AHOTAIIIA

Inenxos 1.-M. A. Konexkrupni 30y KeHHSI B piinHAX 3 acoliaTaMy Ha
OCHOBI TepIIONPUHIIMITHONO MOJIeIoBaHHA. — KBasridikaliiiHa HayKoBa Iparis
Ha IIpaBaxX PYKOIIHCY.

HucepTraliisg Ha 3700yTTs CTYIIeHd JTOKTOpa (bijiocodil 3a creniaabHICTIO
104 — di3zuka Ta acTpoHOMIidA. — [HCTUTYT (DIZUKN KOHJEHCOBAHUX CUCTEM IMeHi
I[. P. FOxnosecokoro HAH Vkpaiau, JIssis, 2025.

HucepTariitaa podoTa IIPUCBsYEHA, JIOCIIZKEHHIO KOJIEKTUBHIX 30Y/I2KCHb
B piinHax 3 acoliaTaMiu i3 BUKOPUCTAHHAM METOJIB KOMII IOTEPHOTO MOJIETIO-
BauHst ab initio mosekyasapuoi aunamiku (AIMD) Ta Teopermanoro amasizy
Ha, OCHOBI TiIXOAY y3araJbHEHNX KOJEKTUBHUX MOJ B paMKaX y3araJbHEeHOl Ti-
npoaumHamiku., O0’ekTamMu JOCJIiKeHb BUCTYIAJN PO3ILIAB CTUOII0 Ta (ol
BOJIHIO 38 BICOKNX THUCKIB.

SHaxX0/yKeHHsI BJIACHIX 3HaYeHb Ta BEKTOPIB y3arajabHEHOI TiApoJnHaMi-
YHOT MaTPHII, [0 eKBIBAJEHTHO PO3B’I3aHHIO y3araJbHEHOTo PiBHAHHS JIaHKe-
BeHa B MaTpUIHiil (popMi, jla€ TEOPETUIHUIT OIUC 3aJIeXKHIX BiJ| 4acy KOopeJisi-
1iif IYyCTHH Ta IOTOKIB YacTUHOK y pimmHax. Lleit migxin 103BoJsi€ BCTAHOBUTU
HPUPOIY KOJIEKTUBHIX 30Yy/I2K€Hb Ta 3HANTU IOBEIIHKY KOJEKTUBHUX MOJI 11038
MexKaMU TiJIPOJMHAMIYHOI 00J1aCT.

Byi1o npoBejieno aHa i3 CTPYKTYPHUX Ta JUHAMIUHIX O0COOJIMBOCTEH PO3-
maBy ctubiro. OrpuMano pajiiajibHy (QYHKINIO PO3IOILIY YacTUHOK, 0COOJIN-
BICTIO SIKOI ILIeYe B MerKax IIepInol KoOpAuHaIiifHol cdepu. 3a pesyJibTa-
TaMU JIOCJIJI?KEHHSI 4acOoBOI €BOJIONIT BijcTaHell MixK HalOJIMKINMEI CYyCija-
My OyJIO BCTAHOBJICHO, IO 3a3HadeHe ILjlevue BIJIINOBIIA€ IMOJIOXKEHHSAM KBa3i-
3B’sI3aHUX I1ap ATOMIB. 3aCTOCOBAHO I sITH-3MIHHY TEPMO-B SI3KOIPYKHY MO-
JleJib, 1110 BJIaJI0 BiATBOpIOBaJIa KOpEJIAIiitHl (DyHKIIIT, OTpUMAaHi 3 HepIIONpIH-
1uHoro komir' iorepuoro mojesnosanas AIMD. Tlokazano, 110 ojiHa 3 JIBOX CIIO-
cTepeXKyBaHNX HOIUPIOBAJILHIX MO/ XapaKTePU3YEThC PO3MINPEHOIO T1IACKOIO

JIJISTHKOIO Y JIMCIIepCii KOJIEKTUBHUX 30Y/ZKEHb, sIKa J00pe Y3roJXKYEThCA 3 Pe-
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syabrataMmu mojgeroBanb AIMD. /logaTkoBo BcTaHOBJIEHO, 10 KOJIEKTUBHI 30y-
JIZKEeHHsI KBa3i-3B’sI3aHIX 11ap MaIOTh ILJIACKY JUCIEPCIIO [ YCIX JOCJIIKYBa-
HUX 3HAYEHDb XBUJIEBOIO Ynca k, MO He € XapaKTepHUM JJIs 1HITIX BUSBICHIX
MO/I.

HocaiyKeHo KOJIeKTUBHY JIMTHAMIKY MOJIEKY/ISIPHOTO (hJIIOTTY BOJTHIO. 3a-
CTOCYBAHHSI IT'sITU 3MIHHOI TEpPMO-B I3KOIPYKHOI MOJIEJI y3arajJbHEHOl T'iIpo-
JIMHAMIKU 31CHEHO JJIs1 BIITBOPEHHS YOTUPHOX KOJIEKTUBHUX YACOBUX KODeE-
JsiitHnx yHKIH, orpuMmannx 3 mogemoBanb AIMD. Beranosieno, 1o 3acto-
CYBaHHS ySIBHOI YacTWHU (DYHKIII BIITYKY T'YCTUHHM Ta KOPEJISIIiiHOT (PYHKILT
MOX1THUX TO3/I0BXKHBOT'O MTOTOKY JIJIsl 3HAXO/?KEHHS HEBIJIOMUX CTATUYHUX KO-
pesIITOPIB Ta KOpeJdlifiHnX YaciB B y3araJbHeHI TiJIpojJiInHaMIYHIi MaTpPHUIll
J100pe BIITBOPIOE CIEKTPaJIbHI XapaKTepUCTUKN (DYHKINIH TTO3/I0BXKHBOTO 10~
TOKY, a TaKOXK JUCIIEPCiI0 KOJIEKTHBHUX 30V 7KeHb. [IoKazaHo JTIOBrOXBUILOBI
ACHMIITOTH ~ k2 JIIsl CTATHIHIX KOPEJIATOPIB YaCOBUX IIOXiIHIX T103/I0BKHLO-
I'o Ta TOIEePEevHoro MoTokis. [liTBep/zKeHo npaBuIbHy TiAPOJNHAMITHY TOBE-
JIHKY JUCIepcil Ta 3aracanis I KOMILIEKCHIX BJIACHUX 3HAYEHb OTPUMAHUX
3 METO/IY y3araJbHEHNX KOJIEKTUBHUX MOJ| Y JIOBIOXBHIJIBOBIN 00JIACTI.

[IpoBesieHo aHaJsi3 CTPYKTYPHUX Ta AMHAMITHUX 0COOJMBOCTEH (DIIIOILy
BOJIHIO B 00J1aCTi 1H/IyKOBAHOI'O THCKOM IEPEXO/Y BiJI MOJIEKYJISIPHOTO JIO aTo-
MapHOTO cTaHy. BecTaHOBIEHO MUCTIEPCio KOJIEKTUBHUX 30y 2KEeHb LI PAJLY Ty-
ctud 3a Temneparypu 2500 K. Orpumana 3a/1e2KHICTE BiJ TYCTUHU a/[iadaTIHOl
Ta BUCOKOYACTOTHOI IIBUJIKOCTI MOIIMPEHHS 3BYKY MiCTUTB ILJIATO B 00J1aCTI ITe-
PEXOTY BiJI MOJIEKYJISIPHOTO JI0 aToMapHOoro craHiB. [lokazano, mo m’'aru3mMinna
TEPMO-B’I3KOIPY2KHA MOJIEIb BJAJIO BiJITBOPIOE YaCOBI KOPEJSIiiiHl DyHKIII,
ojpepxkani 3 AIMD, s ancro aromapaoro UIroiay BOJHIO. 3aIPOIIOHOBAHO
BUKOPUCTAHHSA MOJE XIMIYHO PeakIiitHuX PO3UNHIB Ta CHOCOOY pPO3IiIeHHs
BHECKIB JI0 YaCOBUX KOPEIAIIHNX DYHKII yepe3 napiiajibHi KOMIOHEHTH MO-

JIEKYJISIPHOI Ta aTOMapHOI 111 JICHCTEM.
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ABSTRACT

llenkov 1.-M. A. Collective excitations in liquids with associates based
on ab initio simulations. — Dissertation Submitted in Partial Fulfillment of
the Requirements for the Degree of Doctor of Philosophy.

Thesis for the Degree of Doctor of Philosophy on the speciality 104
— Physics and Astronomy. — Yukhnovskii Institute for Condensed Matter
Physics of the National Academy of Sciences of Ukraine, Lviv, 2025.

The thesis is devoted to the investigation of collective excitations in lig-
uids with associates using ab initio molecular dynamics (AIMD) simulations
and theoretical analysis within the framework of generalized hydrodynam-
ics based on the approach of generalized collective modes. The systems of
interest in this study include liquid antimony and hydrogen fluid under high-
pressure.

The estimation of eigenvalues and eigenvectors of the generalized hydro-
dynamic matrix, which is equivalent to solving the generalized Langevin equa-
tion in matrix form, provides a theoretical description of the time-dependent
particle density and current correlation functions in liquids. This approach
allows for the better insight in nature of collective excitations, as well as
finding the behavior of collective modes beyond the hydrodynamic regime.

An analysis of the structural and dynamical properties of liquid an-
timony was carried out. The radial distribution function of particles was
obtained, characterized by a shoulder within the first coordination shell.
Based on the time evolution of the distances between nearest neighbors, it
was established that the shoulder is due to the preferred positions of quasi-
bound atomic pairs. A five-variable thermo-viscoelastic model was applied
that successfully reproduced the correlation functions obtained within the
first-principles simulations. It was shown that one of the two observed prop-
agating modes exhibits an extended flat region in the dispersion of collective

excitations, which agrees with the AIMD results. Additionally, it was found
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that the collective excitations of quasi-bound pairs exhibit a flat dispersion
for all studied wave-numbers k, that was not specific for the other modes.

The collective dynamics of molecular hydrogen fluid was investigated.
The five-variable thermo-viscoelastic model of generalized hydrodynamics
was employed to reproduce four collective time correlation functions derived
from AIMD simulations. It was established that using the imaginary part of
the density response function and the correlation function of the time deriva-
tives of the longitudinal current to determine the unknown static correlators
and correlation times in the generalized hydrodynamic matrix accurately
reproduces spectral properties of the longitudinal current correlation func-
tions along with the dispersion of collective excitations. The long-wavelength
asymptotes ~ k? were obtained for the static correlators of the time deriva-
tives of the longitudinal and transverse currents. The correct hydrodynamic
behavior of the dispersion and damping of the complex eigenvalues, obtained
from the generalized collective modes approach, was confirmed in the long-
wavelength regime.

An analysis of the structural and dynamical features of the hydro-
gen fluid in the pressure-induced transition region from the molecular to the
atomic state was performed. The dispersion of collective excitations was de-
termined for a range of densities at a temperature of 2500 K. The obtained
density dependence of the adiabatic and high-frequency sound velocities ex-
hibits a plateau in the transition region from molecular to atomic state. It
was shown that the five-variable thermo-viscoelastic model accurately repro-
duces the time correlation functions obtained from AIMD simulations for
purely atomic hydrogen fluid. The use of chemically reactive mixture model
and the decomposition of the time correlation function contributions via the

partial components of molecular and atomic subsystems was proposed.



Keywords: assosiate-forming liquids, liquid antimony, molecular hy-
drogen, collective excitations, quasi-bound states, speed of sound in liquids,
generalized hydrodynamics, time correlation functions, ab initio molecular

dynamics.
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