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Ilpuenexkamenvrnocms ceolicme aniomponHbLIX YOPM y21epooa Momueupyem ucciedosame-
J1ell Ha HOUCK €20 HOGBIX CIAOUIbHBIX coeOuHeHUll. B 0annoil padbome npeonoricena mMooesib npome cy-
MOUHOIL Y21epoOHOIl (ha3zvl mexHcoy aimazom u 2pagumom, HeOOHOKPAMHO HADI00aemMoll 8 IKCnepu-
menme. Hanpumep, panee 6110 nokazano, 4mo 31eKmMpoHHoe 001yueHue zpajuma moxcem npusecmu
K 00pazosanuto MemacmaouibHou yenepooHoli CIpyKmypbl, umerouieit RPo8ooUMOCmb 600.1b HANRPAB-
nenusn (0001), umo nozeonsem coenams 6v1600 0 YOPMUPOBAHUU C8A3EI MENHCOY COAMU Zpaduma, Ko-
mopule obecneuuearom nepeHoc I1eKmponos. Hzmepennoe mexcniockocmuoe paccmosanue 6 npome-
scymounoii yznepoonoii paze ~2,6 A npeononazaem 603modicnoe enedpenue amomos mexicoy y2inepoo-
HbIMU CT1OAMU, NOCKOJILKY PACCHIOAHUE HAMHO20 001bULe, YeM MENHCNTIOCKOCHIHOE PACCIMOAHUE 8 XUMU-
YeCKU C8A3AHHBIX C10AX (ANMA3), HO 3HAUUMEIbLHO MEHbULE, YeM 8 C/10:X, C6A3AHHBIX 8AH-0EP-6Ad/IbCO-
eviM e3aumooeiicmeuem (cpagum). Taxasa cmpykmypa mosrcem 0vims peaiu308and 3a ciem eHeOpPeHUs
amomoe mexcoy cioamu zpaguma. Tem ne menee, meopemuueckue pacuemsl NOKA3A1AU, YMO COCOUHe-
HUe zpaghumossix 1UCMO8 ¢ ynaKoskoii AB aenaemcsa snepzemuyecku He6vi200HbLIM, CHPYKIMYPa pacco-
€OUHANACH HA C/I0U Zpaduma ¢ UHMEPKATUPOBAHHBIMU amomamu yziepooa. Cmadbunuzayus cmpyk-
mypbl MoYHCem Oblmb 00CMUZHYMA Nymém nepecmpoiiku ynaxoexku zpaguma é AA’, npu smom amomoi
8HEOPeHUA 6 Hell (POPMUPYIOM CRUPONEHMAHOBYI0 CIPYKMYPY ¢ Sp°-zubpudusayuei. Modens nokazana
dobuLyIo ycmoiiuueocms ¢ paccmosnuem nopaoka 2,6-2,7 A ¢ oonacmu coedunenus cnoés 6 coomeem-
cmeuu ¢ IKCnepuUMeHmanbHolMu OAHHLIMU. /IPY2UM 8AHCHBIM CEOUCHIEOM UZYUEHHOU MOOEIU ABNACHICA
npucymcmeue 6 nAOMHOCHU IJ1IEKMPOHHBIX COCOAHUIL HEeHY1ebIX cocmoanuil na Inepzuu Pepmu,
umo npeononazaem Memaiiuieckyio npoeooOUMOCmy, CONACYIOUWYIOCA C HADI00aeMblmM RadeHuem co-
npomuenenusn 00 1yUeHHbIX 2PaPumosnx cucmem.
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The fascinating properties of allotropic forms of carbon motivates researchers to search for

new stable compounds. This paper proposes a model of an intermediate carbon phase between dia-
mond and graphite, which has been observed numerous times in experiments. For example, it was
shown earlier that electron irradiation of graphite can lead to the formation of a metastable carbon
structure characterized by conductivity along the direction (0001), which implies the formation of
bonds between graphite layers that provide electron transfer. The measured interplanar distance in
the intermediate carbon phase ~2.6 A suggests the possible introduction of atoms between the carbon
layers, because the distance is much larger than the interplanar distance in chemically bonded layers
(diamond), but much smaller than in layers bonded by van der Waals interaction (graphite). This
structure can be realized by introducing atoms between the graphite layers. Nevertheless, theoretical
calculations have shown that connection of graphite sheets with AB packing is energetically unfa-
vorable, the structure is transformed into graphite layers with intercalated carbon atoms. Stabiliza-
tion of the structure could be achieved by rearrangement of the graphite packing in AA" with the
introduction atoms in it forming a sp3-hybridized spiropentane structure. The model showed higher
stability with distances of about 2.6-2.7 A4 in the layer junction region in accordance with the exper-
imental data. Another important property of the studied model is the presence of nonzero states at
the Fermi energy in the density of electronic states, which suggests metallic conductivity, consistent

with the observed drop in the resistance of irradiated graphite systems.
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BBEJEHUE

VYrneponuele $hazbl 00JI1a1aI0T TPUBIIEKATEIb-
HBIMH CBOMCTBaMH, YTO MOTUBHUPYET UCCIeI0BaTenen
Ha MOMCK HOBBIX CTa0MJIBHBIX COEAWHEHHH. AJMa3 U
rpaduT SBISIOTCS HanOoyiee CTAOMIBHBIME KPUCTAN-
JMYECKUMH yTIIepoaHbIMU (hazamu. HecMoTpst Ha MHO-
TOYMCIICHHBIE TEOPETHYECKHE IMpEeACKa3aHus APYTHX
CTAOMIBHBIX KPUCTAUIMIECKUX COSAMHEHHN yTiepoaa
[1-6], B axcriepuMeHTax ObLIH CHHTE3UPOBAHBI TOJIBKO
HeperyisipHbie cTpyKTyphl [7-10]. Tem He meHee, He-
KOTOpBbIE SKCIIEpUMEHTAIbHBIE JAHHBIC TPEIIONAraloT
BO3MOXXHOE CYIIECTBOBAHUE TPOMEKYTOUHOW yriie-
poaHo# ¢a3el Mexy anMa3zoM u rpadurom. Hampu-
Mep, 3IEKTPOHHOE 00IyUeHue rpaduta MOXKET PHUBE-
CTH K OOpa30BaHUIO METACTAOMIBHOU YTIIEPOTHOM
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CTPYKTYPBbI, UMEIOIIEH POBOIMMOCTD BJIOJIb HAIPaB-
nenwns (0001), 9ro npeanonaraetT GopMUpOBaHHE CBSI-
3eil Mex1y ciosiMu rpaduTa, 00ecIeunBaIOIINMHU T1e-
peroc anexktpoHoB [11]. TIpoMexyTodHyrO yTiaepoa-
HyI0 (a3y Takke MOXKHO MOJYyYUTh W3 anmasza. Bos-
neiictue Hanpsokenus casura 55 I'Tla (mpenen teky-
YeCTH ajMas3a) NPUBOJIUT K TpaHc(opManuu anMasa B
MPOMEXYTOUHYIO YIIIEPOAHYI0 a3y, COCTOSIIYIO U3
cy10eB rpadeHa, CoeIMHERHBIX Sp°-cBsi3samu [12].
M3MepeHHOe MEKIUIOCKOCTHOE PAcCTOSIHUE B
IIPOMEXYTOUHOM yrnepojHoi ¢aze ~2,6 A [13]. Dra
CTPYKTYpHast 0COOCHHOCTH MPEAIOoJaraeT BO3MOKHOE
BHEJIPEHHE aTOMOB MEXIY YTIICPOIHBIMHU CIIOSIMH, TIO-
CKOJIbKY PaCCTOSHHE HAMHOT'O OOJIbIIIE, YeM MEKILIOC-
KOCTHOE PACCTOSIHUE B XUMUYECKH CBSI3QHHBIX CIIOSX
(anMa3), HO 3HAYMTEIILHO MEHBIIIE, YEM B CIIOSIX, CBS-
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3aHHBIX BaH-JCP-BaalIbCOBBIM B3aUMO/IcHiCTBHEM (Tpa-
¢ut). Takast CTpyKTypa MOKET OBITh pean30BaHa 3a
CYET BKJIFOUCHHUS MEXKIOY3EIbHBIX AaTOMOB.

METOBI UCCIIEJOBAHN A

Pacuer aToMHOU CTPYKTyphl CBOMICTB yrije-
POIHBIX CTPYKTYP MPOBOJMUICS C TOMOIIBIO METO/a
TeopuH (GpyHKIMOHAJA AMEeKTPOoHHO# moTHocTH (DFT)
B paMKax METO/a MPHCOEANHEHHBIX IUIOCKHX BOJIH C
HNPUMEHEHHEM MTEPUOANIECKIX TPAHNYHBIX YCIOBUH U
¢yHKUMOHanma MeToga OOOOIIEHHOTO TpaaueHTa
(GGA) B mapamerpusanuu Ilepasio, Bypke u DpH-
3epxoda [14] ¢ yueTom BaH-IIep-BaaIbCOBOTO B3aUMO-
nevicteust VAW-DF [15, 16], peann3zoBaHHOTO B Tpo-
rpamMHoM iakete VASP [17-19]. Dueprus oOpe3anus
TUIOCKAX BOJH OblTa BhIOpaHa paBHOU 400 »B. Jlns
oOecrieyeHns JOCTaTOYHON TOYHOCTH MIPU ONTHMH3a-
1M ObUT BEIOpaH HaOop K-Touek 6X6x6 B mepBoii 30He
Bbpunmosna. Kpurepuit cxomumocTu i TMOJNHOM
sHeprum ObUT BEIOpaH paBHbIM 107 5B.

PE3VIJIbTATBI 1 X OBCYXJEHNE

Panee yxe ObUIH caenaHbl MOMBITKH MOCTPO-
UTh MOJIENTb IPOMEKyTOYHOH (a3sl. K mpumepy, B pa-
6ore [10], rme wusywamcs anmas, MOIBEPTHIHIACS
HEHUTPOHHOMY OOJy4eHHI0, ObLTa TpeasIo’KeHa MO-
JIelb, TIPEICTABIIONAas co00M Sp3-ruOpuIM30BaHHBIE
CJI0M, HaxoAsMmuecs Ha paccTosHun ~2,6 A. Ilpupona
CBA3bIBAHMS TaKUX YITICPOAHBIX CJIOCB HE BIIOJIHE sAICHA
U TpeOyeT JanbHEeNIIero pa3BUTHs MOJIEIH IIPOMEXKY-
TOYHOH ¢a3sl. B apyrux paborax usydanack BO3MOXK-
HOCTh COCJTMHEHUS JIBYX CIIOEB rpaduTa C MOMOIILI0
aromoB BHeapenus: [20]. DTo MO3BOJIKMIO MPEAIIOINO-
KUTb BO3MOKHOCTb COEIMHEHHUS BCEX CIIOEB rpaduTa
moT0OHBIM 00pa3oM.

OnHako, TEOPETUYECKUE pacdeThl MOKa3alu,
YTO COEJUHEHUE TPa(UTOBBIX JMCTOB C YIMAKOBKOH
AB sBusieTcsi HEPreTMYECKH HEBBITOJHBIM, CTPYK-
Typa paccoeiuHsIach Ha CIOM C MEXIUIOCKOCTHBIM
paccrosinuem 3,4 A ¢ uHTEpKAaTMPOBAHHBEIMU ATOMAMU
yriieposa.

Puc. 1. a) mpoMexyTouHas yriepoaHas ¢asa ¢ MeXIUIOCKOCTHBIM
paccrosiHueM ~2,6 A. b) edekT THTIA cimponeHTaHa (BBLIENEH
kpacHbIM 1iBeToMm http://journals.isuct.ru/ctj/article/view/3967)
Fig. 1. a) intermediate carbon phase with an interplanar distance
of ~2.6 A. b) defect of the spiropentane type (marked in red
http://journals.isuct.ru/ctj/article/view/3967)
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B cmyuae e ynakoBku Tma AA' (koTopas
MOXXET OBITH TOJy4YeHa IyTeM CABHTa CJIOs rpadura
BJI01b Hanpasienus (1100) na 0,71 A) crpykrypa mo-
Kazajia OoJBLIYI0 YCTOHYMBOCTH C PACCTOSHHEM II0-
pamka 2,6-2,7 A B 06macTH COeMHEHMS CIOEB
(puc. 1a). Panee ObLIO MOKa3aHO, YTO XOTS B H€AIlb-
HOM rpadute nedeKThl BHEAPCHUS pPacIojararoTcs
HaJ LCHTPOM CBsI3H, Oojiee cTaOUIBHBIM COCTOSTHUEM
SIBIISIETCSL CIBUHYTAS PEIIeTKa, MPUBOIAILAS K 00pa3o-
BaHUIO JIe)eKTa CO CTPYKTYpPOU MOJIEKYJIbI CIIUPOIICH-
ta"a (puc. 1b). [21]. ®opmupoBanHme YeThIpEX KOBa-
JICHTHBIX CBS3€W MPHUBOANT K TIOHMKCHHUIO SHEPTHH Ha
~0,06 »B/aroMm, 4YTO MMO3BOJAET MPEANOJaraTh BO3-
MOKHOCTh 00pa30BaHHsS TaKOW CTPYKTYpBl ITyTeM
c/BUTa TPapUTOBBIX CIOEB, MOCKOJIBKY TpaHchopMa-
mus u3 AB B AA’ ymakoBky TpeOyeT CyIIECTBEHHO
menbeii saepruu ~107 3B/atom [22]. O6pazoBanHoe
KOBQJICHTHOE COCAMHEHHE YACP)KHUBACT YTIEPOIHBIC
CIION W HE TO3BOJSET CTPYKTYpe TpaHCHOPMHUPO-
Batbcs B rpadur. Takum oOpaszom, mpeiaraeMple
CTPYKTYPBI MOTYT OBITH PACCMOTPEHBI KaK BO3MOXK-
HBI KaHAWAAT B IPOMEKYTOUHYIO YTIIEpOIHYIO a3y,
MMOJIYYCHHYIO B SKCIICPUMCHTC.

JpyruM BaXXHBIM CBONCTBOM IIOJYYEHHOU
CTPYKTYPHI (ha3bl SABISIETCS HAIMYKME B HEH MPOBOJIH-
MocTta Brousb HanpasieHus (0001). B mmoTHOCTH 211ek-
TPOHHBIX COCTOSTHUM MMEIOTCS HCHYJICBBIC COCTOSAHUA
Ha 3Hepruu Depmu (puc. 2), YTO 03HAYACT METAITHYE-
CKYIO0 TPOBOJIMMOCTb, COTJIACYIOUIYIOCS C HaOItoaae-
MBIM TaJICHHEM COMIPOTHBIIEHUS! O0TydeHHBIX rpadu-
TOBEIX cucTeM [7].

nac

2 -15 -1 -05 0 0,5 1 1,5 2
E-Ef, B
Puc. 2. II10THOCTB 37€KTPOHHBIX COCTOSIHUI MOJIEIH ITPOMEXKY-
TOYHOM yTiepoHoi ¢a3bl. DHeprus Pepmu B3sTa 3a HOIb
Fig. 2. Density of electronic states of the model of the intermedi-
ate carbon phase. Fermi energy taken as zero

BBIBO/IbI

B nanHO#1 paboTe npejpcTaBieHa MOACIb Ga3bl
yriiepoja, OCHOBAaHHOW Ha COCMHEHUM TpadHTOBBIX
cioeB gedekTaMu BHEAPEHUS, UMEIOITUMHE CTPYKTYPY
MOJIEKYJIbI CIIUponeHTana. MoJenb cornacyercs ¢ uMe-
FOLMMUCS JINTEPATyPHBIMU JIaHHBIMA U MOXET OBITh
paccMOTpeHa B KauecTBE MPOMEKYTOUHOU (a3bl yriie-
poza, HEOTHOKPATHO TTOYYEHHYIO B OKCTIEPUMEHTAX.
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