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Edge effect on thermal transport in graphene nanoribbons: A phonon
localization mechanism beyond edge roughness scattering
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Equilibrium molecular dynamics simulations show that graphene nanoribbons (GNRs) with zigzag

edges have higher thermal conductivity (k) than armchair-edged ones,

and the difference

diminishes with increasing temperature or ribbon width. The dominant phonon wavelength for
thermal transport can be much longer (by orders of magnitude) than the difference between the
“roughness” of smooth zigzag and armchair edges. Therefore, the roughness scattering theory is
not sufficient to explain the largely different x of GNRs with different edge chiralities. Cross-
sectional decomposition of the steady-state heat flux shows significant suppression of thermal
transport at edges, especially in armchair ones. This behavior is explored by phonon spectra
analysis. Considerable phonon localization at edges is concluded to underlie the edge-chirality
dependent k of GNRs. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4732155]

Graphene has been recognized as a potential substitute
for silicon in the electronics industry, mainly owing to its
outstanding electronic and thermal properties.'™ The tunable
band-gap opening and edge-chirality dependent electronic
property of graphene nanoribbon (GNR), a narrow strip of
graphene, makes the vast application of graphene-based
devices even more promising."® GNR has also been pre-
dicted to have edge-chirality dependent thermal conductivity
(x), which was mostly predicted to be higher in zigzag-
edged GNRs (zGNR) than armchair-edged ones (aGNR),
i.e., Ak = K.gnr — Kagng > 0, though the underlying mecha-
nism remains to be an open question.*’~°

The notable difference between the topology of zigzag
and armchair edges can lead people to attribute Ax to the
surface/edge roughness scattering as usually seen in
nanostructures.'®'? As for thermal transport, the considera-
tion of the surface/edge roughness scattering is usually mean-
ingful only when the RMS height of the surface/edge
variation (0) is comparable to the dominant phonon wave-
length (Age,) for carrying heat. For narrow GNRs, the thermal
conductance (G) can be estimated by integrating the Landauer

formula over the entire first Brillouin zone (FBZ) as”'*
vg (k) of*(T)
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where v,, &, iw, and f° are the group velocity, transmission
probability, energy, and distribution of the phonons, respec-
tively. We consider phonons with a sinusoidal dispersion,
(k) = @paesin(ka/2), with a denoting the lattice constant
of graphene (2.46 A) and W, = 250 THz the cutoff angular
frequency.'® The form of f° depends on whether the system
is quantum or classical'® and Z is taken to be a constant.
Figure 1 indicates that long wavelength phonons
(Adgom = 1 nm) dominate thermal transport in GNRs. The
wave nature of phonons indicates that it is beyond the resolu-
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tion of those phonons with a A much longer than the ¢ of the
smooth edges of the GNRs (d.gvr ~ 0.2 A, d.gvr ~ 0.6 A)
to distinguish their edge structure, and hence, edge rough-
ness scattering should be excluded as the cause for the large
Ax observed in previous studies using molecular dynamics
(MD) or Green’s function method.**!”!® A mechanism rela-
tively independent to 4 will be explored in this work.

It should be noted that previous MD studies on Ak
mainly used non-equilibrium technique, which might suffer
severe size effect due to the strong phonon—thermal bath
scattering and the applied temperature bias induces
extremely high temperature gradient and, hence, seriously
inhomogeneous thermal strain in the nanosized simulation
cells.*'”'8 Unfortunately, the x of GNR relies greatly on
system length and strain,'® and it is not clear whether these
factors will affect the validity of those MD studies qualita-
tively. Herein, we use the LAMMPS package'® to perform
equilibrium MD simulations to calculate the k¥ of GNRs with
the Green-Kubo method.?>*' The optimized Tersoff poten-
tial parameters,'> which are characterized by more accurate
phonon dispersion and anharmonicity than the original set,??
are used to model C-C interactions. The periodic boundary
condition (bc) is applied to the length direction and free bc is
used for the other two directions. x is calculated from the
longitudinal (subscript L) heat current autocorrelation func-
tion (HCACF) by

KL = k\;z JT<JL( )J1(0))dz, 2)

where V and T are the volume and temperature of the GNR,
and kp is the Boltzmann constant. The full heat current vec-
tor J is computed as>

:é{Zf)}ei—i—%Zr,} +Zr,j (ijk) - },

iJ,i#] ij,k
(3

© 2012 American Institute of Physics

Downloaded 02 Jul 2012 to 128.46.184.5. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4732155
http://dx.doi.org/10.1063/1.4732155
http://dx.doi.org/10.1063/1.4732155

013101-2 Wang, Qiu, and Ruan

= Classical SN
= = =Quantum, 300 K| armchair

o [111111 Quantum, 500 K \

2 1t -

©

>

IS

>

O

e

@

N

©

£

s)

z

0 0.5 1 1.5 2
A = k2w (nm™Y)

FIG. 1. Normalized cumulative thermal conductance (G) as a function of
the reciprocal phonon wavelength, it= k/2m.

where ¥ and e denote the velocity and energy of the atom i,
and 7 and F are the distance and the two/three-body interac-
tion between different atoms (7, j, or k). The GNR is first
relaxed at zero pressure and prescribed temperature via the
Nosé-Hoover thermostat®** for 0.8 ns (0.4 fs/step). Then it
is switched into the NVE ensemble for another 10.8 ns of
which the last 10ns are used to calculate the HCACF. We
have found that an autocorrelation (AC) length shorter than
5ns can result in largely inaccurate results, thus a sufficiently
long AC length is crucial for the validity of this method.”®
We have also checked the length (/) dependence of k, and a
saturating trend starts when /> 6.0 nm but longer / suffers
much less statistical fluctuation. A system length of 15 nm is
used for all simulations in this work. This method does not
need thermal bath during the data production process, result-
ing in much less phonon—thermal bath scattering and thermal
strain inhomogeneity, which is advantageous to previous
MD works.*!"®

We compare the k of aGNRs and zGNRs in Fig. 2. As
shown in Fig. 2(a), both k,gvg and k.gyg decrease with T,
while the latter is always higher. The T dependence is mainly
due to the enhanced Umklapp scattering, and it affects
zGNR more strongly than aGNR so that the x of them even-
tually becomes the same at temperatures higher than 600 K,
when Umklapp scattering dominates. These results agree
qualitatively with previous MD simulations,'”'® though they
obtained lower k due to the size effect or the different intera-
tomic potential used. Figure 2(b) shows that x increases with
width for both types of GNRs. The x of bulk graphene is
also computed by applying the periodic bc to the width
direction, and the values are essentially the same for the zig-
zag and armchair directions (~1200 W/m-K) at 300 K. This
indicates that the presence of edges in GNR breaks the iso-
tropy of x of bulk graphene, endowing it with chirality and
width dependence.

Noting that Eq. (3) can be used to compute the local
heat flux vector for a specific group of atoms, we calculate
the cross-sectional distribution of the longitudinal heat flux
in GNRs, i.e., o« =Local J/Total J. As shown in the inset of
Fig. 3, the cross-section of a GNR is uniformly divided into
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FIG. 2. (a) and (b) The x of aGNRs and zGNRs at different T
(width=4nm) and for different GNR widths (7'=300K). 15 independent
simulations are performed to account for the statistical fluctuation of the
MD results. The inset shows how aGNR and zGNR are cut from graphene.

eight columns, and a constant heat flux (1.0eV/ps) is added
to or subtracted from either end by directly rescaling the ki-
netic energy to establish a steady-state heat conduction con-
dition with constant heat flow. The « for aGNRs and zGNRs
is plotted in Fig. 3, and we note that the heat flow near edges
is significantly suppressed, especially in aGNRs. Similar
phenomenon has been reported in Si/Ge core-shell nano-
wires, Si nanowires, and nanotubes, where phonon localiza-
tion was found to suppress the heat transport near the surface
of the nanowire or nanotube greatly.”>*” Here, our results
suggest that smooth edges in nanoscale 2D materials can
also play a crucial role in thermal transport.

To further explore the underlying mechanism, we calcu-
late the phonon vibrational density of states (vDOS)** and
the phonon participation ratio (p).%® The former is calculated
from the Fourier transform of the velocity-velocity AC
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FIG. 3. Cross-sectional heat flux distribution in aGNRs and zGNRs at vari-
ous temperatures. The inset shows the simulation domain setup for these
calculations.
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functions, and the latter, defined for each eigen-mode (7)), is
computed as

2

= NZ Z € iy | s “)
i ¢

where ¢, is the eigen-vector component of the yth normal
mode of the lattice vibration in polarization & (x, y, or z), and
i sums over all the atoms of interest. We use the superposed
* symbol to denote complex conjugate in this work. By defi-
nition, p, = 1 if the yth mode is completely delocalized and
p, = 1/N for complete localization. As shown in Fig. 4(a),
the vDOS is almost the same for bulk graphene, aGNR and
zGNR at most frequencies except strong peaks or valleys
present in both aGNR and zGNR while absent in bulk gra-
phene near the center and the tail of the vDOS. Figure 4(b)
shows that these modes are localized, which cannot transport
thermal energy as efficiently as the delocalized ones.”>**
Based on Eq. (4), we can evaluate the spatial distribu-
tion of eigen-modes in a specific range, I' = {y : p, < pc},

by
* .y
Ciey€ily
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where p. denotes a criteria for localization. In Fig. 4(c), we
plot the ®:_. for the modes within I' = {y : p, < 0.4} for
aGNR and zGNRs, and I' = I'y;gyg U I'.gyr for graphene,
where a large value of @ indicates a high concentration of
the corresponding set of eigen-modes at atom 7. It is obvious
that the localized modes indicated in Fig. 4(b) are localized
on the edges of GNRs and are stronger in aGNR than in
zZGNR. Moreover, the magnitude of @ decreases exponen-
tially with the distance to edges, which results in less sup-
pression of thermal transport in the central region of GNRs.
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FIG. 4. (a) and (b) The vDOS and the phonon participation ratio of a bulk
graphene, aGNR, and zGNR. (c¢) The spatial distribution (®) of modes
within I' = {y : p, < 0.4} for aGNR and zGNRs, and I = T',gnr U Togne
for graphene. The height in (c) corresponds to the magnitude of localization
at that position (X,y).
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These phonon spectra analyses combined with the non-
uniform heat flux distribution shown in Fig. 3 indicate that
the strong edge localization of phonons suppresses thermal
transport in GNRs greatly and is responsible for the Ax
between aGNR and zGNR. Besides, localized modes can
induce inelastic phonon scatterings at the boundary, which
reduces « if the interaction is anharmonic.?~*°

To summarize, we conducted equilibrium MD simula-
tions with the optimized Tersoff potential and confirmed that
x of zGNRs is higher than that of aGNRs with the same
width at a wide range of temperature, though x was found to
be the same for the zigzag and armchair directions in bulk
graphene. Edge roughness scattering should be excluded as
the reason for such phenomenon, since the dominant phonon
wavelength estimated from the Landauer formula can be
orders of magnitude longer than the difference between the &
of smooth zigzag and armchair edges, and hence, it lacks the
resolving power to distinguish between them. By decompos-
ing the heat flux along the width direction of a GNR, we
observed strong suppression of thermal transport at edges.
Analyses on the vDOS and the participation ratio revealed
strong localization of phonons in regions near and at the
edges of GNRs, especially aGNRs, which suppresses thermal
transport. Besides, the enhanced phonon scattering by those
localized modes can further reduce x. Our work revealed the
importance of edges to thermal transport in GNRs and indi-
cates an efficient way to tune the thermal property of 2D
materials by engineering the edges.
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