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ABSTRACT

Phonon density of states of pristine graphene and graphene with Stone-Wales dislocations was investigated using
nonequilibrium molecular dynamics simulations using SiC.ters off potential, SiCGe. tersoff potential and AIREBO
potential. By the computation of phonon density of states, the performance of these potentials is evaluated. Temperature
distribution of pristine graphene and graphene with Stone-Thower-Wales Dislocation is found to be conserved at 300K.In
this nonequilibrium molecular dynamics simulation (NEMD), Heat flux is calculated for pristine graphene and graphene
with Stone-Wales dislocation for Tersoff Potential and AIREBO potential. Radial density profile is evaluated to check
structural changes in pristine graphene and graphene with Stone-Wales Dislocation at Tersoff and AIREBO potential.
Due to phonon density of states(PDOS) of graphene with Stone-Wales Dislocation phonon scattering enhances .At high
frequency domain, softening of phonon modes is observed which indicates reduction in thermal conductivity. Thus,
reduction in thermal conductivity of graphene with Stone-Wales Dislocation as compared to the thermal conductivity of
pristine graphene.
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INTRODUCTION

Graphene is perfect test bed to provide correlation between thermal transport property and graphene
with defects[1].Graphene is a single layer of graphite having lattice structure of honeycomb. It has series
of applications since its discovery.[2]In two dimensional materials, to support perfect test bed, graphene
is important. [3] Nonequilibrium molecular dynamics simulations (NEMD) method that is utilized to
obtain phonon density of states of pristine graphene nanosheet and graphene with Stone-Wales
dislocation. In many materials, phonons are of utmost important. Most of the properties of the materials
are directly or indirectly derived from phonon density of states(PDOS)[4].Phonon transport leads to heat
dissipation,energy storage, saving, thermoelectric energy conversion, shielding[5]. Nanodevices have
smaller size than phonon mean free path in such case, phonon travels without dissipation of energy and
scattering and becomes ballistic. Power spectrum is good estimate for the qualitative and quantitative
analysis purpose.[6].Phonon is a quantized mode of lattice vibrations; Phonons have an important role in
material’s thermal and electrical conductivities. The properties of long wavelength phonon’s give rise to
sound in materials so the name phonon.

The phonon density of states or phonon spectra is computed from the velocity autocorrelation function
(VACF) by the use of Fourier transform.

1 . j
P(w) =\/T_nfelwt ;vj(t)vj(()) dt 1)

Where v;(t) and v;(0) is the velocity of jth particle at time t and 0 respectively, P(w)is phonon spectrum
function,wis vibrational wave number|[2,7].

The two-dimensional structure of the graphene is reflected by the phonon density of states. Phonon
density of states is used to reveal the mechanism of conduction of heat.[8] Tersoff potential and AIREBO
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potential is able to reproduce power spectra or phonon density of states in pristine graphene and
graphene with Stone-Wales dislocations. Between pristine and distorted graphene, knowledge of the
mechanism of heat transport using phonon spectrum is very limited. Phonon spectrum helps to
understand thermal conductivity of distorted graphene. The findings of this work are useful to reveal the
phononic mechanism through defect engineering. This work is helpful to engineer low thermal
conductivity nanodevices.

MATERIAL AND METHODS

In this work, atomistic molecular dynamics simulation is implemented to calculate power spectra of
pristine graphene and graphene with Stone-Wales dislocations at various potentials such as Tersoff
potential and AIREBO potential. The armchair graphene nanosheet with 200 atoms and distorted
graphene with Stone-Wales dislocation as shown in figure 1a) and1b) are generated by using software
OVITO[9].

Stone Wales Dislocations: Stone-Wales Dislocations are also known as Stone-Thrower Wales
Dislocations or heptagon-pentagon(7-5),pentagon-heptagon(5-7), or (5-7-7-5) dislocations[10][11]and
can be generated by rotating C-C bond 90 degrees in which four carbon hexagons turn into two heptagons
and two pentagons. Dislocationsare spread over graphene nanosheet but periodicity of the graphene
nanosheet remains constant. Stones-Wales Dislocations [11]does not involve any removal or addition of
atoms.

Figurel: a) Pristine graphene b) Distorted graphene with Stone-Wales Dislocation

The graphene nanosheet with dimension (24.5951 A° X 21.3000 A% X 5 A0) having armchair direction
with 200 atoms is simulated in canonical ensemble (NVT) also known as constant volume and constant
temperature ensemble by the time integration of Noose-Hoover thermostat at a temperature of 300K
with time step 2 femtosecond. Simulations are run is by the in house code of atomic scale modeling at
10,000 time steps.[12]
Potentials used:
1) Tersoff Potential: In Tersoff potential[13], energy is sum of pair like interactions. The Tersoff
Potential is having original functional forms [14]and parameterization[15].The site energy E is

given by
1
E=ZEI:=EZ‘/U 2)
i i#j

Where V;jis bond energy

Vi = fe@iplay fa(ry) + by fa(ry)] 3)
Here f; is repulsive pair potential function andf,is attractive pair potential function,f.is cut off
function[16]

fa(r) = Aexp(=24,7) 4

fa(r) = —Bexp(=2,7) ()

2) AIREBO Potential: The modified form of Brenner Potential described by Stuart et.al in 2000 is
AIREBO Potential. So as to improve the accuracy of hydrocarbon and diamond like
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structures.[15]Improved form of REBO is AIREBO potential known as adaptive intermolecular
reactive empirical bond order potential[17].It includes a component of non-bonded interactions
which is significant in imparting strength to the crystal structure of graphene and four body
torsional interactions.AIREBO Potential is described mathematically as:

EAIREBO = ‘Z Zjil[EREBO + EL] + Xewij Dt ik Efcij’”] (6)
Where i,j,k,1 are different 1nd1vidual atoms.[18],E§EBO,EiLj] and Ey9are the potentials of

REBO,Lenard-Jones Potential which is used for Van Der Waals Forces that is used to describe
interlayer interaction[19] and Interaction Potential due to torsional Potential.

RESULTS AND DISCUSSIONS

Nonequilibrium molecular dynamics simulation is carried out to study phonon properties of pristine
graphene and defected graphene as phonons are associated with displacement of atoms[20].Dislocations
of crystal structures are non-advantageous for the conduction of heat and is avoided in practical
applications.[21] The results demonstrates that

Temporal Evolution w.r.t. time steps: Temperature is defined according to kinetic theory by taking
mean kinetic energy in three directions.

Ti =3¢ N (Z( my ;[ ) (7

Here Temperature is calculated by combining equipartition theorem with kinetic energy.[22]

To monitor temperature variation profile the temperature distribution in Kelvin with respect to timestep
is plotted, here temperature curve reflect thermal states[23]In figure 3and 4 temperature distribution for
pristine graphene and graphene with Stone-Wales dislocation is shown. As timesteps increases
temperature is fluctuated in the range of 250K to 350K i.e. around 300K it is constant for pristine
graphene and graphene with Stone-Wales dislocations as shown in figure 2.1t is not affected by empirical
interatomic potentials also. Temperature of each segment with respect to timestep is noted to get linear
temperature gradient [22].
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Figure 2: Time domain temperature distribution (in units of Kelvin) a) Pristine graphene b)
Distorted graphene with Stone-Wales dislocation

Heat Flux (Total energy Vs Timestep):
The heat flux vector J (t) is defined as

](t)—d Zr Ae; —ZvAe —ZZ 1 (fijvi) €)

i j(=D)
Where e; is energy

1
=§<m|vilzz¢u> €)

For Tersoffpotential,heat flux is formulated as [22]
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1 5> [ 09
= 5(2?=1 vie; + Xitg Xj=1 Tyj (Vj-a_rj)) (10)
By using heat flux and temperature gradient, thermal conductivity of graphene is obtained according to
Fourier’s Law
J
K=—— 11
AT (11)

The figure 5 and 6 denotes the total energy in terms of electron volts with respect to time step at Tersoff
and AIREBO potential for pristine graphene and graphene with Stone-wales dislocation as show. On a
simulation cell, periodic boundary conditions are applied to reduce the effect of boundary scattering
obtained from high frequency phonon mean free path. So resulting heat flux is written as

e

) =24 (12
Where 2 is due to heat flows from both cold and hot bin in both directions, A is area of cross section
perpendicular to heat flow direction.[24]
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FIGURE3: Time domain total energy a) Pristine graphene at SiC.tersoff, SiCGe.tersoff Potential,
AIREBO Potential b) Distorted graphene with Stone-Wales Defect at SiC.tersoff ,SiCGe.tersoff
Potential, AIREBO Potential.

Phonon Density of States: G band peak is an important aspect in phonon density of states in pristine
graphene. It is dependent on temperature[25].G band peak monitor’s local temperature change[26].
Vibrational power spectra or phonon spectra is kinetic energy in terms of frequency w is used to describe
the state of phonons[27].

Phonon density of states make impact on properties of materials like thermal conductivity, heat capacity.
Phonon density of states is computed by Fourier Transform of velocity autocorrelation function. Low
frequency phonon corresponds to longer mean free path that enables phonon to propagate longer
distance.

{(v(®)v(0))

POSI= ] Gy

e~iotdt (13)

Where w is frequency and v is atomic velocity [28].The power spectrum g, ,, (¢£)[29]is calculated as
2

Dp(@) = || dup et (4

The power spectrum of phonon P(w) is calculated from velocity autocorrelation function
N
1 )
Pw=—fe“"t2v-tv-0 dt 15
@ =) QOO (15)

Where v;(0) is velocity vector at time 0 and v;(t)is it's velocity at time t and w is vibrational
wavenumber[30].
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Figure 4: Phonon spectrum of a) pristine graphene with SiC.tersoff Potential,SiCGe.tersoff
Potential, AIREBO Potential. b) Distorted graphene with Stone-Wales dislocations SiC.tersoff
Potential,SiCGe.tersoff Potential, AIREBO Potential.

Tablel: G band values of Graphene at SiC.tersoff Potential, SiCGe.tersoff Potential and AIREBO

Potential
Sr.No Frequency G peak value for G peak value for G peak value for
Domain SiC.tersoff SiCGe.tersoff AIREBO Potential
Potential Potential
1) Low 56.57(a.u.) 42.95(a.u.) 51.77 (a.u.)
2) High 32.05(a.u.) 32.06 (a.u.) 62.35 (a.u.)

Frequency domain is divided into low frequency domain 0-668cm-1(0-20THz),intermediate frequency
domain 668-1335 cm! (20-40 THz) and high frequency domain1335-2000cm (40-60 THz)domains.[24].

Table2: G band values of pristine graphene with Stone-Wales dislocation at SiC.tersoff
Potential,SiCGe.tersoff Potential and AIREBO Potential

Sr.No. | Frequency Domain G peak value for G peak value for G peak value for
SiC.tersoff Potential SiCGe.tersoff AIREBO Potential
Potential
1) Low Frequency(0- 45.42(a.u.) 42.60(a.u.) 68.33(a.u.)
20THz)
2) High frequency(40- 30.82(a.u.) 31.66(a.u.) 58(a.u.)
60THz)

As shown in Tablel,the dominant peak at high frequency region of graphene for AIREBO interatomic
potential reflects C-C bond interactions due to bonding. As shown in figure 4a) G band peak value
62.35(a.u.)of pristine graphene with AIREBO potential is at frequency of 1610 cm(48.26THz) which
agrees well with experimental value of Raman G band frequency 1583cm! (47.45 THz) as given in
reference[26].

The long wavelength i.e. low frequency phonons are the majority carriers of heat energy in graphene. Due
to presence of dislocation, localization of majority carriers of heat shrinks heat transport capability of
graphene nanosheet with Stone-Wales dislocation[31].In case of distorted graphene, phonon scattering
enhances, In low frequency domain, red shift causes due to low phonon group velocities.[32] and
softening of phonon modes at high frequency domain is observed which indicates reduction in thermal
conductivity [31].

As seen from figure 4 b), of phonon spectrum of graphene with Stone-Wales dislocation, the peaks in the
high frequency domain get softened as compared to PDOS of pristine graphene. Table 2 denotes the G
band peak value is 58 (a.u) for frequency of 1671cm1(50.09THz).By comparing the Tablel and Table 2,G
band peak value decreases in high frequency region. This phenomenon leads to reduction in life time and
mean free path of distorted graphene with Stone-Wales dislocation. As seen from figure 4 b) in low
frequency domain of distorted graphene with Stone-Wales dislocations, average increase in peaks and
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broadening of peaks is observed, which reduces relaxation time and mean free path[33].The shift of
phonon density of states towards low frequency shows increase in number of unsaturated C (Carbon)
along with some dangling bonds in graphene with dislocations. Due to presence of Stone-Wales
dislocations, thermal conductivity is reduced[17].

Radial Distribution Function: To understand the change in structural properties of pristine graphene
and distorted graphene with Stone-Wales dislocation, pair correlation function is immensely required.
Radial density profile (RDF)g(r) of system of atoms describes that density varies with respect to distance
from reference particle. It is also known as pair correlation function or pair distribution function meaning
on an average how atoms in simulation cell are radially packed around each other. The number of atoms
between region r and r+dr

dn(r) = gg(r)llnrzdr (16)

System having more than on chemical species known as partial radial distribution function[23] meaning
probability density from a species to 3 species
dn(af)r
gapr) = Amtridrpa
At constant temperature i.e.300K stage of NVT ensemble simulation, energy transfer is not possible and
hence no thermal transport. The atomic vibrations depend only on Nose-Hoover algorithm. From RDF co-
ordination number is defined as

n(r) = frpc_c (r)2nrdr (18)
0

As shown in figure 5b),In case of distorted graphene with Stone-Wales dislocation, the decrease in
average area density that shortens carbon-carbon bond length As a result, distorted graphene with Stone-
Wales dislocations shifts in-plane vibrational modes towards low frequency domain[24]
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FIGURES5:Radial Distribution Function of Graphene with SiC.tersoff Potential, SiCGe.tersoff
Potential, AIREBO Potential

Velocity Autocorrelation Function:
To specify dynamics of a system,velocity autocorrelation function is useful.lt is time-dependent
function[34]The velocity autocorrelation function is given by

[ee) [ee)

b =3 [ H®O.T(@pde = 55 f 7 (Ot (19)

0
Where | OOO(I_/L)(t). V/(0)) is integration of velocity autocorrelation, bracket {....) denotes expectation value.
From Figure 6,It is seen that in case of pristine graphene, for AIREBO potential, fluctuations in VCAF
within range of -0.2 to 0.2 is observed with respect to timestep. For Tersoffpotential, velocity
autocorrelation function(VACF) remains decays to zero for pristine graphene and graphene with Stone-
Wales dislocation.
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FIGURE 6: Velocity Autocorrelation Function of a) Pristine graphene for SiC.tersoff Potential,
AIREBO Potential.
b) Distorted graphene with Stone-Wales dislocation for SiC.tersoff Potential, AIREBO Potential

CONCLUSION

In this study, by using nonequilibrium molecular dynamics simulation method phonon spectrum of
graphene and distorted graphene with Stone-Wales dislocations have been studied over interatomic
potential of Tersoff Potential and AIREBO potential. The various parameters like velocity autocorrelation
function (VACF) with respect to time, temperature with timesteps, potential energy with timesteps, radial
density profile and phonon density of states have been studied.

In the phonon spectrum, the dominant peak at high frequency region of graphene for AIREBO interatomic
potential reflects C-C bond interactions due to bonding. G band peak value 62.35(a.u.) of pristine
graphene with AIREBO potential is at frequency of 1610 cm(48.26THz) which agrees well with
experimental value of Raman G band frequency 1583cm! (47.45 THz).Due to Stone-Wales dislocations,
peaks get softened at high frequency region for AIREBO potential. This result is comparable with
reference[31][35].Due to Stone-Wales dislocations the G peak(high frequency peak) [2] greatly
suppressed as O:C ratio increases. As like folded graphene [36]this shows red shift towards low frequency
region which slows down phonon group velocities and causes acoustic mismatch. The peaks of low
frequency shows angular and dihedral diffraction within graphene (fluctuation and bending).In case of
distorted graphene with Stone-Wales dislocation, the decrease in average area density as compared to
pristine graphene which shortens carbon-carbon bond length.

Due to acoustic mismatch and slowing down of phonon group velocities in graphene with Stone-Wales
dislocations, thermal conductivity is reduced as compared to the pristine graphene. Phonon spectrum
helps to understand thermal conductivity of distorted graphene. The findings of this work are useful to
reveal the phononic mechanism through defect engineering. This work is helpful to engineer low thermal
conductivity nanodevices. This finding is useful to make devices in nanoelectronics.
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