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Monatomic surface layers of graphite were simulated on the basis of experimental data, which was obtained by scanning tunneling
electron microscopy of atomically smooth surface of graphite. Values of relative deviation of the electron density were defined in the
direction perpendicular to the plane of the layer. Increase in the degree of waviness layer to 2 nm are observed by increasing of linear
dimensions under review graphite surface area of up to 25 nm. These results are confirmed by the data available for the graphene
layers, which is caused by waviness defect. Indeed, defects such as vacancies and interstitial carbon atom are formed by increasing
the number of cells to the surface layer up to 20.
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CTPYKTYPA MOHOATOMHOTI'O IIAPY HA TIOBEPXHI I'PA®ITY
B.I'. Kipiuenko, O.0. SIMnoJibcbkmii
Xapxiecvruil HayionanvHuil ynisepcumem imeni B.H. Kapaszina
61022, Xapxis, m. Ce0600u, 4

Ha ocHOBI excepUMEHTANBHUX AaHHUX, OTPUMAHHX 3a JOIIOMOTOI0 CKaHYIOUOi TyHEJIbHOI MIKPOCKOIIIl aTOMapHO IJIaJKOi MOBEPXHi
rpadity, IPOMOIETIIOBAHO MOHOATOMHI ITOBEPXHEBI Iapy rpadity. BusHaueHi 3HaueHHs BITHOCHUX BiIXWJIEHb €JIEKTPOHHOI I'yCTH-
HY B HaNpsIMi NMEpIEHAUKYISIPHOMY IuIomuHi mapy. [Ipu 36inbn1eHHi JiHIHHUX pO3MipiB AUITHKH MMOBEpXHi rpadiTy 10 25 HM cro-
CTepiraeThCs 30UIBIICHHS CTYIEHs XBIWIACTOCTI wapy a0 2 M. L{i pe3ynbraTi miATBepUKYIOTHCS aHUMH Ul BUIBHUX Ipad)eHOBHX
1IapiB, XBHIACTICTh SIKHX oOyMmoBieHa nedekramu. JlificHo, mpu 30UIbIICHH] Yncia OcepeKiB moBepxHeBoro mapy 1o 20 ¢popmy-
FOTHCS JeEeKTH TUIY BaKaHCis 1 BIPOBAKEHUH aTOM BYTJIELIO.

KJIFOUYEBI CJIOBA: rpadit, moBepxHs, CTPYKTypa, TpadeH, eIeKTpOHHA TYCTHHA, Ae()eKTH

CTPYKTYPA MOHOATOMHOI'O CJ1I0S1 HA HOBEPXHOCTU I'PA®UTA
B.I'. Kupuuenko, A.A. fAiMmnoabckuii
Xapvroeckuii Hayuonanonuil ynusepcumem umenu B.H. Kapasuna
61022, 2. Xapwvkos, ni. C60600bi, 4

Ha ocHOBe 3KCIIEpUMEHTATIBbHBIX JaHHBIX, MOTYYEHHBIX C MOMOIIBIO CKAaHUPYIOILIEH TYHHENIbHOH MHKPOCKONUH aTOMapHO IJIagKoi
MOBEPXHOCTH TpaduTa, IPOMOJIECTUPOBAHBI MOHOATOMHBIC MOBEPXHOCTHBIE CJIOU rpaduTa. OnpeneneHbl 3HaUCHH OTHOCUTENIbHBIX
OTKJIOHEHHH 3JIEKTPOHHOH IUIOTHOCTH B HAIPABICHUU MEPIEHINKYISIPHOM TUIOCKOCTH cliosi. [Ipn yBennueHnn TMHEHHBIX Pa3MepoB
0003peBaeMoro y4qacTka MOBEPXHOCTU rpaduTa 10 25 HM HaONMI0JaeTCs YBEIMUYCHNE CTETIEHH BOJHHUCTOCTH CJIOS IO 2 HM. DTH pe-
3yJIBTATHI MTOATBEPXKIAIOTCS JAaHHBIMH JJIsI CBOOOTHBIX Tpad)eHOBBIX CIIOEB, BOTHUCTOCTh KOTOPHIX 00ycioBieHa aepexramu. Jlehcr-
BUTENEHO, TIPY YBEJIIMUSHUH YHCIIA sTYeeK MOBEPXHOCTHOTO cinost 10 20 GopmupyroTcs neeKThl THIIa BaKaHCUS H BHEJPEHHBII aTOM
yriaepoza.

KJIFOUEBBIE CJIOBA: rpadguT, HOBEpXHOCTh, CTPYKTYpa, rpadeH, SIeKTPOHHAs IFIOTHOCTD, Ne(EKThI

Interest in monatomic hexagonal layers of graphite has appeared in the mid 40’s, last century [1]. In this work we
calculated the monoatomic graphite layer in the strong-coupling approximation. In graphite, each C-atom is sp’-
hybridized [2 - 6], orbital symmetry s-, p,- 1 py located on the plane of the monatomic layer (c-orbital); such orbitals are
fully occupied and do not participate in the conduction. The fourth electron has a wave function p,-symmetry; these
orbitals are perpendicular to the atomic layer (n- orbital). These m-electrons are responsible for conductivity, and it will
be further shown that energy band has both electrons and holes. n-electron interaction is considered and representation
of the energy bands of the graphite is obtained in [1] and it predicts the most important properties. The main conclusion
is the presence of degeneracy between filled and empty n - band, that follows from the symmetry of the monolayer. The
bottom 7 - band must be filled and the top - must be empty at absolute zero. Also the energy gap between the bands
must be absent. Progress in the preparation of thin film methods allowed synthesizing a monolayer of graphite
monolayer on the surface of nickel [7], the lanthanum hexaboride crystals [8], platinum [9], iridium and rhenium
[10,11], titanium carbide [12].

The first monolayer of graphite in a free state is graphene. It was obtained by Geim and Novoselov [13, 14].
Graphene is allotropic form of carbon, that consisting of a monolayer of graphite, which has a number of non-
conventional properties - good electrical conductivity, transparency, good mechanical properties, high mobility of
charge carriers at room temperature, the possibility of quantum conductivity and the epitaxial layer deposition. It is
interesting to note that the basic approximation of Solid State Physics - Born-Oppenheimer approximation (adiabatic
approximation) is broken down in graphene. So, fluctuations in the ion cores of the lattice must be included as a
disturbance in the form of phonons in the lattice in the construction zone theory of graphene [15].
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The aim of this work is the research of the structure of monoatomic layer on the real atomic surface of highly
oriented graphite, obtained using scanning tunneling microscopy and computer modeling monoatomic layer on the
graphite surface.

METHODS OF EXPERIMENTAL RESEARCH
Highly oriented graphite crystal served as the object of research. The purification of the graphite surface and the
formation of a real atomic surface of a layered type of crystal was produced by cleaving the top layer of crystal before
measurement. The research of the graphite surface was produced by scanning tunneling electron microscopy in normal
conditions by the scanning tunneling microscope STM — 1. The experimental data were used to construct three-
dimensional charts monoatomic graphite layer with a program Harvard Chart XL 2.0, that shows the structure of the
first surface layer of graphite and its connection with the second surface layer.

RESULTS AND DISCUSSION
Topographical image of the nanostructure surface of graphite unit cells is shown in Fig.1: ordered rows of
hexagonal graphite structure are observed in the area of highly oriented graphite, that obtained by scanning tunneling
current mode of stabilization with maximizing. The unit cell has the shape of a hexagon and consists of atoms with
different levels of the local electronic density of states. Partitioning according to the scheme of the experimental data
(Fig. 2) was carried out in all possible directions a = 0.14 nm, b = 0.24 nm. The top surface of the monatomic layer of
graphite was selected with Harvard Chart XL 2,0 program. Flat hexagonal grid was used to represent experimental data

(Fig.3).

Fig. 1. The topographical image of the surface of graphite. Fig. 2. Partitioning scheme of the experimental data concerning
Unit cell (hexagon) and a primitive (60 ° - rhombus) are show  the node (A). The first neighbors B, the second - marked (A), the
third as C.

The fact of the modulation of the vertical component, the ribs (a) of the unit cell and the ribs (b) of the primitive
structure of the cell, is important in the experimental data obtained by the electron density on the graphite surface
(Fig.3). That displays the modulation of electron density of atoms on a graphite surface. Significant periodic deviations
is noted at the height of the image of two neighboring atoms (to be exact - the provisions of the local electron density
maxima).
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Fig 3. The electron density distribution of 7 unit cells



80
EEJP Vol.3 No.4 2016 V.G. Kirichenko, A.A. Yampolskiy

STM allows us to observe the spatial distribution of the atoms around the electron density, expressed in the values
of the coordinates z . Neutral carbon atom in the ground state is divalent and has 1s*2s*2p” configuration. The radius of
the atom is 0.62 A. Tetravalent state of carbon is formed at 2s electron switches to the 2p — state, that corresponds to the
configuration 15°2s2p,2p,2p,. The hexagonal graphite lattice belongs to the space group C6 / mmc - D 4 6h with four
atoms per unit cell. The parameter b primitive cell is 0.246 nm, the parameter d = 0.671nm, the theoretical density of
this crystal is equal to 2.267 g / sm’. Carbon atoms form a regular grid of hexagons with the distance between atoms
1.42A in each plane. Connections inside the layers, which are covalent, are trigonal hybrids (2s, 2p,, 2p,) [5, 6]. The
unit cell parameters are consistent with the data presented by other authors (see table).

Table
Graphite structure parameters
Structure Parameter of Unit cell a, nm Parameter of The distance between The height of the Links
primitive cell b, nm adjacent layers ¢, nm primitive cell d, nm
Graphite 0.146 0.3343 [16]
0.142 0.246 0.337 [1]
0.142 0.2464 0.335 0.6701 [6]
0.141 0.246 0.67 [5]
0.1418 0.246 0.335 [4]
0.1418 0.24612 0.67079 [19]
0.14 0.24 [18]
Graphene 0.142 0.246 [17]
Grafan 0.142 0.242 [17]
Grafan, ~0.153 (disagreement with | =0.242 A with the [17]
theory the theory) theory of consent

Real monoatomic layer of graphite crystal atoms are observed deviations from the equilibrium electron density,
which is represented relative to a weighted average plane and the three nearest neighbors of the central carbon atoms are
deflected in the opposite direction. This is confirmed by the data on the values of the electron density variations within
the unit and primitive cells.

These absolute values Ar deviation from the median plane depend on the distance r along the length of the ribs and
primitive elementary cells (Fig. 4, 5). It should be noted that the size of the ribs in the graphene hexagon grid somewhat
larger (0.246 nm), than on the graphite surface (0.24 nm), which is possible due to the interaction interlayer carbon
atoms in graphite.
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Fig. 4. The dependence of the deviations from the median Fig. 5. The dependence of the deviations from the median
plane depending on the distance r along the length of the unit plane depending on the distance r along the length of the unit
cell edges cell edges.

Mismatch scale grating period in planes tangential to the surface of each of the crystal layers, leads to a normal to
the surface of the crystal near the boundary stresses. These forces acting in both the vertical and horizontal directions
can realize a state of equilibrium at a relatively low level fluctuations [22 — 24]. Such equilibrium state must have a
certain vertical depth of modulation of the crystal surface to align the scale on the surface and in the bulk. Formation of
the spatial modulation of the surface layer takes place under the action of the physical mechanism of formation of
defects, therefore the role of defects, that accompany this process, may be significant

Increasing the degree of undulation of the layer to 2 nm is observed with an increase in the area under review
graphite surface of the linear dimensions of 25 nm (Fig.6). These results are confirmed by the data available for the
graphene layers, which undulation due to defects.
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Ideal two-dimensional film in the free state can not be obtained due to its thermodynamic instability. But if the
film has the defects or it will be deformed in the space (a third dimension), such a "non-ideal" film can exist without
contact with the substrate [20]. In [21] it was shown that there are free graphene film surface and form a complex
undulating shape, with lateral dimensions spatial inhomogeneities about 5-10 nm and a height of 1 nm. The results
obtained in this paper waviness parameters are in good agreement with data reported for graphene.

Indeed, in this case, defects such as vacancies and interstitial carbon atom are formed by increasing the number of
cells of the surface layer to 20. Fig. 7 shows a topographic image of the electron density distribution in the surface layer
of monoatomic 20 unit cells. Defect (vacancy) occurs in tandem with embedded carbon in bottom right of the image.
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Fig. 6. Dependence waviness monatomic layer by Puc. 7. The distribution of electron density in the unit cells 20.
scaling the length of the graphite surface Defects (vacancies) with the embedded-atom is located at bottom right

The simplest defects that break down the translational symmetry of graphene are isolated 5- and 7-gons. But the

formation of such defects is energetically unfavorable because it requires quite a strong distortion of the hexagonal
structure. Much more likely a combination thereof. [25] On the other hand, stable ordering of carbon atoms is formed as
part of Graphene in their zig-zag stacking, as in the case of carbyne [26].
i As it turns out, most of the particles whose
size is less than 10 nm, has a "zigzag" metal edges
and exhibits electrical properties rather than
L & Unrecolved semiconductor [27].0n the other hand, in the
— Fit twithout metals) semiconductor quantum dot in the band gap E,
graphene zone depends on the size of the
minimum cross-by law L E,=
(1.57 £0.21)/L""***5 (where E, is measured in
eV, and L— nm) - in full compliance with the
theoretical dependence £, = 1.68/L (Fig. 8). The
nanoribbons width of 2-3 nm and a length of 20-
30 nm, in which the edges of a specific proportion
of the zigzag sections more than the "chair", the
value of E, less than nanoribbons is the same
width, but with a "chairlifts" edges [27]. In
N . connection with the results is an important
Minimum lateral dimension (nm)

Fig. 8. The dependence of the band gap of the lateral size of graphene analysis and control Of' lateral heteroger}eltles on
quantum dot structure with different edges [27] the surface of monatomic layers of graphite.
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CONCLUSIONS
Modeling monoatomic layers of graphite based on the data scanning tunneling electron microscopy of graphite
surface shows a periodic modulation of the electron density at the surface of the monatomic layer at modeling 7x 7 —
type cells. Computer modeling of the structure of mononuclear cells of the surface layers was carried out on the basis of
technology developed by the partitioning of the experimental values of the surface electron density.
The monoatomic surface layers of graphite, the values of the absolute deviations of the electron density in the
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direction perpendicular to the plane of the layer. By increasing the area under review the linear dimensions of the
graphite surface to 25 nm, an increase in the degree of undulation of the layer to 2 nm. These results are confirmed by
the data available for the graphene layers, which is caused by waviness defect. Indeed, when increasing the number of
cells of the surface layer 20 to form defects such as vacancies and interstitial carbon atom. These scaling properties of
monatomic layer on atomically clean surfaces of graphite must be considered in the analysis of the formation of
graphene and graphane.
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