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KoMnbloTepHoe MofienMpoBaHHe HAHOCTPYKTYP:
KBAHTOBOXUMHUYHECKHUE paCUyeTbl HEOPraHUYECKUX MccnenoBaHue OTOMHOM M 3MEKTPOHHOW CTPYKTYPbl HAHOCMCTEM HEOBXOmMMO

09 OOAbHENWEro passuTms HaHoTexHonormi. OQHAKO pelueHue 3TOM 3a4Aa4YM HEBO3-
HaHOTpPYy6OK P P

Cpeant MHOrOUYMCIIEHHBIX HOHOTPYOOK, MOMYYEHHBIX K HA-
CTOALLEMY BPEMEHM, HOHOTPYOKM HA OCHOBE AMOKCMAQ
TUTAHA MPEACTABASIOT HAMOOMbLUMIA MPAKTUHECKUIA MH-
Tepec M3-30 OrPOMHOrO MOTEHLMANA BO3MOXHbIX MPU-
meHenunit. Obnanas BbICOKOM GOTOKATANMTUHECKOM OK-
TUBHOCTbBIO, CUIIbHOM OKMCIIUTENBHOM CMOCOBHOCTBIO W,
OLHOBPEMEHHO, XMMMYECKOM WMHEPTHOCTbIO, O TAKXE
YHUKONbHBIMKM ONTUYECKMMKM CBOMCTBAMM, HOHOMOTEPMA-
bl HO OCHOBE AMOKCMAQ TUTAHA CNOCOBHbLI COBEPLUMTH
PEBOMOLMIO B CO3AAHUN PABNUYHBIX SNEKTPOOMNTUYECKMX
M NEKTPOXMMUYECKUX cucTeM. A 3TO — 3dbdekTmBHbIE MC-
TOYHMKM TOKQ, TA30BbIE CEHCOPbI, PABOTAIOLME MPU Bbl-
COKMX TEMNEPATYPAX, YCTPONCTBA AN19 PA3NOXEHMS BOLbI
C WMCMONb30OBAHUMEM COJSIHEYHOM SHEPTUM, HAHODULTPLI
0S5 OYUCTKM BO3AYXA M YTUIM3ALMM YIIEKUCIOrO rasa.
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MOXHO €3 MCMOMb3OBAHUA CYMEepPKOMMLIOTEPOB, TAK KAK YKO3QHHBIE CUCTEMbI MOTYT
BKJIOYATb OECATKM ThICSY ATOMOB. HeopraHuueckme HAHOTPYOKM ABAAKOTCS MPUMEPOM
HOHOCMCTEM, CBOWMCTBA KOTOPLIX YXKE Cenyac MoryT BbiTb M3ydeHbl METOAOMM KBAHTOBOV
xummn. B naHHOM pabote npuBOmATCS Pe3ynsTaThl MOAENUPOBAHMS YCTOMYMBOCTM HA-
HOTPYOOK HO OCHOBE AMOKCMAQ TUTAHQ.

Orkpoitne dynneperos 8 cepeanHe 80-x U yrmepoaHbix HAHOTPYOOK B HaYane
90-x rOfOB MPOLINOrO BEKA ABMIOCH MOBOPOTHBIM MOMEHTOM B WMCCIEAOBAHWM HOBOV
terra incognita — x1MUM U GU3UKKM HAHOCTPYKTYP. BOSMOXHO, CTOMb Xe BAXHbIM CTANO
 NOCNEeNOBOBLLIEE BCKOPE OTKPLITME HEOPraHMyeckmx HaHoTpybok [1], uto onpeaenuno
HOBYIO MAPQAMIMY B KIACCUOUKALMM HOHOMATEPUANOB M MPUBENO K POXAEHUIO HOBOV
06naCT1 HEOPraHUYECKON XMMUM.

XoTs nepsbie HEOPraHMYeckne HAHOTPYOKM BbifM MOMYYEHbI MOYTU OAHOBPEMEH-
HO C OTKPLITMEM YIEPOAHBIX HAHOTPYOOK, BOMBLIMHCTBO HAYYHbIX NyBAMKAUMA NO He-
OPrOHMYECKMM HAHOTPYOKAM O CUX MOP MOCBSLLEHO HOBbIM CMOCOBAM MX CUHTE3A.
Dusnueckme M XMMHUYECKMEe CBOMCTBA HEOPraHMYECKMX HAHOTPYOOK ropasno meHee ws-
y4eHbl, YeM CBOMCTBA YIEPOAHbLIX HAHOTPYBOK. He Bbi3bIBOET COMHEHMS NuLLb TOT GakT,
YTO CBOMCTBA HOHOMOTEPWASOB OTMYQIOTCA OT CBOWMCTB YCTOMUMBLIX KPUCTAMIMYECKMX
bas, koTopbie MM cooTeeTcTByIOT. [103TOMY, TEOPETUYECKOE MOLENMPOBAHME YCTONUM-
BOCTM HOHOTPYOOK, MX XUMMUYECKMX M bU3MUECKMX CBOWCTB B HACTOALLEE BPEMS MrpaeT
KIIOYEBYIO POSib, CTUMYIMPYs NOTPEOHOCTL AanbHenwero 6onee AETANbHOMO U3yYeHMs
M3BECTHbLIX M YKA3bIBAA MYyTHU CMHTE3A HOBbLIX HOHOMATEPKMANIOB.

PassuTue KomnbioTepHbix TexHonormit 8 nocnegHue 10—20 net obecneuuno crpe-
MWTENbHbIN NPOrPECC BbIYUCTUTENBHBIX METOOB KBAHTOBOM XMMWK. bnarogaps 3Tomy He-
SMIUPUHECKME PACHETH OBbIYHBIX MOSTEKYN M KPUCTAMIOB CTANM PYTUHHOM MPOUEAYPOM.
OnHAKO MOAENUPOBAHME HAHOCMCTEM — 3TO HOBbBIM BbI3OB KOMMbIOTEPHBIM METOLAM.
Pasmepbl 3Tux 06bekTOB HA NOPSAKM OOMble, Yem Pa3Mepbl OBbIYHBIX MOMEKYNAPHBIX
CUCTEM, KAK NPABUIIO 3TO ThICAYM UM AAXE OECATKU TbiCA4 ATOMOB. B TO Xe Bpemsa HA-
HOYACTULLI HE UMEIOT TPEXMEPHOM NMEPUOAMYHOCTH, KAK, HAMPUMED, KPUCTAMMLI. TPaHC-
NAUMOHHAA CUMMETPUSA, KOTOpOﬁ O6J'IO£I,OPOT KPUCTAMbl, NO3BONAAET OrPAHNUYUTLCA ABHbIM
YY4ETOM TOMbKO QOTOMOB OfHOM 3NIEMEHTAPHOM Adeiku, obecneunsas Takmm oBPaA3OM
COMY BO3MOXHOCTb BbIMOSHEHUA KBAHTOBOXMMMYECKMX PACYETOB KpucTtannos. Heco-
MHEHHO, 4TO TOJLKO PA3BUTUE CYNEePKOMMBLIOTEPHBIX TEXHONOMMI CNOCOBHO obecneunTs
KBOHTOBOE MOZJENMPOBAHWE HOHOCKUCTEM, M KOK CIELCTBME, MPUBECTU K CO3AAHMIO He-
06X0OMMON TeopeTUYECkUi BAsbl AN PA3BUTHS HOHOTEXHONOMMA.

HaHoTpybku MMEIOT 0fHO NPEUMYLLECTBO Nepes APYrMMU HOHOOBBEKTAMM — OHM,
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NOJOBHO NMOMMMEPAM, MMEIOT NEPUOAMYHOCTL B OAHOM M3MEPEHMM. DTO NO3BONAET, KAK
W B CllyYde KPUCTAIOB, CBECTM PACYET K OLHOMN NEMEHTAPHON suelke. Tem He meHee
NS HAHOTPYDOK PEANUCTUYHBIX AMAMETPOB TAKAS LUMIMHAPHUYECKAS SEMEHTAPHAA AYEi-
ka ByLeT COLepPXaTb COTHU, ECIIM HE THICAYM ATOMOB. TyT HO MOMOLLL MOXET MPUTH eLle
OLHO CBOWCTBO HOHOTPYOOK — QKCMANbHAS cummeTpusa. Muorue HaHOTPYGku umeroT
BMHTOBbLIE OCW BbICOKOrO MOPSAKA, MOBOPOT BOKPYr KOTOPBIX M OOHOBPEMEHHbIM CABMT
BAOSb IIABHOM OCKM MepeBoasaT Tpybky camy B cebs. HaseaHHbe 3nemeHTsl cuMMeTpmm
NENaioT HaHOTPYBKK Bonee NepCnekTUBHBIMU OBBEKTAMM AN KBAHTOBOXMMMYECKOTO MO-
LENMPOBAHUS, YEM, HAMPUMEP, KOMMAKTHbIE HOHOYACTULBI C XAPAKTEPHOM ANs MOMEKY
TOYEYHOW CUMMETPHEN.

Puc. 1

Cpean MHOTOUYMCNEHHbIX HOHOTPYBOK, MOMYYEHHbIX K HACTOSALLIEMY BPEMEHM, Ha-
HOTPY6KM Ha ocHose amokcupa tvtaHa (TiO,) npeacTaensioT HanbonbwMin NpakTUYe-
CKMM UHTEPEC M3-30 OrPOMHOTO MOTEHUMANA MX BO3MOXHbIX npumeHenunin. Obnanas
BLICOKOM OTOKATANUTUUECKON OKTUBHOCTBIO, CUITBHOM OKMCITUTENBHOM CMOCOBHOCTBIO U,
ONHOBPEMEHHO, XMMMUYECKOM MHEPTHOCTBIO, A TAKXE YHWKANbHBIMU OMNTUYECKMMM CBOM-
CTBOMM, HOHOMATEPMANBL HO OCHOBE AMOKCMAA TUTAHA CMOCOGHBI COBEPLLINTL PEBOIIO-
UMIO B CO3LOHMM PABIMYHBIX SNEKTPOONTUYECKMX U SNEKTPOXMMUYECKMX CUCTEM, KOTOPbIE
MOTYT HQWUTK NPUMEHEHME B Ka4YeCTBE 3PHEKTUBHBIX MCTOYHMKOB TOKQ, FA30BbIX CEHCO-
POB, PaBOTAIOLIMX MPU BBICOKMX TEMNEPATYPAX, YCTPOWCTB 1A PA3NIOXEHUA BOMAbI C MC-
NOMb30BAHMEM COSTHEYHOM SHEPTMM, HOHODUIILTPOB AN OYMCTKM BO3ZYXA M YTUIMSALMM
YrNeKncnoro rasa.

[lnokena TUTAOHO CyLLECTBYET B TPEX PASIMUYHBIX KPUCTASTMYECKMX MOAUDUKALMSX:
aHATA3, PYTUI 1 BPYKUT. DKCNEPUMEHTBI MO AMPPPAKUMU SNEKTPOHOB YKA3LIBAIOT HA TO,
4TO HAHOTPYBKM OBPA3YIOTCA HO OCHOBE CTPYKTYpPbl aHaTtasa. [MpakTuyecku HaHoTpyH-
KM CUHTE3MPYIOTCS M3 PACTBOPOB COMEN TUTAHA METOLOM ocaxaeHus. B sasncumocTn ot
METOAIA CUHTE3Q, AMAMETP HAHOTPYOKM MOXET MEHATLCA OT AECATbIX AONEN HAHOMETPQ
10 [ECATKOB HOHOMEeTPOB. [lepBoHaYanbHO 06PA3YIOTCA ABYMEPHBIE NAMENSAPHBIE CTPYK-
Typbl, KOTOPbIE 30TEM CAMOMPOU3BONBLHO CBOPAYMBAIOTCA B TPYOKM. TEM CaMbIM NpUPO-
na Kak 6bl 4GET MOACKA3KY: CHAYANA HALO M3YYMTb KHAHOMUCT» — CION MM MIACTUHY,
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0BPA30BAHHYIO OfHOM MU HECKOSbKMMM QTOMHBIMM MIIOCKOCTSIMM, M JIMLLbL 30TEM PAC-
CMOTPETh BO3MOXHOCTb €€ CBOPAYMBAHMSA B HAHOTPYOKY, OLHOBPEMEHHO QHAMM3MPYS,
KAK MEHSIETCS CUMMETPUS, OTOMHOSI CTPYKTYPA M SHEpPrus npu Takoi TpaHchopmaLmu.

Puc. 2.

Mbl MpuUMeEHWUIM YKO3QHHBIA MOAXOA AN pacyeta HaHoTpybok u3 TiO, [2],
CKOHCTPYMPOBAB MX M3 6 ATOMHBIX MAOCKOCTEN QHATA3A, NAPCANEMbHbIX KPUCTANMO-
rpaduueckon nnockoctu (101). CHayana Mbl BEIMOAHUAM ONTUMM3ALMIO FEOMETPMU AN
6-nnockoctHoro cnos (puc. 1), onpepenvs ero aTOMHOE M EKTPOHHOE CTPOEHME.
3aTemM CKOHCTPYMPOBAMM HAHOTPYOKY, 3040B PA3MEPHI «OCKYTA», KOTOPbIA CTAHET
SMEMEHTAPHON A4ENKOM HAHOTPYOKM, M YKA3AB HAMPABAEHME, BOKPYr KOTOPOro 6y-
AET BHINOMHEHO CBOPAYMBAHME. BekTOpbI OCHOBHLIX TPAHCAAUMI B ABYNEPMOAMHYECKOM
(2D) moHoCnoe aHATA3Q B3AMMHO MEPNEHAMKYNAPHLI M TaKMM OBPA3OM 304AI0T ABA
BO3MOXHbIX HAMPABNEHUsS CBOPAuMBAHUs. [103TOMy CyllecTByeT ABA PA3HLIX TMNA HO-
HoTpy6ok Ha ocHose aHataza — (n, 0) u (0, n), rae n — 4Mcno CoOTBETCTBYIOLIMX
2D-BekTOpOB TPAHCNSUMM B BBIBPAHHOM HanpasneHuu. Ha puc. 2 w puc. 3 nokasa-
Hbl npumepsl Tpybok (n, 0) u (0, n) cootsetctBenHo. [na nepsoro tmna Tpybok Mbl
paccmoTpenu 3Hadedus n = 6, 9, 12, 15, a ana BToporo TMna — 3HadeHus 3—6.
DNeMeHTapHbIE AYEMKM PACCMOTPEHHbIX HaHOoTPybok comepxat ot 36 go 180 arto-
MOB, a mx aMameTpsl uameHsiotcs ot 0,7 1o 2 HM. Pacyetsl 6binn BbINOAHEHB C NO-
mowpio nporpammsl CRYSTAL-2006 [3] metomom MO JIKAO ¢ ucnons3osaHmem
mbpuaHoro obmerHo-koppenaumorHoro dyrkumnornana PBEQ. Hecmotps na oTtHOCK-
TEMbHO CKPOMHBIE PA3MEPLI PACCMOTPEHHBIX HAHOTPYBOK, pacueTs notpebosanu 3a-
METHbIX BBIYMCIUTENbHBIX PECYPCOB. TOK, AN ONTUMM3ALMM TEOMETPUM HAHOTPYOKM
(15, 0) notpeboeanock 11 yacos paboTsl 24 npoueccopos ¢ TakToso yactoton 3 I,
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Puc. 3.

Mpeabiaywme Teopetuyeckue pacdetsl [1] nokasanm, 4To HaHOTPYBKM Ha OCHOBE
TiO,, Tak e Kak M COOTBETCTBYIOLLME KPUCTANLI, — NONYNPOBOAHMKM C LUMPOKO/ 3anpe-
LIEHHOM 30HOM. DHEPreTMYecKkas yCTOMYMBOCTb HAHOTPYBOK BO3PACTAET C YBENMYEHUEM
Mx orameTpa. Hawm pacyeTsi NonHOCTLIO MOATBEPXACIOT 3TH BLIBOAL. AHANM3UPYs CTa-
BUALHOCTL HAHOTPYBOK HO OCHOBE GHATA3d, Mbl BMEPBLIE YCTAHOBUIM, YTO HAHOTPYOKM
tmna (0, n) Gonee yctonumesl, yem HaHoTpybkm Tvna (n, 0) Toro xe aMamerpa.
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