SAJIPO ®U3UKACU UHCTUTYTHU XY3YPUJIATHY NJIMHAIA
JAAPAZKAJIAP BEPYBYH DSc.02/30.12.2019.FM/T.33.01 PAKAMJIN
NJIMUU KEHI'ALI

AAPO PU3UKACHU UHCTUTYTHU

XYIOUBEPANEB ACJMUINH FYJIOMUUIMHOBUY

AHM30TPONIUK KBAHT MATHUTJIAPUJIA KYHU
TEMIIEPATYPAJIU ®A3A YTUIILIAP

01.04.07 — KonaeHcupJaHnras xouar ¢gusnkacu

duzuka-MmaremMaTuka paniapu o0yiin4ua dgasncada nokropu (PhD) nuccepraumsicu

ABTOPE®EPATHU

TomxenT— 2022



YAK.530.14;536.48

Pusuka-marematuka ganiaapu 6yinuya pasucada noxkropu (PhD)
JUCCEPTALMACH aBTOpedepaTH MyHAAPHKACH

OriaBiieHne apropedepara gucceprauuu 10kropa puinocopuu (PhD) no
(pu3nKo-MaTeMaTHYECKUM HAyKaM

Contents of the dissertation abstractof the doctor of philosophy (PhD) on
physical and mathematical sciences

XynoioepaueB Acanpaun FyroMmuaanHoBuy
AHM30TPONKK KBAaHT MarHUTJIapU/ia KylH Temiieparypaiu ¢asa
A0 % 111 A2 o PP 3

Khudoyberdiev Asliddin Gulomiddinovich
Low temperature phase transitions in anisotropic quantum
TNAZNCES . . .ottt ettt ettt et ettt e e et e et e ereeenrree e earaeeeeaaeeens 25

XynoiioepaneB Acauaaun I'yromuainHoBu4
HuskoremnepaTtypHbie (ha3oBbie Iepexo/ibl B AHU30TPOITHBIX KBAHTOBBIX
MATHETHIKAX . ..cevvueeeetrnnneeettueeeetuneeesssnensessaneessannsessnnessssnaessesanesssssonesessnnnnees 45

OBJIOH KWIMHTAaH Uluiap pymxatu
Cnucok ony0JIUKOBaHHBIX PaboT
List of published Works. ..o 49



SAJIPO ®U3UKACU UHCTUTYTHU XY3YPUJIATHY NJIMHAIA
JAAPAZKAJIAP BEPYBYH DSc.02/30.12.2019.FM/T.33.01 PAKAMJIN
NJIMUU KEHI'ALI

AAPO PU3UKACHU UHCTUTYTHU

XYIOUBEPANEB ACJHUINH FYJIOMUIMHOBUY

AHM30TPONUK KBAHT MATHUTJAPUJA KYHU
TEMIIEPATYPAJIA ®A3A YTUIILIIAP

01.04.07 — KonaeHcupJanra xouar gusnkacu

duzuka-MmaremMaTuka paniapu 0yiin4ya dgasncada nokropu (PhD) nuccepraumsicu

ABTOPE®EPATU

TomxenT— 2022



. Du3uka-Mmatematuka aniaapu oyiiuua dancada noxropu (PhD) nuccepramusicm MaB3ycu
V36ekucTton Pecnyonukacu Basupaap Maxkamacu xy3ypuaaru OJumid aTrecTanuss KOMUCCHSICHAA
Ne B2021.2.PhD/FM242 pakamu 0Mi1aH pyixaTra oOJUHIaH.

Juccepramus Y36exucrton PecryGmukacun Pamnap akamemmsicn SIapo (U3MKAacH HHCTHTYTHAA
OakapuiTaH.

Huccepranus aBropedepartu yu Trina (¥30ex, uHriaus, pyc (pestome)) Minmuii kenram Bed-caxudacu
(www.inp.uz) Ba «Ziyonet» axO00poT-TabJIUM MopTanuaa (Www.ziyonet.uz) KoHIalmTHPUITaH.

HNnmmii paxdap: PaxumoB AGayJsiia ManHaG0BHY
¢u3nKa-MaTeMaTHKa (paHIapu JOKTOPH,
KaTTa WIMHH XOIUM

Pacmuii onmoHeHT1ap: dsxymanos Cadapain
(husuka-MaTeMaTrka (paHaapu T0KTOpH, mpodeccop

Abnyinaes darxyana XadbulyninaeBuq
(hm3mka-mMaTeMaTrka parmapu ToKTopH, mpodeccop

ETtak4u Tamkmnior: Mup3so Yiayréek HoMHIarH Y36eKHCTOH MILIHI YHHBEPCHTETH

Huccepranus xumosicu Slapo ¢usnkacu MHCTUTYTH Xy3ypumard DSc.02/30.12.2019.FM/T.33.01
pakamin Mnmuit kenramsuHr 2022 iiun coar Jard Maxiaucuga 0ynno
yragu. (Mamswn: 100174, Tomkent maxpu, YIIyroek KyproHu, Smpo ¢pusnkacu nHCTUTYTH. Ten. (+99871)
289-31-41; dakc (+99871) 289-36-65; e-mail: info@inp.uz).

Huccepranust Ownan Snpo ¢u3Mkacu WHCTUTYTUHUHT AXOOpOT-pecypc MapKaswjia TaHWIIIHII
MYMKHH ( pakamu Ounan pyiixarra onuarad). (Manswr: 100214, TomkeHT maxpu, Yoyroek
kyproun, SIOU. Temn. (+99871) 289-31-19).

Hucceprauus aBropedepatn 2022 Wnum «  » KYHU TapKaTHIJU.
(2022 mm ” Jlaru paxamii peectp 6aéHHOMACH)

M. 10O. TammeToB
Wnmuit gapaxanap 6epysun Mimvmii
KeHrair paucu ¢.-M.¢.1., mpodeccop

O.P. Toxuboes

Wnmuit gapaxanap 6epysun Mimvmii
KEHTaml uiMuii Kotuou, ¢.-Mm.¢.PhD,
KaTTa WIMHN XOJUM

9.M. TypcyHoB
Wnmuit gapaxanap 6epysun Mimvmii
KEHTalll Xy3ypuaard WIMHH CEeMHHApP PaucH

®.-m.¢. 1., mpodeccop


http://www.inp.uz/
http://www.ziyonet.uz/
mailto:info@inp.uz

KHUPHUI (pancada nokropu (PhD) quccepransiCAHUHT AaHHOTALUSICH)

Jduccepranmusi MaB3yCMHUHT 10J13ap0Osuru Ba 3apyparu. CYHru nuiuiapaa
nyHENAa MarHeTHMK MaTepUaUIapHUHT MAcT xapopamiapia (azaBuil YTULUIApUHU
Yprauuin opKaJid YJIApHUHT MyXUM MYaMMOJApUHHU XaJl KWJIMIITa KaTTa YbTHOOD
oepwiMmokaa. KBaHT MaruuTiiapu (pU3MKacu COXacH Kyda HUCTUKOOJUIM, aMMO Y3
HaBOaTHaa )Xyaa KuiinH. bo3e 3appanap puznkacuHu KBaHT MarHUTIIapu/ia KyJiao,
daza yTunuapaard XoccalapuHH KBaHT 3(QexTinap OuinaH YpraHuir MyXum
axamusT kacO stanu. bose-OiHmrelin kouaencatu (bOK) acocan cyrok renmii Ba
COBYK rasjapjaaru 0o3e 3appaiapuia Ky3aTwiraH Oyicana, Oy TyllyH4Ya aHua
ymymuiaup. bab3u KaTTUK KUCMIIADHUHT KyWH TeMIEpaTrypagard XOCCaJIApUHU
kBaHT »hdexTnap €pmamuma, xycycan bBOK Hazapusicu acocuaa TyHIyHTHUPHII
MyMKHH. XycCycaH, aHTU(eppOMarHWTiapaa JJIEMEHTap YyHFOHUILIap Oy
MarHoHJjap, sbHU OyTYyH CIIMHJIA KBa3u3appaiap 0yiauo, yinap bose craructukacura
oyricyHaau. Cnunnap Ba 0030HIIap ypracumaru VXIIAIUTHK,
aHTu(deppoMarHutiapia Kyja camapaid SKaHJIWTU UCOOTIaHTaH OYynub, Kyiu
TeMreparypajaaru Oup-oupura ssKkuH Macodaaa >Kouiamrad spuMm OyTYyH CIIHHIIH
auMepiap OMpUKHO acoCHid XOJiaTaard CHHIJIET Ba TpUILIET 003€ TypAaru 3appa
(TpuIIoH) nap XOocuid Kwiaaud. TpuIsioHiap atoM rasjiapura KaparaHja aHda
EHI'WJIPOK Ba 3WWIMIM aH4a oKopu. Hatmxkana, Oy raznmapnaa, aToMm rasiapuaaru
HAaHOKENBUHIApAaH (apKJIu YIapoK, KOHAEHCAT XOJIaTH aH4ya IOKOPU Xapopartia
XaM CakjJaHuO KOJIMIITU MyMKHH.

BbyryHru kyHaa »axoH MUKECHA y30K Macodaiu ¥3apo Tabcupra sra 6yiaran
CHUH-OVIUIMKIN KBAaHT MATrHUTJIAPUHUHT T[acT XapopaTid XyCYCHUSTIApUHHU,
KyMIIaJlaH, dK30THK (azanap €ku ¢aszanud YTUIUIAPHU aHU3OTPONUSHUA XHUCOOTa
om0 ypranum goia3apOnuru Ownan axpanu® TypuOmu. UYUyHku OyHuai
MaTepuayiap KelakakJa KBAHT KOMIBIOTEPJIAPUHU  SpaTUIl Ba  KBaHT
MabIyMOTJIAPUHU  CaKJall  y4yH  UIUIATAIUMIIA  MyMKHH.  XYyCycaH,
aHTU(EeppOMarHeTUKAHUHT TMACT XapopaTii MarHUT XOTHpacu OYTyHTH KaTTHUK
JUCKJIAp Ba KAaTTHK XOTWpa yuIuapura kaparasga kamuga 100 mapra 3u4pok
SKAHJIHUTU aHuKIaHTad. [lyHnnai Kuin0, KBaHT MarHUTIAPUHU YPraHUIl yIapHUHT
SIHTY XYCYCHUSATIApWHH Oamopar KWIAII UMKOHUHH Oepaau, Oy 3ca ¥3 HaBOaTHaA
yJIapHU KOMITBIOTEP Ba aXOOpOT TEXHOJIOTUsIIApUIa KYJUIalllHA OCOHJIAIITHPAIU Ba
ONTUMAJIIAIITUPATH.

MamnakatuMusa CyHIM WWUIapAa MarHeTMK MaTepuajulap Ba yJIAPHHUHT
XOCCaJIapUHU YPTaHUII OYHin4ya Ha3apuil Ba SKCIIEPUMEHTAT TAAKUKOTIAPHH KaXOH
Japakacuia YTKasWira KaTta 3bThOop Kapatuiamoraa. lllynunr yuyn macr
XapopaTiapia KBaHT aHTH(EppOMarHuTIapuaa MarHuT KBasu3appajapHuHT bose-
DWHINTEHH KOHJIEHCATH Ba y OmiaH OOFIMK MyaMMOJApWHH YpraHUII J0J3ap0
MaB3y XHCOOIaHaIH. V36ekucTon Pecnyonukacu Ilpesunentununr 2020 v 29
nexabpmarn  Omuii  Maxsucra MypoxkaatHomacuga' — dusuka — panuHn
PUBOXIIAHTHpUII OYViinya Oenruianran Basudanapra Moc (pyHIaMeHTal Ba aMaiuii

Mup3uées II1.M. V36exucron Pecry6nukacu [pesunentunuuar Omuii Maxoiucra Myposkaatsomacu // Xaiik cy3u,
2020 i, 30 nexadbpe, No275-276 (7746-7747), 2-6er.



MacaJlaJlapHM XaJl KWIMIITa KAPAaTWIraH WIMMM TaaKUKOTIAPHU WyiIra KyWHII
MyXHM axaMHsAT KacO OJTamgu. Y30eKHCTOHJA CYHTM WWIIapAa MAaTHETHK
MaTtepuajjiap Ba YJIApHUHT XOCCAJIApUHM YpraHuil OYyiimya Hazapuil Ba
HKCIEPUMEHTA] TAAKUKOTJIAPDHU aXOH Japakacuaa YTKaszuura karra bTHOOp
KapatuiMokaa. FOxopu Tecnanu noumuii MarHuT MalIOHHU XOCWJI KUJIUII Ba Oy
MarHuT MaiJoH €pJamMuaa Mojjajap ONTHK XOcCCajJapWHU, HAaHOCTPYKTYPACHHHU
Vpranui Oopacuja Hazapuil Ba aMajidii U3JaHUILIAp OO OOpUIMOKIa. YOy
byHIaMeHTal TaAKUKOTIap MaMJIaKaTUMU3 HIM-(aHUHUHT pUBOXKJIAHUIIIN/IA KaTTa
axaMUsTIra Srajup.

V36exucron PecryGmmkacu ITpesunentunuar 2017 i 7 despanmaru 11dD-
4947-con  “V36exncToH PecryGIMKAacHHM SHAAa PUBOMKIAHTHPHIN Oyifnua
XapakaTinap crpaterusicu Tyrpucuna”’ gapmonu, 2017 #un 17 despannaru [1K-
2789-con “®annap akageMusicu (aoJUATHHM SHAJA TAaKOMWUIAIITUPUII, WIMHAN
UIUTAPHU TAITKWII STHUIL, OOIIKAPHUII Ba MOJUSUTAIITUPHUII Oyitnda dopa Taaoupiaap
TVrpucuaa”, 2019 iun 21 nosdpaaru [1K-4526-con “SAnpo dbuzukacu HHCTUTYTU
WIMHUR-TAIKUKOT (PaoJIMATUHM KYJ1aO-KyBBaTJIalll yopa-Taj0upiiapu Tyrpucuaa’
Kapopiapu, xamaa Maskyp (aonusaTra TEruuuIM OOIlIKa MEbEPUN-XYKYKUN
Xy>KKaTiapja Oelruianrad BazudanapHu amalira OolMpuiia ymoy auccepranus
TaJKUKOTH MyalsH Japaxaia Xu3MatT KUJIaJIu.

TaagKNKOTHUHT pecny0uka daun Ba TEeXHOJIOTUSJIAPH
PMBOAKJIAHUIIMHUHT YCTYBOP HYHAJIMILIAPUIAa MOCJIMIH. MasKyp TaaKUKOT
uimm pecnyOnauka (aH Ba TeXHOJOTUsNAp puBOXIAaHUIMIMHUHT II. «DHepreruka,
HHEProTEeKAMKOPINK Ba MYKOOWJ SHEprusi MaHOamapw» YCTYBOp HYHalIWIINra
MYBO(UK Oaxkapuiras.

MyaMMOHMHI YPraHWITaHJIUK Aapaskacd. X03UPru BakTAa MAacT Xapopar
¢u3nKacu Ba KBaHT MarHUTJIAPUHY YpraHull Oyinda xKy/a Ky Ha3apuil Ba aMmanui
TaAKUKOTJIap JKAaXOHHMHI €TaKyd OJIMMJIAPM TOMOHHUAAH OJIuO OOpUIMOKAA.
Kymnanan, mBedmapusuiuk ongumiiap A.Schilling Ba R. Dell’Amore kBaHT
Mar"Hutiaapuja Kyu xapopariu ¢ga3a yTunuiap Ba MarHUTJIAHTAHJIMK XOCCAJITApUHU
Taxxpubanap épaamuja ypranrad; aBctpanusuiuk omumiap (J. Sirker, A. Weisse,
O.P. Sushkov) TomMmoHMIaH KBaHT MarHUTJIAPUHUHT aHU3O0TPOIUIUK XOCCAJIApPUHU
ATUOOpPTra OJIraH X0J/1a KBaHT (aza YTUILIAp Ba MArHOHJIAPHUHT KOHAEHCAT X0JIaTh
Xaptpu-®Dok-IlonoB  anmpokcumanusick  €paaMujaa Hazapuid Uyn  OwiaH
Vyprauunran; wranusimk (V. Zapf, M. Jaime, C.D. Batista), poccusimuk (V.1
Yukalov), smonusuuk (F. Yamada, T. Ono, H. Tanaka, G. Misguich, M. Oshikawa,
T. Sakakibara), y36exucronnmuk (A. Rakhimov, B. Boyzakov, F. Abdullayev, S.
Djumanov, U. Valiev, R. Galimzyanov, E. Quvondiqov) Ba Oo1ika MmyTaxaccuciap
TOMOHUJaH KOH/IEHCUPJIAHTaH X0JIaT (PU3MKAacU Ba KBAaHT MarHUTIApUHU YpraHUIll
Oyiinya xyna kymiad Ha3apuii Ba aMaliuid TAJKUKOTIAPH OO OOpUIMOK/IA.

1999 i#unga A. OocaBa Hun xapopatugan mact Oyaran TICuCls
aHTU(QEpPOMarHUT KBAHT HaMyHacuJa MAarHUT TapTUOHMHI KPUTHK XApOpPaTUHU
TONMII y4yH MarHAT MaTepHaUlapAard MarHUTIAHUILIApPHA  Yprasau.
TaxxpubanapHH TaNKUH KWIMII (yHIaMEHTaJ Ha3apUSHUHT PUBOKIIAHUILINTA OJIHO
kenau. dakaTruHa TYFpU Haszapus TaXpuOanapHU TYFpU TYUIYHUIITAa WUMKOH
Oepajy, TETUIUIM Ba peasl TEXHUK MJIOBAIAPHU TAKJIU(] KWIMILK Ba MATEPUSHUHT
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SIHTUA Xoccalapu Ba (azamapuHu OamopaT Kuaumu MyMKuH. [IIyHUCH KH3UKKH,
BOK kabu xoaucanap, 103 MUHT1a0 3appajlapHu ¥3 UUUra oJiraH KOHJeHCaTIaHTaH
Matepusi (pU3MKacH, Ha3apui M3JIaHUILIAp 3apypJIMrd Xakuaa xynoca oepaau. by
IOKOpY DHEPTrusiian 3appavanap ¢uszukacujgaH anda ¢apk kunaau. Tpuruion bOK
HYKTau Ha3apuaaH co( KBAHT MATHUTIAPUHMHI XOCCAJapWHU TaBcu(ama siHa
oup myammo 0op. by MyaMmo OUpJIMK Xa)XXMJaru 3appajap COHH OusiaH OOFJIMK.
Acnujia, TPUIUIOH KBa3u3appaliapra sra Oyiran CliuH AUMeEpJIapu ypTacuaaru y3apo
TabCUP AHU3OTPONUATA, SHbHU OO30HIM THU3UM aWJIAHUII CUMMETPUSICHHUHT
Oy3wunuiura onuo kenaau. Hatwxkama, ['aMunTtoHnanTa MOC KellaauraH 3appadaiap
COHHM oOmeparop OujiaH aJIMaIITUPWIAaW, Oy YHM aHUK XHUCOOJIaHTaH MUKIOpra
aitmantupMmaiinu. by dakt BOK wyktam Hazapuman Hazapuii TaBcudaa TaOuuit
myOoxamapuu kentupu6 uukapamu. [y Ouman Oupra, cuctemazga aHU30TPOIUS
HucOaran kuuuk O6yica, BOK xoaucacuau acocuit MaiijoH SKUHIIANTYBH Ha3apHUsICH
HaTWxacuaa naiino 6ynran neprypoarus U(1) cummMerpusi Oy3wIMIIMHA XHUCOOTa
OJIFaH XOJI1a YPraHUIl MyMKHH.

AMMO OKOpUJA KEITUPWITaH YCyJUlap KBaHT MAarHUTJIAPUHUHT KyHU
Xapopariard XocCaJlapuHu TYIIYHTUPHUII YUyH €Tapianda MabIyMOT Oepa oJIMaiu.
YyHku, Oatapcun ypraHwiIMIIM Kepak OYJiIraH OuuK caBoJuiap MaBxyd. Mucon
YUyH: aHM3OTPONUSHUHTI "KOHAEHCATJIaHMaraH Ba KOHJEHcaTiaHraH (a3ana"
MarHuTJaHUIIra TabCUPUHUHT TaBCU(PUHU TOMa OJaMU3MHU (XO03UpAa TYIUK
Yyprauunmaras) Ba 0y Oup BaktHuHT y3una bOK dazacu yuyH sipatuiran Hazapusira
MOC KEJIaIUMU?

Juccepranus MaB3yCHHUHT JUCCEPTANNS 0aKAPUJITaH MIMHN-TAAKAKOT
Myaccacacl WIMHH-TAAKMKOT HIUIapH OujiaaH OoraukaMru. Jluccepranus
TAJKUKOTH Y30exkucTon Pecry6imkacn ®anmap akajgemusicn Sapo dusukacu
WHCTUTYTU WIMHA-TAAKUKOT unuiapu pexacuHudr Ne OT-D2-14 “Kyunm y3apo
TabCUPJAIIYBYM  KBAHT  CHUCTEMAQJIAPHUHT  KOJUIGKTUB Ba  MHUKPOCKOMHK
xycycusiTiapuHu  Tagkuk kuaunr®  (2016-2020), Ne UT-DA-2020-3 “Y30k
Macodanu y3apo TabCcupra 3ra TapTHOCH3 KBAaHT MarHUTJIapy Ba aTOM rasjapuja
ynTpacoByk (azanu yrunmap” (2020-2022) mas3ycuaaru GyHaaMeHTa Jionuxanap
Ba “bup Heura xucwmiM KBaHT (U3MKACH MacajajlapyuHU €YUIl YYyH HOKOpHU
camapald BapualroH ycyJutapHu puBoxiaanTupuir” (2020-2024) nnmMuii-TaAKuKOT
UIUIapH JacTypH Oyitnua ¢yHIaMeHTan MaB3y Joupacuaa Oakapuiiras.

TagKUKOTHHHT MaKCaIM [1acT XapopaTiapAa aHU30TPOIl KBAHT MarHUTIapu
yuyH Xaptpu-dok-boromobo skuHmamyBun Ba bo3e-DWHIITEHH KOHJaEHcAT
HA3apUACHUHM  TAKOMWUIAIITUPUIL  Ba  ynapjaard  ¢aszaBuil  YTUIIApHU
TaBcudamaan nuoopar.

TaaKuKOTHUHT Basudagapu:

Xaptpu-Dok-boroio0oB annpokcuManusICUHU €pllaMujia MacT Xapoparia
TPUILIOHJIAPHUHT aHU30TPOINHUS TAbCUPU Ba aHOMaJl 3UWIMKHU Y3 WYUra OJraH
TEPMOIMHAMUK TTOTCHIIMAIIMHA XUCOOIaIT;

HOJITA SIKUH XapopaTaa KBaHT MarHUTJIApuja KBaHT (asacu YTUIUIapUHU
aHUKJIalll;

TpUIUIOH bo3ze-DiHIITeH KOHAEHCAT TYJIKUH (PYHKIMSICUHUHT MarHuT
(dazayiapu Ba yHra ypHaTWITaH Y€KJIOBIAP MABXKY/JTUTMHA UCOOTIIALIT;
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NacT Xapoparja KBaHT MarHUTJIapuaa UKKUTa bo3e KoHJeHcaT XonaTuaaru
TU3UMUHHUHT uHTepdepeHiusacu Ba XKozedhcon a3 PpekTHHN TaXJ U1 KUIIHIIL,

aJIMAallMHYB aHU30Tpomnusicu Ba JI3sommHCKUU-Mopus y3apo TabCHUpPH
napaMeTpJapuHu ypTada MaioH HazapusicH €plamuaa 6axosari,

KBaHT MarHUTIapuHuHr, xycycad, TICuCl; ma skcnepumeHTan paBuIla
OJINHTaH MarHUTJIAHTAHJIMK BAa SHEPTUS CIEKTPUHU TAXJIUJ KAWL,

TaaKUKOTHUHI 00beKTHHHM aHTU(deppomarHuT wmatepuamiap, TICuCl;
OMpPUKMACH TaIlKWI 3TaIu.

TagKuKOTHUHT npeaMeTHHH nact xapopatiapaa KBaHT
aHTU(dEppOMarHuTIapyua  MarHUT  KBa3uzappaiapHuHr  bosze-DHHIITElH
KOHJICHCATH Ba y OMJIaH OOFJIMK MyaMMOoJiap TaIllKUI 3Ta/Iu.

TaagKUKOTHUHI yCy/UIapU: SIHTM Ha3apuil EHJamyB - aCOCUA MauoOH
SKUHJIAIIUII Ha3apuscu; bo3ze-DUHINTEHH KOHJAeHcaT Hazapusicu, XapTpu-Dok-
boromo6oB (XPb) annpokcumManusacu; UKKAJIaM4yd KBaHTJIAII YCYIIH.

TaagKMKOTHUHT WIMMI SSTHTWINTH Kyiuaaruiapaad uoopar:

aHTU(dEeppOMarHuT MaTepuasiap, SsbHu aHU30TPOIl KBAaHT MarHUTJIapy yYyH
acocuil MalJIoH Hazapusicu €pAamuaa Kputuk temneparypanan Kyiu (T<T.) coxa
yuyH XapTpu-Pok-boroso00oB anmpokcuManuac TaKOMUJLIAIITUPUIITaH;

WiIK OOp KBaHT MAarHUTJIAPUHUHT aHU30TPOMHUK XYCYCHUSITIIADUHU XucoOra
OJITaH XOJIJla MKKUTa KOHJeHcaT wuHTepdepeHumsicu Ba JXKozedpcon sddextu
Ky3aTHILI MyMKHHJIUTH KYPCAaTHIITaH;

JI3snomHCKUi-MopHsi aHM30TPOINUACHHU XMCOOTa OJiraH XoJa UK Oop
KOHJICHCATJIaHTaH 3appadaiapHUHT 3uwmrd T>T, 1a acCHMITOTHK Tap3a KaMaino
OOpramyIMru y4yH UKKMHYU Typ (pasa YTHII KpoccoBepra aijlaHUINHU, IIYHHUHTICK,
KOHJICHCAT TYJIKUH QYHKIUSACUHUHT (pa3a Oypuaru (hakat TMCKpeT KuilMatiaapra sra
OymuIm ucOOTIaHTaH;

Xaptpu-®oxk-boromao6os aTnIpOKCUMAITUSCH épnamuaa TICuCls
aHTU(dEeppOMarHuT MaTepualuaard Kyid Xapoparjap/ia MarHUTJIAHTaHJIUK Y4yH
OJIMHTaH 3KCMEPUMEHTAN HaTWXKajJapu TYJIUK TaBCU(]IIaHTaH.

TagKUKOTHUHT aMaJIMii HATHXKAJIAPM KyHuaruiapaad noopar:

WIK OOp KBAaHT MarHUTJIApY Y4YyH MarHUTJIAHTAHIUK, UCCUKJIMK CUFUMU Ba
KOHJICHCAaT aHoMal 3WWIMTMHUHT  Xapopatra Oornukiauru Ba  TICuCls
aHTU(dEeppPOMarHUT MaTEepUaId YUYH MaBXKyJl SKCIEPUMEHTANl HaTWXajlapu OujiaH
MOCJINTY QHUKJIAHTaH;

WIK 00p KOHACHCAT TYJIKUH (QYHKUMSACHHUHT (pa3acura KyHuiIraH yekaoBiap
Oaradcun ypranmiran Ba (aza ¢dakaT AUCKPET KUKUMATIap KaOynl KHIWIIU
MCcOOTJIaHTaH;

acocuil XoJjaTIaH KOHJEHCAaT XOJIaTura YTUII UKKUHYU Typ (pasa yrumman
bapxu Ynapok, KpoCCOBEp 103ara KeIHIIU KYpCcaTUiIraH;

KOHJEHCAT TYJKUH (GyHKUMs (da3acu y4dyyH OJIMHTAH HaTWKajlapJaH
doitnanann0 KBaHT MarHUTJIapUAaru Ky xapopatiu ¢aza yrunuiapu, XKozedcon
s dextr Ba uHTEpdEpeHIINS X0Aucalapy TaBCU(DIaHTaH.

Taagkukor HATHKAJTAPUHUHT HITOHYIHJINT U bo3e-OuiHirein
KOHJICHCAllMICUHUHI 3aMOHABUI yCyJUIapu, Ha3zapuil Qu3uka, IOKOpU camapaiiu
aHAIMTUK yCyJ/ulap Ba ajaroputwiapiaH (GoijalaHuIll, OJMHTaH Ha3zapui
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HATHKAJTAPHUHT OKCIIEPUMEHTA MabIyMOTIap Ba OomKa MyautugIapHUHAT
HaTWXanapyu OWJaH MYBO(UKJIWIH, XyJocalap KBAaHT MarHUTIAPUHUHT MalJoH
HA3apUACH aCOCUM KOMJanapura MOCIUry OUiaH TacAUKIaHAIH.

TaagKUKOT HATHKAJIAPUHUHI WIMHMHA Ba aMajJMi axaMUATH. TagKuKOT
HATWKATAPUHUHT WIMHM aXxaMUATH Y3Ura XOC UCCUKJIMK, TapTHO MapaMeTpu Ba
TallKM MarHUT MalJIoOH TabCUpUJA MAarHUTIAHTAHJIMK KaOW KaTTaJIMKIapHU
byHIaMEHTAII Ky3aTyBJIap OpKaJId KBaHT (ha3acura YTHUIIIa KBAHT KPUTHUK XaTTH-
XapakatiapuHu TaBcudiam — KoounusaTH Ounan  Oenrmnananu.  Haszapuid
HATWKAJIApHU Ba  aHTU(EPPOMATrHUT  MaTepualap y4yH  OIKCIEPUMEHT
MabJIYMOTJIAPUHU XU TYITYHTHUPUIIT MyMKHH.

TaaKUKOT HATIWKATAPUHUHT aMalnid aXaMmHsaTH TIyHJIaH HOOpaTKH, MacT
xapopamiapia Oy3uiraH KBaHT MAarHUTIAPUHUHT Ha3apuid TaBCU(PU Ba SIHTU
HK30TUK XOJIATJapy KOHJCHCATJIAHTaH MOJajap 3aMOHaBHM (HU3MKacu Typiu
MyaMMOJIapUHU ~ XaJl KWIWINra Xucca Kymagd Ba KBaHT TH3UMJIApHa
kBazuzappanapauHr bOK xoaucanmapyuHu TymIyHUIIZA SIHTM aCOCHM MaiJIOH
HA3apUSACHHH TAKIA( KUATaIH.

TaakuKOT HATHKAJAPUHUHT KOPUH KWIMHUIIK. AHU30TPONHUK KBaHT
MarHuTiapuja Kyiu temneparypand (aza YTUIUIApHU TaAKUK KWIHMII Oyiinya
OJIMHTaH WMWK HAaTWXajap acocuaa:

aHTU(GEPPOMArHUT MaTepuasliap, SbHA aHU30TPOIT KBAaHT MarHUTJIApU YUyH
Xaptpu-dok-boromo6oB  uNuad YUKWITAaH  anIpPOKCUMAIUSCH  XOPHXKUN
TaIKUKOTUMIIApD TOMOHHUJAH KYJUIAaHWITaH (XaJdkapo >KypHaJiapaa XaBoJjajiap:
Physical Review B, 97, 1d.140405, 2018, Physical Review B, 98, id.144416, 2018,
34rd Youth Academic Annual Conference of Chinese Association of Automation,
18886028, 2019, International Journal of Modern Physics, 35, 1d.2150018, 2020,
Physics Letters A, 384, 1d.126313 2020). UnMuii HaTWXKaTapHUHT KYJJTAHUIUIIN
antudeppomaruutiapaa TaH KOHTAKTHUHT XUCOOJIalll UMKOHUHU OepraH;

KBaHT MAarHUTJIAPUHUHT aHU30TPONHUK XYCYCHUSATIAPWHH XHUCOOTa oJiraH
XO0JIa WKKUTa KoHaeHcaT uHTepdepeHmmsicu Ba XKozedpcoH s>pdexktn UKKUTa
MaTepusi TYIKHHUHUHT (asamap ¢apku EpaamMuaa Ky3aTWIAIIA — XOPHKAN
TQAKUKOTYMATIAD TOMOHMJAH KYJUIAaHWITaH (XalKapo >KypHajulapaa XaBoJajap:
International Journal of Modern Physics B, 35, id.2150018, 2021, Journal of
Physics: Condensed Matter, 33, 1d.465401, 2021). Unmuii HaTmKaTapHUHT
KYyJuTaHuum ¢daza OypuariHUHT Ha3apuil TaBCU(UHU UILIA0 YUKW UMKOHUHU
oepras;

J3snommmHCKUA-Mopursa  aHM30TPONMUSACUHM ~ XHUCOOra  oJraHn  XoJja,
KOHJIEHCATJIaHTaH 3appadalapHUHT 3uwiurd T>T, 1a acCHMITOTHK Tap3aa KaMaino
OOpranavru yayH (pazaHUHT KPOCCOBEpTa YTHINM, ITyHUHTIEK, KOHACHCAT TYJIKUH
GyHKIMACUHUHT (a3a Oypuaru ¢akat IUCKpeT KUiiMatiapra sra OYIuIm XOpHKui
TaJKUKOTUMIIAp TOMOHHUJAH KYJUIAaHWITaH (Xalkapo >KypHaJiapjaa XaBoJjaiap:
International Journal of Modern Physics B, 35, 1d.2150018, 2021, Journal of
Physics: Condensed Matter, 33, 1d.465401, 2021, Physics Letters A, 384, 1d.126313
2020). Nnmuii HaTWXadapHUHT KYJUIAHWIMIOKM KBaHT aHTU(EeppOMarHuTiIapua
(CsFeCl;) kBanT haza yrunuiapuHu TaBcudiian UMKOHUHU OepraH;



Xaptpu-dok-boromto6os anmpOKCUMAIUSICU épramuaa TICuCls
aHTU(dEeppOMarHuT MaTepualuaard Kyid Xapoparjap/ia MarHUTJIAHTaHJIUK Y4yH
OJIMHTaH DJKCIIEPUMEHTAJl HATHXKAJIAPUHU TYJIUK TaBCU(IIAHUILINA XOPUKUHN
TaJKUKOTUMIIApD TOMOHHUJAH KYJUIAaHWITaH (Xalkapo >KypHaJiapjaa XaBoJjajiap:
International Journal of Modern Physics B, 35, 1d.2150018, 2021, Journal of
Physics: Condensed Matter, 33, 1d.465401, 2021). Wnmuii HaTHXaJTapHUHT
Kyutanuumu bo3e cucremanapuaa TaH KOHTaKTHUHT KPUTHK XYCYCHUSITIApUHU
aHUKJIalll HMMKOHUHH OepraH.

TaaKuKOT HATHXKAJAPUHMHI anpolamusicd. Jluccepranus MITUHUHT
acocWii HaTwkajgapu 6 Ta XaJlKapo Ba peclmyOnnKa aHXyMaHJIapuia Mabpy3a
KWIMHTaH XaMJla MyXoKama 3TUJITaH.

TaaKuKOT HATHKAJAPUHMHI YBJIOH KHJIMHHINU. J[uccepTanusi MaB3ycu
mompacuaa kamu 10 Ta MIMHIl MII HAWp STHITAH, KyMIagaH Y30eKHCTOH
PecniyOnukacu Onuii atTecTanus KOMUCCUSICMHUHT JOKTOPJIMK IUCCepTalusiapy
acOCUl WJIMHUN HAaTWKAJApUHU YOIl ITUII TaBCUS STWITAH WIMHN Hampnapaa 4 ta
MaKOJa, IIyJIap/Iad 3 TaCu XOPWKHUU KypHAIIap/a.

JuccepranMsiHUHT TY3WJIMIIM Ba XakMH. J(rcceprauus Kupuil, yura 600,
xyJioca Ba (poiimamanuiran anaduérnap pyiixatuaaH ubopat. JuccepTanusHUHT
ymymuit Xxaxxmu 103 OeTHH TalIKuII ATaau.

JACCEPTAIIUSIHUHT ACOCUM MASMYHHA

Kupnmn  kucmuza  YTKa3wiaraH TaAKUKOTJIAPDHUHT — JOJ3apOJMru  Ba
3apypaTiiMTd  acocjaHrad,  pecrnyoauka  gaH  Ba  TEXHOJIOTHsJIApU
PUBOKJIAHUIIMHUHT YCTYBOP HYHAIUIIIAPUTa MOCIIUTHY KYpCaTUIraH, MyaMMOHUHT
YpraHwiraHjiuK Japa)kacu MyxoKama KWJIMHIaH, TaJAKUKOTHUHI Makcaaud Ba
Bazudanapy, TAAKAKOTHUHT WIMHHI SHTWINTHA Xamla aMajuii HaTmxamapu 0aéH
KWJIMHTaH, JWCCepTalys HIIMHUHT anpoOaluscd XamJa HIIHUHT XaKMU Ba
TY3WIHIIN XaKK1/1a KUCKaua MabJIyMOT OepuIIraH.

JuccepTallUsTHUHT “AHU30TPON KBAHT MarHut/iaapuaa bo3e-JiiHIuTeiH
KOHJeHcaTu” 1e0 HoMIIaHTaH OupuHYK 600u1a aHTU(EPPOMATHUT MO IIaIAPHUHT
Kyl TeMIiepaTypajapiard MarHUTJIAHUII Kapa€HuUJard HOOAATUH  Xojaucasiap
Hazapui Wyn OwmnaH ypraHuwiarad. Acocuil MaijoH Hazapusich Ba XapTpu-Dok-
borono6oB anmpokcumanusicu €paamyaa, Hasapui xucoOrialuiap HaTukacuiaa
TYNa Ba cTarrepe]] MarHMTIIAHTAaHJIMKHUHT TeMIepaTypara OOFJIHKINK Tpadukiapu
onmuarad. Illy Owinan Oup Karopia KBaHT MarHuTiIapujard, [eizenOepr
TaMIJITOHWAHU Y3 WYUTa OJyBUHW, aIMAIIMHYB aHU3OPTONHMSHUHT TYpJIu (PU3UK
KaTTAIMKIApra Tabcupu Yypranwirad. OJMHTaH HaTWKadap SKCHepUMEHTAI
HaTHKajaap OWJIaH TaKKOCJIaHTaH Ba MOCJIMTUTA UIIIOHY XOCHJT KUJTMHTaH.

KBanT marautinapuza, xycycad TICuCls antudeppomaruutuna ukkura S=1/2
comiym mMuc Cu?™ wommapu OMpUKMO IuMMeEp XOCHJI Kuiaaad. By aumeprnap
aHTU(QeppoMarHeTuk uyn OwunaH Oupuku® OyTyH cnuHIM 003€ TUNUAATU
KBa3u3appajapHu XOcwsl Kuiaau. By snmemenTap yihiroHunuiap €paamuia KBaHT
MarHUTJIAPUHUHT KyWH TeMIlepaTypajard XOCCAJapUHU TYIIYHTHUPUII MYMKHH.
ByHUHT y4yH TalmIky MarHUT MaifoH €épaamuiaa S=1 CIHMHIN YHUFOHTaH XOJIJaru
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3appanap S=0 acocuii Xxonarra YTKa3wIMIIA MyMKHH. JIEKWH TalllK MarHUT MailI0H
3eitman 3(ppexTUHU 103ara KenTUpaad Ba YUFOHTaH X0JaT yuTa caTxra akpaiajiu.
Harwxana Tamky MarHUT MaWJOH CUCTEMa YYyH KOHJEHCAT XOJIATUHH ko3ara
KEeJITUPYBUM KUMEBUN TOTEHIMAN BazudacuHU Oakapaau. YUFOHTaH DHEPTreTHK
caTxJaru MarHoujap “rpuruioninap” ned atanaau. Jlekun Oy addextiaap adcomor
HOJI TeMIeparypara siKUH Temreparypaja tozara kenaau. Ly tapuka Ou3 KBaHT
MarHuTiapuaa bo3ze-DHIITeH KOHAGHCATHMHHM Ky3aTUIIMMU3 MYMKUH OViajau.
SAbHN, TamIKM MarHuT MaWAOHAAH TallIKapu, TemIeparypa éEpaamuia Xam
KOH/ICHCAT XOJIATUAATH TPUILIOHJIAP 3UWINTHHY Y3rapTUpHILI MyMKUH OYnanu. by
Hazapus ~ €pAammia  macT  TeMmImeparypajard  aHTudeppoMarHuTiapiaa
Ky3aTwiagurad (aza VYTUNUIApH Ba MAarHUTIAHTAHJIUKHUHT Y3rapuiuIapyuHA
TYUIYHTHUPUII MYHKUH. KBaHT MarHuTiapuaard KOHIAEHCAT XOJIaTU OJJIUN rasiap
KOHJIeHCaTuAaH (papKu IIyHaaru, Oy cucTemMazia aHu30TPOIUK Xoccajlapy MaBxKy/I.
SbHU TPUIUIOHJIAP OpacuAard y3apo TabCUpJIALIYBJIApHU XHMCOOra OJIraH BakTAa
AHU30TPOII TaAbCUPJIALIYBIAPHU XaM 3THOOpPra oMl Kepak. by aHu3oTponuk crnvH
Tabcupiamysiap ['eiizeHOepr ramMmwiITOHHMAHW (aJIMaIIMHYB  aHU3OTPOIIUS)
épramuia 3pTHOOpra onuHaau. by Typ/aru aHu30TpoI TabCUpliallyBiap, OU3HUHT
MoHOKIMH KpucTan cTpyktypanu TICuCls; moamanaru, KymHU TyryHjiapjard Ba
TYTyH HWYUJArd JUMEPJIAPDHUHT ¥3apo TabCUPUHHU XucoOna onagu. Jlemak
aHU30TPOIl ~ TabCHUpJAIlyBra odra OYiAraH TPUIUIOHJAp CHCTEMacu y4yH
['aMunITOHMaHHUHT KYpUHUIIY KyHugarnda €3uiiaaum:

H = [ d*r[pt & - ) + 2 @Hewm)" +L@towte) +
YY) (1)

6y epaa K -KMHeTHK SHeprus omepaTopH, |- KUMEBHMI notenmuan, U -aenta THILHN
TPUILUIOH-TPHUIUIOH TabCUP NOTCHIHMaIM OYynmmO, macodara Gormuk emac, Y (r)-
MalJIOH OmepaTopiapu, Y- ajIMallMHyB aHM30Tponus aommuicu. KonneHcar
XOJIaTH TAallIKU MarHuT MaiJOHHUHT MabiiyM Oup kputuk H. kuiiMmatuman Oomwnad
103ara KeliraHu yuyyH XaMm KuMEBUM noteHuuan U = gug(Heyy — H) KypuHuImaa
TaHilaHagu. bu3z §3 ummMu3ga  OKOpUAArd  TaMWJITOHWAHHW, MalJOH
ONepaToOpNIAPHHE MKKM KUcUMra G6yiran xomna Y(r) = ¢o(r) + ¥(r), i) =
¢o(r) + YT (r), uxkxkmnamum xBaHTTAm Kompacura Kypa IMAaroHaJ XONATHTa
kenTHupamus. By epaa ¢ (1) Ba Y(r) nap MOC X0Ia KOHICHCAT XOIATHAArH (0,)
Ba KOHJEHCAT xojaTuaa Oynamaran (p;) 3appajap 3WWIMTHHU aHUKJIOBYU
orieparopJiap XUCOOTaHA IH.

po=¢5  p=Q/V)[Er@TOP@), p=N/V=py+p;. ()

p -TyJa 3appayiap 3U4jIuru Xxucoonanaau. by Mkku Typaaru 3appanap 3uWINru, SbHA
p Ba Py JIap KBaHT MarHutiapuaard tyna (M) Ba crtarrepe/l MarHuTiaaHranauk (M.)
HU TyIIyHTUpHUO Oepa ojiaau Ba Oy MarHUTIAHTAHJIMKIAP KyWujaaru dpopmyrnaiap
OpKaJIi XucoOJaHaIu.
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M = gugp, M, = gug+\/po/2. 3)

by epna ug —bop marneronu, g — Jlanae dakrop 6ynu6 g = 2.06. Jlemak Ou3
3appajiap 3WWIMTUHH aHUKJIAraH XoJJa MAarHWTJIAHTAaHJIMK Yy4yH HaTmxKamap
OJIMIIMMU3 MyMKHH OYnanu. @ypbe anMamrupunniapuiad cyar ['amuntonuas (1)
KyWHIark X0naTra KeJaan

U 2 U 2 2
H = Hy + Hyjp + Hpjin, Ho = —pp +vpo +5p0 —5(2/01 +0%),

Him = /P ) {afly =i+ poU + 2p,U + oU]
k

+agly —u+poU + 2p,U + oUJ}

U(y/U+po+0o)
Hpijin = Xk (&x — 1 + 2Up)0Ll1:ak NS TRl o Eid

. Yk (aga_g + af:aik). 4)

By €pAaH HMKKWJIaM4iM KBaHTJIAIl KouWJaJdapu OpKaJIn AUCIICPCHUOH MYHOCH,6aTHI/I
TOIINII MYMKHH.

Ep =/ (ex + X1) (& + X2).

X1 =—pu+U[2p+7+po+ 0] X, =—u+U2p=7V—po—0] (5
buz y3 Hazapuit xucobOmammapumuzaa Xaptpu-dPok-boromobos  (XDb)
anmpoKcuManuscuaad (oianaHranMus3, s’bHU aHOMaJl 3UYIUK (0) HU XucoOra
OJITAHMMU3.

1 Wiler+(X1+X,)/2] 1
P1 = 2k Nk = Xk (aiak% p1 = ;Zk { kLo (Ekl 22 _ 5}, (6)

Wi

o

1 X,—X
0 = Y 0k = 5 Xk ((acay) +(afaly)), o =225

Oy epnia Wy, = coth(Ey/2T)/2 = fg(Ex) +1/2, fp(Ey) = 1/(e"¥/T = 1) .
FOxopunaru (5) popMynanapHu aHAIUTUK €UUIl OpKaJId X; Ba X Jap TOMWITaH Ba
OommKa KaTTanukiaap xucobnanrad. Kputuk temmepatypanu anukiamaa pq(T,) =
0 Ba po(T = T,) = 0 maptnapaan doigananmiany. 3appaiap 3UWIMTH EpaaMuaa
(3) ¢dopmynamapra kypa MarHUTJIIAHTAHJIUKHHHT  Xapoparra OOFIMKJIHK
rpaUKIapUHUA OJIUII MyMKHH.

Tamky MarHUT MalJAOHHUT OPTUIIM KPUTUK TEMIIEPATypaHUHT YCHUIIHWra OJIUO
kemaau  (1(a)-pacm) Ba AHMU3OTPOIUSIHUHT XHCOOra OJMHMACIUTH XaM
SKCIIEPUMEHTAJl HaTWXKalap/iaH y3okjamuimura cabadun O6yinaau. Tamky MarHut
Mai{JIOHHUHT OPTHUIIIN OWJIaH TYJia MarHUTIAHTaHJIUK XaMm opTaau (1(a)-pacm).
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. TICuCly ¥
- HL(1,0, 2) X4
—— 0045 K Fal x 1,};
B o & g
< rI -—G___c a] H=TT i i ; 'l -}/II
z ‘T::'_ZI e T T T IE}/[.'}/E!
L4 #,f’. 2 el weest - ,%}’ .
o = ] gt S x"
1 H=ET a2t
4j — _l_':'t—l—- __.-’I{II
I 7 : : 1 1 = T : x4 : : 7 H
(@/2)Hgy [T1 TK
(a) ©)

1-pacm. KpuTuk TeMnepaTypaHuHI TAIIKA MATHUT MANJI0HIa OOFJIUKJIUTH
(2) Ba TAIIKY MATHUT MAWJOHHUHT OUP HEUTAa KUMMATJIAPH YUYYH TyJja
MATHUTJIAHTAHJIHUK (0). DkcnepumenTan HaTwkanap [F. Yamada et.al
Journal of Physical Society of Japan, 77, (2008)] Ba [T. Nikuni etz.al. Physical
Review Letters, 84, (2000)] nan oJiuHraH

! = ext=8 T b
— - N 3
& r,oj S - .
3 ws] — F0D45K ol 2 g \
B ] ---- o=, y=0.045 K ' e zs DR
w504 =p ; =] SR
5 | . = 20 . .
g 5 : r“g T 045K . E
491 3 . o’ o] ---- o=0,y=0.045K . @
I = e Ly
; - i1
= — 7T - 1 T 1 T T T T T T T T 1 T T T ! T T T T T T T 1
a 1 2 3 4 4 [: r ] a 1 2 3 4 5 5
T[K] T[K]
(a) ©)

2-pacm. Ty1a MAarHUTJIAHTAHJIMK (2) Ba cTarrepel MArHUTJIIAHTAHINKHUHT
(0) Temneparypara oorsanuiu. JxcnepumenTa Hatwkajgap [T. Nikuni et.al.
Physical Review Letters, 84, (2000)] Ba [H. Tanaka et.al. Journal of Physical
Society of Japan, 70, (2001)] nan osimHran

Marnutnanrannuk  Xaptpu-dok-boromoodor (XPb) anmpoxcumarusicu
(0#£0) Ba Xaptpu-®ok-lIlonop (X®II) anmpokcumarusicu (o = 0) Epmammuma
xucobnanrad (2(a)-pacm). I'paduxnan xypunamuku, X®PII anmpoxcumaruscu
dakaTriHa KPUTHK TeMIEepaTypalaH IOKOPH TeMIiepaTypaja YpuHId OViaau.
XapopaT KpUTHK TeMIepaTypara sSiKUHJIAIraH CalluH cTarrepei MarHuTJIaHTaHIUuK
kamasi Oopamu (2(0)-pacMm) Ba KpUTHK TemIeparypajaa HoJyra ainaHaau. Jlekun
AKCIIEPUMEHTAl HATWXKajap YHUHI AaCUMTOTHK paBHUIIa KaMaiuO® OOpUIIIMHU
kypcataau. Jlemak OuznuHr X®db anmpokcumaiusi KBaHT MarHuTiIapuja Qakar
aIMAaIllMHYB aHU30TPOINHUACH HIBTHOOPra OJMHTaHAa KPUTUK TeMIlepaTypajaH
IOKOPH TeMIlepaTypajia crarrepesi MarHeTU3ausiHu TYIUK TaBdcuduiail onmMaiiim.
bu3z ¥3 Hazapuil XHCOONALIAPUMHU3HUA SKCHOEPUMEHTAN HaTKajap OuiiaH
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TAaKKOCJIAlll HaTWXKacuJa aHU30TPOIMK MapaMeTp Ba TPUIUIOH TPHUIUIOH TabCUP

MOTEHIIA]l YYyH ONTUMaJ KUiMatiapHu Xam aHukjiaaauk, Yy = 0.045K, Ba U =
367.5 K.

_‘ 25 ™, .
s »“\\ Py \\\ Hi(1,0, 2)
o N\ = - TN
= SN .\ —— HFB: y=0.045 K
2" Hi(1,0, 2) AN CREE N L HFB: =0
. N o *,
o \ !
- Y 10
24 N\ \
g
| oo
2 |1 5 B . 2 08 s o ‘I1f E
=TT,
(a) (0)

3-pacm. KonjeHcaT xoJ1aTHIAru 3appaJjap 3M4WINTM Ba aHOMAJ 3UYJIMKHUHT
TeMIepaTypara 0OFJIMKJINTH

Hatmwxanapumusra aHoman 3UtJIMKHAHT TAbCUPH Kall Japa)aa SKaHJIUTUHA
AHUKJIAll YYYH YHUHT KMMMaTH KOHJEHCAT XOJIATUJArH 3appajap 3UWIATU OuiiaH
TakkociaHrat (2(a)-pacm). ['padukaan kypuHaauru, aHoMall 3UYIMKHUHT KUHMaTu
eTapiM Japaxkaja Karra Ba Ou3 yHU 3bTHOOpra oauimuMu3 3apyp. Jdemak, 0y XDb
Ha3apUAMU3HUHT TYFPU DKAHJIIMTUHU KypcaTaau. bU3HUHT HaTHKanapuMusra Kypa,
KPUTHK TeMIlepaTypaZaH IOKOpU TEeMIepaTrypaja XaM aHoOMall 3UWIMK CakjIaHuO
Kosap skaH (3(0)-pacm).

HMucceprauusiHunar “da3za yTUILIAPH Ba KOHAEHCAT TYJIKUH (PYHKIIUA
(¢aza Oypuarura Kyimiaran 4dekjoBjap” ne0 HomiaHraH MKKUHYA 000u, BOK
HazapusAcHUra Kypa KBaHT MarHUTIApHIIard KPUTHK Temmeparypa arpoduna dasza
yTUIUIap Ba KOHJEHCAT TYJIKUH (GYHKUMSHUHT KaHAal KYpUHMIIKAJA TaHJIalll
MYMKUHJIMTUTa OafFunuiaHrad. bu3 §3 uWIIMMU3na KBAaHT MarHUTIapuaaru
KOHJIEHCAT XOJaTHAard 3appanap TYJKUH (QYHKLUHAS — ONepaTopyu  OJJUM
raznapaarygaH KaHjpai (apk KWIMIIMHU YpraHuO 4ukauk. ByHnaH Ttamkapu
TYNKUH (QyHKIMsS (asacu xakugarda Mainymotriaapaan ¢oiinananun6 Kozedcon
3¢ (pexTH Ba UKKM KOHJEHCATHUHT UHTEP()EPEHUUSICUHH YPTaH UK.

by 0606ma Ou3 sHaga MyKaMMaJpoK HaTWKajlapra SPHUIIUII MaKcaauaa
JUMEPJIAPHUHT KPUCTAJJIaTd CUMMEPTpHsl HyHanumu OwiaHn OOFnuK Oyiraxn
TabCUPJAIIYBIAPUHA  XaM  XucoOra onauk. byHmail  TabscupamryBiap
Hzsanommuckuii-Mopus (DM) anuzotponusicu ae6 atanaau. Kynaitnuk yayn D || x
(D -I3snommHckuii-Mopust Bektopu) Ba H || z (H-Tamuku MarHuT MaiJJoH) KHJIMO
TaHJaHagu.  byHpmalt  Typaaru — aHM3O0TPOINMSIHM — 9bTHOOpra  OJIyBUH
[MamMunTOHMAHHUHT KYPUHUINN KyHuIaruda 0ymnamu:

Hpm = iY’f dr[y(r) — ™ (r)] )
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By epma y'-DM anusotponus mnapameTpd. bupuHum GoOgard ajgMaiivHyB
annzotponuscu (EA) aca

Hpa =L [ dF[p* (y* () + (@) )

By WKKM Typjard TabCHpJIANIyBIapHH XHcoOra oOJraH Xojjua Ha3zapuid
xucobmnanuiap onud 6opamus. Hatnxana OM3HUHT TynuK ['amMunToHnaH:

H = Hg, + Hypiso, Hgniso = Hga + Hpyy,

Hiso = [ d7 [W* (R — v (r) + 2 W) ()], (10)

BOK xonmatuaa Oup 3HEpreTUK CATXHUHT MAaKPOCKOTHK 3appaiap €paammuaa
srayad onvHuIIM Ky3aTuiaau. LIlyHuHT yuyH 613 MaiiioH onepaToOpyuHU Kyiuaaru
UKKH KHCMIa axpaTud oJaMu3.

) =x(r )+, P =0 P, (1)

By epna y(r,t) KOHIEHcaT XOJIaTHAArU 3appanap MaiioH omeparopu, Y(r,t) aca
KOHJIEHCAT XOoJaThaa OyJaMaraH 3appajap y4yH MaiJoH orepaTopu. MaTtemaThk
xuxatnad y(r,t) omepatop p, Ba (azaHu Y3 WuMra oiraH KOMIUICKC OYIHIIH
MYMKHH:

x=&[po=e®\[py, x* =&%po = e 0 /p,. (12)

bu3z 0y 6061a cuctema ydyH KaTTa TepMOJIMHAMUK MOTEHIIUATHNA XUCOOIa UK
Ba Oy TEpMOJMHAMHUK IOTCHIUATHUHT (a3aBWii MyBO3aHAT XOJaTHUAArd
MUHUMYMJIUK apTuaad Goiaananud TeHriamaiapra sra OyIiukK:

oQ 920 oQ 920
a—po—O, %>O. 5—0, ﬁ>0 (13)

KatTa TepMOIMHAMUK MOTEHIHA:
Q= Q50 +Qpa+ Qpy

Quso = —Hpo + 2+ 15, (B — €) + T Ty In(1 — ePFe)
+2 (BB + f2A) + = (342 + 3B% + 24B),
Qpa =22 (82 +E)+2(B-4A),  Qu=—1V'E~ypo—
Br=—pn—X +"2(E2+E44),  Pr=—p-X, 22+ -4)
A=TYkn 53 Sit? =2k Wy , B=TXkn E’::;Zz Xk W Ek+X2 (14)

w2 +E}f
By epna & =e'®, & = e ® W, = (1/2)coth(BE,/2) = 1/2 + f5(E).

€k+X1
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Hopwman Ba anoman 3uwimMkiap 3¢a MOC paBUILIa KyHUIarndya TONUIaau:

pr= [ W OPENAF, py = T2 = 3 [HELEEE =5, oy,
o= [dFPEPE)  o=Tt=CRy, Z=7T, g, (15)

TepMoaAMHAMUK MOTEHIMAIHUHT MUHUMYMIIMK maptu (13) €pmamupa kyhunmaru
MyHOcCa0aTIapHU TOTIAMMU3:

yIsin®

G10)
3 = cos20(Ua +y) + U(py + 2p1) — 4 — Toe 0,
aQ . ’
i 2cos®(2p0(U0 + y)sin® + y 1/,00) =0, (16)

—2pocos20(Uc +y) + sin@y’m > 0.

FOxopunaru tenrnama O ra HucOaran 2 Ta eyumra sra. bus Oy ednmiiapHu Moc
xos71a Mozie-1 Ba Moze -2 ned Genrunaimus.

—arcsin(§) + 2mn, & =+vV1-5§2—i§: wmome—1

0= §+ mn, §=+i: mMoge—2 (17)
~ Y _ o
by epma § = 2o Uty Ban =0,11,42.. by eunmnapaan Kypuimr MyMKHHKHA

moze-1 na ¢aza Oypuaru cuctema nmapaMmeTpiapu Ba Temreparypara OOFiauk 0yimo
Koiaau. JIeKMH MKKUHYM X0JiJa 3ca y PakaT KOMIUIEKC KMHMaTIapHUTHHA KaOyll
Kuiaau. buzHuHr Mmakcaaumm3 Tabuata Kaicu oup asza MakyJ Kypuiaay Ba KBaHT
MarHuTiapy y4yH Kanjail ¢azanap ypunnu Oynummuu Tekmmpuil. MmmuMusHuar
IOTYKJIapuaad OWpu IIyHAAaKW, OW3 3appajap opacujard ¥3apo TabCHUPJIApHU
xucobra onmacak (U=0), HaTnxkanapumu3 uaeal ra3 yuyH ypuniu 6ynaau. bynnan
TAalKapu aHU30TPONUSHU >bTHOOpra onMacak (y' =y = 0) pean rasmap ydyH
KOHJIeHCAaT (Da3amapuHu TaxXJIuil KWJIUITUMU3 MYMKHH. V3 nas6atuga EA Ba DM
aHU30TPONMSIIAPHHU IBTHOOPra OJIFaH XO0Jia KBAHT MarHUTIApUIArd TPUILIOHIIAP
KOHJICHCAT TYJIKUH ONEpaTOPUHUHT (azacuHu xaMm ypranu® unkamui. Paza kalOyi
KWIMIIA MyMKHH OYJraH KMMUMaTJIapHU aHUKJIAIa CUCTeMa MapaMeTpiIapUHUHT
xoccautapujian doigananrad xonaga (13) Ba (16) TteHrmamanap €paamuia
HATHXKAJIAPHU OJIAMU3.

Jlemak 0o3e Tra3zmapuja KOHAEHCAT TYJIKUH (QYHKUUSHUHT  ¢aszacu
mn JlapHu KaOyn kKwmmu MymMkuH (1-kanBan). SAwpHU pean 06o3e rasmapuja
KOHJIEHCAT XOJaTHAArd 3appanap TYJKUH omeparopu ¢akatr pean coH (& = £1)
oynmap okaH. Jlekun arap 6wz DM TabcupmamryBHM XxucoOra om0, KBaHT
MarHUTJIApMHUHT  KOHAEHCaT  XOJIATMHM  Ky3aTaauran  Oyncak,  dasza
m/2 + 2nn napuu KaOyn Kuiap 9kaH. by ngeranu, TYJIKuUH (YHKLHS ONEepaTopu
(¢ = +i) xommekc KuiiMatiapra sra Oyna onaau Ba (pakaT JUCKPET KUMMAaTIapHU
KaOyJ1 KWJIaJIn.
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L 1-skanBaJ
MymkuH 0yaran ¢gaszanap Ba ¢asza yrumiapu. YYCb -y3 y3uaan cuMMeTpus
Oy3uiauniu Ba OCBH -omkopa cummMeTpusi 0y3uavIIu

BOK typu Tacup daza da3za Cummerpusa | BOK
rnapameTp- Oypuaru | Oyswmmmu | dazamgan =
napu HOpMaJI

daza

Wnean ras U=0,y | ¢ Hcranran YVCb II-typ

=0,y = ¢!@ | Kuiimar

Pean BOK U+0,y ¢ ) YVCb II- Typ

=0,y =+1

EA 6unan U+0,y | ¢ n OCb II- Typ

tacupianryBud | # 0,y =41

ra3 =

DM 6unan U+0,y '3 /2 OCb KpPOCCOBED

Tacupiamysuu | =0,y = +i + 2nn

ra3 * 0

EA Ba DM U+0,y '3 /2 OCb KpPOCCOBEP

aHU3aTPOIuUs + 0,7 = +i + 2mn

Omnan + 0

TacupiallyBYu

ra3

byngan Tamkapu Oy ¢asza Oypyarm KBaHT MarHdTjiapuiiard crarrepen
MAarHUTIAHTAHJIMKHUHT XaM UyHaIUIIMHU KypcaTaau:

IM.| = gus/po/2, M, = |My[sin® + [M,|cosO. (18)

Hemak DM Ttabcupiamunmiap 3pTHOOpra oJIMHTaHAa aHTU(eppoMarHutTiapaaru
crarrepen MarautiaHranauk (18) dbopmynara kypa x yku Oyitnua iyHanap skaH
M, =Y m}{ =3 |mk| # 0, uynku 6y xonna pasza /2 + 2mn.

KBant Mmarautinapuaa ukku xui (pazara sra 6ynaran Oyiakiap xucoOura, yiap
Oup Oupura TeKKM3UITaH a TPUIIOHIApHUHT TyHel ekt xucooura Kozedhcon
s pexkTHN XaM Ky3aTuill MyMKuH Ba JKo3edhcoH TOKH:

d .
2% = 2K /po125in(A0) (19)
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H//Z a) b) ,Yf=o

v

v

c) y'#0

v

4-pacm. Crarrepex MarHMTJIAHTAHJIMK BEKTOPH: a) yMyMuMii xoJ1aT; (0) Ba (¢)
DM anusorponusicu OyamMaran Ba 0yJras xo/aa Tpuiviod bBOK HuHr naino
Oy ammm

Bynunr yuyn 6uzna ¢gasza gapku 0, — 0, = /2 ra TeHr 0ynumu kepak. SAbHu Oup
kucmu DM anuzotpon xoccara sra 0yica, MKKUHYM TOMOH (akat EA xoccacunu
HaMOEH Kuiuinu Kepak (1-xaznsan). lllynnaruna 6u3 Oy Typaaru yTkasruuiapia
Kozedcon rappexkTrHN Ky3aTUIITUMU3 MyMKHH.

Kymmmua paBumga ukku Typaarn bOK  xomarupgarm  cUCTEMaHWHT
uHTepPepeHIUsICUHN XaM KypuO uukamu3. HHTepdepeHIusIaHyBUYd UKKU
KUCMHUHT YMYMUH 3UWINTY KyAnIaruda XucoOaaHau:

po(¥) = |\/pgei*aTei® + ,//o(’)’e"zb"je"@”I2 = p&P[1 + xcos(k - 7 + 0g5)]  (20)
By epna p¢ Ba pg nap ﬁa Ba Eb uMITysc azocuaaru KOHIEHCAT 3UUITUKIIAPH.

ps” = pg +pg, k = ko —kp, Og, = 0 —0q, x =2 |pipg /(0§ + P3). Oq, O,
jJap OOLUTaHFUY XOJIJarkM KOHJeHcaT (aszanapu, ¢ = k-7 + (0, —0,)

uHTep(epeHIs HaTxKacuaara ¢asa.
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Arap 0, — 0, =nt(ny, —ny,) =mm, m=0,11,%2,..... 6ynca (20) ra xypa
po () = p&P (1 + COSE?). Jlemak Oy xonma wuHTEpDEpPEHIIUS MaKCUMyMU
Ky3aTuiaau. boiika Tomongan ©, = m/2 Ba 0, = 0, Hatmwxkana O, — 0, = —m/2

6¥y1ca uHTephepeHII MUHIMYMH Ky3aTHIAaaH, SbHE Py (7) = p&P (1 + xsin(E?)).
[lynnait kb, KoHaeHcaTIapHUHT Oupuaa DM y3apo TabCUPUHUHT MaBXKYIJIUTH
UHTEePPEPEHIIMOH TACBUPUHM KECKUH Y3rapTUpald Ba YHUHI AacTiiabku ¢azara
CE3TUPJIUTUHU KypCcaTau.

JluccepTanustHUHT “AHTH(EpPpPOMATHETHK MaTepPUAIAPDHUHT
J3sinomuHCcKnii-Mopusi Ba aIMallIMHYB AaHU30TPONUSIIAPH 9bBTHOOPra 0JIraH
X0JJard  MATrHUTJAHTaHJIuMru” 1e0 HOMJaHTaH y4YuHYM OO0OM  KBaHT
Marautiapugaru DM tacupiainyBnap €paMuia KpUTHK TEMIIEpaTypagaH IOKOpU
TeMIrepaTypajard MarHUTJIAHTAHJIUK, XYCYCaH cTarrepel] MarHUTJIaHTaHIUKHU
TYIIYHTUPHUO OEpHIll Ba OJMHTAH HATHKAJTAPHU SKCIIEPUMEHTAI HATIKalap OuiaH
MOCJIMTUHU TEKIIUPUIITa OaFuIIJIaHTaH.

Ymymuit 'amuntonnan (10) dopmyna kypunuiura sra 6ynaan. Ukkua4u
000paru Hatwxkanapu €paamMuaa MarHUTIAHTAHJIUKHU, TUCIIEPCUOH MYyHOCA0aTHU
Ba UCCUKJIUK CHFUMUHHU XHcoOnaitMu3. Hopmai Ba anomas 3udInKIIap:

Wie(er+X1/2+X2/2) 1] _
py =3 B 2 = 5 i (21)
k
X,—X w
U=—(22 1)ZkE—kEZkUk
k

Hucnepcron MmyHoca0ar sca Ej, = \/ & + Xl\/ & + X,

2,¢2 /2
X1=2Up+Ug_H+w+y+2VXZD1 (22)
2
2,%2 )2
XZZZUP_UG_H_M_V_ZVXZDZ
2
ByePHaAy:a—Xl:gzk%kk, AZ':a_XZZEZk k41 EE K k

0B 1 (e +X2)?(ExWir—4Wy) Ay, By, = 2
By, = ax. EZk £3 Dy = ik D, =—; D =43, — 4By,
1 k

coth(BEk/2) =L
W, =+; Wi, = B(1 — 4W;) ~ SinhZ(BE,/2)

A =p; —o0,B = p; + 0, p; - HOPMaJ Ba 0 — aHOMAJ 3UUIHKJIIAP.

FOxopunaru renrnamanap Ba (14) HaTrkacuaa UCCUKIUK CUFUMHU, SHEPTE€TUK
CIEKTp Xamja KBasuzappayiap (TPUILIOHJIAP) HUHT KOHJIEHCAT Ba KOHACHCAT
OynmMaraH XoJiaT 3UWIMKIApU KaOW KaTTATMKIAPHUHT aHW30TPONUSl TabCHUPHUAA
y3rapuiid TaaKuK KUIMHIUM. KBaHT MarHUTIapy YYyH MarHUTJIAHTAHIUK Y4yH
udonanap anukianuo, TICuCl; matepuanu yayH KYUTaHUIIN.
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(a) 1
204 . (b)
— Present Approx. K s - r
- HFP y T y
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S5-pacm. Xycycui JHEPrusUIapHUHT TeMIiepatypara oorumkauru (a) sa (b).
Konpencar 3uuimru po(T)/poc (Poc = 1/2U = 0.07) (c) Ba xXycycuid
yneprusuiap Hucéatu X (T) /X, (T) unnr (d) remneparypara oorauxkauru. by
eprag =2.06,U =315 K, H=8.5T,y' = 0.1 K, y = 0. Kuzua y3ux
ynzukiaap XPII anpokcumanusicu yayH. Kopa y3anykcus unsukiap sca XPb
ANNPOKCUMALMACH, HYKTAJIH YU3UK 3CA AHU30TPONUSA IbTHOOPra 0 TMHMAraH
X0, ALHH Y =Y =0

bu3 nucnepcnoH mMyHocabarnaru XyCycHil SHEprusiiap Ba KOHJIEHCAT XOJaTAaru
3appajiap 3UWINTH TeMmIlepaTypara KaHjaa OOFJaHTaHIUTMHU KYypuO uynkamus (5-
pacM) Ba yJapHUHT KUWMATJIADUHUHT TYpJIM XWJ  allpoKcUMalysiiapaa
y3rapummHu  Tekmmpamus. Jlemak, DM aHuzoTporusi Ba OusHuHr XPb
anMpoOKCUMAIMSAMU3HUHT  OJIMHAJMIaH HaTWkKajapra TabCUPU IKyJa KarTa
SKAHJIUTUHYU KYPUIITUMU3 MyMKHH.

AnmamuHyB aHu30TponusAcuian Gdapkiau  pasumiaa, J3smommHckui-Mopus
AHU30TpONUSICH (U3HK XYCYCHUATIAPHU TyOJaH VY3rapTHPHUINU KYpPCATUIIIH.
Xycycan, DM TtabcupnamniyBiap xapopaTHUHT Oapya coxaiapuja aHOMal 3UUJIUK
UIIOpacuHu y3raptupaau (6-pacm).

lynmain kw6, U > 0, y' > 0 xon yuyH ucranrad xapoparaa o(y' # 0) =0
DKAHJIUTH KeNuO 4YuKaaud. O-pacMmaa KeNTUpWIraH  HaTwkajgap Oy XyJocaHu
TacIUKIanau. AHOMaN 3UWIMKHUHI KaTTaJIUTIUIa KeJCcak, aHW30TPOINHSUIAPHUHT
Xap MKKaja Typu XaMm KyWu Temmeparypaiapia o HUHT OPTUILIMTA OJIUO KEIUIIN
kypuHagu. By Yy’ HuHr Vypraua KuiiMaTiapuia TPUIUIOHJIAPHUHT YMYMUIl
3UWIMTHHUHT XaTTo 30% ra eTUIN MyMKHH.
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DM only

6-pacM. AHOMAJI 3UMTHKHUHT TPUILVIOHJIAPHUHT TYJ1a 3UYJIMKKA
HUCOATHUHMHI TeMuepatypara ooraukauru. I'pa¢pux DM Ba EA anu3zorponus
X0JUIApPU/IA AJIOXUAA, TYPJIH XU AHU30TPONMK NapaMeTpJiap Y4yH YM3HJITraH

Hazapuii popmynamapHUHT aHATUTUK XUCOOJAIUIApU HATHXKAJIApU TYFPH
SKAHJINTUHY BAa KBAaHT MarHUTJIApU YUyH YPUHIIA YKAHJIUTUHU TEKIIUPUII YUYH TYJia
MarHUTJIAaHTAHJIMK Ba CTarrepe] MarHWTJIAHTAaHJIMKHUHT TeMIiepatypa Oyiinda
y3rapuin rpadukiapuau unzamus (7-pacmiap).

Hartmxamap myHn KypcaTagukh cTarrepel  MarHuTiaHramiuk DM
QHU30TPOIUS TAbCUPHUIA KPUTHK TeMIIepaTypaJaH IOKOpPW TeMIleparypaja Xam
CaKJIaHMO KoJIap 2KaH Ba aCUMTOTHK Kamaiimb Oopamu (7 (m)-pacm). M, =

JUp+/ Po/2 OYyATaHAMIK yuyH OU3 KpUTHK TEMIEpaTypaJaH IOKOpU TeMIepaTypaaa
(T > T,) xam KOHJAEHCAT XOJAaTUJAru TPUIUIOHJIAP CaKIaHUO KoJlaau JeraH
XyJiocara Keiaguk. Jlemak cucrtema KOHJIEHCAT XOJaTUAaH HOpMall X0JaTra YTHUILIN
2-typ (a3za yTumm OmiIaH sMac, KPOCCOBEP KYPUHUINKIA amalira OUIMOK/AA JKaH.
JlexuH MyaMMo maii1o Oynau.

bu3 xangaii kunub KpUTUK TemrepaTypaHu aHUKiIaiimui3? by kuiiMat Tyna
MarHUTJIAaHUIIHUHT (M = gugpp) Temneparypa Oyiindya MUHUMAaI KHUMaTH OpKaJln
aHuKTanuIy MmymkuH (7 (a)(06)-pacmiap).

201 —— =0 30 —— =0
---1=005K 22 ----7=0.01K (b)
! o y=01K
N =0.1 K (a) BT — .
_ 1 - =02K 2 e DM only
& & 7 .
g " EA only 3 = AN
T = aq A
< 3: vl T
= E 16 \\
= = 4] ‘\\
124 -\‘\
o —
—
8 T T T T T 1 £ é Q : s': 1'0 ‘2
! : T e 0 TIK
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el 107 KT 10U

M2
T

(©

3 R d
M2, [10° KA TCu]

(d)

~ p——
- y=0.01K
=01 K

~. DM only

TIK]

TIK]

7-pacm. @akat EA (a) Ba DM (0) anu3orponusijiapu OnJiaH, Tyjaa
MATHUTJIAHTAHJIUKHUHT Xapoparra Oorsianumiu. (¢) Ba (o) crarrepen
MArHUTJIAHTAHIHK KBaJPATHHH KypcaTaad. Y3IyKcu3 ymsukaapy =y =0

x0J1 yuyH. IlapameTtpJiap 3ca S-pacmaaru kadu

bu3 moummuii MarHUT MalOHJA TPUIUIOHIAPHUHT HWCCUKIUK CUFMMHUHU YpraHuO
YUKIUK Ba MCCUKIMK curuMuHu Cpy cudatuna Oenrmnanauk. Mccukiuk
CUFMMUHUHT Xapopatra OOFJIaHUIIN YMYMUN KOHYHUSTIIapra Moc Kesnaau (8-pacm).

o.07
0,05
0,05 -
0,04 |
0,03 -
0,02 |

0,01 A

0,00

Isotrop: =0
— =005 K
— 01K
— 02K

EA only

H=85T

P T

T
8

8-pacm. UccuKIMK CHFUMHUHUHT XapopaTra 00 JIaHUIIN

dakaTruHa KpUTHK TeMmIeparypa aTpodua aHU30TPONUS UCCUKINK CUFUMUHHHT
XapopatuaaH OOFJIMKIMK IIAKJIMHU Ba KPUTUK XapOPaTUHUHT CHJDKHUINN KaOuiapra
onu6 kenanu. JIekuH OM3 UCCHKIMK CHUFUMMHU XucoONallfa y3rapmac TallKu
MarHuT MaiJoH KuiimMatuga Ba ¢akar EA TabcupnamyBnapHu 3bTHOOpra
OJITAHJIMTUMM3 YUYH, Oy ep/la KOHAEHCAT Ba HOpMaJ X0JIaTHU axkpaTHO TypyBuu T,
kuiimat (po (T = T,) = 0 ) maBxy.
bu3 Ttyma Ba crarrepen MarHUTIAHTAHJIMKHUHT TeMIeparypara OOFIaHUII
HATIDKAJApPUHU SKCIIEPUMEHTANl HaTHXKajlap OWIaH COJMINTHPAMK Ba aHU30TPOI

mapameTpIiap ydyH onTuMai Kuiimariapau anukiamuk (y = 0.05 K, y' = 0.0201
K Ba U = 367 K) (9-pacm).
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9-pacm. Ty1a MArHUTJIAHTAHJIMK (2) Ba cTarrepel MAarHUTJIAHT AHIMKHUHT
(0) Temneparypara 0ofJIaHMIIK. JKcepuMeHTa] HaTHKagap [R. Dell’Amore
et.al. Physical Review B, 78, (2008)] Ba [H. Tanaka et.al. Journal of Physical
Society of Japan, 70, (2001)] nan osmuras. (0) rpadpukaaru y3uxk YM3uKJIap
XPII annpoxkcuManusi HATHKACH

AHU30TPONUK MapaMeTpIapHUHT KMMMAaTH KUYUK OYIuIIMra Kapamaciaad, 0u3 Oy
($u3MK XoccagapHu XaM 3bTHOOPTa OJUIIUMU3 3apyp. Arap 6u3 aHTu(dhEeppOMarHuT
MoJJanapAard CcnuHiaapHuHr DM TabcupiallyBUHM XaM 3BTHOOpra oOJIcak,
NEPETIeHINKYIIAP MarHUTIAHTaHIMKHU XaM OyTyH TeMIeparypa pexuMH Y4yH
taBpcuduamr MymMkuH 3KkaH, sbHU M; # 0,T > T.. By sca DM anuzotpomnus
HaTWKacuaa KyTWIraH UKKAHYM Typ (azaBUil YTUIIHM  «Crossover» ra
AlJIAaHTUPAIU.

XVJO0CA

"AHU30TPONUK KBAaHT MarHuTIapuaa Kydu Temrieparypaiu ¢aza yrumuiap"
Map3ycujard (usuka-maremaTuka ¢annapu Oyinda dancada moxktopu (PhD)
JUCCepTalysl UIIMHUHT HATUXKalapy acoCHIa KyWH1aru Xynocanap KeITHPUIIaan:

1. Xaptpu-dok-borosmo60B anmpokcUMalusICH JIOUpacuia KBaHT MarHUTIIapy

Y4yH aHOMAaJI 3UWIMITH O Ba aHU30TPONMSUIAPUHU XHCOOra OJIaiuraH SIHTU
acoCHii MaiJIOH SKWHJIANIYBUTA ACOCJIAHTAaH Hazapus TakiIud KHJIUHIH.
Ymly annpoxcumanus €paMuia KBaHT MarHUTJIIAPUHUHT TIACT XapopaTiiv
xoccanapuHu bOK cueHapuiicu amanna ae0 xucoOnarad XxoJijia sSXIIu
TacBUpJjall MYMKHH. AHOMal 3WYIMKHU KOHJEHCAlMsJIAHTaH 3appajnap
3UYJIUTH OMJIaH COJNIMIUTUPUII MyMKHHIIMTH Ba KOHJIEHCAT YJYIIA HOJITA TEHT
oynran T, man OKOpH Xapopariapaa cakiaHUO KOJMIIM TaXMUH KWJIUH]IU.
AJMaIIMHUII aHU30TPONUACH Ty(aiu KpUTUK Xapopat T, HUHT CUIDKUILN
aHU30TPOIUA MapaMeTpu Y KUYMK OylIraHia XaMm aH4da ce3wsapiu OYyiuiium
KypcaTwiau, mMacanal, Y = 4meV Ba H=6 T na T, yuyn AT . = 10 %.
IIIyHUHT ek, cTarrepel MarHuTIaHTalmk M, = const X (1 — T/T,)# yuyn
KPUTHK KypcaTkuuHUHT f = 0.47 KulMaTu TOMWJIIH.
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2. J3snommuckuii-Mopus (DM) y3apo Tabcup KydJapHU UKKMHYMA TapTHOraya
Oynran napakacMHM XxucoOra oJiraH X0JiJ1a TPUILIOH Ta3HUHT TEPMOIMHAMUK
noTeHuanu {1 xucobnanau. Xeu kaHaail anuzorponusicu3 codp bOK Hunr
daza Oypuaru dakatr 6 =nmn (n=0,£1,+2...) KuiiMaTIapHu OJIUIIU
MyMKHAHJIUTH KypcaTiwiian. BOK aca xarTo knunk DM y3apo tabcupuia xam
0 = /2 + 2nn ra onub kenagu. @a3za OypyariHUHT UXTUEPUN OYnMIIUTa
MMKOH O0epyBUH KEHT KYJUIAaHWIAUTaH Xaptpu-Poxk-Iloros
anmpokcumanusacuaad Gapkiau yiaapok, OU3HUHT anmpoKCUMAaIMsIMu3 ¢asa
Oypuaru (hakat AMCKpeT KuiimMaTiapra sra OYJIuIy MyMKHHJIUTHHA TaXMHUH
kunaau. Ly Ounan Oupra OyTyH THU3UMHUHT TYJIKUH QyHKUMscH (azacu
KyTUJITaHUJICK UXTUEPUI OYINO Kosaau.

3. Konnencar Tynkuna Gyukmus Qazanapu Omian OOFINK HaTIKaJlapura Kypa,
TYNKUHUHUHT  (asamap ¢apku OuinaH U30XJIAHYBUYM HKKHTA bo3e
KOHJIEHCATUHUHT uHTepPepennusicu Ba XKozedcon a3 dekTiapn ypraHuiim.
Konnencatnapnan Oupu xarro kuuuk DM ¥3apo Tawcupra sra Oyica,
uHTEephEpEeHIUsT TACBUP KECKUH Y3rapuiiu Kypcatawigd. WKku cnuH
OYLLIMFU MarHUTJIapyu Opacujard, arap HaMmyHaJapHUHI xe4 Oupuaa DM
anusorpomusicu Oyinmaca (y'y = 0,y', = 0) XKoszedcon >ddextn ro3ara
KenMmaiinu. Arap HamyHanapaan oupununr 3au¢ DM anuzotponusicu 6yica
(y';1 = 0,¥y", # 0) Kosedcon Toku xocuia Oynanu.

4. CnuH-OYIIITUKIN anTudeppoMarHuTiapaa crarrepen
MAarHUTJIAHTAHJIUKHUHT MYMKHUH OYJraH WyHajauIura aHu30TPONUSHUHT
Tabcupu Kypcatuian. DM y3apo tabcupiapu ' = 0 Ouiiad CONMINTHPraHia
aKchajl CUMMETPHK HAaMYHaJlap/la CTarrepe] MarHUTJIAHTAaHJIMKHUA HOJIra
alaHTUpHUIIK Kypcatuwiagn. DM y3apo tascupu MaBxkya 6yiranga (y' # 0),
cTarrepeji MarHUTJIAHTaHJIMK 4ekiau OYnubd konanu. KBaHT marHuTiapuaa
cod BOK nman Hopman azara TYIUK YTUII WY UYK Ba UKKUHYKM TapTHOJIH
¢dazara yTui ypHUra KpoccoBep MaBxky.l. AJIMAIIMHYB aHU30TPOIHS ¥3apo
Tabcupusian (apkau  ynapok, [[3smommHckuii-Mopus V3apo TabCcupHu
(bU3UKaHN KECKUH Y3rapTUPHINM KypcaTWiau. XycycaH, y OyTyH Xxapopar
Opanufyuaa aHoOMajd 3WWIMNK HWIIOPACMHUM  KapaMa-Kapiid TOMOHTa
y3rapTupaay Ba UCCUKIWK CUFMMHUHMHT IIAKJIMHU XaM Yy3WUra XOC XO0Jaa
y3raptupanu.

5. T <T. < T coxayudyH cTarrepeji MarHUTJIaHTAaHJIMKHUHT Ha3apHuil TaBcuu
oepwinu. TICuCl; GupuKMacHMHUHT MarHUTIaHUII OVHHUYa SKCIIepUMEHTAT
MabiaymoTiapaan ¢oinanann6, EA Ba DM ¥3apo tabcup mapamerpiapu
Y4yH ONTHUMaJ KuiMamiapu tonuiaaud. Kyiu sHepreTuk carxjga €TraH
KBa3u3appaiap SHEPrusCUHUHI CIEKTPU XaM YpraHwiIyd Ba KyJa KHYHK
Japakajga aHU30TpoIusd OYIUIMFU MaBxkyna OynaraH [oijcToHe pexumura
YXIIa YU3UKIA AUCTICPCUSTHIHT MaBXYIJTUTH aHUKJIAHIu. MarHuTIaHHII
Oyiinua  MaBXyJ  OKCICPUMEHTAT  MabJIyMOTJIADHU,  IIYHUHTCK,
anusoTponus dhdexiap OuiiaH KBaHT MArHUTIAPUHUHT SHEPTUS CIEKTPUHU
XaM OWp BaKTHUHT y3uaa TacBupiam ydyH DM aHu30Tpomusi BEKTOPWUHU
TYFPU TaHJIAII OPKAJIM YOy €HIAITyBHU KEHTaUTUPUII KepakK JIeraH Xyinoca
KUAJTUH/IH.
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INTRODUCTION (thesis annotation)

Topicality and necessity of the thesis. Nowadays, great attention is paid to
solving the important problems of magnetic materials through the study of their
phase transitions at low temperatures. Understanding of physics of quantum magnets
1s very promising, but also quite challenging. It is essential to apply Bose particle
physics for quantum magnets and to study phase transitions by quantum effects.
Although the Bose—FEinstein condensate (BEC) has been observed with bosonic
atoms in liquid helium and cold gases, the concept is much more general. Low
temperature properties of some quantum magnets can be explained by quantum
effects such as by BEC theory. In particular, in antiferromagnets, elementary
excitations are magnons, quasiparticles with integer spin and obey Bose statistics.
However, the analogy between spins and bosons has proven to be very fruitful in
those antiferromagnets where closely spaced pairs of spins form dimers with a spin-
singlet ground state and triplet bosonic excitations called triplons. Triplons have a
high density and small mass compared to atomic gases. As a result, in this system,
condensate can be present at high temperatures in contrast to nano kelvins in atomic
gases.

At present, it is also interesting to know the low temperature properties of spin-
gapped magnets with long range interactions, including for instance exotic phases
or phase transitions and anisotropy. Its results could be used for creating quantum
computers and quantum information storage. It has been recently discovered that
low temperature magnetic memory of antiferromagnetics is at least 100 times denser
than today’s hard disk drives and solid-state memory chips. So, investigation of
quantum magnets may predict their new properties, which make easier and optimal
their application in computer and information technology.

In recent years, great attention has been paid in our country to conducting
theoretical and experimental research on magnetic materials and their properties at
the world level. Therefore, the study of Bose-Einstein condensate and related
problems of magnetic quasiparticles in quantum antiferromagnets at low
temperatures is a topical issue. It is important to conduct scientific research at
solving fundamental and practical issues in accordance with the tasks set by the
Address of the President of the Republic of Uzbekistan to the Oliy Majlis! on
December 29, 2020. In recent years, Uzbekistan has been paying great attention to
conducting world-class theoretical and experimental research on magnetic materials
and their properties. Theoretical and practical research is being conducted to create
a permanent Teslali permanent magnetic field and to study the optical properties and
nanostructure of samples using this magnetic field. These fundamental researches
are of great importance in the development of science in our country.

This dissertation research is based on the Decree of the President of the
Republic of Uzbekistan No. PF-4947 of February 7, 2017 "On the Action Strategy

! Mirziyoev Sh.M. Address of the President of the Republic of Uzbekistan to the Oliy Majlis // People's Speech,
December 30, 2020, No. 275-276 (7746-7747),2-p.
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for further development of the Republic of Uzbekistan", No. PP-2789 of February
17, 2017. and on measures to finance ", PQ-4526 dated November 21, 2019" On
measures to support research activities of the Institute of Nuclear Physics ", as well
as to a certain extent in the implementation of the tasks set out in other regulations
related to this activity serves.

Relevant research priority areas of science and developing technology of
the Republic. The dissertation research was carried out in accordance with the
priority areas of science and technology development of the Republic 1I. “Power,
energy and resource saving”.

Problem development status. Currently, numerous theoretical and practical
research on low temperature physics and quantum magnets is being conducted by
the world’s leading scientists. In particular, Swiss scientists A. Schilling and R.
Dell’Amore studied low-phase phase transitions and magnetization properties in
quantum magnets using experimental experiments. Considering the anisotropic
properties of quantum magnets, quantum phase transitions and the condensate state
of magnons were theoretically studied by Australian scientists (J. Sirker, A. Weisse,
O.P. Sushkov) using the Hartree-Fock-Popov approximation. Italian (V. Zapf, M.
Jaime, CD Batista), Russian (VI Yukalov), Japanese (F. Yamada, T. Ono, H.
Tanaka, G. Misguich, M. Oshikawa, T. Sakakibara), Uzbek (A. Rakhimov, B.
Boyzakov, F. Abdullayev, S. Djumanov, U. Valiev, R. Galimzyanov, E.
Quvondiqov) and other researchers conducted many theoretical and experimental
studies on condensed matter physics and the study of quantum magnets.

In 1999 A. Oosawa studied magnetizations in magnetic materials to find the
critical temperature of the magnetic ordering in quantum antiferromagnetic sample
TICuCl 3 below its Neel temperature. The interpretation of experiments calls the
development of fundamental theory. Only a correct theory allows for the proper
understanding of experiments, can suggest appropriate and realistic technical
applications, and predict new properties and phases of matter. It is interesting to note
that in condensed matter physics, where collective phenomena such as the BEC
involve hundreds of thousands of particles, experiments advance the theory. This is
quite different to the high energy particle physics. There is another problem in the
description of properties of pure quantum magnets in terms of triplon BEC. This
problem is related to the geometry of the unit cell. In fact, the interaction between
spin dimers hosting triplon states causes anisotropy, i.e. breaking of rotational
symmetry of the bosonic system. As a result, the Hamiltonian does not commute
with the corresponding particle number operator, making it not a well-defined
quantity. This fact causes natural doubts in theoretical description in terms of the
BEC. However, it has been shown that, when the anisotropy is relatively small,
mean-field approximation (MFA) with a BEC scenario can be used by taking into
account the resulting U(1) symmetry breaking term perturbatively.

But, the above effects can not be enough to describe the low temperature
properties of quantum magnets. Because, there are some open questions that needs
to be studied briefly. For example: can we find a description of the effect of
anisotropy on the magnetization in the 'noncondensed and condensed phase’ (at
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present only poorly understood), which is at the same time compatible with the
theory for the BEC phase with disorder?

Relevance of the dissertation research with the plans of the scientific-
research works of the scientific research institutions where the dissertation has
been conducted. The PhD dissertation was carried out in the framework of the
scientific projects of the Institute of Nuclear Physics OT-F2-14 “Investigation of
collective and microscopic properties of strongly interacting many-particle quantum
systems” (2016-2020); “Development of highly effective variational methods for
solving problems of quantum physics in several bodies” (2020-2022), UT-FA-2020-
3 “Ultracold phase transitions in disordered quantum magnets and atomic gases with
long range interactions” (2020-2022).

The aim of the research work is to develop Hartree-Fock-Bogoliubov
approximation and Bose-Einstein condensate theory for anisotropic quantum
magnets at very low temperatures as well as determine the phase transitionsins in
these materials.

The tasks of the research work:

to propose the thermodynamic potential of triplons at low temperature based
on Hartree-Fock-Bogolyubov approximation including effect of anisotropy and
anomalous density;

to determine quantum phase transitions in quantum magnets at a temperature
close to zero;

to prove the existence of restrictions on magnetic phases and states of triplonic
Bose-Einstein condensates;

to show the interference and Josephson transition of two Bose systems in
quantum magnets at low temperature;

to obtain optimal values for fitting parameters of the exchange anisotropy and
the Dzyaloshinskii-Moriya interaction within the mean field approach;

to describe existing experimental results on magnetization and the energy
dispersion relation of quantum magnets with anisotropies, especially for the sample
TICuCl 5.

The objects of the research work are antiferromagnetic materials, TICuC 3
compound.

The subjects of the research work are possible Bose-Einstein condensates of
magnetic quasiparticles in quantum antiferromagnets at low temperatures and
related problems.

The methods of the research is a new theoretical approach - the mean-field
theory; bose-Finstein condensate theory; Hartree-Fock-Bogoliubov (HFB)
approximation; second quantization method.

Scientific novelty of the research work is the follows:

the Hartree-Fock-Bogolyubov approximation was developed using the mean
field theory for anisotropic quantum magnets, for the regions below the critical
temperature (T<T,);
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it was firstly showen that taking into account the anisotropic properties of
quantum magnets one can explain interference of two condensates and Josephson
effects;

it was firstly proven that consideration of Dzyaloshinskii-Moriya anisotropy,
smears second order phase transition to a crossover, such that density of condensed
particles diminishes asymptotically in the region of T>T. and the phase angle of
condensate wave function may have only discrete values;

it was described that experimental data on magnetization at low temperatures
for anteferromagnetic material TICuCl; by the help of Hartree-Fock-Bogoliubov
approximation.

Practical results of the research work:

for the first time, temperature dependence of the magnetization, heat capacity,
and anomalous density of the condensate were calculated for quantum magnets and
the results compared with the available experimental results for the TICuCl;
antiferromagnetic material;

for the first time, the restrictions placed on the phase of the condensate wave
function have been studied in detail and it has been proved that the phase accepts
only discrete values;

the transition from the ground state to the condensate state is shown to occur as
crossover which is opposed to the second order phase transition;

using the results obtained for the phase the condensate wave function, the low-
temperature phase transitions, Josephson effects and interference phenomena in
quantum magnets are described.

Authenticity of the research results: modern methods of Bose-Einstein
Condensation and the theoretical physics and highly effective numerical methods
and algorithms are used; careful check of a consistence of the received theoretical
results with experimental data and results of other authors is performed. Conclusions
are well consistent with the main provisions of the field theory of quantum magnets
and experimental results.

Scientific and practical value of the research results. The scientific
significance of the research results is determined by the ability of the developed
description of the quantum critical behavior at the quantum phase transition via
fundamental observables such as the specific heat, order parameter and field-induced
magnetization. The comparison of the results of this dissertation and the
observational data on antiferromagnetic materials can be explained well. The
theoretical description and of new exotic states of frustrated quantum magnets make
a contribution to the solution of various problems of modern condensed matter
physics at low temperatures. We expect that our investigations provide a new insight
in understanding bose particle physics and BEC phenomena of magnons in quantum
magnets.

Implementation of the research results. Based on the results obtained on the
study of low temperature phase transitions in anisotropic quantum magnets:

the obtained results of Hartri-Fok-Bogolyubov's approximation for
antiferromagnetic materials, ie anisotropic quantum magnets, has been used by
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foreign researchers (references in international journals: Physical Review B, 97,
1d.140405, 2018, Physical Review B, 98, 1d.144416, 2018, 34rd Youth Academic
Annual Conference of Chinese Association of Automation, 18886028, 2019,
International Journal of Modern Physics, 35, 1d.2150018, 2020, Physics Letters A,
384, 1d.126313 2020). The application of scientific results allowed the calculation
of Tan’s contrast in antiferromagnets;

taking into account the anisotropic properties of quantum magnets, the
observation of two condensate interference and the Josephson effect using phase
difference of two matter waves has been used by foreign researchers (references in
international journals: International Journal of Modern Physics B, 35, 1d.2150018,
2021, Journal of Physics: Condensed Matter, 33, 1d.465401, 2021). The application
of scientific results has made it possible to develop a theoretical description of the
phase angle;

considering the Dzyaloshinsky-Moria anisotropy, it was used by foreign
researchers that the phase transition to the crossover, as well as the phase angle of
the condensate wave function having only discrete values, were asymptotically
decreases at T> Tc (references in international journals: International Journal of
Modern Physics B, 35,1d.2150018, 2021, Journal of Physics: Condensed Matter, 33,
1d.465401, 2021, Physics Letters A, 384, 1d.126313 2020). The application of
scientific results allowed to analyze quantum phase transition in the quantum
antiferromagnets (CsFeCls);

by the Hartree-Fock-Bogolyubov approximation, a detailed theoretical
description of the experimental data for magnetization at low temperatures in
anteferromagnetic material TICuCl; has been used by foreign researchers
(references in international journals: International Journal of Modern Physics B, 35,
1d.2150018, 2021, Journal of Physics: Condensed Matter, 33, 1d.465401, 2021). The
application of scientific results has made it possible to determine the critical
properties of Tans contact in bose systems.

Approbation of the research results. The research results were reported and
tested at 6 international and local scientific conferences.

Publication of the research results. On the theme of the dissertation 10
scientific works were published, including 4 scientific papers in 3 international
scientific journals recommended by the Supreme Attestation Commission of the
Republic of Uzbekistan for publishing basic scientific results of PhD dissertations.

The outline of the thesis. The PhD dissertation consists of an introduction,
three chapters, conclusion, appendix and a bibliography. The size of the dissertation
1s 103 pages.

THE MAIN CONTENT OF THE DISSERTATION

The introduction presents the topicality and relevance of the topic of the
dissertation, formulates the goal and objectives, identifies the tasks, subjects and
methods of research, determines the correspondence of the research to the priority
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directions of development of science and technology in the Republic of Uzbekistan,
gives the scientific novelty of the research, substantiates the reliability of the results
obtained, discloses their theoretical and practical significance, provides brief
information on the implementation of the results and approbation of the work, as
well as on the structure of the dissertation.

The first chapter of the dissertation, entitled "Bose-Einstein condensate in
anisotropic quantum magnets", theoretically studied the unusual phenomena in
the process of magnetization of antiferromagnetic substances at low temperatures.
As a result of theoretical calculations, using the main-field theory and the Hartree-
Fock-Bogolyubov approximation, the temperature dependence of the total and
staggered magnetization were obtained. In addition, the effects of exchange
anisotropy in quantum magnets, including the Heisenberg hamiltonian, on various
physical quantities have been studied. The obtained results were compared with the
experimental results and confirmed for consistency.

In quantum magnets, especially in antiferromagnetic TICuCls; two ions of Cu
with spin S=1/2 join to create a dimer. These ions are antiferromagnetically coupled
and form bose type quasiparticles with integer spin. Low temperature properties of
quantum magnets can be well described by these elementary excitations. For this
purpose, by the external magnetic field, particles at excited state S=1 can be downed
to ground state S=0. But, there occurs Zeeman effect due to the external magnetic
field and the excited state creates additional three energy states. As a result, the
external magnetic field plays the role of chemical potential to occur condensate in
the system. Magnons at the excited state are called “triplons”. However, these effects
occur at near absolute zero temperature. For this reason, we can expect Bose-
Einstein condensation in quantum magnets. Clearly, condensate density can be
changed by not only external magnetic field but also by temperature change. At low
temperature, one can also explain phase transitions and change of magnetization in
antiferromagnetics with this theory. The main difference between the condensation
of gases and condensation of quantum magnets is the existence of anisotropy in this
system. It means that to study triplon-triplon interactions one needs to consider
anisotropic interactions as well. The Heisenberg hamiltonian helps to include
anisotropic spin interactions (exchange anisotropy). In our monoclinic crystal
structure compound TICuCls, the exchange anisotropy is responsible for intra and
inter dimer interactions within crystal knuts. Hence, the hamiltonian for the triplon
system with anisotropic interactions can be written as follows:

2++

H = [ d*r[pt & - ) +2 (GHewm)" +L@tmwte) +
YY) (1)

where K is the kinetic energy operator, u is the chemical potential, and U is the
delta-type triplon-triplon action potential, independent of distance. Y (r) -field
operators, y-exchange anisotropy constant. Since the condensate state occurs from a
known critical H, value of the external magnetic field, the chemical potential is also
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selected in the form of u = gug(Hext — Hc). In our work, to diagonalize the above
hamiltonian, we separate field operators into two parts (1) = ¢po(r) + P (1),
YI(r) = ¢po(r) + PT(r) and use the second quantization rule. Here ¢y (1) and

Y(r) are the operators that determine the density of particles in the condensate state
(po) and in the non-condensate state (p; ), respectively.

po=¢s,  p=Q/WV) [ Er@TOPE), p=N/V=py+p;. ()

p -is the total density of triplons. At low temperatures, there are two types of
magnetization for antiferromagnetic materials. One of them is the total
magnetization M which is proportional to the total density of triplons p; and the
second one is the staggered magnetization M that is defined by p,.

M = gugp, M, = gug/po/2 (3)

where ug is Bohr magneton and g is the Lande factor with g = 2.06. It can be seen
that the density of quasiparticles gives the results for magnetization. After Fourier
transformations, our Hamiltonian gets the following form

U 2 U 2 2
H = Hy + Hyjn + Hpjlin, Ho = —pp +ypo + = P0 ~ 5(2/01 +0°),

Hin = /Po ) {afly =+ poU + 200U + oU] + aly — i+ poU + 2p,U
k

+ oU]
U U+pp+
Hyitin = i (& — 1 + 2Up)agay + ka (axa i +agaly). @

Now, with second quantization rules one can find energy dispersion relation

Ep =/ (g + X1) (& + X2).
Xy =—u+U[2p+7 +po + 0] Xo=—pn+U[2p=7V—po—o0] (5

In this work, we have used Hartree-Fock-Bogolyubov (HFB) approximation and
included anomalous density (o)

1 Wiler+(X1+X5)/2 1
p1 = Ti My = Y (afar), P1 =7 Lk { k2 (Ekl 22 _ 5}, (6)
1 X=X w
0 =Tk 0 = 3 i ((axa-i) + (afaly), o =225 75 (7)

where W, = coth(E,/2T)/2 = f3(E,) + 1/2, fz(Ex) = 1/(efx/T — 1) .

By solving equations (5) with respect to X; , X, and other quantities were
calculated. We have found critical temperature with py(T,) = 0 and considered
that po(T = T,.) = 0. The graphs for magnetization dependence on temperature
can be obtained with formulas (3)
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Fig.1. Phase diagram (a) and total magnetization for different values of the
external magnetic field (b) for TICuCl ;. The experimental data are taken
from T. Nikuni et.al. Physical Review Letters, 84, (2000)] and [H. Tanaka

et.al. Journal of Physical Society of Japan, 70, (2001)]

The critical temperature increases as the external magnetic field goes up (figure 1
(a)) and the results do not match with experimental data if one neglects the
anisotropic interactions in quantum magnets. Additionally, an increase of external
magnetic field results an intense on magnetization.

The results for magnetization are obtained by Hartee-Fock-Bogolyubov (HFB, o #
0) and Hartree-Fock-Popov (HFP, ¢ = 0) approximations (fig.2 (a)). It can be seen
that the latter approximation is applicable at the above critical temperature. The
staggered magnetization decreases as temperature increases and it becomes zero at
the critical temperature. But experimental data shows that this magnetization
diminishes asymptotically (fig.2 (b)). Hence, our HFB method can not explain the
region above the critical temperature. We have found optimal values for EA
interaction parameter y = 0.045 K and and triplon-triplon interaction potential U =
367.5 K by comparing theoretical and experimental results.
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Fig.2. The total magnetization (a) and square of the transverse magnetization
(b) dependence on temperature. The experimental data are taken from [T.
Nikuni et.al. Physical Review Letters, 84, (2000)] and [H. Tanaka et.al.

Journal of Physical Society of Japan, 70, (2001)]
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Fig.3. (a): The condensed (solid line) and the absolute value of anomalous
densities (dashed line) in HFB approximation at H.,; = 7 T; (b): The
behavior of |a(t)| near the critical temperature with (solid line) and without
(dashed line) exchange anisotropy

Finally, we analyze the role of the anomalous density whose absolute value is the
density of pair correlated particles. We present in Fig.1.3(a) the density of condensed
particles p, (solid line) and the absolute value of the anomalous density |o| (dashed
line) versus the reduced temperature. It is seen that |o| is comparable with p, at all
temperatures. Hence, this proves that our HFB approximation is relevant for the
theoretical study of quantum magnets. Another interesting fact, which is
demonstrated in Fig. 1.3(b) is that the anomalous density survives, although on a
small level, even above the critical temperature where it vanishes asymptotically.

The second chapter of the dissertation “Phase transition and restrictions on
the phase angle of the condensate wave function” is about phase transitions
around the critical temperature and the form of the condensate wave function. We
have analyzed the difference between wave function of condensed gases and
quantum magnets. We have also studied the consequences of this conclusion for
some physical phenomena such as interference of two bose systems and Josephson
effect.

In this chapter, we have studied the interactions of canted dimers in crystals
to obtain more perfect results. Such interactions are created by Dzyaloshinskii-
Moriya (DM) anisotropy. For simplicity, we choose that D//x (D- Dzyaloshinskii-
Moriya vector) and H//z (H-external magnetic field). The hamiltonian with these
interactions has the following form

Hpy = iy' [ dP[p(r) — ™ ()] &)
Where y' —DM anisotropy parameter. In the first chapter, the hamiltonian for EA
interaction is written as

Hpa =L [ dF[p* (y* () + ()] )

Hence, we take into account isotropic and anisotropic interactions for our
Hamiltonian and it can be written as follows
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H = H;so + Hyniso Hgniso = Hga + Hpy
Hiso = J dF [p* (R = ip() + 2 @+ (p()? (10)

Assuming that just one state of the system to be occupied macroscopically as BEC
occurs, it is natural to re-arrange the Bose field operators into two parts

Y =xr 0+, P =30 +9T(r D) (11)
corresponding, to a field operator for the condensate y(r,t) and one for the non-
condensed particles (7, t). As to the operator y, for a homogeneous system it is
usually called the condensate wave function which is a complex number including
the order parameter p, and the phase ¢ of the condensate:

x =&Jpo =e®py, xt =E"/po =70 /p,. (12)

The Grand thermodynamic potential of the system () with interacting triplons
reaches its lowest value in the equilibrium. That is why we can minimize it in the

below form
0Q 0%Q G10) 220
a0 5220 % =0 75z>0. (13)
we have obtained the followmg express1on for Grand thermodynamic potential ()
U 1 ~
Qiso = —Upo +—— po +o2k (BEx —€) +T X In(1—e BEKk)

+ ~(B.B + B2A) + = (34 + 3B% + 24B),
Qpa =22(2+8)+LB-4),  Qpy=-V'E =)o -
By =—u—X1+””°(52+52+4) Br=—n—X, — ””°(52+¢’2 4)

6k+X1 6k+X1 _ 6k+X2 6k+X2
A=TYkn 7 03152 =k Wi . B=TXkn wIiEE =2k W,
n n

(14)

and £ =e® &=e7° W, = (1/2)coth(BE/2) = 1/2 + f3(E};). Normal and
anomalous densities are calculated as follows

~ ~ - A+B w X{/2+X,/2 1
pr = [ (PP, p1=%=z [ HOEIAI >—5]zzk Pik

Ex
According to (13) we have found equations for phase angle of condensate wave

function

oQ _ _ _ylsin@ _

e cos20(Uo +y) +U(py + 2p1) — U N 0,

o0 . /

i 2cos®(2p0(U0 + y)sin® + y 1/po) =0, (16)

—2pocos20(Uc +y) + sin@y’m > 0.

The above second equation has two solutions with respect to phase angle 0. We
name them mode-1 and mode-2 as below
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—arcsin(§) + 2nn, & =vV1—-52—i§: mode—1

0= §+ mn, §=+i:  mode—2 (17)
where S = y—, andn = 0,41, +2 ... Here, one can see that in the mode-1,
2\/po(Uc+y)

phase angle has a dependence on physical quantities of the system and temperature.
It means that phase angle may change due to these parameters and physical
observables if one proves this solution as an acceptable case. But, in the mode-2, the
phase may have only discrete and complex values. Now, we do not know which
solution is correct and which one is accepted by the system. We have analyzed both
modes and found limits and restrictions for phase angle for various bose gases. For
example, we can apply these equations for ideal bose gas as we neglect interactions
(U = 0) and anisotropy (y = ¥’ = 0). Hence, the phase of the BEC of an ideal bose
gas could be any and there is no any limit for this angle. The phase angle of
condensed triplon wave function may have discrete values as we consider EA and
DM interactions. We have found the following results (Table I) with the help of (13)
and (16).

Table 1

Possible phases and transitions in homogeneous BECs. SBS and EBS
correspond to spontaneous and explicit breaking symmetry cases, respectively

BEC type Interaction [Phase Phase angle [Symmetry [Transition BEC
parameter breaking — normal phase
[deal gas U=0,y & = e'® arbitrary SBS [[I-order
=0, y' =
Pure BEC U+0,y §=41 mn SBS [[I-order
=0, 'y’ =
Interacting gas| U # 0,y §==1 ) EBS [[I-order
with EA #0,y =
Interacting gas| U # 0,y §=+i |m/2+2nmn EBS |[crossover
with DM =0,y #0
anisotropy
Interacting gas| U + 0,y §=+i |m/2+2nn EBS [crossover
with both EA | # 0,y # 0
and DM
anisotropies

It can be seen from Table I that phase of the wave function of bose gases may have
values with n. It means field operators of condensed particles can be real quantity
(¢ = +1). But, if we include DM interactions for quantum magnets with condensed
triplons, this phase can accept values with /2 + 2mn and field operators may be in
the complex form with discrete values.
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Additionally, this phase angle can explain the direction of staggered magnetization
in quantum magnets:

IM,| = gg~/Po/2, M, = [M,|sin® + [My|cos®. (18)

In the presence of DM interaction each domain will have a phase angle /2 + 2rmn
and according to (18) staggered magnetization lies in the x-axis m, = |m%| which
leads to the finite M, = Y m! =Y |mk| # 0 (see Fig. 4c).

The stationary Josephson effect can take place due to the phase difference
A® = 0; — 0, between two contacting quantum magnets materials and d.c.
Josephson current:

%5 = 2K/ Po1poz5in(40) (19)
Now, from Table I one may come to the conclusion that the stationary Josephson
effect can take place only when one of the materials has no anisotropy, (or only EA),
©, = mn while the other one has DM anisotropy, 0, = /2 + nn.

Az A Z

H//z a) b) v'=0

c) v'#0

v

¥ Ky Y
K,(‘/
»’,/‘

X

Fig.4. The vector of staggered magnetization. (a) General representation; (b)
and (c) correspond to the case of slow creation of triplon BEC without (b) and
with DM anisotropy (c)

Additionally, we have studied the interference effect between two BECs. The
density of the two combined systems with interference is
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po(7) = |\/pgei*aTei® + /pbelkbr ©5|2 = peP[1 + xcos(k - ¥ + 04)] (20)

where pi” = p§ + pg. k = ko — kp, ©qp, = 0 — 0g,x = 2_|pipg/(p§ + pg) and

0., 0, are initial phase angels. So, we have an interference pattern with the relative
phase ¢ = k - 7 + (0, — 0,,).

In Interference of two pure condensates case, as it is seen from Table I 0} —
0, =m(ny —ny) =mm, m=20,%+1,%2,..... From equation (20) one obtains
po(P) = pgP (1 + cosE?) and this corresponds to constructive interference. On the
other hand, we consider BEC with DM interaction and suppose that we have two
interfering condensates. The initial phases may be as 0, = /2 and 0, = 0, so
0,—0, = —1/2. Now, (20) gives the result po(7) = p@? (1 + xsin(k?)) with
destructive interference. Thus, the presence of DM interaction in one of condensates
dramatically changes the interference picture, demonstrating its sensitivity to the
initial phase.

The third chapter of the dissertation “Magnetization of antiferromagnetic
materials with Dzyaloshinskii-Moriya and exchange anisotropies” is about the
analization of staggered magnetization in quantum magnets above the critical
temperature and comparison of our theoretical results with the experimental one.

The total hamiltonian has the form as in (10). Now, with analytical results in
the second chapter, we calculate numerically magnetization, energy dispersion and

heat capacity of the system. Normal and anomalous densities are given as:
Wi(ep+X1/2+X2/2) 1] _
pr = Ty [HELERE =3 pu (21)
_ (Xo- X1)Z Wk —
k5

= Xk Ok

The dispersion relation is glven by E} = \/ & + Xl\/ g, + X, . Here, X; and X, are
self-energies

U 2+_2 2 ,ZD
X1=2U/0+Ua—#+—p°(f2 Sr)+y+ yxzzl (22)
2,¢2 /2
X, =2Up—Us—p— _Upo(s‘z D _ il
2
ExW e +4W 04 +X1)? (ExW i —4W
where A;, = — = ‘Z %, Ay = 5o = Z (exctX1)? (E]; k=4 W)
_ 9B _ l (ex+X2)? (ExWir—4Wy) _Au, _ @_ _ B
By, = ox, sz B3 ,D, = = D, = = D = A%, — A,,B,,
Wk = M; Wk! — ﬂ(l — 4Wk2) — -B

2 sinh2(BE/2)’
A =p, —0o,B = p; + 0, p; - the normal and ¢ - anomalous densities.
We have analyzed the effect of the DM interaction on heat capacity, quasiparticle
energy dispersion relation, self-energies, condensate, normal and anomalous
densities. Additionally, we calculated magnetization in quantum magnet and
compared our results with experimental data on antiferromagnetic material TICuCls.
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In Fig.5, we present self-energies in dispersion relation and condensate fraction
dependence on temperature. It can be seen that the effect of the anisotropy on self
energies is negligibly small at high temperatures. On the other hand, the effect of
DM interaction on the condensate fraction is rather significant, as it is seen from
Fig.5(c). Hence, consideration of DM interactions changes the shape of self energy
temperature dependent graphs.
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Fig.5. Figures (a), (b) and (c) show the self energies X, (T), X,(T) and
condensate fraction py(T)/poc. (Poc = n/2U = 0.07) dependence on
temperature, respectively, while (d) illustrates the ratio X (T)/X,(T). Solid
and dashed lines correspond to HFB and HFP approximation,
correspondingly. The dotted lines represent the isotropic case withy =y’ =0
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Fig.6. The ratio of anomaly density o to the total density p of triplons vs
temperature for various intensity parameters of DM and EA interactions
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Compared to EA interactions, DM interactions totally modify anomalous density for
HFB approximation. It is seen that the presence of DM interaction changes the sign
of anomalous density to the opposite (Fig.6). It means that g(y’ # 0) = 0 at any
temperature for U > 0, y' > 0. Additionally, both anisotropies give a contribution
to anomalous density to increase at low temperatures. ¢ can be compared with total
density of DM interacting triplons which is accounted for about 30 % of p for
reliable y'.

To prove that our results are appropriate for quantum magnets, we present numerical
results of total and staggered magnetization dependence on temperature (Fig.7).

M[107 KT icu®]
M [107 KT /Cu™]

(d)

M2, [10° KT *ICu®]
M2, [10° K*T/Cu™)

o m & o ® B B B & ® 8
P A S P S S S

T T T T T 1
3] 2 4 8 8 10 12 2 4

TIK T
Fig. 7. Total magnetization dependence on temperature with EA (a) and DM
(b) interaction, separately. Solid lines represent the results for y = y' = 0.
Figures (c) and (d) present the square of staggered magnetization (M )2.
Parameters are the same as in Fig.5

o

Our results show that the strength of DM interaction (y") prevents the staggered
magnetization from vanishing above the critical temperature and decreases
asymptotically (Fig.7 (d)). The staggered magnetization has a dependence on

condensate density of triplons M, = gug/po/2, we state that there remains
condensation above the critical temperature. Hence, one can conclude that as the
system transfors from BEC state to normal phase, there is a crossover instead of
second order phase transition. But, there occurs the problem of finding critical
temperature. And this can be defined by the minimum point of the temperature
dependence of total magnetization (M = gugp) (Fig.7 (a) (b)).

41



0,07 -

0,05 -

0,05 +

0,04 -

0,03 4

0,02 4

0,01 +

0,00

—— |=zotrop: =0
— =005 K
—=01K
— =02 K

EA only

H=8.5T

T T T
2 4

T ¢

T
|

Fig.8. The heat capacity dependence on temperature

We have studied the heat capacity of triplons at constant magnetic field and marked
as Cy. The shape of the temperature dependence of heat capacity graph obeys
general lows of physics. Our obtained numerical results for Cy(T) show that the
1sotropic and anisotropic cases give the same shape for specific heat except in the
region on critical temperature (see Fig.8). Hence, the anisotropic effects are
important mainly in the critical region. But we considered only EA interactions with
constant external magnetic field and there is a clear point for T, where py(T = T,) =
0, which separates BEC and normal phases.
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Fig. 9. Total (a) and staggered (b) magnetizations for TICuCl;. Dashed lines
correspond to HFP approximation. Experimental data are taken from [R.
Dell’Amore et.al. Physical Review B, 78, (2008)] and [H. Tanaka et.al. Journal
of Physical Society of Japan, 70, (2001)]

We compared temperature dependence of total and staggered magnetization results
with experimental data and obtained optimal values of input parameters of the
present approach (U = 367 K, y = 0.05 K and ¥’ = 0.0201 K) (see Fig.9). The
anisotropic properties of the system should be considered even these parameters are
small enough. One can describe staggered magnetization at the whole temperature
regime with a finite M, # 0 at T > T, and this uniquely indicates the presence of
DM interaction between dimers with a finite ¥’ in anteferromagnetic materials. The
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inclusion of DM anisotropy smears expected second order phase transition to a
Crossover.
CONCLUSION

The main results of the theoretical research, which was carried out on the
theme of the PhD dissertation “Low temperature phase transitions in anisotropic
quantum magnets” has leaded to the following conclusions:

1. We proposed a new mean-field approximation based approach within the
Hartree-Fock-Bogolyubov approximation, which takes into account an
anomalous density o and anisotropy of the system. The low temperature
properties of quantum magnets can be well described within this approximation
assuming that the BEC scenario is still valid. It is showed that the anomalous
density is comparable to the condensed one and survives at temperatures
exceeding T . where the condensate fraction is zero. We predicted that the shift
of the critical temperature T . due to a finite exchange anisotropy is rather
substantial even when the anisotropy parameter y is small, e.g,A T, = 10 %
of T . in H=6 T and for y = 4meV . We also predicted a plausible value for the
critical exponent f = 0.47 for satggered magnetization M, = const X (1 —
T/T,)B.

2. We obtained the thermodynamic potential Q of a triplon gas taking into account
the strength of DM interaction up to second order. It was shown that the phase
angle of a purely homogenous BEC without any anisotropy may only take
values 8 = nn (n = 0, %1, +2...) while that of BEC with even a tiny DM
interaction results in 8 = /2 + 2nn. In contrast to the widely used Hartree-
Fock-Popov approximation, which allows arbitrary phase angle, our approach
predicts that the phase angle may have only discrete values, while the phase of
the wave function of the whole system remains arbitrary as expected.

3. Having fixed the problem about the phases we studied the influence of possible
phases to the interference and Josephson junction of two Bose condensates. We
have shown that when one of the condensates have even a tiny DM interaction
the interference picture will change drastically. Analyzing the simple d.c.
Josephson effect between two spin-gapped magnets we have found that there
would be no Josephson current when neither of samples has DM anisotropy
(y'y = 0,¥', = 0), while the current will be finite, when one of them has a
weak DM anisotropy (y'; = 0,y’, # 0).

4. We have also shown the consequences of DM interaction to possible direction
of stuggered magnetization in spin-gapped antiferromagnets. It was shown that
DM interactions destroy the total staggered magnetization in axially symmetric
samples compared with ¥’ = 0. In the presence of DM interaction (y’ # 0), the
staggered magnetization remains finite. In quantum magnets, there is no path
from a pure BEC to normal phase and there is a crossover instead of second
order phase transition. It was shown that, in contrast to exchange anisotropy
interaction, the Dzyaloshinsky-Moriya interaction modifies the physics
dramatically. Particularly, it changes the sign of the anomalous density to
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opposite in the whole range of temperatures and changes the shape of the
specific heat.

. We also gave a fair theoretical description of the staggered magnetization data
for T < T, < T. By using the experimental data on the magnetization of the
compound TICuCl 3, we have found optimal values for the strengths of EA and
DM interactions. The spectrum of the energy of low lying excitations has also
been studied and found to develop a linear dispersion similar to Goldstone
mode with a negligibly small anisotropy gap. We come to the conclusion that
to describe existing experimental data on magnetization as well as the energy
spectrum of spin gapped quantum magnets with anisotrophies simultaneously,
one has to extend this approach, by choosing the vector of DM anisotropy
appropriately.
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Leabio uncciaenoBaHusi SBISETCS pa3BuTHE NpUOMMkeHus Xaptpu-Doxa-
boronmoboBa u Teopum koHaeHcaTa boze-DilHmuTeiiHa 11 aHU30TPOIHBIX
KBAHTOBBIX MAarHeTUKOB IPU HU3KUX TEMIepaTypax U ompeneieHue (a3oBbIX
NEPEXO0B B HUX.

3agaum uccjie0BaHUA:

NPEMIOKUTh TEPMOJMHAMUYECKHM NOTEHLHMAI TPUIUIOHOB MPHU HU3KOU
temneparype B mnpubimmkennn Xaptpu-Doka-boromro0oBa, BkiIOYas BIUSHHE
aHU30TPOIUU U AHOMAJIbHOM TJIOTHOCTH;

ONPEJENIUTh KBAHTOBbIE (pa30BbIE€ MEPEXO/bl B KBAHTOBBIX MAarHeTHKax IpHU
TeMIiepaType, 0JIM3KON K HYJIIO;

JI0Ka3aTh CYIIECTBOBAHHE OTPAaHUYEHMS] HA MArHUTHBIE ()a3bl U COCTOSHUA
TPUILIOHHBIX KOHAEHCATOB bo3e-DUHIITENHA;

oKa3aTh MHTEP(HEPEHIINIO U JK03e(DCOHOBCKUII Tepexo IByX 003e-CUCTEM B
KBAHTOBBIX MAarHUTax MpH HU3KOHN TEMIIEpaType;

OIICHUTHh TapamMeTpbl OOMEHHOW aHu3zoTpornuu M JI3smommHckoro-Mopus
B3aUMOJICHCTBUS B PAMKax CPEIHEro IOJIs;

IIPOBECTH aHAJIU3 HAMAarHUYEHHOCTU M SHEPIETUYECKOr0 CIEKTPa KBAHTOBBIX
MarHuTOB, B YaCTHOCTH, dKCIiepuMeHTaIbHO HaOmogaembix B TICuCl;.

O0beKTOM HcCIeA0BAHUSA SBISIOTCS aHTU(EPPOMArHUTHBIE MAaTepHalIbI,
cruiaB T1CuCls.

IIpeameTom HcciIeI0BAHMSA SBISIOTCS BO3MOXKHBIE 003€-3MHIITEHHOBCKUE
KOHJIEHCAThl MAarHUTHBIX KBa3UYaCTHUIl B KBAHTOBBIX aHTH(EpPpOMArHeTHKax Mpu
HU3KHUX TEMIEpaTypax.

HayuyHasi HOBH3HA HCCJIeIOBAHMS 3aKJIIOYAETCS B CIIETYIOIIEM:

pa3BuTo mnpubnmxkenue Xaprpu-doka-boromaroboBa ¢ HUCMOIb30BAHUEM
TEOPUHU CPEIHEro MOJs JUIsl aHU30TPOMHBIX KBAHTOBBIX MAarHeTUKOB B 00JjacTu
Temneparyp Huxke kputuaeckon (T<T.);

BIIEPBBIE II0KA3aHO, YTO YYE€T aHU30TPONHBIX CBOMCTB KBAHTOBBIX
MarHeTUKOB MO3BOJISIET 00BICHUTH HHTEPPEPEHIUIO IBYX KOHACHCATOB U 3 PEKThI
Jlxo3edcona;

C Y4YETOM aHM30Tponuu J[3suommHckoro-Mopua BHEpBBIE JOKa3aHO, YTO
(da3oBbIil Mepexoa K KpoccoBepy, Kak M (Pa3oBbId Yroj BOJHOBOW (DYHKLIUHU
KOHJIEHCATa, HMMEET TOJbKO JHUCKPETHbIE 3HAYEHHUS, IOCKOJIbKY IJIOTHOCTb
KOHJIEHCUPOBAHHBIX YACTHUI] ACUMOTOTUYECKH yMeHbInaeTcs npu T>T.;

B pamkax npuOmmxenus — Xaptpu-Poka-boromoboBa  00BSICHEHBI
HKCIIEPUMEHTAJIbHbIE 3aBUCHUMOCTH HaMarHM4eHHOCTH aHTU(EeppOMarHUTHOIO
matepuana TICuCl; B uHTepBasie HU3KUX TEMIIEPATYD.

Bueapenue pe3yabTaToB HccaeaqoBaHusi. Ha OCHOBaHWMM pe3ynbTaToB,
MOJyYEHHBIX TPHU HCCIENOBAHUM HHU3KOTEMIEpPaTypHBIX (ha30BbIX IMEPEXOJ0B B
AHU30TPOITHBIX KBAHTOBBIX MAarHETUKAX:

pa3zpaboTaHHOE PUOIMKEHNE Xaptpu-doka-boromodosa TUTS
AHU30TPOINHBIX KBAaHTOBBIX MAarHETUKOB OBLJIO HCIIOJIB30BAHO 3apyOeKHBIMU

47



UCCIIeIOBaTeNsIMU (CCHUIKM B MEXKIyHapOIHBIX xKypHanax: Physical Review B, 97,
1d.140405, 2018, Physical Review B, 98, 1d.144416, 2018, 34rd Youth Academic
Annual Conference of Chinese Association of Automation, 18886028, 2019,
International Journal of Modern Physics, 35, 1d.2150018, 2020, Physics Letters A,
384, 1d.126313 2020). Hcnomnp3oBaHWE HAy4YHBIX PE3YJHTATOB IO3BOJIMIIO
paccuuTaTh KOHTAKT TaHa B aHTH(EeppOMarHeTHKaX;

o0bscHeHHe MHTEepPEpeHIIMU IBYX KoHJeHcaToB U rddekrta [[xo3edcona c
WCITOJIb30BAaHUEM PA3HOCTU (a3 IBYX BOJH MAaTEPUU HCIIOIH30BAHO 3apyOCKHBIMU
UCCIIeIOBATENsIMU (CCBIIKM B MEXIyHAPOJIHBIX *KypHanax: International Journal of
Modern Physics B, 35, 1d.2150018, 2021, Journal of Physics: Condensed Matter, 33,
1d.465401, 2021). Ucnonp3oBaHne HAYYHBIX PE3yJbTaTOB MO3BOJIMIO pa3padboTaTh
TEOpeTUYeCKoe onucanue (ha3oBoro yria;

JTIOKA3aTeNIbCTBO, 4TO (ha30BBIi MEPEXo]] K KPOCCOBEPY, Kak U (a30BbIN yrou
BOJTHOBOM (YHKIMM KOHACHCaTa, HWMEIOT TOJBKO JWCKPETHBIC 3HAYCHUS
UCIIOJB30BAaHO  3apyO€KHBIMU  HCCIIeoBaTeNsIMU  (CCBUIKM B 3apyOeKHBIX
xKypHanax: International Journal of Modern Physics B, 35, 1d.2150018, 2021,
Journal of Physics: Condensed Matter, 33, 1d.465401, 2021, Physics Letters A, 384,
1d.126313  2020). HMcnosnb30BaHME HAy4YHBIX  pPE3yJbTATOB  MO3BOJIMIIO
MPOAHAM3UPOBATh  KBAHTOBBIK  (a30oBbII  Tepexoq B KBAaHTOBBIX
antugdeppomarnerukax CsFeCls;

TEOPETUUECKOE OMMMCAHNE HKCIIEPUMEHTAIBHBIX JAHHBIX 110 HAMATHUYEHHOCTH
npu HHU3KUX Temmeparypax B aHtudeppomarautHom Marepuane TICuCls ¢
nomouibto  npubmmkenuss Xaptpu-Doka-boroiaro6oBa ObLIO  HCMONB30BAHO
3apyOC)KHBIMUA ~ HMCCIICOBATESIMU  (CCBUIKM B MEXKIYHAPOJHBIX JKypHaIax:
International Journal of Modern Physics B, 35, 1d.2150018, 2021, Journal of
Physics: Condensed Matter, 33, 1d.465401, 2021). Hcnonb3oBaHHe HAay4HbBIX
PE3YNIbTaTOB TO3BOJWIO OMNPEACTUTh KPUTHUECKHWE CBOWCTBA KOHTakTa TaHa B
003e-cucremax.

Crpykrypa u 00beM guccepranuu. J[uccepraius COCTOUT U3 BBEAECHUS, TPEX
JIaB, 3aKJIIOYCHUS, CIMCKA MCIOJIb30BAaHHOW JTUTEPATYPhl U MPUIIOKEHHS. TeKCT
auccepTanuu usnnoxeH Ha 103 crpanunax.
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