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Abstract

The synthesis of wafer-scale two-dimensional amorphous carbon monolayers

has been recently demonstrated. This material presents useful properties when

integrated as coating of metals, semiconductors or magnetic materials, such as

enabling efficient atomic layer deposition and hence fostering the development of

ultracompact technologies. Here we propose a characterization of how the struc-

tural degree of amorphousness of such carbon membranes could be controlled

by the crystal growth temperature. We also identify how energy is dissipated

in this material by a systematic analysis of emerging vibrational modes whose

localization increases with the loss of spatial symmetries, resulting in a tunable

thermal conductivity varying by more than two orders of magnitude. Our simu-

lations provide some recipe to design most suitable "amorphous graphene" based
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on the target applications such as ultrathin heat spreaders, energy harvesters or

insulating thermal barriers.
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Introduction

In recent years the fabrication, characterization and use of disordered forms of graphene-

based materials has become a major field of concern, given the demonstrated capability for

large scale production as well as the robustness of some physical properties unique to pristine

graphene.1–5 In particular, wafer-scale polycristalline graphene structures have been found

to be essential for envisioning disruptive applications in sensing, photonics, electronics or

spintronics.3,6–11 Other forms of disordered graphene (reduced graphene oxides), obtained

by chemical exfoliation techniques, have been also found suitable for improving the per-

formances of composite materials, with applications in energy and sensing.11–16 However,

these forms of disordered materials are difficult to tailor and the quality of end products can

greatly vary even for a similar systhesis process.17,18

In this context, the possibility to wafer-scale produce amorphous forms of carbon mono-

layers, structurally dominated by sp2 hybridization,19,20 not only provides a new platform

for exploring two-dimensional physics of strongly disordered materials, but also alternative

forms of membranes with enhanced chemical reactivity which could serve as coating materi-

als.21 Some theoretical models have been conceived either based on topological assembly rules

or derived from molecular dynamics simulations.22–25 If their electronic properties reveal a

strong insulating behaviour,26 the variability of their vibrational and thermal properties ver-

sus the degree of disorderedness remain to date unexplored. This is in contrast with other

defective forms of graphene, like polycrystalline graphene and defect-engineered graphene

nanoribbons, in which the role of the grain boundaries and the size of the grains in suppress-

ing the thermal conductivity have been extensively investigated.27–31

As far as amorphous graphene (a-G) is concerned, some works have provided evidence

that this material presents high elastic modulus (∼500 GPa) and tensile strengths (∼50

GPa) and a corresponding thermal conductivity as low as 15 W/mK.32 However, little (if

any) physical information is available about the impact of the degree of disorder on (i) the

spatial character of the microscopic heat carriers in a-G and (ii) on the vibrational and ther-
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mal properties of the material.

Here, using classical molecular dynamics we design large scale models of sp2 carbon mono-

layers with a varying degree of structural irregularities, which quantify the deviation from

an hexagonal lattice. We characterize the degree of disorder in real and reciprocal space

and follow how vibrational properties evolve with increasing the loss of crystallinity. We

identify the class of vibrational modes emerging in such structures giving a complete picture

of propagons, diffusons and locons. Finally, we connect their formation with the result-

ing thermal properties of those membranes through the application of a recently developed

modal analysis of thermal conductivity. Compared to the pristine graphene value, by tuning

the crystalline order, the thermal conductivity is found to vary by more than two orders

of magnitude, although remanining quite high compared to other amorphous materials: in

amorphous silicon and amorphous carbon, for example, a suppression of more than three

orders of magnitude is observed.33

Structural and Vibrational Analysis

In order to generate amorphous graphene samples, we followed a simulated quench-from-

the-melt method applied to a perfectly crystalline graphene plane (containing 10032 atoms)

with square shape (L = Lx = Ly ≈ 160Å).34–36 The dimensions of the simulated systems

have been chosen so as to meet three criteria, namely: (i) they are large enough to contain

a reliable sampling of all possible bond orders and atomic coordinations likely present in an

a-G sample, (ii) they allow for a converged estimation of thermal conductivity, and (iii) the

required computational cost is not prohibitive. All the simulations are performed within the

classical molecular dynamics (MD) framework using the open source LAMMPS package.37

The details of the preparation of the samples as well as the size-dependence of the results

are given in the Methods section.
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Figure 1: a) Radial Distribution function g(r) for different values of q̄3; b) statistical distri-
bution of the out-of-plane component of the C-C bonds; c) Ring statistical distribution in
a-G samples; d) Statistical distribution of the C-C bond length; e) Statistical distribution
of bond angles; f) Structural models of three different samples of Am-G with the color map
representing the out-of-plane component of the C-C bonds.
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As a first result, we present the analysis of the structural properties of the a-G samples

built in this work. In particular, we analyze the radial distribution functions g(r) (RDFs)

of the samples versus the degree of amorphousness (Fig. 1(a)), quantified by means of the

averaged triatic order parameter q̄3. This parameter (see the Methods for its definition)

captures the deviation of the amorphous bonding network from the ideal sp2-hybridized

structure of pristine graphene by taking smaller (larger) values for more (less) amorphous

samples, respectively.

All the systems are characterized by the same average interatomic distance between

nearest-neighbour atoms, as suggested by the same position of the first peak in the RDF

found at ∼1.42Å. In turn, a visible braodening affects the higher-order peaks, denoting a

correspondigly wider distribution of distances between second- and third-nearest neighbours.

The width of the peaks also increases with the degree of amorphousness as a consequence

of the stronger structural disorder. Finally, for distances larger than 4Å and sufficiently

amorphous samples, no peak can even be identified, implying a complete lack of long-range

order in amorphous Graphene. The local character of a-G can also be appreciated from

the statistical distribution of C-C bond lengths and angles (Fig. 1(d-e)): their values are

centered at 1.42 Å and 120o, respectively, with a broadening which increases with disorder.

These data are in actually good agreeement with similar characterizations of experimental

samples.20,38

From the structural point of view, we also find that the a-G structures exhibit some static

intrinsic ripples which compromise the planarity of the samples: more specifically, strongly

wrinkled structures correspond to the more amorphous ones. This is clearly shown by the

statistical distribution of the out-of-plane component of the C-C bonds, (see Fig. 1(b)):

a larger tail in the gaussian distribution is observed upon increasing amorphousness. The

degree of amorphousness is strongly related to the relative occurrence of 5-fold, 6-fold and

7-fold carbon rings: Fig. 1(c) shows the percentage of n-fold rings in the structures, where

small values of q̄3 are naturally linked to a larger number of non-hexagonal rings.
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Further insight in the wrinkled character of the a-G sheet can be gained from the im-

ages of the their atomistic configurations (Fig. 1(d)). In particular, we note that wrinkles

and planarity deviations are localized in the structure where non-hexagonal rings are found

(green regions in the figures). Such structural deformations, which mainly consist in a local

curvature in the sheet, are energetically induced by the formation of the same topological

defects. Analogous structural modifications have been observed also in carbon nanotubes

and graphene with Stone-Wales defects.39

In Fig. 2(a) we present the vibrational density of states (VDOS) of the five a-G systems

with 0.55 ≤ q̄3 ≤ 0.87. All the VDOSs share a similar behaviour, with peaks corresponding

to different phonon bands. In low-disordered samples, the peaks converge to the correspond-

ing features of the VDOS of crystalline graphene. The observed peak-resolved character of

the vibrational density is, in turn, gradually lost as an effect of disorder: the peaks’ broaden-

ing increases with amorphousness and eventually the different peaks merge into a continuum

of states for q̄3 = 0.55.

A more informative description of the vibrational modes is obtained by considering the

Participation Ratio (PR),40 which offers a quantitative characterization of the spatial char-

acter of the eigenmodes. It is defined as41,42

PRs ≡
1

N

(∑N
i=1 e

2
i,s

)2

∑N
i=1 e

4
i,s

(1)

where ei,s is the i-th component of the s-th eigenvector (s = 1, .., 3N) and N the number of

atoms in the sample. The PR can take values in the interval [0,1] estimating the number

of atoms participating to a given vibrational mode. In this respect, it allows to perform

a classification of the modes on the basis of their spatial extension, distinguishing between

extended modes, with PR ∼ 1, and localized modes whose PR approaches 0 in sufficiently
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Figure 2: a) The VDOS for a-G samples with different degree of amorphousness. b) Par-
ticipation ratio (PR)of the eigenmodes vs. frequency in a-G sasmples with different degree
of amorphousness. c) and d) Atomic displacements for two eigenmodes in the sample with
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large samples. The PR of our systems is shown in Fig. 2(b) as a function of the vibrational

frequency. For the sake of clarity we do not show the PR of crystalline graphene which is

equal to 1 in all the frequency spectrum. In all the systems investigated, the participation

ratio is smaller than 1, suggesting how a small structural perturbation is sufficient to alter

the extended character of the phonon modes in an ideally crystalline sheet.

Fig. 2(b) also clearly shows the impact of amorphousness on the spatial extension of the

modes: a stronger disorder (smaller q̄3 ) leads to a generally smaller PR at all frequencies.

This result highlights the connection existing between the atomistic structure of the system

and its vibrational properties. We remark that modes with particularly small participa-

tion ratio are found in correspondence of the band separation ranges among two adjacient

graphene phonon bands, around ν ∼15.0 THz and ν ∼33.0 THz. Importantly, a dramatic re-

duction of the participation ratio is observed for all the systems analyzed above ν ∼47.0 THz.

This frequency value corresponds to the so-called mobility edge, which marks the separation

between extended modes (also called extendons) and localized modes, or locons 41.

A more intuitive understanding of the difference between extendons and locons is gained

by looking at their atomic displacements. To this aim, we show in Fig. 2(c-d) the dis-

placement field of a medium-frequency extendon and of high-frequency locon in the sample

q̄3 =0.55: scaled red arrows superimposed on each atom (in blue) denote the displacement

vectors. While in the extended mode, almost all the atoms participate to the motion, in the

locon mode only a small subset of the atoms are sizeably vibrating around their equilibrium

position.

We can further characterize the (extended) vibrational modes of a-G by defining a

wavevector, in close analogy to what is generally done for phonons in crystalline graphene.

Based on this feature, Allen and Feldman41 first proposed the distinction between propagons,

for which a wavevector can be meaningfully defined, and diffusons which, on the contrary,

do not allow such a definition. This discrimination highlights a fundamental difference in

the heat transport capabilities of these unalike vibrational modes: while propagons (which
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dominate the low-frequency part of the spectrum) spread out coherently along the sample for

several interatomic distances before being scattered by disorder, diffusons (more commonly

found at higher frequencies) scatter diffusively along the sample, as their name suggests.

In order to identify propagons and diffusons in our a-G systems, we compute the Fourier

transform of the eigenvectors42

Fη(q, ν) =
3N∑
s=1

∣∣∣∣∣
N∑
i=1

θi,s,η(q, ν)eiq · Ri

∣∣∣∣∣ δ(ν − νs) (2)

where Ri is the position of the i-th atom whereas η denotes the in-plane longitudinal (L),

in-plane transverse (T) or out-of-plane flexural vibrational modes (Z) which characterize the

low-frequency vibrational spectrum of crystalline graphene.

In our systems, θL(q, ν) = q/|q| · ei,s(νs), θT (q, ν) = q/|q| × ei,s,‖(νs) and θZ(q, ν) =

q/|q| × ei,s,⊥(νs), respectively. We sampled eq. (2) on a grid of 20×20 in a square region

with side 8×2π/L and finally averaged Fη(q, ν) over all directions of q for each mode. Fig. 3

shows the plots of Fη(q = |q|, ν) with η=L (top panel), η=T (middle panel) and η=Z

(bottom panel) for three different a-G samples with q̄3 of 0.55, 0.64 and 0.87, respectively.

The function in eq. (2) has been normalized with respect to its maximum value for each ν

for a better graphical rendition. In the three cases shown, the contour of the maxima

of F (q, ν) results in well-defined dispersion regions: a low-frequency region with a clear

vibrational branch, and a high-frequency region where no clear relation between the wavector

q and the frequency ν is apparent. The frequency marking the separation between the two

regimes is the Ioffe-Regel limit νIR. Its position in the spectrum can be estimated,42,43 and

is shown as white dashed lines in the plots of Fig. 3.

The effect of increasing the degree of amorphousness in graphene is clear: upon increase

of disorder, low-frequency vibrational modes preserve a well-defined wavevector, whereas

for higher frequency the dispersion curves become increasingly less defined, meaning that

the definition of a wavevector becomes more and more questionable. In particular, all the
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phonon branches of graphene undergo a lowering of the corresponding Ioffe-Regel frequency.

Yet, an ordering relationship is still found to hold, namely νZIR < νTIR < νLIR.

Thermal Transport Properties

0.5 0.6 0.7 0.8 0.9 1.0

q̄3

10-2

10-1

100

k
/k

0

Figure 4: Thermal conductivity of the a-G systems at T=300K vs. q̄3.

We now present the results thermal transport properties of our a-G samples. All the

calculations have been performed within the Green-Kubo Modal Analysis (GKMA)44 which

allows to exploit the information on the vibrational eigenmodes already obtained to perform

a modal decomposition of the thermal conductivity of the system and consequently assign a

contribution to each class of modes. For further details on GKMA see the Methods section.

We show in Fig. 4 the result of thermal conductivity calculation for a-G at 300K as a
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function of q̄3. The values are normalized with respect to the thermal conductivity calculated

in a sample of crystalline graphene having the same dimensions of our a-G systems, namely

κ0 = κ(L = 160Å) ∼ 2500 ± 120 W/(m · K). This value is in really good agreement with

previous estimations, which range in the interval 2600-3050 W/(m ·K)32,45–54 and have been

obtained with a similar computational setup (see the Methods).

The main result of Fig. 4 is the strong increase of κ as a function of the triatic order,

showing how amorphousness dramatically inhibits thermal transport: a ratio of more than

two orders of magnitude is, indeed, observed between the thermal conductivity in crystalline

graphene and in the most amorphous sample.

To gain insight on the mechanisms underlying heat transport in a-G, in Fig. 5-a we also

show the accumulation function of the thermal conductivity κ of our systems, properly nor-

malized to the pristine graphene value κ0: this quantity represents the cumulative thermal

conductivity of the vibrational modes up to a given frequency. The almost monotonical

increase of the integral with frequency allows to assign a specific contribution to all differ-

ent vibrational modes. In particular, we observe how low-frequency modes are responsible

for the largest contribution to the overall thermal conductivity in all the systems studied.

Specifically, modes with frequencies smaller than 1THz contribute from 40% of the total κ

in the sample with q̄3 = 0.83 to 93% in the q̄3 = 0.55 system. We recognize that this is

mainly due to the fact that low-frequency modes are more populated at finite temperature

with respect to high-frequency modes and low-frequency modes are acknowledged to be more

effective in carrying heat along the sample due to their propagon character.

We also remark that for all the considered systems a value of frequency can be found

in correspondence of which the cumulative conductivity saturates to unity. Such value of

frequency strongly depends on the amorphousness and is large when q3 is large (i.e. less

amorphous samples). This points to the non-negligible weight associated to high frequency

modes in less amorphous a-G samples. It is also important to stress that the modes which

contribute to the largest extent to κ are found to lie below the out-of-plane flexural Ioffe
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Regel limit, which we calculated in the previous section. Inded, the dominant contribution

to κ is due to flexural modes (propagons whose atomic motion is mostly out of the graphene

plane).

In order to prove this assertion, we focus on the relative contribution of the different

classes of modes to the thermal conductivity. Fig. 5-b shows the decomposition of the over-

all thermal conductivity into the contributions of in-plane modes, flexural (Z) modes and

diffusons, respectively. Flexural modes are responsible for the largest part of the thermal

conductivity in crystalline graphene (in agreement with other studies) and in all the amor-

phous systems considered in this work: their contribution increases with disorder ranging

from 90% in the most amorphous system to 80% in the most crystalline one. Besides, the

contribution of transverse and longitudinal modes is much weaker and decreases with the

degree of amorphousness. In all the cases, the diffusons are generally less effective in carry-

ing heat flux with respect to propagons and their impact is of the order of 1% of the total

thermal conductivity. Such finding helps clarifying the basic mechanism underlying the re-

duction of thermal conductivity in a-G with respect to crystalline graphene. The presence of

disorder in the crystalline lattice determines an essential modification of the character of the

low-frequency flexural modes (which are responsible of the largest part of thermal transport)

by transforming their propagon character to diffusive one. The overall κ is consequently re-

duced due to the less effective nature of diffusons in carrying heat.

Conclusions

To summarize, in this work we study, within a classical molecular dynamics framework,

the vibrational and thermal properties of amorphous graphene. By performing a detailed

analysis of the vibrational modes of a-G samples, we analyze the impact of the degree of

amorphousness showing how the progressive loss of crystallinity of the samples leads, on

14



Figure 5: a) Normalized thermal conductivity accumulation function of the a-G systems
at T=300K. b) Relative contributions of the different classes of vibrational modes to the
thermal conductivity in the a-G systems investigated.

one side, to structural deviations from the planarity and, on the other, to a progressive

transformation of the vibrational modes responsible for heat transport. Specifically, the

transformation of the modes from propagons to diffusons via a lowering of the corresponding

Ioffe-Regel limits, ultimately leads to a reduction of thermal conductivity of a-G up to more

than two orders of magnitude with respect to its crystalline counterpart. These findings

motivate the search of experimental strategies to control the degree of amorphousness in

a-G in order to design a-G samples with improved performances depending on the specific

applications.

Methods

Sample Generation

A multi-step procedure has been employed to generate samples with different degrees of

amorphousness: first, the crystalline system is subjected to a 10 ns run (timestep 0.25fs)

at constant temperature T=300K using a Nosé-Hover thermostat; then, its temperature is

gradually increased in the constant-volume, constant-temperature (NVT) ensemble with a
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rate of 50 K/ps up to 10000 K at which the system is found in a two-dimensional liquid melt

state. Next, the system is equilibrated at this temperature for 1 ns. All these simulations

are performed by constraining the atomic motion to the original 2D plane. The temperature

of the system is then gradually reduced to 300 K with different cooling rates in the NVT

ensemble. Depending on the cooling rate applied, amorphous systems are obtained differing

in the amount of disorder or, equivalently, in the degree of amorphousness. In this work we

built five different amorphous systems applying cooling rates values in the range [50K/ps,

1000K/ps]. The structures thus obtained are then relaxed at 300K for 1 ns and eventually

equilibrated for 1 ns at the same temperature with the atoms left free to move also in the

out-of-plane direction. A representative sample of a-G investigated in this work is shown in

Fig.6.

Periodic boundary conditions have been applied along the in-plane directions and the

evolution of the system is performed by ageing the atomic trajectories with the velocity-

Verlet algorithm. In all our simulations, we adopted the optimized Tersoff potential53 to

describe the atomic interactions. This choice is supported by several studies assessing the

reliability of this force-field55,56 to describe the thermal transport properties of various car-

bon forms, e.g., fullerene molecules, carbynes, cluster-assembled nanogranular Carbon films,

polycrystalline graphene and, finally, Defective Graphene.27–29,52

In order to assess the accuracy of the atomistic a-G samples and the reliability of the

protocol employed, which could lead to unrealistic structural features upon high cooling

rates, we compared the structure obtained with the highest cooling rate (1000K/ps) with

the systems of irradiated graphene experimentally fabricated from Eder et al. in Ref.38 Fig. 7

shows the radial distribution function of our sample and of the irradiated graphene sheet

with 19.7% density deficit. The latter corresponds to the most disordered system discussed

in Ref.38 Extremely good agreement between the two curves can be observed with respect

both to the position of the peaks and their relative amplitude. Both samples show a complete
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Figure 6: Structure of the a-G sample with q̄3 = 0.639. Panel a: top view; panel b: cross-
section.
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lack of structural order for distances larger than 6 Å.

Figure 7: Radial distribution functions of a-G obtained with a cooling rate of 1000K/ps
(blue) and of the irradiated graphene sheet with 19.7% of density deficit experimentally
fabricated in38 (red)

Structural and Vibrational properties

In order to quantitatively characterize the degree of amorphousness of our systems, we

compute the triatic order parameter q3,57,58 which effectively captures the deviation of the

amorphous bonding network from the ideal sp2-hybridized structure of pristine graphene.

To this aim, we define the vector qlm(i) of atom i as

qlm(i) =
1

Nn(i)

Nn(i)∑
j=1

Ylm(rij) (3)
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Here, Nn(i) is the number of nearest neighbors of atom i - defined as the atoms found within

a spherical volume with radius r = 2.3Å (corresponding to the second maximum in the

radial distribution function), l is an integer parameter with m such that −l ≤ m ≤ +l. The

functions Ylm(rij) are the spherical harmonics and rij is the vector from atom i to atom j.

Using l = 3, we then define the triatic order for atom i as

q3(i) =

√√√√ 4π

2l + 1

m=3∑
m=−3

|q3m(i)|2 (4)

Finally, averaging over the N atoms in the system we obtain q̄3, which can take values in

the range [0,1], with q̄3 = 1 for the perfectly crystalline graphene plane. Fig. 8 shows the

value of q̄3 for our a-G systems as a function of the cooling rate employed. As it can be seen,

slower cooling yields more ordered networks (larger q̄3); hence, changing the cooling rate

allows us to tailor the degree of amorphousness in the structures and to probe its influence

on properties.

Figure 8: Value of the triatic order q̄3 as a function of the cooling rate employed in the a-G
sample generation.

We performed the analysis of the vibrational properties of our systems by calculating
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and diagonalizing their dynamical matrix, which is calculated as (we use Latin and Greek

letters to denote atoms and Cartesian axes, respectively)

Diα,jβ =
1√
MiMj

∂Fiα
∂rjβ

(5)

where Mi is the mass of atom i and Fiα is the projection of the total force acting on atom

i along the α-direction. The derivative on the right of eq. 5 represents the change in the

α-component of Fi due to an infinitesimal displacement of the j-th atom along direction β

with respect to its equilibrium position. Its numerical evaluation has been carried out using

a finite difference approximation with an atomic displacement of 5 · 10−4Å. The resulting

dynamical matrix has rank (3N)2, with N the number of atoms in the system, which in our

case is of the order ∼ 105. The numerical implementation of the diagonalization required the

use of the SLEPc library59–62 to get the 3N eigenvectors es and eigenvalues ω2
s (s = 1, ..., 3N).

Thermal transport properties

The information on the vibrational eigenmodes allows to determine the thermal conductivity

of our samples and compute the relative contributions of the different classes of modes to the

overall conductivity κ. We performed the modal decomposition of κ within the formalism

of the so-called Green-Kubo Modal Analysis (GKMA),44 already successfully exploited to

study the vibrational properties of crystalline and amorphous silicon,44 porous silicon,63

amorphous carbon64 and polymers.65 We refer the reader to Ref.44 for the details of the

methodology. Combining the outcome of the dynamical matrix diagonalization and long

MD runs, GKMA permits to write the total thermal conductivity κ as

κ =
3N∑
s=1

κ(s) =
3N∑
s=1

Ω

3kBT 2

∫ ∞
0

〈Qs(t) ·Q(0)〉 dt (6)

Here, Ω is the volume of the simulation cell, kB is the Boltzmann constant and T the

temperature. In eq. 6, the total thermal conductivity is expressed as the sum of single-

20



mode contributions κ(s) given by the time-correlations between the single-mode heat flux

operators Qs(t)
66 and the total heat flux operator. The single-mode heat flux operator is a

function of the atomic positions and velocities66:

Qs(t) =
1

Ω

N∑
i=1

[
Eiẋi(s, t) +

N∑
k=1

(Fik · ẋi(s, t))rik

]
(7)

where Ei is the sum of the potential and kinetic energy of atom i, rik is the distance vector

between atoms i and k, and Fik is the force acting on atom i due to the interaction with atom

k. The information on the eigenvector is contained in the quantity ẋi(s, t) = (vi(t) · ei,s)ei,s,

obtained projecting the atomic velocities onto the s-th eigenvector during a constant-energy

MD trajectory.

In order to take into account the error that a classical calculation generally introduces

in the value of the specific heat in materials below their Debye temperature, a quantum

heat capacity correction has been introduced in eq. (6): the classical Dulong-Petit specific

heat cDP (ω) = kB/Ω has been replaced by its quantum counterpart cq(ω) = kBx
2 exp(x)

Ω(exp(x)−1)2
,

where x = hω/(kBT ).64,67 No quantum correction to phonon lifetimes has been applied,

as it would be in the case of a perfectly crystalline system whose phonon populations are

incorrectly sampled by the classical trajectories generated by MD. Instead, in amorphous

systems as the presently investigated ones, it has been found64,68 that the lifetimes of the

microscopic heat carriers are mainly limited by the short-range structural disorder rather

than by intrinsic anharmonicity. This feature is common to other situations discussed in the

literature (and similarly treated as we do in our investigation) where the phonon scattering by

lattice defects, such as boundary,69 impurity70 or structural scattering,64,68 dictates phonon

relaxation times. In such situations (i.e. whenever anharmonic scattering processes are not

the primary mechanism limiting phonon lifetimes), it is expected that the error performed

by classical MD in evaluating at low temperatures (i.e. below the Debye temperature)

the populations of the various phonon modes (i.e. the true quantum feature underlying
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their scattering) could become negligible. Finally we remark that no quantum correction

has been applied to the results of crystalline graphene, since the classical estimation of its

thermal conductivity at room temperature has been shown to be only 10% smaller than the

corresponding quantum value.71 This results from the compensation of two errors arising

from a classical calculation, i.e. shorter phonon lifetimes but larger heat specific heat with

respect to their quantum counterparts.

To compute the GK thermal conductivity of a-G ( eq. (6)) we evolved the systems for a

simulation time as long as 10ns, after a preliminary equilibration at T=300K for 2 ns with a

0.25 fs timestep. Six independent trajectories with different sets of initial atomic velocities

have been analyzed for each sample. This choice has proved to provide a good statistical

average in all the investigated samples, independently of the amount of disorder. Indeed, the

maximum correlation time of the heat flux in the least disordered systems is smaller than

20ps. This is shown in Fig. 9 where the thermal conductivities calculated for two samples of

a-G as a function of the correlation time are depicted.

Figure 9: Calculated Green-Kubo thermal conductivity (with no quantum corrections) as a
function of correlation time for a-G samples with q̄3 = 0.55 and 0.87 at 300 K. Blue lines
represent the results of independent simulations while the red thick lines are the ensemble
average.
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Validation steps

As a preliminary step, we investigated the size-dependence of the thermal properties of a-G

and verified that dimension of the samples here analyzed is large enough to guarantee that

all the properties calculated are well-converged with respect to the system size. In order

to show this, we focus on the room-temperature thermal conductivity by the Green-Kubo

(GK) method (without quantum corrections) for two systems with unalike value of triatic

order. In Fig. 10, the values of thermal conductivity are shown as a function of the number

of atoms in the simulation cell. Each point of the curve is the average over three different

systems generated independently and characterized by the same value of q̄3 (within a 0.02

uncertainty). The conductivity of each system is computed using six trajectories as long as

10ns. In both case studies, the size of the systems employed in our work (marked by a ver-

tical dashed line) lies well within the range of convergence. Eventually, the selected system

size to perform our investigation was set to ∼10000 atoms, so as to keep the computational

burned at a reasonable level.

We also performed the calculation of the Green-Kubo thermal conductivity of crystalline

graphene as benchmark for the adopted force-field. The corresponding calculated value κ0

is used in this work as a reference for the conductivity of a-G samples. Specifically, we

considered two samples with 10032 and 47473 atoms, respectively. Heat correlations were

computed along six independent MD runs as long as 100ns to get converged conductivities.

Our calculated values are 2500 ± 120 W/(m ·K) and 2660 ± 130 W/(m ·K), for the smaller

and larger system, respectively. As a matter of fact, they are in really good agreement with

previous estimations, which range in the interval 2600-3050 W/(m ·K)32,45–54 and have been

obtained with a similar computational setup, namely: by equilibrium MD and optimized

Tersoff potential. Interesting enough, a similar good agreement is also found with other

investigations where a different simulation protocol was used: by means of non-equilibrium

MD simulations, a value for thermal conductivity of pristine graphene was obtained in the
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Figure 10: (colSuor online) Green-Kubo thermal conductivity (with no quantum corrections)
for a set of a-G samples with q̄3 = 0.55 and 0.87 as a function of the system size. The dashed
vertical line denotes the size of the systems investigated in this work.
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range 2600- 3050 W/(m ·K)).45–47 All simulation data lie well within the experimentally

reported range of ∼2500 - 5000 W/(m ·K).51,54,72,73
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