H3BECTHS PAH. CEPHSI OU3HYECKAS, 2023, mom 87, Ne 11, c. 1580—1585

YIK 538915

JTUBJIEKTPUYECKHUE Y OIITUIECKUE CBOVMCTBA FTA3OTJIPATOB
N JIBAOB: PE3YJIBTATDI ab initio MOJEJINPOBAHUA

© 2023 1.

M. B. IOnycos! *, P. M. XycHytauHoB' 2

! Pedepanvroe 2ocydapcmeentoe agmonomHoe 00pazoeamensroe yupedscoeHue gbiciie2o 00pa308aHus
“Kazanckuii (Tlpueoaxcckuii) gpedepanvhviii ynusepcumem”, Kazanw, Poccus
2Qedepanvioe cocydapcmeennoe 6100cemuoe yupescoerue HayKu
“Yomypmckuii pedepanvrbiii Hayunblil yenmp Ypanvckoeo omoenenus Poccuiickoit akademuu nayk”, Hoceéck, Poccus
*E-mail: mukhammadbek @mail.ru
IMocrynuna B penakuuio 22.05.2023 r.

IMocne nopa6orku 19.06.2023 r.
I[Mpunsra x nyomukannu 28.07.2023 1.
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TUTOTHOCTH 3JIEKTPOHHBIX cocTosiHuil N(E). PaccMoTpeHa 3aBUCUMOCTD AUBJIEKTPUIECKON TTPOHUIIAEMO-

CTH OT TUIIA TOCTCBbIX MOJICKYJI B rMaApaTe sl.
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BBEAEHUE

I'mapaTtel — KOMIUJIEKCHBIE KPUCTALIMYCKUE CO-
eIWHEeHUsI, B BOIHOM pellleTKe KOTOPbIX MPU HyKJIea-
LM 3aKJTIOYAIOTCI MOJIEKYJIbl HU3KOMOJIEKYIISIPHBIX
ras3os, Takux kak H,, N,, Ar, Kr, Xe, CO,, H,S, CH,,
C,Hy u T.a. [1]. @opMupysich B Heapax MPUPOTHBIX
30H, TIIe UMEIOTCS ONTUMAaIbHbIe TepMOOGapUIecKue
yciaoBUsl (OKeaHUYeCKue MPUOPEXKHBbIE 30HBI, 30HbI
BEUYHOI MEP3JIOTHI), TUAPATHI, KaK MpaBUIO, 00pa3o-
BBIBAIOT Kyondeckue cTpykTypsl sl, sII wnm rekcaro-
HanbpHYIO cTpyKTypy sH [2]. Tunpar sl (puc. la) saB-
JisieTcsl HauboJiee pacnpoCTpaHEHHBIM B MPUPOJIE U
MPEICTABIISIeT HAMOOIbINWI WHTEepeC i HayKu W
MIPOMBIIIICHHOCTH, TIOCKOJIBKY JAHHBI TUII TUApaTa
o0pa3yeTcs Ha OCHOBE BaXKHBIX [IJIsI SHEPreTUYeCKOit
OTpaciiv yIJeBOAOPOMHBIX T'a30B (MeTaH, 3TaH) |3, 4].
Pemrerka rugpara sl iMeeT MoJIeKyJISIpHBIE TTOJIOCTH
D-tuna u T-tumna, u He obnagaeT GUKCUPOBAHHBIM
TTOPSIIKOM B PACHOJIOXKEHUH MTPOTOHOB. D-1oiocTh
OIUCHIBAETCS FeoMeTpUUIecKoii popmyJioit 52 (o6pa-
30BaHa 12-10 IMSITUYTOJBHUKAMM), coaepKuTt 20 Mo-
sexkyn H,O u umeet xapaktepHblit nuametp d = 5 A.
T-1010CTh OMUCHIBAETCS T€OMETPUUYECKON (hopMy-
noii 5262, conepxur 24 monekyasl H,O u numeer xa-
pakTepHbIii inamerp d = 6 A. Tunpar sH (puc. 16) 06-
pasyeTcsl IpU HAIMYUKM IBYX TUIIOB THAPATOOOpasy-
touux razos, Hanpumep CH, u CsH ,. Monekyiibl ¢
MEHBIIUM PaauyCOM 3aIOJIHSIIOT Masibie D- u D'-no-
JIOCTU, a KPYITHbIE MOJIEKYJIBI 3aIIOJIHSIIOT OOJIbIIITe
E-monoctu. D’-11010CTh ONMUCHIBAETCSI TEOMETpUYE-
ckoii popmynoii 435°63, conepxurt 20 monexkyn H,O n
UMeeT XapakTepHblii auamerp d ~ 5 A. E-nonoctsb
OMUCHIBAETCS reoMeTpUUecKoit popMyJioit 5263, co-

nepxut 36 mostekyn H,O 1 nuMmeeT xapakTepHbIii Tra-
MeTp d = 9 A. TUmpaThl OTHOCSITCS K KJIATPATHBIM CH-
cTeMaM — KpUCTajlllaM, B pellleTKe KOTOPhIX UMEIOT-
Ccd BaKaHTHbIE TOJOCTH, CIIOCOOHBIE BKIIIOYATh
pasUuYHbIe MOJIEKYJIbI. [lepcreKTUBBI PUMEHEHUS
KJIaTpaTHBIX CUCTEM, B YACTHOCTU TUIPATOB, MOI0-
rpeBaloT MHTEPEC CO CTOPOHBI HAYKU U TPOMBIIIIEH-
HocTu. ['MapaThl IIMPOKO UCTIOIB3YIOTCSI B TEXHOJIO-
rugx GUIbBTpalMd BOOBI U B KaU4eCTBE pPe3epByapoB
ISt XxpaHeHusi ra3oB [5]. Kpome Toro, Oosblime 3ama-
Cbl M€TaHa B Ta30TUAPATHBLIX MECTOPOXICHUSIX B
Henpax 3eMJIM, 0 HEKOTOPBIM OLIEHKAM JOCTUTAIO-
mue 10" M* Moryr crath mIaBHBIMM MCTOYHMKAMU
YIJIEBOJIOPOIHOTO TornBa [3]. MexaHudeckue, TeIr-
JIOBBIE, OTITUYECKHE U IJIEKTPOHHBIE XapaKTEPUCTUKU
ra30BbIX TMAPATOB U1 JIBAOB MPAKTUYECKU UICHTUYHBI,
OITHAKO, TUApPAThl, B OTJIWYKE OT JIbAOB, SIBJISIIOTCS] He-
CTEXVOMETPUUECKUMMN KOMITJIEKCHBIMU COEIVUHEHUSI-
MM, BKITIOUAIOLIMMU pa3IMYHbIe Ta3bl B CBOUX KPU-
CTAJNIMYECKUX TTOJIOCTSIX.

I'ekcaroHanbHblii Jieq I, — 310 HauboJtee pacnpo-
CTpaHEHHasl B Mpupoae TBepaas ¢as3a Boabsl. Moie-
KYJTbI BOZIBI B JIbJIE |, BRICTpaMBarOTCS B TeKCATOHATb-
HYIO peEILIeTKY, IMOXOXYI0 Ha ITYEJIUHbIE COThI
(puc. 18), B y371ax pelIeTKH pacIliojlaraloTcsl aTOMBI
Kuciopoja, a, pebpa o0pa3oBaHbl BOXOPOTHBIMU
CBSI3SIMU MeXIy HUMU. PacmonoxeHue aToMOB BO-
JopoJla B KPUCTAUIMYECKUX pelleTKaxX TUAPaTOB
MoAYMHsETCS NpaBuiy abaa bepnana—®daynepa [6].
Jlen 1, ssBAsIETCS TIPOTOHOHEYHOPSTOYCHHOM CTPYK-
TYpOii, UTO O3HayaeT, UYTO CYIIECTBYeT MHOXECTBO
paBHBIX T10 TTOTEHIIMAIBHONW 3HEPTMU KOHOUTypa-
LW pelIeTKU, OTJIUYHBIX TI0 pacHpelesieHUIo siaep
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Puc. 1. Kpucrannuueckue pewetku ruaparasl (a), runpara sH (6), 1bna Iy, (6), 1bna Iy (). B y3nax peneTku HaXonsTest aToMbl
Kucyoponaa, pedpa oopazoBaHbl M BogopoagHbiMu O—H cBsI3simMu.

aTOMOB BOJIOPOa, M KaxKaast U3 3TUX KOH(pUTypauid
nomunHsercs: npasuity bepHana—®aynepa. B ycio-
BUSIX MOBBILIEHHOTO maBiaeHusd, p € [0.2; 0.5] I'Tla,
KOTOpOE peaJiu3yeTcsl B HeipaxX 3eMJIU, FreKcaroHalb-
HbIi Jen nepexoaut B dasy abaa Iy (puc. 1e) [7]. Jlen
I;; obnamaeT MPOTOHHBIM YHOPSIOUYEHUEM U UMEET
KPUCTAJUIMYECKYIO CTPYKTYPY B BHUIE IapajjiejibHO
pacIIOJIOXKEHHBIX TeKCaroHaJbHBIX KaHaJIOB, KOTO-
pble CIOCOOHBI BKJIIOUATh TOCTEBbIE MOJIEKYJIbl pa3-
MepoM 10 3.5 A (reawmit, Bomopoxn) [8], TeM caMbIM
TIPOSBIISISL CBOMCTBA KJIATPATHBIX COCNMHEHUA.

JocTaTouyHO MHOTO paboT 3KCHEPUMEHTATIBHOTO
M TEOPEeTUYECKOro IUIaHA IIOCBSIIEHO MCCIeaOBa-
HUIO TETUIO(MU3NUECKUX U MEXaHUYECKMX CBOWCTB,
CTPYKTYPHBIX 0COOCHHOCTEI, IPOLIECCOB HYKJIeallu
W OUCCOLMAINU JBIOB M Ta30BBIX ruapaToB [1—12].
BaxxHoe TeopeTuuyeckoe U MpakTUUYECKOe 3HaYeHUE
MMeEeT U3YYeHUE DJIEKTPOHHBIX CBOMCTB [13, 14], nu-
9JIEKTPUYECKUX TE€H30POB U OITUYECKMUX CIIEKTPOB
[15—24] kpucTalandyeckKux pelieToK JbI0B U ruapa-
TOB, KOTOpbIE M3-3a TEXHWYECKMX OrpaHWYCHUI
OCTalOTCSl HEINOCTAaTOYHO W3YYEHHBIMU. 3HaHUSI 00
IU3JICKTPUYECKNX M ONTUYECKMX CBOMCTBAX KJlaTpar-
HBIX COEIMHEHNI MOCIIOCOOCTBYIOT COBEPIIIEHCTBOBA-
HUIO 3JIEKTPOMAarHUTHBIX METOJIOB Pa3BEIKU 1 aHAJIN3a
MECTOPOXIeHWI rasoruaparoB. Ha ceromHsirHmii
JIeHb CYIIECTBYET METOJ AJIEKTPOMAarHUTHON CheMKHU C
KOHTpoJipyeMbIM ncTouHuKoM (MCSEM), ¢ momo-
IIIbI0 KOTOPOTO MOXKHO MOJYYUTh JaHHBIE IO 3JIeK-
TPOCOIIPOTUBJICHUIO TJIacTa MOPOAblI TTyOMHOI NO
4 XM 1 CyOUThb O HAJIMYNU B HEM OTJIOXKEHMIA Ta30BBIX
ruaparos [ 16]. Tak xe, aKTUBHO IIPUMEHSIETCS METO/L
“Time-Domain Reflectometry, TDR”, ¢ momoIsio
KOTOPOro MOXHO MHOJY4YUTh JaHHBIE IO OOBEMHBIM
IUBJIEKTPUYECKUMM XapaKTepuCTUKaM obpasla u
OLICHUTh KOHIICHTPAIIMIO T'a30BOI0 TUApaTra B HEM
[17]. T1o »Toit TIpUYMHE, MPAKTUIYECKON 3HAYNMO-
CThIO 00J1aialOT CBeAeHUSI 00 AUIIEKTPUUYECKUX U
ONTUYECKUX XapaKTEPUCTUKAX JIBIOB, KOTOPHIE T103-
BOJISIT OTJINYATh MOTEHILIMAIbHBIC TA30TUIPATHBIE OT-
JIOXXEHHUST OT MAacCHBa JIbAOB, HE COAepKallliX ras3a.
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HETAJIN MOJEJIMPOBAHUA

IlepBONpPUHLIMITHBIE PacuyeThl ObUTM BHITTOJHEHBI
IUTSI CJIEAYIOIIUX CUCTEM: peleTKU JbaoB Iy, u Iy, pe-
mweTtku ruapaTtoB sl u sH, pemerku rugpara sl ¢ co-
nepxanuem rasos Xe, H,S, CO,, CH,, C,H; u C;Hg.
Bbl1 MpuHSAT BO BHUMaHME XapakTep 3aroJTHeHUs
MOJOCTeN pa3IMYHBLIMMU razamMu: HeOOJbIIINE MOJie-
Kkynbl Xe, H,S, CH, cnocoGHbI BKJIIOYAThCS KaK B Ma-
able D-noyioctu, Tak 1M 6oJybmive T-1oOJIOCTU, B TO
Bpems kak MoJiekynsl CO,, C,Hy u C3Hy criocoOHbI
3aIToTHUTE JIMIIb T-mmojioctu. Kpucrammmaeckne pe-
LIETKM UCCJIEAYEeMbIX B TaHHOI paboTe CUCTEM IIpe/-
CcTaBJIeHBI Ha puc. 1.

JvsneKTprudecKue U ONTUIECKIEe XapaKTePUCTH -
KM OBLIM pacCYMTAHBbI METOIOM IE€PBONPUHIIMITHOTO
MOIEIUPOBAHUS C UCHOJIb30BaHUEM TEOpUM (HPYHK-
LIMOHAaJIa TUIOTHOCTH [25, 26]. Peanuzanusa jaHHOTO
METO/Ia BO3MOXXHA O1arogapsi mepexoy OT BOJTHOBBIX
(YHKIIUI K 3JeKTpOHHOM TIOTHOCTHU (1) U JaabHei-
meMy pelreHuIo cucteMbl ypasHeHuit Kon—IIIaMma (2)
¢ yueToM 3(p(HEKTUBHOTO OTHOBJIEKTPOHHOTO CaMO-
COIacoBaHHOTO ToTeHuMana (3), KOTOpPbIA IIpem-
CTaBJISIET COOOII CyMMY BHEIIIHErO MOTeHIInaja, Ky-
JIOHOBCKOTO MOTEHIIMAaJIa U TIPOU3BOTHOI OT 0OMEH-
HO-KOPPEJSIIIUOHHOU SHEPTUH.

n(r) = J0n (1)

2

; (1)

(37 V() 0a () =200 (). @
Verr () = Ve (r) + Vi (r) + Ve (1) =

n(r')dr'  3Eyc[n(r)] (3)
=Vex (r) + J. |£ —)r'| + Sn(r) .

MoaenupoBaHUE IPOU3BOAUIOCH B CIICLIMAJIN3U-
poBaHHOM TakeTe VASP [27, 28], B KoTOpoM st
ONMCAHMS NOH-3JICKTPOHHBIX B3aUMOIEICTBII1 pea-
JIM30BaH IICEBAONOTEHINAILHBIN mmoaxon. [TpuHIim
TICEBIOITOTEHIIMAJIOB 3aKJIIOYaeTCs B 3aMeHE OBICTPO
OCLHWUIUPYIOIINX BOJHOBBIX (PYHKIUN 3JI€KTPOHOB
BOJIM3M aTOMHBIX SIJIEp Ha OoJiee ITagkue (pyHKIIUU, C
COXpaHEHMEM HOPMbI BOJIHOBOI (DYHKIIMU U MTOTEH-
myana saep. DTo MO3BOJISIET 3HAYUTEIbHO ONTUMU-
3UpOBaTh pacuyeThl. B maHHOII paboTe MCIIOIb30BaH
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IOHYCOB, XYCHYTAMHOB

Tab6muna 1. Cratudeckue JUBJICKTPUYCCKUE TEH30PbI JILAOB U THAPAaTOB. Ocn z COHaIIpaBJICHbI C BEKTOpaMMU C 3JICMCH-

TapHBIX sTYeeK Ha puc. 1

Exx 8xy sz €xx Sxy exz
Cucrema - €y €y Cucrema €x €y €
€. € €., € €y €.,
I 1.879 0.000 0.000 sl + H,S 1.996 0.001 0.001
0.000 1.879 0.000 0.001 1.971 0.000
0.000 0.000 1.887 0.001 0.000 1.972
I 2.013 0.000 0.000 sl + CO, 1.754 0.002 0.001
0.000 2.013 0.000 0.002 1.752 0.001
0.000 0.000 2.041 0.001 0.001 1.877
sH 1.610 —0.001 —0.001 sl + CH, 1.855 0.001 0.001
—0.001 1.608 —0.001 0.001 1.852 0.000
—0.001 —0.001 1.620 0.001 0.000 1.852
sl 1.628 0.001 0.000 sl + C,Hg 1.905 0.002 0.000
0.001 1.625 0.000 0.002 1.903 0.001
0.000 0.000 1.625 0.000 0.001 1.937
sI + Xe 2.005 0.001 0.001 sI + CsHg 2.010 0.002 0.001
0.001 2.003 0.000 0.002 2.008 0.000
0.001 0.000 2.003 0.001 0.000 1.964
ncesaornoTeHuran PAW (MeTon cripoelipOBaHHBIX o OB/
TUIOCKMX BOJIH) [29]. OOMeHHO-KOppEeIsLIMOHHOE o w) =1+ Z‘[Mdm (5)
B3aMMOICMCTBE YYHUTBIBAJIOCh B MPUOGIVIKEHUS Ty ©2 -
000611eHHbIX rpagueHToB (GGAPBE) [29, 30]. Mu-
HUMM3ALUs SHEPTUU CHCTEMBI OCYIIECTBIISLIACh C
nomouipio airopurma RMM-DIIS [31]. Mcnions3o- PE3VJIBTATHI

BaHO pa30ueHMe k-IIPOCTPAHCTBA CETKOI pa3MepoM
2 X 2 X 2, NOCTUTHYTa CXOAMMOCTB ITo 3Hepruu 104 3B.
Ha gyeiiku MoaearpoBaHus HaJOXEHbI IEpUOINYE-
CKY€ TPaHUYHBIEC YCIIOBUSI.

Pacyer cTtatmyeckoro AuU3JeKTPUYECKOTO TEH30-
pa BBIIIOJHSJICI B paMKaX TEOPUM BO3MYIICHUA
¢yHKIIMOHAIA TUIOTHOCTU C MCITOIb30BaHUEM (DyHK-
mn “LEPSILON= .TRUE.” B maketre VASP. [I71s1 BbI-
YUCJIEHUST YaCTOTHO-3aBUCHMMOI  JIUBJIEKTPUUYECKOM
(YHKIIMM UCTIONB30BaJICS 3amyck pacuyeToB B VASP ¢
ucrioinb3oBanneM ¢dyHkuuu “LOPTICS= .TRUE.”.
Tenzop €(®W) BBIYMUCISIETCS IIOCHE TOCTYDKEHUS OC-
HOBHOI'O COCTOSTHUM 3JIEKTPOHHOMN MOACUCTEMBI HA
OCHOBE OTHOYACTUYHBIX BOJIHOBBIX (DYHKIIMIA 31K~
TPOHOB. MHMMas YaCcTh TeH30pa OIPEAEIISICTCS CyM-
MUPOBAHNEM IT0 BCEM COCTOSTHUSIM C MCITOTb30BaHM -
€M ypaBHEHUSI:

4
% () = e’ 111_>o 2Z2Wk € — W) X @

X <uck+qea | uvk>< ck |uvk+qeﬁ> )

rae uHaekc kK — HoMmepa k-Touek B 30He bpuiuiiosHa,
W), — Bec k-Touek, UHAEKCHI C U V OTHOCSTCS K 2JIEK-
TPOHHBIM COCTOSTHUSIM 30HBI TPOBOAVIMOCTU U BAJICHT-
HOI 30HBlI, a U, — 3TO IEPUOANYECKAST YACTb OPOUTATIb-
HOIT BOJIHOBOM (PYHKIIUM B k-Touke. JlelicTBUTEIbHAS
YacTh YACTOTHO-3aBUCAMOTO JTUAJIEKTPUYECKOTO TEH-
30pa BBIUMCIISIETCSI HA OCHOBE MHUMOI YacTU C WC-
MoJjib30BaHuEM cooTHolleHuit Kpamepa—KpoHura:

N3BECTHUA PAH. CEPUA OUBUYECKAA

HdusiieKTpuyeckuili TeH30p €,;((®) XapakTepusyeT
pacrpocTpaHEHUE SJIEKTPOMArHUTHOTO W3JIyYEeHUS
pasIUYHON 4YacTOTBI B 0OBbeMe OuaeKTpuka (6).
CraTuyecKkuii TeH30p AUIJIEKTPUIECKON MpOHUIIae-
MOCTH € TIPEACTABIIIET COOOM NMpEeneabHBINA cilydai
(0 — 0) TeH3opa €;,(®) 1 ONUCHIBAET IM0JI€ B IUIJEK-
TPUKE, TOMEIIEHHOM B MOCTOSTHHOE 3JIEKTPUUYECKOE
roJe.

D; = g, (w) E;. (6)

st Kaxmoil KpUCTANIMYECKOW CHUCTEMBI ObLT
paccuMTaH CTaTUYECKUM MUBIEKTPUUYECKUI TEH30p
€, KOTOPBIN TpencrapiieH B Taba. 1. Kpucramiuue-
ckue pemeTku abaa I, u ruapara sH obnanator rekca-
TOHaJIbHOW CUMMETPUEN, a KpUCTaZIMYECKas peleT-
Ka Jibaa I;; — TpuroHanbHoON cumMmetpureid. Teopetuue-
cku, pewetku Iy, I, u sH B mnaHe nuanekrpuyeckoro
TEH30pa U OINTUYECKUX CBOUCTB NOJKHBI SIBISITHCS
OOHOOCHBIMU cHucTeMaMm [32]. JleiicTBUTEIBHO, pe-
3yJbTaThl pacyeTa AURJIEKTPUUYECKON MPOHULIAEMO-
ctu (Tabia. 1) mokaswiBaloT, YTo 1Jisd cucteM Iy, Iy u
sH nMmeroTcs BbIIENeHHBIE OCH €, KOTOPBIE COBIIaa-
IOT C BEKTOPaMU € 3JIEMEHTApHbBIX sSiUeeK Ha puc. 1.
Tunpara sl siBAsgeTCS KyOMYECKUM U JOJKEH TeMOH-
CTPUPOBATh U3OTPOMNUIO B OTHOLIEHUU AUBJIEKTPU-
YECKUX U ONTUUYECKUX CBOMCTB, TO €CTh JUAroHasb-
Hble KOMIIOHEHTBl JIMBJEKTPUYECKOTO TeH30pa
JIOJDKHBI COBIANATS (€, = €,, = €,,), YTO M OBLIO MO~
TBepKIeHo pacuetamu. Jas npaa I, 3HaueHue ou-
2JIEKTPUYECKOM KOHCTAaHTHI cocTaBujIo € = 1.88, mis
Ne 11
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Puc. 2. JleiictBuTenbHbIe €' () 1 MHUMBIC €"(()) YaCTH AUDJICKTPUIECKON (DYHKIIMU IS TMApaTa

abna Iy, (6), abna Iy (2).

apaa I € = 2.01, nns pemerku runpara sH € = 1.61,
s pewietky ruapara sl € = 1.63. B ciayyae, korga pe-
merka ruapata sl BKiIoyaeT pas3MyHbIe rasbl, Ha-
OromaeTcsl yBeJWMYeHWE 3HAYCHUII KOMIIOHEHT OU-
BIIEKTPUYECKOIO TeH3opa. Tak, oy ruapaTta Xe au-
SJIEKTpUYECKad TMPOHMLAEMOCTh COCTaBWlIa B
cpenHeM € = 2.00, nyist rtunparta H,S € = 1.98, nns run-
para CH, € = 1.85, s runpara C,Hg € = 1.92, nia
ruapata C;Hg € = 1.98, uro BblllIe 3HaYEHUS 151 He-
3anosiHeHHoro kapkaca sl € = 1.63. Takum ob6pazoM,
3a CYeT BKJIaJa MOJIeKYJ] Ta3a B IIOJSIPU3YEMOCTb
KpUCTaJljla TUApaTa, IIpOMCXOANT YBEIMUYCeHNE 3HaUe-
HUS IUBJIEKTPUIECKOI ITpoHuIIaeMocTh. st ruopa-
Ta sl ¢ BKIIoYeHreM MOJIEKYI, Ybsi CUMMETPHUST 011 3-
ka Kk chepuueckoin (Xe, H,S, CH,, C;Hy u C,Hy),
KOMIIOHEHTBI €, €, €,, ONu3KK 1Mo BeauduHe. [lpu
3TOM ruapar sl ¢ conepxxanuem mosnekyibl CO, nmeer
BLIPAXKEHHYIO aHU30TPOIIUIO BIOJb OcH Z (€, = 1.88,
€ ~ €, = 1.75). D10 CBsA3aHO C TeM, YTO MOJIEKyJIa
CO, uMeeT NMPOTSKEHHYIO (POpMY U, HAXOASACh B BJ1-
JuncougHoi T-1onoctu, 3aHMMaeT (pUKCHUpPOBaH-
HYI0O OpHMEHTAlUI0 C MUHUMAJIbLHBEIM 3HAa4YeHUEM
sHeprun. JlauubIil 3deKT ObUT pacCMOTpPEH B pado-
te [33]. YnopsinoueHHoe pacrosioxeHue mojekyn CO,
B DJIEMEHTApHOM sueiike Kpucrauia sl mpuBoguT K
AHU3OTPOIUU AUBJICKTPUUIESCKUX CBOMCTB BIOJIb COOT-
BETCTBYIOLLIEA OCH.

YacToTHO-3aBUCUMBIE KOMITOHEHTBI TU3JIEKTPU-
YeCKOro TeH3o0pa €;() WISl KapKacoB ruapatos sl,
sH u 1bnoB I, I;; 6put1 paccuutansl o popmye (7),
YCpeIHEeHBI U IIPEeACTaBIIEHbI Ha puC. 2.

ex (0) = € () + igy (o). (7)
IIpencraBieHHble 0Opa3lbl JIBIOB M TUIPATOB
UMEIOT TOJO0OHBIN BUIl 3aBUCUMOCTU IUBJIEKTpUYe-
CKOI (PYHKIIMHM OT YaCTOTHI BHEITHETO JIEKTpOMar-
HUTHOTO T0J1s1. PyHKIIMK €'(W) U €"(®W) TTO3BOJSIOT
paccuMTaTh MHOXECTBO BaXKHBIX ONTUUYECKUX XapaK-
TEPUCTUK Cpebl, TAKUX KaK oTpaxkeHue R(®), 1mo-
mIoneHue a(®), ImokKa3aTeau IpeaoMIeHUs n(w) 1
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sH (a), runpara sl (6),

k(m), a Takke pyHKuus rmoreps L(w) [34]. B nanHo#
paboTe MpuBeAeM JIMIIb Pe3yabTaThl pacueTa CIieK-
TpOB oTpaxeHus R(®W) U MorioueHust a(w) ¢ uc-
noyib3oBaHueM dopmyi (8) u (9) (puc. 3). Popmybl
MpUBEIAEHBI B CUCTEME EAUHMUILIL, Tae ¢ = 1.

3 |,/£' (o) +ie" (w) — 1|2

e (o) +ie"(@)+1

R(w) (8)

1/2

)

Ha cnekrpax orpaxkeHust R(®W) mpoaeMOHCTPUPO-
BaHO, UTO U3JTy4YeHUe, OTpaxkeHHOe OT petieTok Iy, I sl
u sH, pacnipenesnsieTcs B quara3oHe sHepTruii GOTOHOB
E e [5, 20] B, T.e. B OmmzkHEN yIbTpaduoIeTOBOM 00-
nactu. Ha criekTpax a(w) mokasaHo, 4To B ITIJIaHEe OMNTU-
YeCKOI'0 MOIVIONIEHMSI, paccMaTpUBacMble KPUCTAJUIbI
TaKKe TIPOSIBIISIIOT aKTUBHOCTh obnactu £ € [5, 20] 3B.
ImaBHBIE TIMKW TODIOIIEHUSI HAXONATCS HA YpPOBHE
11.8 5B 1 COOTBETCTBYIOT IIepexomaMm 2p-3J1eKTPOHOB
MOJIEKYJI BOJIbI PEIIETKY TMapara.

Ha crenyromem starie paboThl ObUTH ITOJTYYEHBI
TUIOTHOCTH 3JIEKTPOHHBIX cocTosiHUM N(E) 1715l Kpu-
crandeckux ctpykryp sl, sH, I, u I;;. Kak BunHo
Ha puc. 4a, pacrpeaejieH1e 3JIeKTPOHHOM INIOTHOCTU
IJIsl JIbAOB M HE3alOJHEHHBIX PEIIETOK TMApaTOB
MMEIOT CXOXMIA BUI W XapaKTepU3YIOTCs HEHYJIEBOM
9JIEKTPOHHOM IJIOTHOCTHIO B uara3oHe —19...—17 3B,
KOTOPBII COOTBETCTBYET S-2JIEKTPOHAM KUCIOPOJa,
HEHYJIeBOII 2JIEKTPOHHOI INIOTHOCTHIO B TMAIla30He
—6.6—0 3B, 4TO COOTBETCTBYET BAJIEHTHOI 30HE
(S-3JI€KTPOHBI BOJIOPOJA U P-3JEKTPOHBI KUCJIOPO-
J1a), a TaK e ¢1abo 3aceJIeHHOI 30HO0il MPOBOINMO-
CTH Ha ypoBHsIX 5.4—12 3B. 3ampemenHHas 30Ha B
ruapaTax M Jibaax cocTabiisieT =5.5 3B, 4To cooTBeT-
CTBYET BBIPAXEHHBIM IuaiekTpukaM. IlmoTHOCTH
9JIEKTPOHHBIX COCTOSIHMI TuapaTa sl ¢ BKimoueHueM
MoJIeKyabl MeTaHa B D- u T-mmonoctu nmpencraBieHa
Ha puc. 46, ns ruapara sl ¢ BKiIoueHrueM MOJICKYJIbI
yriekucioro ra3a B T-mosmoctu Ha puc. 46. Ha yka-

a(w) = \/Ew[ £ () +€" (o) - i—:'(w)}
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IOHYCOB, XYCHYTAMHOB

a 0 6 2

0.03 - 0.03 - 0.15 0.15 -
2002 0.02 0.10 0.10
= 0.01F 0.01 F 0.05 0.05 -

O 1 1 ] 0 1 1 ] 0 1 1 ] 0 1 1 ]
12 12 20 20 -
9t 9t 15 15|
S6f 6L 10 10k

N

3L 3L 5 51

1 — ] 1 —" ] 1 p— ] 1 s ]

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 4

E,»B E, 5B E,>B E,>B

Puc. 3. PaccunTanHble crieKTpbl oTpaxkeHus: R(®) u nomtomeHust a(®) st runpata sH (a), runparasl (6), 1vna I, (6), 1bna Iy (e).

a
T 250 - g .
s+ CHy4 sl + CO, h
200 + 200 -
@] _M Iy, Lw .;.M.k\, ===g] -==s]
g O 150 - o 150
2 2 i
100 100
A st Ul , ‘ﬁ
50 -r A 50 - :
“ sH, J . ) 0 | J | 0 l L) l
-20 —-10 0 10 20 —-10 0 10 —-20 —-10
E,>B E, °B E,>B

Puc. 4. [TnorHocTH 5eKTpoHHBbIX cocTosiHui (ITDC) 1151 1HAOB U peneToK ruapaToB (a), 1is ruapara sl ¢ conepxxaHuem me-

TaHa (0) u ruapata sl ¢ conepxanuem CO, (6).

3aHHBIX rpadukax HabaOgaeTCs MUK JIEKTPOHHOM
MJI0THOCTU Ha ypoBHe 10 3B, cBsI3aHHBII C HATMIUEM
aToMa yrjiepoia B IOJIOCTSAX pemeTku. Kpome Toro,
HaOJII0JaeTCsl CMEIeHUe 3JIEKTPOHHOM MJIOTHOCTU B
CTOPOHY MEHBIINX 3HEPIUil B IPUCYTCTBUM T'OCTE-
BOIT MOJIEKYJIBI, OCOOEHHO 3TOT 3P (deKT 3aMeTeH Ipr
BKJTIOUYEHUHM MOJIEKYJIbI YIJIeKHCIoro ra3a. CHIDKeHUe
SHEPIUU 3ICKTPOHHON MOICUCTEMbI CBUIIETEILCTBYET
0 CcTadwIM3alyM KJIaTpaTHOIO KapKaca MOJIEKYJIaMU
rasa.

SAKJIIIOYEHUE

B pesynbraTte cepum KBaHTOBOMEXaHMYECKUX
pacyeToB METOJIOM (PYHKIIMOHATA MJIOTHOCTU OBLIU
MOJIy4eHBI CTaTUYECKUE TUAJIEKTPUYECKIEC TEH30PbI
€, U1 16108 I, 11, He3amoJIHeHHBIX peIIeTOK ruapa-
toB sl, sH, a Takke misg rugparoB sl ¢ comepkaHuem
pacnpocTpaHeHHBIX B TPUPOJIE T’MApaTooOpa3oBaTeeii
Xe, H,S, CO,, CH,, C,H¢ u C;Hg). Paccuutanbl KoM-
IUIEKCHBIE YaCTOTHO-3aBHCUMBbBIE TMAJIEKTPUIECKUIE
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dyHk1mu €(®) B AmanazoHe aHepruit E'e [0; 40] eV s
008 I u I} v knarpatHeix Kapkacos sl u sH. Jluanek-
TpryecKre (PyHKIIMU ObUIM MCIIONb30BaHbI 1151 pacue-
Ta CIIEKTPOB OTpaxkeHus R(®) 1 mormoiieHus a(m).
INoka3aHo, 4TO B TJIaHE MOMIOIIEHUS a(®) U OTpaxe-
HUs R(®) paccMarpuBaeMble KPUCTAUIbI TIPOSIBISIIOT
OINTUYECKYIO aKTUBHOCTh B obnactu F € [5, 20] »B.
ImaBHBIE TTMKM TIOIJIOLIEHUSI HAXOASITCSI Ha YpOBHE
11.8 B 1 COOTBETCTBYIOT IlepexoaaM 2p-3J1eKTPOHOB
MOJIEKYJT BOMIbI pelieTKe. Bbliu moydyeHbl MIOTHO-
CTU BJIEKTPOHHBIX COCTOSIHMM N(FE), KOTOpble IS
kpuctamuueckux crpyktyp sl, sH, I,, u I;; umeror
UAEHTUYHBIA XapakTep W UMEIT IIUPUHY 3arpe-
mieHHoi 30HBI =5.5 3B. Ha rpadmkax rorotHOCTH
9JIEKTPOHHBIX COCTOSIHMM Tuapara sl ¢ BKIIIOYeHUEM
MOJIEKYJIbl ME€TaHa U YIJIEKUCJIOTO raza HabsomaeTcs
HE3HAYUTENIbHOE CMellleH1e JIEKTPOHHO TJIOTHOCTHU
B CTOPOHY MEHBIINX SHEPTUI, UTO CBUIETEIbCTBYET O
CTaOWIM3alMU KJIaTpaTHOTO KapKaca MOJIEKyJaMHM ra-
3a. [loiydyeHHbIe B JaHHOM paboTe 2JIEKTPOHHbBIE, IU-
3JIEKTPUYECKUE Y ONTUYECKUE XapaKTEPUCTUKU TH[I-
Ne 11
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JOUBJIEKTPUYECKUE U OITUMECKUE CBOMCTBA TA3OTUJIPATOB U JIBJIOB

patos sl, sH u 1108 I}, [;; MOTyT UMeTh Kak BaxkHOE
dbyHnameHTanpHOE, TaK Y MPAKTUYECKOE 3HAYEHMUE,
CMOCOOCTBYSI Pa3BUTUIO DJIEKTPOMArHUTHBIX METO-
OB OOHAPYKEHUS ¥ aHAJIN3a Fa30TUIPATHBIX MECTO-
POXIECHUIA.

KpynHoMaciiTabHble ~ KBaHTOBOMEXaHUYECKUE
pacyeThl BBIMTOJHSJIMCh Ha BBIYMCIUTEIbHOM KJla-
crepe Kazanckoro (ITpuBoskckoro) geaepajibHOTO
yHuBepcuteTa. MccnenoBaHre BhIMOJIHEHO NTpU pu-
HaHCOBOI nomaepxke Poccuitckoro HaydHoro ¢poH-
na (mpoekt Ne 22-22-00508).
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Dielectric and optical properties of gas hydrates and ice: ab initio simulation results
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The dielectric tensors €;(®), optical absorption spectra R(m), reflection spectra a(w) and the density of elec-
tronic states N(FE) have been calculated for the lattices of gas hydrates with the structure sl and sH, as well as
forice I} and I};. The dependence of the dielectric permittivity on the type of guest molecules in the sI hydrate

is considered.
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