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AHHOTAIUS

PaccmorpeHna cucrema atom/rpadeH/oANI0KKa U MPEIJIOKEHa CXeMa MONyUeHNsT aHATUTUIECKUX BBIPAKEHUN IS
YHCeJl 3alI0JHEHNS aJaTOMa. Y YUTHIBAIACh BOSMOKHOCTh HAJIMYHS ILENTU B SIEKTPOHHOM CIIeKTpe rpadeHa. B kayectBe
TOJITIOKEK PACCMATPUBAIUCH MPOCTHIC U MEPEXOAHBIC METAIUTBl M MOTYIPOBOIHHUKH, ISl ONUCAHUS IIOTHOCTEH
COCTOSTHHI KOTOPBIX MUCTIOIB30BAHCH MPOCTHIE TEOPETUUECKUE MOICTIH.
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Abstract

The atom/graphene/substrate system is considered and a scheme for obtaining analytical expressions for the adatom
occupation numbers is proposed. The possibility of the presence of a gap in the electronic spectrum of graphene was
taken into account. Simple and transition metals and semiconductors were considered as substrates, and simple theoretical
models were used to describe their densities of states.

Keywords
adatom, graphene, gap in spectrum, metallic and semiconducting substrates

Acknowledgements

The authors are grateful to the support of the Russian Science Foundation, grant No. 22-12-00134 (S.Yu. Davydov) and
the financial support of the Ministry of Science and Higher Education of the Russian Federation (project No. 075-15-
2021-1349) (A.A. Lebedev).

For citation: Davydov S.Yu., Lebedev A.A. Model of adsorption on epitaxial graphene: analytical results. Scientific and
Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no. 4, pp. 665—667 (in Russian).
doi: 10.17586/2226-1494-2024-24-4-665-667

© JlaesiioB C.1O., JleGene A.A., 2024

Hay4HO-TexXHU4eCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 4

665


http://ntv.ifmo.ru/
http://ntv.ifmo.ru/en/
mailto:sergei_davydov@mail.ru
https://orcid.org/0000-0003-3845-4780
mailto:shura.lebe@mail.ioffe.ru
https://orcid.org/0000-0003-0829-5053
mailto:sergei_davydov@mail.ru
https://orcid.org/0000-0003-3845-4780
mailto:shura.lebe@mail.ioffe.ru
https://orcid.org/0000-0003-0829-5053
http://S.Yu
http://S.Yu

Mopenb agcopbuunm Ha anuTakcuanbHOM rpadeHe: aHanMTUYeckme pesynsTaThl

ITocTosiHHBIN HHTEpEC K aACOPOLMOHHBIM Mpolleccam
00yCJIOBIICH HE TOJIBKO TPAKTHYECKUMH JOCTOMHCTBAMHU
MIOJTY4aeMBbIX PE3yJIbTaToB JUIsl Hy)KJ MUKPO- ¥ HAHOTEX-
HOJIOTHH, HO ¥ BOSMOYKHOCTBIO TIOJTy"4eHHs (pyH/1aMeHTaIIb-
HOW mH(OopMauH 00 MEMEHTAPHBIX (PU3UKO-XUMHUYESCKIX
mporeccax 00pa3oBaHUsS KOHICHCHPOBAHHBIX CTPYKTYP
[1, 2]. OnHO W3 YHHUKANBHBIX CBOWCTB TpadeHa [3—6] —
CITOCOOHOCTH PETHCTPHPOBATh HANMYNE €AMHCTBEHHOM
agcopbupoBaHHON Monekynsl [7]. JlaHHOE CBOICTBO TpH-
BEJIO K pa3paboTKe Pe3UCTUBHBIX Ta30BBIX U OMOCEHCOPOB
Ha ocHOBe rpadena [8].

B Hacrosimieit pabore npeuioxkeH aHaIuTHYECKUI o1
XOJl K OTPEAETICHUIO IEKTPOHHOIO COCTOSTHUSI YaCTHUIIBI,
aJcOpOMPOBAHHON HA AMUTAKCHAIBHOM rpadene (31u-
rpadene), chopMHPOBAHHOM Ha METAJUIaX M IOJIYIPOBO-
nHuKax. [Ipu aToM paccMOTpeHb! rpad)eHbI CO CIIIOMIHBIM
CIEKTPOM Pa3pelIeHHBIX COCTOSHHMA (OeCIIeneBoii) i co
IIETBI0 B 3JIEKTPOHHOM CIIEKTpe (IIEIeBOi).

ACOpONNIO OJMHOYHOTO aTOMa, COAEPIKAIIETO OTUH
3NIEKTPOH B COCTOSIHUM C S9HEPTHUEH €, OUIIeM (yHKIHEH
I'puna G, Buzna

G (0) = 0 —g,— A(©) +il(0), (1)

rie o — dHepreTHdeckas mnepeMeHHas; (o) =
=7 Vf/subpsub((o) — (yHKIUS yUIUPEHUs KBa3UypPOB-
Hsl aJjaToMa BCJIEJICTBHE B3aUMOACHCTBHSI C MOUIOKKOH,
V /sup — MATPUYHBIN S]IEMEHT B3aUMOJICHCTBHSA aJ1aTOMa C
HOUIOKKOH, P,,;(®0) — IIOTHOCTH COCTOSIHUM ITOIOMKKIY;
A(®) — ¢GyHKUMS ciBHUra KBa3uypOBHS aaaTroMa, sBIIs-
romrasics ruboepT-Tpanchopmantoi pynknnu I['(w) [1].
Wcxonst 3 Beipaxkenus (1), paccautaeM IIOTHOCTH CO-
CTOSIHMI Ha a/iaToMe p,() U 4UCIIO 3aII0JHEHUS aaToMa 71,

1w
PO o e A@F + (@)

(1) =2 | p (@) w)do,

2

e o) = {1 +exp[(w — w)/T]} ! — Pynkuus pacnpenene-
Hus @epmu—/lupaka; | — XUMHUYECKUHM noteHuuair;, 7 —
TeMIeparypa B SHEPreTHIeCKUX equanmax [1, 2].

PaccmoTpum agcopbunio Ha CBOOOTHOM IIIETICBOM Ipa-
¢ene, 3a1aB ero GpyHkuuio ['puHa B BUE:

ga(w, k) = (0 — gx(k) + 091, A3)

e ex(k) = ep £ VA2 + (3tka/2)?, e — dHEprus TOUKH
Hupaka, npuHAIMaeMas jJaiee 3a Hylb, { — MaTpUIHBIN
AIIEMEHT TIepPeX0/ia MEKTPOHA MEXK Ty OMIDKANIITIMHE coce-
ISIMH B TpadeHe, HaXOIAIINMUCS Ha pAacCTOSHUA d, A —
NoJylmupuHa 1menu; K — BOJHOBOI BEKTOpP; BEPXHUM
(HIKHUIT) 3HAK COOTBETCTBYET 30HE MPOBOAMMOCTH (Ba-
neHTHo# 30He). [Tomoxwus B (3) A = 0, momyunm GyHKINIO
I'puna GecieneBoro rpadeHa.

PaccunTaem MoTHOCTh COCTOSIHUH MIETIEBOrO rpadeHa

©) 2|o)/E2, A< |w| <R, @
®) =

Pa 0, jo| <A, |o| > R,

rie R = VA2 + €2 u & = N2mV3 — sueprus oGpesannus

(pu A = 0 OJyYMM TUIOTHOCTH COCTOSIHUIM O€CIeNIeBOro
rpadena py(w)).

Bocmnonb3oBasmucek Gpopmynamu (3) u (4), BBeneM B
¢ynknuio I'puna G, () U NIOTHOCTH COCTOSIHUI P, ()
BMecTo ['(w) u A(w) 3nauenns ['y(o) = nVaz/FGpA((o) u
Ap(®) = Qo VZp6/E)n|(@2 — A)/(0? — A% — &), rae
VEG — MATpPHYHBII 3]IEMEHT CBSI3U alaTOMa cO CBOOOJI-
HeIM rpadpenom (FG — free graphene) [9]. danee, BBOOS
ed=¢e, +A\(eM) uT (e [1, 2], u3 (2) npu T =0 nonyunm
30HHBIH BKIaj n2%"? B cyMMapHOe 9HCII0 3aI0THEHHS a/1a-
TOMA 71, B BUIE!

nband = (2/myarcetg[ (2 — W/T(eH)]. ®)

y‘ITeM, 4qTO €CJIN «YPOBCHB» 83 MEPEKPHIBACTCA CO

menbio (|e4 < A), To mpu T = 0 BO3HUKAET JIOTONTHUTEb-
HbIi1 JTOKaTbHBIH BRI 1n/0¢ = vIec@(u — e2), re O(...) —
dynxims Xspucaiina u v/oc = |1 — dAA(o))/dco\;Al [1, 2]. TTIpn
T # 0 monyunm n'o¢ = vIocf(e2). Pesynsrupyromee uucio
3amonHenns ajgaroma n, = nb¥ + ploc B cnyuae ancop-
6umm Ha Gecienesom rpadene npu £ = g, + A(ed) ~ 0 B
IIOTHOCTH cocTostHmi p)(w) BOmm3u Touku Jupaka gp = 0
BO3HMKAET PE3KUH MUK, IPOSIBIISIOLIMICS B TEMIIEPATYPHOU
3aBUCUMOCTH 4Hcel 3amomHeHus [10].

Ilepeiinem k agcopOIMu Ha IIeNeBOM 3mHTpademne,
¢yHKIMs ['prHA KOTOPOTO MMEET BUJL

gi(ﬂ)’ q) = (o— Si(k) - 2]3(3(60))_1,

rae Xpg(o) = Agg(0) — iI'gg(w) — HaBeneHHAS HOUIOXK-
KO, Ha KOTOPOW HAaXOAWTCS TpadeH, COOCTBEHHO-IHEpTe-
THYeCcKas 4acTh, I'gg(o) = nV]%Gpsub(a)) — (yHKIUA ymm-
peHns coctosHuil rpadena, Apg(®) — ¢yHxuns casura
cocrostHu# anuTakcuanbHoro rpadgena (EG — epitaxial
graphene), sBisifOIIASACS THIILOEPT-TpaHC(HOPMAaHTON (DYHK-
uu [Ng(), py,p(®) — MIOTHOCTH COCTOSTHUI TTOJUIOKKH,
VEG — MaTpHYHBLI 2I€MEHT B3auMOAeHCTBUS snurpadeHa
C MOJUTOKKOH.

PaccmoTpuM BO3MOXKHBIE TIOATIOKKH. J{JIst MPOCTHIX
Sp-METaJLIOB IIOJIOXKUM pq,,;(0) paBHBIM p,, = const (Mo-
nenb Aunepcona) [1, 2], tak uto I, = nV2p, 1 A, (®) =0,
rae V,, — MaTpHYHBINA 3JIEMEHT B3aUMOJEHCTBHUA Ipa-
(e — sp-meTtam (ganee UCKIFOUNM HHACKCH A 1 0). s
OTIHCAHUS Pg,,(®) d-MeTasuoB mpumeM Mozens Opunens:
pa(®) = pg = 10/W, npu |0 — 04 < W,/2, pg(w) =0 npn
o —®,| > W /2, tne W, — mmpuna d-30HbI, HEHTP KOTO-
poii pacronoxeH B Touke ®,. Orcroma motyunm I'y (o) =
=V 2p0) 1 A ) = (pyV D) n|(0— W,/2)(o + W,/2), e
V; — MaTpU4HbIH 31eMEHT B3auMoAelcTBUA rpadeH —
d-mertann.

Ji1sl IIIOTHOCTH COCTOSHUI HOJIYIIPOBOJHUKOB Py ()
BOCIIOJIb3yeMCsl MoJieNblo Xanaeina—AHIepcoHa: p, (o) =
= p,. = const mpu || < Eg2, py(®) = 0 mpu |w| > E /2.
B pesynbrate noayuum A, (o) = (ESCVszc)anm - EJ2)/
o + EgJ/2)|, tne Vi, — MaTpu4HBlil 3IEMEHT B3aUMOJCH-
CTBHSA TpaheH — MOTYIPOBOJHHUK.

OTMeTHM, 9TO Jake B paMKaxX MpUOTMKEHHOTO MO-
X0J1a IUIOTHOCTH COCTOSIHUM anurpadeHa IpeicTaBiIsioT
co00i1 TOBOJIILHO rPOMO3KUE BbIpaxkeHHs. OIHAKO, €CIH
npeHeOpeyb 3aTyXaHUeM JEKTPOHHBIX COCTOSHUH, MOJI0-
#uB ['g(w) = 0, TO 1714 MIOTHOCTEH COCTOAHMI 1IENIEBOTO
snurpadena p,(Q) cnpasemusa Gopmyna (4) ¢ 3aMeHol
o Ha Q = 0 — Agg(w), rae Agg(o) = A,,(0), A o) um
A, (o). [lepennmenm dopmyiy (5) B BUIE:
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jband = (2marcetg[ GES — WM EED)),

e = VPREGD), i = |1 — dgg(0)/dolgs,

e §°0 = g, + Ap(EF9). Bamerum, uto yuer cupura snek-

TPOHHBIX COCTOSHUHN A(®) 1 TpeHeOpPEeKSHIEM X 3aTyXa-
HueM ['(®) SKBUBATICHTHO CTaHAAPTHOW TEOPHUH BO3MYIIIC-
HUI B HEPEISATUBUCTCKON KBAHTOBOW MEXaHUKE.

B pabore npezncTaBieH alIropuT™ pacCMOTPEHHS CIIOXK-
HO# cucTeMbl aToM/TpadeH/moI0KKa, 3aKITFOYAOIU-
Csl B MOCJIEJIOBATEIBHOCTH [IArOB: aTOM <> CBOOOJIHBIH
rpadeH <> noaIoKKa. Bo3Mo)kHa M MHBEpCHUS: TTOIIIOXK-
Ka <> rpadeH <> arom. BeiOop HanpaBiieHus 11aroB 3aBu-
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CUT OT MMeEIOIIeHcs IKCIIePUMEHTAIbHON NHpOpMAaLnK.
W3 paccMOTpeHHBIX MOJUIOKEK HAanboliee HHTEPECHBIMU
MPEICTABIISIOTCS MOIYIIPOBOAHUKOBBIE CyOCTpAThl, TaKk
Kak uHTepdeiic meneBol rpadeH/momynpoBOAHUK TPe-
cTaBiIsIeT co00ii rereponepexoxn. Cpeau d-MeTauioB Ipe-
MOYTHTENILHBIMU siBIIsTIOTCS 3d-MaraeTuku (Fe, Co, Ni), Tak
Kak BcIencTBre d(p¢exTa OIM30CTH OHU MOTYT CO31aBaTh
HaMarHMYeHHOCTH nurpadena. [loguepkuem, 4To BEIOOP
a71copOaToB MIMPOK: OT MAJIBIX TA30BBIX MOJIEKYII 1O MaKpo-
n 6momosnexys. [Ipumepsl KOHKPETHOTO MCIIOIb30BaHUS
MIPEIOKEHHOM B HACTOSIIIIEH pabOTe CXEMBbI JUISI CIIOKHBIX
cucTeM npuBeeHbl B padorax [11, 12].

References

1. Davydov S.Yu., Troshin S.V. Adsorption on metals and
semiconductors: Anderson-Newns and Haldane-Anderson models.
Physics of the Solid State, 2007, vol. 49, no. 8, pp. 1583—1588. https://
doi.org/10.1134/s1063783407080318

2. Davydov S.Yu., Lebedev A.A., Posrednik O.V. An Elementary
Introduction to Nanosystem Theory. St. Petersburg, Lan’ Publ., 2014,
pp. 142-162. (in Russian)

3. Geim A.K., Novoselov K.S. The rise of grapheme. Nature Materials,
2007, vol. 6, no. 3, pp. 183—191. https://doi.org/10.1038/nmat1849

4. Castro Neto A.H., Guinea F., Peres N.M.R., Novoselov K.S.,
Geim A.K. The electronic properties of grapheme. Reviews of Modern
Physics, 2009, vol. 81, no. 1, pp. 109-162. https://doi.org/10.1103/
RevModPhys.81.109

5. SunY., Wang R., Liu K. Substrate induced changes in atomically thin
2-dimensional semiconductors: Fundamentals, engineering, and
applications. Applied Physics Reviews, 2017, vol. 4, no. 1, pp. 011301.
https://doi.org/10.1063/1.4974072

6. LiuY., Pharr M., Salvatore G.A. Lab-on-skin: a review of flexible and
stretchable electronics for wearable health monitoring. ACS Nano, 2017,
vol. 11, no. 10, pp. 0614-0635. https://doi.org/10.1021/acsnano.7b04898

7. Schedin F., Geim A.K., Morozov S.V., Hill E.W., Blake P.,
Katsnelson M.I., Novoselov K.S. Detection of individual gas
molecules adsorbed on grapheme. Nature Materials, 2007, vol. 6,
no. 9, pp. 652—-665. https://doi.org/10.1038/nmat1967

8. Kumar V., Kumar A., Lee D.-J., Park S.-S. Estimation of number of
graphene layers using different methods: a focused review. Materials,
2021, vol. 14, no. 16, pp. 4590. https://doi.org/10.3390/mal14164590

9. Davydov S.Y. On the theory of adsorption on graphene-like
compounds. Semiconductors, 2017, vol. 51, no. 2, pp. 217-224.
https://doi.org/10.1134/S1063782617020051

10. Davydov S.Y. On the role of temperature in the problem of adsorption
on grapheme. Technical Physics, 2016, vol. 61, no. 7, pp. 1106-1108.
https://doi.org/10.1134/S1063784216070100

11. Davydov S.Yu. To the model description of electronic spectrum for
the graphene-like Janus structures. Physics of the Solid State, 2022,
vol. 64, no. 2, pp. 270-276. https://doi.org/10.21883/
PSS.2022.02.52975.218

12. Davydov S.Yu. Effect of interlayer coupling on the electron spectra
of vertical superlattice. Physics of the Solid State, 2022, vol. 64, no. 11,
pp. 1792—1797. https://doi.org/10.21883/PSS.2022.11.54209.392

Authors

Sergey Yu. Davydov — D.Sc. (Physics & Mathematics), Professor,
Leading Researcher, loffe Institute, Saint Petersburg, 194021, Russian
Federation; Leading Engineer, ITMO University, Saint Petersburg,
197101, Russian Federation, js¢ 7103364563, https://orcid.org/0000-
0003-3845-4780, sergei_davydov(@mail.ru

Alexander A. Lebedev — D.Sc. (Physics & Mathematics), Professor,
Head of Department, loffe Institute, Saint Petersburg, 194021, Russian
Federation; Professor of Practice, ITMO University, Saint Petersburg,
197101, Russian Federation, s¢ 55136581600, https://orcid.org/0000-
0003-0829-5053, shura.lebe@mail.ioffe.ru

Received 30.05.2024
Approved after reviewing 07.06.2024
Accepted 18.07.2024


https://doi.org/10.1038/nmat1849
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1063/1.4974072
https://doi.org/10.1021/acsnano.7b04898
https://doi.org/10.1021/acsnano.7b04898
https://doi.org/10.1038/nmat1967
https://doi.org/10.3390/ma14164590
https://doi.org/10.3390/ma14164590
https://doi.org/10.21883/FTP.2017.02.44110.8336
https://doi.org/10.21883/FTT.2022.02.51939.218
https://doi.org/10.21883/FTT.2022.02.51939.218
https://doi.org/10.21883/FTT.2022.11.53342.392
https://doi.org/10.21883/FTT.2022.11.53342.392
https://orcid.org/0000-0003-3845-4780
https://orcid.org/0000-0003-3845-4780
mailto:sergei_davydov@mail.ru
https://orcid.org/0000-0003-0829-5053
https://orcid.org/0000-0003-0829-5053
mailto:shura.lebe@mail.ioffe.ru
http://S.Yu
https://doi.org/10.1134/s1063783407080318
https://doi.org/10.1134/s1063783407080318
http://S.Yu
https://doi.org/10.1038/nmat1849
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1063/1.4974072
https://doi.org/10.1021/acsnano.7b04898
https://doi.org/10.1038/nmat1967
https://doi.org/10.3390/ma14164590
https://doi.org/10.1134/S1063782617020051
https://doi.org/10.1134/S1063784216070100
http://S.Yu
https://doi.org/10.21883/PSS.2022.02.52975.218
https://doi.org/10.21883/PSS.2022.02.52975.218
http://S.Yu
https://doi.org/10.21883/PSS.2022.11.54209.392
http://D.Sc
https://orcid.org/0000-0003-3845-4780
https://orcid.org/0000-0003-3845-4780
mailto:sergei_davydov@mail.ru
http://D.Sc
https://orcid.org/0000-0003-0829-5053
https://orcid.org/0000-0003-0829-5053
mailto:shura.lebe@mail.ioffe.ru

