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IIpuBegeHbl pes3yabTAThI SKCIEPUMEHTAJbLHBIX HCCJIETOBAHUMN M TeopeTuye-
CKUX PACUYETOB 9JIeKTPOHHBIX XapaKTePHUCTUK MOHOKPUCTAJIJIOB JoaeKabopuma
nupkoHusa. IlokasaHo, uto ZrB,, mpuHamJEXUT K KJacCy YaCTUYHO KOBa-
JICHTHBIX COEIMHEHUN MepeXOHBLIX METAJJIOB C JErKUMU dJIEMEHTAMH, B KO-
TOPBIX HAIpaBJeHHbIE KOBAJIEHTHbBIE CBA3M 00pa 00ecIeunBaiOT BLICOKYIO Me-
XaHUYECKYIO IPOYHOCTH, B TO BpeMs KaK MeTaJlinuecKue (a 3HAYUT, U CBEPX-
TIPOBOMAIINE) CBOMCTBA (hOPMUPYIOTCA d-COCTOSHUAMU MUPKOHUSI, THOPUIN-
30BAaHHBLIMHU C BHEIITHUMU 2p-opOuTtanasamu 6opa.

Hageneno pe3ysibTaTu eKCIIEPUMEHTAIBHUX MOCHIKEHb Ta TEOPETUUHUX PO3-
PaxyHKiB €JIEKTPOHHUX XapPaKTEPUCTUK MOHOKDPUCTAJIIB AOAEKa0OPULY IIHP-
kKoHiro. ITokasaHno, 110 ZrB,, HaJIeXUTH [0 KJIACy YaCTKOBO KOBAJEHTHUX CIIO-
JYK IepexXifHUX MeTaJiB 3 JIETKUMU eJleMeHTaMU, B AKUX CIPAMOBaHiI KOBa-
JIEHTHI 3B’ A3KU 60pYy 3a6€3IeUy0Th BUCOKY MEXaHiUHY MIiIlHiCTh, B TOM Yac AK
MeTaJseBi (a 3HAUUTH, i HAATIPOBiAHi) BIacTuBOCTi GOopMYyIOTHCA d-CTaHAMU ITH-
PKOHiI0, riOpuamn3oBanuMY i3 30BHiTHIMU 2p-opbiTanamu 60py.
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The results of experimental investigations and theoretical calculations of
electronic characteristics of zirconium dodecaboride single crystals are pre-
sented. As demonstrated, ZrB,, belongs to the class of partially covalent
compounds of transition metals having light elements, in which directed co-
valent bonds of boron form high mechanical strength, whereas their metallic
and, hence, superconducting properties are formed by zirconium d-states hy-
bridizing with external 2p-states of boron.

Kirouesslie ciioBa: nonefcaﬁopnn IOUPKOHUA, 9JIEKTPDOHHbIE COCTOAHMA, CBEPX-
IIPOBOAMMOCTDH, KOBAJIEHTHBIE CBA3U, II€PEeXOJHbIE€ MEeTAaJlJIbI.

(ITonyueno 19 okmasabpsa 2010 2.)

1. BBEJEHUE

ITocne Toro, kak B Hauajie BeKa B JIMOHNM OBIJI OTKPBLIT HOBBLIM CBEpX-
npoBogHUK MgB, ¢ KpuTtruuecKoil remmeparypoii mepexona T. okoio 40
K [1], Bo BceM Mupe HauaJMCh MHTEHCUBHLIC IOMCKU U KCCJIETOBAHNS
CBEPXIIPOBOAAIINX MAaTePUaOB, KOTOPbIE OTHOCATCA K 0COOOMY KJIaccy
IIPOBOJHUKOB — <«KOBAJIEHTHBIM MeTaJaaM». VIX OCHOBHOM OCOGEHHO-
CTBIO SIBJISIETCA HAJIUUYHE B METANJINYECKOM COCTOSHUM IIPOYHLIX KOBAa-
JIEHTHBIX CBA3eil MexKJy aToMaMu. B KauecTBe mpuMepa MOMKEHO IPUBe-
CTU JONMMPOBaHHEIE 6opoM anma3s [2], kpemHUi [3] 1 Kapbuag KpeMHUS
[4, 5] (kpuTuueckas TeMmMIepaTypa CBEePXIPOBOAAINEr0 Tepexojaa
T.=10,0,35u 1,4 K coorBeTcTBeHHO0), KaaTpaTsl (Na,Ba) Si,scT.=8 K
[6, 7], momupoBaHHLIE MIeJIOUHBIMU MeTaaamMu Gyriepessl ¢ T.= 20 K
[8], a Tak:ke rpaduromomobHbIie ciaoucThie coenunenuda CaCq u YbCq ¢
T.=11 K [9, 10]. I[ToMmruMO KOBAJIEHTHOTO MEXKATOMHOTO B3AaMMOMIEM-

Puc. 1. Kpucranauuyeckas CTPYKTypa JoAeKabopuaa IMUPKOHUA: CUMMETPUI
Fm3m, napameTp peméTKu npu KOMHATHOH TeMnepaType a="7,4072%+0,0005
A, o6bem snemeHTapHOI Aueiixu V=406,5 A3, paccrosHue Mexny GiMKAaii-
muMu aromamu 6opa — ot 1,68 A 101,78 A [12]



IOOOEKABOPUII ITMPKOHMS — HOBBIV CBEPXIIPOBOISIIIIII MATEPUAJ 79

CTBUSA, OOIIMM [AJIsI BCeX MEPEUNCIEHHBIX MATEPUAIOB ABJIACTCSI HAJM-
yue X0Ts ObI OMHOTO JIETKOTO sJieMeHTa (60D, yriIepon).

Cpenu MB; rekcabopumoB u MB,, nomexabopumoB (M — O0OBIYHO
penKo3eMeNbHBLIN MeTaja), OMHAPHBIX COEIUHEHUI ¢ BLICOKUM COZEp-
JKaHMeM 60opa, MMeeTCs TOJbKO IBA CBEPXIIPOBOAHUKA, KOTOPhIE MOTYT
paboTaTh Ipu TeMuepaTrypax Boitie 4,2 K. K HuM oTHOCATCA reKcabopi
urrpuac T,.mexay 6 u 71 Ku ZrB,;, ¢ T.= 6 K. B o0oux cayuaax 0a30BbI-
MU CTPYKTYPHBIMU 3JIEMEHTAMU ABJAIOTCA YCTOMUUBBIE KJIACTEPHI aTO-
MOB 6opa. B rexcabopuge UTTpusa oHM 00pas3yioT BMecTe ¢ M aToMaMu
npoctyio CsCl pemérky (M aTomsbl 3anumaloT mosunuu Cs, a B; Kiaacte-
pei — Cl). CrpyKTypy momerabopuia IIUPKOHUSA MOMKHO (POPMAIBLHO
IpeICTaBUTh Kak IPocTyio cTpykTypy Tuma NaCl, rae aToMbl Zr 3aHU-
MaloT IIO3UIIMY HATPHUA, a UKOCadAphl B, IleHTPUPOBaHbI HA MTOSUINAX
xjopa [11]. OmemenTapHas aueiika coeguHeHUA ZrB;,, KpucTajiinuie-
cKasd pellIéTKa KOTOPOTo MoKasaHa Ha puc. 1, comep:xut 52 atoma.

2. PACUET 9JIEKTPOHHO CTPYKTYPBI TOJEKABOPUIA
IIUPKOHUA

JJIeKTPOHHAS CTPYKTypa HOoAeKabopuiaa MUPKOHUA PaCCUUTHIBAIACH
HEOMIIUPUYECKUM METOJOM JMHEAPU30BAHHBIX MPUCOEIUHEHHBIX IIJIO-
CKMX BOJIH, KOTOPLIN OB peasns3oBaH B mporpamme Wien2k [13]. 9tor
IOAXOJ 3aKJI0UaeTCs B PellleHnr M3BecTHBIX ypaBHeHmnit Koma—Illema
[14] pyia s1eKTPOHHOM MJIIOTHOCTU OCHOBHOTO cocToAHUA. IIpu aTom miia
00MEHHO-KOPPEJIAINOHHOTO IMOTEHIINAJa NCII0JIb30BAJIOCh 0600IEHHOE
rpagueHTHOe MPUOIM:KeHNe B BUIe, Ipeaao:KkeHHOM B pabore [15]. B
IIeJIOM, WCIIOJIb30BAHHBLIN METOJ OCHOBAH Ha Teopuu (GyHKIIMOHAJA
DJEKTPOHHON MJIOTHOCTU U IMPUOJIMKEHUN JIOKAJbHOM CINHOBOI ILJIOT-
HOCTH, KOT[a dJeMeHTapHad dueiika pasfeisdeTcsa Ha HelepeKphIBalo-
Irecs aToOMHBIe chepbl C ATOMHO-TOJ00HBIMI BOJTHOBBIMU (DYHKITUIMIH,
U IIPOMEKYTOUHYIO 00JIaCTh, B KOTOPOU WCIIOJb3yeTCA pasjosKeHue
IJIOCKOIT BosHbI. Perenue ypaBaeuuit Kona—Illema pasmaraercs B pan
B DTOM KOMOMHUpPOBaHHOM 0Oasuce, KO3(p(PUIIMEHTLEI KOTOPOTO OIIpeje-
JIAIOTCS C IOMOIIIBIO BApHUAIMOHHOro npuuiuna Pajaesa—Puria.

Yucao pasdueHU IPU WHTETPUPOBAHUM II0 HEIPUBOAUMOI UYaCTHU
30HBI Bpuiaiossa B pacuérax BbIOMpasoch paBHBIM 104, a mMcmosan3o-
BaHHBIN MaKCHUMAaJILHBIA BOJHOBOII BEKTOP B Ha0Ope ILIOCKMX BOJIH CO-
OTBETCTBYeT sHepruu 12,5 aTOMHBLIX eIMHUI] SHepruu. B pesyabTare
BBITIOJTHEHUSA CAMOCOTJIACOBAHHBIX PACUETOB HAXOAUJINCH ONTUMUIUPO-
BaHHBIE TO3UITNY BCEX aTOMOB U IIOJTHAA YHEPIUsA CUCTEMbI, a 3aTeM pac-
CUUTBLIBAJIACH 30HHAA CTPYKTYPa COeIUHEHNA, IIJIOTHOCTD 3JIeKTPOHHBIX
COCTOSTHUII U ITPOCTPAHCTBEHHOE paciipeaesaenue 3apsana. [Ipu aTtom ypo-
BeHh PepMm Bcerjga NpHmHUMAJICS 3a TOUKY OTcuéra. Pagmyc aToMoB
IMUPKOHUSA BhIOMpAaJica paBHBIM 2,2, a 6opa — 1,4 aTOMHBIX €IMHIII
IJIWHE (a.e.1.).
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Puc. 2. 3oHHaAsA CTPYKTypa HOZeKabOpMaa LUPKOHUS, PACCUMTAHHASA C IIO-
mortrbio mporpamMmmel Wien2k.

ITonyueHHBIE HAMU C IOMOIIILIO ITporpaMMbl Wien2k pesyiabTaThl AIA
30HHOM CTPYKTYPhI JogeKabopuga ITUPKOHUA MOTYT OBbITH CPABHEHBI C
coorBeTcTByOIMUMU HanHbIMu Illemna m VBamoBckoro [16], xoTopsnie
HWCIIOJIB30BANIN CKAJAPHO-PEIATUBUCTCKUHA CAMOCOTJIACOBAHHEBIN II0JI-
HONOTEHIINAJNLHLINA MeTOM JUHEeHHBIX muffin-tin-opouraneil ¢ UCIOJIbL-
30BaHMEM TOTO Ke IpuoamkeHus [15] gia yuéra oOMeHHO-KOPPeIAIin-
OHHBIX 3(pPeKToB. CpaBHEHNE HAHHBIX PA3JNYHBIX KBAHTOBO-MEXAaHU-
YECKUX BBIUNCIUTEJIbHBIX METOHO0B, MPUHIIUINAILHO OTINYAIOIIUXC
CBOMMU IIOAXOAAMH K BBIOOPY 0A3MCHBIX BOJHOBEIX (GDYHKI[MI, Ipes-
CTaBJIAETCA Ba’KHBLIM JJIs YCTAHOBJIEHUA JOCTOBEPHOCTU IIOJIYUAEMbBIX
pe3yabTaToB.

Ha pucyuke 2 mpencraBiieHa pacCunTaHHAA HAMU 30HHAA CTPYKTYpPa
Iomekabopuga ITUPKOHUSA, B I[EJIOM, IOL00HAA TOM, KOTOpas ObLIa pac-
curTaHa B pabote [16] mpuHIImOuaIbHO ApyruM MmetonoM. CieayeT mo-
YEePKHYTh, UTO B 000UX CIyUyadaX YPoBeHb PepMU HAXOAUTCA B 30HE IIPO-
BOANMOCTH, 1 KaUECTBEHHO B €r'0 HeIIOCPeICTBeHHOH OKPECTHO CTH dHeP-
reTUYecKle 30HbI BeAyT ce0A MoJ00H0 MOIe s CBOOOIHBIX 2JIeKTPOHOB.
Wmenwo sTa 06J1aCTh 9HEPTUH OoNpenesseT OCHOBHbBIE CBEPXIIPOBOIAIINE
XapaKTepUCTUKHU MeTaJjjia B 00béMe, KOTOpLIe B cayuae ZrB;,, Kak ObII0
ycTaHoBJIeHO B pabore [17], IOJHOCTBIO COOTBETCTBYIOT CTAMIAPTHBIM
pesyabraTam Teopuu BKIII.

Ha pucyuke 3 mpencraBieHa HOJHAA IJIOTHOCTL 9JEKTPOHHBIX CO-
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Puc. 3. ITosnHas IJIOTHOCTH 3JEKTPOHHBIX COCTOSHHI B HOoAeKabopume Iup-
KOHMI.
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Puc. 4. TlapuuanbHble IIJIOTHOCTUA BJJIEKTPOHHBIX COCTOSAHHUIN ITOAPEIIETOK
IUPKOHUA u 60opa B ZrB,,. [Tudpamu 1, 2, 3 yKazaHbl COCTOAHUL S, P, d.

CTOSHUY N5 TomeKabopuaa MUPKOHUA, KOTOPAas XOPOIIIO COTJIACYETC C
COOTBETCTBYIOIMUMHU AaHHBIMU paborwl [16]. Taxk, Hampumep, moJaHAS
IJIOTHOCTH COCTOAHUM Ha ypoBHe Pepmu, paccuutanuad B [16], umeer
BeJMYUHY, IpuMepHo 1,7 3B™, B To BpeMa Kak Hallle 3HaueHNe — OKOJIO
1,4 5B, ITogo6HOe cOBIaZieHIIe Pe3yIbTATOB PACUETOB, BEITOTHEHHBIX C
TIOMOIIIBI0 PA3JINUYHBLIX METOIOB, T€MOHCTPUPYET MOCTOBEPHOCTH MOJIY-
YeHHBIX Pe3yJIbTATOB.

Ha pucynke 4 mpuBeneHbl apuaJbHble MJIOTHOCTH COCTOSHUNA AJIA
MOAPEIIETOK ITUPKOHUSA 1 60pa, KOTOphIe ITOKAa3LIBAIOT, UTO DJIEKTPOH-
HBIE COCTOAHUA Ha ypoBHe PepMu, B OCHOBHOM, C(hOPMHUPOBAHBI 2p-
opbuTaaAaMu aToMOB 00opa u 4d-opOoUTATAMYU ATOMOB IITUPKOHUS C MAJIOH
CTeIleHbIO0 THOPUAMBAIINY, UTO BIIOJHE COTJIACYETCA C IPEeAIOoJIOKeHueM
0 KOBAJICHTHOM XapakKTepe cBsseit B—B B oryimume ot cBsazeit Zr—B u o
TOM, YTO HOoAeKabopuj IUPKOHUA MPUHALJIEIKUT K KJacCcy KOBaJEHT-
HBIX METAJLJIOB.
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Hau6Gosee ybenuTesbHBIM A0KAa3aTeJIbCTBOM IIOCJEIHEr0 YTBEpIKIie-
HUS ABJSIOTCA KapThl IPOCTPAHCTBEHHOTO PACIPeneIeHU HIEeKTPOH-
Horo 3apaza p(r) B miaockoctax (001), npuBenénnsle Ha puc. 5 u 6 (ad-
(beKkTUBHBIE 3apAAbl Zr M B paccuMTHIBAJNCEH AJIS COOTBETCTBYIOIIUX
sueek Burnepa—3eiiTiia). IlepBas M3 HUX COOTBETCTBYET ILJIOCKOCTH
(001), xkoTopas BKJIIOUAET B ce0sd IATH ZT U BoceMb B 10HOB, B TO BpeMs
KaK BO BTOPOM cJiyuae IMOKasaHa ImapaJjiejbHas el U CABUHYTasA BAOJb
OCH 2 TLJIOCKOCTb, KOTOPas CONEPKUT TOJLKO aTOMBI Oopa u, CjemoBa-
TeJIbHO, MOJHOCTHIO XapaKTepu3yeT MOAPeIETKY Oopa.
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Puc. 5. Pacupenenenue 3JeKTpPoHHON miaoTHOCTH B mockoctu (001), mpoxo-
gameil uepe3 IATH aTOMOB Zr W BoceMb aroMoB B. 3zeck m Ha pmc. 6 pac-
CTOAHUA JAHBLI B a.e.]., a IJIOTHOCTb 3apaja B e/(a.e.n.)’, rae e — sieMeH-
TapHBIN 5JeKTpUUecKUl 3apan,.
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Puc. 6. Pacupenenenue 3JeKTpPoHHON miaoTHOCTH B myockoctu (001), mpoxo-
IsAIei yepes IecTHaAIlaTh aToMOB B.
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Pacnpenenernne sapazga p(r) HarJaAggHO JeMOHCTPUPYET TOT (PakrT, 4TO
Ha B—B KoBaJIeHTHYIO CBA3L MEXKAY OMMKANIIINMY BHYTPH- U MEXKKJIa-
CTePHLIMM aTOMaMU MPUXOAUTCA 3HAUUTEJIbHAs YacThb 3apAna, B TO
BpeMs KaK U B IIEHTPe UKOCasapoB B;,, 1 B HEIOCPEICTBEHHON OKPeCT-
HOCTH aTOMOB ITMPKOHUS JIOKAJbHBIN 3apAj ImagaeT A0 HUYTOMKHO Ma-
JBIX BeJIWYMH. Pa3InuyHbBIN XapakTep XUMUUYECKUX CBA3EH B IOIPEIET-
Kax Zr u B u Mexay HUMU MOATBEPKIaeT BEICKa3aHHYIO B pabore [18]
nger 00 a0COIIOTHO PasHBIX BKJIAAAaX B (DOHOHHBIH CIEKTP JoAeKabopu-
Ia MUPKOHUA — KBasuae0aeBCKOro CIeKTpa OT MOAPEIIEéTKY 6opa 1 KO-
JebaHmii MOHOB ZI ¢ YaCTOTOM, KOTOpas OUeHb CJIa00 3aBUCUT OT BOJHO-
BOT'0 BeKTopa (mpubamixeHne JWHINITeHHA). B To Ke BpeMs ciieyeT OT-
HECTHCH C OCTOPOYKHOCTBHIO K IIPEAIOJIOMKeHnI0 aBTopoB [18] o ToM, uTo
CBOMCTBA CBEPXIIPOBOAAINETO COCTOSIHUA B ZrB,, onmpemeasaioTca, B OC-
HOBHOM, 5TUMHU HU3KOUYACTOTHBIMY K0Je0aHUIMU MOHOB ZI', TIOCKOJIBLKY
IaHHBIE pHUC. D 1 6 YyKasbIBAIOT HA TO, YTO OCHOBHOM 5JEKTPOHHLII
TPAHCIOPT OCYIIECTBJISIETCS BHYTPU IOAPEIIETKY Oopa.
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