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B HacTosieit paboTte MeTogaMu MOJIEKYJISIPHO-IMHAMUYECKOTO MOJEIMPOBAHMS U3y4aeTCsl CTP!
Y3KUX ILIEIEBBIX ITopax. PaccMaTprBaloTCs ITOPHI C pACCTOSTHUEM MEXIY CTeHKaMu oT 6.2 1o 15.5

ypa BOJIbI B
. CTpyKTypHbI

BOJIbI, ITOJIyYeHHBIE CITTIOHTAHHOM KpucTajmu3auueii pu oxiaxaeHuu n1o 7= 300 K, paciumdpoBbiBatoTcst
Ha OCHOBE JBYMEPHBIX U TPEXMEPHbBIX MapaMeTpoB Mopsiaka. [TokazaHo, YTO HabIIOAaEMbIe CTPYKTYDPhI
MOXHO onucarb, Kak cpedbl I'LIK wim I'TTY xpucramios.
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BBEAJEHUWE

M3BecTHO, UTO TTOBEAEHE CUCTEMbI YacTHl, MO-
MEIIEHHBIX B IOPUCTYIO CPEIy, MOXET CYIIECTBEHHO
OTJIMYAThCS OT CUCTEMBI 0€3 TEOMETPUYECKUX Orpa-
HUYEHMI (B HACTOsIIIIee BpeMsI TIPUHSITO Ha3bIBaTh CH-
CTEMBI C TEOMETPUUYECKUMU OTPAHUYEHUSIMU CUCTEMA-
MU B KoH(paitnmeHTe) [1]. OO1mM 17151 BCeX KMIKOCTE
B KOH(MallHMeHTe SIBJISIETCS] TO, YTO B HUX BO3HUKAIOT
MOIYJISILIMA TUIOTHOCTU. Hampumep, B 11esieBoii mope
SKMIKOCTh OyJIeT pa301BaThCsl HA HECKOJIBKO CJIOEB, Ma-
paJienbHbIX cTeHKaM. KoHballHMEHT MOXET cylle-
CTBEHHO U3MEHUTb TEMIIEPATYPY TJIABJIEHUSI CUCTEMBI.
bosnee Toro, 3aBUCMMOCTb TEMIIEPATYPHI TUIABAEHUS OT
LIMPUHBI TOPbI OKa3bIBa€TCSI HEMOHOTOHHOI [2].

BaxxabpM apdexToM KoH(paitHMeHTa SIBIISIETCS BO3-
MOXXHOCTb BOBHUKHOBEHMSI yIIOPSIIOYEHHBIX CTPYKTYP,
He HaOMIOAaeMbIX B OOBEMHBIX CUCTEMAX TOTO K€ XM-
Mudeckoro cocrtaBa. Hampumep, B paborax [3, 4] Me-
TOJIaMH1 KOMITBIOTEPHOTO MOJEJIUPOBAHNS ObLjia U3Y-
yeHa CTPYKTypa BOJIbI, 3aKJIIOYEHHON B YIIepOIHbBIE
HaHOTPYOKM, M OBLIO ITOKa3aHO, YTO BOJIA B HAHO-
TpyOKaxX MOXET KPHUCTAJUIM30BaThCS B HeHaOonae-
MbI€ B 00BEMHOI BOJI€ CTPYKTYPHI. B psine pabot usy-
yajlach CTPYKTypa YIJIEBOJOPOIOB B YCIOBUSIX KOH-
daitimenTa [5—7], B TOM 4ucie B cliydyae TCUCHMUS
Kyarra [8, 9].

B namreit HemaBHeit padore [10] n3ygamachk CTpyK-
Typa cucTeMBbl ¢ moreHnuaaoM CrwuinHxepa—Be-
o6epa [11] B y3koii meneBoii nmope. IlapameTpsl mo-
TeHIMaa ObLIM BBIOpAHBI IS OMMCAHUSI KPEMHUSI.
bruto mokazaHo, 4yto hazoBasi fUarpaMma 3Toi Cu-
CTEMbI B YCJIIOBUSIX Y3KOH IIEJI€BOU MOPHI (ILIMPUHBI
10 A) CYIIIECTBEHHO M3MEHSIETCS IO CpaBHEHUTO ¢ da-
30BOM OuarpaMMoii 0o0ObeMHOTO KpeMHUs. Tak, B
IIeJICBOI MOpe CUCTeMa MOXET KpHCTaJUIM30BaThCs B
KyOM4YEeCKYI0 CTPYKTYpy U B CTPYKTYpy, B KOTOPOWA
YacTb CJIOEB COCTOUT U3 IIECTUYTOJILHUKOB, YaCTh — U3
YeThIPEXyroJIbHUKOB. Hackonbko HaM M3BECTHO, 3TO
nepBas paboTa, B KOTOPOi1 B SBHOM BHUJIE TTOIYYEHO, UTO
pa3HbIE CJIOM CUCTEMBI IMEIOT CYILIECTBEHHO PA3IMIHYIO

KpUCTAJUIMUECKYIO CTpYKTYpYy [10].

Haubonee mpocTbIiMu IJISI 3KCIIEPUMEHTAIBHOTO
W3YYEHUS CUCTEM B YCIOBUSIX KOH(aTHMEHTA SIBJISI-
I0TCSI KOJUTOUIHBIE cucTeMbl [12—14]. Bo MHOrUMX Ciy-
YJasiX B3aMMOIEHCTBUE KOJUIOMIOB, 3aXKAThIX MEXIY
JIBYMsI TUTACTUHKAMM, MOXKHO OITMCAaTh IMIPOCTHIM MO~
TEHILIMAJIOM TBEpIBIX c(ep, a CTEHKU CUMTaTh Oec-
CTPYKTYpHBEIMU. B 3TOM ciydae Ipu KpucTaaaim3a-
I[[UM CUCTEMa pacrajaeTcsi Ha HECKOJbKO CJIOEB C
TPEYTOoJbHOM UM KBaapaTHOU cummMmeTpueit [12—14].
B nammeit HemaBHe# paboTe OBIJIO TTOKA3aHO, YTO IT0-
JIYYUBIIYIOCSI CTPYKTYPY MOXXHO paccMaTpuBaTh, Kak
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Ta6mma 1. [IupuHa mopel 1 YMCI0 YaCTULL B JAHHOM TTOpe

lupuHa opsr, A Yucmo MoJIeKynn BOIBI
6.2 7200
9.3 10800
12.4 14400
15.5 18000

cpe3 rpaHelleHTpupoBaHHOro Kyoudeckoro (I'IK)
WJIX TeKCaroHajJbHOTO IUIoTHOoynakoBaHHoro (I'TTY)
kpuctaminos [15]. MATepecHO, YTO aHAJIOTUUHbBIE pe-
3y/JIbTaThl ObUIM TIOJyYeHBbl MJIsi cucTeMbl JIeHHap-
J>xoHca 1 B citydyae 6osiee CIOXHOM TeOMeTpUM — KpH-
CTa/UIM3alVs KAl JIEHHAP/I-IKOHCOBCKOM KUIKO-
CTM Ha TIOBEPXHOCTU TpadeHa MPOUCXOAUT B CMeECh
I'UK u I'TTY crpykryp [16]. DKcriepyuMeHTaIbHOE U3Y-
YeHUE HAHOITY3bIPbKOB 0J1aTOPOIHBIX TA30B B YCIOBU-
sIX KoH(daitHMeHTa npuBeaeHO B pabore [17].

Ecnu B3amMomeiicTBre 4acTull OoJiee CIOXHOE,
TO, €ECTECTBEHHO, YCIIOXKHsIeTCs 1 ¢ha3oBast 1uarpam-
Ma. B Hamem ke pa6or [ 18—24] uzyyanuchk ¢a3o-
Bbl€ IUArpamMMbl CUCTEMbl CIJIa’KEHHBIX KOJLIAIICH-
pyomux chep B TpeXMEPHOM U IBYMEPHOM ITPO-
CTpaHCTBaX U B IIeJIEBLIX IOPAX Pa3TNYHON ITUPUHBI
(oo yeThIpex OMaMETPOB YacTuil). BEITO mpocieke-
HO, KaK u3MeHsieTcs (pa3oBast nuarpamMmMa ¢ u3MeHe-
HUEM IIUPUHBI Topbl. OKa3a/I0Ch, YTO HEKOTOPHIE
CTPYKTYPbI BO3HUKAIOT B Y3KUX ITOpax, HO He HAOJIIO-
JaloTcd B 6olee mmpokux. Tak, (pa3a qomeKaroHam b-
HOTO KBa3sMKPHUCTAJIa CYIIECTBYET B IByMEPHOIT CU-
CcTeMe U B Mopax IMPUHONI A0 TpeX AUaMETPOB Ya-
CTHUll, HO IIpONaaaeT B IOpE IIMPUHOU B YEThIpE
IramMeTpa yactuil [25—27].

Bonbiioe BHMMaHMe MpUBJICKAeT U3yYeHUE BOIBI
B YCJIOBUSIX KOH(aliHMeHTa. B skcnepnMeHTaIbHO
pa6orte [29] ObUIO MOJIYYEHO, YTO B IIIEJICBOIM ITOpPE CO
CTeHKaMM U3 TpadeHa BojJa KPUCTAIIIU3YETCS B Ky-
oudeckyio ¢aszy. B Toit ke paboTe ObLIO TTPOBEACHO
KOMITBIOTEpHOE MOIEIMPOBAHUE METOIOM MOJIEKY-
JsipHOI nuHaMuKu ¢ rtotreHuranoM SPC/E. B otim-
Yyyie OT 3KCIIEPUMEHTa, B MOJACINPOBAHUU MOTYYU-
Jlach KpUCTAJJIMYECKasl CTPYKTypa C TPEYyroJbHbIMU
JIIByMEPHBIMU KpUCTAJIAaMU B closx [29].

B psime paboT nmpoBoAMIOCHE KOMITBIOTEPHOE MO-
JIeINPOBAaHUE CTPYKTYPHI BOIBI B Y3KUX IIEJIEBBIX ITO-
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pax. B pabotax [30—32] ObU10 TIpOBEAECHO KOMIIBIO-
TepHOE MOJENMPOBaHME BOIBI B ILEJIEBBIX MOpPax C
OecCTpYKTYpHBIMU cTeHKamu. B pabGorax [30, 31]
nmpuMeHsijiack Moaeb Boasl TIPSP [33], a B pabote
[32] — monenb Boabl TIP4P/2005 [34]. Kak 6bL10 110-
Ka3aHo [35, 36], 3T1 MOI€e M 1OCTATOYHO XOPOILIO OITH-
CBIBAIOT (ha30BYI0 AMArpaMMy oObeMHOI Boabl. Bbu1O
MOJIy4EHO, YTO B 00JIaCTH CYIIICCTBOBAHUS TBEpIOii (pa-
3bl HAOJIIOJAETCSI HECKOJbKO (pa3oBbIX MEePEexXoa0B
MEXY pa3IMYHbIMU KPUCTATMYECKUMU CTPYKTYypa-
mu. CliemyeT OTMETUTD, 4TO aBTOPEI pador [30—32] me-
JIAJIA BBIBOMBI O HAIMYUY (ha30BBIX MEPEXOIOB TOJIBKO
Ha OCHOBE M3MEHEHUS CTPYKTYPhI, HO He HaGIIonanu
KaKue-JIM0o TepMOAMHAMMYECKIYE ITPU3HAKU (ha30BO-
ro nmepexojia, HalmpuMep, MeTa0 BaH aep Baanbca.
VYkaxem otaesibHO, 4to paboTsl [30, 31] BhIMOIHEHBI
OIHUM KOJUIEKTUBOM aBTOPOB, a padora [32] — npyrum.
ITpm 3TOM pe3ynbTaThl padOT OOEHX TPYITI KAaUYeCTBEH-
HO COBITaAaOT, HO B paboTe [32] BhIAcIeHO OOJbIIIe
KpUCTaJUIMYECKUX (pa3 Jabaa B LIeJIeBOii ITope.

B nameit HegaBHeit paborte [27] ObLIO TTOKa3aHO,
YTO CHUCTEMa CIVIAXKeHHBIX KoJIarcupyomux chep,
KayeCTBEHHOE MOBEAEHUE KOTOPOI MOXOXKE Ha MOBE-
JIEHUE BOJIbI, TAKXKE MOXET KPUCTAUIM30BAThLCS B CIIOU
C TPEYTOJIbHBIMU WJIU 11I€CTUYTOJIbBHBIMU 2JIEMEHTAMU.
ITpu aTOM GoJee neTaIbHbIN aHAIU3 TPOAEMOHCTPU -
pOBaJl, YTO CJIOU C TPEYTOJAbHONM CUMMETPUE SIBJISTIOT-
cs cpesamu I'IK dasbl, a ¢ mectuyronsHoit — I'TTY.
Ilenblo naHHOI paOOTHI SABJISIETCS UBYYEHUE CTPYKTY-
PbI BOJBI B y3KUX IIEJIEBBIX TOPAX C LIEJIbIO ONUCAHUS
3TUX CTPYKTYP KakK B TEPMUHAX UUCIIO CJIOEB — CUM-
METpHS CJIOS, TaK U B TEPMUHAX TPEXMEPHBIX KpH-
CTAIMYECKUX PEIIETOK.

CUCTEMA U METO/1bI

B nanHoit paboTte n3ydaeTcst CTpyKTypa BOIBI B y3-
KX IIEJIEBBIX ITOpax ¢ HECKOJIBKMMM 3HAYCHUSIMU TIIH -
PUWHEI TTIOpEL. B 3aBUCMMOCTH OT IIMPUHEBI ITOPHI U3-
MEHSIETCSI YHUCJIO MOJIEKYJI BOAbI B Heit (cM. Tabd. 1).
Bo Bcex ciyyassx cuctema umena (popMy KBajapaTa B
TIJIOCKOCTH X— Y, B KOTOPOit IPUMEHSITTUCH TTIEPUOIU -
YyecKrWe TpaHWYHBIe yciaoBus. B HampaBmeHum 2
CBepXy U CHM3Y OBLJIM ITOCTaBJICHBI CTEHKU 03 IIepu-
OONYECKUX TPAaHUIHBIX YCIIOBUIA.

B3aumoneiicTBre MOJIEKYNT BOOBI OIMMCHLIBAETCS B
pamkax moreHuuana TIP4P/2005 [33]. JlenHapn-
JI>KOHCOBCKasl 4aCTb B3aMMOJICCTBHSI 00pe3anach Ha
pammyce orceukn 13 A. Ky/oHOBCKOe B3anMoOIeiicTBIe
paccMmaTtpuBanoch B paMkax meroma PPPM (Particle
Particle Particle Mesh) ¢ Koppekuimeit s CUCTEM B
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Puc. 1. KOMIIOHEHTBI TeH30pa IaBJIeHHI B cucTeMe mpuHoit 6.2 A, kak dyHKimM wioTHOCTH. BeraBka yBemunBaer o61acTb

BOJIM3M TUIOTHOCTH p = 1.244 1/cMm”.

KOH(pailHMeHTe, BBIITOJHEHHOI CcOmIacHO pabote
[28]. Cnenysa padotam [30—32], MBI MoaeaupyeMm
CTeHKMU TIOpPHI, KaK IIagKue OSCCTPYKTYpHBIE TLI0C-
KOCTH, B3aMMOJICICTBYIOIINE C aTOMaMM KMCJIOPOIa
M3 MOJIEKYJI BOABI ITOCPEICTBOM IToTeHIUana JleH-
Hapa-/xoHca (9—3):

2(0o ’ o ’
Uvan = 8(6@ ‘@ J M

JaHHBIN TOTEHIINAI ITOJTyYaeTCs MHTeTpUpoBa-
HHUeM moTeHIMana JleHHapa-/XoHca 1o IOJIyIIpo-
crpaHcTBy. IlapamMeTpbl B3auMMOIEUCTBUS € =
= 0.299 kkan/monp u ¢ = 2.5 A, 4to cooTBeTcTBYET
CTeHKe 13 napaduHa [32].

B paGore n3yganachk CTpyKTypa CUCTEMBI, KOTOpast
MoJIydaeTcs B pe3yabTaTe CIIOHTAHHOM KPUCTAJLIN3a-
UM CUCTEMBbI TIPU Pa3HBbIX IJIOTHOCTsIX. [lyst 3TOTO
W3MEHSLICSI pa3Mep KOPOOKM B HaTlpaBiIeHUsIX X 1 Y.
MonenupoBanue nposoaiock B NVT ancamo:e (rmo-
CTOSTHHOE YMCJI0 YacTuIl NV, 00beM ccTeMEBI V' 11 TeMITe-

parypa 7). CHauaia cucteMa MOIEIMPOBAIACh IIPU BbI-
cokoit remneparype 1000 K, mpu KoTopoii Bo Bcex CTy-
yasgx HaOmoanach HEYIOPSAOUEeHHAsT CTPYKTypa.
IToTtoMm cucrema GwicTpo oxnaxnmaercs 1o 1 = 300 K
(ckopoctb oxnaxaenus: 7 X 102 K/c¢). [yig KOHTpoist
TeMIIepaTypbl NpUMEHsieTCsl TepMocTaT JlaHkeBeHa.
Bce npuBeneHHBIEe HIKE PE3YIbTaThl COOTBETCTBYIOT
T= 300 K. ITonyyeHHas1 CTpyKTypa MOJeIUpoBajach
B TeueHUe 1 HC OO0 JOCTUKEHUSI paBHOBECHUSI, MOCTe
yero MoJeJIMpOBaHUEe MTPOIOJIKAIOCH ele 1 He s
onpeneyieHUs ee cBoucTB. Illar mHTerpupoBaHUS CO-
craBisut 1 de.

Pa3smep Kkopobku B mitockoct X n Y m3MeHsIcs
ot 147 10 190 A. TL1OTHOCTD CHCTEMBI oIpenensnach,
Kak p = Nm,/(L*H), tie my, — mMacca MOJIEKYJIbI BOIBI,
L — pa3mep KopoOKHU BIOIb HaTipasiieHuit Xu Y, H —
IIMpUHA TOphLl. B 3amaHHOM MHTepBajie pa3MepoB
KOpOOKM TIOTHOCTh u3MeHsieTcst or 0.96 mo 1.606
r/cm3. Jlanee, 4TOOBI OTJIMYATH BHIYMCIEHHYIO TAKUM
00pa3oM IJIOTHOCTb OT pacIlipelelIeHUs] IUIOTHOCTHU

KOJUIOUOHBIN XYPHAJT Ttom 85 Ned 2023
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Puc. 2. MrH%BeHHHI?I CHUMOK cucteMsl ¢ H = 6.2 A nipu rutotHocT! p =0.9612 F/CM3; (6) To xe camoe 11 IUIOTHOCTH P =
= 1.244 r/cm’; (B) pacnpezeieHe TJIOTHOCTH BIOJIb OCH Z ISl CUCTeM Ha naHessix (a) u (0). BeptukaabHast TMHUS TTOKa3bI-
BaeT MOJIOXEHNE BEPXHEHM CTEHKM ITOPHI (HIXKHSS CTEHKA CoBIamaet ¢ ockio OY).

BIOJIb OCU Z, MBI OyJIeM Ha3bIBaTh €€ CpeaHEei TUIOT-
HOCThIO. [IpyruM dYacTo MCIIOJb3yeMbIM METOIAOM
onpenencHUs 3PPeKTUBHOMN IIIOTHOCTU XXUIKOCTU B
KOH(pailHMeHTe SBIISIeTCS BBEICHUE KOPPEKLIMU Ha
TO, YTO KUIKOCTb HE MOXKET MOAONTHU BIUIOTHYIO K
creHke. Torma addexTuBHAsT BICOTa MOPhI BHIUMC-

Jsierced, Kak H.y = H — G, r1e 6 — napamMeTp JUIMHBI U3
TMOTEHLIMA/Ia B3AUMOJEUCTBUS XKUIKOCTU CO CTEHKOM,

N_mo SIcHo, uTO
r H

OoInpeEacJaCHHAasA TaKuM 06pa30M IUTOTHOCTDb OKa3bIBaACT-

a a¢eKTUBHASI IUIOTHOCTD P g =

cs BBIIIIE, YEM CPEOHSISI IJIOTHOCTb, OIpeacieHHast

KOMJIOVAHBIN JKYPHATT  Tom 85 Ne4 2023

TPENBIIYIIIMM MeTonoM. Hioke Mbl TTpUBOIMM 3Have-
HUS CpeTHel TUIOTHOCTH, a B CKOOKAaX PSIIOM ITHIIIEM
COOTBETCTBYIOIIIME eif 3HaUeHMS 3(PHEKTUBHOM TIIOT-
Hocth. Ha rpadmkax MpUBOOUTCS TOJMBKO CPETHSIS
TUIOTHOCTb.

s onpeneseHusl CTPYKTYPbI CUCTEMBI IPUMeE-
HSJIOCh HECKOJIBKO pa3HbIX MeTomoB. Bo-IiepBbix,
cucTeMa, TIOMellleHHasI B IIeJIEBYIO IOPY, pa3ouBacT-
Csl Ha HECKOJIBKO cyioeB. I1oaToMy OBLIIO IIPOBEICHO
BBIYMCJICHUE pacIIpele/IeHUs] IJIOTHOCTUA CHUCTEMbI
BOOJb ocu Z. s 3Toro cucreMa pa3ouBajach Ha
CJIOM TOJILIMHON dZ Y BBIYUCISIIIOCH YMCJIO YACTUILL B
KaXXJOM TaKOM CJIO€:
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Puc. 3. Cucrema ¢ H = 6.2 A co cpe/iHeii II0THOCTHIO p=129 r/CM3 . (a) MrHOBEHHBII CHUMOK cucTeMbl. (0) Pacnipenenenue
IUTOTHOCTH BIOJIb OCU Z. BepTrKanbHas TUHKS MOKA3bIBAET MTOJIOXKEHME BEPXHEH CTEHKH MTOPbI (HMKHSISI CTEHKA COBITAIaeT C
ocpio OY). (B) CHUMOK HMXXHETO cJ1ost cucTeMbl. Packpacka yacTuIl BEITIONHEHA IO TapaMeTpy g OoT cuHero (YW = 0.0) no

KpacHoro (Yg = 1.0).

_N(z+dz)-N(z)

p(2) P @)

rae p(z) — 3HaYEHUWE JIOKAJIBHOM TIOTHOCTH, N(7) —
YHCJIO YAaCTUIL B CJIO€ HIDKHETO Kpasi KOpOoOKM 10
BBICOTHI Z, S = L? — muiomanb MornepeyHoro ceue-
HU1ST KOPOOKM.

Bo-BTOpHIX, BEMUCISIINCH HapaMETphl ITOpsIKa
Hlreitnxapna—HenbcoHa Qg (B aHIIOSI3bIYHOM JTUTE-
patype oObIYHO Ha3bIBaeMble bond orientational or-
der) [36]:

1/2

/
4T 2
= , 3
Q=5 1;@,,, 3)

rae Q,, = Y, (6,0) — chepudyeckue rapMOHUKH, T10-
CTPOEHHBIC Ha YIJIaX MeXAy BEKTOpaMM OT JaHHOI
YaCTUIIBI 10 €€ OJIMKAMIIINX Coceei U TTPOU3BOJIbHO
BbIOpaHHOI OChIO. BbhIUMCISIIUCH MapaMeTphl I0-
paaka Qg u Q,. Ansa uneanpHoit LK pelietku 3Ha-

K
YEHUE 3TUX [TApAMETPOB COCTABIAET Oy UK = 0.57452

4r 1% = 0.19094, a st uneansHoit TTTY cTpyKTYpbI

6my =0.48476 u any =0.09722. Cnenys pabote
[15], MBI onipeaesisun yactuilbl Kak 'K v ['TIY-1o-
JIOOHEIE, €CJTA MX ITapaMeTphl HOPSIAKA OTKJIOHSUIMCH HE
oonee, yeM Ha 0.05 oT 3HaYECHWIT WIS MICAIBHOM pe-
metky. Yactunpsl, He seistrormecs ['HK vom I'TTY- 1o-
JTOGHBIMU, MBI OTIPEAEIISUIN KaK HEYIMOopsImoYeHHbIE (C
HEyNOPsIIOYEHHOM JIOKAJIBHOM CTPYKTYPOIL).

KOJJIOMOHBLIM XXYPHAT Ttom 85 Ned 2023
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Puc. 4. Cucrema c H=6.2 A co cpenHeii INIOTHOCTBIO p=1.444r/ oMe. (a) MrHOBeHHBII CHUMOK cucteMbl. (6) Pacripenenenue
TUTOTHOCTH BIOJIb OCU Z. BepTHKaibHasi TUHMS MOKA3bIBAET MTOJIOXKEHNE BEPXHEM CTEHKM MOPbI (HMKHSISI CTEHKA COBITAaeT C
ocpio OY). (B) CHUMOK HMIKHETO CJIOSI CUCTEMBI. Packpacka 4yacTHIL BBIIIOJIHEHA TI0 NTapaMeTpy Yy oT cuHero (Yg = 0.0) mo

KpacHoro (Yg = 1.0).

JJ1st TOTO 4TOOBI OXapaKTepru30BaTh CTPYKTYPY CU-
CTEMBI B CJIOSIX, BEIYUCIISTUCH IBYMEPHBIC paTaIbHbIE
dyHKIIMU pacTipenefieHus g,(7) U IByMEPHbBIE TTapaMeT-
PBI TIOPSIIKA TPEYTOIBHOM 1 KBaIpaTHOI PEIeTOK.

JByMepHBIE TTapaMeTpbl OPUEHTALMOHHOTO I10-
psiaka s k-ii yaCTUILBI OIIPENEISTIOTCS CASAYIOIINM
obpasom [37, 38]:

K3

1 im0,
2l

nkj

W, (k) = “4)

rae n, — 4ucio Omwpkaiiux coceneil k-l yacTuubl,
CYMMUPOBaHME TIPOBOINTCS MO OJVDKANIIINM COCEIISIM,
ij — YIOJI MEXIY BEKTOPOM, COSOUHSIONINM Kk-10 Ya-
CTULLY Cj-M COCEIOM U MPOU3BOJIBHOI OChIO, | — MHHU-
Mas equHula. [Tapamerp m = 4 nag KBagpaTHOM pe-
Ne4 2023

KOJMJIOVOHBIN KYPHATT  ToMm 85

LIETKU U m = 6 17151 TPEYToJIbHOI. B ciiyyae naeanbHOIM
KBaJIpaTHOH peleTku Y, = 1, a B cilyyae uaeanbHOMR
TPEyroibHOU pelerku Yg = 1. B naHHOiI padote
NpUMEHSUIaCh packpacka YacTUI[ B 3aBUCUMOCTU OT
3HAYEHUS IMapaMeTpa Nopsiaka, 4ToObl yKa3aThb OJIM-
30CTh CTPYKTYPbI K KPUCTALIMYECKOMN PEIIETKE.
BriBoObl 0 moOydeHHOI CTPYKType IPOM3BOMM-
JIMCh HA OCHOBE BCEX YKa3aHHBIX BBIIIIE METOAOB.

ITpononbHast 1 HOpMaJbHAsK KOMIIOHEHTBI TCH30-
pa JaBJICHUI BBIYUCISUIUCH IO (DopMyIie:

N-1 N

22 tiaFis )

i=1 j>i

1
P, = pkyT +— 5
» = PKp % (5)

e kp — nocrosinHas bonblimana, 7; , — paccrosHue
MEXIY YaCTHIIAMM / U j B HATIPABJICHNHN @ (@ =X, Y WIN 7),
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Puc. 5. TIpofoibHas 1 MoMepeyHas COCTABMSAINIME KOMIOHEHTEl TeH30pa NABAEHHUIl B CUCTEMe C MIMPUHOI mopbl 9.3 A.
BcraBka yBennumBaeT o6y1acTh BOIM3M IMIIOTHOCTH P = 1.244 1/c™m”.

a F; , — cuiia B3aMMOJIECTBHS YaCTHIL / ¥ j B HAIIPABJIe-
Hum b (b = x, y, 7). IlpomoiabHOe naBjieHUE ONpenesi-

Joch, Kak B = %(Pxx + P,,), aHopmaibHOe — P, = P,..

MoaenupoBaHKe IPOBOAMUIOCH C UCIOIb30BaHM -
eM naketa Lammps [40].

PE3VYJIBTATHI U OBCYXJIEHUWE
Topa wupunoii 6.2 A

HauneMm paccMoTpeHHUE CTPYKTYPBHI CUCTEMBI C
CaMOM y3KOM MOpbI, IIUPHUHA KOTOPOM COCTABJISIET
6.2 A. Ha puc. 1 npuBeneHbl MpOLOJIbHAS U TIEp-
MeHIUKYIsIpHasl COCTaBJISIOIIME TeH30pa JaBlie-
HM, KaK (PyHKIINH ILIOTHOCTU cUCTeMBbI. O0e Kpu-
BbI€ MCIIBITHIBAIOT M3J0M IIpM IUIOTHOCTU 1.244
(2.08) r/cm’. Tlocnenyrowmmii aHaIU3 CTPYKTYPhI CH-
CTeMBbI IOKa3aJl, YTO IPU ITOi IJIOTHOCTU CHCTeMa Ha-
XOIUTCS eIlle B HEYIIOPSIOYEHHOM COCTOSHMHU, TOraa
Kak MpH Clemylolleil paccMaTpMBaeMOil IDIOTHOCTU
(1.29 (2.16) r/cM?) — yKe B KpUCTAIIIMYECKOM.

IIpu Bcex MJIOTHOCTSIX, KPOME CaMbIX BBICOKHX
(1.563 (2.62) 1 1.606 (2.69) r/cm?), cuctema pacrniaga-
eTcs Ha aBa cios. Ha puc. 2 mokazaHbl CHUMKHU CUCTe-
MbI 1ipu TutotHocTsax 0.961 (1.61) u 1.244 (2.08) r/cm? u
pacrpenejaeHue IJIOTHOCTH BAOJIb ocu Z. BunHo, 4To
C YBEJIMYEHUEM IUIOTHOCTU CTEIEeHb CTPYKTYPUPO-
BaHHOCTM BO3pacTaeT, HalpuMep, MUKW pacipee-
JIEHUSI TUIOTHOCTU CTAHOBSITCS BhIIIIE U yXe. B 10 ke
BPEMSI IPU 3TUX IUIOTHOCTSIX ABYMEPHasi CTPYKTypa B
CJI0SIX OCTAETCsI KUIKOIA.

Ha puc. 3 npuBeneHbl JaHHBIC JISI CUCTEMBI CO
cpenHeii miotHocThio 1.29 (2.16) r/cM’. Ha manenu
(a) moka3aH MTHOBEHHBIII CHUMOK CHUCTEMBbI, U3 KO-
TOPOTO BUIHO, UTO B 3TOM CJIy4yae B CUCTeMe HabJI0-
JIaeTcs HeKoTopoe ynopsinodeHne. Cucrema pa3onBa-
eTcs Ha nBa cios (puc. 30). s aHaimm3a CTpyKTyphl B
KaxXKIIOM U3 CJIOEB ObUIM pacCYMTAHBI IByMEpPHEIE I1a-
paMeTphl nopsinka Y. Ha puc. 3B mokazaH cCHUMOK
OIHOTO U3 CJIOEB CUCTEMbI, B KOTOPOM YaCTHUIIbI pac-
KpAalleHbI B COOTBETCTBUU C BEIMYMHON ¢ STOH ya-

KOJUIOUOHBIN XYPHAJT Ttom 85 Ned 2023
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Puc. 6. (a) MraoBeHHast poTorpadusi CUCTEMbI ¢ LIUPUHOI rTopbl 9.3 A npu mwiotHocTH 1.244 1/Mi1; (6) pacIpeneieHue IIOTHO-
CTH BIOJIb OCH Z B TOi1 Xe cucTeMe. BepTukanbHast JUHMS MMOKA3hIBAaeT MOJIOKEHNE BEPXHEN CTEHKH MOPBI (HIXKHSS CTEHKA

coBragaet ¢ ocbio OY).
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Puc. 7. CucreMa ¢ upuHoii mopst 9.3 A mpu cpenteit wiotHoctu 1.322 r/mi. (a) @otorpadust cucteMst. (6) PacrpeneneHue
TUTOTHOCTH BIOJb ocu Z. (B) PoTorpaduist mepBoro u (r) BTOPOTO CJIOST CUCTEMBI. YacTUIIBI pacKpallieHbl TI0 3HAUYEHUIO TTapa-

MeTpa g (cuHuit — Yg = 0, KpacHbIit — g = 1).
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Puc. 8. Cucrema ¢ mupuHoit mops! 9.3 A mpu cpenneit wiotHoctu 1.41 r/mi. (a) @otorpacdus cuctemsl. (6) PacrpeneneHue
TUIOTHOCTH BIOJIb OcU Z. BepTuKayibHast IMHUS OKa3bIBaeT MOJIOXKEHUE BEPXHEN CTEHKM MOPbI (HUXKHSIS CTEHKA COBIAAAeT C
ocbio OY). (B) dotorpacdust nepBoro u (r) BToporo cjios cucTeMbl. YacTulibl pacKkpallleHbl 110 3HaY€HUIO NapaMeTpa Y (Cu-

HMI — Y = 0, KpacHBIN — Yg = 1).

cTuLbl: oT cuHero (Yg = 0.0) no kpacHoro (Ys = 1.0).
BunHo, yTo momaBisoliee OOJbIIMHCTBO YACTULL CH-
CTEMBI IEMOHCTPUPYIOT BBICOKOE 3HAUYEHUE ITapaMeTpa
MOPSIIKA, YTO TOBOPUT O (POPMUPOBAHUM B CIIOSIX TpE-
YroJIbHOTO KpucTaiia. Kak u oxXugaercst, mpu CIIOH-
TaHHOM KPUCTAJUIM3AallMM B CUCTeMe (DOPMUPYETCS
HECKOJIBKO KPUCTAJNIMYECKUX 3€pPeH, pa3leIeHHBIX
rpaHMIaMU, Ha KOTOPBIX NapaMeTp ITopsiiKa MPpUHU-
MaeT MeHbIIMe 3HadyeHus. TeM He MeHee, MOXHO
cKa3aTh, YTO B JTAaHHOM CJlydyae CUCTeMa KPUCTaJI-
3yeTcs B BA CJIOSI C TPEYTOJIbHOM CUMMETPUEIA.

I1pn nanbHeiieM yBeJIMYeHUN TUIOTHOCTU Kaue-
CTBEHHOE IMOBEICHUE CUCTEMBI OCTAeTCsI TAKUM XKe. B

KadecTBe MpuMepa, Ha puc. 4 MpuBeIeHbI TaKUE Xe
JIaHHBIEC UISI CUCTEMBI CO CpeIHel MIOTHOCThIO 1.44
(2.41) r/cM>. BUIHO, YTO B CUCTEME YBEJINYMBAETCS
CTeTIeHb YITOpsimodeHUs (OOJIbIe YacTUIl B CJIOE IIe-
MOHCTPUPYIOT BBICOKOE 3HaYeHHUE MapaMeTpa ), YTO
SIBJISIETCST O3KMIAEMBIM CIICACTBUEM YBEIMUECHMS TIIOT -
HOCTU CUCTEMBI.

ITlopa wupunoii 9.3 A

B mponoickenue uccnegoBaHuii ObLIO MPOU3BE-
JICHO MOJAEJIMPOBAHUE CUCTEMBbI C IIUPUHON TTOPbI
9.3 A. Ha puc. 5 nmoka3aHO ypaBHEHHE COCTOSIHUSI

KOJJIOMOHBLIM XXYPHAT Ttom 85 Ned 2023
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Puc. 9. Cucrtema ¢ mupuHoit mopsl 9.3 A npu cpenneii mwiotHoctu 1.41 r/mi. (a) @otorpadus cuctemsl. (6) Pacripenenenue
TUIOTHOCTH BIOJb OcU Z. BepTuKayibHast IMHUS MOKA3bIBAaET MOJIOXKEHUE BEPXHEN CTEHKM NMOPbI (HUXKHSIS CTEHKA COBIAAAeT C
ocbio OY). (B) PoTorpadus nepBoro cjosi cucTeMbl. YacTH1Ibl pacKpalleHbl 0 3HaY€HUIO NapameTpa g (cuHuit — yg = 0,
KpacHblit — Y = 1). (r) @oTtorpadusi BToporo v TpeThero cjioeB cucteMbl. KpacHble yacTH1IbI TPUHAJIEKAT KO BTOPOMY CJIOIO,

a CUHUE — K TPETheMY.

9Toi cucteMbl. Hanbosnee 3aMeTHO 0COOEHHOCTHIO
YPaBHEHUS COCTOSTHUSI SIBJISIETCSI TIETIIS TIPU TIJIOTHO -
crsax 1.48 (2.02)—1.56 (2.13) r/cm>. Kpome Toro, ecTh
HeOOoJIpIIE OCOOEHHOCTU MpM IJIOTHOCTIX 1.244
(1.7)—1.29 (1.76) r/cm3. PaccMoOTpuM CTPYKTYpY 3TOI
CUCTEMBI TIPU Pa3HbBIX CPETHUX TUNIOTHOCTSX.

Ha puc. 6 moka3zaHBI pe3yabTaThl IIST CpemHei
wiotHoctH 1.244 (1.7) r/cm?. BUIHO, 4TO B 3TOM CIIy-
yae CUCTeMa HaXOIUTCS B HEYTIOPSIIOUYEHHOM COCTO-
ssHuu. [1pu aTOM B cructeMe (hopMUPYIOTCS TPU COSI.
OTMeTUM, 4TO CHCTeMa pacliagaeTcs Ha TpHU CJIOs

KOMJIOVAHBIN JKYPHATT  Tom 85 Ne4 2023

Taomuna 2. CpengHsis v 3deKTUBHAs IUIOTHOCTU KpHU-
CTaJUTM3alMU BOABI B TIOPAX Pa3HOM IIUPUHBI

Cpennsist Db dekTuBHas
IIupuHa nopsl, A 3 3
IUIOTHOCTb, I/CM” | INIOTHOCTb, T/CM
6.2 1.29 2.16
9.3 1.41 1.93
12.4 1.4 1.75
15.5 1.48 1.76
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Puc. 10. Cucrema c mmpuHoii opsl 9.3 A nipu cpenteii rwiotHoctH 1.61 r/Mi. (a) @otorpadust cucteMsl. (6) PacnipeneneHue
TUIOTHOCTH BIOJb ocH Z. (B) DoTtorpadust mepBoro u (r) BTOpOro cjiosi CUCTeMbl. YacTHLIbI pacKpallleHbl 110 3HaYeHUIO rapa-

MeTpa Yy (cuHuit — Yy, = 0, KpacHbIl — Wy = 1).

BILIOTH 10 MiotHocTH 1.41 (1.93) r/cM?3, a ipu Gosee
BBICOKUX IIJIOTHOCTSIX (POPMUPYET yKE YETHIPE CIO.

PesynbTaThl s CUCTEMBI CO CpeIHE TIOTHO-
cteio 1.322 (1.81) r/cm?® npuBenens! Ha puc. 7. Bun-
HO, YTO B 3TOM CJIydae CHCTeMa IeMOHCTPUPYET He-
Kuii cnabelili mopsinok. Ha manensx (B) u (T) nmpuBe-
JIeHbl ¢poTtorpaduu MepBoro (BHEIIHEro) U BTOPOIo
(BHYTPEHHETO) CJI0eB cucTeMbl. YacTuilbl packpa-
IIEHBI 110 3HAYEHUSIM mapameTpa Ye. B ommmume ot
MPENbIAYIIEeTo ciaydasi, B CUCTeMEe C TIJIOTHOCTBIO
1.322 (1.81) r/cm?® HabmoOmaOTCA KJIaCTePhl TPEYTOJIb-
Horo kpuctauta. [1py 3TOM KOHIIEHTpaIIysl 9TUX KJla-

cTepoB HeBelnKa. KpoMe TOro, MoXXHO OTMETHTh,
YTO BHYTPEHHUIA CJIOM OKa3bIBaeTCs O0JIee YIIOPsIIo-
YeHHBIM, YeM BHEIITHUA.

Ha puc. 8 nmpuBeneHsl pe3yJbTaThl IS CUCTEMEI
co cpenHeii otHocTwio 1.41 (1.93) r/em?. Ha doto-
rpacuy cCUCTeMbl OTYETIMBO BUIHBI MyapOBBI Kap-
TUHKM, KOTOpPbIe BOZHUKAIOT, €CJIX Pa3HbIE CIIOU CH-
CTEeMBI JEMOHCTPUPYIOT KPUCTALIMYECKYIO CTPYKTYDY,
HO 3TU CTPYKTYPbI TIOBEPHYTHI IPYT OTHOCUTEILHO IpY-
ra. I3 pacripeneyieHus INIOTHOCTY BAOJIb OCU Z BUIHO,
YTO CpEeIHMI MUK Haval pacrnanatrbcs Ha asa. Ilpu
5TOM 1 BHYTPEHHUI, 1 BHEIIHUMA CJIOU NEMOHCTPU-
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Puc. 11. Cuctema ¢ mmpuHoii opsi 9.3 A nipu cpenneit miotHoctr 1.61 t/Mi1. (a) DoTorpadust cUCTEMBI ¢ pa3aeieHIeM Ya-
CTHII 110 JIOKAJIbHOM CTPYKType: KpacHble — YacTulibl ¢ I'IIK-11oqo6GHbIM IOKaIbHBIM OKpYyXeHueM, cuHue — ¢ I'TIY-nono6-
HBIM, XXeJITble — C HeynopsinoyeHHbIM. (0) DoTorpadust BHyTpeHHHX CJIOEB CUCTeMbl. YacTulbl pacKpallieHbl TaKUM e 00-
pazoM.
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40000

20000
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Puc. 12. [TponosbHast ¥ MOTepeyHast COCTABIISIIOLINE KOMITOHEHTBI TEH30pa JAABJICHHI B CHCTEME C IIUPHHOI mopsl 12.4 A.
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Puc. 13. Cuctema ¢ mmpuHoii opsl 12.4 A npu cpenneit mnotHocTH 1.29 F/CM3 . (a) MrHOBeHHBbIIT CHUMOK cucTeMbl. (0) Pac-
npenesieHre TIOTHOCTU BIOJb ocu Z. (B) CHUMOK BHEIITHETO ¢JIosl cucTeMbl. (I) CHUMOK BHYTPEHHETO CJIOSI CUCTEMBI.

PYIOT JOCTAaTOYHO BBICOKYIO KOHLIEHTPAIIMIO YAaCTHIL
C JIOKAJIbHOM CTPYKTYPOIi TPE€YroJibHOro KpucTaiia.
Taxum oO6pa3zom, MOKHO CKa3aTh, UYTO B 3TOM CIIy4yae
cucTeMa SIBJISICTCSI CUIJILHO JTe(EeKTHBIM KPUCTAJLJIOM.

Pesynbrarel mig ruiotHocty 1.44 (1.97) r/em® npu-
BedeHBI Ha puc. 9. M3 dororpadmu cucremMbl BUTHO,
YTO B HEll COXpaHSIIOTCS MyapOBBI KAPTUHKU, HO, TI0
CpaBHEHUIO C TIPEIBIAYIIM Cy4aeM, OHU 3aHUMAIOT
ropasio MEHbIIYIO TIOIIAAb CUCTeMBbI. 13 3TOro Mox-
HO CKa3aTh, YTO C YBEJIMUYECHUEM IIJIOTHOCTU YBEIYM-
BaeTcs “CMHXpOHU3ALMS MEKIY CIOSIMHA CHCTEMEI.

PacmipeneneHyie TNIOTHOCTH BIOJb OCU Z TEMOH-
CTpUpYeT YeThIpe TTrKa. [1pr 3ToM OKa3bIBaeTCsI, YTO
BTOPOM U TpeTuil ciou (BHYTpPEHHUE CIOU) CUJILHO
CBSI3aHBI IPYT C IPYTOM: YaCTUIIBI OTHOTO HAXOMSITCS
HaJ IMyCTOTaMU Ipyroro. B 3Toii cBsI3W MOXXHO Tpak-
TOBAaTh ITOJTydeHHBIE Pe3yJbTaTHI, KaK pacraj OMHOTO

CJIOS Ha ABa MOACII0s, KaK 3TO IIPOUCXOAUT B U30THY-
ThIX pa3ax [41].

CTpyKTypa BO BHEIITHUX CJIOSIX ¥ €IMHOM “BTOPOM—
TpeTheM” CJIOe SIBISIETCS TPEYTONbHOIM, YTO BUIHO U3
puc. 9B u 9r.

Tonbko npu motHoctu 1.61 (2.2) r/cM? cuctema
npeobpasyeTcsi B HOTMKPUCTAILI C JOCTATOUHO 60JIb-
mmmu 3epHamu (puc. 10). B aToit cucteme coxpaHsi-
FOTCsI YeThIpe ciost yacTull (puc. 100), Iipr 3TOM B Kaxk-
JIoM cJioe ¢popMupyeTcs KBanpaTHas ¢a3za (puc. 10B u
10r). Ha puc. 11a noka3aHa ¢oTorpacusi CUCTEMbI, B
KOTOpOI 4acTUIbl OKpallleHbl B COOTBETCTBUU C
TpeXMEpHbIMU NapaMmeTpaMu nopsinka Qg u Oy, a Ha
puc. 116 — ToJIbKO BHYTPEHHUE CJIOU CUCTEMBI, OKpa-
LIIEHHBIE TaKMM e oO0pa3oM. BumHo, 4To OoJibliast
yacTh yactull saBisgercsa I'IIK-nmono6Hoii. OTMeTumMm,
YTO BHEIIIHUE CJI0W UIEHTU(DULIMPYIOTCS KaK HEeYIO-

KOJJIOMOHBLIM XXYPHAT Ttom 85 Ned 2023
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Puc. 14. Cucrema ¢ mmpuHOi ropsl 12.4 A npu cpenneit motHoctr 1.4 r/CM3. (a) MrHOBEeHHBIII CHUMOK CUCTEMBI. 3eJIeHbIe
IIapbl — YaCTUIIbI C HEYNOPSIIOYSHHBIM JIOKATbHBIM OKPYXeHUeEM, KpacHble — yacTullbl ¢ ['1IK-11omo6GHbIM TOKaJIbHBIM OKpY-
keHueM, a cuue — ¢ ['TIY-nono6HbIM. (0) Pacrnipenenenue mioTHOCTH BOOAb ocu Z. BepTukanabHasi JIMHUSI MOKa3bIBaeT
MOJIOXKEHUE BEPXHEI CTEHKM MOpPbl (HUXKHsISI cTeHKa coBnanaer ¢ ocblo OY). (B) CHUMOK TPeThero ¢josi cucteMbl. YacTuLbl
pacKpallleHbl B COOTBETCTBUU C ITapaMeTPOM NOpsiaKa Yy, (KpacHbLil — Y4 = 1, cuHuii — Yy = 0). (r) JByMepHbIe panquaibHble

GYHKIIMU pacrpenesieHust B CI0sIX.

pSAOYEeHHBIE YACTULILI BBUAY TOTO, UTO, HAXOISICh Ha
rpaHulie, OHU MMEIOT MEHbIIIEE YUCIIO Cocelieii 1, CO-
OTBETCTBEHHO, HE WICHTUMUIUPYIOTCI KaK KpU-
CTaJJIONOA00OHBIE YACTULIBI.

M3BecTHO, 4TO TeMIlepaTypa IJIaBJICHUS CHUCTe-
MBI, TOMEIIEHHOH B IIEIEBYIO MTOPY NPy (DMKCUPOBAH-
HOI1 TNTOTHOCTH, U3MEHSIETCSI C YBEJITMUEHUEM IITUPUHBI
MOPbl HEMOHOTOHHO. AHAJIOTUYHO, MOXHO CKa3aTh,
YTO IJIOTHOCTh KPUCTA/UTU3allMU CUCTEMBI B IIEje-
BOI1 TTIOpe TIpu GPUKCUPOBAHHON TeMIiepaType OymeT
3aBUCETh OT LIMPUHBI MOPHI HEMOHOTOHHO. [ToJy-
YeHHBIE B JAHHOM paszeJie pe3yJibTaThl MOXKXHO TpaK-
TOBaTh IBYMSI pa3HBIMUM criocobamu. Haubonee Be-
POSITHBIM SIBJISIETCSI TO, YTO CUCTEMa KPUCTAJLIU3YeT-
ca yxe npu rotHocty 1.29 (1.76) r/cm?. Tlpu sToM B
YCIOBUSIX JOCTATOUYHO XKECTKOTO KOH(allHMEHTa 3a

KOMJIOVAHBIN JKYPHATT  Tom 85 Ne4 2023

BpeMs1 MOJEJIMPOBaHUS cUCTeMa He ycreBaeT chop-
MHUPOBaTh JOCTATOUYHO OOJBIINE KPUCTAJUIMYECKUE
3epHa. DTO MPUBOIUT K TOMY, YTO MbI HabIOmaeM
JOCTATOYHO YITOPSIAOUYECHHYIO CTPYKTYPY B KaxKIOM
cJIoe, HO HEe BUIMM TPEXMEPHYIO CTPYKTYpY. TOIBKO
nipu tutoTHocTH 1.61 (2.2) 1/cM3 B cucteMe popmMupy-
1otcst 6omapinme 3epHa I'LIK cTpykTypHI.

Ilopa wupunoii 12.4 A

INepeiinem K Gosiee MIMPOKOI TTOPE C PACCTOSTHU -
eM Mexuy cTeHkamu 12.4 A. YpaBHeHUe COCTOSTHUS
3TOM cUCTeMbl MoKa3zaHo Ha puc. 12. BuaHo, uto
BO3HUKAeT MeTjs TpU MJIOTHOCTAX TMopsiaka 1.4
(1.75) r/cM3, 4TO roBOPUT O HaMUMK (ha30BOrO TEpe-
XOAa OKOJIO 3TOW MJIOTHOCTH.
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Puc. 15. Cucrema ¢ miupuHoit nopsl 12.4 A npu cpeaHeit riotHoctu 1.52 r/CM3 . (a) MrHOBEHHBII1 CHUMOK CUCTEMBI. 3eJIeHbIE
IIapbl — YaCTUIIbI C HEYMOPSIIOYEHHBIM JIOKATbHBIM OKPYXXeHUeM, KpacHble — yacTuilbl ¢ ['LIK-11omoGHBIM JIOKaIbHBIM OKPY-
XeHueM, a cuHue — ¢ I'TTY-nono6HbIM. (0) PactipeneneHue ruioTHOCTH BIOJIb ocu Z. (B) CHUMOK TPEThETo CJI0sI CUCTeMbl. Ya-
CTHULIBI pACKPALLEHbl B COOTBETCTBUU C ITapaMETPOM MopsaKa Yy (KpacHblil — Yy = 1, cuHuii — y4 = 0) (r) IBymMepHbIe panu-

ajbHble QYHKIUM pacpeneeHus! B CIO0sIX.

Ha puc. 13 npuBeneHbI pe3yabTaThl IJISI CUCTEMBI
npu cpenHeii wiotHoctn 1.29 (1.62) cm’. Bumno, uto
cUCTeMa pacrnajgaeTcs Ha YeTbipe ciosi 6e3 BUAUMOIt
BHYTPEHHEN CTPYKTyphl. BeramcieHne NByMepHBIX U
TPEXMEPHbIX MMapaMeTPOB MOPsIAKA MOATBEPXKIAET, YTO
crcTeMa HaXOIUTCSI B HEYITOPSIITIOYEHHOM COCTOSTHUM.

Ha puc. 14 noka3aHbl pe3yabTaThl IJIsl CUCTEMBI
co cpenneit muotHocthio 1.4 (1.75) r/em3. U3 doto-
rpacduu CUCTEMbI BUIHO, YTO B HE MOSIBIISIIOTCS 3eP-
Ha KpUCTaJTMaecKo dasnl. [Ipu 3TOM B cricTeMe U3-
MEHSIETCSI YMCJIO CJIOEB — UX HabmomaeTcs naTh. On-
HaKo KaK TpeXMepHEBIE, TaK 1 IByMEepPHEBIe ITapaMeTpPhI
HopsiIKa TTO3BOJISTIOT CASATh 3aKII0UeHHE, UTO U Ha

YPOBHE OTHETBbHBIX CJI0EB, 1 HAa YPOBHE CHUCTEMBI B
LIEJIOM CTeTIeHb KPUCTANIMYHOCTU HEBBICOKASI.

IMpu noBbIleHUH TUIOTHOCTH 10 1.52 (1.9) r/cM? B
CHCTEME OCTAaeTCs IISITh CIOEB, HO KOJIWYECTBO KPH-
CTaJUTMYECKUX KIaCTEePOB yBeauumnBaercs (puc. 15), a
rpu twiotHocty 1.6 (2.0) r/cm? cucrema craHOBUTCS
MPaKTUYECKU TIOJTHOCTBIO pazfeseHa Ha KiIacTephl
T'T1Y daswl (puc. 16).

Takum oO6pa3om, B ciaydae IIOpbl IIUPUHOMNI
12.4 A cucrema GopMHpPYeT MOTNKPUCTATINYECKYIO
I'TTY a3y ¢ GOBIINM KOIUYeCTBOM Ae(EeKTOB. DTO CO-
IACyeTCs C pe3yIbTaTaMu IS TTOPhI ITUPUHOM 9.3 A.

KOJJIOMOHBLIM XXYPHAT Ttom 85 Ned 2023
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Puc. 16. Cucrema ¢ mmpuHoii riopsl 12.4 A npu cpenneit iotHoct 1.6 r/CM3 . (a) MrHOBEHHBIII CHUMOK CUCTEMBI. 3eJICHbIe
IIapbl — YaCTUIIbI C HEYNOPSIIOYSHHBIM JIOKAJTbHBIM OKPYXeHUeEM, KpacHble — yacTullbl ¢ ['1IK-11omo6HbIM TOKaJIbHBIM OKpY-
KeHueM, a cunue — ¢ ['TIY-nono6HeiM. (6) PacnipeneneHue rioTHOCTH BOoJIb OcH Z. (B) CHUMOK TPEThEro cjios cucteMbl. Ya-
CTHULBI paCKpAalIEeHbl B COOTBETCTBUU C ITApaMETPOM MopsiaKa Yy (KpacHbIit — Yy = 1, cuHunii — Yy = 0). (r) JIByMepHbIe panu-

ajibHbIe QYHKIIUU pacipeneIeHUs B CJOSIX.

Ilopa wupunoit 15.5 A

Haubonee mmpoxkoii mopoii, paccMaTpuBacMoii B
JaHHOIT paboTe, SIBASIETCS Mopa IMUMpUHON 15.5 A.
YpaBHEHHE COCTOSTHUSI 9TOW CUCTEMbI MTOKa3aHO Ha
puc. 17. Ilepern®6 Ha ypaBHEHUU COCTOSIHUSI BO3HU-
KaeT npu 1wiotHocTH 1.37 (1.63) r/cm3. Paccmorpum
noapoOHee CTPYKTYPY CUCTEMBI TTPU MIJIOTHOCTSIX HU-
K€ YKa3aHHOM U BBIIIE HEe.

PesynbTaTel nast cpegHeid 1ioTHoctu 1.29
(1.54) r/cm® npusenens! Ha puc. 18. U3 atoro pu-
CyHKa BUIHO, YTO CHUCTeMa pa30uBaeTCs Ha IIeCTb
cnoeB. [1pu 3ToM Kak cucTeMa B LIeJIOM, TaK U B KaK-
JIIOM CJioe, CHCTeMa He AEMOHCTPUPYEeT HUKaAKUX
MPU3HAKOB KpUCTAIMYecKoro nopsiaka. [Mpumeua-

KOMJIOVAHBIN JKYPHATT  Tom 85 Ne4 2023

TEJIbHO, YTO MPHU YIUICHUU OT CTEHOK BBICOTA ITMKA
pacripeneseHus JOKTLHOM TUIOTHOCTH MagaeT. DTo
XOPOIIIO COTTIACYeTCs C TeM, YTO IBYMEPHBIC paIriallb-
Hble (DyHKLIUU pacripeaesieHus (puc. 18T) uMeloT MeHee
YIIOPSITIOYEHHbBIN XapaKTep MNP YIAUIEHUU OT CTEHOK.

Ilpu yBenunyenuu cpegHeil miIOTHOCTU mo 1.41
(1.68) 1/cM? (puc. 19) B crcTeME TIOSABIAIOTCS JIOKAJb-
Hele kiacrepbl [TIY m 'K cTpykrypbl (puc. 19a).
Ciou, Ha KOTOphIE pacnagaeTcsl CUCTEMa, CTAHOBST-
cs 6oJree OYepUYCHHBIMH, TaK KaK JOKaJIbHas TLIOT-
HOCTb B IIPOCTPAHCTBE MEXIY CJIOSIMU CTaHOBUTCS
O0nm3Ka K HyJmo. [Tpy aTOM B caMuX CJIOSIX HE OOHapy-
JKUBAETCS TIPU3HAKOB YITOPSIIOUYCHYS B TPEYTOJILHYIO
pelIeTKYy.
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Puc. 17. YpaBHeHMe COCTOSIHUSI CUCTEMBI C LIMPHHOIT Topsl 15.5 A.

Ipu cpenneii morHoctu 1.48 (1.76) r/cm® kpu-
CTAJTMYECKHE KJIaCTephl B CUCTEME CTAaHOBSITCS TO-
pasno 6ogbiire (puc. 20). bojee Toro, IByMepHbIE paayi-
ajbHble (DYHKIIUU pacrpelecHUs] yKe UMEIOT KpU-
CTAJUTMIECKUIA Xapakrep. TeM He MeHee, BEIYUCICHIE
mapameTpa fy eIlle He MMOKA3bIBaeT, YTO B CIOSIX CH-
cTeMbl C(hOPMUPOBATUCH TPEYTOJIbHbBIE KPUCTAJUTHI.

Tonbko pu 0YeHb BBICOKUX IVIOTHOCTSIX, HATIPU -
Mep, nipu cpenHeii tuiotHocty 1.61 (1.92) r/cM?, B cu-
cTeMe HaOMogaeTcsl KpUCTaaau3alus B MOJUKPU-
CTaJlI ¢ JOCTAaTOYHO OOJbIIMMU 3epHaMu (puc. 21).
IIpu 2TOIf TUTOTHOCTH HE TOJBKO TPEXMEpHBIE Mapa-
METpHbI TTOPSIIKA, HO U TTapaMeTphl ITOPSIAKA B CIIOSIX TTO-
Ka3bIBalOT HAJIMIME KPUCTATUTMISCKOM CTPYKTYPHI.

Takum o6pazom, Tiepernd Ha ypaBHEHUH COCTOS -
HUsI COOTBETCTBYET MOSIBJICHUIO B CUCTEME KPUCTAJI-
JINYECKUX 3EPEH, HO I0CTATOYHO OOJIbIIIAs YACTh CU-
CTEMBbI CTAHOBHUTCSI KPUCTATMUYECKOU TOJBKO IIPH
3HAYUTEJIBHO 00Jiee BBICOKUX CPETHUX TNTIOTHOCTSIX.

3AKJIFOYEHHME

B maHHO#1 paboTe MeTOIOM MOJIEKYJISIPHOI AUHA-
MUKW U3ydajach CTPYKTypa, MoOJydarolnasicsa Tpu
CMTOHTAHHOU KpUCTAJIU3alliy BOAbBI B Y3KUX IIIEJIe-
BBIX [TOPaX pa3IM4HO IMPHUHEL: oT 6.2 10 15.5 A. Bo
BCeX cllydasiX cucTema pa3buBajach Ha HECKOJIbKO
cioeB. B nzyyaeMom nuanasoHe APUH TOP U Cpel-
HUX TUIOTHOCTE! BOMABI YMCJIO CJIOEB COCTAaBJISIIO OT
JIBYX JIO IIECTH.

Bbu10 mokazaHo, YTO BO BCEX CITyYasiXx CUCTEMa KpH-
CTaJNIN30BaNIaCh B ITOJTMKPUCTAINTMUECKYIO CTPYKTYPY C
I'TTY u 'K 3epramMu. Kpucrammsaiys mponucXoauT
JOCTATOYHO JIETKO B cilydae y3Kux rop (6.2 1 9.3 A), to
eCTh, TP TepexoJe Yepe3 Mmeperud Ha ypaBHEHUU
COCTOSIHUSI cpa3y 00pasyloTcst OOJbIINE KPUCTALI-
yecKre 3epHa, TOrIa KakK B OoJjiee IIMPOKUX Iopax
(12.4u 15.5 A) B TOUYKe TIepernda Ha ypaBHEHHUM CO-
CTOSIHUSI BO3HUKAIOT TOJBKO HEOObIINE KpUCTAIl-
JINYeCKUe KIIacTephl, a 3epHAa TOCTATOYHO OOJIBIIIOTO

KOJUIOUOHBIN XYPHAJT Ttom 85 Ned 2023
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Puc. 18. CucreMa ¢ mupuHoii opsr 15.5 A nipu cpeneii wiotHoctr 1.29 I‘/CM3 . (a) ®otorpadust cuctembl. YacTu1lbl packpa-
ILIEHBI B COOTBETCTBUU C UX JIOKAJBLHOM CTPYKTYpOIi. 3eeHble — HeYIOpsiHoUYeHHbIe, KpacHble — yacTulibl ¢ ['LIK-1mogo6HbIM
JIOKAJIbHBIM OKpYXeHueM, cuaue — ¢ ITTY-nogo6HbiM. (6) PacnipeneneHue IoKaabHOM MIIOTHOCTH BAOJIb ocu Z. (B) DoTorpa-
(ust nepBoro ciost cucTeMbl. YacTULBI pacKpallleHbl 10 3HAaUSHUIO ITapaMeTpa g (CUHMIT — Y = 0, KpacHbIil — Yg = 1). () ABY-
MepHbIe paaraibHble GYHKIIMY pacripeesieHust B IePBbIX TPEX CIIOSIX.

pa3Mepa TOSBJISTIOTCS TOJBKO TIPU CYIIECTBEHHO
OOJIBIIINX CPETHUX TIJIOTHOCTSIX.

B psine mpenbinyimnx paGoT yTBEPXKIAIOCh, YTO
BOJIa B IIIEJIEBO TTOpe MpeTeprieBaeT HECKOJIBKO (ha-
30BBIX MEPEXOIOB: TPEYToJIbHAs CTPYKTypa, IIeCTH-
yrojibHas u Ap. B Hameit pabote Toxe HaGa01aeTCS
paclleruieHue CUCTeMbl Ha CJIOM, IIPUYEM CUMMET-
PUsL B CJIOSIX MOXKET U3MEHSITHCSI C U3MEHEHUEM CPeJI-

KOMJIOVAHBIN JKYPHATT  Tom 85 Ne4 2023

Heit iotHocTH. OgHAKO Hamra padoTa IoKa3bIBaeT,
4TO, KaK 1 B ClIydae ¢ IPYyrMMU CUCTeMaMU (cucremMa
Jlennapa-/I>koHca 1 cUcTeMa CIJIaXKeHHBIX KOJIIam-
cupymimx cdep), Bce 3TU CTPYKTYPbl MOTYT OBITh
ceenensbl K I'TTY u I'lIK kpucramiam.

Ilpu yBenudyeHun UPUHBI MOPHI dDPEKTUBHAS
TUIOTHOCTb CUCTEMBI TIPAKTHYECKH TIepecTacT 3aBU-
CeTb OT IUMPUHHI (Tab1. 2). OTMETHUM, YTO IIJIOTHOCTU
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Puc. 19. Cucrema ¢ wupnHoii opst 15.5 A nipu cpenneit miotHoctn 1.41 r/CM3. (a) dororpacdust cucrembl. YacTuiibl packpa-
IIEHBI B COOTBETCTBUM C MX JIOKAJIBHOM CTPYKTYPOIi. 3eeHble — YaCTHUIIBI C HEYITOPSIMIOUYEHHBIM JIOKATbHBIM OKPYXKEHUEM,
kpacHele — ¢ ['IK-mono6HsiM, cuHue — ¢ ['TIY-momo6HbIM. (0) Pacrmipenmenenue moKaabHON TUIOTHOCTU BAOJB OCU Z.
BeptukanbHast TMHKS TOKa3bIBACT MOJIOKEHNE BEPXHEUM CTEHKU TOPbI (HIKHSISI CTeHKa coBnanaeT ¢ ockio QY). (B) dotorpa-
$us nepsoro cjios cucTeMbl. YacTullbl pacKpalleHbl 110 3HaUYEHUIO TapaMeTpa g (CUHUii — W = 0, KpacHblit — g = 1). (1) JBY-
MepHbIe paaraibHble GYHKIIMN pacripeaesieHus B TIePBBIX TPEX CIIOSIX.

Tepexoma OKa3pIBaloTCS OYeHb BEICOKUMU. [1pn aTOM
TOJIyYeHHBIE TUIOTHOCTU COTIOCTABUMBI C TIJIOTHO-
cThio a3kl ice R, onucaHHo B MoAeIMpOBaHUM (pa-
30BOIi AUarpaMMbl BOAbI C TIOMOILILIO TOI e MOAeIn
TIP4P/2005 B padote [42]. CornacHo ykazaHHOM pa-
oore, baza ice R xapakrepusyeTcss TeM, 94TO Y KaxKI0-
o KHciopona HadmomaeTcss 12 OmmKalImx cocenei,

ugro coorBeTcTBYyeT 'LIK 1 I'TIY cTpykTypam. D10 1mo3-
BOJISIET YTBEPXKOATh, YTO MEXIY CTPYKTYPOIl OOBEM-
HOIl BOIBI M BOIBI B KOH(palHMEeHTEe BO3HMKAIOT
CTPYKTYPHBIEC aHAJIOTUMU.

B nHamreit pabote He ObIO OOHAPYKEHO KBaJpaT-
HOTO JIbJa, KOTOPBIA HAOMIONAICS B 3KCIIEPUMEHTE
[28]. DTO MOXKET OBITH CBSI3aHO KaK C IPUMEHSIBIIICTH -

KOJJIOMOHBLIM XXYPHAT Ttom 85 Ned 2023
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Puc. 20. CucreMa ¢ mupuHOii mopsr 15.5 A mpu cpenneit rwiotHocty 1.48 r/c:M3 . (a) ®otorpadust cuctembl. YacTHIlbl packpa-
IIIEHBI B COOTBETCTBUU C UX JIOKAJILHOM CTPYKTYpOid. 3eJICHbIe — YaCTUIIbI C HEYTTOPSIOYEHHBIM JIOKATTbHBIM OKPYXXEHUEM, Kpac-
Hble — ¢ ['LIK-mmono6HbIM, cuaue — ¢ I'TIY-nnono6HbIM. (6) PacnipenesieHue JIOKaJbHOIM TUIOTHOCTH BIOJb ocu Z. BepTukanbHast
JIMHMSI TTOKA3bIBAET MOJIOXKEHWE BEpXHE CTEHKH MOPbI (HUXKHSISI CTeHKa coBriafgaeT ¢ ocbio OY). (B) PoTtorpadust mepBoro ciosi Cu-
cTeMbl. YacTulbl packpalleHbl [0 3HaYEHMIO TTapaMeTpa g (CuHUit — g = 0, KpacHbIi — g = 1). (1) JIBymMepHBIE panqyalbHble

GbYHKIMY pacnipeesieHUs B IEPBBIX TPEX CIIOSIX.

cst Mmoaenbto Boabl (TIP4P/2005), koTopas 6bu1a pa3-
paboTaHa Jjisl MoIeJIMpOoBaHusI (Pa30BOIi TMarpaMMbl
O0BEMHOI BOHBI, TAK U C YIIPOIICHHON MOIECIIBIO
KoH(aitHMeHTa (0eCCTPYKTYpHbIE CTEHKHM, B3alMO-
JeiCTBYIOIIE ¢ aTOMaMM KHUCIOpOAa MOCPEICTBOM
noteHumaina Jlennapn-xonca (9-3)).

BJIIATOOJAPHOCTHA

Pa6oTa BEITIOJTHEHA C MCTIOIb30BaHUEM 000PYIOBaHUST
LIEHTPa KOJUIEKTUBHOTO IT0/Ib30BaHus “KomIuiekc Mome-
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JUAJIbHBIC (I)YHKHI/II/I pacnpeacii€Hus B IICPBLIX TPEX CIOAX.
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