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Phonon properties of bilayer graphene have been investigated within Born — von Karman type lattice dy-
namics approach. A very good agreement between calculated phonon energy spectra of bilayer graphene
and experimental data of bulk graphite has been obtained. Zone-center acoustic and optical vibrational
modes were also analyzed. Obtained theoretical results can provide significant information on layer number
and stacking configuration of graphene multilayers.
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Graphene attracts significant attention due to its unique electrical [1], mechanical [2] and thermal [3]
properties. Graphene layers are considered as promising candidates for material base of future nanoelectron-
ics [4]. Phonon (vibrational) properties of graphene are also of fundamental scientific interest. Phonon spec-
trum determines a series of important physical quantities, e.g. sound velocities, phonon density of states or
thermal conductivity.

In present work, in the framework of the lattice dynamics approach, we investigate phonon properties
of bilayer graphene with Bernal atomic stacking. Schematic view of considered structure is presented in
Fig.1.

Fig. 1. Schematic view of Bernal bilayer graphene

For investigation of phonon properties of bilayer graphene we applied the Born — von Karman (BvK)
model of lattice dynamics. Atomic vibrations were modeled taking into account interaction between atoms
from four nearest-neighbor in-plane coordination spheres and from two out-of-plane spheres. Theoretical
phonon dispersions were obtained by fitting the interatomic force constants of BvK model to experimental
phonon frequencies of bulk graphite. In Fig. 2 we present the phonon energy spectrum for bilayer graphene,
obtained within BvK model of lattice dynamics.
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Fig. 2. Phonon energy spectrum of bilayer graphene. Experimental data
points (gray triangles) for graphite from [5, 6] are shown for comparison

As can be seen from the figure, our calculated results are in a very good agreement with experimental
data from [5, 6] for all phonon branches: in-plane acoustic branches (LA and TA), in-plane optic branches
(LO and TO), out-of-plane acoustic (ZA) and optic (ZO) branches. A weak interlayer coupling between gra-
phene layers (interlayer force constants are much less than intralayer ones) results in appearance of almost
doubly degenerate phonon branches in the case of bilayer graphene compared with monolayer. The only ex-
ception constitutes the low-frequency ZO’ mode with frequency of about 90 cm ' at I' point, which arises
from an interlayer movement (see Fig. 3). An interesting behavior demonstrates out-of-plane acoustic ZA
branch, in contrast to the linear dispersion near the I' point for the in-plane TA and LA branches, it shows a

g’ dispersion, which is a characteristic feature for layered crystals [7, 8].

In Fig. 3 we show the atomic displacements in bilayer graphene, which correspond to different types of
acoustic vibrations at I point.

Fig. 3. Acoustic vibrations in Bernal bilayer graphene

In single-layer graphene there are only three types of acoustic modes at I" point: out-of-plane (ZA),
longitudinal in-plane (LA) and transversal in-plane (TA). As number of graphene layers increases from 1 to 2,
an additional vibrational mode appears — in-plane shear, in which parallel graphene layers slide one over
another in an opposite direction. This acoustic-like shear mode possessas non-zero frequency of about
36 cm ' at the zone center and it has E, symmetry type, which makes it Raman active and thus can be ob-
served experimentally.

In Fig. 4 we show the schematic atomic displacements of zone-center optical vibrations in bilayer graphene.

Odessa, 27 — 31 May, 2013
—-131 -



ISPC «Modern information and electronic technologies»

®=90 cm’ ®=1580 cm’ ®=1582 cm’

Fig. 4. Optical vibrations in Bernal bilayer graphene

In monolayer graphene exist three types of optical vibrational motion at T point: out-of-plane (ZO), lon-
gitudinal in-plane (LO) and transversal in-plane (TO). In bilayer graphene there are four atoms (in comparison
with two atoms for single layer graphene) in the unit cell, therefore the zone-center optical vibration is more
complex. In Fig. 4 few types of optical eigenmodes with different frequencies are presented. It is clearly seen
from the figure that two splitted high frequency optical modes E, and E, are characterized by the in-plane vibra-
tions, while the low-frequency ZO’ mode arises from the interlayer motion along the Z-axis. Since in ZO’ mode
the top and bottom layers move in an opposite direction, it results in compression of graphene bilayer.

In conclusion, we applied a Born — von Karman model of lattice dynamics for investigation of phonon
properties of Bernal bilayer graphene. In the framework of the developed theoretical approach we calculated pho-
non energy spectra of bilayer graphene in all high-symmetry crystallographic directions and obtained a very good
agreement with experimental data for bulk graphite. We also analyzed zone-center acoustic and optical vibrational
modes of bilayer graphene. Since many of them are Raman or infrared active, observation of these modes in ex-
periments can be useful for analysis of layer number and stacking configuration of graphene multilayers.
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A. Kouemacos, /I. Huka
DoHOHBI B IBYXCJIOIHOM rpadene.

HccnemoBansl (pOHOHHEIE CBOMCTBA MBYXCIOWHOTO TpadeHa B paMKaxX TCOPHHM TUHAMHKH pemeTkd bopHa —
¢on Kapmana. JIoCTHTHYTO OTIUYHOE COTIIACOBAHUE MEXKIYy PACCUUTAHHBIME (DOHOHHBIMU IHEPTETUYCCKH-
MU CIIEKTpaMH JIByXCJIOWHOTO TpadeHa W SKCIePUMEHTAIBHBIMH CIIeKTpamMu o0beMHOro rpadura. Taxxke
MIPOAHAIM3UPOBAHBI aKyCTUYECKHe M ONTHYEeCKHe KoJjiebaTelmbHble MOIBI IEHTpa 30HBI bpmmutodHa. [omy-
YCHHBIC TCOPECTUUYCCKUEC PE3YJIbTAaThl MOTYT OBITH IMPUMCHCHBI IJId aHajin3a 4ucia CJIOCB U aTOMHOM KOH(i)I/I-
rypaiy MHOTOCIOWHOTO rpadeHa.

Kirouessie croBa: ghononvi, epagen, ounamura peutemku, modenv bopna — gon Kapmana.
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