Cove-edge-induced vibrational confinement and weakened collective phonon transport

in graphene nanoribbons
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Periodic cove edges alter heat conduction in graphene nanoribbons in ways that are not fully
captured by geometric boundary scattering. We investigate this effect using a graphene-nanoribbon-
specific neuroevolution potential together with molecular dynamics, phonon Monte Carlo simula-
tions, lattice dynamics, and full linearized phonon Boltzmann transport calculations. Cove-edged
graphene nanoribbons exhibit lower thermal conductivity than pristine armchair nanoribbons over
the length and width ranges considered. The conductivity reduction obtained from molecular dy-
namics is larger than that predicted by the semiclassical Monte Carlo model. The residual fraction
is greatest at short lengths and small widths, whereas the Monte Carlo boundary contribution
becomes relatively more important as either dimension increases. Participation ratios and real-
space eigenvectors identify partially confined and strongly edge-confined modes in the low- and
intermediate-frequency ranges, showing how the cove geometry reconstructs the vibrational eigen-
states beyond a purely geometric boundary-scattering picture. The cove-edged ribbons also show
a smaller collective correction beyond the relaxation-time approximation and a lower transport-
weighted Normal-to-Umklapp scattering-rate ratio. These results indicate that cove-edge patterning
changes both the vibrational eigenstates and the intrinsic scattering balance, thereby reducing the
mode-coupling correction beyond the independent-mode approximation.
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I. INTRODUCTION

Controlling heat conduction in low-dimensional ma-
terials requires understanding not only the magni-
tude of thermal conductivity but also the microscopic
mechanisms through which phonons transport energy.
Graphene nanoribbons (GNRs) provide a representative
platform for this purpose because their thermal and
electronic properties can be strongly tailored through
lateral confinement and atomic edge engineering [1-4].
To reduce thermal conductance and improve thermo-
electric performance, several structural strategies have
been proposed for GNRs, including defect or topological-
line-defect engineering, double-bend geometries, and
isotope-doped GNR superlattices [5-7]. In pristine
graphene, heat is predominantly carried by low-frequency
acoustic phonons with long mean free paths [8-10].
Once graphene is patterned into nanoribbons, how-
ever, atomic-scale edge morphology becomes a deci-
sive factor governing phonon propagation. Atomically
sharp edges, reconstructed boundary units, edge rough-
ness, and nanopatterned pores can introduce phonon-
boundary scattering, modify the vibrational spectrum,
and generate spatially confined vibrational states [11-
19]. Previous studies have therefore interpreted edge-
induced reductions in thermal conductivity mainly in
terms of additional boundary resistance and the suppres-
sion of efficiently propagating phonon modes. Whether
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an atomically structured edge can also modify the intrin-
sic phonon collision landscape and the collective charac-
ter of heat transport remains much less understood.

This question is particularly important for systems
in which momentum-conserving Normal (IN) processes
produce an appreciable collective correction beyond
the conventional independent-mode relaxation-time ap-
proximation (RTA). When N processes dominate over
momentum-relaxing Umklapp (U) processes, phonons do
not relax independently but can become strongly cou-
pled through the collision operator, giving rise to col-
lective contributions beyond the independent-mode RTA
description [20-24]. Such behavior has been actively in-
vestigated in high-quality low-dimensional and layered
materials [25, 26]. Atomic edge modulation may influ-
ence this regime through two related mechanisms. In ad-
dition to reflecting propagating phonons at the external
boundary, an atomically structured edge can reconstruct
the vibrational eigenstates, alter their group velocities
and spatial character, and modify the available three-
phonon scattering phase space. Edge-confined vibrations
may also hybridize with extended acoustic modes and
change the relative importance of N and U scattering. A
direct connection among atomic edge geometry, confined
vibrational modes, and the collective correction retained
by the full linearized phonon Boltzmann transport equa-
tion (LBTE) has not yet been systematically established
for GNRs.

Cove-edged graphene nanoribbons (Cove-GNRs) pro-
vide a controlled model system for addressing this prob-
lem. Their periodically modulated edges introduce de-
terministic atomic-scale variations in local width and
boundary orientation while preserving translational peri-
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odicity along the nanoribbon, allowing edge-induced vi-
brational reconstruction to be distinguished from purely
stochastic roughness scattering. Carbon-backbone mo-
tifs related to Cove-GNRs have become experimentally
accessible through bottom-up solution and on-surface
synthetic strategies, which enable control over ribbon
width, edge periodicity, and chemical structure [27,
28]. Experimentally synthesized Cove-GNRs have ex-
hibited reduced and tunable bandgaps, while the chiral-
ity and arrangement of cove and zigzag edge segments
can significantly influence their carrier-transport proper-
ties [28, 29]. Related atomically precise donor—acceptor
cove-edge nanoribbons have also been investigated as
electron-accepting materials, highlighting their relevance
to nanoscale electronic, optoelectronic, and photovoltaic
applications [30]. From a thermal-transport perspec-
tive, previous studies have shown that edge disorder, lat-
eral confinement, and boundary reconstruction can sub-
stantially reduce the thermal conductivity of GNRs [12—
15, 17]. Nevertheless, the phonon heat transport of Cove-
GNRs remains much less understood than their elec-
tronic properties, particularly regarding whether periodic
cove-edge modulation merely increases geometric bound-
ary resistance or also reshapes the competition between
momentum-conserving and momentum-relaxing scatter-
ing. The carbon-only, unpassivated structures considered
here are idealized models designed to isolate the influence
of the cove-shaped carbon backbone; effects associated
with chemical termination, substrates, and environmen-
tal interactions are beyond the scope of the present work.

Resolving this issue requires a framework capable of
describing both finite-size heat conduction and mode-
resolved anharmonic phonon scattering in nanoribbons
with relatively large and structurally complex unit
cells. First-principles lattice dynamics combined with
the phonon Boltzmann transport equation provides di-
rect access to phonon dispersions, lifetimes, scattering
channels, and lattice thermal conductivity [31-33]. Its
direct application to Cove-GNRs, however, is computa-
tionally demanding because the extraction of high-order
interatomic force constants rapidly becomes prohibitive
as the unit-cell size and edge complexity increase [34, 35].
Molecular dynamics can access substantially larger spa-
tial and temporal scales but does not directly separate
mode-specific N and U scattering or resolve the collec-
tive correction contained in the full phonon collision op-
erator. Semiclassical phonon Monte Carlo (MC) simula-
tions can provide a controlled description of particle-like
geometric boundary scattering, but they do not explic-
itly capture the reconstruction of vibrational eigenstates
caused by the cove geometry. Machine-learning inter-
atomic potentials, particularly the neuroevolution poten-
tial (NEP) [36, 37], bridge these descriptions by provid-
ing near-first-principles accuracy at a computational cost
compatible with large-scale molecular dynamics, force-
constant extraction, lattice-dynamics analysis, and full
phonon Boltzmann transport calculations.

In this work, we construct a GNR-specific NEP by

fine-tuning the pretrained NEP89 potential [38] using
additional structures containing armchair, zigzag, and
cove-shaped edge environments. Molecular-dynamics
and phonon Monte Carlo results are compared to de-
termine how much of the cove-edge-induced conductiv-
ity reduction is reproduced by geometric boundary scat-
tering. Participation ratios and real-space eigenvectors
are used to characterize the resulting vibrational modes,
while full-LBTE and RTA conductivities, together with
transport-weighted N and U scattering rates, are used
to assess the correction arising from mode-to-mode cou-
pling. The calculations show that cove-edge patterning
lowers the thermal conductivity, produces edge-confined
vibrational modes, and reduces both the Normal-to-
Umklapp scattering-rate ratio and the collective correc-
tion beyond the RTA description.

II. METHODOLOGY
A. Construction of the NEP-GNRs potential

A graphene-nanoribbon-specific neuroevolution poten-
tial (NEP), denoted as NEP-GNRs, was constructed by
fine-tuning the pretrained NEP89 model [38]. The ad-
ditional dataset contained monolayer graphene nanorib-
bons with armchair, zigzag, and cove-shaped edges, dif-
ferent ribbon widths, and locally perturbed atomic en-
vironments. Random atomic displacements of approxi-
mately 0.01-0.05 A were applied to the initial structures
to sample local distortions associated with different edge
configurations.

All nanoribbon models considered in this work were
carbon-only structures with unpassivated edges. The
same edge-termination convention was used for the
AGNR and Cove-GNR systems so that their differences
originate from the carbon-backbone geometry rather
than from different chemical terminations. The present
models therefore isolate the intrinsic influence of cove-
edge patterning on phonon transport; the effects of hy-
drogen passivation, functional groups, substrates, and
environmental interactions are beyond the scope of this
work. Isotope disorder was not included in any of the
simulations; all carbon atoms were assigned the same
atomic mass so that the comparison between AGNRs
and Cove-GNRs focuses on the effect of edge geometry.
All structures were fully relaxed before the molecular-
dynamics, lattice-dynamics, and phonon-transport cal-
culations.

To further enrich the dataset with finite-temperature
structural perturbations, short ab initio molecular dy-
namics simulations were performed for two representa-
tive GNR structures at 300 K. The AIMD simulations
employed a time step of 0.5 fs and contained 100 ionic
steps, corresponding to a total duration of 50 fs. Twenty
configurations were uniformly extracted from each tra-
jectory, yielding 40 AIMD configurations. These short
trajectories were used to introduce thermally perturbed



local environments into the fine-tuning dataset rather
than to provide statistically converged finite-temperature
sampling. Configurations from the datasets of Wang et
al. [39] and Liang et al. [40] were also incorporated after
consistency checks and removal of structures with un-
physical local geometries or anomalous reference values.
The final fine-tuning dataset contained 713 configura-
tions.

Reference energies, atomic forces, and virial compo-
nents were calculated using density functional theory
as implemented in VASP. The Perdew—Burke—Ernzerhof
exchange—correlation functional, a plane-wave cutoff en-
ergy of 600 eV, and an automatic k-point sampling
scheme with KSPACING = 0.20 A~! were employed. The
electronic convergence criterion was set to 1076 eV. The
detailed AIMD and single-point DFT input settings are
provided in Sections S1 and S2 of the Supplementary In-
formation.

The pretrained NEP89 model was fine-tuned using
GPUMD for 20,000 generations, with checkpoint po-
tentials saved every 2,000 generations. The predicted
thermal conductivity reached a stable plateau after ap-
proximately 18,000 generations, and the corresponding
checkpoint potential was therefore selected for the sub-
sequent calculations. The same NEP-GNRs model was
used consistently for molecular dynamics simulations,
force-constant fitting, lattice-dynamics calculations, and
phonon Boltzmann transport calculations. The complete
fine-tuning input and hyperparameters are provided in
Section S3 of the Supplementary Information.

B. Molecular-dynamics thermal transport
calculations

The length-dependent thermal conductivity was calcu-
lated at 300 K using a spectral reconstruction method
combining homogeneous nonequilibrium molecular dy-
namics (HNEMD) with the nonequilibrium molecular
dynamics (NEMD)-based spectral heat-current method.
The diffusive spectral thermal conductivity, kqif(w), was
obtained from HNEMD simulations, whereas the spectral
ballistic conductance, G(w), was evaluated from NEMD
simulations. Their ratio defines the effective frequency-
dependent phonon mean free path,

Aw) = de(fg) (1)

Since kair(w) and G(w) are obtained directly from the
atomistic model of each nanoribbon, the influence of the
edge geometry is intrinsically incorporated into A(w).

The thermal conductivity of a nanoribbon with trans-
port length L was then reconstructed as

Throughout this work, the AGNR width W was de-
fined as the transverse distance between the two straight

opposing edges. For Cove-GNRs, the local width varies
periodically along the transport direction; therefore, the
effective width used for comparison with AGNRs was de-
fined as W = (Wiin + Winax)/2, where Wiy and Wiax
are the minimum and maximum transverse distances be-
tween the two opposing edges, respectively. The same ef-
fective thickness, t = 0.335 nm, was used in the MD and
MC calculations, and the nominal cross-sectional area
was defined as A = Wt for both edge geometries.

C. Phonon Monte Carlo simulations and residual
thermal suppression

Phonon MC simulations were performed at 300 K
as a complementary semiclassical model for evaluating
the thermal-conductivity reduction caused by geometric
boundary scattering. To isolate the influence of bound-
ary geometry, the same mode-resolved phonon proper-
ties of pristine graphene, including the phonon frequen-
cies, group velocities, relaxation times, and mode heat
capacities, were used for both AGNR and Cove-GNR
simulations. Consequently, the difference between their
MC thermal conductivities originates from the differ-
ent boundary geometries rather than from edge-induced
changes in the intrinsic phonon spectrum or phonon—
phonon scattering rates.

Phonon particles were characterized by their mode in-
dex A = (q, s), angular frequency wy, group velocity vy,
relaxation time 7,, and mode heat capacity. Intrinsic
phonon scattering was treated within the relaxation-time
approximation. No additional isotope-scattering channel
was included in the MC simulations. The probability
that a phonon in mode A undergoes intrinsic scattering
during a time interval At was calculated as

Pin* =1 —exp <At) . (3)
)
Each simulation employed 2.0 x 10° computational
phonon particles and was advanced for 5.0 x 10* time
steps with At = 0.005 ns, corresponding to a total simu-
lated duration of 250 ns.

For AGNRs, the lateral boundaries were represented
by straight ribbon edges, whereas the periodically modu-
lated cove-shaped profile was explicitly incorporated into
the Cove-GNR geometry. At each boundary collision, the
probability of specular reflection was determined using
the Ziman—Soffer relation,

DPspec = €XP [—4772162 cos? 9} , (4)

where n = 0.1 nm is the boundary roughness parame-
ter, k is the magnitude of the incident phonon wave vec-
tor, and @ is the angle between the incident wave vector
and the local boundary normal. The deterministic cove-
shaped boundary profile was explicitly resolved in the
MC geometry. The parameter 7 = 0.1 nm therefore does
not represent the cove modulation itself, but phenomeno-
logically accounts for unresolved atomic-scale deviations



from the idealized boundary profile. The same roughness
parameter was used for the AGNR and Cove-GNR calcu-
lations so that their difference remained primarily associ-
ated with the deterministic boundary geometry. Diffuse
reflection was applied with probability 1 — pspec. Follow-
ing a diffuse boundary event, the outgoing phonon mode
was resampled from the allowed modes propagating back
into the computational domain.

Because the MC model uses the same pristine-
graphene phonon properties for both edge geometries
and treats phonons as semiclassical propagating parti-
cles, it captures intrinsic relaxation, finite-size transport,
and geometric boundary reflection but does not explic-
itly include the reconstruction of vibrational eigenstates
caused by cove-edge patterning. The MC results there-
fore provide a controlled reference for the conductivity
suppression expected from particle-like boundary scat-
tering.

The total edge-induced conductivity reduction ob-
tained from molecular dynamics and the corresponding
semiclassical boundary-scattering contribution were de-
fined as

AGNR C

AFtotal = KD — KMD > (5)
AGNR C

AkKpd = kMG — KMC - (6)

The residual suppression beyond the semiclassical
boundary-scattering model was then evaluated as

Akres = Akgotal — A’ﬁudy (7)

and the corresponding relative fractions were calculated
from

AI{bd

Mbd N
Here, Akyes denotes the part of the conductivity re-
duction remaining after subtracting the semiclassical
geometric-boundary contribution. Since the MC model
uses pristine-graphene phonon properties for both edge
geometries, this residual contains edge-induced atomistic
effects included in MD but absent from the MC descrip-
tion, including changes in vibrational eigenstates, phonon
dispersion, group velocities, local force constants, anhar-
monic scattering rates, and phonon lifetimes. The vi-
brational character of the nanoribbon modes is examined
below using participation-ratio and real-space eigenmode
analyses.

D. Lattice dynamics and phonon Boltzmann
transport calculations

Harmonic and third-order interatomic force constants
were obtained using the NEP-GNRs potential through
the NEP-kappa workflow [35]. Before force-constant gen-
eration, each structure was relaxed using the trained
potential. A 4 x 1 x 1 supercell was employed, and

500 randomly displaced structures were generated with
a displacement standard deviation of 0.01 A and a min-
imum interatomic distance of 1.1 A. The cutoff radii for
the second- and third-order force constants were 7.0 and
6.0 A, respectively. The force constants were fitted us-
ing hiPhive, and the phonon transport properties were
calculated on a 51 x 1 x 1 wave-vector mesh over the
temperature range from 100 to 1000 K in steps of 100 K.
The complete NEP-kappa input parameters are provided
in Section S4 of the Supplementary Information.

The lattice thermal conductivity was calculated us-
ing Phono3py under both the relaxation-time approxima-
tion and the direct solution of the full linearized phonon
Boltzmann transport equation following the method of
Chaput [33, 41]. Because the nanoribbon simulation
cells contain vacuum in the nonperiodic directions, the
RTA and full-LBTE thermal conductivities were renor-
malized by the factor Acen/(Wt), where Acen is the
total simulation-cell cross-sectional area including vac-
uum, W is the AGNR width or the effective Cove-GNR
width defined above, and ¢ = 0.335 nm is the effective
graphene thickness. Isotope scattering was not included,
and the collision operator therefore contained intrinsic
three-phonon scattering processes only. The RTA ne-
glects the off-diagonal coupling of the phonon collision
operator and treats each phonon mode as relaxing in-
dependently, whereas the full-LBTE solution retains the
mode-to-mode coupling contained in the three-phonon
collision matrix.

Recent first-principles analysis has shown that the ra-
tio kLeTE/KRTA DProvides a useful measure of collective
phonon-transport effects beyond the independent-mode
RTA description [42]. The difference between the full-
LBTE and RTA solutions reflects the contribution of
mode-to-mode coupling neglected by the RTA. Here, we
quantify this relative collective correction as

_ KLBTE — KRTA _
N=——"—""-—=1-—

RRTA (9)
KRLBTE

KLBTE

The quantity 7. is used as a measure of the relative col-
lective correction arising from mode-to-mode coupling. A
larger 7. corresponds to a stronger collective correction
beyond the independent-mode RTA description.

Three-phonon scattering processes were decomposed
into Normal and Umklapp contributions according to
crystal-momentum conservation,

Qi Etq2—q3 =G, (10)

where processes with G = 0 were classified as Normal
processes and those with G # 0 as Umklapp processes.
To minimize representation-dependent differences in the
Normal/Umklapp classification, the AGNR and Cove-
GNR structures were represented using the same axial
periodicity and reciprocal-lattice convention when their
scattering processes were compared.

To emphasize phonon modes with larger heat-capacity
and group-velocity weights, the Normal and Umklapp



scattering rates were averaged using the factor C,\|v)\|2.
The transport-weighted average scattering rate was de-
fined as

> Cxval’Txa

A
)
> Ol
A

where C) and v are the heat capacity and group veloc-
ity of phonon mode A, respectively, and I'y » and 'y x
are its Normal and Umklapp three-phonon scattering
rates. The corresponding transport-weighted Normal-to-
Umklapp ratio was defined as (I'y)/(I'y). This ratio
characterizes the relative predominance of momentum-
conserving and momentum-relaxing scattering among
phonon modes with larger heat-capacity and group-
velocity weights. Because this ratio alone does not
uniquely determine collective transport, it was inter-
preted together with the difference between the full-
LBTE and RTA thermal conductivities.

The spatial character of each phonon mode was quan-
tified using the participation ratio,

(% S le(a 9]
N, (S leialars)P)

where N is the number of atoms in the unit cell and
€ia(q,s) is the normalized eigenvector component of
atom ¢ along Cartesian direction a. Values close to unity
correspond to modes extended throughout the unit cell,
whereas smaller values indicate vibrations confined to a
smaller subset of atoms. The participation ratios were
analyzed together with real-space eigenvectors to distin-
guish extended, partially confined, and strongly edge-
confined vibrational modes.

Compared with conventional DFT-based finite-
displacement calculations, the NEP-kappa workflow
avoids repeated DFT force evaluations during force-
constant extraction; previous benchmarks showed DFT-
level phonon accuracy with a computational-cost reduc-
tion of several orders of magnitude [34, 35].

(T'x) =

P(q,s) = 55 (12)

III. RESULTS AND DISCUSSION
A. Validation of the NEP-GNRs potential

Because the same NEP-GNRs potential was used for
molecular dynamics simulations, force-constant fitting,
lattice-dynamics analysis, and phonon Boltzmann trans-
port calculations, its reliability was assessed at several
complementary levels. We examined the structural cov-
erage of the fine-tuning dataset, the accuracy of the
predicted energetics, the harmonic phonon properties of
graphene and edge-containing nanoribbons, and the sta-
bility of the calculated thermal conductivity during fine-
tuning.

Figure 1(a) shows a principal component analysis
(PCA) projection of the atomic descriptors included in
the fine-tuning dataset. The configurations span a broad
region of descriptor space and cover local environments
associated with pristine graphene-like structures, arm-
chair and zigzag edges, cove-shaped boundaries, and
thermally or randomly perturbed configurations. This
structural diversity is important because the local coor-
dination and bonding environments near reconstructed
edges differ appreciably from those in bulk-like graphene.
The PCA distribution therefore indicates that the fine-
tuning dataset covers both interior and edge atomic en-
vironments encountered in the subsequent AGNR and
Cove-GNR calculations.

The convergence of the fine-tuning process was as-
sessed through the calculated thermal conductivity of
pristine graphene, as shown in Fig. 1(b). Starting from
the pretrained NEP89 model, the predicted thermal con-
ductivity changes rapidly during the early stages of fine-
tuning and subsequently reaches a stable plateau. Be-
yond approximately 18,000 generations, further train-
ing produces no appreciable variation in the calcu-
lated conductivity. The value obtained from the con-
verged model also falls within the range of representa-
tive first-principles and experimental results reported for
graphene, although the literature values span a broad in-
terval because of differences in sample size, isotope com-
position, defect concentration, and measurement or sim-
ulation conditions. The checkpoint obtained after 18,000
generations was therefore selected for the subsequent cal-
culations.

Figure 1(c) evaluates the energetic accuracy of NEP-
GNRs for the configurations included in the parity anal-
ysis. The predicted energies closely follow the DFT ref-
erence values over the full energy range, with an MAE
of approximately 27.0 meVatom™' and an RMSE of
approximately 34.0 meV atom~!. The absence of pro-
nounced systematic deviations indicates that the poten-
tial consistently describes configurations containing both
graphene-like interior environments and reconstructed
edge structures.

The harmonic accuracy of the potential is evaluated
in Figs. 1(d) and 1(e). For pristine graphene, the NEP-
GNRs phonon dispersion reproduces the overall acous-
tic and optical branch structure and follows the refer-
ence DFT frequencies along the I'-M—K-T" path. The
agreement in the low-frequency acoustic branches is im-
portant for thermal-transport calculations because these
modes make a substantial contribution to heat conduc-
tion. For the representative AGNR, the NEP-GNRs dis-
persion also follows the DFT reference along the I'-X
path, indicating that the potential describes the har-
monic vibrational properties of nanoribbons with free
edges. Together with the PCA coverage of cove-edge en-
vironments and the DFT-level energetic validation, these
phonon comparisons support the use of NEP-GNRs for
the structural, vibrational, and thermal-transport calcu-
lations performed below.
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Validation of the fine-tuned NEP-GNRs potential for graphene and graphene-nanoribbon edge environments. (a)

Principal component analysis projection of the atomic descriptors in the fine-tuning dataset. (b) Evolution of the predicted
thermal conductivity of pristine graphene at 300 K during fine-tuning from the pretrained NEP89 model to NEP-GNRs, together
with representative DFT and experimental values reported in the literature [43-45]. (c) Parity plot comparing the energies
predicted by NEP-GNRs with the corresponding DFT reference values. MAE and RMSE denote the mean absolute error and
root-mean-square error, respectively. (d) Phonon dispersion of pristine graphene predicted by NEP-GNRs compared with the
reference DFT result along the I'-M—-K-T" path. (e) Phonon dispersion of a representative armchair graphene nanoribbon
predicted by NEP-GNRs compared with the DFT reference result along the I'-X path.

B. Size- and temperature-dependent thermal
conductivity and residual edge-induced suppression

The atomic structures considered in this work are
shown in Figs. 2(a) and 2(b). A pristine AGNR
with straight, periodic, and unpassivated armchair edges
serves as the reference structure, whereas the Cove-
GNR contains periodically modulated unpassivated cove-
shaped boundaries. Here, “pristine AGNR” refers to the
ideal straight-edged nanoribbon without cove modula-
tion, additional edge disorder, or chemical functionaliza-
tion. The same edge-termination convention is used for
both systems, allowing the effect of the carbon-backbone
geometry to be isolated from that of chemical passivation.
Compared with the straight armchair edge, the cove ge-
ometry introduces deterministic atomic-scale variations
in the local width and boundary orientation. For the
Cove-GNR, the geometric modulation is characterized by
the cove period P.qye, the cove depth d.ove, and the local
vertex angle 6, as indicated in Fig. 2(b). The minimum
and maximum transverse distances between the two op-
posing edges are denoted by Wi, and Wiax, respec-
tively, and the effective width used for comparison with
the AGNR is defined as W = (Winin + Winax)/2.

Figure 2(c) compares the length-dependent thermal
conductivity obtained from the MD-based spectral recon-

struction and phonon MC simulations at a fixed width of
W = 20 nm. In all calculated cases, the thermal conduc-
tivity increases with transport length as phonons with
progressively longer mean free paths contribute to heat
conduction. Cove-GNRs exhibit lower thermal conduc-
tivity than pristine AGNRs over the entire length range
considered, demonstrating that the periodically modu-
lated edge strongly suppresses heat conduction. The dif-
ference between the two structures also becomes more
pronounced with increasing length. Whereas the con-
ductivity of the AGNR continues to increase substan-
tially, the corresponding growth in the Cove-GNR is
weaker. This weaker length dependence is consistent
with stronger suppression of transport channels associ-
ated with relatively long phonon mean free paths.

The comparison between MD and MC helps separate
the semiclassical geometric-boundary contribution from
the remaining atomistic contribution. In the MC cal-
culations, both AGNRs and Cove-GNRs were assigned
the same mode-resolved phonon properties of pristine
graphene, so their conductivity difference arises exclu-
sively from the different geometric boundaries and the
associated semiclassical phonon reflection. The MD sim-
ulations, in contrast, explicitly describe the atomistic vi-
brational dynamics of each nanoribbon and therefore in-
clude edge-induced changes in the vibrational spectrum,
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FIG. 2. Atomic structures and size- and temperature-dependent thermal-transport suppression in graphene nanoribbons with
different edge morphologies. (a) Pristine AGNR with unpassivated straight armchair edges. (b) Cove-GNR with unpassivated
periodically modulated edges. Here, P.ove denotes the cove period, dcove denotes the cove depth, Wiin and Wpax denote the
minimum and maximum transverse distances between the two opposing edges, respectively, and 6 denotes the local vertex
angle associated with the cove modulation. The effective ribbon width is defined as W = (Wmin + Wmax)/2, and the AGNR
and Cove-GNR are compared at the same W. (c) Length-dependent thermal conductivity x at a fixed width of W = 20 nm
obtained from MD-based spectral reconstruction and phonon MC simulations. (d) Length-dependent comparison of the total
MD reduction Aktotal, the boundary reduction predicted by the semiclassical MC model Akpqg, and the resulting effective
atomistic residual Akyes. (€) Corresponding normalized model terms npq and 7res as functions of length. (f) Width-dependent
thermal conductivity at a fixed length of L = 1000 nm. (g) Corresponding width-dependent comparison of Aktotal, Akbd, and
Akres. (h) Normalized model terms npa and 7wes as functions of width. (i) Temperature-dependent thermal conductivity at
fixed ribbon dimensions of W = 50 nm and L = 1000 nm. (j) Temperature-dependent comparison of Akiotal, Akbd, and the
effective atomistic residual Akres. (k) Normalized model terms npa and 7res as functions of temperature. In panels (c), (f), and
(i), red and blue curves denote the MD-based spectral reconstruction and MC results, respectively; solid triangle-marked lines
correspond to pristine AGNRs, whereas dashed circle-marked lines correspond to Cove-GNRs.

anharmonic interactions, and mode hybridization. The
larger conductivity reduction obtained from MD shows
that geometric boundary reflection alone is insufficient
to reproduce the full influence of the cove edge.

The model-based comparison in Fig. 2(d) quantifies
this difference. The total conductivity reduction, Akiotal,
increases with ribbon length, indicating that the ef-
fect of the cove geometry becomes more pronounced
as longer-mean-free-path phonons contribute to trans-

port. The semiclassical boundary-scattering contribu-
tion, Akpg, also increases with length and becomes the
largest absolute component in sufficiently long nanorib-
bons. By comparison, the residual suppression, Ak,
increases more moderately and tends toward saturation.

Here, Ak is defined by the difference between
the MD and MC reductions. It collects the edge-
induced atomistic contributions included in the MD de-
scription but absent from the semiclassical MC model,



such as changes in vibrational eigenstates, phonon dis-
persion, group velocities, local force constants, anhar-
monic scattering rates, and phonon lifetimes. The
participation-ratio and eigenmode analyses below focus
on the vibrational-eigenstate component of this residual
response.

The relative fractions in Fig. 2(e) further illustrate the
length-dependent crossover. At short lengths, the resid-
ual fraction 7, constitutes the larger part of the total
conductivity reduction, whereas the boundary-scattering
fraction 1ny,q is relatively small. As the ribbon length in-
creases, Tpq rises and 7. decreases. This trend shows
that the relative importance of suppression not captured
by the semiclassical boundary model is greatest in short
nanoribbons, while the semiclassical boundary term ac-
counts for an increasing fraction of the total conductivity
reduction as the transport length grows.

Figures 2(f)-2(h) show the corresponding width-
dependent results at a fixed length of L = 1000 nm.
The thermal conductivity increases with ribbon width
for both AGNRs and Cove-GNRs as the boundary-to-
interior ratio decreases and the relative influence of the
edges becomes weaker. Nevertheless, the conductivity of
the Cove-GNR remains lower than that of the AGNR
throughout the studied width range, indicating that the
influence of the periodically modulated edge is not re-
stricted to the narrowest structures.

Figures 2(g) and 2(h) quantify the width dependence
of the conductivity reduction and its normalized com-
ponents. The total reduction, Aktotal, decreases as the
ribbon becomes wider. The residual suppression, Ak, es,
is most pronounced in the narrowest ribbons and de-
creases with increasing width, whereas the semiclassical
boundary contribution, Akpq, remains appreciable over
a broader width range.

The normalized terms reveal the corresponding
crossover. In narrow nanoribbons, 7..s exceeds npq,
indicating that most of the conductivity reduction is
not reproduced by the semiclassical geometric-boundary
model. With increasing width, 7..s decreases, while 7,q
increases and eventually becomes dominant. Together
with the length-dependent results, the MD-MC compar-
ison shows that the relative model residual is largest at
short lengths and small widths, whereas the geometric
boundary term accounts for an increasing fraction of the
total reduction as either dimension increases.

Figures 2(i)-2(k) further examine how this decomposi-
tion varies with temperature at fixed ribbon dimensions
of W = 50 nm and L = 1000 nm. The MD-based
spectral reconstruction and MC simulations both show
a nonmonotonic temperature dependence of the thermal
conductivity over 100-400 K, reflecting the competition
between heat-capacity effects, phonon lifetime changes,
and boundary-limited transport. The decomposition in
Fig. 2(j) shows that both Akpq and Ak remain ap-
preciable over this temperature range. The normalized
terms in Fig. 2(k) indicate that n,q increases from about
30% at 100 K to about 46% at 400 K, whereas 1,.s de-

creases from about 70% to about 54%. Thus, the resid-
ual edge-induced suppression is more prominent at lower
temperature, while the semiclassical geometric-boundary
contribution becomes increasingly important as temper-
ature rises. This trend is consistent with enhanced in-
trinsic phonon—phonon scattering at higher temperature,
which reduces the relative weight of long-lived phonon
modes that are more sensitive to residual edge-induced
spectral and dynamical modifications.

C. Edge-confined vibrational modes in Cove-GNRs

To examine vibrational features that are absent from
the semiclassical boundary model, we analyze the phonon
dispersions, participation ratios (PRs), and representa-
tive real-space eigenvectors of the AGNR and Cove-GNR.
The PR measures the fraction of atoms involved in a
phonon mode: values close to unity correspond to vi-
brations distributed throughout the unit cell, whereas
smaller values indicate that the atomic displacements are
concentrated on a smaller subset of atoms. Because the
modes retain a well-defined wave vector along the peri-
odic direction, a reduced participation ratio is interpreted
as spatial confinement within the nanoribbon unit cell
rather than complete localization along the transport di-
rection.

Figure 3(a) compares the frequency-resolved average
participation ratios of the two nanoribbons. The pris-
tine AGNR maintains relatively large participation ra-
tios over a broad frequency range, including the low-
frequency region containing acoustic branches. In con-
trast, the Cove-GNR exhibits lower participation ratios
within several low- and intermediate-frequency intervals,
showing that the periodic edge modulation changes the
spatial distribution of its vibrational eigenstates.

The mode-resolved dispersions in Figs. 3(b) and 3(c)
provide a more detailed comparison. Many low-frequency
branches in the AGNR retain large participation ratios,
indicating displacement fields that extend across most of
the ribbon. The Cove-GNR contains more branches with
reduced participation ratios, particularly in the low- and
intermediate-frequency regions. These branches indicate
stronger spatial confinement, while their specific edge-
centered character is examined below using representa-
tive real-space eigenvectors.

The enlarged low-frequency region in Fig. 3(d) shows
that the reduction in participation ratio extends to acous-
tic and low-lying branches. A reduced participation ratio
does not by itself determine the longitudinal group veloc-
ity or modal thermal conductivity. It nevertheless shows
that the vibrational amplitude is redistributed toward
a smaller part of the nanoribbon, representing a mode-
level effect that is absent from the semiclassical boundary
model.

The representative eigenvectors in Figs. 3(e)-3(g) il-
lustrate three different spatial distributions. The mode
in Fig. 3(e), with PR = 0.996316, has an almost uniform
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(e) Mode 1: g =0.19, w = 1.8725 THz
PR =0.996316

(f) Mode 2: q=0.0, ® =5.3271 THz
PR =0.611043

(g) Mode 3: gq=0.25, w= 8.5300 THz
PR =0.143395

FIG. 3.  Participation-ratio analysis and representative phonon eigenmodes of the AGNR and Cove-GNR. (a) Frequency-
resolved average participation ratios of phonon modes in the two nanoribbons. Smaller values indicate stronger spatial confine-
ment of the atomic displacements within the unit cell. (b) Phonon dispersion of the AGNR colored by the mode participation
ratio. (c¢) Phonon dispersion of the Cove-GNR colored by the mode participation ratio. (d) Enlarged low-frequency region of
the Cove-GNR dispersion. Red circles identify three representative modes selected for real-space eigenvector visualization. (e)
Representative extended mode in the Cove-GNR at the reduced wave-vector coordinate ¢ = 0.19, with w/27m = 1.8725 THz and
PR = 0.996316. (f) Representative partially confined mode at the I" point, with ¢ = 0, w/27 = 5.3271 THz and PR = 0.611043.
(g) Representative strongly edge-confined mode at ¢ = 0.25, with w/27 = 8.5300 THz and PR = 0.143395. Green arrows
represent the atomic displacement vectors. The color scale in panels (b)—(d) denotes the participation ratio, with larger values

corresponding to spatially extended modes and smaller values corresponding to increasingly confined modes.

displacement field across the nanoribbon and is therefore
identified as an extended mode.

The mode in Fig. 3(f) has an intermediate participa-
tion ratio of PR = 0.611043. Its displacement field spans
a substantial part of the ribbon but is more unevenly
distributed, with enhanced motion in selected edge re-
gions. We therefore describe this mode as partially con-
fined rather than fully localized.

For the mode in Fig. 3(g), the participation ratio de-
creases to PR = 0.143395. Most of its vibrational am-
plitude is concentrated on atoms near the cove-shaped
boundaries, while the ribbon interior participates only
weakly. This displacement pattern identifies the mode
as strongly edge-confined. The real-space eigenvector is
essential for this classification because a small participa-
tion ratio alone does not specify where the vibrational
amplitude is located.

The participation ratios and real-space eigenvectors
show that the cove geometry produces modes with dif-
ferent degrees of spatial confinement, including strongly
edge-confined modes in the low- and intermediate-

frequency ranges. The cove boundary therefore changes
the vibrational eigenstates rather than acting solely as a
geometric reflecting surface. This mode-level reconstruc-
tion is one way in which the cove geometry enters the
atomistic response represented by Akpes.

D. Reduced collective correction in Cove-GNRs

We next examine whether cove-edge patterning
changes the correction beyond the independent-mode
RTA description. The second- and third-order inter-
atomic force constants were obtained through the NEP-
kappa workflow [35] using the same NEP-GNRs potential
as in the molecular-dynamics calculations. The lattice-
dynamics, scattering-rate, and Boltzmann transport cal-
culations are therefore based on a common description of
the interatomic interactions.

Figures 4(a) and 4(b) compare the temperature-
dependent RTA and full-LBTE thermal conductivities of
the AGNRs and Cove-GNRs. For the AGNRs, the full-



LBTE conductivity is consistently higher than the RTA
result, particularly at lower temperatures. Because the
RTA neglects the off-diagonal coupling of the collision op-
erator, the difference between the two solutions reflects
the correction arising from mode-to-mode coupling.

For the Cove-GNRs, the difference between the full-
LBTE and RTA conductivities is substantially smaller
than that in the corresponding AGNRs for both W =1
and 2 nm. Figure 4(c) further shows the width depen-
dence of the relative collective correction 7.. For both
edge geometries, 7. decreases as the ribbon width in-
creases from 1 to 2 nm. At 100 K, for example, 7. de-
creases from approximately 0.70 to 0.53 for the AGNR
and from 0.19 to 0.13 for the Cove-GNR. At 1000 K, the
corresponding values decrease from approximately 0.28
to 0.18 and from 0.16 to 0.08, respectively. Importantly,
the Cove-GNR retains a smaller 7. than the correspond-
ing AGNR at every matched width and temperature,
indicating that cove-edge patterning consistently weak-
ens the collective mode-to-mode coupling over the width
range considered.

To examine the scattering processes associated with
this trend, the intrinsic three-phonon rates were sepa-
rated into Normal and Umklapp contributions. Nor-
mal processes conserve crystal momentum within the
first Brillouin zone, whereas Umklapp processes involve
a nonzero reciprocal-lattice vector and relax crystal mo-
mentum. The AGNR and Cove-GNR were represented
using the same axial periodicity and reciprocal-lattice
convention to reduce representation-dependent differ-
ences in the Normal/Umklapp classification. In the
frequency-dependent scattering-rate plots, each point
corresponds to an individual phonon mode A = (q, s).
The average scattering rates were calculated using the
transport-weighted mode average defined in Eq. (11).

Figures 4(d) and 4(e) show the mode-resolved Normal
and Umklapp scattering rates of the 1-nm-wide AGNR
at 100 and 300 K. At 100 K, the Normal rates exceed the
Umklapp rates over a broad part of the low-frequency
spectrum. This region contains acoustic modes that con-
tribute substantially to heat conduction, consistent with
the relatively large collective correction 7. of the AGNR.
At 300 K, both rates increase, while the difference be-
tween the Normal and Umklapp contributions becomes
smaller.

The transport-weighted averages in Fig. 4(f) summa-
rize this temperature dependence. At low tempera-
tures, (I'y) is substantially larger than (I'y). The ra-
tio (T'y)/{(Ty) decreases with increasing temperature as
the relative contribution of Umklapp scattering grows, in
parallel with the reduction in 7.

The corresponding Cove-GNR results are shown in
Figs. 4(g) and 4(h). Compared with the AGNR, the
separation between the Normal and Umklapp rates is
smaller over much of the low- and intermediate-frequency
spectrum. The altered vibrational spectrum is therefore
accompanied by a change in the intrinsic three-phonon
scattering landscape, with a greater relative contribution
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from momentum-relaxing processes.

Figure 4(i) shows that the transport-weighted
(Tn)/(Ty) ratio of the 1-nm-wide Cove-GNR remains
below that of the corresponding AGNR. Normal scatter-
ing is still important, but its predominance over Umklapp
scattering is reduced. This trend is consistent with the
smaller collective correction 7. of the Cove-GNR.

The two indicators point in the same direction: Cove-
GNRs exhibit both a smaller collective correction 7, and
a lower transport-weighted (I'y)/(I'y) ratio. Together
with the participation-ratio results, these trends suggest
that cove-edge-induced changes in the vibrational eigen-
states and scattering phase space reduce the relative im-
portance of collective mode-to-mode coupling. The cove
modulation therefore affects both boundary scattering
and the collision dynamics beyond the independent-mode
RTA description.

The LBTE calculations above focus on three-phonon
scattering processes. Higher-order four-phonon scatter-
ing can also contribute to the thermal resistance of
strongly anharmonic or low-thermal-conductivity materi-
als [46, 47], particularly at elevated temperatures. Quan-
tifying this contribution in Cove-GNRs would require
fourth-order force constants and remains an interesting
direction for future work.

IV. CONCLUSION

In this work, we examined phonon heat transport in
cove-edged graphene nanoribbons using molecular dy-
namics, phonon Monte Carlo simulations, lattice dy-
namics, and full-LBTE calculations based on the same
NEP-GNRs potential. Cove-GNRs exhibit lower ther-
mal conductivity than pristine AGNRs across the length,
width, and temperature ranges considered. The MD-
MC comparison shows that geometric boundary reflec-
tion captures only part of this reduction. The remain-
ing atomistic contribution is largest at short lengths and
small widths, whereas the boundary-scattering contribu-
tion becomes relatively more important as either dimen-
sion increases.

Participation-ratio and real-space eigenvector anal-
yses show that the cove geometry changes the vi-
brational eigenstates and introduces partially confined
and strongly edge-confined modes in the low- and
intermediate-frequency ranges. The full-LBTE calcula-
tions further show that Cove-GNRs have a smaller col-
lective correction beyond the independent-mode RTA
description and a lower transport-weighted Normal-to-
Umklapp scattering-rate ratio than the corresponding
AGNRs.

These results indicate that cove-edge modulation af-
fects thermal transport through both geometric bound-
ary reflection and atomistic changes in vibrational
and scattering properties. The MD-MC residual re-
flects this remaining atomistic contribution beyond the
semiclassical boundary model, with edge-confined vi-
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FIG. 4. Lattice thermal transport and Normal/Umklapp scattering in graphene nanoribbons with different edge geometries.
(a,b) Temperature-dependent thermal conductivity x of AGNRs and Cove-GNRs with widths of 1 and 2 nm, calculated
using the relaxation-time approximation and the direct solution of the full linearized phonon Boltzmann transport equation.
The black symbols in panels (a) and (b) denote MD-based thermal-conductivity values at 300 K for W = 1 and 2 nm,
included for comparison with the LBTE/RTA results at overlapping ribbon widths. (c) Relative collective correction, n. =
(KkLBTE—KRTA)/KLBTE, quantifying the mode-to-mode coupling correction beyond the independent-mode RTA description. (d,e)
Mode-resolved frequency-dependent Normal (V) and Umklapp (U) three-phonon scattering rates in the 1-nm-wide AGNR at
100 and 300 K, respectively. (f) Transport-weighted average scattering rates (I'v) and (I'v), together with the ratio (I'n)/(T'v),
for the 1-nm-wide AGNR. (g,h) Corresponding mode-resolved frequency-dependent N and U scattering rates in the 1-nm-wide
Cove-GNR at 100 and 300 K, respectively. (i) Transport-weighted average scattering rates and their ratio for the 1-nm-wide

Cove-GNR.

brational modes forming one part of the response.
Other effects, including phonon-dispersion changes, lo-
cal force-constant modifications, anharmonic scattering,
and phonon-lifetime variations, may also contribute.

Mechanical strain provides another possible route
for tuning phonon transport in cove-edged GNRs by
modifying phonon dispersion, group velocities, and the
phase space of Normal and Umklapp scattering pro-
cesses [48, 49]. Strain-dependent changes in the Normal-
to-Umklapp scattering balance therefore remain an inter-
esting direction for future work.

Appendix: Supplementary Information

The Supplementary Information provides additional
computational details and supporting analyses for the re-

sults discussed in the main text. Sections S1-S4 summa-
rize the DFT input settings, NEP fine-tuning parameters,
and NEP-kappa workflow used for force-constant fitting
and phonon Boltzmann transport calculations. Section
S5 examines the sensitivity of the phonon Monte Carlo
baseline to the boundary roughness parameter. Section
S6 discusses the influence of hydrogen edge passivation on
phonon dispersion and thermal conductivity. Section S7
presents the statistical convergence of the HNEMD ther-
mal conductivity. Sections S8 and S9 provide additional
mode-resolved vibrational-weight, edge-enrichment, and
low-participation-mode analyses supporting the interpre-
tation of edge-confined vibrational modes. Section S10
reports the effective phonon mean free path.
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