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I11. BimomMocTi mpo opranizariiio, e Big0OyBcsl 3aXHCT
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BHKOHAHO JHCEPTaIlilo
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InenTudikarop ROR: He zacrocosyerscs

V. BizomocTi npo gucepraniio
MoBga guceprariii:
Koau TemMaTHYHHX PYyOPHK: 29.31.27

Tema gucepranii:
1. TpaHcniOpT OTOHIB Y OJHOBUMIPHUX XBUJIEBOJAX Ta HeaJiabaTHyHa MOJIEKYJ/IsIpHA AUHaMIKa.

2. Photon transport in one-dimensional waveguides and non-adiabatic molecular dynamics.

Pedepar:

1. B po60Ti BUB4Ya€eThCS JUHAMiKa pO3CisiHHS (DOTOHHUX Ta S/I€PHUX XBUJIbOBUX MIAKETiB HA KBAHTOBUX
BUIIPOMIHIOBaYax y OGHOBUMIDHUX XBUJIEBOZAX Ta HA NIEPETHUHAX i30€HEPTETUYHMX ITIOBEPXOHD Y MOJIEKYJISIPHUX
cucremax. JJociIKeHo B3aeMOIil0 XBUIbOBOTO [IAKETy B KOTEPEHTHOMY CTaHi 3 BOPiBHEBMM aTOMOM (Ky0iTOM) B
OJHOBMMIPDHOMY XBUJIEBOJi. BCTaHOBJIEHO, IO 32 BEJINKOI CEPEHbOI KiJIbKOCTI (POTOHIB Y BXiZHOMY iMITyJIbCi
BifOMTE BUIIPOMIHIOBAaHHS MOXe OYTH SIK CyO- TakK i CylneplyacCOHIBCbKUM B 3aJI€XKHOCTI Bifl CUJIN 3B'SI3KY MiXK
Ky6iTOM Ta XBUJIEBOZOM. [lJ1s OIIMCY PO3CiSIHHS XBUJIbOBUX I1aKETiB y OGHO- Ta IBO(POTOHHUX CTAHaxX Ha KyOiTi
BMKOPHMCTAaHO MeToH, PYHKLii po3noiny ¢OTOHHOI TYCTUHY Y KOOPAUHATHO-IMITyJIbCHOMY ITpoCTOpi. [lokasaHo, mo
cepenHs QYHKLis pO3NOAiNy pO3CiIHOro 0OGHOPOTOHHOTO XBUIbOBOTO MAKeTy HAabyBae€ BiJl'€eMHUX 3HAaY€Hb y TIEBHUX
o671acTsx (pazoBOro NPOCTOPY HaBiTh 32 YMOBU MTO3UTUBHOI IOYATKOBOI PyHKLii po3noginy. OTpruMaHO aHaliTUYHI
BYPa3Hu [1JIs1 IPOCTOPOBO] Ta CIIEKTPAJIbHOI I'yCTUHU PO3CisIHUX (POTOHIB. JJOCIiIKEHO PO3CiSIHHS ABOPOTOHHOIO
XBMJIOBOT'O NAKETA HA PE30HATOPI, 3B'13aHOMY 3 Ky6iToM. OTPMMAaHO Ta PO3B'S13aHO PiBHSHHS PYXY [JIs aMIUTITY],

HMOBIpHOCTEH, 1110 ONUCYIOTh KBAHTOBUI CTaH CUCTEMU. BCTaHOBJIEHO, 1110 CTaH PO3CiSIHUX POTOHIB € 3aIlJIyTaHUM,



1O SIKICHO BiJIpi3Hs€ MOro Bif, cenapabesbHOTroO CTaHy BXiIHUX (POTOHIB. PO3IJISIHYTO IUCIIEPCHE 3YUTYBAHHS CTaHY
Ky0iTa 3a OIIOMOro1o (pOTOAETEKTOPA B TPAHMYHOMY BUIAJIKY OJHO(OTOHHOTO BUMipIOIOUOTO iMITyJIbCY.
[IpomemMoHCTpOBaHi GyHIAMEHTaIbHI OOMEKEHHS Ha TaKU METOJ, AUCIIEPCHOTO 34UTYBAaHHS Ky0iTa.
[IpencraBieHo HOBUY MiAXif, JO ONMCY CKOPEJILOBAHOI €JIEKTPOHHO-4AEPHOI IUHAMIKU B MOJIEKYJISIPHUAX CUCTEMAX.
BuKOpPUCTOBYIOUM TaMiIbTOHIaH, SIKMI ONUCYe NEPEXOAN MK a/liabaTUMHUMU €JIEKTPOHHUMU PiBHSIMHU, Ta
dbopmaizm orneparopa ryCTMHU, OTPUMaHO PiBHSIHHS €BOJIIOL HaceJeHOCTeN eJIeKTPOHHUX ajiabaTUYHUX PiBHIB
Ta piBHAHHA Pyxy sgep. Ha 0CHOBI 3aIIPOIIOHOBAHOTIO TEOPETUYHOTO ITiIXOLy CTBOPEHO aJITOPUTM 15

MOIEII0OBaHHA Heaﬂia6aTI/I‘IHI/IX npoueciB Y MOJIEKYJIIPHUX CUCTEMaX.

2. The thesis concerns the dynamics of scattering of photonic and nuclear wave packets on quantum emitters in
one-dimensional waveguides and crossings of potential energy surfaces in molecular systems. The interaction of
the coherent-state wave packet with a two-level atom (qubit) in a one-dimensional waveguide is studied. The
evolution equation for the qubit excited state population is derived. It is demonstrated that the qubit excitation
depends on the average photon number in the ingoing pulse. Statistics of the radiation scattered off the qubit is
studied. It is found that for a large number of photons in the ingoing pulse, the transmitted radiation is described
by the superpoissonian statistics, while the reflected radiation can feature either sub- or superpoissonian statistics
depending on the coupling strength between the qubit and the waveguide. The photon density distribution
function in phase (coordinate-momentum) space is used for the description of the scattering of single- and two-
photon wave packets on a qubit. It is demonstrated that the average phase-space distribution function of the
scattered single-photon wave packet acquires negative values in specific regions of phase space even in the case of
the positive initial distribution. Analytical expressions for spatial and momentum-space (spectral) distributions of
the scattered photons are derived. In the case of the two-photon ingoing wavepacket constituted by a pair of
identical spatially-separated single-photon pulses, the equations of motion governing the evolution of the photon
phase-space distribution function are derived and solved numerically. It is demonstrated that for the two-photon
ingoing wave packet, the regions of negative values of the photon distribution function emerge only for specific
values of the qubit-waveguide coupling and the distance between the single-photon components of the ingoing
pulse. It is shown that the average number of scattered photons and its variance depends not only on the qubit-
waveguide coupling strength and the distance between the single-photon ingoing pulses but also on the
bandwidth of the latter. The time-dependent wavefunction of the system is employed for the description of the
two-photon wave packet evolution in a one-dimensional waveguide coupled to a resonator-qubit system. The set
of equations of motion governing the probability amplitudes, which describe the quantum state of the system, is
derived and solved both analytically and numerically. This allows investigating a modification of the spectrum of
the wave packet in the course of its interaction with the resonator-qubit system as well as the excitation dynamics
of the latter. It is demonstrated that the probability of finding two excitations in the resonator-qubit system is
significantly reduced compared to the case of the resonator uncoupled from the qubit, which indicates the photon
blockade in this subsystem. It is shown that the spectrum of the scattered wave packet differs from the spectrum
of the ingoing wave packet. Using the Schmidt decomposition, it is demonstrated that the scattered photons are
entangled in contrast to the separable state of the ingoing photons. Dispersive readout of the qubit using the
photodetector in the ultimate limit of the single-photon probe pulse is considered. Coupling between the qubit
and the resonator is described by the Rabi Hamiltonian. Fast-oscillating terms in the qubit-resonator coupling
Hamiltonian are treated as a perturbation and are eliminated using the unitary transformation resulting in the
Bloch-Siegert shift in the resonator frequency. The advantages and limitations of the considered readout scheme
is discussed in detail. The parameters of the system providing the maximal readout contrast are determined.
Modeling the non-adiabatic processes in molecular systems is a requisite tool for the theoretical study of various
photoinduced processes such as exciton localization, charge transfer in photosynthetic complexes and
photovoltaic systems. The effective Hamiltonian, describing transitions between electronic adiabatic levels and
quantum fluctuations along the classical nuclear trajectories, is introduced. The evolution equations governing the
electronic occupation numbers and the nuclear degrees of freedom are derived using this Hamiltonian and the
density operator formalism. It is shown that these equations become Markovian in the case of strong decoherence.



Equations of motion for the electronic occupations are studied in the non-Markovian regime as well. The
algorithm for modeling the non-adiabatic molecular dynamics is implemented using the proposed theoretical
approach.
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