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Pun3nku yHnsepcuteta KanmndpopHumn
NpokKnagbiBalOT NYyTb K CNMHOBOMY

KOMNbIOTEPY HA OCHOBe rpadeHa
(Oktabpb 14, 2010)

Ferromagnetic Ferromagnetic
Spin Injector Spin Detector

Graphene |
BeefneHue crnos nsondaropa gpamatnyecku
(30-KpaTHO) yny4Lwmnso aPdPEeKTUBHOCTb
CMUHOBOW MHXeKLUUK B rpadeH

Insulating Barriers




Rice Researchers Introduce

Graphene-Based Amplifiers
(OxTsa6ps 13, 2010)
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HoBbIM meTOo4 u3rotoBneHus rpadeHa

UCcnosib3yeT LUAOSIOHbI U3 Kapﬁm:l,a KPpeMHUsA
(OkTs6pb 6, 2010)

TexHonorndecknn MHCTUTYT [xopmkmn (CLLA):

C ncnonb3oBaHMEM HOBOM
TEXHWUKM BblpallmMBaHNS Ha
LLaOSIOHEe yYEHbIE N3roTo-
Bunun maccms n3 10000
rpadpeHoBbIX TPAH3UCTOPOB
Ha yMne pasmMepom

0.24 kB. cM™.




[MepBbIn War K 35IeKTPOHHOMY aHarnun3y
nocnepoBaTtenbHocTu OHK:

nepemMeLleHne yepes HaHonopsbl B rpadeHe
(Mornb 23, 2010)

(Pennsylvania University,
Philadelphia, USA)
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lMpousBoacTBO NnacTtuka (He obsA3aTesnibHO)
C rpadPeHOBbIM NOKPbITUEM

C NOMOLLbIO CTaH4APTHOM POSIMKOBOW TEXHOMNOrMmn (Samsung)

1.
2.
3.
4.

Mpaded Ha NOAMMEPHOR
OCHOBE ¥Yaanenne
nonuMepa

,.-"f-' MNonumMep

Dilayer

Ha rpadeHe

YrneBoaopoaHoe ChipbE OCaXMBAETCA Ha rMaaKyo NNacTuHy U3 Meau MeTOA0M PeakLMOHHOIO XMMUYECKOrO OCaXKaeHMs
CBepxy HaHOCSIT MOKPbITUE U3 KINEWKOro nonvMepa.

MenHasi NoanoXka BbITpaBNMBaeTCs, a rpadeH NepeknenBatoT Ha NUCTbI NNacTUka Unv OpYyryto NOBEPXHOCTb.

Taknum cnoco6oM MOXXHO HAHOCUTb Aaxe HECKONbKO Crioés rpadeHa oanH Ha ApYro — 1 Mbl Nosfy4yaem nnacTuk ¢
rpadeHOBbIM MOKPbLITUEM, KOTOPLIN MOXHO pa3pe3aTb Ha Ta4CKpUHbI Noboro pasmepa.



Jluctbl n3 okcnaa rpadeHa MOryT cTaThb

6aKTepVI UMAHBIM NJaCTbipem
(Vionb 27, 2010)

YueHrele 13 llaHXaCKOT'O MHCTUTYTA NPUKJIIAOHOM OM3MKYM ODHAPYXUIIM, UTO ODyMara M3 OKCuIa

Oxcupn rpabeHa npencTapjdeT COOOM JIMCT OKCHIA I'padmTa TOJIIMHOM B OOHY MOJIEKYJYy. OTOT
HaHOMaTepMralJyl HallOMMHAaeT TOHKYID OyMary M o6JialdaeT BBCOKOM IIPOUYHOCTBI. YUEeHHEe
pazpaboTanm MeTOI IOJIYyUeHMUS JIMCTOB TIpabeHa NpM NOMOIM BaKyyMHOM OUIILTPALUM €TI0
cycrneHs3un. Ilocjie Uero OHMU MOMBITAJMCh BEPACTUTL Ha HEeM DaKTepualibHEE KIIeTKM (KUIeuHa s
najioyKa) M KJETKM 4YejioBeKa. B XOIe SKCIEepMMEeHTa OKAas3aJiIoCh, UTO OaKTepuM He MOTYT
Pa3MHOXaThbCS Ha Cpele C OKCUIoM I'pabeHa. A BOT Ha KJIETKM UeJIOBEeKa BTO COeOMHEHME HUKAaK
He BJMseT. JVcciemoBaTesM MNpenrnojaraknT, YTO 2TM CBOMCTBA OyMaru mM3 Ookcuia I'padeHa
[IO3BOJIAT IIPMMEHSATb €€ B KauecTBe OaKTEPULUMIOHBIX I1JIACTHPEN, YIAKOBKM IIUIEBHX
IPOOYKTOB, O€3000PUPYIIEN BEICTUIIKM OOYBMY M MHOTOT'O OPYyT'OTO.



OTKpbITHE rpaceHOM He orpaHn4YnBaeTcCH

CoobueHns o nocneayowmx 2D Kpuctannmnyeckmnx
MaTepuanax: HUTpua dopa, aucynedug monndaeHa, ... :

BN, MoS,, NbSe,, Bi,Sr,CaCu,O,



Science, 306, 666 (2004)

Electric Field Effect in Atomically
Thin Carbon Films

K. S. Novoselov,' A. K. Geim,'* S. V. Morozov,” D. jiang,1
Y. Zhang,' S. V. Dubonos,” I. V. Grigorieva,' A. A. Firsov®

We describe monocrystalline graphitic films, which are a few atoms thick but are
nonetheless stable under ambient conditions, metallic, and of remarkably high
quality. The films are found to be a two-dimensional semimetal with a tiny overlap
between valence and conductance bands, and they exhibit a strong ambipolar
electric field effect such that electrons and holes in concentrations up to 1072 per
square centimeter and with room-temperature mobilities of ~10,000 square
centimeters per volt-second can be induced by applying gate voltage.

'Department of Physics, University of Manchester,
Manchester M13 9PL, UK. “Institute for Microelec-
tronics Technology, 142432 Chernogolovka, Russia.

*To whom correspondence should be addressed.
E-mail: geim@man.ac.uk
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AHppen KoHCTaHTUHOBKY [ eM — ronnaHacknm pusuk.

P. 1958, Couu;

OkoH4unn MOTU B 1982 1 acnupaHTypy, KdomH 1987,
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Konstantin Novoselov

KoHcTaHTH Cepreesny HoBocenoB — pocCUMNUCKNN N DPUTAHCKUIA OUIKK.
P. 1974, r. HmwxHum Tarun;

OkoHunn MOTU B 1997. o 1999 B acnupaHtype UNTM (H-T npobnem
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C 1999 r. B yH-Te HenmereHa (pyk. A.l'enm), ¢ 2001 r. B MaH4ecTepe,
PhD B 2004 r., B H/Bp npod. MaH4yecTepcKoro yH-Ta.



For research that first make
people laugh and then think

2000. PHYSICS

Andre Geim of the University of
Nijmegen (the Netherlands) and Sir
Michael Berry of Bristol University (UK),
for using magnets to levitate a frog.

Eur. J. Phys. 18 (1997) 307-313. Printed in the UK Pli- S0143-0807(97)34689-2

Of flying frogs and levitrons

M V Berryf and A K Geimi

T H H Wills Physics Laboratory. Tyndall Avenue. Bristol BS8 1TL. UK

1 High Field Magnet Laboratory., Department of Physics. University of Nijmegen, Toernooiveld. 6525 ED Nijmegen.
The Netherlands

Received 4 June 1997



Figure 4(b). Frog levitated in the stable region.


http://upload.wikimedia.org/wikipedia/commons/7/7b/Frog_diamagnetic_levitation.jpg

Teopema UpHLIOY (0606LLieHHas):

OB61BbEeKT, COCTOSALLNI N3 3apsiAoB, MarHATOB N Macc B OMKCMPOBAHHOWM KOHUrypaumm
He MOXeT NoaaepPXNBaTbCS B YCTONYMBOM paBHOBECUN KOMOUHALMEN CTaTUYECUX
9MEKTPUYECKNX, MArHNTHbIX N rpaBUTALMOHHBIX CUS, T.€. NMOObIX CUIT C NOTEHLMATIOM,
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Figure 4(a). Geometry of coils in Bitter magnet used for

Figure 4(b). Frog levitated in the stable region. levitating diamagnetic objects. The currents in the two
coills were equal. The region of stable levitation 15 near
the top of coil 1, and marked with a dot.
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U3 npencraBneHunsa HobeneBcKoro komurteTa:

“lNepBble, KTO BblAENUN, NOEHTUMPULMPOBAN N OXapaKkTepusosarl
OAVHOYHLIN CITONM aTOMOB Yyrriepoa, Ha3blBaeMbi rpadoeHoMm .’

(Science, October 2004)

[lepBbI ICTUHHO ABYXMEPHbIN KPpUCTANImM4ecknm maTtepuan.

TOHKNN
[MpOYHbIN

INerkun
[1po3payHbIN 1, B TO XXe BpeMs, NpoBOASLLNNA



N3 npeactaBneHna HobeneBcKoro komurera:

“lNepBble, KTO BblAENUN, NOEHTUMPULMPOBAN N OXapaKkTepusosarl
OAVHOYHLIN CITONM aTOMOB Yyrriepoa, Ha3blBaeMbi rpadoeHoMm .’

(Science, October 2004)

[lepBbI ICTUHHO ABYXMEPHbIN KPpUCTANImM4ecknm maTtepuan.

TOHKNN
[MpOYHbIN

INerkun
[1po3payHbIN 1, B TO XXe BpeMs, NpoBOASLLNNA

Moaynb HOHra ~1100 GPa (cpaBHuM ¢ C-HaHOTpYyOKMN)
(armomuHmn ~70, ctanb ~210, xpom ~300, Bonbdpam ~350, npnann ~ 520)

TennonpoBogHocTtb ~ 5000 W m-1 K-
(ctanb ~47, antommHum ~209, meab ~384, cepebpo ~407)

NMoaBwXXHOCTL HOCcUTenen 3apsaga ao ~ 200000 cm2 V-1 s-1
(kpeMHnn~103)



U3 npeactaBneHua HobeneBCcKoOro kKomurera:

BO3MOXHble NMPUNTOXEeHUA.

CeHCOopHble 3KpaHbl, ANCNNen

CornHe4Hble baTapeun

[ Mbkas (aedopmunpyemast) afeKTpoHuKa
KoMno3nTHble maTtepuarnsl

[[@a30Bble CEHCOPbI ANS OANHOYHbIX MONEKYI
PacwundopoBka nocnegosatenobHocten OHK



U3 npeactaBneHua HobeneBCcKoOro kKomurera:

Ecnu caoenatb 13 rpadpeHa (oanH criom atoMoB yrrepoaa)
ramMmak ans Kowku pasmepom 1M X 1M, TO OH BblOAEPXKUT 4 Kr,
a camMm n byaeT BECUTb KakK OOMH KOLLKUH YC.




622 P. R. WALLACE
PHYSICAL REVIEW VOLUME 71, NUMBER 9 MAY 1, 1947

The Band Theory of Graphite

P. R. WALLACE*
National Research Council of Canada, Chalk River Laboratory, Chalk River, Ontario

(Received December 19, 1946)

The structure of the electronic energy bands and Brillouin zones for graphite is developed
using the “‘tight binding" approximation. Graphite is found to be a semi-conductor with zero
activation energy, i.e., there are no free electrons at zero temperature, but they are created
at higher temperatures by excitation to a band contiguous to the highest one which is normally
filled. The electrical conductivity is treated with assumptions about the mean free path. It is

2. ZONE STRUCTURE OF A SINGLE
HEXAGONAL LAYER

Since the spacing of the lattice planes of
graphite 1s large (3.37A) compared with the
hexagonal spacing in the layver (1.42A), a first
approximation in the treatment of graphite may
be obtained by neglecting the interactions be-
tween planes, and supposing that conduction
takes place only in layers.
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AnemMmeHTapHasa a4yeunka WXYZ.

AA’ n AA” — BEKTOPbl OCHOBHbIX
TpaHcnaummn (a = 0.246 nm)
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HEe3KBMBANEHTbIHbIX
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InemMeHTapHasa g4yenka rpadeHa

Author: Alexander Mayorov


http://upload.wikimedia.org/wikipedia/ru/0/0a/Graphene_Crystal_Structure.gif
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Bnmxanwme atombl B OKPYXXeHUM ueHTpanbHoro y3na (A) pewéTku. KpacHasa
NYHKTUPHAsA OKPYXHOCTb COOTBETCTBYET Gnmkamwumm cocegsMm M3 TOU Xe CaMOWn
nogpeweTkn kpuctanna (A), a 3enéHass OKpPYXHOCTb COOTBETCTBYET atomMamM W3
BTOPOM NnogpeLleTkn Kpuctana (B).

Author: Alexander Mayorov


http://upload.wikimedia.org/wikipedia/ru/c/ce/Graphene_Nearest_Neighbors.gif

ANeKTPOHHbIN rTAMUIIbTOHUAH
H=-t2 (a,by;+Hc)—1" 2 (a,a,;+b,b,;+H.c)
(i.j).0 {ij).o

A; 5 (G;T) - onepaTopbl YHUUTOXEHUSA (POXOEHWS) 3NTEKTPOHOB

Ha ueHTpe R; B cnnHoBOoM cocTosiium o (0 =T, |)

f = 2 8 @\ - «B3aumopeincTeme» Mexay anekTpoHaMu brivkaiiero Kpyra

0.02t < ' < 0.2t - «<B3aumopencTene» -- * -- CrieAyloLero kpyra

D,VICHGPCVIFI B rnorJsie Tuna «kMeaoBbie COTbI»

E.(k)= = 1\3 + f(k) - t'f(k)

J

_ 3 :
f(k) =2 cos(\3kya) + 4 cos(%ky)cos(zk ,a)

X



OnNeKTpoHHasa gucnepcus B peLleTke Tuna MeaoBbIX COT

~ «TOYKa Jlupakay

k=K+q
lq] <[K]

E.(q) = +vdq|+ Ol(g/K)]
vp = 3ta/2=1-10° m/sec



0.142 nm NTMHUU NOCTOAHHOMU
- 3Heprumn

AnemeHTapHasa a4yenka WXYZ. 3o0oHa bpunnroaHa
AA’ n AA” — BEKTOPbl OCHOBHbIX (A4enka obpaTHOWN peLleTKu;
TpaHcnaumn (a = 0.246 nm) obnactb 4ONYyCTUMbIX

HE3KBMBANEHTbIHbIX
3Ha4YeHun kBasummnynbsca K)

B = i\/ﬁ (1 + 4 cos?* mkya + 4 coswkya cosmk, \/ﬁﬂ)

P.R. Wallace Phys. Rev. 71, 622 (1947)



. [MHNOTHOCTb 3NEKTPOHHBLIX COCTOSIHMIA
mM || B OKPECTHOCTM TOUKM C MPU KOHEYHbIX
Il l'mlh. nl‘l £ TeMreparypax
Ee

P.R. Wallace Phys. Rev. 71, 622 (1947)

B npeHebpexxeHnn nepekpbiBaHneEM Mmexay p, opoutanamm
CO BCEMM aTOMaMM, Kpome 3-X brnmkanimnx, n npm HyneBow
TemMneparype, BarieHTHasa 30Ha NofnHOCTLIO 3anosiHeEHa, a

30Ha rnpoBoanMOCTM NOJIHOCTbLIO NMycCTAa.

'pacdheH — AByMepHbIN NONYNPOBOAHUK
C HyrieBOM 3anpeLieHHON 30HOU



A 4YTO B onbIiTe?



PoacTtBeHHUKM rpadeHa
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A. Geim, K. Novoselov, Nature Materials, 6, 185 (2007)
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1988 2. Hucapo Tovi 154, eoin. 1
NYCHEXH DHZHYUYECKHX HAVK

536.75
DHTPOIINA, BECITIOPAIOK, INIABJIEHHE

C. M. Crnuwoes

Co BpeMeHu pabot P. [Maiiepaca ® u JI. 1. Jlanaay ® u3BecTHO, 4TO cpelHe-
KBaJpaTUUHble OTKJIOHEHHUS aTOMOB OT MOJIOXKEeHUS paBHOBECHS B JIBYMEPHOM KpPH-
cTajule HeorpaHWyeHHO (Jlorapu(pMHUUECKHM) pacTyT C YBEJIMYEHMEeM pa3Mepa CH-
CTeMbl (JlorapupMUUecKMii POCT cpelHeKBaJApaTUUHBIX CMelleHWil aTOMOB B Jeii-
CTBUTEJILHOCTH SIBJISIETCS BecbMa CJIAObIM M JJIs1 HAOMIOJeHUS CMelleHHi nopsKa
MeXaTOMHOTO PacCTOSIHUA HEeoOXOMWMM KpPMCTalJl acTPOHOMUYECKMUX pa3MepoB °).
DT0 0O3HayaeT, 4YTO JaJbHWM TMO3MLMOHHBIA MOPSIOK B JIBYMEPHOM KpHUCTaJlIe
OTCYTCTBYET, M, CIEJOBATEJIbHO, NBYMEPHBIA KPUCTAJLI B CTPOIrOM CMBICIIE 3TOIC
CJIOBAa He CYIlecTByeT.



U3 ctatbn u nHTepBbLIO XypHany “Forbes”, Homep 3a okTaA6pbL 2009 r.
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KoHcTaHTUH HoBOCenoB
AE€MOHCTpPMpPYET KaK emy
yAanocb nosiyuuTb rpadpeH

. C NOMOLLbIO ODObIYHOIO CKOTYa roTOBAT
obpasubl rpacuta ona paboTbl HA CKaHU-
pylOLLEM TYHHENbHOM MUKpockorie. CKoTY
oTpbiBaeT rpaduTHbIE CIiou, OCTaBnas
abCoONTHO rNaaKkyt MOBEPXHOCTb. JIEHTY
BblOpacblBalOT BMECTE C TEM, YTO K Heu
npununno. «3a To, YTO Mbl ee nogobpanu
N unccriegosanun, Hac obosBanu garbage
scientists — MyCOpHbIMU YyYeHbIMU», —
cmeetca  Hoocenos. CkneumBas W
pasfnennsas fieHTy € XonbsMu rpaduta
HeCKOSibko pa3, HoBocenoB nony4un To,
YTO CuUYMTaNOCb HEBO3MOXHbIM, — CJIOU
rpracdouta TOMWMHOM B oauH atom. WUx
nnowanb gocturana ogHoro KesagpaTHOro
MUAIMMeTpa: 9TOro bonee yem
OOCTaTo4YHO, YTOObLI NepeHecTn rpadeH Ha
NOANI0XKY U UccnegoBaTb MEXaHUYECKUE U

C NOMOLLbIO 06LIYHOrO ckoTya 2NEKTPOHHbIE CBOWCTBA. »



Electric Field Effect in Atomically
Thin Carbon Films

K. S. Novoselov,” A. K. Geim,”* S. V. Morozov,” D. Jiang,’ :
Y. Zhang," S. V. Dubonos,” I. V. Grigorieva,’ A. A. Firsov® Science, 306, 666 (2004)
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«Kputnyeckasa cocrtasnswowasi ycnexa — HabnogeHue,
YTO rpadoeH CTaHOBUTCA BUOAMMbIM B OMNTUYECKUMN
MUKpPOCKON bnarogapsa MHTepMEepEeHUMOHHOMY KOHTPACTy
NO CpPaBHEHUID C MNYCTOW MOAJNOXKOW, €clih MOMECTUTb
rpadpeH noBepx nMOoA4fIOXKM M3 Si € TwaTenbHOo
nogobpaHHon TonuwmHou SiO,. Ecnn Obl He 3TOT
NPOCTON, HO OPPEKTUBHbLIA CMocod CKaHMPOBaHUS
cybcTpaTtoB B MOUCKax KpucTannukoB rpadeHa, oHu Obl
BEPOATHO [0 CUX MNOP He ObIMn OTKpbIThHI. [axe 3Has
peuent, Tpebyetca  ocobass  OCTOPOXHOCTb WU
HaCTOMYMBOCTb, YTOObI HauTu rpadeH. Hanpumep, 5%
pasHuua B TonwmHe SiO, (315 HM BMeCTO CTaHOapTHbIX
300 HMm) MOXET caenatb rpadeH MoMHOCTbIO
HEBUANMbIM. »

A. Geim, K. Novoselov, Nature Materials, 6, 185 (2007)



“A fresh surface of a layered crystal was

rubbed against another surface (virtually any solid surface is
suitable), which left a variety of flakes attached to it (the
rubbing process can be described as similar to “drawing by
chalk on a blackboard”). Unexpectedly, among the resulting
flakes we always found single layers. Their preliminary
identification amid thicker flakes and other residue was done
in an optical microscope. 2D crystallites become visible on
top of an oxidized Si wafer (Fig. 1d), because even a
monolayer adds up sufficiently to the optical path of reflected
light so that the interference color changes with respect to the
one of an empty substrate (phase contrast). The whole
procedure takes literally half an hour to implement and

identify probable 2D crystallites.” Novoselov et al., PNAS
(2005)
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BaJieHTHaA 30Ha

3akoH aucnepcun E(K) Bosne aHa 30HbI NPOBOAMMOCTY — MUHENHBI
T.€. TaKoWm e, KaK y 6e3MaccoBbIX 4acTuL,



30Ha Npo”~ MMOCTHU

BaJieHTHaA 30Ha

3ako. 9\ .epcun E(K) Bo3ane aHa 30HbI NPOBOAMMOCTY — NUHENHBIN,
T.€. TanoW Xe, Kak y 6e3MaccoBbIX YacTuL,



Detector

Sample

Obwwasn cxema aKkcrepmmMmeHTa rno oOTO3NEKTPOHHOM
CMEeKTPOCKONUU TBEpAoro Tena



CBs3b 30HHOM CTPYKTYPbI CEKTPa CO CNEKTPOM (POTOINEKTPOHOB
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Jend Solyom. Fundamentals of the Physics of Solids, v2, Berlin, Springer, 2009
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DOTOINEKTPOHHAS CMEKTPOCKONUA C YrNOBbIM pa3peLleHneEMm
(ARPES) rpadeHa (Advanced Light Source, Berkley, USA)

E—0.43 eV

BnnaHue nnasmoHoOB

A. Bostwik et al, Science, 328, 999 (2010)



ALSNews Vol. 310, June 30, 2010




ARPES rpacduTta
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3oHa BpunnioaHa A K-k
[Toxoxe Ha [Tapabona ykasbiBaeT
rpadeH Ha KBa3n4yacTtuubl C

KOHEYHOMN MaCcCOW, Ybs
9Heprusa KkBagpaTudHo
3aBUCUT OT nMnyrbca

S.Y. Zhou et al, Nature Physics 2, 595 (2006)



C.L. Kane Nature 438, 168 (2005)

KBasnyactuubl B nonynposogHMke KBasunyactuubl B rpacpeHe
E=p3/2m’ E=v|p|

HocuTtenu 3apsaa B rpacheHe UMUTUPYIOT NoBeAeHMe
6e3mMaccoBbIX PeNATUBUCTCKUX YaCcTuUL,.



«300MnapK» KBa3unvactuu

«DepMUOHBbI ynbTpapensTUBUCTCKNE OupaKkoBcKue 6e3amaccoBble
LLpeauHrepa» - yacTuubl [upaka chbepMmOoHbI

é <6 X

A A 4
WA

N _ ~2 * . — - = ) e
H=p</2m H=cG-p H=v.G-.p
m* — acpchbeKkTMBHas C — CKOpOCTb cBeTa; VE — ckopocTb Pepmu,

Macca G — matpuna Ilayan G — MaTpHIA IICeBJ0CINHA,

COOTBETCTBYIOIIEI0 IBYM
A.K. Geim, Science 324, 1530 (2009) noapeumerkam rpagena.
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Kpuctannuueckana pewetka rpadeHa,
cocTosilaas M3  AOBYX B3auUMHO
NPOHMKAIOLWUNX TPEYrofibHbIX PeLleToK

1-7 30Ha bpunnoaHa;
K, K’ — Toukn pacnonoxeHus
KoHycoB [lupaka

[MoBeaeHne KkBasnyacTul, B rpacpeHe BONM3KN ToYeK ,D,MpaKa ornnucbiBaeTCcAd raMmiibTOHNaHOM

- 0 k, — zky
H=h Vg = hv Fa- k
ky +ik, 0O

HO NMpn 9TOM UMeET 3apag (B OTNINYME OT HENTPUHO), HA KOTOPLIM MOTYT OENCTBOBATb
BHELLHWE 3NeKTPOMarHUTHbIE NONS

Castro Neto, A. H.,et al, Rev. Mod. Phys., 81, 109 (2009)



HekoTopble 13
«HOBATOPCKMX 3KCNEPUMEHTOB»



NMoneBoun 3dhdhekT B rpacheHe

p (k1)

Wy (V)
3aBUCUMOCTb CONMPOTUBNEHUA

OT HanpshXXeHUs Ha 3aTBoOpe (npeackasaHue)
A.Geim and K.Novoselov,
Nature Mat., 6, 183 (2007)



NMoneBou achekT B rpacheHe

1 n(T)/naK)
gl 5K
& 3
4l ’D& I
3 6 | N
= 0
) Eﬁjﬁ 100 0 100
4l : Vg (V)
TONCTbIV CNOV
,| 0 100
U I I I ]
~ 9 -100 -50 0 50 100
n=73-10"cm2V-H 71, v (v
5 (V)

OKCNEPUMEHT: KOHLEHTPaLKUS HOoCcUTeNen 3apsiga, ConpoTuBNeHne N NPpoBoANMOCTb
K.Novoselov et al, Science, 306, 666 (2004)



A dekT LLUlybHMKkoBa-age MNaasa

ocuunrsimpywLiad 3aBNCUMMOCTb COMPOTUBIIEHUA NMPOBOAHUKA
OT MAalrHUTHOIO MNMon4

AT 1
YpoBHu JlaHpay: Eh-".,pz = hw, (ﬁ-‘ + §) Qm

3D —2D o
EN — ?_?-':,UC_ (A. + §) H{TH

,ucr H

ﬂ)E IE?H / [HLC - UMKNOTPOHHAas YyacToTa
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Density of states v (E)

Electron energy E Er



Ocuunnauuu LLlyoHnkoBa-ge Naa3sa B rpadeHe

0 25 50 75 100
'u"g (V)

[TlpoBOAMMOCTL rpadpeHa B NOCTOSAHHOM MarHUTHoM nosne B = 12 T kak
dYHKUMA HaNpsXXeHUs Ha 3aTBOpe Npu pasHbIX Temrnepartypax

K.Novoselov et al, Nature, 438, 197 (2005)



Ocuunnauuu LLlyoHnkoBa-ge Naa3sa B rpadeHe

LinknoTpoHHas macca KOHe4YHa; OHa crieqyeT U3 3akoHa gucnepcum,
3apsaaa anekTpoHa un Ve

P—

Vi —  (KOpeHb M3 KOHLEHTpaLmMmn HocuTeneii, B oTAnYmne oT

="\ «WpeAMHrepoBCKoi» YacTULb], FAe M* He 3aBUCKT OT N)
F

0.06

0.04

m'fmy

0.02

m, — Macca cBoboaHoro
areKTpoHa

n (1072 cm-2)

K.Novoselov et al, Nature, 438, 197 (2005)



A ekt Xonna

BO3HUKHOBEHWE NOMNEPEYHON PA3HOCTM NOTEHLUMANOB
NPy NOMELLEHUN NMPOBOAHUKA C MOCTOSAHHBLIM TOKOM B
MarHuTHoe none (Xonn, 1879)

Vi =Ry - 1

conpoTtueneHne Xonna

B
T nee

Ry

/ 3apsg HocuUTens
KOHLUEeHTpaLuus
VH

p
/ + 7
i

HOCUTENeW 3apsaa



http://upload.wikimedia.org/wikipedia/ru/c/cf/Hall-effect.png
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K.Novoselov et al, Nature, 438, 197 (2005)



(MOABWMXXHOCTb

HabnaeHne «kBaHTa npoBOANMOCTN»
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K.Novoselov et al, Nature, 438, 197 (2005)



KBaHTOBbLIN 3chhekT Xonna:
KBAHTOBaHWE COMNPOTUBJITIEHNA Xonna

Habnioganca B AByMEPHOM 3NEKTPOHHOM rase npu CUnbHbIX

MarHUTHbIX NOJISIX N HU3KOWU TeMrnepartype

Pxys KOM A
12f

10}

Klaus von Kilitzing

0

The Nobel Prize in Physics 1985 was Prc OM 4
awarded to Klaus von Kilitzing

"for the discovery of the quantized Hall
effect”
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http://upload.wikimedia.org/wikipedia/ru/1/15/%D0%9A%D0%B2%D0%B0%D0%BD%D1%82%D0%BE%D0%B2%D1%8B%D0%B9_%D1%8D%D1%84%D1%84%D0%B5%D0%BA%D1%82_%D0%A5%D0%BE%D0%BB%D0%BB%D0%B0.png
http://nobelprize.org/nobel_prizes/physics/laureates/1985/klitzing.html

KBaHTOBbLIN 3chhekT Xonna B rpadgeHe

2-CITOVHbIN

rpadpeH \ a,, (4e%/h)
A

04 -

npoBoAuMOCTb Xorna

[Mnato npu nonyuenbiX KBaHTax
NPOBOANMOCTU — «KITEUMO»
©e3amaccoBbIX ANPAKOBCKUX
doepMMOHOB

— 5/2

— P L

— 3/2

12 P
0
— /2

P (KE2)

=

mh}

E> U
[BYyXCNOMHbIN rpadoeH
TepsieT 3TO CBOUCTBO —
B HEM NfaTo Npu LEnbIX
3Ha4YEeHUsIX C NPONYyLLEH-
HbIM nnaTto npu n=0

— =3/2

npoAosibHoe
COMpOTUBIIEHNE

— =5/2

K.Novoselov et al, Nature, 438, 197 (2005)



KBaHTOBaHue JlaHpay B rpadheHe:

(NMOTHOCTL COCTOSAHUN) 4 D
j EN ~ \/ N

E ©e3maccoBbIV AMPAKOBCKUM
- depMMOH (O4HOCITONHbLIN rpadoeH)

| | Exy ~+/N(N —1)
J E MaCCWUBHbIN OUPaKOBCKUIA
- *

dpepMMOH (OBYXCNOMHbLIN rpadpeH)

Ex~N+1/2

LUpeaMHrepoBckas Yyactuua

A.Geim and K.Novoselov, Nature Materials, 6, 183 (2007)
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Room-Temperature Quantum Hall
Effect in Graphene

K. S. Novoselov,* Z. ]i.ang,z’3 Y. Zh.alng,2 S. V. Morozov,! H. L. Stormer,? U. Zeitler,*]. C. Maan,*
G. S. Boebinger,® P. Kim,%* A. K. Geim*




Fine Structure Constant Defines
Visual Transparency of Graphene

R. R. Nﬂir,:l P. BlﬂkE,l A. N. Gn'gurenku,l K. S. Nuvuseluv,1 T. 1. IEﬂ;nmh,1 T. Erteluher,2

N. M. R. Peres,? A. K. Geim'*
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K HaHO3NneKTpoHUKe Ha rpadeHe

[1na narotoBneHns rpaeHoBOro TpaH3ncTopa
HeobOXxoaMMo caenaTbh «3anpeLLeHHY0 30HY»

Kak?

1. HaHONEHTHI
2. [NocagnTb rpadpeH Ha NOOMNOXKY



OCHOBHbIEe TUMbI KPaeB: «3Ur3ar» u «Kpecno»
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HaHoneHTLI

Author: Alexander Mayorov



Armchair edge

a
WN=9
8
7
6
? Wae| 5
=
o 4
3
Z
HaHONMeHTa Hecwmely. 2-Cn.rp.c L
rpadpeH  rpadeHa  2-cp.rp. nepn. nonem ) o
1 1 1 | h Lac
K K K K ¢ s
Momentum 10% 341 A
Pata, «3uraar»
32 A ok e
2k Ry -
- -IG é -‘"'-‘ -"‘-._
2 | * * okl
E L
il *
2 10%¢
[wTa] o
= * Refs 24 25
5 * Ref 26
@ * Ref.27
10'E . ideal ac GNRs (ref. 28) -
: : " - Extrapolation ideal 3p+1ac GMRs (ref. 28)
F. Schwierz. Graphene transistors. F —=— Ideal zz GNRs (ref. 28) X
—— GMNRs with edge disorder (ref. 29)

Nature Nanotechnology, 5, 487 (2010) 100 : T
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'pacheH Ha noanoxke U3 Kapouaga KpemMHus

real space

R

C =& .
S

IHZ

momentum space

When a graphene layer is grown on a silicon carbide substrate (left), their interaction breaks the symmetry
between graphene's sublattices (indicated by alternating red and blue carbon atoms, left and top center).
Broken symmetry separates the bands of the sublattices at K and K' in momentum space (bottom center)
and opens a gap between the graphene's valence and conduction bands, as shown in the ARPES intensity
map (right) representing the black line (bottom center). The band gap raises the possibility of using
graphene in electronic devices.



XuMmunyeckue nponsBogHble rpadeHa
'padaH (Graphane) '
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BbiBoAbl U 3aKrn4vYeHue

[lpaBUNbHYIO NpeMuto Oanwu



Snarogapro 3a BHUMAF
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A.K. Geim and K.S. Novoselov . “The rise of graphene”,
Nature Materials, 6, 183 (2007)

A.K. Geim, “Graphene: Status andProspects”
Science, 324, 1530 (2009)

A.H. Castro Neto et al, “The Electronic Properties of Graphene”
Rev. Mod. Phys., 81, 109 (2009)

F. Schwierz, “Graphene transistors”
Nature Nanotechnology, 5, 487 (2010)
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Physica B 294-295 (2001) 736-739

Detection of earth rotation with a diamagnetically
levitating gyroscope

A.K. Geim™, H A.M.S. ter Tisha

High Field Magnet Laboratory, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands

| it should be possible to

/ 1 build a diamagnetic gyroscope with an accuracy of

several orders of magnitude better than that prom-
e ===l ised by other ground-based techniques.




[Mapapokc KneunHa




Two-dimensional gas of massless Dirac fermions in

gra ph en e Vol 438|10 November 2005|doi:10.1038/nature04233

K. S. Novoselov!, A. K. Geim!, S. V. Morozov?, D. Jiang', M. |. Katsnelson?, |. V. Grigorieva', S. V. Dubonos?
& A. A. Firsov?



TexHornornsa nponsBoacTBa rpaeHa bonbLnX pasmepoB

a Patterned Ni layer (300 nm) Ni/C layer
. CH,/H,/Ar Ar
~1,000 °C Cooling
Ni ~RT
Si Si0,; (300 nm)

b PDMS/graphene/INi/SiO,/Si Graphene on a substrate

FeCl,(aq)
or acids
Ni-layer
etching
Downside contact
(scooping up)
c Graphene/Ni/510,/Si Floating graphene
HF/BOE HF/BOE

SiO;-layer Ni-layer
etching etching
(short) (long)

Kim et al, Nature 457, 706 (2009)



e /lnea nsyyatb yrnepog B 2D cocTtosaHMKM He HoBa. [ padeH
OeCATUIIeTNA n3yyarncd TeopeTnyeckn n ncnosibaoBarncs
KaK cocTaBHas 4YacTb MaTepuanoB Ha OCHOBe yrnepoga

e YcCrewHoe BblaeneHne o4HOro nucrta rpadeHa npoTuBopeynT
moaenwu JlaHpay, Nanepnca u MepmuHa, yTBepXXgarLen, 4To
2D kpucTtannbel TepMmognHaMmnyeckm HeyCTONYMBLI.



XnmMmumyeckoe oTclioeHue:

BcTaBka monekyn B rpadouT XMMMUYECKMM CNOCOOOM ANt UBMEHEHUs
BaH-[ep-BaanbCOBCKMX CUI, CBA3bIBAKOLLMX BMECTE MOHOCIOWN yrnepoaa.

He o4eHb ycnewHo: nosyyanuck restacked and ckpyyeHHble NUCTKNU rpadpeHa.




30HHaa CTPYKTypa rpadeHa

Electronic band structure consists of
two bands (yellow) that intersect only
at a few points at the corners of a
hexagonal Brillouin zone (red).

without scattering with scattering

phﬂr‘aon#ﬂ”

plasmon 7‘

A’ \ The band structure near the crossing energy at higher
magnification, showing the effect of electron decays
on the bands. The purple cones (left) represent the bands
in the absence of decays (here carriers decaying by phonon,
A. Bostwick, T. Ohta, Th. Seyller, K. Horn, and green, and plasmon, light blue, emissions are shown).

E. Rotenberg, "Quasiparticle dynamics in graphene," . T «
Nature Physics 3. 36 (2007). Lr;er]dbllsjﬁuccnges (right) represent the resulting "kinky




HekoTopble

YrnepogHasi

HaHOTpyOKa Gynnepen (Ceo)

Castro Neto, A. H.,et al, Phys. World 19, 33 (2006)
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Robert B. Laughlin Horst L. Stormer Daniel C. Tsui

The Nobel Prize in Physics 1998 was awarded jointly to Robert B. Laughlin,
Horst L. Stormer and Daniel C. Tsui "for their discovery of a new form of
quantum fluid with fractionally charged excitations".


http://nobelprize.org/nobel_prizes/physics/laureates/1998/stormer.html
http://nobelprize.org/nobel_prizes/physics/laureates/1998/tsui.html

NOB




B = i\/ﬁ (1 + 4 cos?* mkya + 4 coswkya cosmk, \/Ea)



0.142 nm

AnemeHTapHasa a4yenka WXYZ. 3o0oHa bpunnroaHa
AA’ n AA” — BEKTOPbl OCHOBHbIX (A4erka obpaTHOWN peLleTKu;
TpaHcnaumn (a = 0.246 nm) obniacTtb OONMYyCTUMbIX

HE3KBMBANEHTbIHbIX
3Ha4YeHun kBasummnynbca K)

KakoBbl aHeprum (ctaumoHapHble cocTosiHus) anektpoHa E(K)
B rore Tuna «MefoBble COTbI»?



Moyemy noTpe6oBanNoOCb Tak MHOFrO BPEMEHHU, YTOObI
TakKum ob6pa3omM BbiAenNnUTb U XapakTepusoBaTb rpadeH?

- 9Ta TeEXHMKA (MUKPOMEXAHUYECKOE pacCrioeHne) Nponu3sBoauT
BCEBO3MOXHble (pOpMbI YeLlyeK (XIToNbLEB), Cpean KOTOPLIX TPYAHO
HaMUTN MOHOCJSIOMN.

- ['padpeH He ngeHTndpnUnpyeTca ACHO B TYHHENBLHOM 31EKTPOHHOM
MUKpOCKone

- 'padpeH npo3payeH onsa BMaMMoro ceeta Ha 60NbLIMHCTBE NOAIOXEK
(MeTann, cTtekno, ...). Kntoyom ctana nognoxka n3 SiO,

- dnntensHOe BpeMsi aTOMHbIW curioBon Mukpockorn (AFM) 6bin
€OWHCTBEHHbIM MHCTPYMEHTOM, MO3BOSIAIOLWLNM ONpeaenmTb YMCHo
crnoes B vewlynke. [pn atom AFM gormkeH paboTtaTb Ha npeaene
BO3MOXHOCTEWN (C aTOMHbIM pa3peLLUEHUNEM).



Binding Energy, eV

The Fermi surface (left) and horizontal/vertical band-structure cuts (middle/right) of a single monolayer of
graphene grown on SiC. The presence of a finite circular Fermi contour shows that the as-grown samples are
slightly doped (to about 1013 electrons/cm?2). The band structure cuts show two kinks, at the Dirac crossing
energy ED and at the optical phonon energy scale (indicated by the arrow), each of which have changes in the
line width.



BrnnaHue KpaeB Ha cneKkTpbl rpaeHOBbIX HAHONEHT
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OneKTpoHHasa gmcnepcua (pacyer).
LLUnpnHa nentol N=200 anemeHTapHbIX s4eek. [NokaszaHo 14 cocTosiHUM

C.Neto et al, Rev. Mod. Phys., 81, 109 (2009)
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Kpasi rpadpeHa Tvna «3uraar» n «Kpecrioy»

(CKaHUPYOLWMN 3NEKTPOHHbIA MUKPOCKO)
A. Geim, K. Novoselov, Nature Materials, 6, 185 (2007)

K.Novoselov et al Proc. Natl Acad. Sci. USA 102, 10451 (2005)




CxemaTtunyeckoe nsobpaxeHune rpadpeHoBOro
"MOMEKYNsIpHOro TpaHancTopa" (KBaHToOBast TOUKa)



