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AnHotaumsa. B paGoTe M3 3akoHa IUCNEPCHH 3JEKTPOHOB B 30HE IMPOBO-
JMMOCTH PAas3/JHUHBIX aJJIOTPONHBIX MomuduKauuil docdopeHa, pacCUUTAHHOIO C
MOMOLLbIO TEOPHUH (PYHKLHOHAJA MJIOTHOCTH, MOJydyeH TeH30p 3(PeKTHBHOH Mac-
cbl. I/ pacyeToB HCNOJb30BaJICS MakKeT KBAaHTOBOXMMHUECKOTO MOJENHPOBAHHUS,
OpenMX, KOTOpBIH 3HAUUTENbHO COKpalllaeT BpPeMs pacyeToB [J/s1 CUCTEM, COCTO-
SILIMUX U3 COTEH M ThICAY aToMOB. CpaBHEHHE IMOJyUEeHHBIX Pe3y/JbTaTOB TE€H30DPOB
IJ1S1 YePHOTO U CUHero ¢ocdopeHa ¢ APYyrdMH paboTaMH MOKa3a/a0 KOPPEKTHOCTb
UCIIONb3yeMbIX MeTOJO0B, KOTOpble B JaJjbHeHlleM OblIM NPUMEHEHbl A/ APYTHUX,
MeHee H3y4YeHHbIX a/JIOTPONHBIX MoAM(pUKauui ocopeHa. B uactHoCcTH, OblIM
U3yudeHbl €- U &-pocdopeH, KOTOpble OTIHMYAIOTCH HEreKCaroHaJbHOW KPUCTaJJIHU-
YeCKOH pelleTKOH ¢ HermpsiMOH 3ampelieHHOH 30HOH. DTO MOKeT ObITb HHTEPECHO C
TOYKH 3peHUs] OOHApYKeHHUsl B ITUX MaTepHhanaX HHTEPeCHbIX aKyCTO-3JIeKTPOHHBIX
CBOHCTB, HampuMep, Pe30HAHCHOTIO MOIJIOLIeHUS aKycTHUYecKUX BoJiH. [IpoBeneHsl
napaJenu Mexnay ajnnorpornaMu. C TOUKH 3peHHUs] T€H30pOB 3(h(PeKTHBHONH MaccChl
e-pocopeH H30TPONEH KaK U CHHUH, a &-(pocdopeH, HAMPOTUB, UMEET HEU30-
TPOIHYIO CTPYKTYpPY, KaK y 4yepHoro ¢ocdopena. [Tonyuennsle B xone uccmaenosa-
HUS pe3y/1bTaThl MOTYT OBITb MCIIOJNB30BaHbl B Ja/bHellleM U3y4eHUH (PU3NUeCKUX
CBOWCTB MaTepHaJ/ioB, HallpUMep, TaKUX, KaK MPOBOAUMOCTb, (POTOrajbBaHHUUECKHUE
U aKyCTO-3JIeKTPOHHbIE 3(D(PeKThI.

KuroueBsbie ciaoBa: (ochopeH, Teopus GyHKLUHOHAMA MJIOTHOCTH, aJJOTPOII,
NPOBOAMMOCTD, 3((eKTHBHAs Macca.

®ocdopeH, onHocsoiiHas (popma Qocdopa, TpUBIeKaeT BHUMaHUe HCCefOBaTes el He-
OOBIYHBIMH (PU3UUECKHMH CBOHUCTBAMH (BBICOKAsl TOABHMXKHOCTH 3apsiloB, ONTHYecKoe U YP-
TOTJIOIIEHHe) W BO3MOXKHOCTBIO NPAaKTHYECKOrO TMpPUJIOXKEHHs B onTo3JjekTpoHuke [10;11].
B oranume ot rpagena, y gocpopeHa ectb 3anpelieHHas 3oHa. llluprHa 3anpelieHHON 30HbI
pochopena naxomutcsi B ['-Touke 30HBI BpuiiiosHa, mpu 3TOM BeplIMHA BaJeHTHOH 30HBI
no4yTH nsockas. C TOUKM 3peHHs NMPUMEHEHHUs] B ONTO3JEeKTPOHHKe, HajJWuMe 3amnpelleHHOH
30HBl C NPSIMBIMU lepexofaMHM IpelcTaBJ/sgeT coO00H NpeuMyllecTBO, MOCKOJbKY Jierde M3ro-
TaB/JUBaTh cTabU/bHbIE ycTpodcTBa [11].

Yepubiit («-P) [6] u cunuit docdopen (B-P) [12] sBasiorcs Haubosee cTabUIbHBIMHU
asyoTponamMu cemeiictBa (ocdopa. B psme pabot, Hanpumep [5], yepHbili ocopeH pac-
CMaTPUBAETCS KaK THUIMYHBIN NIPUMep ABYMEPHOrO MaTepuaJsa ¢ CHJIbHOHW aHU30TPONHEH 30HBI
NpoBOAMMOCTH. Kak HOBBIH NMOTEeHLHaNbHBIHA NOJYNPOBOAHUKOBHIH MaTepuals, CHHUU (ocdo-
peH JIeMOHCTPUPYyeT MPEeUMYLIeCTBO CBOeH LIMPOKOH HemnpsiMOH 3ampelleHHOH 30HBL. Kpome
TOro, OBbIJIK MPENJIOKEHbl IPyTHe aaJoTPorkl, B ToM yucae e-P, &-P. CorsacHo TeopeTHuecKHUM
UCC/IeJOBAHUSIM, 3TH aJJIOTPOINBl 00/afaloT Pa3HOOOPA3HBIMH 3/€KTPOHHBIMH, ONTHYECKHMHU
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M MeXaHHUeCKUMH CBOHCTBAMH, UTO OTKPbIBAeT BO3MOXKHOCTH MJIsl CO3JaHHsI HOBBIX HaHO-
ycTpo#icTB [3;7;9]. Ha pucynke 1 nokasana kpucrajnudeckasi CTpPyKTypa ocdopena [4].

B pa6ore Obl1 paccunTaH TeH30p 3(PPeKTUBHOH Macchl AJ/s1 Pa3JHUHbIX aJJOTPOIOB
¢docdopena. [ns npoBepkH KOPPEKTHOCTH PaccyeToOB ObIJIM PACCMOTPEHbl paHee H3y4YeHHbIe
monudukauuu — o-P u 3-P. lanee nosyuyeHHble MeTOAMKH OBIIM NMPUMEHEHbl K JBYM Ma-
JIOU3yUeHHbIM MOAM(HUKALUSAM, YTO MOMOMKET IeTaJbHO H3YUHUTb OTKJIMK HOCHUTeseH 3apsiia
Ha BHeIHHE MOJs B MX 30He MPOBOAMMOCTH. McenenoBanusi 30HHOH CTPYKTYpHl (hocdope-
Ha TIPOBOAMJIKCH C HcroJsb3oBaHHeM naketa OpenMX (Open source package for Material
eXplorer) — mporpaMmbl JJIsi MOJIeJUPOBAHHUSI HAHOPA3MEPHBIX MaTepHaJsioB Ha OCHOBe TEOPUH
dyHkHoHana miaoTHocTH (aHr. density functional theories (DFT)) [8]. B pa6ote ucnosib3o-
BaJIUChb CJIeLYyIOlIHe MapaMeTphl paccueTa: B KayecTBe 6a3nca aTOMHBIX BOJHOBBIX (DYHKLHH
Opasuck ontumusnpoBatHbie pyHkund PAO (Polarized atomic orbital), o6meHnHO KoppeJsiiu-
oHHbI} noteHurans PBE. Dnementapnas suefika Oepercsl corjacHO PUCYHKY 1 ¢ mapameTpamu
U3 tabauusl 1.

Armchair
D

Side
View

Puc. 2. 3akoH nucriepcuy HOCHTEJEH TOKA B 30HE MPOBOAUMOCTH o-P BOsM3u I'-Toukwm.
[TpoekuKH BOJIHOBOrO BeKTOpa ky, ky U3MEPSIOTCS B eMHHLAX 27T/aq o
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B Tabsauue | mpencraBseHbl mapaMeTphl pelleTKH AJs pasHBIX THUMOB (ocdopeHa. Ha
pUCyHKe 2 TOKa3aH 3aKOH JAUCIEPCUM HOCHTesed ToKa B 30He MPOBOAMMOCTH (hocdopeHa
BO/M3K ['-ToukM 30HBl BpusniosHa, paccuutaHHBN ¢ momollbio nakera OpenMX B pamkax
TeOpUH (PYHKLHOHANA TJIOTHOCTH.

Tabauya 1
ITapameTpbl pemerkn pasan4yHbIX THHOB (hochopeHa

«P [B-P[eP [&P
a1, A 3,299 | 3,15 | 5,403 | 6,47

o

as, A | 462 | 3,15 | 5,403 | 5,35

Ha ocHoBe unTepnossiuuu nosnydeHno# npu nomowu DFT-pacuera saBucumocty, noka-
3aHHOM Ha PUCYHKe 2, OBbL1 pacCcuuTaH TeH30p 06paTHOH 3(PPeKTHUBHOH Macchl (B eIMHHIAX
06paTHOH MacChl CBOOOAHOTO 3JEKTPOHA):

1 1 9% n
meff) zy N hQ kaaky )
Tensop addexTrBHBIX Mace anasi x-P vMeeT BUA:
1,285 0,0
( 0,0 O, 125) ) (2)

13 (2) BuaHO, 4T0 3(hheKTUBHBIE MACChl BO B3aUMHO MePIEeHAUKYISIPHBIX HaTNpPaBJIeHHSIX
B (hocpopeHe CHUJIBHO OTJIMYAIOTCS, UTO O3HAYaeT Pe3KYyl0 aHHW30TPOIHI0 ero KHUHeTHYeCKHX
KO3 (PUIIUEHTOB.

<~_ |/
04 <

Puc. 3. 3akoH aucnepcuu HocuTesiell Toka B 30He mpoBoguMocTH (3-P BOsn3u K-touku.
[Tpoekuusi BOJTHOBOTO BeKTOpa k, M3MepsieTcss B eIMHULAX 71/3a;, NPOEKIHs k, — B equHHMIAX

27/3/3as

B ornnune ot «-P, 3-P uMmeeT M30TponHy CTPYKTYpy, YTO OTpaxKaeTcsl B 3HAUEHHAX
TeH3opa 3(QQPeKTHBHON Macchl, paccyuTaHHbIX B K-Touke (puc. 3):
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0,341 0,0
< 0,0 0,339) ’ (3)
Tensopel (2) u (3) X0OpolIO KOPPENUPYIOT C MOJyUeHHBIMH paHee TPH MOMOLIHM APYTHX

MEeTOJIOB M MpOrpaMMHOro obecredeHusi [2], 4TO MoKa3biBaeT KOPPEKTHOCTb TMPOBeIEeHHBIX
HaM{ pacyetoB npu nomouu OpenMX.

Puc. 4. 3aKoH AHCIepCHH HOCHTeJEeH TOKa B 30He MPoBOAUMOCTH &-P BOsu3u ['-Touku. IIpoekuuu
BOJIHOBOT'O BeKTOpa Kk, k, MU3MepsoTCs B eMHULAX 27T/ ay o

PaccmoTrpum Tenepb TeH30pbl 0OpaTHOM 3hdekTUBHON Macchl nis e-P u &-P. Pacuer
noKasbiBaeT, 4To €-P nMeeT cxoxyio ¢ 3-P cTpyKkTypy 30HBI MPOBOAMMOCTH, CHeKTp e-P
M30TPOIEH, HO UMeeT MUHUMYM B ['-Touke (puc. 4):

0,445 0,0
( 0,0 0,446) : @
B cBoto ouepenb, &-P 6mmxke mo ctpykrype K «-P (puc. 5). TeHsop o6paTHbIX 3(dek-
TUBHBIX Macc & ¢ochopeHa UMeeT BUA:

3,127 1,452 )
1,452 4,187)°
Hocne HpI/IBeIIEHHH K TI'JIaBHBIM OCAM H o6pau1eH1/m [noJsydyaemM TeHSOp S(p(pEKTI/IBHbIX
Macc:
0,474 0,0
< 0,0 0, 192)' (6)

[losyueHHBIe pe3dy/bTaThl OyAyT UCIONb30BaHBl B Aa/bHEHIIUX HUCC/eN0BaHUAX. B yacT-
HOCTH aHU30TPOINUS T€H30POB 3((PEKTUBHBIX MacC B &- U &-pochopeHe MOKeT MPUBECTH K
SIPKUM 0COOEHHOCTSAM (poTOra/jbBaHUUECKHUX 3(PPEKTOB.

B cBoto ouepenb, HanmH4yMe HeNpsIMOM 3ampelleHHOH 30HbI B &-(hocopeHe MPHUBOAMT K
BO3MO>KHOCTH IIPOSIBJIEHUS] B 9TOM MaTepHajie CUJIbHOIO aKyCTO-3JEeKTPHUECKOro 3(deKTa.
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Puc. 5. 3aKOH AMCIEpCHHU HOCHUTEJIeH TOKa B 30He MPOBOAUMOCTH &-P BO/MM3KM mMunuMyMa. [Ipoekunn
BOJIHOBOI'O BeKTOpa Kk, k, MU3MepsIoTCs B eMHULAX 27T/ ay o

Ilnisi pacyeToB Obl1 HMcronb30BaH Kjaactep Boarl'TY [1].

IIPUMEYAHHE

1 Pa6ora BhimosHeHa npu noajep:kke rpanta BoarlTY Ne 54/470-22.
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Abstract. In this work, the effective mass tensor was obtained from
the law of dispersion of electrons in the conduction band of various allotropic
modifications of phosphorene, calculated using the density functional theory. For
calculations, we used the quantum chemical modeling package, OpenMX, which
significantly reduces the calculation time for systems consisting of hundreds
and thousands of atoms. Comparison of the obtained results of tensors for
black and blue phosphorene with other works showed the correctness of the
methods used, which were subsequently applied to other less studied allotropic
modifications of phosphorene. In particular, e- and &-phosphorene were studied,
which are characterized by a non-hexagonal crystal lattice with an indirect band
gap. This may be of interest from the point of view of discovering interesting
acoustic-electronic properties in these materials, for example, resonant absorption
of acoustic waves. Parallels between allotropes are drawn. From the point of
view of effective mass tensors, e-phosphorene is isotropic, like blue phosphorene,
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while &-phosphorene, on the contrary, has a non-isotropic structure, like black
phosphorene. The results obtained during the study can be used in further study

of the physical properties of materials, such as conductivity and photovoltaic
effects.

Key words: phosphorene, density functional theory, allotrope, conductivity,
effective mass.
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