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2. Study of thermodynamic properties and phases of ultracold fermionic gases with high spin symmetries in optical
lattices

Pedepar:

1. Incepranis NpUCBsAY€HA AOCHIIPKEHHIO HU3bKOTEMIIEPATYPHUX PIBHOBKHUX BJIACTUBOCTEN B3a€MOiTHNX
(depmi-rasis, M0 3HAXOIATHCS B IPOCTOPOBO-TIEPIOANYHMX OTEHIIialax I'PATOK Ta MAIOTh HeNlepePBHi BUCOKI
CHMeTPpii B CIIIHOBOMY ITPOCTOPI; B paMKax IIPOBEIEHUX TEOPETUYHUX JOCIIIPKEHb BU3HAYEHO BIUIUB SIBHOTO
[OPYILIEHHS HENIEPEPBHUX CUMETPIill Ta IPOCTOPOBOi aHi30TpOMii TPUBUMIPHUX I'PaTOK Ha (Pa3oBi Nepexonu Ta TUIIN
MarHiTHO-BIIOPSIIKOBAaHUX CTaHIB Y TAKMX CUCTE€Max. Y BCTYIli KOPOTKO OOI'PYHTOBAHO aKTyaJIbHICTb TEMU
IucepTallii, BA3Ha4€eHO METY Ta OCHOBHI 3aB/IAHHS JOCJIIIPKEHHS, TAKOXK 00'€KT, IPEeIMET Ta METOAN AOCIIiIKEHHSI.
CdopmyiboBaHO HAYKOBY HOBM3HY Ta [TPAKTUYHE 3HAYEHHS OTPUMAHMX pe3ysbTaTiB. HaBeneHo BioMOCTi Ipo
ny6Jlikanii, 0cobMCTUil BHECOK 34,00yBaya Ta anpooaliilo pe3ysbTaris gucepralii. Takox NpuBeeHi BioMOCTi IIpO
CTPYKTYPY Ta 06cAr aucepTauiiHoi po6oTu. Po3zisn 1 npucBsSyeHo Orjsaay Ta aHaslisy JiTepaTypy 32 TEMOIO

nuceprauii. V 1boMy po3ziii po3ryisHyTo (i3snyHi aclieKTH KBAHTOBUX CUCTEM 06araTbOx YaCTUHOK i, 30KpeMa,



yIbTPaxXOJI0AHUX ra3iB, 10 SIKUX PO3BUHYTO MOAJbITY METOMIOJIOTiI0 TEOPETUYHOTO ONUCY. YBary NpuiiieHo
HeoOxinHoCTI MonuQiKyBaTy MiAXony IJ1s1 BpaxyBaHHS BILJIMBY [TPOCTOPOBO-TIEPIONUYHUX NIOTEHIialiB i HalaHO
OTJI517, OCHOBHUX THUIIiB 6araTOYaCTMHKOBUX CTaHIiB y TakKuX cucTtemax. HaBeZileHO OCHOBHI KPOKY /1J151 OTPUMaHHS
BUXifgHOI Mogeri ['ab6apa, gxa HeobXigHa i1 NOAANBLIOrO aHasisy. Po3risiHyTo opmaiiam Teopii 30ypeHs i3
3acTocyBaHHSM nepetBopens Llpidpdepa--Bonbpda 111 BUNaAKY CUIBHOTO 3B'3KY, a TAKOK 0COOJIMBOCTI onucy 6e3
3aCTOCYBaHHS Teopii 30ypeHb 3a JOTIOMOT'0I0 YKCJIOBOTO aJITOPUTMY IIMHAMiuHOI Teopii cepennboro nosst. Posazin 2
IIPUCBSYEHO AETaJlbHOMY aHali3y e(eKTiB MarHiTHOro BopsigKyBaHHs B SU(4)-cumeTprniyHUX (pepMi-rasax 3a
HU3bKUX TEMIIEPATYP Y HAYBEPTL3AIIOBHEHIN HAMHWKYiM 30HI ONITUYHOI I'paTKu. [Ipuaineno ysary npuHUMIIOBI
BiIMIHHOCTI JOCJIiIPKyBaHOI CUCTEMU BiJl BUIIAIKy HaIliB3alIOBHEHOI 30HU, 1€ MarHiTHe BIOPSIKYBaHHS Ha
KBaJlpaTHi abo KybiuHiil rpatii He 3a3Hae edeKTiB reoMeTpru4HOi ppycTpallii, a MarHiTHe BIOPSAKYBaHHS
BiZOyBa€eTLCS 3a BiIHOCHO IIPOCTUM JIBOIIAIPATKOBUM CLi€HapieM. Y JOCIIIKyBaHill CUCTEMi B TPaHUYHOMY
BUIIQJIKy HYJIbOBUX TEMIIEPATYP Ta IOMIPHUX aMILIiTy]] B3a€MO/Iill MOXKe BifJ0yBaTHCh TaK 3BaHe IIJIaKETHE MarHiTHe
BIIOPSIIKYBaHHS 3i 30i7IbIIEHOI0 €JIEMEHTAPHOI0 KOMIPKOIO [TOPiBHSIHO 3 ABOIIIIPATKOBUMU THUIIAMU
BIIOPSIIKYBaHHS. 3 METOI0 HaBeEHHS KiJIbKiCHUX OL[iHOK [1JIs1 €KCIIEPMMEHTAJIbHUX peaidalliil 3 ylbTPaxoJa0HUMU
razamy HeMTpasbHUX aTOMIB CTPOHILIi10-87 260 iTep6it0-173 npoBeeHo KibKiCHMIA aHali3 KpUTUYHUX 3HAaYEHb
€HTPOIIii, 0 HeOOXiNHI 11 JOCATHEHHS Pi3HMX THUIIIB MarHiTHO-BIIOPSAKOBAHUX CTaHIB y FApMOHIYHUX
MIOTEHIliaslaX ONTUYHMX IACTOK, 1[0 YTBOPIOIOTHCS CIIELiaIbHO HAJIAIITOBAHUMU Jla3epaMu. Y po3ziii 3 HaBeIeHO
Pe3yJIbTaTU JOCJIiIKEHHS! BIUIMBY IPOCTOPOBOI aHi30TPOIIii TPMBUMIPHOI KyOi4HOI I'PaTKM HAa HU3bKOTEMIIEPATYPHi
MarHiTHO-BIIOPSAKOBaHi (pa3oBi cTaHu. [1okazaHo, 110 B TpaHUYHUX BUIAJIKaX BiJOKPEMJIEHUX IJIOLIWH 3
KBa/IpaTHOIO FreOMETpiel0 I'PaTKH Ta i30TPONHOI Ky6iuyHOI rpaTKu MOXKe Bil0yBaTHUCh MarHiTHE BIIOPSIKYBaHHS 32
pi3HUX cueHapiiB. 3a3Ha4yeHoO, 10 HE BCi MarHiTHi a3y MOXXyTb OyTH [IO€QHAHI HENIEPEPBHUM YMHOM 32 3MiHU
aMIUIITYaU TYHEJII0OBaHHS MK JBOBUMIDHMMMU IJIOLUIMHAMU, TOMY MO>KE CIIOCTEPIraTUCh ricTepe3ncHa NOoBeJiHKa
Takux cucteM. [1o06yZ0BaHO MTPOCTOPOBI PO3NOIiAY I'YCTUHY aTOMIB i HAMarHiYeHOCTi B rapMOHIYHOMY IIOTeHLiaJi
ONITUYHOI racTKu. Po3zin 4 npucesiueHo BuBeneHHIO0 eheKTUBHUX CITIHOBUX MOJesiel Ta NOCTiIKeHHIO
€HEepPreTUYHMX CIEKTPIB i TEpMOAMHAMIYHUX XapaKTEPUCTUK YJOTUPUKOMIIOHEHTHUX (pepMi-rasiB y BUIaKax
SIBHOTO NOPYyLIEHHS ciHOoBoi cumeTpii SU(4). [IpoaHanizoBaHO eHepPreTuyHi CTaHM Ta €PeKTUBHI MarHiTHi crai
B3aeMOJii y BUNaKax, KoJu YOTUPU B3a€MOJIiliHi CIIIHOBI KOMIIOHEHTH B raMisibToHiaHi 'ab6apna He3anexHo
YTBOPIOIOTh MiJrPyNy CUMETPIii TUIY «TPU Ha OAUH» ab0 «[1Ba Ha ABa» BiIOBIAHO 1O iX aMILITy/ TYHEII0BaHHS abo
B3a€MO/Iii, i BUBYEHO MOBEMIHKY BiANOBiAHUX e(EKTUBHUX MOJiesiel ['efi3eHOepra B rpaHulli CUIbHOI B3aEMOJIiI.
OTpuMaHO Ta MPOaHaNTi30BaHO TPOCTOPOBi PO3NOAINN I'YCTUHU CIIHOBUX KOMITIOHEHTIB y TAPMOHIYHIN ONTUYHIN
IIACTL [1711 KOXKHOTO BUIIAJIKy SIBHOTO MIOPYIIEHHS cuMeTpii. PeaysibTaTu fanoi po6oTy MaroTh GyHIaMeHTaIbHe
3HQUEHHS [1J14 [IOKPAIleHHs] PO3YMiHHS (Pi3UYHOI NOBEIiHKY CKJIAJHMUX KBAHTOBUX CUCTEM, PO3BUHEHHS [I€PEIOBUX
METOJIiB TEOPETUYHHUX JOCJiIKeHb, a TAKOXK 3HAUEHHSI [ [IPUKJIaTHOTO 3aCTOCYBaHHS, 30KpeMa, 17151 PO3POOKH Ta

CTBOPEHHSI HOBUX IIPUCTPOIB [J1s1 36epiraHHs Ta 06po6ku iHdopmarlii Ta B KBAHTOBUX OOYUCTIEHHSIX.

2. The dissertation is devoted to the study of low-temperature equilibrium properties of interacting Fermi gases
placed in spatially periodic lattice potentials and posessing continuous high symmetries in spin space; within the
framework of theoretical studies, the influence of the explicit breaking of continuous symmetries and spatial
anisotropy of three-dimensional lattices on phase transitions and types of magnetically ordered states in these
systems is determined. In introduction, we briefly outline the relevance of the dissertation topic, define the goal
and main objectives of the research, as well as the object, subject and methods of the research. The scientific
novelty and practical significance of the results are formulated. Information about publications, the personal
author contribution and presentations of the dissertation results on the conferences and workshops are provided.
Information about the structure and scope of the thesis is also provided. Chapter 1is devoted to a review and
analysis of the literature on the topic of the thesis. This section considers the physical aspects of quantum systems
of many particles and, in particular, ultracold gases, for which a further methodology of theoretical description has
been developed. Attention is paid to the need to modify approaches to take into account the influence of spatially
periodic potentials and an overview of the main types of many-particle states in these systems is provided. We
outline the main steps for obtaining the initial Hubbard model, which is necessary for further analysis. We show



the relevance of the perturbation theory and the Schrieffer-Wolff transformations for the case of strong coupling.
We also extend description beyond the perturbation theory by introducing the dynamical mean-field theory
(DMFT) numerical approach. Chapter 2 is devoted to a detailed analysis of the effects of magnetic ordering in
SU(4)-symmetric Fermi gases at low temperatures in a quarter-filled lowest band of optical lattice. Attention is
drawn to the fundamental difference of the studied system from the case of a half-filled band, where magnetic
ordering on a square or cubic lattice is not affected by geometric frustration, and magnetic ordering develops
according to a relatively simple two-sublattice scenario. For the system under study, in the limiting case of zero
temperatures and moderate interaction amplitudes, the so-called plaquette magnetic ordering with an enlarged
unit cell compared to two-sublattice types of ordering can develop. In order to provide quantitative estimates for
experimental implementations with ultracold gases of neutral atoms of strontium-87 or ytterbium-173, we
performed a quantitative analysis of the critical entropy values required to achieve different types of magnetically
ordered states in the harmonic potentials of optical traps formed by specially tuned lasers. In chapter 3 we present
results of the study of the influence of spatial anisotropy of a three-dimensional cubic lattice on low-temperature
magnetically ordered phases. It is shown that in the limiting cases of decoupled planes with square lattice
geometry and an isotropic cubic lattice, magnetic ordering can occur under different scenarios. It is noted that not
all magnetic phases can be linked continuously with changes in the tunneling amplitude between two-dimensional
planes, therefore, hysteretic behavior in these systems can be observed. We also obtain spatial distributions of
atomic density and magnetization in the harmonic potential of an optical trap. Chapter 4 is devoted to the
derivation of effective spin models and the study of the energy spectra and thermodynamic characteristics of four-
component Fermi gases in cases of explicit breaking of the SU(4) spin symmetry. The energy states and effective
magnetic couplings are analyzed in cases where the four interacting spin components in the Hubbard Hamiltonian
independently form three-by-one or two-by-two symmetry subgroups according to their tunneling or interaction
amplitudes, and the behavior of the corresponding effective Heisenberg models in the strong interaction limit is
studied. The spatial distributions of the density of spin components in a harmonic optical trap are obtained and
analyzed for each case of explicit symmetry breaking. The results of this work are of fundamental importance for
improving the understanding of the physical behavior of complex quantum systems, developing advanced methods
of theoretical research, as well as for applications, in particular, for the development and creation of new devices

for storing and processing information and in quantum computing.
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