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MarHeTusm 6e3pedekTHOro rpadeHa — yamBuTtenbHoe
fiB/IeHue, 3acnyXusarowee BHAMaHUS TEOPeTUKOB

M 3KCNepuMeHTaToOpoOB, MOCKOJ/IbKY NO3BONSIET
HaAeATbCs HA OTKPbITUSA B 6yAyLLeM HOBbIX
KBaHTOBbIX 3¢ PekToB. B pamkax Teopumn
$yHKLuMoHana naotHoctu (DFT —density functional
theory) BbiInoHEHO MOAENINPOBAHME 3/1eKTPOHHOM
CTPYKTYpbI rpadeHa, apcopbnpoBaHHOro

Ha MarHUTHoMm nsonsatope MnO (111), orpaHUYeHHOM
Kucnoponom. MHTepdeiic rpadeHoBom
reTpocTpykTypbl SLG/H:MnO (111)” mogynuposancs
cTeneHblo ero ruaupuposaHua. Ha ocHose DFT-
pacyeTta cMcTeMaTUYeCcKn UCCnefo0BaHbl JIOKasibHble
ATOMHble PeKOHCTPYKLUU UHTep¢eica B 3aBUCUMOCTU
OT CTeneHu rugpupoBaHuns. NokasaHo, 4To
3/1eKTPOHHbBINA CMEeKTP U MarHeTU3M B cuctTeme
SLG/H:MnO (111) MOryT MOAY/IMPOBaTbLCA CTENEeHbIO
rMapupoBaHUs UHTepPENCcHOro ca1o0s KNCI0poaa, 3To
no3BosieT NpeanosioXUTb BbICOKME NOTEHUUa/IbHbIe
BO3MOXXHOCTU UCMOJIb30BaHUS 3TOW CUCTEMBbI

B CMMUHTPOHMKe.

BBEAEHWUE

IpadeH, Kak MaTepHaa C IIOHHXKEHHOH pPa3MepHO-
CThlO, 671aromaps YHUKaJAbHBIM CBOMCTBA IPHU 00B-
eIUHeHHUH, HaIlpUMep, C AU3IeKTPUKAMH, MOXKET
IIpe/iCTaB/IsATh COOOM IepCIeKTHUBHBIM 00BeKT s
CO3JaHUSI TaKHUX YCTPOMCTB, KaK II0JieBble TPAaH3HU-
CTOpPBI, KOMMYTAaIJHOHHBIe YCTPOMCTBA, CEHCOPHI
U Apyrue. B aToMm ciaydae B Ka4eCTBe ITOAJIOKKH [IJIs
bopMHUpOBaHUA I'pPadeHOBBIX CJI0€B MOLYT BBICTY-
[aTh KjacCUYeCKHe MarHeTHKH, B YAaCTHOCTH, Y/Ib
TPaTOHKHE IIJIEHKM MOHOOKCHOA MapraHiia. PaHee

*  Abinitio - (c naT. - "oT Hauana")

*ok

SLG - single-layer graphene (ogHOC/IOMHEIH rpadeH)
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Magnetism of defect-free graphene is a surprising
phenomenon that deserves the attention of theorists
and experimentalists, as it gives us a hope for the
new discoveries of quantum effects in future. Within
the framework of the density functional theory (DFT)
we have simulated graphene electronic structure
adsorbed on a magnetic insulator MnO (111), limited
by oxygen. Interface of graphene heterostructure
SLG/H:MnO (111) has been modulated by the degree
of its hydrogenation. DFT-based calculation has

been used to systematically investigate the local
atomic reconstruction of the interface depending

on the degree of hydrogenation. It has been shown
that the electron spectrum and magnetism in the
system SLG/H:MnO (111) can be modulated by the
degree of hydrogenation of the oxygen interface layer,
suggesting high potential for the use of this system in
spintronics.

INTRODUCTION

Craphene, being a material with a reduced dimension,
due to the unique properties when combined, with
dielectrics for instance, may be a promising object
to create devices such as field effect transistors,
switching devices, sensors, etc. In this case, classical
magnets can be used as a substrate for formation
graphene layers, in particular, ultra-thin film of
manganese monoxide. Earlier, in the framework of
DFT, we have studied the properties of the atomic and
band structure of the interface between the graphene
and the surface (001) of manganese oxide MnO for
ferromagnetic and antiferromagnetic ordering, as a
possible base of new materials for spintronics [1]. The
electronic properties of graphene are very sensitive
to changes in the ambient conditions [2], which also
include the state of the substrate surface. It is known



B paMKax DFT Hamu 6bIIM H3y4eHBl 0CODeHHOCTH
aTOMHOM M 30HHOM CTPYKTYPHl IPaHHIIBI pas3jesna
Mexnay rpadeHom u moepxHocThio (001) okcupa
mapraHua MnO pgnsa deppo- U aHTUPEpPppPOMATrHHUT-
HOT'O YIIOPSIOYEeHHN KaK BO3MOXKHOM 6a3bl HOBBIX
MaTepua/IoB [/ COHUHTPOHHUKH [l]. JleKTpoHHBIE
CBOMCTBA IpadeHa O4YeHb UyBCTBHUTENIbHB K H3Me-
HEHMIO BHEIIHUX YCIOBHUH [2], K KOTOPBHIM MOSKHO
OTHECTH TaK>Ke COCTOSIHHE IIOBePXHOCTH IIOJ/IOKKH.
M3BecTHO [3], uTo rpadeH ancopbupyeTcst Ha MOJSP-
HOM IIOBEPXHOCTH JHUOKCHAA KPeMHHUS U IPOUCXOLUT
IlepeHOC 3apsafa B HHTepdelice. OQHAKO IIPOLIECCH
xemocopbuuu B cucteMmax rpaper/MnO (111) paHee
He paccMaTpuBaJMch. HaM mpencTaBisgercs, 4To
HM3MeHeHHe CTPYKTYPHEIX M 3JIeKTPOHHBIX CBOMCTB
rpadeHa B pesyibTaTe B3aHMMOMAEUCTBHUS C JHIJIEK-
TPHUYeCKOM IIOJJIOKKOM 3aC/Iy>KMBaeT IIPUCTAIBHOIO
BHHUMAaHH4.

MOJEJ/Ib U METO/,

TeopeTnveckasi MoJenb U3ydaeMoHn cucTeMel SLG/H:
MnO (111) mocTpoeHa IO cXeMe TpexIlepHoAUdUe-
CKOM IJIACTHHBI. MBI HCIIO/IB30BA/IH CYIEPSYeHKYy
13 58-x aTOMOB, OTPAaHUYEHHYIO MOHOC/IOEM aTOMOB
KHC/IOPoJa U COAepKalllylo 37eMeHTapHble S4eliKH
(2x2) MnO B muockoctu (111). Ha puc.la mpuBeleH
dparMeHT IJIACTUHEI, MOJENIUPYIOIerd HHTepderuc
SLG/H: MnO (111). I'padeH 1LIeHTPUPOBAH Ha aToMe
KHUCJIOpOJa IIOJJIOKKH, YTO COOTBETCTBYeT CBSI3bIBa-
I0IleMy IIOJIOKeHHIO HaJ, aTOMOM KHcCJIopona. JaH-
Hasl KOHOUTypallusl COOTBETCTByeT MHHHMaJbHOMN
3HEePI'UH I10 CPaBHEHHUIO C APYTHMHU CBA3bIBAOIUMHU
IoNoKeHUsIMU. HaMmMu 6BIIM pacCMOTPEHO 4YeThIpe
Pa3IUYHBIX KOHQUTYpPaLlUKU PACIIONIOKEHHS aToMa
BoJOpoZa B MHTepderice MeXXAy rpadeHoM H ILIA-
cTuHOM MnO (111): b - yeThIpe (1u TpHU) aToMa BOJO-
poza CBSI3aHBI C aTOMaMHK KHC/IOPOJa BepXHEro CJ10s
(B cllydae IOHOrO IOKPBITHSA 4-H aTOM BOZOpona
3aKpBIT aTOMOM YIJIepoja o HoMepoM 10); ¢ - nBa
aTOMa BOZIOPOZA CBSI3AHBI C OIMKAMIIMMU aTOMaMHU
KucIopozaa; d - ofHMH aTOM BOZOPOAA CBSI3aH C aTo-
MOM KHCJIOPOZia BEPXHero CJI0sl.

[InacTUHA IIOAJIOKKK COCTOMT M3 11 He3KBHBa-
TeHTHBIX IIJIOCKOCTeH B HampabieHUH [111]: 4-x mo-
CKOCTeM MapraHua, 5-TH IIJIOCKOCTeM KHCI0poha
1 2-X IIJIOCKOCTeH BOAOPoJa. BakyymHas mienb BeIOU-
pajiach MUPUHOU 12 A, UTO MO3BONHUIO UCKIIOYUTH
Kakoe-TH60 B3aMMOIENCTBHE MeXKJy TPaHCISALIU-
SMHU IIACTUHBL B HallpaBleHUH [111]. B HacTosImen
paboTe BBHIIIOJTHEHBI CaMOCOIJIACOBAHHBIE pacyeThl
[IOJIHOK 3HEepPrur Ha OCHOBe TeopHUH QYHKIIHMOHAaa
3/1IeKTPOHHON IIJIOTHOCTH (DFT) C HCIIONb30BaAaHHEM
npubaMKeHUS IICeBIONOTeHIHMana (Koa Quantum-
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SLG-MnO-H_111_1.0

Puc.1. ®pazmeHm naacmuHsl, modeaupytowiet uHmepgetic
SLG/H: MnO (1M): (caesa) sud cboky; (cnpasa) eud caepxy
Fig. 1. Detail of plate modeling the interface SLG/H:MnO (11):
(left) side view; (right) top view

[3] that graphene is adsorbed on the polar surface
of the silica, and the charge is transferred to the
interface. However, the processes of chemisorption in
the systems graphene / MnO (111) have not previously
been considered. We believe that the change in the
structural and electronic properties of graphene as
a result of interaction with the dielectric substrate
deserves closer attention.

MODEL AND METHOD

The theoretical model of the system under study
SLG/H:MnO (111) has been built according to the
scheme of triperiodic plate. We have used a supercell
of 58 atoms bounded by a monolayer of oxygen atoms
containing unit cells (2 x 2) MnO in the plane (111).
Figure 1 shows a fragment of the plate simulating the
interface SLG/H:MnO (111). Graphene is centered on
the oxygen atom of the substrate which corresponds
to the position of the linking oxygen atom. This
configuration corresponds to the minimum energy
as compared with other binding positions. We have
examined four different configurations of hydrogen
atom arrangement in the interface between graphene
and plate MnO (111): b - four (or three) hydrogen atoms
are linked to the top layer of oxygen atoms (in case of
complete coverage, the 4th hydrogen atom are closed
with carbon atom number 10); ¢ - two hydrogen
atoms are linked to the closest oxygen atoms; d - one
hydrogen atom is linked to an oxygen atom of the
upper layer.

The plate of substrate is composed of 11 non-
equivalent planes in direction [111]: 4 planes
of manganese, 5 planes of oxygen and 2 planes of
hydrogen. The vacuum slot is 12 A wide, which
allowed us to exclude any interaction between the
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Espresso) [4]. [Insi 06MeHHO-KOPPeIsiLIMOHHON 3Hep-
ryuu OpLI UCIT0NIB30BaH GyHKIKMOoHAI PBE ¢ grcnepcu-
OHHOM momnpaBkol (PBE-D2) [5]. DHeprus aacopbuuu
aToma Kucnopoga B cucteme SLG/H: MnO (111) ompe-
Jensiach UCXO[sl U3 cooTHolleHMs [6]. Ha ocHoBe
aHaJIM3a 3aCe/IEHHOCTH 10 JIeBAMHY [7] ollpele/sIuCh
3dPeKTUBHEIe 3apsbl Ha aToMax UHTepderica.

ATOMHASA CTPYKTYPA MATHUTHOT O
UHTEP®ENCA

ATOMHAas CTPYKTypa YeThIPeXCJIOMHOM IJIaCTHHBI
c rpadeHOM 15 YeTblpeXx KOHQUIYpaLlMH CHCTeMBI
SLG/H:MnO (111) mocie penakcaliuy IpeAcTaBleHa
Ha puc.l. YCTaHOBJ/IeHBl paBHOBECHBIE I1apaMeTpEl
pellleTOK, aTOMHBIe IIO3HLIMKM aTOMOB YyIJepona
B rpadeHe U aTOMOB BEPXHHX [BYyX IBOLHBIX C/I0€B
MOHOOKCHa Mapranua. OnpezeneHsl AJUHBI CBSI3U
MeXAy aTOMaMH yrIiepofa B rpadeHe, NUCTAHLHMU
MeX7y ITapaMU aTOMOB HHTepdelica U AAUHB Mn-O-
CBSI3U B BEPXHHUX CJIOSIX IVTACTUHBI OKCHAa MapraHiia
OIS OSATH Pa3’iUuUYHBIX KOHOUIYPALMH CHCTEMBI
SLG/H: MnO (111) ocie pelaKcalliy, KOTOpPble IIPH-
BeZleHbl B TabI. 1.

Hamu DFT-pacyeTsl MEKIUIOCKOCTHBIX PACCTOS-
HHUHB B cucteMe SLG/H:MnO (111) mokasaju, 4YTO
B HallpaBJIeHUU <111> BO3HMKAET JUCTAHLIHSA MeXAY
C/IOSSIMH aTOMOB MapraHIla M KHCJIOpPOZa, CpefHee
3HaueHHe KOTOPOM H3MeHSeTCs B 3aBHUCHMOCTU
OT CTelleHH MOKPBITUS BoAopoAoM O-IonsSpHOU
IIOBEPXHOCTU HHTepdelica. JJaHHbIe PacYeTOB IIPH-
BeleHBl B Tabn.2. 0O606mas ImpencTaBieHHBIE
B Tabn. 1 1 2 faHHBIE, MOKHO OTMETHUTbH CYIIeCTBeH-
HYIO II€PeCTPOMKY JIOKAJIbHOU aTOMHOH CTPYKTYPHI,
06yC/IOBTIEHHYIO CBSI3BIBAIOIIMM II0JIOKEHHEM aTo-
MOB BOZIOpPOJia Ha I0JISIPHOM ITOBEPXHOCTH KUCIOpoJa
B uHTeperice SLG/H:MnO (111).

AALCOPBLUUSA TPADEHA

Apcopbuus rpadeHa Ha THAPUPOBAHHOM IIOBepX-
HOCTH MarHHUTHOro MHTepderica IPUBOAUT K H3Me-
HEeHHIO MeXIUIOCKOCTHBIX PAacCTOSSHUH MeXIY Bepx-
HUMHM CJIOSIMH aTOMOB MapraHlia U Kucaopona (cM.
Tabn. 2). Ilpupoma HabnomaeMon IepeCcTPOMKHU
ATOMHOM CTPYKTYPHI B HHTepderice SLG/H:MnO (111),
CBsI3aHHAas C azAcopbiuer rpadeHa Ha IIOBEPXHO-
CTH HHTepderica, MOKeT OBITh IIOHSATA IPH JeTaIb
HOM H3y4YeHHUM 3/1eKTPOHHOH CTPYKTYPBl Ka’kIOH
M3 PacCMOTPEHHBIX MojeleH aacopbuuu rpadeHa.
[l pacCMOTpPeHHBIX KOHOQUIypaluii, o6ycroBiIeH-
HBIX Pa3HOM CTeIeHbI0 THAPHUPOBAaHUS HHTepderc-
HOro CJ10og Kuciaopopa B cucreme SLG/H:MnO (111)
IIOTy4YeHbl 3HAUYeHUs SHepPTHHU afcopbuuu rpapeHa
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Tabnuua 1. AnctaHumsa mexxay napamm atomos C-0,
C—H, C=C, C=Mn 1 Mn-0 gns pa3HbIx CTENEHEeN rMapnpo-
BaHus MHTepdenca nocsie penakcaymm

Table 1. Distance between pairs of atoms C-O, C-H, C-C,
C-Mn and Mn-0 to different interface hydrogenation
degrees after relaxation

AucTaHums, A
Distance, A

CTeneHb rMapvpoBaHus nHTepdenca o
Interface hydrogenation degree 6

0,25 0,50 0,75 1,0
GO 2,69 3,41 3,25 341 3,40; 3,36 [8]
CGH - 2,48 2,34 2,47 2,47
GC 1,37 1,37 1,37 1,37 1,37
CGMn 3,69 4,52 4,60 4,74 4.55
Mn-O 2,11 2,16 2,18 2,17 2,20

translations of the plate in the direction [111]. In this
research, we have made self-consistent calculations
of the total energy on the basis of the electron density
functional theory (DFT) using pseudopotential
approximation (Quantum-Espresso code) [4]. PBE
functional with dispersion correction (PBE-D2) has
been used for the exchange-correlation energy [5]. The
energy absorption of the oxygen atom in the system
SLG/H:MnO (111) has been determined based on the
ratio [6]. The effective charges on the atoms of the
interface have been determined based on the Levdin
population analysis [7].

ATOMIC STRUCTURE OF MAGNETIC
INTERFACE

Atomic structure of a four-layer plate with graphene
for four configurations of SLG/H:MnO (111) system
after therelaxation is shown in Fig. 1. The equilibrium
of grating parameters, atomic positions of carbon
atoms in graphene, and the atoms of the upper two
double layers of manganese monoxide have been
established. The bond length between the carbon
atoms in graphene, the distance between the pairs
of atoms of interface and the length of Mn-O-bond
in the upper layers of manganese oxide plates have
been determined for five different configurations of
SLG/H:MnO (111) system after relaxation, as listed in
Table 1.

Our DFT calculations of interplanar spacing
in SLG/H:MnO (111) system have shown that the
distance in the direction occurs between the layers
of manganese and oxygen atoms, the average
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Ha HeTHUJPHUPOBAaHHOM U THIPHUPOBAHHOMU IIOAJIOXK-
Kax, IpeficTaB/leHHbIe B TabI. 2.

AHa/THu3 pe3y/bTaToB, IIPefCTaBAeHHHIX B TabI. 2,
[I0Ka3bIBaeT, YTO IIPOLIecC IIaCCUBUPOBAHUS BOLOPO-
JIOM OJHOIO IIOBEPXHOCTHOIO aTOMa KHCI0poha
yMeHbIIAeT SHEPrUIo afcopbLuK Ha BeTUYUHY AE
=27 Mm3B/aTom. [Iprpoza 3TOro sIBjIeHHUs B IMTepaType
He obcykfanace. [Ipy yBelMYeHUHU CTelleHHU IIOKPHI-
THS BOJOPOAOM HHTEPQeHCHOIO CJI0sl KHCI0pofa
10 BeTUUHHE 0=1,0 MC BelIMUHHA SHEPTHU aLCOP6-
LMK YMeHblIaeTcs B 1,7 pa3a. YMeHbllIeHHe Ha 40,7%
SHepruu afcopbLuu IpU THUAPUPOBAHUU HHTep-
derica SLG/H:MnO (111), Ha HauI B3I/, CleayeT CBS-
3bIBaTh C YMeHbIIeHHeM B3aHMOZENCTBUS rpadeHa
C HOMJIOKKOM. OTMeTHMM, YTO B JaHHOM CHCTeMe
TUAPUPOBaHHUEe HHTepPPEHCHOIO CJIoS KHCIopona
SIBJISIETCS OIIPefie/IAo MM MeXaHH3MOM B peajusye-
MBIX IIPOLIeCCaX XeMOCOPOIIHH.

JlJ1st ydllero MOHMMaHMUS IIPOLIECCOB XeMocopo-
UMM ClefyeT HU3Yy4YHUThb pacrpefeneHue 3PpPpeKTHUB-
HBIX 3apAf0oB Ha aToMax HHTepderica SLG/H:MnO
(111) pns pasHOM CTelleHH THIPHUPOBaHHUSA. Pe3yinb-
TaTel DFT-pacyeToB 3¢ eKTHBHBIX 3apsgoB Ha aTo-
Max yriepoma W OMHKAaMIIMX K HeMY IIOBEPXHOCT-
HBIX aTOMax BOJOPOAA, KUC/IOPOAA U MapraHIla [
paccMOTpeHHBIX KoHGUTypauun cucteM SLG/H:MnO
(111) mpuBeneHE! B Tab1. 3.

AHanu3 HaHHBIX Tabi. 3 II03BOJISeT OTMETUTH
CyIIeCTBOBAaHHe 06IIel TeHAeHIIM U IIepeHoca 3apsiia
0T aTOMOB yIJlepofa K aToMaM HHTepderca (Bomo-
polla K KHUCI0poAa), Kak 3TO UMeJI0 MeCTo B paboTe
(3]. Y3 obmieil 3aKOHOMEPHOCTH BBIIIAAAIOT Pe3ysib-
TaThl 10 BeIMUYHHe 3QPeKTHUBHBIX 3apsaJ0B Ha aTo-
MaX MapraHiia, KHUCIOpoJa M yINepofa [Jis Heru-
I pPUPOBAHHOM IIOBEPXHOCTH UHTepderica. OTMeTHUM,
4TO [Jisl CTelleHU TuapupoBaHusd 6=0,75 MC 3Ha-
JyeHHS 3QPeKTHUBHBIX 3apga[0B Ha aToMax yrLJle-
poZa OKa3aJKCh B JBAa pa3a MeHbIle, a Ha aToMax
BOZIOpOZA B TpU pasa 6osnblle, YeM B IIOTHOCTHIO
TUAPUPOBAHHOMN IIOBePXHOCTH HHTepderica (8=1,0
MC). IIpuumuHy gaHHOro 3¢dexTa, BO3IMOXKHO, Clle-
OyeT HCKaThb B OCODEHHOCTSIX ATOMHOH KOHOQUTIY-
pallMH, KOTOpas XapaKTepu3yeTCsli yMeHbUIeHHEeM
Ha 3% OUCTaHLUHU MeXIy HHTep)eHCHBIM CI0eM
KHCJIOPOZla M HMKeJleXKallluM C0eM MapraHua (CM.
Tab1.2) OTHOCHUTENBHO IIOJHOCTBIO THIPHPOBAH-
HOI II0BepXHOCTH uHTepderica (6=1,0 MC). B 3Tou
CBSI3M, OTMedaemoe pasnuyure 3¢PeKTHUBHBIX 3aps-
IOB 00yC/IOBJIEHO HMHTEHCHBHOCTBIO MeXaHH3MOB
nepeHoca. [ Bcex KOHPUIypaluil Habmomaercs
[IepeHOoC 3aps/a OT aTOMOB MapraHila K aToMaM KHC-
nopoza. B obmem ciydae, IepeHOC 3apsifia ompeje-
J5eT MeXaHHU3MBI IIPOLeCCOB XeMOoCopbIuu rpadeHa

i g

Ta6bnuua 2. BepTnkanbHas ANCTaHLNS MeXAY aTOMOM
BOAOPOAA M NEPBLIM CI0EM Kucopoga (a), nepBbiM
CNoeM Kucaopoa 1 cnoem maprasua (b), cnoem map-
raHua v TpeTbUM C1IoeM Kucaopoa (), HUKHUM CI0eM
KMCA0pOoAa 1 MAcCMBUPYIOLLMM BOAOPOAOM d, 3Hep-

rns apgcopbumnn (E,q,) rpadeHa Ha He rMApUpPOBaHHON

M rMApUPOBAHHOM NOBEPXHOCTM MHTepdenca

Table 2. Vertical distance between the hydrogen atom
and the first layer of oxygen a, the first layer of oxygen and
manganese layer b, the manganese layer and the third
layer f oxygen ¢, the lower layer of oxygen and passivating
hydrogen d, the adsorption energy E, 4 of graphene on a
non-hydrogenated and hydrogenated interface surfaces.

SHeprus
CTeneHb agcopbunn
rMAPUPOBaHUS Eads
nutepdenca 0 Adsorption
Interface energy E 4
hydrogenation
degree 6 M3B/aTom

meV/atom
0 - 1,00 1,51 @ 0,96 86
0,25 096 1,19 1,48 0,96 59
0,50 096 1,21 1,43 0,96 56
0,75 096 1,20 1,46 0,96 53
10 096 1,24 | 1,45 0,96 51

value of which varies depending on the degree of
hydrogen coverage of O-polar interface surface. These
calculations are shown in Table 2. To summarize
the data given in Tables 1 and 2, we should note a
significant restructuring of local atomic structure
due to the binding position of the hydrogen atoms
on the surface of the polar oxygen in the interface
SLG/H:MnO (111).

ADSORPTION OF GRAPHENE

Adsorption of hydrogenated graphene on the
surface of the magnetic interface leads to a change
of interplanar spacing between the upper layers of
manganese and oxygen atoms (see Table 2). The nature
of the observed adjustment of atomic structure in
the interface SLG/H:MnO (111) associated with the
adsorption of graphene on the surface of the interface
can be understood by a detailed study of the electronic
structure of each of the considered models of graphene
adsorption. For the configurations caused by varying
degrees of hydrogenation of the interface layer in the
oxygen system SLG/H:MnO (111) we have obtained
graphen adsorption energies on non-hydrogenated
and hydrogenated substrates, as shown in Table 2.
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Ha IIOJISIPHOM I10BepXHOCTH (111) 1 06yc/IoBIeH Ccymie-
CTBEHHBIM Pa3Id4YHeM 3/1eKTPOOTPHUIATeTbHOCTEH
(o ITonmmHTy) aToMoB Maprasua (1,55 X), Kuciopoga
(3,44 X), yrnepoga (2,55 X), u Bozmopoza (2,20 X) [9].
OnHako u3BecTHO [10], uTo B ycnoBHsix cnaboro B3a-
HMOJEHNCTBUS IIepeHOCOM 3apsiia B HHTepderice
yIIpaBisieT MeXaHu3M ¢u3MuecKon copbumu. IIpo-
Llecc mepeHoca 3apsifa bymeT IpouCXOAUTD [0 JOCTHU-
>KeHHSI PAaBHOBECHS XMMHUUYECKUX MOTeHIIHaJI0B Irpa-
deHa v momyokky H:MnoO (111) IIPU COBMEIIeHHH.

PaccMoTpeHHe pa3sHBIX KOHQUIYPALLMH aTOM-
HBIX [IOBEPXHOCTeHM MarHUTHoro HHTepderica SLG/
H:MnO(111) mokasasio, 4TO THAPHPOBaHHe IIOBEpX-
HOCTer HHTepdelica NPHUBOAUT K 3HAUMTEIbHOH
IepecTporike MX JIOKAaJbHOM aTOMHOK CTPYKTYPBHI.
MosKHO Pe3lOMHPOBaTh, YTO T'UJPHUPOBAHHE HHTep-
dericHOro /105 KMCJIOpPOAa YacTHYHO YyMeHbIIaeT
B3auMoJlercTBUe rpadeHa ¢ nogyoxkkor H:MnO (111),
4yTo W Habnropmaercs B DFT-pacuerax (cMm. Tabm. 2).
OTMeudeHHbIe BBHIIIEe HapylIeHHUs JOKaJIbHOHM aTOM-
HOM CTPYKTYPBl HOJIKHBI IPOS-

The analysis of the results presented in Table 2
shows that the process of hydrogen passivation of
surface oxygen reduces the amount of energy
absorption by the amount AE , =27 meV/atom. The
nature of this phenomenon has not been discussed in
the literature. By increasing the coverage of oxygen
with hydrogen interface layer to a value of 6=1.0 ML,
adsorption energy value is reduced by 1.7 times. In our
opinion, the decrease of adsorption energy by 40.7% in
the hydrogenation of the interface SLG/H:MnO (111)
should be associated with the decrease in the
interaction of graphene with the substrate. It should
be noted that in this system, oxygen hydrogenation
interface layer is a determining mechanism in the
implemented chemisorption processes.

For a better understanding of the processes of
chemisorptions, one should examine the distribution
of the effective charges on the atoms of the interface
SLG/H:MnO (111) for the different degrees of
hydrogenation. The results of DFT calculations of

BUTBCSI B 37IeKTPOHHOM 3HepreTH-
YeCKOM CIIeKTpe IOBEPXHOCTHBIX
aTOMOB yTIJepofa, KHCIOPOoAa,
MapraHiia ¥ BOZOPOZA B PaccMo-
TPEHHBIX BBbIIIe KOHOUTYpALHIX
cuctem SLG/H:MnO (111).

Energy, eV
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TUApUpOBaHHMeM uHTepderca,
IIpeACTaB/leH Ha pHC.2. AHAJIHN3
30HHBIX CIIEKTPOB IIOKa3ajl, 4YTO
IIOKPBITHE BOJOPOJAOM B HHTEp-
Bajse 06=0+1,0 MC (MOHOC/IOH)
IIOBEePXHOCTH HHTepderica MpHU-
BOJHUT K CYIIeCTBeHHOH Iepe-
CTPOMKe 31eKTPOHHOH CTPYK-
TYpbl B OKPeCTHOCTSX YPOBHS
®epmu. OTMeTHM, YTO IIOA-

Energy, eV
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CobCTBYeT OTKPBITHIO SHepreTH-
4yeCcKoOH mejau Me>XIy
CBA3BIBAIONIEN M aHTHCBSA3BIBAIO-
meH T-30HaAMHU rpadeHa IMIHUPHU-
Hou okoJjio 0,85 3B mis 3JIEKTPOH-
HBIX IIOACHUCTEeM O0DOOMX CIIMHOB.
JInHeMHBIM 3aKOH [AHUCIEepCHU

Puc.2. DFT-pac4em 30HHOU cmpyKmypbl, napyuanbHbix DOS 0451 amomos yzne-
poda, mapzaHua u kucaopoda, noaHoli DOS-cucmem zpageH/H: MnO (117) daa
2udpuposanHoli 1,0 MC (a) u He 2udpuposanHoli (b), 945 060uX cCnUHO8

Fig. 2. DFT-band structure calculation, partial DOS for the atoms of carbon,
manganese and oxygen, full DOS of the systems graphene/H: MnO (111) for
hydrogenated 1.0 ML (a) and non-hydrogenated (b), for both spins
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B BepUIMHAX T-30H CMEHMJICS Ha napaboiuyecKui,
YTO TOBOPHT O ITOSIBJIEHU Y KOHEUHBIX 3QOeKTUBHBIX
Macc HOCHTeseH 3apsfa. [JaHHBle 30HBI CMeIleHbl
II0 SHePTUM BBEPX OTHOCHTENBHO YpoBHS depmu,
YTO yKa3blBaeT Ha IIePeHOC 3apsifa B HUHTepderice.
B cBoo ouepenb, IlepeHOC 3apsna B HHTepderice
CIBHUTaeT YpoBeHb PepMHU OTHOCHTEIBHO BEPUIMHEI
KOHyca Jlupaka M KOHTPOJIHPYeTCsl KaHAJIOM
pabotsl BhIxOma moniaoxkku [11]: AE.=E.-E;, rme
E, - cepemuHa 3ampeleHHON 30HBl rpadeHa,

afcopblpoOBaHHOIO Ha IIOBEPXHOCTH MarHHTHOTO 0 003  -042 _ 0,020

usonsitopa. I[logob6Hoe paccMOTpeHHe II03BOJSIET

yTBepKIaTb, YTO AONHMPOBAaHHBIK rpadeH HMeeT 0.25 089 -061 -006 0,032

30HHYI0 CTPYKTYpy MOJYIPOBOAHMKA P-THIIA. 0.50 089  -059 -003 0020

OTMedeHHOe SIBIeHHe MOKeT ObITh CBS3aHO C pa3-

nuyreM paboT BeIXOZA rpadeHa M IOBEPXHOCTHU 0,75 091 -056 -001 0010
H U nO (111). P braThl DFT-pacyeToB

MOHOOKcHAa MnO (111). PesynbTa pacuero 10 003 | -055 | -0.04 | 0,019

paboThl BBIXOJA K APYTUX IIapaMeTPOB 3J1eKTPOH-

HOM CTPYKTYpbhl M MarHeTH3Ma IIpeACTaBJIeHBL
B Tab. 4.

AHanu3 JaHHBIX Tabn. 4 M03BO/NSIeT OTMETMTb,
YTO IIPU BKJIIOYEHHUU MeXaHH3Ma THIPUPOBAHHSI
BeJIMYKMHA CABUIa ypoBHs ®epMH BHH3 yMeHbIIa-
eTcs MPaKTUYeCKH I10 JINHEeMHOMY 3aKOHY B HHTep-
Baje MOKpEITUM 6=(0+0,75) MC. [nsi CTeIlleHH
nokpeiTua 6=0,75 MC BelM4YMHa COBHUra BHHU3
ypoBHs depmu cocTaBiaseT Bcero AE.=0,02 3B.
BenuunHa pa3sHOCTH PaboT BEIXOAA IOBEPXHOCTH
MnO (111) u rpadeHa 6e3 IOAJIONKKH COCTABISIET
(W-W;)=-0,21 3B. Ilonoca 3ampeljeHHBIX SHEPTUI
coctaBisieT E,=11 M3B, U IepeHOC 3apsjia OT rpa-
deHa K aToMaM BOLOpOJA YMEHbIIAETCS [0 BeJIH-
gyuHbl 0,010 e. 30HHas CTPyKTypa HHTepderca
COXPaHseT MOJAyIPOBOSHUKOBBIK P-THUII. OFHAKO
[IpY BO3pacTaHUM FMAPHUPOBaHuUL 10 6=1,0 MC ypo-
BeHb PepMU CABUIAETCS BBepPX Ha BeIHYHHY AE;

i g

Tabnuua 3. dddeKTnBHLIE 3apaabl HA aTOMaX MHTep-
derca ans pasHoOM CTeneHm NoOKpbITUS BOAOPOAOM NoAsp-
HOro C/105 KNC/1I0pOAa B MHTepdence

Table 3. Effective charges on the atoms of the interface for
different degrees of hydrogen coverage of the polar layer
of oxygen in the interface

DddeKTUBHBIN 3apas Ha aTOMax, e
Effective charge on the atoms, e

CTeneHb rMapupoBaHus
nHTepdenca B

Interface hydrogenation
degree 6 Mn O H @

effective charges on the carbon atoms and the closest
surface atoms of hydrogen, oxygen and manganese
for the studied configurations of systems SLG/H:MnO
(111) are shown in Table 3.

The analysis of the data shown in table 3 allows
us to note the existence of a general tendency of the
charge transfer from the carbon atoms to atoms of the
interface (hydrogen and oxygen), as was the case in
the researches [3]. The results of the value of effective
charges on the atoms of manganese, oxygen and
carbon for non-hydrogenated interface surface are
out of the common picture. It should be noted that for
the degree of hydrogenation 6=0.75 ML, the effective
charges on the carbon atoms have been less than
two times, and the hydrogen atoms have been three
times larger than those of completely hydrogenated
interface surface (6=1.0 ML). The reason for this

Ta6saunua 4. LLUnpwviHa 3anpetueHHon nonocsl By, paboTa BbixoAa rpapeHa W, caABUr ypoBHS depmiut AE, 10KanbHbIA Mar-
HUTHbIA MOMeHT MM Ha aTomax MHTepdenca AN pasHom CTeneHn rnapuposaHma nHTepoerica SLG/H:MnO (111)

Table 4. Width of the forbidden gap Ey, work function of grapheme W, shift of the Fermi level AE, local magnetic
moment MM on the interface atoms for different degrees of hydrogenation in the interface SLG/H:MnO (111)

CreneHb
ruapupoBaHus, 6

Hydrogenation

MarHUTHLIA MOMEHT, Hg
Magnetic moment, Hg

degree, 6 @

0 0,85 4,50, 4,58 [10] 1,33,1,1-1,3[10] —4,87 0,52 -(0,07-1,1)-1072 -
0,25 MC 0,005 4,74 0,98 —4,85 0,006 —-0,0017 -0,027
0,50 MC 0,013 4,41 0,65 —4,85 0,015 —-0,0016 -0,023
0,75 MC 0,011 3,93 0,02 —4,86 0,010 —0,0008 -0,020
1,0MC 0,001 3,93 -0,09 -487 0,053 -0,0011 -0,020
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=-0,09 s5B. IlogobHyI0 30HHYIO CTPYKTypy (CM.
pHC. 2a) MOXXHO HHTepPIpPeTHPOBATh KaK IIOIYIIPO-
BOJHMK N-THUIIA, IIPU YCJIIOBUU HAJIU4YUA 3allpelleH-
HOM 30HBI. Pe3ynbTaTel DFT pacdeToB IIHMPHHBI
3ampelleHHOM II0JIOCHl IPeACTaBIeHBl B Tabn. 4.
OTKyZa cilefyeT, YTO 30HHAsl CTPYKTypa rpadeHa
COZlep)KUT 3allpellleHHYI0 II0T0CYy, BeJIMYKMHa KOTO-
PoOIl MOXKeT MeHSATbCsl B MHTepBaze oT 1 M3B mo 85
M3B.

Ocob6eHHOCTH GOPMUPOBAHUS SHEPreTHUYECKHX
30H B6im3u ypoBHS PepMH XOPOIIO HIIIIOCTPHU-
PYIOTCS KapTHHaMH MapLHajbHBIX IIJIOTHOCTEH
3JIeKTPOHHBIX cocTosiHUM (DOS) aToMoB: yIile-
pola, MapraHiia, KMCJI0OpoJa U IOJHOH IUVIOTHOCTH
371eKTPOHHBIX cocTosiHUK (TDOS) (pmc.2). B yacTt-
HOCTH, U3 aHAJIM3a PUC.2a CJIelyeT, YTO B CUCTeMe
SLG/MnO (111) 6e3 TUAPUPOBAHUS HMEET MeCTO
rubpugusanus 2p-opburtaner KUCIOpPoAa U yrje-
poma c 3d-opbuTansMu MapraHiia, OTBETCTBEH-
Has 3a QOpMHUPOBaHHe IIMKA 3aHATHIX COCTOSSHHU
3/IeKTPOHOB C 3Hepruen -0,1 3B Ha kpusBou TDOS.
IIpu cTemeHH IUAPHUPOBAHUS HHTepderca 10 Belu-
4yrHH 8=1,0 MC 3/1eKTpOHHAas CTPYKTypa CUCTEMBbI
SLG/H:MnO (111) ucnsIThlBajla CyLleCTBEHHbIE U3Me-
HeHUS B OKpPeCTHOCTH ypoBHsI Pepmu. Tak, map-
LlHa/JbHBle 2P-COCTOSIHUS aTOMOB yIJlepofa jexaT
HUXKe YpOoBHA ®PepMH M JIOKAJIM30BaHBl Ha SHep-
ruu —-0,1 3B. [l 371eKTPOHHOM IIOJCHUCTEMBI CO CITH-
HOM BHH3 IIapLHaIbHble 2p- U 3d-COCTOSHUS 3/1eK-
TPOHOB B aTOMaxX KHCJIOpoJa M MapraHLa CHJIBHO
JIOKaIM30BaHBI, 06pa3ys Lie/IbIk Psifi IMKOB Ha KPU-
Boil TDOS B uHTepBase s3Heprun - (0,4-1,7) 3B. 30H-
Hasg CTPyKTypa cucTembl SLG/H:MnO (111) B 3Tom
HMHTepBaJ/le SHEPTHUH Tak>Ke CH/IBHO BO3MYIIeHa.

CnemyeT mOAYEpPKHYTh, YTO THAPUPOBAHHE
HHTepderica NPUBOAUT K CYIleCTBeHHOMY H3MeHe-
HHUIO 5/IeKTPOHHBIX CBOMCTB HHTepderica, B 4acT-
HOCTH K YMEHBIIeHHIO BeJIHYHUH paboT BBIXOZA
azcopbrpoBaHHOIO rpadeHa U MOBEPXHOCTH MOHO-
okuja Mapranua (cMm. Tabim. 4). BaskHo, 4TO Ipoliecc
THAPUPOBAHUS UHTepderica 10 CTelleHH IOKPHITUS
8=1,0 MC mo3BonsgeT IOJy4YUTh HOBBIM KadeCTBEH-
HBIN 3QPeKT - IMOoNYIPOBOLHHUK N-TUIIA. [locnenHee
OTKpBIBaeT BO3MOKHOCTb CO3JaHHUSI IpadeHOBBHIX
I10JIeBBIX TPAH3KUCTOPOB N-THIIA, YTO IIPeJCTaB/seT
3HAUYUTe/AbHBIM HMHTepeC [JIsi HaHO3IeKTPOHUKHU.
B KadecTBe BO3MOXHOTO YIIPaBJSIONIEro MeXa-
HHM3Ma p-N-Ilepexofia MOXeT OBITh HCIIONb30BaHA
CTelleHb I'MJPUPOBAHUS UHTepOEHCHOIO C/I0SI KHUC-
nopona B uHTepderice SLG/H:MnO (111). B wacTHO-
cTH, B pabore [8] paccmaTpuBazach BO3MOKHOCTD
yIIpaBeHHs 371IeKTPOHHBIMHU CBOMCTBaMHU rpadeHa
C MOMOIIBF XHMMHYECKOHM MOAHUPHKALHH IOBEpX-
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effect may be found in the atomic configuration
features, which is characterized by a decrease of 3%
of the distance between the interface layer and the
underlying oxygen manganese layer (see Table 2) with
respect to a completely hydrogenated interface surface
(6=1.0 ML). In this regard, there are differences due
to the intensity of the effective charge transport
mechanisms. For all configurations, there is a charge
transfer from the manganese atoms to the oxygen
atoms. In general, the charge transfer determines the
mechanisms of chemisorption processes of grapheme
on the polar surface (111) and causes significant
difference in electronegativity (according to Pauling)
of the manganese atoms (1.55 X), oxygen (3.44 X),
carbon (2.55 X) and hydrogen (2.20 X) [9]. However, it
is known [10] that in the context of a weak charge-
transfer interaction in the interface, the mechanism
of physical adsorption is a controlling one. The process
of charge transfer will occur until the equilibrium of
chemical potentials of graphene and the substrate H:
MnO (111) when combined.

The consideration of different configurations of
atomic surfaces of magnetic interface SLG/H:MnO (111)
has showed that the hydrogenation of the interface
surface results in a significant rearrangement of
local atomic structure. It can be summarized that
the hydrogenation of the interface layer partially
reduces oxygen interaction with the substrate of
graphene H: MnO (111), which is observed in the
DFT calculations (see Table 2). The above mentioned
disorders of local atomic structure should appear
in the energy spectrum of surface atoms of carbon,
oxygen, hydrogen and manganese in the above
configurations of the systems SLG/H:MnO (111).

INTERFACE ELECTRONIC STRUCTURE

We have calculated the band structure for different
configurations of the interface SLG/H:MnO (111)
after relaxation. The band spectrum of the system
with a full hydrogenation interface is shown in
Figure 2. The analysis of the band spectra has shown
that the hydrogen coating in the range of 6=0+1,0
ML (monolayers) of the interface surface leads to a
substantial rearrangement of electronic structure
near the Fermi level. It should be noted that the
substrate without hydrogenation contributes to the
opening of the energy gap between bonding and
antibonding valence m-bands of graphene about
0.85 eV wide for electronic subsystems of both spins.
The linear dispersion law in the tops of the n-bands
has been replaced by a parabolic one, indicating the
final appearance of the effective masses of the
charge carriers. These bands are shifted up in energy
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HOCTH MOMJIOKKH, IIpe[lIecTBYIOIleN OCa’KIeHHUIO
rpadeHa.

MAFHETU3M UHTEP®ENCA

SLG/H:MNO (111)

AHanu3 Tabi. 4 I03BONIKII OTMETHUTB, UTO Ha aTOMaX
yIjepofa HHIAYLHUPYIOTCS JIOKAJIbHble MarHHTHBIE
MoMeHTB (MM), BelHYHHa KOTOPBIX B CpefHeM
Ha IOPAJOK MeHbIle, YeM Yy OCTaJbHBIX aTOMOB
uHTepderica. OgHAKO H3y4deHHe IPHPOABI MarHe-
TH3Ma B rpadeHe IMPOJOJIsKaeT BbI3bIBATh IIOBBILICH-
HBIM HHTepec UcciefoBaTesned [12]. Hamu noxkasaHo,
YTO B CJlydae HerHUJPUPOBAHHOM II0BEPXHOCTH
nHTepderica Ha obenx pemerkax (A u B) rpadena
MHAYLUUPYIOTCS JIOKaJIbHbIE MOMEHTBI Pa3HOTO
HallpaBjJleHUs U IMepIeHJUKY/ISIPHbIe IJIOCKOCTHU
rpadena. JlaHHag 3aKOHOMEPHOCTh HapyLIaeTcCs
B OKPECTHOCTH HedeKTOB pelleTKH rpadeHa, oby-
C/IOBJIEHHBIX YCTaHOBJIeHHMEM XHMHUeCcKOH CBSI3HU
MeXAY OTAeAbHBIMM aTOMaMM yIJlepoJa M KHUC-
70pofia, COCTOSINMMH B COCTOSHHH XHMHYeCKOH
CBSI3U. MHAyIMPOBaHHBIH JIOKA/IbHBIM MaTHUTHBIH
MOMEHT Ha TAaKHX aToMax yIJlepoJa OKa3blBaeTCs
MaKCHUMaabHbIM (-0,011 p), a HaIlpaBJeHHe COBIa-
IaeT IO 3HAaKy C MarHUTHBIM MOMEHTOM OJIM>Kam-
IIero cjo0si aToMoB MapraHua (-4,87 ). Ha atomax
yriepoza 6IMsKamIIero oKpysKeHUsI HHAY LU PYIOTCS
JOKaJIbHble MarHUTHBIe MoMeHTHI (0,001 pp), Benu-
YKMHA KOTOPBIX B CpeJHeM Ha IOPSAAOK MeHblIe,
a HaIlpaB/leHHe IMIPOTHUBOIONOXKHO. Habmiomaemoe
HapylleHHe CHMMeTPHHU pellleTOK B OKPeCTHOCTH
TaKKX aTOMOB yIJIepPOZa U HHAYLIMPOBaHHEe Ha HUX
MaKCHMa/bHBIX MM I103BOJISIeT HaM IIPOBECTH aHa-
JIOTHIO C KpaeBbIM MarHeTH3MOM B HaHOJIEHTaX I'pa-
deHa tumna sursar ZGNR/h-BN (0001) [12] u yTBepsk-
0atb, uTo MM (-0,011 Lp) Ha aToMe yI/lepojia MOXKeT
OBITH MHAYIIUPOBAH JedopMalirel pemleToK 61aro-
Japs KOppelsliiyd OCHOBHOI'O CHHIJIETHOLO COCTO-
SHHS HeCIIapeHHOTO 3JIeKTPOHa aToMa yrjlepoja,
aHanmoruuHo paborte [13]. IIpu BRIWYEHUH IPO-
Lecca TUAPUPOBAHUS HHTEPOEHCHOIO CJI0S1 KHCJIO0-
pona KOHQUIypaluusd pacipeneneHUs 3PPeKTHUB-
HBIX 3apsil0OB Ha aToOMax yIJlepola M3MeHseT CBOHU
CeJIeKTUBHBIN XapaKTep IO 3HAaKy Ha IOCTOSHHBIM.
B 4acTHOCTH, OJI CTeIleHH MHOKpHITHUS 6=0,25 MC
3¢ deKTHUBHBIM 3ap4f Ha aToMax yIjepolda CTaHO-
BUTCS TOJIbKO IIOJIOKMTE/NbHBIM, a ero CpefHss
Benru4YKHaA cocTasigeT 0,032 e. MHAYLHPOBAHHEIE
JIOKajIbHBle MAarHUTHBle MOMEHTHI Ha aTOMaX yIJje-
pola OKa3blBaIOTCS IMPaKTHYECKH ONHMHAKOBBIMHU
o BenuuuHe (-0,0017 py), 9To B 1,8 pasa MeHble,
4eM Ha He THJPHPOBAHHOM IIOBEpPXHOCTH. Hampas-
JIeHHe JIOKaJIbHBIX MarHMTHBIX MOMEHTOB Ha aTo-
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relative to the Fermi level, which indicates the
charge transfer in the interface. In turn, the charge
transfer in the interface shifts the Fermi level
relative to the top of the Dirac cone and is controlled
by work function channel of substrate [11]:
AE.=E.-E;, where E; is the middle of graphene
gap adsorbed on the surface of the magnetic
insulator. This consideration suggests that the
doped graphene has a band structure of p-type
semiconductor. The observed phenomenon may be
due to the difference in work function and the
surface of graphene monoxide MnO (111). The results
of DFT calculations of work function and other
parameters of the electronic structure and
magnetism are shown in Table. 4.

The analysis of the data shown in table 4 allows
us to note that when the shift mechanism of
hydrogenation is involved, the value of the Fermi
level decreases down almost linearly in the range of
coverings 6=(0+0.75) ML. For the degree of covering
8=0.75 ML, the value of down shift of the Fermi
level is only AE; =0.02 eV. The value of the difference
between the surface of the work functions of MnO
(111) and that of graphene without substrate is
(W-W;)=-0.21 eV. The band of forbidden gap is
E,=11meV and the charge transfer from graphene to
hydrogen atoms is reduced to a value of 0,010 e. The
band structure of the interface retains the p-type
semiconductor. However, with increasing
hydrogenation up to 6=1.0 ML, the Fermi level is
shifted upward by an amount of AE; =-0.09 eV. Such
a band structure (see Fig. 2a) can be interpreted as
n-type semiconductor, provided the availability of
the gap. The results of DFT calculations of the
forbidden gap width are shown in Table 4. It
therefore results, that the band structure of
graphene contains the forbidden gap, the value of
which may vary in the range from 1 MeV to 85
MeV.

The features of formation of energy bands near
the Fermi level is well illustrated with patterns
of partial densities of states (DOS) of the atoms:
carbon, manganese, oxygen, and the total density of
electronic states (TDOS) (Figure 2.). In particular, Fig.
2a shows that in system SLG/MnO (111) hybridization
of 2p-orbitals of oxygen and carbon with 3d-orbitals
of manganese occurs without hydrogenation, which
is responsible in the formation of the peak occupied
electron states with energy of -0.1 eV in the TDOS
curve. With the degree of hydrogenation of the
interface to the value of 8=1.0 ML, the electronic
structure of system SLG/H:MnO (111) has experienced
significant changes in the vicinity to the Fermi level.
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Max yrjepoja COBIlaJlaeT IO 3HAKy C MarHUTHBLIM
MOMEHTOM Ha aToMaX MapraHiia, JeXKallux IIOf
cloeM HHTepdeHCHOro KHcaopoha. IIpu yBenude-
HUU CTelleHH MOKpeITHA Ho 6=1,0 MC Habnona-
eTCd yMeHbIleHHe II0 BeJHMYHHe HHIYLHPOBaH-
HOT'0 JIOKaJIbHOI'0 MAarHUTHOIO MOMEHTA Ha aToMax
yrinepoga. IIpyu ruApUpOBaHUU pacCMaTPHBAeMOIO
HHTepdelica HallpaBjleHHe JOKaJIbHOro MM Ha ato-
Max yrjiepona coxpaHseTrcs.

OcobpII HHTepec TIIpeACTaBasieT IIpPHUpoAa
MarHetusma OesmedpekTHoro rpadbeHOBOTO CJ0s
B cocTaBe cucTteMbl SLG/H:MnO (111) Kak BO3MOX-
HOIl OCHOBBI IIPUJIOKEHUH B MOJIEKY/ISPHbIX MarHU-
Tax U yCTPOMCTBaX COMHTPOHUKHU. Ham DFT pacuer
JIOKAJIPHBIX MAaTHUTHBIX MOMEHTOB Ha aTOMax yrIje-
poma mokasaj, 4YTO [Jis CTelleHH THAPHUPOBAHUSA
6=0,25 MC NO/NHBIM MarHUTHBIH MOMEHT rpadeHo-
BOIO JIMCTa cocTaBnsgeT 0,02 py Ha CylmepbsIdelKy.
OTMeTHUM, YTO IPHU TMIPHPOBAHUU IIOBEPXHOCTHU
nHTepderica a1s pemeTok (A U B) rpadeHa Habnio-
[JlaeTcs BBRIPOXKIEHHE I10 HAIPaBAeHHUIO MHIYLHPY-
€MBIX JIOKaJIbHBIX MOMEHTOB. Bce j0KanbHble MM
Ha aToMaXx yIJiepoJa HaIlpaBJ/ieHbl B OJHY CTOPOHY.
JaHHOe BBIpOKIEHMHE COXPaHSAeTCs BILJIOTh [0 CTe-
IIeHU TuApupoBaHud 6=1,0 MC. IIpu yBelHYeHUHU
CTeleHU THUApHUpoBaHHA oT 6=0,25 MC mo 6=1,0
MC BenW4YMHA JIOKAJIBHOIO MarHMTHOIO MOMEHTa
Ha aToMe yIJIepofa ymeHbIIaeTcsd B 1,5 pasa. Opuen-
TallMs JIOKAJIbHBIX MarHHUTHBIX MOMEHTOB Ha aTo-
Max yrjepozga, CoBIajalolias C HallpaBleHHEM
JIOKa/JbHBIX MM Ha aTroMax MPHUIIOBEPXHOCTHOIO
C710s MapraHiia, BO3MOXKHO, IIPOHCXOAMT aHajo-
TUYHO MeXaHH3My Cylnepo6MeHHOro B3aHMOJeH-
CTBHS, XapaKTepHOMY /s OonbpmIMHCTBA deppo-
1 GeppUMarHUTHBIX JHU3/IeKTPHUKOB.

[TokaszaHo, 4YTO THAPHUPOBaHHe HHTepdelica
IIPUBOJUT K CYLIECTBEHHOMY M3MEHEHMIO ero 3j1eK-
TPOHHBEIX CBOKCTB. B pe3synbTaTe IepeHoca 3apsfa
IIPOMCXOAUT p-AONHpOBaHHe rpadeHa H Habio-
JaeTcs Iepexof, II0AyMeTaJl/I-II0JyIpOBOAHHUK.
B cinydae ruapupoBaHUd HHTepdelica 10 CTelleHU
mokpeITUs ©=1,0 MC HabnrogaeTcs p-n-Iepexon
B rpadeHe ¥ BO3HHKAeT HOBOe KauyeCTBeHHOe COCTO-
SHHe — IOJIYIIPOBOAHUK N-TUIla. IlocaenHee OTKPHI-
BaeT BO3MOKHOCTD CO3[4aHU S IPadeHOBLIX IIOJIEBBIX
TPAH3MCTOPOB N-THIIA, YTO MpeACTaBAfgeT 3HAYM-
TeJIbHBIM MHTepec /15 HAHO3JIeKTPOHUKH.

Maruetu3sm be3gedekTHOro rpadeHa B CUCTEME
SLG/H:MnO (111), 6e3ycioBHO, SIB/ISeTCSI YIOHUBU-
TeJbHBIM SBJIEHHMeM M 3ac/ly>kKuBaeT BHHUMaHHSA
TEOPEeTHUKOB H JKCIEePUMEHTATOPOB, IIOCKOJIBKY
MOTYT OBITH OTKPBITHI HOBBIe KBAHTOBBIE 3P EKTHI
M HOBble MHOTOQYHKIIMOHAJIPHEIE €T0 CBOMCTBA.
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Thus, the partial 2p-states of the carbon atoms lie
below the Fermi level and are localized at the energy
level of -0.1 eV. For electronic subsystems with
spin-down, partial 2p- and 3d-states of electrons
in the atoms of oxygen and manganese are highly
localized, forming a series of peaks in the TDOS
curve in the range of energies of - (0.4—1.7) eV. The
band structure of system SLG/H:MnO (111) in this
energy range is also greatly disturbed.

It should be emphasized that the hydrogenation
of the interface leads to a substantial change in the
electronic properties of the interface, in particular
to reduction of the quantities of adsorbed graphene
work function and manganese monoxide surface
(see Table 4). Importantly, the hydrogenation process
of the interface to the coverage of 6=1.0 ML gives a
new qualitative effect - n-type semiconductor. The
latter opens up the possibility of creating graphene
FET of n-type, that is of considerable interest for
nanoelectronics. As a possible mechanism for
controlling p-n-transition hydrogenation degree of
oxygen interface layer in the interface SLG/H:MnO
(111) may be used. In particular, the research [8] has
considered the possibility to control the electronic
properties of graphene by chemical modification
of the substrate surface prior to deposition of
graphene.

MAGNETISM OF THE INTERFACE
SLG/H:MNO (111)

The analysis of Table 4 allowed us to note that
local magnetic moments (MW) are induced on the
carbon atoms, whose average value is an order of
magnitude less than for the other interface atoms.
However, the study of the nature of magnetism in
graphene remains a matter of intense interest of
the researchers [12]. We have shown that in the case
of non-hydrogenated surface of the interface, local
moments of different directions are induced on both
gratings (A and B) of grapheme, perpendicular to
the graphene plane. This pattern is disturbed in
the vicinity of the graphene grating defects caused
by the establishment of a chemical bond between
the individual carbon and oxygen atoms in a state
of chemical bond. Induced local magnetic moment
on such carbon atoms is maximum (—0.011), and
the direction is of the same sign as the magnetic
moment of the next layer of manganese atoms
(—4.87). The carbon atoms of immediate environment
induce local magnetic moments (0.001), the value of
which averagely is one order of magnitude less, and
the direction is opposite. The observed symmetry
breaking in the vicinity of such gratings of carbon



Bommpoc o MexaHHM3Max HHIYLHPOBAaHHUS MarHe-
TU3Ma B be3fedeKTHOM rpadeHe, Ha Halll B3I,
OCTaeTCsl OTKPHITBIM. JIFOOOIBITHO IIPOBECTH aHa-
JOTHI0 MeXaHHM3MOB HaMarHU4YHBaHHUA IpadeHa
B cucteMe SLG/H:MnO (111) u cucteme SLG/YIG
(UTTpUI-Kesne30-TpaHaT) [14], MOCKOIBKY B 0OOHX
clydasiX IIOAJIOKKOM BBICTYIIaeT MAarHHUTHBIN
H30/ITOP.

JlaHHOe pacCMOTpeHHe I10Ka3aJjo, YTO 371eKTPOH-
HBIM CIIeKTP U MarHeTHU3M B cucTeMe SLG/H:MnO
(111) MOTyT MOAYIHPOBATbCS CTeIEHbI0 THIPU-
pPOBaHMS HMHTePEMCHOro CI08 KHUCI0pOAa, 4YTO
[I03BOJISIET IPEAIONIOKUTh BBICOKHE IIOTeHIIHasIb-
Hble BO3MOXXHOCTH HCIIOJIb30BAHUS 3TOM CHCTEMBI
B CIIMHTPOHUKE.
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atoms and inducing of maximum MM allows us to
draw an analogy with the boundary magnetism
in graphene nanoribbons of zigzag type ZGNR/
h-BN (0001) [12] and claim that MM (—0.011) on
carbon atom can be induced by a deformation of
gratings due to the correlation of main singlet
state of unpaired electron of carbon atoms, as in
the research [13]. When including hydrogenation
of oxygen interface layer, the configuration of
distribution of the effective charges of carbon atoms
changes its selective character to the constant sign.
In particular, for the degree of coverage 6=0.25
ML effective charge on the carbon atoms become
positive only, and its average value is 0,032 e. The
induced local magnetic moments on the carbon
atoms are practically the same by their magnitude
(—0.0017), that is in 1, 8 times less than for the
non-hydrogenated surface. The direction of the
local magnetic moments on the carbon atoms has
the same sign as the magnetic moment on the
atom of manganese, lying under a layer of interface
oxygen. By increasing the degree of coverage of up
to 8=1.0 ML, there is a decrease in size of induced
local magnetic moment on the carbon atoms. In
the hydrogenation of the considered interface,
the direction of local MM on the carbon atoms is
retained.
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The nature of magnetism of defect-free graphene
layer being a part of system SLG/H:MnO (111) as
a possible basis for applications in molecular
magnets and spintronic devices is of particular
interest. Our DFT calculation of local magnetic
moments on the carbon atoms has shown that for
the degree of hydrogenation 6=0.25 ML, the total
magnetic moment of the graphene sheet is -0.02 py
per supercell. It should be noted that in the
hydrogenation of the interface surface for graphene
gratings (A and B), there is a degeneration in the
direction of the induced local moments. All local
MM on the carbon atoms are in the same direction.
This degeneracy is retained up to the degree of
hydrogenation 6=1.0 ML. By increasing the degree
of hydrogenation from 6=0.25 ML to 6=1.0 ML, the
magnitude of the local magnetic moment at the
carbon atom decreases by 1.5 times. The orientation
of the local magnetic moments on the carbon atoms,
which coincides with the direction of the local
MM atoms at the surface layer of manganese may
occur similar to the mechanism of superexchange
interaction characteristic for the majority of
ferromagnetic and ferrimagnetic insulators.

It has been shown that the hydrogenation of
the interface leads to a significant change in its
electronic properties. As a result of the charge
transfer, p-doping of graphene occurs and
semimetal-semiconductor transition is observed.
In the case of the hydrogenation of the interface
to the degree of coverage 6=1.0 ML, there is p-n-
transition in graphene and a new qualitative state,
n-type semiconductor, occurs. The latter gives us the
possibility of creating graphene n-type FET, that is
of considerable interest for nanoelectronics.

Magnetism of defect-free graphene in the
system SLG/H:MnO (111) is definitely an amazing
phenomenon, and deserves the attention of
theoreticians and experimentalists as the
new quantum effects and new multi-functional
properties can be discovered. The question of the
mechanisms of magnetism inducing in a defect-
free graphene, in our view, remains open. It is
interesting to draw an analogy in the mechanism
of magnetization of graphene in the system SLG/
H:MnO (111) and system SLG/YIG (yttrium-iron-
garnet) [14], since the substrate acts as a magnetic
insulator in both cases.

This review has shown that the electron spectrum
and magnetism in the system SLG/H:MnO (111) can
be modulated by the degree of hydrogenation of the
interface layer of oxygen, suggesting high potential
for the use of this system in spintronics.



