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We consider the system of electrons and holes that populate independently gated 
opposite surfaces of topological insulator thin film. Coulomb interaction can cause 
electron-hole  pairing  [1]  that  leads  to  superfluidity,  anomalies  in  transport  and 
pronounced internal Josephson effect [2]. 

We considered influence of Coulomb 
interaction  on  tunnel  conductivity 
between opposite surfaces of the film in 
normal state.  Phase diagram of the sys-
tem  in  presence  pairbreaking  with  rate 

c  caused by disorder is depicted on Fig. 
In  absence  of  Coulomb  interaction 

dependence  of  tunnel  conductivity  on 
external voltage is peak which width and 
height  depend  on quasiparticle  decay  rate  and  temperature.  Coulomb interaction 
leads  to  considerable  enhancement  of  tunneling.   In  vicinity  of  classical  phase 
transition (solid arrow on Fig) dependence of peak height on temperature is critical 
one with critical index 2 . In vicinity of quantum critical point (dashed arrow on 
Fig) dependence of tunneling conductivity on Cooper pair decay is also critical one 
with the same critical index  2 .  Described above effect can be interpreted as 
manifestation of Cooper pair fluctuation in normal state.
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Topological  insulators is the new state of matter that was recently became to 
sudy  both  theoretically  and  experimentally.  3D  topological  insulators  have 
insulating bulk and topologically protected helical states on the surface that can be 
described by Dirac-like equation for massless particles analogously to electrons in 
graphene. Similarity and distinctions between chiral Dirac electrons in graphene and 
on the surface of topological insulator will be discussed. Collective excitations and 
different phases in Dirac electrons in topological insulator, graphene and graphene 
based structures are considered.

Properties  of  new  quasiparticles,  dyons  -  coupled  electrons  and  magnetic 
monopole–like  polarization  originated  from magnetoelectric  effect  in  topological 
insulators will be discussed.
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Since the discovery of a superconductor CuxBi2Se3, several works have discussed 
a possibility if CuxBi2Se3 is really a topological superconductor or not. A key issue 
to  identify  the  non-trivial  topology  is  Andreev  bound-state,  which  comes  from 
unconventional  pairing  symmetry and  Majorana  fermions.  The presence  leads  to 
distinct observables, e.g., zero bias conductance peak (ZBCP). Recently, Sasaki et 
al.  measured  ZBCP’s  in  CuxBi2Se3 and  compared  them with  calculation  results 
considering all possible superconducting pairing symmetries to confirm if Majorana 
fermions really contribute to create the ZBCP’s [1]. However, the study proved that 
ZBCPs data is insufficient to exclude other non Majorana possibilities. Therefore, 
more clear and significant evidence of topological superconductivity is now in great 
demand.

In  this  talk,  we  concentrate  on  the  Andreev  bound-states  in  topological  
superconductors with aid of large-scale parallel  solver for Bogoliubov de-Gennes 
equations [2]. The target system is mainly two-dimensional and we will touch on the 
threedimensional  system with both  vortex  and  surface  in  the  multi-orbital  tight-
binding model  for  CuxBi2Se3.  Comparing  with  the  past  result  of  chiral  p-wave 
superconductivity  [3],  we  clarify  what  is  a  clue  to  elucidate  the  topological 
superconductor CuxBi2Se3.
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Theoretical  and  experimental  research  of  topological  insulators  increasingly 
grows  in  recent  years  [1].  Strong  three-dimensional  topological  insulators  have 
topologically  protected  surface  electron  states,  described  by  Dirac  equation  for 
massless particles (similar to that in graphene).

Recent advances in growing arbitrarily thin films of topological insulators (such 
as Bi2Se3) [2] suggest to use surface electron states on opposite surfaces of these 
films as bilayer electron or electron-hole systems. We consider Cooper pairing of 
Dirac  electrons  and  holes  in  antisymmetrically  doped  topological  insulator  thin 
films.

Exotic  properties  of  superfluid  condensate  and  vortices  in  such  system  were 
noticed [3], but quantitative estimates of the critical temperature of the pairing in 
realistic  conditions  have  not  been  yet  presented.  We perform these  estimations, 
going beyond simple BCS model. We take into account appearance of the gap due to 
hybridization of electron states on opposite surfaces of thin films and influence of 
this gap on the pairing. We also consider self-consistent suppression of the screening 
of electron-hole Coulomb interaction due to appearance of the gap.

The work was supported by RFBR, by the grant  of the President of Russian 
Federation MK-5288.2011.2 and by the Dynasty foundation.
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BISMUTH CHALCOGENIDE TOPOLOGICAL INSULATORS: FIRST-
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Topological insulators are the recently discovered electronic materials that have 
a bulk electronic band gap, but also exhibit metallic surface states as a consequence 
of the non-trivial topology of the bulk electronic wavefunctions induced by strong 
spin-orbit interactions [1,2]. These metallic surface states are characterized by the 
helical spin textures and the absence of spin degeneracy which makes them immune 
to backscattering and promises novel technological applications. In my talk, I will 
cover our work aiming towards the understanding of basic electronic properties of 
bismuth  chalcogenides  Bi2Se3 and  Bi2Te3,  the  reference  topological  insulators 
discovered  in  2009  [3,4],  by  means  of  density  functional  theory  first-principles 
calculations. In particular, I will focus on band dispersion and spin textures of the 
topologically protected surface states  in these materials [5].  Exceptionally strong 
spin-orbit interaction in these materials entangles the electronic states across broad 
energy  ranges  thus  reducing  the  spin-polarization  of  the  topologically  protected 
surface states to ∼50%. The helical character of the surface-state charge carriers can 
be  utilized  for  controlling  the  magnitude  of  spin  polarization  associated  with  a 
charge current in thin films of topological insulators by means of an external electric 
field.  Then,  I  will  cover  our recent  investigation  of  Bi2Se3 and Bi2Te3 using the 
highly  accurate  first-principles  many-body perturbation  theory  based  on  the  GW 
approximation [6].  The quasiparticle  self-energy  corrections  introduce  significant 
changes to the bulk band structures, surprisingly leading to a decrease in the direct  
band gaps in the band-inversion regime as opposed to the usual situation without 
band  inversion.  The  introduction  of  self-energy  corrections  in  slab-model 
calculations  results  in  significant  shifts  of  the  surface-state  Dirac  point  energies  
relative  to  the  bulk  bands  and  in  enlarged  gap  openings  from  the  interactions 
between the surface states across the thin slab, both in agreement with experimental 
data. In the last part of my talk I will present our recent results aiming towards the 
understanding  surface-state  Dirac  fermions  in  the  nanostructures  of  bismuth 
chalcogenide topological insulators. References
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