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ABSTRACT

Amorphous materials feature localization of electrons and phonons that alter the electronic, mechanical, thermal, and magnetic properties.
Here, we report calculations of the in-plane thermal conductivities of monolayer amorphous carbon and monolayer amorphous boron
nitride, by reverse nonequilibrium molecular dynamics simulations. We find that the thermal conductivities of both monolayer amorphous
carbon (MAC) and monolayer amorphous boron nitride (ma-BN) are about two orders of magnitude smaller than their crystalline counter-
parts. Moreover, the ultralow thermal conductivities are independent of the temperature and strain due to their extremely short heat carrier
mean free paths. The relation between the structure disorder and the reduction of the thermal conductivity is analyzed in terms of the
vibrational density of states and the participation ratio. The ma-BN shows strong vibrational localization across the frequency range, while
the MAC exhibits a unique extended G� diffuson mode due to its sp2 hybridization and the broken E2g symmetry. The irregular vibrational
patterns are also analyzed. The present results may enable potential applications of MAC and ma-BN in thermal management.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0089967

Two-dimensional materials show diverse thermal conducting prop-
erties. For example, graphene and monolayer h-BN possess very high
thermal conductivity (j ¼ 2000–5000Wm�1 K�1 for graphene1–4 and
�750Wm�1 K�1 for h-BN5,6). The high thermal conductivity makes
these materials useful in heat-removal applications in nanodevices.7–12

Meanwhile, some 2D materials, like SnSe, 2D tellurium, selenene, sta-
nene, and MoO3, exhibit a low j, which is desirable for thermoelectric
devices and thermal protective barriers in nano- and micro-scale
devices.13–16

There have been several theoretical studies on the thermal con-
ductivity of monolayer amorphous carbon (MAC) and 2D amorphous
boron nitride (a-BN) using atomic-structure models obtained by
amorphization of crystalline models.17–20 These amorphization pro-
cesses produce either a typical Zachariasen continuous random net-
work (Z-CRN)21 or a defective instead of an amorphous structure.
Recent experiments identified monolayer amorphous carbon (MAC)
as a CRN structure with embedded nanocrystallites instead of a pure

Z-CRN structure in Ref. 22. Recent theoretical work on a-BN reveals
the absence of crystallites and the presence of pseudocrystallites,
namely, honeycomb structures made of random B–N, B–B, and N–N
bonds (noncanonical BN hexagons).23 Thus, the thermal transport
properties of MAC and a-BN are still an open question.

In this work, we study the thermal transport of 2D amorphous car-
bon and boron nitride with newly established atomic models,22,23 using
reverse nonequilibrium molecular dynamics (RNEMD) simulations.
We found that the thermal conductivities of these amorphous materials
are significantly lower than those of the corresponding crystalline
monolayers and are insensitive to temperature, in contrast to the promi-
nent temperature dependence of their crystalline counterparts. The
reduction in thermal conductivity originates from the shorter phonon
lifetime and significant localization of vibrational modes. Due to the sp2-
hybridized carbon network and the absence of the E2g symmetry caused
by amorphousness, MAC exhibits a unique high-frequency extended G�

mode that resembles theGmode of graphene.
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The atomic structures of MAC and ma-BN are taken from recent
works,22,23 where they were generated by kinetic Monte Carlo (kMC)
simulations. Representative equilibrium structures of MAC [CRN
with nanocrystallites, as shown in Fig. 1(a)] and ma-BN [CRN with
pseudocrystallites, as shown in Fig. 1(b)] are used in subsequent simu-
lations. In the RNEMD simulations, interatomic interactions are
described by the optimized Tersoff potential developed by Lindsay
and Broido24 for graphene and MAC, and the extended Tersoff poten-
tial (BN-ExTeP25) for h-BN and ma-BN. Thermal conductivity was
calculated by the RNEMD based on the Muller–Plath algorithm,26 as
implemented in Large-Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).27 The periodic supercell for thermal conductiv-
ity calculations is depicted in Fig. 1(c) (see Methods in the supplemen-
tary material for details).

The thermal conductivities of graphene and h-BN have been stud-
ied extensively.1–6,28–36 We employed the same potential for crystalline
and amorphous structures to make the thermal conductivities compara-
ble. The calculated thermal conductivity of crystalline graphene is
2864Wm�1 K�1 at 300K, while the extrapolated phonon mean free
path (MFP) for graphene is 516nm. Formonolayer h-BN, the calculated
thermal conductivity is 1985Wm�1 K�1 at 300K, and the phononMFP
is 484nm. The calculated j of h-BN is larger than both experimental5,6

and equilibrium MD (EMD) results.34 We attribute this discrepancy to
the different potentials (optimized Tersoff vs BN-ExTeP used in this
work). The optimized Tersoff is not used here because ma-BN becomes
chain-like and cannot maintain its characteristic pseudocrystallites
structures embedded in a pseudo-CRN.23 For both graphene and h-BN,
the thermal conductivities decrease with increasing temperature, as
shown in Fig. 2(a). The fitting curves obey power laws of T�1:23 for gra-
phene and T�2:28 for h-BN. The power-law reduction of j indicates
intensive phonon scattering and shorter phononMFP at higher temper-
atures, which is qualitatively consistent with experimental data.2,3,5,6

The calculated thermal conductivities of MAC and ma-BN are
shown in Fig. 2(b) as functions of temperature. The calculated j are

FIG. 1. Atomic structures of MAC and
ma-BN. (a) and (b) Typical amorphous
structures for MAC and ma-BN, respec-
tively. The sizes of the periodic cells are
45� 45 Å2. The green regions are the
crystallites of MAC, and the blue regions
are the pseudocrystallites of ma-BN.
Pentagon and heptagon are colored in
yellow and orange, respectively. (c) A typi-
cal supercell of amorphous materials
employed in the RNEMD simulation of
thermal conductivities. The heat is injected
from the middle red bin (“hot” region), and
the yellow arrows indicate the heat flow
along x-directions toward the blue bins in
which the heat sinks (“cold” regions).

FIG. 2. Thermal conductivities as functions of temperature and strain. (a)
Graphene and h-BN. (b) MAC and ma-BN. (MAC is unstable at T> 500 K, thus j
values are not shown.) The low-T region in (b) is marked by yellow to indicate the
neglect of quantum corrections. (c) 300 K thermal conductivities at different strains.
The error bars represent the standard deviations of ten independent calculations.
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about 13.3Wm�1 K�1 for MAC and 7.2Wm�1 K�1 for ma-BN at
300K. Both of these values are two orders of magnitude lower than their
crystalline counterparts. The large reduction of j is attributed to the
amorphous atomic arrangements, which encumber the formation of
delocalized phonons and lead to intrinsically short phonon MFP. In the
RNEMD framework, no quantum correction at low temperatures is
considered,37 since it is assumed to be negligible for amorphous materi-
als;17,38 further studies are needed to fully resolve the low-temperature
thermal conductivities. The higher j of MAC compared with that of
ma-BN may be due to the longer carrier MFP [see Fig. S1(a)]. These j
values are comparable to some graphene polymorphs like graphdiynes39

but are higher than the ultralow j of amorphous macromolecules and
Kapitza resistance of amorphous Si/Ge interfaces.40,41

Whereas the thermal conductivities of graphene and h-BN drop
off as functions of temperature, the j values of MAC and ma-BN are
largely temperature-independent [Fig. 2(b)], except for the slight
reduction at T> 600K for ma-BN. The temperature independence of
j for MAC is consistent with the results for strongly defective gra-
phene reported in Ref. 19. On the contrary, MAC in the Z-CRN struc-
ture exhibits distinct thermal transport properties, including the value
and the temperature dependency of j.17 Thus, the thermal conductiv-
ity of amorphous 2D materials may serve as an indicator of their
atomic structures. The j values of MAC and ma-BN are also indepen-
dent of compressive and tensile strains [Fig. 2(c)], distinct from other
low-j materials like silicene and a-Ag2S.

42,43 The z-direction ripples
have negligible influence on the in-plane heat transport (Fig. S3), indi-
cating intrinsically short carrier MFPs and carrier localization
lengths.44–48 We, thus, infer that substrates would have a minor effect
on the low thermal conductivities of MAC and ma-BN.

The mechanism of heat transport in amorphous materials is fun-
damentally different from crystals. Because of the lack of periodicity,
the q-vector is no longer a good quantum number in amorphous
materials, whereby phonons as the quasiparticle of lattice vibrations

are ill-defined;49 the concept of vibrational density of states (VDOS) is
still applicable, though. The widely adopted theory of heat transport in
disordered solids was proposed by Allen and Feldman in 1993.50 They
categorized the heat carriers into three types: propagons, diffusons,
and locons. Propagons are low-frequency vibrational modes in analogy
to the wave-like phonons, while diffusons are of mid-frequency and
carry the heat diffusively. Locons are high-frequency vibrational modes
and spatially localized; they contribute negligibly to thermal conductiv-
ity. As shown below, the low-frequency out-of-plane (ZA) mode, serv-
ing as the dominant heat carriers in crystalline graphene and h-
BN,5,31–33 cannot propagate freely in MAC and ma-BN, thus heat can-
not be transported effectively and results in the low thermal conductivi-
ties. The border between propagons and diffusons is called “Ioffe–Regel
crossover,” and the boundary between locons and extendons is called
“mobility edge”51 [see Fig. 3(c)].

We calculated the VDOS of MAC and ma-BN, to understand
their low and temperature-insensitive thermal conductivities. As
shown in Figs. 3(a) and 3(b), the VDOS of both graphene and h-BN
shows characteristic peaks, namely, the high-frequency optical modes
near 50THz and the ZA and out-of-plane optical (ZO) mode at
�8 and 16THz, respectively. The lifetime of heat carriers is inversely
proportional to the width of the VDOS peaks,7,18,52,53 so are their con-
tributions to the thermal conductivity. As for MAC and ma-BN, these
characteristic peaks either broaden severely or even disappear, as
shown in Figs. 3(a) and 3(b), respectively, indicating a decrease in car-
rier lifetimes as well as the MFP,54 therefore resulting in low thermal
conductivities. The VDOS alone, however, cannot explain the order-
of-magnitude difference in the thermal conductivities of crystalline
and amorphous materials because the nonhomogeneity and character-
istic feature of amorphous structures are not reflected in the VDOS.

We then analyzed the calculated participation ratio (PR). Defined
as the fraction of atoms participating in a particular vibrational mode,
the PR measures the localization strength of vibrational modes, fully

FIG. 3. The vibrational density of states
(VDOS) and the participation ratio (PR).
(a) and (c) Graphene and MAC. (b) and
(d) h-BN and ma-BN. In (c), three
extended regions of MAC diffusons are
highlighted in light blue, orange line labels
the Ioffe–Regel crossover, and black
dashed line labels the mobility edge.
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reflecting the nonhomogeneity in MAC and ma-BN. The PR of a spa-
tially localized vibrational mode scales inversely with the number of
atoms; the PR of a delocalized mode is of order unity.49 As shown in
Fig. 3(c), the calculated PR for graphene is equal to 1 across the fre-
quency range, reflecting the delocalization of all the vibrational
modes,17 rationalizing graphene as the 2D material with the highest
thermal conductivity. The calculated PR of h-BN is not uniformly
1 but is always larger than 0.4 in most of the frequency ranges, see
Fig. 3(d). Vibrational modes in h-BN are also delocalized, but not as
perfectly as in graphene. The inequivalence of boron and nitrogen and
the resulting sublattice symmetry breaking may be the reason for the
lower PR of h-BN. The low and nonuniform PR for h-BN is the one
possible reason for its smaller thermal conductivity than graphene.

The calculated PRs of amorphous materials show prominent
reduction compared with their crystalline analogs, revealing the signif-
icant localization of vibrational modes in frequency space. It is not sur-
prising to observe strong localization in amorphous materials due to
the lack of periodic potential. The disorder-induced localization is not
limited to electronic states as originally proposed by Anderson,44 but
is also applicable to spin and vibrational waves in disordered media.17

The calculated PR for ma-BN is shown in Fig. 3(d); it remains smaller
than 0.2 across the whole frequency range, reflecting the additional
localization by structural inhomogeneities. Within the high-frequency
regime>40THz, the PR is close to zero; such modes are locons.50 In
the low-frequency regime below 15THz, the PR is still sizable
(0.1–0.2) compared to the corresponding PR of h-BN. Vibrational
modes within this regime still propagate, but to a limited extent. These
propagons should be the major contributor to the low thermal con-
ductivity of ma-BN. The lower PR of ma-BN may originate from its
unique pseudocrystallites, which are structurally more disordered than
the crystallites in MAC.

The calculated PR of MAC shows rich features [Fig. 3(c)]. In the
low-frequency regime (0–8THz), the PR is close to zero. There are

three regions with large values of PR, as highlighted by blue in Fig. 3
(c). These delocalized vibrational modes (PR> 0.4 can be regarded as
delocalized17) are characteristic of MAC. The prominent PR plateau at
45–55THz (or 1501–1668 cm�1) corresponds to diffusons, whose fre-
quency range coincides with the well-known G mode of graphene
(1580–1600 cm�1). The Raman active Gmode originates from an sp2-
bonding.55 MAC supports the activation of the G mode because it is a
sp2-bonded carbon network. Disorders and impurities can split the G
mode into G0 (1583 cm�1) and D0 modes (1620 cm�1),56,57 while the
small amount of non-sp2 carbon atoms can broaden the G mode. The
amorphousness of MAC merges these modes to form an extended PR
plateau as seen in Fig. 3(c). We labeled these extended modes in MAC
as the G� mode to distinguish it from the graphene G mode. The
amorphous lattice of MAC breaks the E2g symmetry of graphene; thus,
the regular in-plane bond stretching of the G mode is replaced by the
irregular out-of-phase vibration of the G� mode [Fig. 4(c)]. The G�

mode is also supported by prior experimental observations of the
broadened D and Gmodes in MAC.22,58

Vibrational modes in amorphous materials are no longer con-
strained by crystalline symmetry; thus, complex vibrational patterns
that are forbidden in a crystal can emerge. The eigenvectors of vibra-
tional modes are another complementary metric for illustrating the
localization in real space and can be obtained by solving the secular
equation of the dynamical matrix. As shown in Figs. 4(a), 4(b), 4(e),
and 4(f), the vibrational patterns of propagons in MAC and ma-BN
show a certain degree of periodicity;49 the atoms vibrate along the
same direction within each subregion, i.e., the movements are in-
phase. These vibrational modes are not uniform due to the nonhomo-
geneity imposed by nanocrystallites (MAC) and pseudocrystallites
(ma-BN). These highly localized propagons hinder heat transport,
explaining the two-orders-of-magnitude reduction of thermal conduc-
tivities. Patterns of diffusons lack periodicity, they feature out-of-phase
movements with the atoms vibrate along random directions [Figs. 4(c)

FIG. 4. Vibrational patterns of MAC and ma-BN. Red and blue arrows represent the eigenvectors of each atom. (a)–(d) For MAC and (e)–(h) for ma-BN. (a) and (b) Two low-
frequency propagons with collective motions. (c) A mid-frequency diffuson with irregular motion, corresponding to the extended G� mode. (d) A high-frequency locon mode. (e)
and (f) Two low-frequency propagons of ma-BN. (g) A mid-frequency diffuson of ma-BN. (h) A locon of ma-BN.
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and 4(g)], while locons are much more spatially confined and also
vibrate irregularly [Figs. 4(d) and 4(h)]. These amorphous vibrational
patterns are in line with the Allen–Feldman picture.50,51

In summary, we present a comprehensive investigation of the
vibrational and thermal transport properties of MAC and ma-BN.
We find that the thermal conductivities of MAC and ma-BN are
temperature-/strain-independent and are about two orders of mag-
nitude smaller than their crystalline counterparts at room temper-
ature. Our analysis of the VDOS shows that the reduction of the
thermal conductivity can be explained by the short lifetime of heat
carriers in amorphous structures. Moreover, the amorphous vibra-
tional modes exhibit localization evidenced by the reduction in the
PR. Different from the strong localization of ma-BN across the fre-
quency range, MAC exhibits three extended diffuson modes. The
characteristic G� mode originates from the sp2 carbon network and
the broken E2g symmetry. Graphene and h-BN show high thermal
conductivities, which is desirable in heat dissipation applications;
for their amorphous counterparts, we show that MAC and ma-BN
possess intrinsic low thermal conductivities that do not vary with
temperature and strain, thus, desirable in thermal-isolation appli-
cations. The intrinsic low thermal conductivities of MAC and
ma-BN should also be immune to the interface of hybrid lateral het-
erostructures, as shown in other works.19 In addition to the electrical
insulating properties and good stability at room temperature,22,23

MAC and ma-BN are promising candidates for thermal management
applications.

See the supplementary material for the details of methods of ther-
mal conductivity calculations and additional data.
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