperation with the Laboratory of 
Spectroscopy of Ultrafast Processes of our Institute, as well as with the Humboldt 
University of Berlin, University of Goeteborg, Berkley University, Moscow State 
University, and the Institute of Chemical Physics, RAS.  
 

Quantum Dots 
 

A new geometric (topological) Berry’s phase was predicted for circular quantum 
dots with an odd number of electrons. Since this phase proves to be equal to π, the 
eigenvalues of the orbital angular momenta in the system acquire half integer values. A 
non-zero value of the Berry’s phase arises as a result of the axial symmetry and two-
dimensionality of the system, while its particular value of π comes from the Pauli 
exclusion principle. Using the method (which is nonperturbative with respect to the 
interelectron interaction) of expansion in terms of a dimensionless quantum parameter 
Q that characterizes the deviation from the strongly correlated (“crystallized”) state of 
electrons but is valid with a good accuracy even at Q of the order of unity, all the 
properties of three-electron quantum dots were determined. Rearrangements and 
crossing of levels in a quantum dot in a high magnetic field were analyzed using this 
approach. Our prediction of the occurrence of a new Berry’s phase, as well as of half-
integer orbital momenta, agrees well with experimental results on the behavior of 
quantum dots in high magnetic fields. 

We considered a system of two adjacent quantum dots with a two-dimensional 
parabolic lateral confining potential and a system of two coupled quantum dots, i.e., a 
“molecule” composed of two quantum dots. Horizontally and vertically coupled quantum 
dots were considered, and their behavior in an external transverse magnetic field was 
analyzed. For wide ranges of variation in the confining potential steepness, distance 
between the quantum dot centers, and external magnetic field, the energies of the 
ground state of the system and the energy spectra were determined taking into account 
the interelectron interaction.  

 For the ground state of a “molecule” of quantum dots, a spin rearrangement from 
the singlet state to the triplet state (i.e., spontaneous magnetization of the “molecule”) 
was predicted [12]. This result may prove to be useful for spintronics. 

 Previously, we proposed a semianalytical method for calculating the strongly 
correlated electronic system of a quantum dot, which is nonperturbative with respect to 
the interelectron interaction and which is based on the expansion in a dimensionless 
quantum parameter that depends on the steepness of the confining potential. A 
“nonperturbed” state in this method is a crystallized state of electrons, a “Wigner 
molecule.” As it turned out, this method yields excellent results even for the expansion 
parameter of the order of unity (even in the latter case, the error is as large as 1–2%!). 
We generalized this method to excitons in quantum dots. 
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Nanotubes and Nanotube-Based Nanoelectromechanical Systems 
 

The recent progress in nanotechnology made it fundamentally possible to create 
nanomechanisms and nanoelectromechanical devices, in particular, on the basis of 
nanotubes. As calculations show, energy barriers for the relative interlayer motion in 
multi-walled carbon nanotubes are low; therefore, these layers can be used as moving 
parts of nanomechanisms, which was already experimentally implemented recently. In 
this relation, we proposed a classification for the structures of multi-walled nanotubes, 
calculated in detail their potential relieves, and analyzed energy barriers for the relative 
motion. We considered double-walled nanotubes whose potential relieves correspond to 
a screw–nut thread. Microscopically, motions of various types were analyzed. New 
nanodevices based on the motion of the screw–nut type were proposed. 
 We proposed a number of new nanotube-based nanoelectromechanical devices, 
such as nano-memory elements, nano-relays, nano-actuators, nano-thermometer, 
nano-varistors, variable nano-capacitors, and nanoelectromechanical systems (NEMSs) 
for nano-medicine and studied in detail their properties. Methods for controlling the 
motion and operation regimes of NEMSs were considered. The properties of various 
double-walled carbon nanotubes were numerically analyzed by the density-functional 
method. Tunneling between walls of double-walled nanotubes was studied. The effect of 
thermodynamic fluctuations on the operation of nanotubes was analyzed. The impact of 
dissipation effects on the operation of NEMSs was considered.  
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Fig. 1. Example of a NEMS proposed: a nano-
thermometer based on a double-walled nanotube. 
An increase in the amplitude of oscillations of 
shuttle 1 with increasing temperature leads to an 
increase in the resistance of fixed wall 2 of the 
nanotube, which is attached to electrode 3.  

Fig. 2. Schematic of a nano-relay used as a memory cell on the basis of a telescopic double-walled 
nanotube: (1, 2) inner and outer nanotube walls, respectively; (3) electrode; and (3, 4) electrodes to 
which a controlling voltage is applied. 
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Mechanisms of formation of new carbon nanostructures (fullerenes, 
nanoparticles, nanotubes, and cones) were analyzed in detail. An effect of mutual 
orientational melting of shells in a multi-shell carbon nanoparticle (“onion”) was 
predicted. Potential barriers for the relative rotation of shells of a carbon nanoparticle 
were calculated. We estimated the temperature of orientational melting of a 
nanoparticle. In the context of possible applications of fullerites in optoelectronics, 
ultrafast processes in these materials were studied in detail. 
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Spintronics 

 The possibility of controlling the magnetic order by a voltage applied is very 
important in the light of modern rapid development of spintronics and magnetoelectronic 
nanosystems. Such a possibility was demonstrated only at very low temperatures in 
semiconductors with magnetic impurities, dilute magnetic semiconductors (DMSs). 
However, at room temperatures, such a phenomenon cannot be physically realized in 
DMSs because of too low Curie temperature of these materials. An important 
achievement of our laboratory is a theoretical substantiation of the possibility of 
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controlling the surface ferromagnetic transition in metallic ferromagnetics, whose Curie 
temperature is much higher. A method for tuning the Curie temperature of ferromagnetic 
metallic alloys to the temperature range required for the realization of the predicted 
effect was proposed, which relies on the proper choice of the concentrations of the 
components of an alloy (I.V.Ovchinnikov et. al., PRB 78 (2008), in press). 

Molecular Electronics 
We studied a nonlinear electronic response of two molecular devices, mixers, to a 

bichromatic electric field.   
     The systems considered are (1) benzene molecule and (2) graphene sheet; in 

both cases, they contain three polyacetylene chains. At a large amplitude of a signal 
applied, combination frequencies are generated in the system. 

 
Quantum Electrodynamics in an Optical Microcavity 

 The dynamical Casimir effect—generation of photons from a vacuum in a 
nonstationary optical cavity—is one of the most interesting phenomena of quantum 
electrodynamics in a cavity; however, it still has not been experimentally observed. 
Previously, in our works (see, e.g., Yu.E. Lozovik, V.G. Tsvetus, E.A. Vinogradov, JETP 
Lett., 61, 711-716(1995)), a possible experimental realization of the dynamical Casimir 
effect was proposed, which was based on a parametric ultrafast change of the boundary 
conditions using the generation of electron–hole plasma in an initially transparent 
semiconductor film with the help of a femtosecond laser pulse. Now, we propose to 
obtain an ultrafast change in the boundary conditions of the cavity by using picosecond 
carrier injection into the film.  

 In connection with experiments planned, it becomes important to carefully 
calculate the number of photons generated as a result of the dynamical Casimir effect in 
a nonstationary cavity whose boundaries move at an ultrarelativistic velocity. 

 We considered the dynamical Casimir effect in a rapidly contracting cavity in 
terms of a one-dimensional scalar model. In the case where the contraction rate is 
constant, we obtained an exact solution to the problem. 

 It was shown that the energy distribution of particles generated in an uniformly 
contracting cavity periodically varies with the logarithm of the parameter ρ, which is 
equal to the ratio of the initial and final sizes of the cavity and is related to the cavity 
contraction time. We were first to show that, as a result of interference phenomena 
inside the nonstationary cavity, this dependence is nonmonotonic: there are an infinite 
number of values ρk at which particles are not generated. At the same time, values of 
parameters were found for which the number of generated particles is optimal.  

The controlling of the Lamb shift of atoms in an optical microcavity was 
considered. A new effect, namely, a photonless excitation of an atom in a nonstationary 
microcavity due to the nonadiabatic modulation of the Lamb shift by nonstationary zero-
point oscillations (the dynamical Lamb effect) was predicted. 
 The statistical properties of the radiation, its angular distribution, and intensity 
were calculated. 
 The nature of the experimentally observed ultrafast switching of cavity modes in 
the system semiconductor film–metal was analyzed. 
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Excitons and Magnetoexcitons in Quantum Wells; 

Bose Condensation of Dipolar Atoms 
The collective properties of dipolar excitons and magnetoexcitons, as well as their 

phases in quantum wells, were studied. 
 A new, crystalline, phase, in a system of dipolar excitons (in coupled quantum 
wells or in an isolated quantum well in a strong transverse magnetic field, which induces 
dipoles) was studied. 
 Experimentally, crystallization can be achieved only for very long-lived excitons in 
rather wide quantum wells in an electric field at very low temperatures.  
 It can be detected by observing specific features in excitonic luminescence or in 
their transport, as well as with the help of diffraction of ultrasound by an excitonic 
crystal.  

 Using the quantum Monte Carlo method, we studied the zero-temperature 
quantum phase diagram of a two-dimensional system of dipole--dipole interacting 
bosons. It was predicted that the system has a phase transition from the liquid (or gas) 
state to the crystalline state. In the gas phase, the fraction of condensed particles as a 
function of density was found. The excitation spectrum can be approximately found from 
the Feynman formula. Despite the fact that Bose condensed systems of two-
dimensional dipolar excitons are in the gas phase, rather than in the liquid one, in the 
strongly correlated regime, they possess a short-range order, their structural factor 
exhibits a sharply pronounced hump, the Bose condensate in them is strongly depleted 
by the interaction, and the excitation spectrum differs strongly from the Bogoliubov form. 
The formation of a roton minimum was analyzed with increasing correlation in the 
system and with increasing dimensionless interaction parameter. Effects of strong 
correlations  of  two-dimensional  dipolar  excitons are similar to corresponding effects in  

 
 

helium, with the difference that helium is in the liquid phase. The static structural factor 
was found for the two phases. At the point of the phase transition, the ab initio 
calculated Lindemann melting parameter was equal to 0.230.  

Fig. 3. Quantum crystallization in the system of dipolar excitons calculated by the quantum Monte Carlo 
method. The left and right patterns were obtained for dimensionless densities of 256 and 358, 
respectively (the unit length is proportional to the ratio dipole moment/electron charge e). 
 



 199 

In the crystalline state, two-dimensional dipolar excitons form a periodic lattice, 
and a diagonal long-range order arises in the system. The crystal itself is the quantum 
crystal; i.e., the wave functions of excitons located at neighboring sites are significantly 
overlapped. Whereas the gas–crystal density transition (i.e., with increasing correlation) 
is also possible at zero temperature, being the quantum phase transition. Researchers 
of our laboratory showed that, in contrast to the excitonic gas, the density distribution in 
the crystal of two-dimensional dipolar excitons periodically oscillates; the pair distribution 
also exhibits long-range oscillations; while the structural factor shows an extremely 
narrow and high peak. The phase diagrams and the temperatures of critical points that 
involve the participation of the crystalline phase of two-dimensional dipolar excitons 
were calculated. 

Experimentally, crystallization of two-dimensional dipolar excitons can be realized 
for very long-lived excitons in rather wide quantum wells in an electric field at very low 
temperatures. It can be detected via optical observation of peculiarities in the 
luminescence of two-dimensional dipolar excitons or in their transport over long 
distances, as well as with the help of diffraction of ultrasound by the excitonic crystal. 

 Using the quantum path-integral Monte Carlo method, the properties of a system 
of excitons in a single quantum well with dipoles induced by a strong electric field were 
studied in detail. The effective dipole moment, the particle distribution, etc., were found. 

 With the help of simulation by the diffusion Monte Carlo method, we studied in 
detail the Bose condensation of two-dimensional dipolar spatially indirect excitons in 
quantum wells. The ground state energy, the single-particle density matrix, and the pair 
distribution were numerically calculated. Based on these numerical calculations, we 
found the structural factor, the energy spectrum, the temperature dependence of the 
local superfluid density, the Bose condensate, the chemical potential, the coupling 
constant, the velocity of sound, as well as the condensation and Kosterlitz–Thouless 
temperatures. For a harmonic trap with a large number of excitons, the total and Bose-
condensate density profiles were calculated. It was shown that, in structures of coupled 
quantum wells, which now exhibit low temperature peculiarities of excitonic 
luminescence, dipolar excitons form a strongly interacting system. 

 The properties of a two-dimensional dipolar Bose gas were studied in the regime 
of small densities. The equation of state found by the diffusion Monte Carlo method 
quantitatively differs from that predicted by the mean-field theory (the Gross–Pitaevskii 
equation). The static structural factor, the pair distribution, and the density of condensed 
particles are calculated as a function of the gas parameter. Differences from the mean-
field theory lead to characteristic differences in the frequency of collective oscillations of 
particles in the trap. In particular, it was found that, in the two-dimensional system, in 
contrast to 1D- and 3D-systems, there are quantitative discrepancies with the mean-field 
theory even in the universal regime (where the properties of the system do not depend 
on the particular type of the interaction potential). 
 For two-dimensional dipolar excitonic systems in traps, the transition temperature 
to a Bose-condensed superfluid state and the fractions and profiles of the Bose 
condensate and the superfluid component were calculated. In a harmonic trap, the 
excitonic system separates into a superfluid circle and a normal ring around it. The 
superfluid circle contains the Bose condensate. With increasing temperature, the 
superfluid circle shrinks. When the circle vanishes, the system transits to the normal 
phase. 

 The effect of the disorder on the superfluidity of excitons and magnetoexcitons in 
a two-dimensional trap was analyzed. 

We studied the Bose condensation and superfluidity in mesoscopic and 
macroscopic quantum crystals. According to our results (which were obtained with the 
help of the quantum Monte Carlo method), an ideal macroscopic crystal does not exhibit 
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a Bose–Einstein supersolid phase; i.e., in the macroscopic limit, there is neither the 
Bose condensate nor the superfluid component. However, a mesoscopic crystal 
contains small fractions of the superfluid component and Bose condensate, which 
decrease with increasing crystal size. It is interesting that a mesoscopic analog of an off-
diagonal long-range order arises in the mesoscopic supersolid: a single-particle density 
matrix slowly decreases at long distances, whereas, in the corresponding classical 
crystal, it should decrease according to an exponential law. In the presence of 
vacancies, effects of supersolid are sharply enhanced. 
 Thus, even if the fraction of vacancies is small, the fraction of the Bose 
condensate jumps to nearly its value in the corresponding gas phase, while the 
superfluid fraction increases almost to unity. 
 Moreover, at a fraction of vacancies of no more than 16.7%, up to very high 
densities—35 times greater than the critical density of the gas–crystal transition—the 
fractions of the Bose condensate and superfluid component are nearly as high as those 
in the gas phase.  
 An even more interesting is the fact that, at such high densities, the crystal is not 
a classical object, since the presence of vacancies transforms the crystal lattice, 
increasing the probability of jumps of excitons between sites. Therefore, even at such 
high densities, the crystal exhibits a strongly quantum behavior. At a smaller fraction of 
vacancies, the fractions of the Bose condensate and specified component begin to 
decrease already at lower densities, and, with further increasing density, the quantum 
crystal gradually passes into the classical crystal. 
 

Collective Properties and Phases of  
Quasi-One-Dimensional Bose Systems 

 The superfluidity and strongly correlated states of bosons in quasi-one-
dimensional systems (such as excitons in nanostructures and nanotubes or Bose atoms 
in quasi-one-dimensional traps) were studied. Изучены сверхтекучесть и сильно-
коррелированные состояния бозонов в квазиодномерных системах (экситонов в 
наноструктурах, нанотрубках, либо бозе-атомов в квазиодномерных ловушках). 

 In the Calogero–Sutherland model, correlation functions were studied. A zero-
temperature quantum phase diagram involves quasi-condensation, quasi-crystallization, 
and quasi-supersolid regimes. Using the replica method, we obtained analytical 
expressions for the long-wavelength asymptotics of the one-particle density matrix. It 
was shown that the zero-expansion of the one-particle density matrix has both analytical 
and non-analytical terms. For all distances, the correlation functions were numerically 
determined using the quantum Monte Carlo method. The momentum distribution and 
static structure factor were obtained. The kinetic and potential energies were found from 
the Hellmann–Feynman theorem. 

 With the help of the Bose–Fermi duality, the long-wavelength asymptotics of the 
collective mode in the one-dimensional system was obtained in the strongly correlated 
Tonks–Girardeau regime. 

Excitonic Polaritons in an Optical Microcavity and  
the Problem of an Inversionless Polariton Laser 

 The condensation and superfluidity of excitonic polaritons in an optical 
microcavity into which a semiconductor quantum well is placed were studied. 

Quasi-two-dimensional excitons in this quantum well can be resonantly excited by 
photons of the optical microcavity. As a result, if the quality factor of the microcavity is 
large, composition quasiparticles, excitonic polaritons, arise in the system, which are 
superpositions  of excitons and microcavity photons. If densities are not very high, 
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excitonic polaritons can be considered with a high accuracy as bosons. Accordingly, as 
the temperature of this quasi-two-dimensional system decreases, the topological 
Kosterlitz–Thouless transition to a superfluid state with a quasi-long-range off-diagonal 

order should occur in the system. Since, 
at small longitudinal momenta, the 
dispersion law of polaritons is mainly 
determined by the dispersion law of 
microcavity photons, the effective mass of 
polaritons will be small, being determined 
by the geometry of the optical microcavity. 
Therefore, the transition temperature, 
which is inversely proportional to the 
effective mass, can reach room 
temperatures. At the same time, after the 
transition of the system of polaritons to the 
phase with the quasi-long-range order, 

photons that escape the optical microcavity should obey the statistics of laser radiation. 
In this regard, the system under discussion, being considered as a radiation source, is a 
laser that operates without population inversion. This system differs from an ordinary 
Bose system (such as, e.g., helium) in that the dispersion law of polaritons is 
complicated and can be considered to be quadratic only at small momenta, while 
interactions between polaritons depend on the momenta of polaritons themselves (this 
fact is the consequence of the conversion of excitons into photons and vice versa). 
Since the dispersion law is nonquadratic, the particle current operator is no longer 
proportional to the momentum density operator, and, therefore, Landau’s notions that 
were used in the description of liquid helium II are no longer applicable. The theory 
developed made it possible to consistently find the effective action for the order-
parameter phase in the system under consideration and to calculate the superfluid 
density of polaritons and the Kosterlitz–Thouless transition temperature in the system of 
polaritons as a function of the cavity parameters and polariton splitting. 

 
 
 
 

It was shown that, with the help 
of a magnetic field, one can control 
the spectrum of direct and indirect 
excitons in quantum wells, as well as 
the magnitude of the polariton effect 
for a given structure and the  

 
It was shown that, with the help of a magnetic field, one can control the spectrum 

of direct and indirect excitons in quantum wells, as well as the magnitude of the 
polariton effect for a given structure and the properties of forming polaritons. For the 
polariton effect to be strong, it is necessary that the energy of the photonic mode at k = 
0 would be in resonance with the energy of the excitonic mode, which substantially 
depends on the external magnetic field. 

We studied the Bose condensation of excitonic polaritons in two-dimensional 
traps and the effects that a magnetic field and random fields related to the nonideality of 
boundaries have on this condensation. 

 

Schematic of a microcavity: a quantum well is 
placed between two mirrors (multilayer Bragg 
reflectors). 

 
 
Dependence of the phase transition 
temperature of a system of polaritons in an 
optical microcavity to a state with a quasi-long-
range order with respect to the phase on the 
polariton splitting. Below this temperature, 
quasi-equilibrium photons escaping the cavity 
will obey the laser statistics. 
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Electronic Crystals; Crystallization of Electrons in a Two-Dimensional 
System Induced by a Magnetic Field 

 Lozovik and Yudson were the first to predict that a magnetic field can initiate 
quantum crystallization of a two-dimensional (2D) system of electrons in semiconductor 
2D structures. Later, this crystallization was studied in detail in our laboratory. A 
localizing role played by a high magnetic field consists of a sharp decrease in the 
amplitude of zero-point oscillations of electrons in lattice sites, which ensures the 
stability of the lattice. This first example of the influence of a magnetic field on phases of 
a 2D electron gas (five years before the quantum Hall effect was discovered) initiated a 
number of theoretical and experimental studies in the field of low-dimensional electronic 
systems that, in particular, led to the discovery of the fractional quantum Hall effect in 
high magnetic fields.  
 At a nonzero temperature, in a 2D crystal, the mean-square fluctuation of 
particles at lattice sites <u2> diverges in the thermodynamic limit (according to the 
Landau–Peierls theorem, a long-range order cannot occur in a 2D crystal); therefore, at 
T ≠ 0, the Lindemann criterion does not hold. Therefore, to phenomenologically describe 
the melting of a 2D crystal and the phase diagram of a 2D system, a generalized melting 
criterion was proposed (see [6] and references to our earlier works), according to which 
melting occurs if the relative amplitude of oscillations of neighboring lattice sites γ1 = 
<(u1 – u2)2>/a2 exceeds a certain critical quantity γ1с, where <(u1 – u2)2> is the mean 
square of the relative displacement of electrons at neighboring lattice sites (which is 
finite at T ≠ 0). 
Computer simulation demonstrated that the critical quantity γ1с is approximately 
universal for 2D crystals of different nature and that the criterion proposed is efficient. A 
detailed study of the phase diagram of the system using this criterion confirmed the 
magnetic field-assisted crystallization of 2D electrons. 
 To calculate <(u1 – u2)2> in the harmonic approximation for a crystal, it is 
necessary to change to normal coordinates by diagonalizing the complete Hamiltonian 
rather than the potential energy alone since the former contains terms with mixed 
coordinates and momenta, with this change being performed with the help of a unitary 
transformation whose coefficients depend on the magnetic field. This circumstance is a 
nontrivial fact for the electronic system in the magnetic field. Neglect of this 
circumstance and the use of the standard formulas for the mean-square displacements 
(obtained at H = 0) with the subsequent substitution of the dispersion laws for 
oscillations at H ≠ 0 into these formulas can lead to qualitatively wrong conclusions on 
the influence of the magnetic field on crystallization. At present, our result that, with 
increasing magnetic field, the temperature and concentration existence domains of the 
crystalline phase are extended is generally accepted, and the priority of our works in this 
field is generally acknowledged.  
 We also considered the influence of image forces on the domain of existence of 
the crystal. This influence becomes significant if a metal electrode is placed near the 
two-dimensional electron gas, which, at the expense of image forces, changes the 
Coulombian asymptotics of the interaction law between electrons at long distances to 
the dipolar one. This destabilizes the electronic crystal at small concentrations, and the 
second melting point arises. We showed that, under these conditions, a high magnetic 
field also stabilizes the crystalline phase in the above-mentioned range of limitingly 
small concentrations leading to the occurrence of a second dome on the temperature–
concentration phase diagram, within which the crystalline phase exists.  
 Apart from the phenomenological approach, we constructed a consistent 
microscopic theory for the description of the vibrational spectra and phase diagram of 
the system, the instability of two-dimensional crystals, in particular, of two-dimensional 
electronic crystals in the magnetic field. 
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 This theory allowed us to ab initio predict the temperature dependence of the 
phonon spectra and the melting point of crystals, both quantum and classical ones, 
based on the knowledge of interaction potentials between particles. The theory 
consistently takes into account an infinite subsequence of anharmonic contributions of 
the same order of smallness with respect to the relative amplitude of oscillations of 
neighboring lattice sites γ1 (γ1 is small in the entire domain of existence of the crystalline 
phase in contrast to the Lindemann parameter, which diverges in the thermodynamic 
limit in two-dimensional crystals). The approach developed (we termed it the (3 + 4)-self-
consistent approximation) takes into account the renormalized skeleton diagrams of the 
first order with respect to γ1 in the eigenenergy part of the phonon Green's function (see 
the equation for the phonon Green's function in the diagrammatic form). They are 
related to the renormalized contribution from the quartic anharmonicity “in the first order” 
(the second diagram in the figure) and to the renormalized contribution from the cubic 
anharmonicity “in the second order” (the third diagram in the figure). Clearly, infinite 
subsequences of the ordinary perturbation theory series in terms of the cubic and 
quartic anharmonicities, with contributions on the order of γ1, correspond to these 
diagrams. 
   
    

 
 
 
 
 

 Remaining diagrams are of a higher order in γ1. 
 The predictions of the theory for the melting points and temperature dependences 
of the spectra agree well with the computer simulation results and available 
experimental data for crystals with different interparticle interaction laws. In terms of the 
theory developed, we determined the temperature dependence of the velocity of 
transverse long-wavelength phonons ct(n, T) and the point of the topological phase 
transition in the classical region of the Kosterlitz–Thouless type, which is defined via the 
function ct(n, T). Both these theoretical findings agree well with computer simulations 
and available experimental data. The predicted values of the characteristic parameters 
of the quantum “cold” melting of an electronic crystal at T = 0, such as the critical 
electron density nc at H = 0 and the critical values of the Landau level filling υс in high 
magnetic fields, are also agree rather well with simulations and experiment. The 
obtained critical value of υс is consistent well with the absence of the fractional quantum 
Hall effect at small values of the Landau level filling u. 
 The theory developed also self-consistently explained the existence of universal 
melting parameters, in particular, such melting parameter as the (relative) amplitude of 
oscillations of particles in (neighboring) lattice sites, and predicted the occurrence of 
new universal parameters. Moreover, the theory also self-consistently explained the 
smallness of the melting parameter (γ1с = 0.1) and the large ratio of the characteristic 
interaction energy of particles to the characteristic kinetic energy, related to this 
smallness (for example, in the classical region, this ratio is Γc ≈ 140). As it turned out, 
this smallness (for the melting parameter γ1с and the critical Landau level filling υс) and, 
correspondingly, the largeness (for Γc) are related to one and the same factor. Namely, 
the second and third diagrams in the figure are nearly of the same magnitude but their 

= + +

Equation for the phonon Green's function of a crystal, which takes into 
account the diagrams of the first order with respect to the small (up to the 
melting point) parameter γ1. 
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signs are opposite! Therefore, the anharmonicity contributions are very strongly 
compensated. Since the contribution from the cubic anharmonicity to the frequency 
renormalization of a transverse phonon is negative (the third diagram in the figure) and 
is greater than the positive contribution from the quartic anharmonicity, as the control 
parameter (the temperature, the density, or the Landau level filling) increases, 
transverse frequencies soften up to a certain, nearly universal, critical value, which 
corresponds to the absolute instability of the system. However, for example, the 
topological melting at T ≠ 0 occurs slightly before the point of the absolute instability of 
the crystal.  
 The spectra and the nature of melting of a number of two-dimensional crystals 
were studied by the computer simulation methods (molecular dynamics, Monte Carlo), 
and a hexatic (liquid-crystal) phase in a two-dimensional electronic system was 
observed for the first time, which was previously theoretically predicted (by Halperin and 
Nelson). It was also shown that the melting of an electronic crystal is indeed a two-stage 
process. 

Mesoscopic Electronic Crystals 
 In our laboratory, mesoscopic electronic crystals and strongly-correlated states of 
electrons in quantum dots were investigated for the first time. We studied their shell 
structure, which resembles a hypothetic two-dimensional Thomson atom with the 
corresponding “periodic table,” and the specifics of their melting. Interestingly, melting of 
these objects occurs in several stages: initially, mutual orientational melting of 
neighboring “crystalline” shells occurs, then, at significantly higher values of control 
parameters (see above), the shell structure and the “crystalline” order inside shells 
vanish, i.e., the transition to a Fermi liquid takes place. This scenario is related to the 
fact that the barrier of relative rotation of shells is small compared to the barrier for 

relative jumps of particles between shells, which, in its turn, is caused by the 
incommensurability of shells of mesoscopic clusters and by the corresponding 
compensation of interactions of neighboring shells.  

High magnetic fields for large electronic clusters, as well as for extended 
systems, suppress the amplitude of zero-point oscillations and induce crystallization. 
However, for small clusters, a different effect also becomes significant; namely, the 
effective steepness of the confining potential increases in high magnetic fields, which 
leads to an increase in the equilibrium density of electrons. As a result, the magnetic 
field nonmonotonically affects the crystallization of the system of several electrons in 
quantum dots. 

 
  

Quantum orientational melting and radial melting of mesoscopic electronic clusters. Evolution of the 
distribution of N = 19 electrons with the variation in the steepness of a confining potential (the 
transition from a Wigner crystal to a Wigner “molecule”). V. Filinov, M. Bonitz, and Yu. E. Lozovik, 
Phys. Rev. Lett. 86, 3851 (2001). 
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A Two-Dimensional Electron–Hole System in a High magnetic Field:  
a Bose Condensate of Magnetoexcitons as  

an Exact Ground State of the System 
 Two-dimensional (2D) electron–hole (e–h) systems in a high magnetic field 
exhibit unique properties. Among particular features of these systems is primarily the 
complete discreteness of the spectrum of free particles, which consists of equidistant 
Landau levels. Another important property is the macroscopic degeneracy of each 
Landau level, with the degeneracy multiplicity being proportional to the magnetic field. In 
high magnetic fields, the characteristic interaction energy between particles, e2/rH, 
proves to be considerably smaller than the interlevel spacings. In this situation, the 
Landau levels themselves not only remain well defined, but, moreover, virtual transitions 
of particles between them, which occur as a result of interparticle interactions, can also 
be neglected with respect to the parameter (e2/rH)/ cωh .  
 Consider the Hamiltonian that describes interparticle interactions. Let terms that 
correspond to virtual transitions of particles between different Landau levels be 
neglected. In this approximation, which we will term the high magnetic field 
approximation, the remaining Hamiltonian conserves the number of particles at each 
Landau level.  
 However, even though the Hamiltonian is so significantly simplified, the 
occurrence of the macroscopic degeneracy makes, at first glance, hopeless the search 
for an analytical solution to the problem on finding an exact state of interacting particles 
even at one Landau level, since, as it would seem, this problem should be reduced to a 
system of a macroscopically large number of secular equations. The difficulty related to 
the degeneracy indeed turns out to be significant and makes it impossible to study the 
system with the help of the standard diagrammatic methods if the noninteracting system 
is taken as the zero approximation. Thus, in the diagrammatic formalism at T=0, 
divergences related to transitions between states at a given Landau level arise. In the 
temperature diagrammatic formalism, difficulties arise in the low-temperature range, 
since the expansion parameter (e2/rH)/T diverges at T → 0 (as a consequence, the 
ground state cannot be studied at all in this range). In our works, we proposed a method 
for surmounting these difficulties, which consists in that a part of interactions is taken 
into account already in the zeroth order of the perturbation theory by introducing 
anomalous Green's functions (corresponding to e–h pairing). Then, the rearranged 
series of the perturbation theory does not contain terms diverging at T → 0, because, 
now, the expansion parameter is (e2/rH)/T exp (–(e2/rH)/T). 
 Using this approach, we clarified the thermodynamic properties of the system, 
including the low-temperature ones. Moreover, we proved that any diagram of the 
perturbation theory series that describes correlation corrections to the Hartree–Fock 
approximation (which takes into account anomalous excitonic pairings) turns to zero  
at T → 0. 
 The energy of the ground state of the e–h system coincides with the energy 
which yields the mean-field approximation and proves to be equal to the coupling 
energy of isolated excitons of the zero momentum. 
 In addition, we showed that, at T → 0, the contributions to the irreducible four-
vertex diagram are reduced to only the ladder-type diagrams, by summing which one 
can find (through the poles of the two-particle Green's function) the spectrum of two-
particle excitations of the system at a given Landau level. It turned out to correspond to 
the escape of one exciton out of the condensate of e–h pairs with acquiring a finite 
momentum P. 
 Thus, we proved that, under the neglect of transitions to higher-lying Landau 
levels, the ground state of a two-dimensional electron–hole system (with charge-
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symmetric interactions) is equivalent to a two-dimensional Bose condensate of an ideal 
exciton gas with the zero momentum. If correlation corrections to the energy of the 
ground state are taken into account (which are related to transitions to higher-lying 
Landau levels), the exciton gas becomes weakly nonideal with a very large 
compressibility, and the spectrum of excitations changes to the acoustic spectrum.  
 In view of these rather unexpected results, it is also very interesting to elucidate 
their meaning from the viewpoint of quantum mechanics of a system of many interacting 
particles. A number of our works were devoted to the construction of quantum 
mechanics of a 2D system of e and h interacting in a high magnetic field. In these 
studies, a many-particle Schrödinger equation of the problem, which describes the 
electron–hole system in the high magnetic field approximation, was solved and its 
solutions for the ground and two-particle excited states were found. 
 It turned out that the statement that the ground state of the system is equivalent 
to an ideal gas of zero-momentum excitons residing in the condensate should be taken 
literally: the wave function of the ground state has the form (Q0

+)N|0>, where Q0
+ is the 

operator of creation of a 2D exciton with the momentum P = 0 in a high magnetic field; 
i.e., excitons indeed condense into one quantum state. This result explicitly relates the 
ground state to the condensate of e–h pairs and made it possible to deepen the analysis 
of the properties of the system for both the ground and excited states. It is also turned 
out that, with the help of secondary quantization operators of 2D excitons in a high 
magnetic field (2D magnetic excitons), one can rather efficiently describe different 
(symmetric) e–h systems even if their interparticle interaction potential is arbitrary (it is 
only necessary that the condition (e2/rH)/ cωh  << 1 would be implemented). This allowed 
us to find a number of close exactly solvable models. It was also shown that the ground 
state in the form (Q0

+)N|0> directly follows from the property of the charge symmetry of 
the Hamiltonian—from the invariance of the Hamiltonian with respect to rotations in the 
corresponding “isotopic” space and from the integral of motion, which follows from this 
invariance. The obtained exact solution can be realized in a high magnetic field for 
electron–hole systems, semiconductor or semimetal quantum films, and layered 
systems as well as for all these systems placed in crossed magnetic and weak electric 
fields (in the latter case, magnetoexcitons condense into a state with the momentum P0 
= M [EXH]/H2, where M is the mass of a magnetoexciton, which depends on H).  
 In the approach under discussion, difficulties related to the macroscopic 
degeneracy of Landau levels do not occur at all, since excitonic states take into account 
pair correlations between e and h, and the degeneracy caused by them proves to be 
removed from the very beginning. 
 Therefore, in the described cycle of our studies, a theory of a two-dimensional 
electron–hole system in a high magnetic field was constructed for the first time, and an 
exact solution to the problem for the ground and a number of excited states of the 
system was found. It was shown that it corresponds to a Bose condensate of 
noninteracting magnetoexcitons and is a consequence of the dynamic symmetry of the 
problem. A new class of exactly solvable problems for two-dimensional systems of 
interacting particles was found. 
 Our theoretical results were supported experimentally (for example, by the team 
of D. Chemla, Berkeley). 
 The results presented can be readily (in fact, by redenoting corresponding 
quantities) generalized to a system of magnetoexcitons in a one-component system, 
which arise as a result of transitions of electrons to high-lying Landau levels. 
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Magnetooptics of Two-Dimensional Excitons and Luminescence  
Control by External Fields 

 In our works, the properties of quasi-two-dimensional excitons in isolated and 
coupled quantum wells were studied for the first time, as well as their optical properties 
in high magnetic fields. An increase in the mass of an exciton in a magnetic field was 
calculated, which, as it turned out, agrees well with experiment. The dispersion laws of 
2D magnetoexcitons were investigated, and their nonmonotonic behavior for excited 
states of excitons (so-called roton minima) was predicted. The possibility of controlling 
the luminescence of spatially indirect two-dimensional excitons in a magnetic field 
parallel to the plane of quantum wells was predicted and experimentally confirmed. The 
calculated dispersion laws agree well with experiment.  

Phase Transitions, Coherent Optical Phenomena, and Superfluidity in 
Bilayer Electron–Hole Systems in a High Magnetic Field 

 We were the first to predict (see references) coherent properties and superfluidity 
of a system of indirect excitons and magnetoexcitons in coupled quantum wells and to 
study the phase diagram, drag effects, optical and magnetic properties, and Josephson-
type effects of this (nonsuperconducting!) system. 
 We considered the effect of disordering on the Bose condensation and superfluid 
properties of excitons. Weak localization of component parts, excitons, was analyzed for 
the first time. It was shown that these coherent properties and superfluidity can be 
observed in both bilayer electron–hole systems and bilayer electronic systems in 
quantizing magnetic fields. 
 We predicted the formation of an exciton liquid and formation of a crystalline 
phase in the system. The possibility of controlling over the Bose condensate of indirect 
excitons and magnetoexcitons with the help of magnetic and electric fields was studied, 
and possible phonon spectroscopy of the Bose condensate was considered.  
 New nonlinear optical phenomena in a Bose condensate of excitons were 
predicted, in particular, reflection of light backward and anomalous refraction of light in 
the exciton condensate. 
 The instability of a bilayer system of composite fermions (at a half filling factor in 
each layer) with respect to pairing was considered. The influence of the composite 
fermion marginality (the absence of weakly decaying excitations near the Fermi surface) 
on pairing was analyzed. 
 A system of interacting spatially separated excitons and electrons was examined 
in the presence of a Bose-condensate of excitons. The kinetic properties of this system 
caused by drag effects, interactions of excitations in a subsystem of excitons and 
electrons, were studied. Expressions for linear response coefficients of the electron 
subsystem to quantities that characterize the nonequilibrium state in the subsystem of 
excitons were obtained. Experimental observation of these drag effects can yield new 
information about the phase state of excitons via the electric response in the electron 
layer and, in addition, can provide a new way of controlling excitons with the help of 
electrons. Abnormal Raman scattering and two-photon emission by Bose-condensed 
excitons were predicted, which are caused by simultaneous recombination (or creation) 
of two excitons with opposite momenta. These effects, which leave unchanged the 
number of above-condensate excitons, can occur only in the presence of a Bose 
condensate in the system and, therefore, can serve as a new method of its detection. 
The possibility of cooling excitons by coherent radiation in the population trapping 
regime was investigated. 
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 Phonon spectroscopy of a coherent phase of excitons was studied. The control 
over the coherent phase of interwell excitons with the help of transverse electric and 
parallel magnetic fields was analyzed. 

Quantum Hall Effect 
 In the drift approximation, we illustratively explained Quantum Hall effect as a 
consequence of the relation between the Hall conductivity and the geometric topological 
invariant in the system. 

The dynamic response of a system in the quantum Hall effect regime was studied 
for the first time, and it was shown that it reflects the properties of fractal contours of a 
random potential. A phenomenon of drift resonance in this system was predicted on the 
example of closed equipotentials of a random potential of the Fermi level. The effect of 
the Coulomb interaction on the drift resonance was studied. The destruction of an Ideal 
Hall quantization with increasing external field frequency as a result of excitation of 
localized states in two limiting cases—in a system with short-range interacting impurities 
and in smooth random potentials. A microscopic theory of boundary magnetoplasmons 
was developed based on the generalized random-phase approximation. 
 An equation of state of a rarefied system of anions, quasiparticles with a 
fractional statistics, was derived. 
 A relation between the characteristics of the spectrum of boundary excitations in 
the quantum Hall-effect regime and the conformal invariance of the system was 
established. 
 A theory of composite fermions in an anisotropic system with the Landau level 
half-filling was developed. It was shown that the shape of the Fermi surface of 
composite fermions is the same as that in the two-dimensional system of electrons in 
the absence of the magnetic field.  
 The spin polarization of composite fermions was studied. 

Superfluidity, Superconductivity, and Magnetism of  
Mesoscopic Particles and Arrays of Mesoscopic Particles 

 A system of mesoscopic traps of Bose-condensed atoms was considered in 
detail. We proposed a new model that can describe quantum fluctuations of the order 
parameter phases in arrays of mesoscopic superfluid and superconducting structures 
and their influence on the destruction of the ordered state. The model employs a 
consistent quantum-mechanical definition of the phase operator. The theory developed 
makes it possible to study arrays of such small particles with a small average number of 
particles per array. In this case, the standard approach, which assumes the operators of 
the phase and of the number of particles to be conjugated, is inapplicable. We found 
that the phase diagrams of arrays of macroscopic and mesoscopic objects significantly 
differ from each other. Similar results were also obtained with the help of the Bose–
Hubbard model. The influence of weak localization of quasiparticles in a disordered 
superconductor on its thermal conductivity was studied. The transition into a 
superconducting state in layered systems was investigated. Anomalous dia- and 
paramagnetism of mesoscopic particles was predicted. We studied the properties of 
superconducting particles of a nanometer size. We considered the formation and 
distribution of nanometer-size clusters in a dense medium. A locking role played by the 
Coulomb interaction in nanometer ballistic contacts in semiconductors was analyzed.  

Solid-State Spectroscopy 
 We constructed a theory of vibrational spectra of crystals, which consistently 
takes into account all lattice anharmonicities of the same order with respect to a small 
(up to the melting point) dimensionless parameter—the ratio of the mean square 
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displacement of atoms from lattice sites to the lattice spacing. Summation of an infinite 
set of diagrams of the same order in the parameter mentioned above yields a closed 
equation for vibrational frequencies. The numerical solving of this equation shows that 
phonons soften with increasing control parameter (the temperature or the density of 
particles, etc.). Initially, the spectrum softens linearly, then, more sharply, and, finally, at 
a certain value of the control parameter, the real solution for the frequencies of 
transverse vibrations vanishes. This is indicative of an instability related to the vanishing 
of the transverse shear modulus. Thus, we can find the melting point of a crystal from ab 
initio calculations, setting only the interaction potential between particles. Calculations 
agree well with physical and numerical experiments. In addition, we succeeded in 
explaining the universality of the Lindemann parameter and other quantities. An 
empirical melting criterion of the type of the Lindemann parameter was substantiated 
and generalized to two-dimensional systems (the ordinary Lindemann criterion cannot 
be applied to two-dimensional systems, because the mean square displacement of a 
particle from a site diverges). Convincing evidence in favor of this theory (apart from the 
adequate analysis of perturbation theory skeleton diagrams in anharmonicities) is a very 
good agreement between theoretical inferences and results of physical and numerical 
experiments for a number of two-dimensional crystals. 
 New methods for creating a phonon laser were studied. 

Weak localization of excitons, plasmons, and quasiparticles with random masses 
in a disordered system was investigated. 
 Phase transitions in a number of three-dimensional physical models described by 
the XY-model were studied. A spiral–ball phase transition for vortices was described. A 
relation between the fractal dimensionality of essential topological excitations and critical 
indices of phase transitions was revealed. 

Atoms and Molecules 
 In a wide range of magnetic fields, we studied the spectra, oscillator strengths, 
and other characteristics of few- and many-electron atoms, ions, and molecules. A 
sharp rearrangement of the structure of an atom moving in a strong magnetic field that 
occurs with an increase in the magnetic momentum of the atom was studied in detail. 
The velocity of an atom in a magnetic field is a nonmonotonic function of its momentum. 
A maximal velocity of an atom in a given magnetic field was calculated. The 
dependence of the atomic mass on the magnetic field was analyzed in detail. The 
paramagnetism of many-electron atoms, the dissociation of molecules, and 
transformations of their bond types in ultrastrong magnetic fields were considered. 
 By expanding in the inverse spatial dimension, we analytically calculated 
approximate dependencies of the binding energy for three atoms in relation to the 
interaction parameters, obtained the condition of formation of a cluster from several 
particles, calculated its spectrum, and determined with a high accuracy (up to ten 
decimal places!) the constants of the van der Waals interaction (including those 
obtained taking into account nonadiabatic corrections). 
 The toroidal atomic moment, related to the parity nonconservation, was 
calculated, and methods for its measuring were analyzed. 
 Drag effects in two vertically coupled traps with Bose-condensed atoms were 
considered.  

Dusty Plasma 
The shell structure and sizes of three-dimensional clusters of charged dusty 

particles in plasma that interact with each other (taking into account screening effects) 
according to the Yukawa law and are confined by an external potential were computer 
simulated. 
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 Development of Methods of Theory of Many Interacting Particles 
A generalization of the density functional method to processes independent of 

time was proposed, which, instead of the ordinary description of a system via the current 
and density, is based on physical quantities that characterize a one-particle density 
matrix and, therefore, describes the kinetic of particles. Such theories of the lowest 
order are (i) quantum hydrodynamics and (ii) theories that take into account not only 
longitudinal plasma oscillations in a Fermi system but also transverse phonon modes. 
The approaches developed are useful for large-scale modeling of many-particle 
systems. 

The notion of effective potentials was developed, and their applications, including 
applications of potentials that taking into account off-diagonal contributions, were 
demonstrated. The dynamics of Gaussian wave packets was considered. 

Computer Simulation 
 We developed new methods for computer simulating the dynamics of quantum 
systems—quantum molecular dynamics—which are based on the Wigner approach to 
quantum mechanics and quantum tomography. This approach seems to be very 
promising, because, in contrast to other approaches, it introduces a positive definite 
function even in terms of quantum mechanics. This, in principle, makes it possible to 
overcome the difficulty related to the oscillation of signs upon simulation of Fermi 
systems. 
 With these methods, we stimulated the tunneling of wave packets, calculated the 
tunneling time, studied the influence of the interaction on tunneling, and considered the 
weak localization of electrons in disordered systems. 

With the help of the diffusion Monte Carlo method, we analyzed the influence of 
the disorder on Bose condensation and calculated the strongly correlated regime of a 
one-dimensional Bose system. 
 By using the quantum path-integral Monte Carlo method, we calculated coherent 
and strongly correlated states in a number of Fermi and Bose systems. 
 We computer simulated the spectra, thermodynamical and structural properties, 
and melting of a number of two-dimensional extended systems involving Coulomb, 
dipole–dipole, and van der Waals interactions. Applying the computer simulation 
methods, we investigated the nature of melting of two-dimensional crystals, and a 
hexatic (liquid-crystal) phase in a two-dimensional electronic system was revealed for 
the first time, which was previously theoretically predicted. It was also shown that the 
melting of an electronic crystal is indeed a two-stage process. The anharmonic structure 
of spectra was studied in detail.  
The results of the simulation show that, with increasing temperature, transverse 
phonons soften, while longitudinal ones harden. Mesoscopic electronic crystals and 
strongly correlated electronic states in quantum dots were investigated for the first time. 

General Problems 
 Phase transitions in two-dimensional systems were analyzed in general using the 
conformal field theory. A nonperturbative (with respect to interparticle interactions) 
method for calculating bound states in quantum systems was developed with the help of 
the ε-expansion near the spatial dimension d = 2, as well as with the help of the 1/d-
expansion, where d is the spatial dimension. 
 The equation of state for quasiparticles with the fractional statistics, anions, was 
analyzed. 
 The mechanism by which quarks are confined, which is based on the stochastic 
behavior of gluon fields and Anderson localization in the corresponding random static 
effective potential, was studied. 
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LABORATORY OF EXPERIMENTAL METHODS OF 
SPECTROSCOPY AND THE INTEGRATED 

EDUCATION SYSTEM 
 

One of the most important parts of the activity of the institute is the training and 
education of highly skilled scientific specialists within the framework of the integrated 
education system. The institute has a high scientific and educational potential. Among 
112 researchers of the institute, there are 45 candidates (PhDs) of science, 29 doctors 
of science, and 9 professors. Since the establishment in 1968, the institute of 
spectroscopy is the base organization of the chair of quantum optics of the Moscow 
Institute of Physics and Technology (MIPT). Under- and postgraduate students from the 
faculty of physics of the Lomonosov Moscow State University, Moscow Power 
Engineering Institute (MPEI), Moscow Institute of Steel and Alloys (MISIS), and other 
institutes of higher education are also trained and educated at our institute under the 
guidance of its researchers. Based on the certificate of the Federal Service of 
Supervision in Education and Science no. 165217 on February 26, 2006, the 
postgraduate school of the institute provides training and learning in the following four 
special subjects: “Theoretical Physics” (01.04.02), “Optics” (01.04.05), “Physics of 
Condensed State” (01.04.07), and “Laser Physics” (01.04.21). 

The total amount of pedagogical work performed at the base chair of quantum 
optics per academic year comprises 1018 hours, including 464 lecture hours, 507 hours 
for laboratory studies, and 47 hours for practical training. Researchers of the institute, 
Drs. and Drs. Sci., deliver lectures to third-, fourth-, and fifth-year students on the 
following subjects: 

• experimental methods of quantum optics (third year, two semesters); 
• physics of lasers, atomic spectroscopy, and physical optics (fourth year, two 

semesters); 
• laser spectroscopy (fifth year, one semester) and molecular spectroscopy, solid-

state spectroscopy, and quantum theory of radiation (two semesters each).  
 

 
 
 
 
 

Individual studies of researchers of the institute 
 with third-year students of the MPTI in the laboratory 

of experimental methods of spectroscopy. 



 224 

Qualifying examinations for the PhD degree and tests in informatics and 
computer science are conducted at the institute by corresponding commissions.  
 Third-year students perform practical works in the laboratory of experimental 
methods of spectroscopy of the institute on laboratory setups that were designed and 
created by institute’s researchers and at the institute's expenses.  

The laboratory setups are equipped by modern measuring instruments, which not 
only ensure the training and learning process but also make it possible to perform 
scientific research. The equipment of the laboratory is being constantly modernized and 
upgraded to gain its training and research potential. Among the latest modernizations 
are the creation of the setup for measuring the spectral characteristics of materials in 
the millimeter wavelength range and installation of the equipment and development of 
techniques for studying the nanodispersion composition of emulsions and suspensions 
by the method of laser-correlation spectroscopy. 

Fourth-, fifth-, and sixth-year students, postgraduates and young specialists 
perform research on original experimental setups in laboratories of the institute under 
the guidance of its leading researchers. 

Almost all the leading scientists of the institute of spectroscopy are involved in 
the process of training and learning of bachelors, masters, and doctors of science 
(PhDs). In 2003–2008, 41 postgraduates and seekers from the RAS, MPTI, and MPEI 
were trained. Organizational–methodological direction and supervision of the activity of 
the postgraduate school is implemented by the Scientific Council of the Institute. 

There is a Specialized Scientific Council at the institute, who grants degrees of 
PhD and Dr. Sci. in physics and mathematics (specifically, in optics (01.04.05) and 
theoretical physics (01.04.02)). This council consists of 20 doctors of sciences. 

More than 20 % of researchers of the institute are young people at the age of up 
to 35 years. There is a Council of Young Scientists at the institute. The chairman of this 
council is the member of the scientific council of the institute. 

Every year, the institute holds a competition of research works of young scientists 
within the framework of the general competition of research works of the institute 
researchers. Winners of the competition are awarded with diplomas and prizes. 

At the institute, good conditions for sport are created; there is a tennis court and 
a workout room. 
 All the students that are trained at the institute are financially supported by 
engaging in part-time jobs and in the form of additional pays for taking part in studies 
supported by domestic or international grants. 
 Scientific research, social activity, and everyday life of young specialists, 
postgraduates, and students of the base chair are presented at the corresponding page 
at the official website of the institute.  
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SCIENTIFIC–ORGANIZATIONAL DEPARTMENT 
 

 The Scientific–Organizational Department was formed as an independent 
structure in 1995 on the basis of the staff of the Scientific Secretary of the Institute. 
Traditionally, the scientific secretary is the head of this department; during the last five 
years, this is Dr. E.B. Perminov. At present, the employees that work at the department 
are as follows: the secretary of the directorate V.M. Perkova, the assistant of the 
scientific secretary A.V. Letokhova, the secretary of the director M.V. Naboka, the 
network administrator V.V. Pigul’skaya, the chief of the administrative support center 
G.T. Shevchenko, the patent engineer V.N. Solyankina, and the officers of the copying 
service I.A. Yashin and R.Z. Naryshkina. 
 The main task of the department is the organizational maintenance of the 
scientific research activity of the Institute, which includes 

⎯  preparing meetings of the scientific council of the institute and keeping the 
documentation of the scientific council; 

⎯  preparing plans for scientific research at the Institute and preparing research 
reports; 

⎯  organization of competitions of scientific works; 
⎯  planning international contacts of the institute and keeping reports on them, 

preparing personnel files for scientific trips of researchers, and reception of foreign 
researchers and specialists. 

The department supervises the work of the scientific library of the institute (chief, 
A.N. Makarova; E.A Nikolaeva and N.S. Gromova, library officers). 
 The library stock contains 63 700 items, including 10 500 Russian and foreign 
books on optics, spectroscopy, and related subjects, 50 000 periodical publications (36 
Russian and 120 foreign journals), and also the stock of small-circulation publications 
(theses, thesis abstracts, preprints, etc.). The library stock also contains collections of 
books of A.S. Borovik-Romanov, G.S. Landsberg, L.I. Mandelstam, S.L. Mandelstam, 
and E.V. Shpolskii, which were presented by their relatives. 
 At present, the library of the institute receives 24 Russian and 21 foreign 
scientific journals. 

The library has the Internet access and, in addition, it has the following four 
electronic databases: Current Contents (PCES), Publications of Researchers of the 
Institute Spectroscopy of the RAS, Books on Optics and Spectroscopy, and Superhard 
Materials, which are available via the computer network of the institute. 
 Library readers have the access to the following electronic libraries: 

- Electronic Library of the Russian Foundation for Basic Research, 
- American Physical Society, 
- Springer Link, 
- Institute of Physics (IOP), 
- Elsevier, 
- IET Digital Library. 

Also, the following abstract information resources are available: 
- Web of Science (since 1991),  
- ISI Science Citation Index, 
- Springer Link e-books, 
- Springer Link Reference Works. 

Previously, the journal Optika i Spektroskopiya (Optics and Spectroscopy) 
published every two years a bibliographic review of domestic and foreign books on 
optics and spectroscopy, which was compiled by A.N. Makarova and edited by V.B. 
Belyanin. 
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The work of the library is supervised by the Library Council, whose members are 
Yu.E. Lozovik (head), V.G. Koloshnikov, E.A. Ryabov, A.N. Ryabtsev, and A.N. 
Makarova. The council regularly discusses the subscription policy of the institute and 
library needs. At the end of every year, the scientific council of the institute hears the 
library account. 
 The copying service of the institute has a modern copying equipment and 
ensures the copying of materials for the library, scientists, and various institute services 
at a rate of about 7–10 thousand copied pages per month. 
 The scientific–organizational department is also in charge of the functioning and 
modernization of the computer network of the institute (D.V. Serebryakov). At present, 
the computer network is a large corporate network, which connects more than 180 
computers of various hardware and software configurations and is actively used for 
scientific research and management of the institute. The access to the Internet is 
implemented through an optical cable, which links the institute with the Troitsk Scientific 
Center. The information rate transmission is 100 Mb/s. The Internet connect is provided 
by the Skobeltsyn Institute of Nuclear Physics of the Moscow State University through a 
noncommercial channel. Researchers and employees have remote connect to the mail-
box of the institute and to the Internet. 

The website of the Institute is www.isan.troitsk.ru. 
 The department spends much effort on artistic preparing of materials for various 
exhibitions, seminars, and conferences that are held at the conference-hall of the 
institute. 
 The conference-hall (145 seats) has very good acoustics and is equipped with 
modern projectors. General meetings of institute’s researchers, meetings of the 
scientific council, annual competitions of scientific works, institute seminars (chairman, 
Dr. V.G. Koloshnikov), and laboratory seminars are regularly held at the conference-
hall. A large lobby of the hall makes it possible to arrange exhibitions, poster sessions, 
as well as coffee- and tea-breaks. 
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EXPERIMENTAL PRODUCTION DEPARTMENT; 
ENGINEERING AND AUXILIARY SERVICES 

OF THE INSTITUTE 
 

The Experimental Production Department of the Institute 
(production manager, G.N. Zinchenko) takes part in the creation 
of instruments and setups for scientific laboratories of the 
institute. The production list of the department includes 
prototypes and experimental models of various spectral 
research and analytical instruments, elements of lasers, vacuum 
circuits, adjustment mechanisms, cryogenic blocks, positioning 
devices, electronic modules, optical details and units, etc. 
 Structurally, the department consists of two workshops, 
the machine-assembly shop and the optical shop. Altogether, 14 
workers and 2 engineers work at the department. 

 The machine-assembly workshop (manager, V.G. Golubeva) has a blank making 
equipment; lathes and milling, cutting, grinding, and drilling machines (about 20 units) 
for working blanks; and gas and electric welding equipment. There are also a bay for 
mechanical assembling works and a repair bay. Totally, there are ten workers in this 
shop. 
 The optical workshop (manager. R.P. Surgutskov) includes a bay for making 
blanks and their pretreatment (materials are glass, quartz, crystals, and 
semiconductors), a bay for polishing optical details, and a quality control bay. Two 
workers work in the shop. 

 
 

For application of galvanic and paint-and-lacquer coatings, thermal treatment, 
vacuum deposition of dielectric coatings, electropolishing, electronic circuit wiring, 
printed circuit board production, and other technological operations, cooperative links 
with experimental production departments of other institutes are widely used (the 
Special Design Office of the Lebedev Physical Institute, the Center for Physical 
Instrumentation of the General Physics Institute, the Central Design Bureau for Unique 
Instrumentation, the Troitsk Institute for Innovation and Fusion Research, the Institute of 
Nuclear Physics of the Moscow State University, etc.). 

The experimental production department of the institute in cooperation with 
research laboratories is capable of producing quite modern automated experimental 
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setups and working examples of instruments not only for needs of laboratories, but also 
under contracts with other organizations, which is especially important under conditions 
of severe deficit of budgetary funds for the development of the experimental equipment 
of the institute. 
 The Engineering Services of the institute (chief, deputy director E.I. Yulkin) 
ensure no-break electric power, water, and heat supply to the institute, as well as 
reliable telephone connection and maintenance of engineering communications and 
sanitaryware. The yearly electric power consumption of the institute is about 0.6 × 106 
kilowatt-hour. 
 The chief engineer department has a cryogenic bay, which supplies research 
laboratories of the institute with purchased liquid nitrogen and liquid helium. The yearly 
consumption of liquid nitrogen is about 25 t and that of liquid helium is 250 l 
 The fleet of the institute (manager, R.P. Surgutskov) has three cars, one truck, 
one bus, one tractor, and one forklift truck. There are four drivers and automobile 
mechanics that work in the garage. Totally, 13 people work in the chief engineer 
department. 
 There is a specialized group that repairs, tests, and calibrates measurement 
instrumentation and computer equipment and gives it for temporary use (head, V.G. 
Filippov; three specialists). Furthermore, there is a small logistic department (head, R.P. 
Surgutskov; three persons). The general service department (head, N.M. Akimova) 
includes personnel who cleans the territory and rooms of the institute (20 people) and 
the group of ten people who ensure security. 
 The group of labor protection and environmental safety (N.P. Vinogradov) and 
the group of emergency and fire prevention (N.G. Perets) work in close connection with 
laboratories, experimental production department, engineering, and auxiliary services. 

PLANNING AND BUDGET SERVICE 
The Planning and Budget Service of the Institute (chief, deputy director A.Yu. 

Plodukhin; chief accountant, L.P. Nazarova) consists of the accountancy and the 
economic planning department. This service plans and organizes the finance and 
economic activity of the institute, provides accounting of all its transactions, monitors the 
property movement and the fulfillment of financial obligations. All the accounting 
procedures are computerized. 

Since 1992, an internal self-supporting basis was put into operation in the 
institute. In accordance with this basis, heads of departments and independent 
laboratories assumed responsibility both for search for funds additional to the budgetary 
financing, such as grants, contracts, etc., and for their rational use, since only 20% of 
these funds are transferred to the budget of the institute. 

This new economic system increased the load on the financial service of the 
institute, but stimulated the initiative of departments and laboratories. It is precisely this 
circumstance as a result of which the institute could manage to successfully function 
even at periods of sharp reduce in or irregularity of budgetary financing. 

PERSONNEL DEPARTMENT 
 For many years, the small personnel department of the institute has been 
headed by L.S. Vasil’eva, a responsible, experienced, and highly qualified specialist. 
Lidiya Sergeevna does the work that is far beyond her administrative duties. Before her 
eyes, many researchers of the institute advanced from students to prominent scientists. 
In the pleasant atmosphere of benevolence, friendliness, and comfort that was 
established and is kept at the institute, her contribution is present too. 
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COUNCIL OF YOUNG SCIENTISTS 
The Council of Young Scientists of the Institute was created with the aim of uniting 

young researchers of the institute, forming the youth policy, coordinating the work and 
the training and learning of young specialists, representing their interests and protecting 
their rights in professional and social spheres, facilitating the training of personnel for 
basic science, performing scientific research, and propagandizing and popularizing the 
latest achievements in basic science. 

The council is the permanent collegial deliberative body and is the assembly of 
young researchers of the institute at the age of up to 35 years inclusive. At the 
beginning of 2008, there were 15 young specialists in the staff of the institute (including 
7 PhDs) and more than 30 under- and postgraduate students from the MIPT, MPEI, 
MSU, MPSU, and other research and educational organizations attached to the 
institute. 

The main activities of the council are as follows: 
• revelation of problems of young researchers and specialists and search for ways 

for their solution; 
• facilitation the professional growth of scientific youth of the institute, development 

of youth scientific initiatives, retention of youth scientific personnel at the institute, and 
maintenance of scientific succession; 

• creation of the system of support of young researchers and specialists 
(foundations, grants, scholarship, scientific trips, etc.); 

• development of relations between research organizations and international 
contacts with youth, charitable institutions, universities, etc.; 

• gathering, analyzing, and presenting information on vacancies, grants, 
conferences, schools, and other activity actions aimed at supporting young researchers; 

• organization and holding scientific conferences, courses, trainings, seminars, 
cycles of lectures, competitions of young scientists, etc.; 

• participation in pursuing the personnel policy that takes into account youth 
interests; 

• organization of the work of the regular scientific seminar of young researchers of 
the institute; 

• cooperation with the base chair of quantum optics of the MIPT and other higher-
education organizations, work with university entrants and students attached to the 
institute; 

• participation in organization of cultural-mass, sport, and health-improving actions. 
The Chairman of the Council of Young Scientists is Dr. A.V. Naumov, the 

Secretary is Dr. P.N. Melentiev, and the members of the Bureau are Dr. E.V. Gorsky, 
N.M. Korotkov, and Dr. A.V. Potapov. The webpage of the council is 
www.isan.troitsk.ru/~young. 
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LOCAL TRADE UNION ORGANIZATION 

 The main objective of the Trade Union Organization of the RAS is to represent 
and to protect social, labor, professional rights and interests of members of the 
organization. At present, the local trade union organization of the institute has 146 
members. The highest governing body of the organization is the trade union 
conference. The permanent executive elected collegial body is the trade union 
committee. The chairman of the committee is E.P. Chukalina. The trade union 
committee exercises control over the observation of the labor legislation, over the 
execution of the collective agreement, over the state of labor protection, over the 
observation of the legislation on social insurance and health protection. The chairman of 
the committee is the member of the scientific council of the institute, as well as of 
personnel review boards, commission on the development of the collective agreement 
and commission on the use of funds formed from insurance contributions. The trade 
union committee takes care of its members; it renders material assistance, 
congratulates on the occasion of holidays and jubilees. For the committee, it already 
became a tradition to take part in organizing New Year's parties. 

On the initiative of the 
committee, children's art 
exhibitions were held for the 
International Women's Day and for 
the Victory Day. More than 20 
children presented their artworks. 
All the participants received 
presents.  

The chairman of the 
committee, having the support of 
active committee members, has 

organized visits to Moscow theatres for four years. There were 15 such visits to 
performances of the State 
Academic Bolshoi and Maly 
Theatres, the Moscow 
Operetta Theatre, the Novaya 
Opera Theatre, and the 
Tchaikovsky Concert Hall, in 
which more than 50 
collaborators of the institute 
and their relatives took part. 
Also, excursions to interesting 
historical and architectural 
places of the Moscow region, 
such as the estates of 
Voronovo and Dubrovitsy, 
were organized.  

Concern for the good of 
everyone and creation of the 
healthy atmosphere in the 
collective of the institute is the main goal of the trade union committee. Efforts of the 
committee toward achieving this goal have always been met with support and 
understanding from the administration of the institute. 

 
Children's art exhibition 

 
У церкви «Знамение» в Дубровицах 

        In front of the Church of the Holy Sign in Dubrovitsy 
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