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We theoretically investigated phonon dispersion and specific heat in twisted bilayer graphene with various
rotation angles. It was found that rotation affects the out-of-plane acoustic phonon modes the most. It was
established, that the relative difference between specific heat in bilayer graphene without twisting and
twisted bilayer graphene constitutes 10—15% at 1 K and 3—6% at 5 K in dependence on rotational angle.
Obtained theoretical results contribute to a better understanding of the phonon processes in graphene and
are important for the design of novel heat management applications.
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In recent years the interest of the physics community has been shifting toward investigation of the
twisted few-layer graphene systems. When two graphene layers are placed on top of each other they can
form a Moiré pattern [1, 2]. In this case, one layer is rotated relative to another layer by a specific angle.
Phonon properties of twisted graphene are of fundamental scientific interest. Phonon spectrum determines a
series of important physical quantities, such as sound velocities, phonon density of states, specific heat and
thermal conductivity.

Here, in the framework of the lattice dynamics approach, we investigate phonon properties of twisted bilayer
graphene (T-BLG) with different angles of rotation 6. Schematic view of considered structure is presented
in Fig. 1 (R denotes rotation axis,["and K denote two high-symmetry points).
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Fig. 1. Rotational scheme (a) and Brillouin zone of T-BLG with 0 =21.8°(b)

In the case of the intralayer coupling the hexagonal symmetry of the interatomic interaction is pre-
served for different 6, while in the interlayer coupling, the atomic configuration and force constant matrices
are dependent on the rotational angle. For intralayer interaction we used Born — von Karman lattice dynamics
approach [3] taking into consideration 4 nearest-neighbor atomic spheres. For the interlayer interactions we

used the centrally-symmetric Lennard-Jones potential V(r)s——ébf( r)lzcs—/( r)é). The parameters

e=4.6 meV and ¢ = 0.3276 nm reproduce the experimental values of the interlayer space and phonon dis-
persion along the I' — A direction (perpendicular to the graphene planes) of bulk graphite.

The frequencies of the shear (LA,, TA,) and flexural (ZA,) phonons are affected stronger by the twist-
ing. The specific properties of these modes in T-BLG with 6 =21.8° (gray solid curves) and T-BLG with
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0 =13.2° (black dashed curves) as well as in AA-stacked bilayer graphene (AA-BLG; black solid curves)
are presented in Fig. 2, a. In AA-BLG, the phonon branches LA, and TA, intersect at ¢ ~ 0.7 nm™'. Twisting
changes the interaction between these phonons in T-BLG and leads to anti-crossing of LA; and TA, hybrid
folded phonon branches (see dashed circle in Fig. 2, ).
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Fig. 2. Zone-center dispersions of in-plane acoustic modes in AA-BLG, T-BLG with 21.8° and 13.2°(a)
and the relative difference between AA-BLG and T-BLG specific heats as a function of temperature (b)

At low temperatures the relative difference between specific heat ¢, in AA-BLG (6 =0°) and T-BLG:
n=~1-c¢,(0)/c,(0))x100% constitutes substantial 10—15% at 7= 1 K and 3—6% at 7= 5 K in depend-

ence on 0 (see Fig. 2, b). The low temperatures specific heat depends stronger on the twist angle because
twisting affects the low-frequency ZA phonon modes the most [4].

In conclusion, we found that the phonon specific heat reveals an intriguing dependence on the twist
angle in T-BLG, which is particularly pronounced at low temperature. The results suggest a possibility of
phonon engineering of thermal properties of layered materials by twisting the atomic planes.
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A. Kouemacos
Jucnepcusi POHOHOB U TEII0EMKOCTh B JIBYXCJI0IHOM TBHCTe-rpadeHe

Teopemuuecku uccredosanvl oucnepcusi oHoOHO8 U MenioemMKocms 08YXCIOUHO20 meucmeo-epagena c
PA3UYHBIMU Y2aamu n08opoma. bvino ycmanoeneno, umo nogopom epaghenoguvix cioes boavuie 8ce2o 8usi-
em Ha akycmuuecKkue KoneOanus, nepneHOUKyIsapHvle niockocmu cioes. bvlio ycmanosneno, umo omuocu-
MeNbHAsl PA3HUYA MedCOy MeNnI0eMKOCbIO 08YXCIO0UH020 2pageHna be3 nosopoma u 08YXCAOUHO20 MEU-
cmeo-epagena cocmasnsiem 10—15% npu 1 K u 3—6% npu 5 K 6 3asucumocmu om yena nogopoma. llony-
YeHHble meopemuieckie pesyibmamsl CHOCOOCmMEYIom Ooee 2YOOKOMY NOHUMAHUIO POHOHHBIX NPOYECCO8
6 epaghene u mozym ObIMb BANCHLIMU OJIsL HOGLIX NPUMEHEHUU 8 00ACmU YNpasienus meniogblMu C80UCH-
samu.

Knioueswvie cnosa: meucmeo-epaghen, hononwl, menioemxocms.
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