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Welcome to the Graphene Flagship website

This pilot action GRAPHENE-CA paves the road to the FET Flagship "Graphene-Driven Revolutions in ICT
and Beyond" (GRAPHENE). The GRAPHENE flagship ambition is to bring together a focused, interdisciplinary
European research community that aims at a radical technology shift in information and communication
technology that exploits the unique properties of graphene and related two-dimensional materials.
Graphene research is an example of an emerging translational nanotechnology where discoveries in
academic laboratories are rapidly transferred to applications and commercial products. Graphene and
related materials have the potential to make a profound impact in ICT in the short and long term:
Integrating graphene components with silicon-based electronics, and gradually replacing silicon in some
applications, allows not only substantial performance improvements but, more importantly, it enables
completely new applications.
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'pacpeH:
YHUKQNbHLIA MATepuan unum HanpacHsle
oXuaaHua?
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CtpaTterunsi BbluMCAUTE/IbHOU rpacdeHUuKm

Graphene possesses both 2D crystalline
and peculiar molecular properties

Two theoretical approaches should be applied:
2D Solid state theory
*Molecular theory



Main concepts of the solid-state
theory of graphene:

1. Atomically structured unit cell and/or
supercell + periodic boundary conditions;

2. DFT scheme applied to the cell and/or

supercell;
3. Molecular dynamics + periodic boundary
conditions to involve T-dependence;
4 _k-vector dependent electronic, magnetic,
dynamic, mechanic properties.

B TBEpaoTENLHOM NOAX0AE HET HMYEro HEODOBLIYHOrO, YTO YKa3biBano bbl Ha
nabunbHOCTb CBOUCTB rpadeHa



Main concepts of the molecular
theory of graphene:

1. Atomically structured molecule;
2. Both HF and DFT schemes applied to the
molecule;
3. Molecular dynamics without periodic boundary
conditions to involve T-dependence;

4. Molecular properties:
Electronic structure;
Chemical modification;
Magnetism;
Deformation as a mechanochemical reaction;
Vibration-induced mechanical transformation;
Donor-acceptor contribution into intermolecular interaction;
ANEeKTPOHHO He HacbiweHHaa npeapoaa monekynbl rpadeHa (‘nuwHue’
3/1eKTPOHbI) AaeT OCHOBaHMA nonaraTtb, YTO UMEHHO B 3TOM MecTe
KpoeTcsa 3aragka U3MeH4YMBOCTU CBOMUCTB rpadpeHa



INekuusa 1: MonexkynapHaa Teopusa sp?
HAHOYr1epoAos

*Ob6beKThI;

*OCHOBHbIe NpobrieMbI: Hanuuue <AULWHUX»
351eKTPOHOB U B3AUMOAECUCTBUE MeXAY HUMMU,
* Teopusa «AUWHUX»> 351EKTPOHOB;
*BbruncnutenbHaa peanusaumsa Teopum Yepes
CUCTEMHbIN KOMMbFOTEPHBLIU 3KCNEepUMEHT
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Odd electrons as the main
problem of the sp? nanocarbons'’
electronics

The problem has existed since 1825
when Sir M.Faraday discovered benzene
CeHs

1925r. Xrokkenb npeanoxun
rmnotesy O NU-3sieKTpoHax

In 2010 Sir A.Geim and
Sir K. Novoselov were awarded by the
Nobel Prize for the benzenoid-based
graphene



Odd electrons correlation

| I I (AV4 V
no correlated
electrons ; . A
| i |
Ag +
4 | 4
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correlated electrons
Singlet state problem
Wsg =Gy + G, + G5 + G,
Electron correlation in the singlet state depends on

Weakly and moderately correlated
electrons: Strogly correlated electrons;

Ag is small;

Covalently bound no correlated Ae is medium; .
completely unpaired electrons

© electrons; Ae is big effectively unpaired electrons

c,=c3=c¢,=0 ¢, 20, 1=1234 c=c¢,=0; c,,c;#0



Yto Tenepb AenaTtb U Kak y4yecTb Koppenauuro
3S1eKTPOHOB?

Problem
weak odd electron interaction;
nearly degenerated states;
mandatory requirements on spins

full CI-interaction

!

multi-determinant computational schemes

!

approximatios

N

single-determinant approx mul'ri-de'rer'miﬂnan'r approx
CASSCF/CASPT2
Hartree-Fock scheme DFT embedded clusters
Hj Hj 2mn

Spin coherent  Spin non-coherent due to
total spin problem




CerogHs ogHoA4eTEPMUHAHTHbIE BbIYUCITIUTESIbHbIE
CXeMbl Ha OCHOBE anropuTMoB «OTKPbITOU OOONMOYKU»
Xaptpu-®oka unu DFT aBnarTCcA eAUHCTBEHHOU
anbTepHaTUBOW rMpakmu4yecKku 3HAYMMbIX pac4yeToB
MHoroatoMHbIx cuctem (N_>30-40);

-OdnAa 3neKTPOHHO-KOppesriIMpoBaHHbIX CUCTEM
nosiy4eHHble pelleHns1 He ABRSAKTCA TOYHbIMU (OHMU
CMelUaHbl MO CMUHY);

Bo3HUKaeT BONPOC: KaKyr HagexHyr uHgopmauuio
00 3NeKTPOHHO-KOppennpoBaHHON CUCTEME MOXHO
NOJIy4YUTb C NOMOLLbLIO BblUNCnnUTenbHbIX cxeMm UHF
mnv UDFT?



Oteet 1

TTpubnuxeHue ucnopyeHHour (broken) cummerpum Ha ocHose UHF u
UDFT BbIMMCNUTENbHBIX CXeM NO3BOSISeT pacCcYuTaTb TOYHbIE
3HaQYeHUs 3Hepruh YUCTO CMUHOBBIX COCTOSAHUU CUCTEMBI

E"*(0) = E; (0) + Syl

max )

OB6MeHHbIN MHTerpar, E.(0)-E(S
NI MarHUTHas J = g2
KOHCTaHTa max



OTtBeT 2

TTpubnuxeHue ucnopyeHHou (broken) cummerpum Ha ocHose UHF u
UDFT BbIMMCAUTENbHBIX CXeM NO3BOSSEeT paccymuTaTh TOYHbIE
3HAYeHUS MArHUTHOWU KOHCTAHTBI, KOTOpAs JieXKUT B OCHOBe
KOJIMYECTBEHHOrO ONUCAHUSA MOSEKYNApPHOrO MArHeTUsma

max)

_E.(0)-E(S

2
S max

J



MarHeTusm HaHoyrnepoaos

OcHosHoe coctosHue Bcex HY cuHrnerHoe, nostomy mx
HamarHu4YusaHue Moxet 6bITb TONbKO HaBeAeHHLIM 3a cuveT
NPUMELINBAHUA BbIlE SleXalWUX BLICOKO CMUHOBBLIX COCTOAHUMA K
CUHINIEeTHOMY B pesynbTaTte, Hanpmep, rNpuUioxXeHUs BHewHero
MarHuTHoro nonsa (agpgext BaH Eneka).

SPPEeKTUBHOCTb NPUMELLUBAHUA OnpefenseTca No Teopuu
BO3MYLLEHUS 3HepreTUYeCKUM 3HameHartenem, onpeaensrolmm
PA3HOCTb 3HEpruil YUCTO CMUHOBLIX COCTOAHUMU, NMPONOPLUOHANbHYHO

MArHUTHOU KOHCTaHTe J.

3aMeTHLIN MArHUTHBLIA OTKSIUK BO3MOXeH TOSbKO npu J ~ 102
103 kcal/mol



OtBeT 3
IPPEeKTUBHO He cnapeHHbIe 351eKTPOHLI - HOoBaS

XapaKTepuCTUKa Sp> HaHOYriepoaos
Single-determinant approx
broken spin-symmetry approx (UHF and UDFT)

Solution is spin-contaminated
.
C = (5-;—3(5 +1)

Loewdin symmetry dilemma:
extra spin density
effectively unpaired electrons
Np = I?'D[:r|r' ]
Hartree-Fock approximation

(Na_Nﬂ)Z NORBS
Np = 2(<S 2> - 5 ) Np = Z D, i molecular chemical susceptibility
i, j=1

NAT

Npay = ZA: ; ZE; D;; atomic chemical susceptibility
e No similar quantities in DFT
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Answer 3
3. Effectively unpaired electrons are a physical reality

The Chemical Structure of a Molecule
Resolved by Atomic Force Microscopy

Leo Gross,™ Fabian Mohn,® Nikolaj Moll,* Peter Liljeroth,>? Gerhard Meyer!

28 AUGUST 2009 WVOL 325 SCIENCE




AFM image of pentacene
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X coordinate, A



Olympicene and experimental plotting of the effectively
unpaired electrons distribution
Science Daily: May 28, 2012

‘Chemical portrait’
( RUDN-Moscow, June 1, 2012).

0

Y coordinate, A

-2 0 2 4 6 8 10
X coordinate, A



Atom-resolved STM image of

a free standing graphene
flake

A new solution to graphene production

Jonathan Coleman
A liquid phase process for making defect-free graphene in high yield could pave the way for superfast
transistors.

24 November 2008, SPIE Newsroom. DOI: 10.1117/2.1200810.1336



Np4 distribution over atoms of (15,12) nanographene with
non-terminated edges

Y coordinate, A




Np4 distribution over atoms of a fragment cut off
(15,12) nanographene with non-terminated edges
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Np4 distribution over atoms of (15,12) nanographene with
single-H-terminated edges

Y coordinate, A
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OtgeT 4
Koppenauua HecnapeHHbIX 3neKTpoHOB
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HaHoyrnepoas: n nx KpeMHueBble aHanNoru
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OteeTt 5
OTKpbLITLIU B3rNaA Ha XUMUYECKoe
MOAUMPULIMPOBAHUNE HAHOYTNEepOaoB U ero
KOMMbOTEpPHOE MOAEeIUpoBaHUE

[ToniHoe 4Yncno aPdPEKTUBHO HE CNAPEHHbIX 3NTIEKTPOHOB

(Na_Nﬂ)z NORBS
N, = 2(<S 2> — > J Ny = Z D, i molecular chemical susceptibility
i j=1

MapumanbHoe Yncro aPPEKTUBHO HE CNApPEHHbIX ANEKTPOHOB

NAT
Npa = Z Z Z D, i atomic chemical susceptibility

icA B=l jeB



XnMuyeckue nopTpeTbl HAHOYrNepoAaoB
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HaHoyrnepoaHsie Tpy6ku
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(5, 5) HaHOrpapeH

Y coordinate, A

X coordinate, A
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OtseT 6
MexaHoxumus n Koppenaumsa 3n1eKTpoHOB

CTaTnYecKas AesopmMaums Kak pesysibTart
HATAKEHUa XUMUYECKUX CBA3EU
 DuHammyeckas aecmopmaums Kak
MexXaHOXUMUYECKas peakums B
pe3ysibTare NpUsioxeHUsa HanpsaxeHus



OtBetr 7
Tononoruvyeckme ocobeHHOCTU
HaHOYrnepoaos

CTpYyKTYypHaa HexecTkocTb HY Kak
pe3ynbTarta BAUaHUS Koppensauuu
3/1eKTPOHOB Ha
connectivity u adjacency
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Eégt,(RCC) (left) and Eéoei (RCC) (right) plottings for (C,o), dimer (1), [C¢o+(4, 4)]
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Nekuua 2: KoppenuposaHHbie

3N1eKTPOHLI rpacpeHa
‘Kak onpeaenutb Hanuuue Koppenauum;
*MarHeTusm rpageHa;
‘TnapuposaHue rpageHa;
*OKucneHue u BoCCcTaHoBMeHue rpad

DeHa




Kak onpepaenutb, ABNAAIOTCA JIN 3J1EKTPOHDI
KoppenumpoBaHHbIMK?

Kputepun 1: paccoriacoBaHHOCTb 3HEPIrum

AE®Y >0 AERY —ER_pV

Kputepun 2: nossnenmne asddeKTMBHO HE CrapeHHbIX

3N1EeKTPOHOB
N, =0 N, =trD€r' 0  No=2.,Da

Kputepui 3: paccorsiacoBaHHOCTb KBajpaTta CrnuHa

A$? >0 A$ =& —S(S+1)



NMpnMeHeHVe KoOppensauMOHHbIX KpUuTepues
K rpapeHOBbIM (pparMeHTaM pa3HoOro
pa3Mepa

Table 1. Identifying parameters of the odd electrons correlation in graphene fragments

Odd RU 1
Fragment  ojectrons AE No A2 3’
(n,.n,) N, kcallmol  SERY 042 o N, %2 u kcal/mol
5. 5) 88 307 17 31 35 155 1429
(7,7) 150 376 15 52.6 35 26.3 -0.888
(9,9) 228 641 19 76.2 35 38.1 -0.600
(11, 10) 296 760 19 94.5 32 47.24 -0.483
(11,12) 346 901 20 107.4 31 53.7 -0.406
(15, 12) 456 1038 19 139 31 69.5 -0.324

JInWHue 321eKTPOoHbI B rpadpeHe KoppenupoBat




DHEeprmm YNCTo CNMHOBOIO CUHIJIETHOIoO
COCTOSIHUA rpadeHoBbiX pparMeHTOB

Table 2. Energies of singlet ground state of correlated graphenes®, kcal/mol

Fragment

. y - ~PS SE RPS 2 UPS SE UPs 2

(h,n) EfO  E°(O [ ETO) AE o, ~ AE o

(5,95) 1902 1495 1432 470 24.70 63 4.39

(7,7) 2599 2223 2156 443 17.03 67 3.09

9,9) 3419 2778 2710 709 20.75 68 2.53
(11, 10) 4072 3312 3241 831 20.42 71 2.20
(11, 12) 4577 3676 3606 971 21.22 70 1.95
(15, 12) 5451 4413 4339 1112 20.40 74 1.70

~99% npoBoOANMELIX B HAcTOsSLLEE BPEMS
BblYNCIEHUN rpaddeHa OTHOCATCS K PELUEHUAM
C aHeprue E®(0)




MarHeTusm rpageHa

OcHoBHOe cocTosHUWe rpagpeHa CUHreTHoe, NO3TOMY ero MarHeTUsm
MOXeT 6LITb TONMbKO HaBeAeHHLIM 3a cYeT MPUMELLIUBAHUSA BbIlUe
nexawux BbICOKO CMUHOBLIX COCTOSAHUUA K CUHINETHOMY B pesynbTare,
Hanpmep, NPUNOXeHUa BHelwHero MarHUTHoro nonsa (aggexr BaH
$neka).

SPPEeKTUBHOCTb NPUMELLUBAHUA OnpefenseTca No Teopuu
BO3MYLLEHUS 3HepreTUYeCKUM 3HameHartenem, onpeaensrolmm
PA3HOCTb 3HEpruil YUCTO CMUHOBLIX COCTOAHUMU, NMPONOPLUOHANbHYHO

MArHUTHOU KOHCTaHTe J.

max )

ps __[EPs UBS __ EUBS
J:E (0)-E™(S) — J:E (0)-E™(S

S(S +1) Sriax

3aMeTHLEIN MArHUTHLIA OTKSIUK BO3MOXeH TOSMbKO npu J ~ 102
103 kcal/mol



MarHuTHaa KoHcTaHTa J 3neMeHTapHOU AYeUKu Kpuctanna rpagpeHa ~
12 kkan/monb. Kpuctann auamarHuteH.

Bcneacreue Koppensiuum 3rneKTPoOHOB MarHUTHasi KOHcTaHTa J rpadeHOBbIX
dparmeHTOB 3aBUCUT OT UX NIMHENHbIX pa3MmepoB. OLeHKU NOKa3bIBaKOT, YTO

3Ha4yeHue J ~ 102-103 kcal/mol moxeT O6bITb AOCTUTHYTO AN rpacdeHoBoro
nenecTtKka ¢ NIMHEeNHbIMM pa3mepamu 3-5 HM.

Table 1. Identifying parameters of the odd electrons correlation in graphene fragments

Odd RU 1
Fragment  ojectrons AE No A2 3’
(na1 z) N, kcal/mol  SERY 042 e N, 04 2 U kcal/mol
5. 5) 88 307 17 31 35 155 1429
(7.7) 150 376 15 52.6 35 26.3 10.888
(9,9) 228 641 19 76.2 35 38.1 -0.600
(11, 10) 296 760 19 94.5 32 47.24 -0.483
(11, 12) 346 901 20 107.4 31 53.7 -0.406
(15, 12) 456 1038 19 139 31 69.5 -0.324

[Mpn NUHENHbIX pasmMepax, NpeBbIlWatoLWmnX anmHy ceobogHoro npobera anekTpoHa,
9JIEKTPOHHbIE CBOUCTBA rpadpeHoBOro oparmMmeHTa KBaHTYHOTCSA M OnpeaenatnTca CBOMCTBaMU
afIeMEHTapPHON SYENKU, BCIIeACTBME Yero MarHeTu3mM NUcHesaer.

Takum obpa3zom, marHeTuam rpaceHa BO3MOXEH TOSNIbKO AJIA
HaHopa3MepHbIX rpadeHoBbIX PparMeHTOB C JIMHEMHbIMU pa3mepamMmu B
uHtepBane 10-20 HM
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Ferromagnetism in Hydrogenated Graphene Nanopore Arrays

K. Tada,' J. Harujyama.'”h H. X. ‘?r'mng.2 M. Chshiev.” T. Matsui,” and H. Fukuyama?’
'Faculty of Science and Engineering, Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara, Kanagawa 252-5258, Japan
_ 2SPINTEC, CEA/CNRS/UJF-Grenoble 1/Grenoble-INP.38054, Grenoble cedex 9, France
5Depanmmr of Physics, University of Tokyvo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
(Received 4 August 2011)



800 |
o [Fydrogen 400 | No antidots
0t 0} =
= 3 : E
wa 02 s 400 | =
? -04b @ | € - (c) %
g" TOPUT PR PO POV g -800 L . ettt
g g -1000-500 0 500 1000 E.muu -500 0 500 1000  -1000-500 0 500 1000 =
At — ]
T8 CIT=300K | o 30 B
S8 02|Hydrogen g ool T=300K| £
SF 01| § ol No antidots ‘-8-‘
f- 0t £ oF E.
01 -10 | -
-02 - -20
- d f
o (@) ()

BTl o o o ol o s sl s s 58 0l _30 PR IR PR S
-1000-500 0 500 1000 -1000-500 O 500 1000 -1000¢ -500 o 3500 1000
Magnetic Field (gauss)

FIG. 2. Magnetization of monolayer GNPAs [SM (5) [27] | with ¢p ~ 80 nm and W — 20 nm for (a),(d) hydrogen-terminated edges;
(b).(e) oxygen-terminated nanopore edges; and (¢).(f) bulk graphene without nanopore arrays. dc magnetization was measured by a



"'mapuposaHue rpacgpeHa

Chemical portraits of graphene (5, 5)

%

o

»

[}

4

H

]

0o

0

>
-4 -2 o0 2 & & & 10

X coordinate, A

2
0

w

g 2

T

g %

-

N o5

0

8 -8

Egl

-4 -2 0 2 4 6
X coordinate, A

8 10

OO0 0000000
N A e g ey S )
MW oy 0 [l 8



Odd electrons and

graphane

Chemical functionalization of graphene



2.Chemical modification :
Stepwise transformation of graphene into

graphane and ‘teflon’

Graphane




Topochemical hydrogenation of graphene

Free stained
membranes
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Step H- framing O-framing OH-framing COOH-framing
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Okcug rpadoeHa
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BbipaboTka nyna 3gpgpeKkTUMBHO He cnapeHHLIX
3/1eKTPOHOB B NpoLiecce OKUCSIeHUa rpagpeHa
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Nekuusa 3: KoppenuposaHHbie

3N1eKTPOHLI rpagpeHa

- Nepopmaumsa rpagpeHa Kak MexaHOXUMmUYeckas
peakumsa - 0AHOOCHOe pacTaxeHue;

-CTaTudecKkasa aegopmaums rpac

DeHa. XMMUu4eckoe

MOAUNMPULIMPOBAHUE U MNY3bIPU



Otser 6
Hepopmauus rpacgpeHa Kak npsmoe BO3AeUCTBUE
Ha KOoppenauuko 3NMeKTPOHOB B pe3ynbTaTe
U3MeHeHU MeXATOMHBIX PacCTOSAHUU



OuHamunyeckaa pecpopmauims.

[ledbopmauunsa Kak MexaHOXUMU4Yeckasa peakumns.
MexaHoxmuyeckue BHYTpEeHne KoopamnHaTtbl OAHOOCHOIO pacCTAXeHUA

TTowarosoe pactaxeHuUe B HaNpaBneHUnax «3uriar» U «Kpecrno»

«3ursar» «Kpecno»



Hemopmaums rpagpeHa: moaa «3uriar»




Hemopmaums rpagpeHa: moaa «3uriar»

AL=103 A AL=115A

AL=135 A AL=153 A AL=17.0 A



Hemopmaums rpagpeHa: moaa «3uriar»

AL=221A AL =236 A AL=2497 A
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DOpMaLIUA FpaceHa:
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Hemopmauma rpacgpeHa: moaa «Kpecno»
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TpukoTaxe nogobHoe paspylueHue
rpadpeHoBOro nucTa.
KoHLUEeBbIE aTOMbI NIUCTA HE TEPMUHUPOBAHbI

Mopa «3urar» Mopga «kpecro»




JKcnepumeHTanbHoe HabnroaeHwe paspylueHus
rpacpeHa

C.Jin, H. Lan, L. Peng,K. Suenaga and
S. lijima

Deriving Carbon Atomic Chains from
Graphene,

PHYS. REV. LETT. 102, 205501
(2009)




Mopdosiorna Kpaes U TONOJZIOrMA MEXAaHOXNMMNYUYECKOMN peaKLIMM B I[

Zg mode

(5,5) nanorpaden

(5,5) nanorpaden,
TEPMUHUPOBAHHBIN
H

(5,5) nanorpaden,
TEPMUHUPOBAHHBIN
H>




Table 1. Young’s modules for (5,5) NGr with different configuration of edge

atoms, TPa

Mode Bare edges H;-terminated edges | H,- terminated edges
‘zigzag’ 1.05 1.09 0.92
‘armchair’ 1.06 1.15 0.95
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Stress-strain dependences related to a set of molecules
that predict mechanical behavior of chemically modified
and structurally analogues of graphene

160
140 £ ach deformation
190 _ 1.benzene

3.hehadihydro bornitride

4.hexamethylene fluoro-
cyclohexahe (chairlike)

5.cyclohexane (chairlike)

Stress 5, A/m” #10°
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Stress-strain dependences related to a set of
molecules that predict mechanical behavior of
chemically modified and structurally analogues of

graphene at zg deformation modes.
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Molecular Young's moduli

Deformation
N Molecule £, Tpa
mode
ach 0,76
1 Benzene
7q 0,99
Hexamethylene ach 0,53
2
benzene Zg 0,81
{)_ »- | Hexadihydro ach 0,68
/ h
£ bornitride Z 0,78
2 :
Hexamethy| ach 0,48
4 hexafluoro
7q 0,61
cyclohexane
ach 0,4
5 Cyclohexane
29 0,74

Predicted stiffness’ behavior:
Graphene >Bornitride >Fluorographene~Graphane.

The series follows the interrelation between squared frequencies of C-C and B-N
stretching vibrations



-0 -8 -6 -4 -2 0 2 4 6 -0 8 6 4 -2 0 2 4 6

X, A X, A

Image Ny, maps and equilibrium structures of the bare-edge (5, 5) NGr molecule in
due course of the first stage armchair-mode tensile deformation.
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Image Ny, maps and equilibrium structures of the bare-edge (5, 5) NGr molecule in
due course of the first stage zigzag-mode tensile deformation.
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Double H terminated graphene
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Deformation of graphene and graphane as a
mechanochemical reaction

Mechanical parameters of
graphane and graphene

Species Mode | e(foro,) | F, N-10° | ., N/m2-10° E, TPa
ach 0.29 19.62 120.47 0.76
benzene
ZQ 0.22 19.18 97.13 0.99
ach 0.44 15.69 93.76 0.4
cyclohexane
ZQ 0.36 14.99 74.57 0.74
(5,5) ach 0.18 54.56 119.85 1.09
nanographEne zg 0.14 47.99 106.66 1.15
(5,5) ach 0.3 43.41 74.37 0.61, (0.54)

nanographAne | zq 0.23 36.09 63.24 0.57_(0.52,)




Vibration-induced mechanical

transformation
CHXN _ BZN
Yec TMVc—c n=, E& "N 1EZ

Table. Young’s moduli and stretching C-C vibrations

Species n?cfglé E_ N veeh em® oy em® Nexd
ach 0.76
BZN " 099 1599 [24]
72 074  1.16 1378 1388 [26] 115
Vgr_acr:)hane | Cm-l
graphene  &ch 1.09 1564 [26]
Zg 1.15
graphane ach 0.61 1.34 1167 1330- 1.18-1.60

2q 0.57 1.46 1071 1000 [27]




CtaTuyeckas gecpopmaums.

[edopmauunsa yrnepogHOro oCToBa Kak pesynsraT

XNMUNHECKOIo MO,EI,I/ICbI/ILI,I/IpOBaHI/IFl
[MopupoBaHune, oknucrneHune, prtopupoBaHmne




Effectively unpaired electrons, e

CtaTuyeckaa gepopmauums
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‘6raphene under strain creates gigantic
pseudo-magnetic field’

N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui, A. Zettl, F.
Guinea, A. H. Castro Neto, and M. F. Crommie,

Materials Science Division, Lawrence Berkeley National
Laboratory, Berkeley,

'Strain-Induced Pseudo-Magnetic Fields Greater Than 300 Tesla
in Graphene Nanobubbles',
Science 30 July 2010 329: 544-547

600 tesla

APPLIED PHYSICS LETTERS 99. 093103 (2011)
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Graphene bubbles with controllable curvature

T. Georgiou," L. Britnell," P. Blake,2 R. V. Gorbachev,% A. Gholinia, A. K. Geim,?
C. Casiraghi,*® and K. S. Novoselov"#

APPLIED PHYSICS LETTERS 99, 093103 (2011)



Nexkuua 4: MonekynapHas Teopusa o

NOABOAHLIX KAMHSX TpageHUKu
- Tononorus rpageHa;
*HeyrnepopaHbIe aHanoru rpac

DeHa;

*«PucoBaHHbIE CTPYKTYpbI»



OcHOBHOM BbIBOA.:

CBouncTBa rpadeHa onpegensitoTcs He afieMeHTapHON SSYENKOW KPUCTaNNM4ecKomn
CTPYKTYpbl, @ CNeacTBUAMU KOPPenALUnM ero NULLIHUX 3NEKTPOHOB B KOHKPETHOM
obpasue, HaxogsLwemMcs B onpeaeneHHbIX BHELHMUX YCITOBUSIX

B pe3ynbTaTe, MbI UMeem AenOo C MNLIBYLUM MO CBOUM CBOUCTBAM
06beKTOM, MO3TOMY He BbI3bIBAET 0COBOro yAUBNEHUS KOHCcTaTauus
FPYCTHBIX 3MAUPUYECKUX (PAKTOB:

...6raphene edges determine the optical, magnetic, electrical, and
electronic properties of graphene. In particular, termination, chemical
functionalization and reconstruction of graphene edges leads to crucial

changes in the properties of graphene, so control of the edges is critical to
the development of applications in electronics, spintronics and
optoelectronics. Up to date, significant advances in studying graphene
edges have directed various smart ways of controlling the edge morphology.
Though, it still remains as a major challenge since even minor deviations
from the ideal shape of the edges significantly deteriorate the material
properties...

M. Acik and Y. J. Chabal, Jap. Journ. Appl. Phys. 50 (2011) 070101



The odd electrons correlation turns out to be a very strong
factor that greatly influences structural, chemical,
magnetic, and mechanic properties of graphene and
graphene-derived materials.



HaHOCTPYKTYpPHbLIN U USBMEHYUBbIU XapaKTep
MOJIeKynsipHOro MmarHeTuama rpadpeHa cospgaet
npakTU4YecKn HenpeogonmmMblie TPYAHOCTU Ha
nyTV pa3paboTKn TeXHONIOrmMm ero
MCNonNb30BaHUA B CIUHTPOHUKE



Xumudeckoe moaugpuumuposaHue rpacgpeHa
KpauHe HeOAHO3HA4YHO U 3aBUCUT OT
6onblWoro Ymucna TpyaAHO KOHTPOSIUPYEMBIX
BHelWHux napameTtpos. [ononHuTtenbHbIe
TPYAHOCTU CBA3AHLI C TONOXUMUYECKUM
XAapakTepoM peakLuuu C yyactTuem rpagpeHa



The correlation is responsible for a highly sensitive
topological behavior of graphene as well.



‘zero’ gradient GMAX is 0.1 kcal/mol

12x15gr

lterations Energy Gradient
ITN= 40 IFN= 49 F=0.44015339D+04 GMAX=-.671D+00 N=1034 TIME= 16480.
ITN= 41 IFN= 50 F=0.44015338D+04 GMAX=-.653D+00 N=1034 TIME= 16896.
ITN= 42 IFN= 51 F=0.44015337D+04 GMAX=-.672D+00 N=1034 TIME= 17210. Flat
ITN= 238 IFN= 275 F=0.44015174D+04 GMAX=-.112D+01 N=638 TIME= 12792.
ITN= 239 IFN= 276 F=0.44015172D+04 GMAX=-.112D+01 N= 638 TIME= 13000.
ITN= 240 IFN= 277 F=0.44015169D+04 GMAX=-.111D+01 N=638 TIME= 14110.
ITN= 546 IFN= 662 F=0.43998976D+04 GMAX=-.139D+00 N=1175 TIME= -21984.
ITN= 547 IFN= 663 F=0.43998973D+04 GMAX=-.126D+00 N=1175 TIME= -21604.
ITN= 548 IFN= 664 F=0.43998969D+04 GMAX= 0.957D-01 N= 158 TIME= -21046.Curved

Energy change 1.637 kcal/mol (0.0372%). Atoms number 400.

9x9gr

ITN= 29 IFN= 33 F=0.27780588D+04 GMAX=0.327D+00 N= 122 TIME=  8809.

ITN= 30 IFN= 34 F=0.27780587D+04 GMAX=0.290D+00 N=122 TIME=  9183.

ITN= 31 IFN= 35 F=0.27780585D+04 GMAX=0.321D+00 N= 122 TIME=  941. Flat
ITN= 69 IFN= 73 F=0.27780519D+04 GMAX=0.150D+01 N= 521 TIME=  1838.

ITN= 70 IFN= 74 F=0.27780518D+04 GMAX=0.152D+01 N= 521 TIME=  1860.

ITN= 71 IFN= 75 F=0.27780517D+04 GMAX=0.151D+01 N= 521 TIME=  1876.

ITN= 623 IFN= 686 F=0.27777699D+04 GMAX=-.313D-01 N= 454 TIME= -70950.

ITN= 624 IFN= 689 F=0.27777699D+04 GMAX=0.296D-01 N= 545 TIME= -70877.

ITN= 625 IFN= 690 F=0.27777698D+04 GMAX=0.276D-01 N= 421 TIME= -70861.Curved

Energy change 0.285 kcal/mol (0.0103%). Atoms number 190.



12x15gr planar




12x15gr




9x9gr planar
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[1na reHHOM HaHoTepanuM popma UrpaeT KNKYeBYHO POrb

Onyb6nukoBaHo ssu-filippov B 16 okta6ps1, 2012 - 00:00

WccneposaTenu ns Cesepo-3anagHoro yHMBepcuteTa n ux konnern n3 YHneepcuteta [)koHca XonkuHca (06a —
CLWA) Hawnm cnoco6, No3BOMALLNA KOHTPONUMPOBaTb (hOpMYy TPAHCNOPTHbLIX HAHOYACTUL, NEPEHOCALMNX Ha
cebe [IHK-monekynbl.

3TO NO3BONUMNO AOKa3aTh, YTO
nMeHHO dpopmMa HaHoYacTUL, ABNFETCS Krn4veBbIM PakTOpPOM, KOTOPLIN onpeaenseT

TepaneBTUYECKYH aKTMBHOCTb BCEro komnrekca. Pesynbtatbl paboTbl onybnvkoBaHbl B
XypHane Advanced Materials.



[1ns noaTBepXaeHUst nepBoHa4yanbHOro NPeanonoXeHust O Krno4eBoMm
3Ha4YeHnn PopmMbl TPAHCNOPTHLIX HAHOYacTUL, AN TepaneBTUYECKON
aKTUBHOCTM BbINn NpoBeaeHbl CEPUM OMbITOB HA XXMBOTHbLIX. B Kaxaom
akcnepumeHTe matepuan HaHo4dactuy u [1HK 6bin abcontoTHO oanHakoBbIM, a
pasnnyusa cocTosn Nub B opMe TPaHCNOPTHLIX YacTul,: ccpeprnyeckue,
nano4ykooobpa3sHble UM BorTHOOOpa3Hbie (YepBeoOpa3Hbie).
Okasanocb, 4YTO
MUCMNoJib30BaHMe BOSTHOOOpa3HbIX HAHOYaCTUL NPUBOAUT K 0OpasoBaHuio B 1
600 pa3 bonbLero Yncna reHoB B KIeTkax nevdeHun, 4em npu apyrux oopmax.
Haue roBopsi, NpUroToBrieHne HaHo4YacTuL, UMeHHO B hopme «4yepBen»
obecneunTt ropasno 6ornee apMEKTUBHYIO AOCTABKY FrEHETUYECKOIO
TepaneBTUYECKOro Mmatepmana B pakoBble KIETKN,



Not taking it into account generates numerous ‘underwater
stones’ which are illustrated by a number of unrealistic
predictions and explanations concerning graphene and its
applications which are widely discussed by scientific

community.



Outside carboneous graphene science, the apotheosis of
the misconceptions generated by ignoring the fundamental
properties of sp2 electronic systems is achieved in the case
of silicene.
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Table 14.1. Energies® in kcal/mol and the number of effectively unpaired electrons in sp*-
configured siliceous species (see Fig.14.2) [15]

Species N(N22) E"(0) E. (0) E™(0) Np

| 2 54,50 48,95 39,02 0.88

] 6 144,51 121,25 108,67 2.68

1 60 1295,99 1013,30 996,64 62.48
IV a 96 (24) 2530,19 1770,91 1749,56 128
IV b 96 1943,14 1527,77 1505,48 95,7
V a 100 (20) 2827,73 1973,67 1958,54 115,05
Vb 100 2119,60 1580,77 1559,64 100,12
Vla 60 (22) 1950,20 1359,44 1346,68 75,7
VIb 60 1253,39 1001,27 972,12 54,04

Note 1: Tabulated energies E® (0), E,(0) [orE" (0)], and E™ (0) correspond to the

heats of formation of the relevant states. The energy nominations see in Chapter 1.
Note 2: Numbers N, in parentheses are related to two-neighbor edge silicon atoms.
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Bnepsble norny4eH obpasel, cunmueHa

Ony6nukoBaHo ssu-filippov B 23 anpens, 2012 - 00:00

o
Si on top of
a Ag atom

Si batween
Ag atoms

Ag atom

BnepBble (BO3MOXHO BrepBble) UccriegoBaTenn nonyyunnm
OAHOATOMHbIN CFIOWN KPEeMHUA — Mamepuari, rnosy4uswuli rno
aHasoauu ¢ epagheHoM HaseaHue «cunuyeH» — (silicone).

I'Ipe,u,nonaraeTCH, YTO CBONCTBA HOBOIO MaTepuana aoJPKHbl BO
MHOIOM BObITb NOXOXW Ha ONEKTPOHHbIE cBOMNCTBaA rpaq)eHa.

Bonee Toro, cunuueH AoMmKeH ropasao npotle
NHTErpUpOBaTLCA C 0ObIYHBIMY SNEKTPOHHbBIMM
YCTPOMCTBAMU Ha OCHOBE KPEMHUEBLIX MUKPOCXEM,
4TO, B CBOIO OYepefb, 03HAYaeT, NoTeHUnarnbHble
BO3MOXXHOCTM A11S1 YCKOPEHUs1 pa3paboTKu
CBEPXMUHUATIOPHbIX 3NEKTPOHHBIX CUCTEM.

Puc. 1. CunuueH moxeT 6bITb npoLle
WHTErpMpoBaH B 3NIEKTPOHHbIE CXEMbI

Ha ocHoBe KpeMHus. (PucyHok n3 Phys.
Rev. Lett., 2012, DOI: 10.1103/PhysRevLett.
108.155501).
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interface paper)




Small but Strong Lessons from Chemistry for @
Nanoscience™*

Roald Hoffmann* Angew. Chem. Ini. Ea. 2013, 52, 93103
A silicene interlude

1881

We have graphene multilayers and the monolayer, and the
intriguing physics of these. There is a growing literature out
there of the Si analogue, silicene.[21] And that literature talks
about silicene as if it were graphene. In part this is an attempt
to live off graphene’s mystique, but part comes out of lack of
knowledge of chemistry.[22] | don,t often say something
categorical, but | will say that a pristine free-standing single
layer sheet of silicene (or a Si nanotube) will not be made.
Silicene exists and will be made only on a support of some
sort, metal or semiconductor.

The reason for this is, of course, the well-known kinetic

and energetic instability of Si—Si double bonds (or partial
double bonds, as in silicene). p Bonding is worth very little at
the Si-Si single, s bond distances of approximately 2.35 [.
Si=Si bonds have to be protected sterically to be isolated.[23]
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Figure 1. Left: the optimized structure of a two-layer silicene; right: the
corresponding graphene bilayer. Both are in AA stacking.



In contrast, boron-nitride analogues of sp? nanocarbons are
free from the complications due to a complete saturation of
their valence ability by covalent bonding.
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Nanoengineering Structures on Graphene with Adsorbed Hyvdrogen “Lines”

Leonid A. Chernozatonskil®’ and Pavel B. Sorokin'
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Geometric arrangement of
2H-“lines” on graphene in
nanoelectronic elements
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Electronic superlattices
and waveqguides based on graphene:
structures, properties and applications

Leonid A. Chernozatonskii' and Pavel B. Sorokin™"**
phys. stat. sol. (b) 245, No. 10, 2086—2089 (2008) / DOI 10.1002/pssh.200879578
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Linear hydrogen adsorbate structures on graphite induced
by self-assembled molecular monolayers

Louis Nilsson °, Zeljko Sljivanéanin ¥, Richard Balog °, Wei Xu % Trolle R. Linderoth ?,
Erik Leegsgaard °, Ivan Stensgaard °, Bjerk Hammer °, Flemming Besenbacher °,
Liv Hornekeer °~

STM image of the graphite
surface after hydrogen
exposure on the self-
assembled monolayer structure
of cyanuric acid (CyA)
molecules. The bright linear
protrusions are identified as
rows of hydrogen dimers.
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Figure 1. Left: the optimized structure of a two-layer silicene; right: the
corresponding graphene bilayer. Both are in AA stacking.
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Determination of ultrathin diamond
films by Raman spectroscopy

Leonid A. Chernozatonskii®', Boris N. Mavrin®, and Pavel B. Sorokin'
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