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GRAPHITE-LIKE STRUCTURES

The brief analysis of the origin of Davydov splitting (DS) of phonon, electron, etc. spectra is
presented. The problem how to increase the DS wvalue is still important. So, in addition to
molecular crystals, the layered crystals are perspective candidates. In particular, the bilayer
graphenes (BG) are suitable structures for that. The calculation of the values of analogous
DS in the monstationary dipole approzimation (electron exchange model) demonstrates the

giant electron band splitting for all k of the Brillowin zone.

The experimental results for

distorted multicrystal ultrathin carbon layers demonstrate the new possibilities for increasing

this splitting.
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1. Theory

Davydov splitting was discovered experimentally by
the optic group at the Institute of Physics in Kyiv
and was explained theoretically by A.S. Davydov
(1948) [1]. The essence of this effect is the split-
ting of phonon, electron and mixed spectra in molec-
ular crystals with weak inductive (van-der-Waals)
bonds between two neighboring molecules with dif-
ferent dipole orientations, that belong to one primi-
tive cell, and the migration of the excitation energy
inside the crystal. The values of DS for molecu-
lar crystals appear to be very small (1-10 meV). To
increase DS, the inorganic layered crystals (AssSs,
ZnP,, CdP,, etc.) have been studied, when “elemen-
tary cells of the neighboring layers” create a trans-
lation non-equivalent structure with van-der-Waals
bonds between them, but with larger values of DS
than that for molecular crystals (in particular, due to
smaller interlayer distances, larger energy of bonds,
etc). Bilayer graphene (BG) is characterized by one
of the smallest values of d; ~ (3.4-4) A. There is
the translation nonequivalence of A and B layers in
BG, which are twisted at 27/6 relative to each other,
Fig. 1 [2, 3].

Due to this, the Davydov-like splitting of the elec-
tron spectrum for BG can be predicted for all critical
points of the Brillouin zone: K, I', M. The interaction
through the p, orbital removes the band degenera-
tion, which leads to the splitting of the electron spec-
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trum of a bilayer and transforms the material into a
multivalley semiconductor. The splitting takes place
for the whole Brillouin zone. So, we call this effect
as an analog of the Davydov splitting. In addition,
the effective variation of a band structure is also pos-
sible due to the elastic deformation and structural
defects [2-6].

In fact, the DS mechanism due to the resonance
interaction between two neighboring similar (but
twisted relative to each other) “molecular clusters” is
realized through the weak interaction of the ground
state of one layer (¥y) and the excited state of an-
other one (¥,). This “dynamical dipole” produces
an energy correction in the first approximation of the
exciton theory [1]:

2
&
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Here, ®(1,2) = F(A#; ) is the geometric factor of
a dipole disorientation of both layers, and f is the
oscillator strength. At § = 0, we have AFE = 0; so,
DS disappears.

The matrix element of the dipole transition is de-
termined by the oscillator (dipole) strength f and the
interlayer distance R. Our calculation of the band
spectrum [2, 4, 5] was performed within the theory
of strong bonding in the non-stationary (exchange
mechanism) dipole approximation with regard for the
m-interactions (i.e., the electron transition in optical
spectra occurs only between m-bands). More weak
o (i.e. —p.) bonds are also important due to a dis-
tortion of the planar (longitudinal) sp? bonds. The
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interlayer bonds are responsible for a splitting of the
bands. Both terms related to the strong interaction
in the limits of each of the longitudinal graphene-like
layers and the weak interlayer interaction are taken
into account in the Hamiltonian H [2, 5]. Band en-
ergy levels can be calculated as a solution of the sec-
ular equation

det(Hij - E(LJ) = O,

where 6;; is the deformation (distortion) factor, and

Hyy =Y ekt / ®*(r—R,)H® (r—d—R,)dr.
d

Then we consider (for simplicity) the interactions
with the nearest atoms only, by retaining only two
types of the operator H: Vy = (ppm) — for a shift
deformation, and Vi = (pp7) — for the interlayer in-
teraction. We have obtained the energy values for all
the principal points of the Brillouin zone (K, I, M)
of BG with the use of the general form of the matrix
H, which demonstrates the essential splitting of the
bands, see Fig. 2 [2]:

g1 =¢p+ Hiz + Ap + myg&’
1
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The gaps for optical transitions were predicted with
the parameters presented in the Table, which demon-
strates the giant band splitting.

2. Experimental Results

The experimental procedure has included the low-
energy chemical vapor deposition (CVD), which had
produced the semiordered composition of carbon lay-
ered nanocrystallites with (1-3) layers in each with
interlayer distances d ~ 0.35-0.4 nm. Optical spec-
tra for these films are presented in Figs. 3 and 4. The
widths of the spectra are proportional to a distortion.

Experimental dependence of F/; on the energy as a
function of the distortion degree and E, = f(N;) are
presented in Fig. 4.
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Fig. 1. Graphite and bilayer graphene

K r M

Fig. 2. Electronic energy structure of bigraphene (solid
curves) and deformed bigraphene (dashed curves). The struc-
tural parameters § and ¢ are determined from experimental
data

AF splitting (in €V) for different energy band critical
points. Indices ¢, v, and g are related to the conductive
and valence bands and the gap, D — deformed films
obtained experimentaly [2]

Type of point | AE. | AEy, | AEy; | AE.p | AE,p | AEy4p
K 1 -0.8 | 1.8 1.2 -1.3 2.9
r -0.6 | 09| 03 | -0.7 -1.4 -0.7
M -0.5 | 0.7 | 0.2 -0.7 -0.5 -0.2
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Fig. 4. Dependence of the energy gap in bigraphene on the
defectness (proportional of the optical spectra presented in
Fig. 3). Upper line — E41 = €1 —e€3, lower line — Fgo =2 —€3
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Fig. 5. Dependence of the energy gap Eq4 (splitting of bands)
on the angle 6 and on sp3/sp? for various modifications of
carbon (nondoped a-C, H-doped, diamond-like (DLC)) [4-6]

Fig. 3. Spectral dependence of the function (ahiw)'/? for dif-
ferent samples, where « is the absorption coefficient [4] (a).
Spectra of the imaginary part e2(hAw) of the dielectric permit-
tivity for different samples noted in Fig. 3, (a); (dotted lines —
deconvolution into elementary oscillators) [4] (b)

The linear dependence of the width of the optical
absorption spectrum was demonstrated at the bottom
of the Brillouin zone.

The question arises about the origin of the gap ap-
pearing in zero-gap materials, like sp® carbon due
to a deformation. In our previous publications [2,
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Fig. 6. DLC - diamond-like carbon, n — nanocarbon
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4], we qualitatively discussed a peculiar mechanism
for the atomic band structure of such polymorphous
material as carbon. The possible appearance of the
substances with different valence (sp) orbital orien-
tations is expected: diamond-like sp3, layer-graphite-
like sp?, linear sp, mixed like (sp®), — (sp?)1_» etc.
In the last case, the different values of band gap were
predicted: from near zero to about 5.5 eV (pure dia-
mond). Depending on z, the intermediate phase was
called as “diamond-like” with E; > 1 eV; whereas,
at Ey < 0.5-0 €V, it was called as graphite like [4].
The values of x for, in particular, sp* (or sp?) can be
determined experimentally by ellipsometric measure-
ments of the effective refractive index n. The absorp-
tion spectra give the energy gap E, by the empirical
relation n(sp®/sp?), E,(sp®/sp?) (see Figs. 5 and 6).
The values presented in Figs. 3-5 were obtained from
measurements for different samples.

In addition, the theory yields the deformation angle
¢ for different values of ;. In such a way, we obtain
the combine picture with = (sp3/sp?), the energy gap
E,, and deformation angle 6 for carbon substances of
different atomic configurations, including graphene-
like and diamond-like. A deformation of sp? bands
leads to the appearance of the partial sp® bands, in-
creases the effective gap, and creates a family of nar-
row gap semiconductors, whereas a deformation of
sp> gives the opposite effect: a decrease of the dia-
mond gap and the creation of a family of wide gap
semiconductors (Fig. 5). The experimental data are
demonstrated in Fig. 5 by different points for

3 0
z <sp;> =100 — —I[n — Nin],
sp

on
OF
Eg [eV] = Eg max Tng[n - nmin];
or oF
2 12 =9 — .
o 0, n 3eV

3. Conclusion

The gigantic Davydov splitting for different layered
structures (including bilayer graphene studied here)
represents the new possibility for the engineering of
new types of spectra and new semiconductors for dif-
ferent useful applications (such as IR sensors, laser
bodies, etc).

Many thanks to Professors Victor Baryakhtar (Ky-
i), Maksym Strikha (Kyiv) and Bogdan Lukiyanets
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and Igor Stasyuk (Lviv) for the detailed discussion of
this work.
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B.I'. Jlumosuenko

AHAJIOT JABJOBCBKOI'O
POBMLIEIIVIEHHSA ¥V BYTI'JIEIIEBIX
I'PAGITOIIOAIBHUX CTPYVKTVYPAX

Pesmowme

Hageieno kopoTkuil aHaJji3 IpUPOJIX JAaBUIOBCHKOI'O PO3IIe-
nenns (IP) dononnoro, esekrponnoro ta in. cnekrpis. ITin-
KPECJIEHO, 1110 BCE IIIe BaXKJIMBOIO IIPOBJIEMOIO € 3a/1a4a, 3011bI1e-
aHs Beaunuunu JIP. Tomy, KpiM MOJIEKYIsIpHUX KPUCTAJIIB I1e€p-
CIIEKTUBHUMH KaHIUJATAMU € MIapyBaTi CTPYKTypu. 30Kpema
nsommaposuii rpaden (AI') € qus niel MeTn miAXoAsIon CTPy-
kryporo. [11o6 ne npomemoncrpysaru, Oy npoBeaeHi po3pa-
XyHKH BesuduHu /[P MeToIOM HecTalioHapHOIO JTHIIOJIBHOIO
HabJmKeHHs1 (OOMIHHA €JIEKTPOHHA MOJENb), sKi JEMOHCTDY-
IOTb TiraHTChKE PO3IIENJIEHHs eJIeKTPOHHUX CIEKTPIB JJId BCiX
3Ha4eHb k 30HU Bpijutioena. ExciepumenTasbii pesyJibraTi Ha
nedopMOBaHUX MYJIBTUKPUCTAJIYHUX HAJITOHKUX BYIJIEIEBUX
IJIBKaxX JAlOTh JOAATKOBI MOXKJIMBOCTI IJIs 301JILINIEHHS OITU-
CaHOTO PO3IIENJICHHSI.

B.TI'. Jlumosuenxo

AHAJIOT JABBILJOBCKOI'O
PACHIEIIJIEHVA B YI'JIEPOAHBIX
I'PAOUTOIIOJOBHBIX CTPYKTYPAX

Peszmowme

IIpencraBiien KpaTKuil aHAIN3 IPUPOIBI JABBIIOBCKOIO PACIIIEe-
nenus (JIP) dononnoro, aseKTpoHHoro u ap. cuekrpos. [loa-
YEepPKHYTO, YTO BCE €Ille Ba*KHOM ITPpOOIEMOil SIBJISIETCS 3a1ada
yBesinuenus Besumunsbl IP. TlosTomy, KpoMe MOJIEKYJISIDHBIX
KPHUCTAJIJIOB, IEPCIIEKTUBHBIMI KaH/IUAaTaMU SBJISIOTCS CJIOU-
CTBIe CTPYKTYpBL. B wacTHOCTH, nByxchaoiubii rpaden (II')
SIBJISIETCS CTPYKTYPOH MOAXOAAIENl it 3TON 1eiau. ITobbl
9TO IMPOJEMOHCTPHUPOBATDH, OBLIM IIPOBEIEHBI PACIETHI BEJIU-
quHbl P MeTo[IoM HeCcTarmoHapHOrO JAUIIOJILHOIO MPUOJInKe-
Hus (OOMEHHAs! JIEKTPOHHAS MOJIEJIb), KOTOPBIE JIEMOHCTPUPY-
IOT TUTAHTCKOE PACIIEIICHNE SJIEKTPOHHBIX CIIEKTPOB JJIsT BCEX
3HadeHwuit k 30HbI BpuiutiosHa. DKCriepuMeHTaIbHBIE PE3YIIbTa-
TBI, TOJIyIeHHbIE Ha 1e(POPMUPOBAHHBIX MYyJIBTUKPUCTAJIIAIC-
CKHMX CBEPXTOHKHUX YIJIEPOJHBIX IJIEHKAX, JAIOT JIOIMOJIHUTEIb-
HBIE BO3MOXKHOCTH JIJIsl YBEJIMUEHUST OIMMCAHHOI'O PACIIEIICHSI.
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