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Abstract

By combining nonequilibrium molecular dynamics, the spectral phonon temperature method, and
the phonon weak-coupling model, we quantify the coupling between longitudinal and transverse phonon
mode groups in nanostructured diamond. At 300 K and a system length of approximately 35 nm, the
selected LP and TP modes along I'-X retain a resolvable temperature difference, yielding a coupling
length of 130 £ 34 nm and indicating weak coupling. From 300 to 700 K, the coupling length decreases
overall with increasing temperature, whereas above 700 K the temperature difference becomes too small
for stable PWCM fitting. The coupling length increases with system length, which may mainly arise from
the size dependence of thermal conductivity. These results demonstrate that distinct phonon mode groups
in high-thermal-conductivity diamond can remain in local thermal nonequilibrium over nanoscale

distances. These results characterize branch-resolved thermal nonequilibrium in nanostructured diamond.
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1. Introduction

Phonon engineering has enabled major advances in chip thermal management, aerospace thermal

protection, and thermoelectric conversion®®l, At the micro and nanoscale, Fourier’s law breaks down,

and phonon transport exhibits more complex mechanisms®!!, Central to these mechanisms is the

coupling strength between phonon branches, which directly governs thermal conductivity, scattering

phase space, and the emergence of local thermal nonequilibrium!*>6l, In low-dimensional nano systems,

the interaction between phonons is typically characterized as weak coupling. This weak coupling physics

has been shown to underpin numerous anomalous heat conduction phenomena at small scales, and

preliminary progress has been made in characterizing mode-specific temperatures and inter-branch

coupling in low-dimensional system!!®"-?21 However, existing studies have concentrated almost

exclusively on two-dimensional materials, leaving a critical gap in the understanding of phonon coupling

strength in three-dimensional crystals(?28. Cubic diamond, with a room-temperature thermal

conductivity exceeding 2200 W/ (m - K) and widespread use in semiconductors, high-power electronics,

aerospace, and quantum technologies, is a prime candidate for such investigation?>-3, But the coupling

between its longitudinal and transverse phonon modes has not been quantitatively characterized. In this

work, we combine nonequilibrium molecular dynamics (NEMD), the spectral phonon temperature

method (SPT) 2%, and the phonon weak coupling model (PWCM) B435] to study coupling between

longitudinal (LP) and transverse phonon (TP) mode groups in nanostructured diamond. Atomic velocities

are projected onto phonon polarization eigenvectors along I'-X to obtain the spatial temperatures of the

LP and TP modes. Their resolvable temperature difference demonstrates local thermal nonequilibrium.

At 300 K and a system length of approximately 35 nm, PWCM fitting gives a coupling length of 130 +

34 nm. The LP/TP coupling strengthens with temperature, whereas the coupling length increases with



system size because of the size dependence of thermal conductivity. These findings establish a

benchmark for inter-branch phonon coupling in nanostructured diamond and provide a physical basis for

engineering diamond-based thermal solutions.

2. Model and method

The heat transport in nanostructured diamond was investigated using nonequilibrium molecular

dynamics (NEMD). The simulation cell and the corresponding boundary regions are illustrated in Fig. 1.

As shown in Fig. 1(a), diamond has a three-dimensional tetrahedrally bonded crystal structure. Figure

1(b) shows the NEMD configuration, including the fixed layers, the Langevin heat-source and heat-sink

regions, the internal free-transport region, and the branch-selective velocity-constraint region. The x axis

is parallel to the [100] crystallographic direction and defines the heat-flow direction. Fixed boundary

conditions were applied along x, with the outermost atomic layers fixed to eliminate rigid-body

translation, whereas periodic boundary conditions were applied along the transverse y and z directions.

All NEMD simulations were performed using the Large-scale Atomic/Molecular Massively Parallel

Simulator (LAMMPS) B3¢, The carbon-carbon interactions were described using the Tersoff empirical

potential *49 which has been widely used to reproduce the structural and lattice-dynamical properties

of diamond. The potential parameters and other simulation details are provided in the Supporting

Information. The equations of motion were integrated using the velocity Verlet algorithm with a time

step of 0.5 fs. The system was equilibrated for 100 ps in the NPT ensemble at 300 K. Langevin baths at

310 K and 290 K were then applied at the two ends to establish a steady heat flow along x, while atoms

outside fixed and bath regions were integrated in NVE. After a 400 ps nonequilibrium pre-run, a 5 ns

production run was performed. Velocities were recorded every 5 fs for SPT. Independent simulations

used different initial-velocity random seeds. Full parameters are given in the Supporting Information.



Seven atomic layers are used for each Langevin bath 373%). The source and sink temperatures are

310 and 290 K, respectively. The seven-layer bath is approximately two conventional diamond cells thick

along x, so energy is injected and removed over a finite region rather than at one atomic plane. To

examine finite-size and fixed-boundary effects, SPT temperature profiles were compared for short-,

intermediate-, and long-wave modes along I'-X (Fig. S5). The long- and intermediate-wave modes show

stronger boundary sensitivity and quasiballistic behavior, whereas the short-wave modes vary more

continuously in the internal free-transport region. The latter are therefore used for LP/TP temperature-

difference analysis and PWCM fitting. Fixed layers, baths, the selective-constraint region, and bins

adjacent to both interfaces are excluded from the fit.

As shown in Fig. 1(b), A branch-selective velocity-constraint region is placed at one end of the

system to establish a nonequilibrium boundary condition between the LP and TP modes, for atoms in the

control region to the left of the dashed line, no additional constraints were applied. For atoms in the

restricted region to the right of the dashed line, the x-component of the vibrational velocity was forced

to zero, effectively freezing the longitudinal polarization. This treatment follows the use of selective

boundaries in electron—phonon two-temperature models and previous PWCM studies. The constraint

creates an LP/TP temperature difference near the interface but is not used to define the phonon

eigenbranches. Although it perturbs the local vibrational state in and near the constrained region, this

region is excluded from the subsequent SPT-PWCM analysis. The heat flow is along x || [100], and the

analyzed wave vectors lie on I'-X with q || [100]. Modes with polarization parallel to q are assigned to

LP, whereas modes with polarization perpendicular to q are assigned to TP. Their spatial temperatures

are obtained by projecting NEMD velocities onto the corresponding polarization eigenvectors. Fixed

layers, thermal baths, the constrained region, and bins adjacent to the bath and constrained interfaces are



excluded from the PWCM fit.

To obtain spatial temperatures of longitudinal and transverse phonon eigenmodes, we use the
spectral phonon temperature (SPT) 281 method to project NEMD velocity trajectories onto lattice-
dynamical eigenmodes. Phonon frequencies and polarization eigenvectors are first obtained from lattice
dynamics. For a mode specified by wave vector q and branch index A4, the mass-weighted normal-mode

velocity is
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where N, is the number of unit cells included in the projection, [ and b index the unit cell and basis

atom, respectively, m,, is the atomic mass, u;,(t) is the atomic velocity, 1 is the unit-cell position,

and e, ; is the mass-normalized polarization eigenvector. This is the normal-mode velocity projection

used in the SPT reference. In the classical limit, the mode temperature is obtained from the time-averaged

modal kinetic energ

1. .
= E(Qi(t)Qa(t)) (2

For spatial resolution, the system is divided into bins along the transport direction and the eigenmode
projection is performed separately in each bin.

The heat flow is along [100], and the analyzed wave vectors lie on I'-X with q || [100]. Modes with
polarization parallel to q are assigned to the longitudinal group (LP), whereas modes with polarization
perpendicular to q are assigned to the transverse group (TP). Group averaging gives the spatial
temperatures Ty p(x) and Tpp(x), whose difference is fitted with PWCM. SPT shows stronger fixed-

boundary responses for the short-wave modes, so the less boundary-sensitive long-wave modes are used



for the LP/TP coupling analysis.

The coupling between transverse and longitudinal phonons was analyzed using the PWCM, which
has previously been applied to in-plane and out-of-plane phonons in monolayer graphenel**%, In the
PWCM, two coupled heat equations are established for the transverse (t) and longitudinal (1) phonon
subsystems by combining the Boltzmann transport equation with Fourier’s law and introducing a

coupling coefficient G, as follows:

2T G- 3)
dx? ¢
2Tl
—K dxZ =G (T, — T)) 4)

where T; and k;(i = t,l) arethe temperature and thermal conductivity of each subsystem. Subtracting
these equations yields:

——y20=0 (5)
with 6 =T, -T, , y= /GC(K%+ Kit). By substituting the boundary conditions 6|,,_, =0 and
0|x-0 = Omax, the analytical solution is obtained as follows:

6(x) = Opnax exp(yx) (6)

PWCM requires two phonon groups for which effective temperatures can be defined separately and

a resolvable temperature difference exists over the studied length scale. SPT yields distinct LP and TP

temperature profiles along I'-X in the free-transport region, providing the operational basis for applying

PWCM. The resulting coupling length applies only to the present nanostructure, the [100] transport

direction, and the selected LP/TP modes along I'-X. It is not a Brillouin-zone average or a diamond
material constant.

Following the definition used in previous graphene PWCM work, the coupling length [, is the

distance over which the LP/TP temperature difference decreases from its maximum value to 5% of that



value. The 5% threshold is an operational engineering definition, rather than a fundamental material

constant fixed by the model. It is used here to apply a consistent criterion across mode groups and

simulation conditions.
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Fig. 1 (a) Schematic diagram of the diamond structure; (b) Schematic diagram of the simulation

model for diamond.

3. Results and discussions

Figure 2(a) shows the time-averaged temperature profiles of LP and transverse TP phonons along

the heat flow direction at 300 K. A distinct temperature difference between the two modes is observed,

signifying local thermal nonequilibrium. This nonequilibrium arises from two factors.

On the one hand, it may originate from the selective coupling effect at the boundaries. Although

uniform Langevin thermostat parameters were applied to the system in the simulation, the energy



exchange efficiency between the LP/TP modes and the thermal bath boundaries was found to be
inconsistent, which is caused by the intrinsic differences in group velocity and phonon density of state.
The difference in this "thermal boundary resistance" induced by the heat source allows an initial
temperature difference between the two modes to be established at the boundaries.

On the other hand, a thermal resistance between modes may be caused by the finite coupling strength.
In diamond, the interaction between LP and TP is relatively weak., which means that resistance exists
when energy flows between the two subsystems. This finite inter-mode coupling strength hinders the
rapid achievement of thermal equilibrium between LP and TP within a finite transport distance, thereby
allowing the temperature difference induced by boundary effects to be maintained inside the system and
form an observable distribution difference. In view of the aforementioned potential reasons, the PWCM

is further introduced for quantitative analysis.
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Fig. 2 (a) Spatial temperatures of longitudinal and transverse eigenmode groups along I'-X at 300 K
obtained with SPT; (b) 460 = T,p —Trp and the PWCM exponential fit. The system length is
approximately 35 nm. Symbols in (a) show mean temperatures and shading shows trajectory dispersion.
Open circles in (b) show the mean temperature difference, error bars show trajectory dispersion, and the

red line is the PWCM fit. Boundary-affected data are excluded.



For each temperature and system size, independent NEMD trajectories are generated using different
initial-velocity random seeds and processed separately with SPT. LP and TP temperatures at matching
spatial positions are then averaged. The mean LP/TP temperature difference is calculated and fitted with
the PWCM exponential function using data from the internal free-transport region. Based on the
analytical solution of the PWCM (Eq. 6), we fit the temperature difference distribution between LP and
TP. In nanostructured diamond at 300 K and a system length of about 35 nm, the LP and TP branches
along I'-X retain a resolvable temperature difference in the free-transport region. PWCM fitting gives a
coupling length of 130 + 34 nm, indicating weak coupling for the selected modes. An earlier graphene
study reported a coupling length of about 60 nm for the IP and OP phonon groups in a system of
comparable length ¥, Because the two studies use different dimensionalities, mode groupings, and
boundary conditions, this comparison concerns decay scales under the same 5% criterion and does not
rank the coupling strength of diamond and graphene. The weak LP/TP coupling found here is compatible
with diamond's high overall thermal conductivity: thermal conductivity combines the contributions of all
phonon modes, whereas the coupling length describes the spatial relaxation of the temperature difference
between selected mode groups. A high total thermal conductivity does not require all phonon groups to

share one local temperature at the nanoscale.

We further examined the temperature and size dependence of [.. As shown in Fig. 3(a), the coupling

length of the selected LP/TP modes along I'-X decreases overall with increasing temperature. Diamond

has a high Debye temperature, and increasing temperature over the studied range increases the thermal

population of phonon modes and anharmonic scattering. This accelerates LP/TP relaxation, so the

temperature difference decays over a shorter distance. The coupling length increases overall with system

length. In addition, as shown in Fig. S6, when the system temperature exceeds 700 K, the substantially

enhanced anharmonic scattering causes the LP/TP temperature difference to rapidly decrease below the

resolvable threshold. Consequently, the applicability condition of the PWCM is no longer satisfied, and

a stable coupling length cannot be extracted. This behavior further supports the conclusion that the

interbranch coupling becomes significantly stronger at elevated temperatures. In PWCM, the length



depends on both intergroup coupling and the thermal conductivities of the two groups. Thermal

conductivity in a nanoscale system generally increases with length, may should increasing the distance

required to reach the same fractional temperature-difference decay. As the system size increases, the

number of weakly coupled phonon modes increases synchronously with the growth of the total number

of phonon modes, thereby enhancing the effect of weak phonon coupling. The size dependence may

therefore arise mainly from the size dependence of thermal conductivity.
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Fig. 3 (a) LP/TP coupling length as a function of temperature from 300 to 700 K; (b) coupling length as

a function of system length L at 300 K. Symbols are obtained by fitting the mean LP/TP temperature

difference. Error bars show statistical uncertainty in the PWCM coupling length and reflect fluctuations

among independent simulations.

4, Conclusion

In summary, nonequilibrium molecular dynamics, the spectral phonon temperature method, and the

phonon weak-coupling model were combined to quantify LP/TP coupling in nanostructured diamond. At

300 K and a system length of approximately 35 nm, the coupling length of the selected LP and TP modes

along I'-X is 130 £ 34 nm, indicating weak coupling. The coupling length decreases overall with



increasing temperature from 300 to 700 K; above 700 K, the LP/TP temperature difference falls below

the resolvable threshold and a stable coupling length cannot be extracted. The coupling length increases

with system length, which may mainly reflect the size dependence of thermal conductivity. Thus, local

thermal nonequilibrium between distinct phonon mode groups can persist over nanoscale distances even

in high-thermal-conductivity diamond.
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S1. Phonon weak coupling model

Deng! proposed a weak coupling model based on the extension of the Two-Temperature Model
(TTM). This model primarily describes the phenomenon where phonon interactions in low-dimensional
nano systems are significantly weaker than those in macroscopic systems, and it provides quantitative
parameters for characterization, namely the coupling length and the coupling strength coefficient?. The
detailed derivation process of the weak coupling model is presented below.

Defining the two subsystems and describing them using the Boltzmann transport equation:

of of;
St e = () (S1)
of, of,
G rE A= (5 (510)

where the subscripts 1 and 2 represent the two subsystems, respectively, and f denotes the phonon

distribution function. The right-hand side of the equation represents the collision scattering term. When

the system reaches a steady state without the application of external forces, Equations (S1a) and (S1b)

can be simplified as:

fi
. = (2= 2
vovfi=(50). (52a)
fa
. = (L= 2
v Vrfa (at )C (52b)
Then, using the relaxation time approximation (RTA), Equations (S2a) and (S2b) can be written as:
fl fl fl 0
vV ( ) + ( ) , (53a)
Tfl at Tll i
afZ f2 f2 0
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/2 ot /1, T2 /gy (53b)

The energy exchange rate between the phonons of the two subsystems is expressed using the

scattering rate, and by substituting it into Fourier's law, the transport governing equations of the system

can be obtained:

—1, V2T = G, (T, — Ty), (S5a)



—1V?T, = Ge(Ty — Ty), (S5b)
where T; and T, represent the temperatures of the phonon modes in the two subsystems, respectively,
k; and k, represent their respective thermal conductivities, and G. is the coupling strength

coefficient. Further subtracting (S5b) from (S5a) yields:

d?6
dx?

where 6 =T, —T; , y = /GC(K% + Kit) . By substituting the boundary conditions 8|, ., =0 and

—y%20 =0, (S6)

0lx50 = Omax » the fitting function of the phonon weak coupling model is obtained as

6 = B4exp(yx), and the coupling length is defined as [, = ln(]S/%).

Previous graphene weak-coupling work defined the phonon coupling length as the distance over
which the temperature difference decreases to 5% of its maximum value. This operational threshold
converts a continuous exponential decay into a characteristic length that can be compared consistently.
If the temperature difference in the free-transport region follows

6(x) = Opnax exp(yx) (57)

the coupling length defined using a threshold p is

. In(p)

I ”

(58)

Changing the threshold changes the absolute coupling length but not the fitted decay constant.

Applying the same threshold to all simulation conditions provides a consistent basis for comparing

temperature and size trends. Because diamond and graphene differ in dimensionality and mode grouping,

their values represent decay scales under the same definition rather than a direct ranking of coupling

strength.

If the two phonon groups have the same temperature throughout the studied region, PWCM cannot

extract a coupling length from temperature-difference decay. In the approximately 35 nm system studied



here, the LP and TP modes along I'-X retain a resolvable temperature difference and therefore satisfy the

operational condition for PWCM fitting.

S2. Simulation details

Method Non-Equilibrium MD (Direct method)
Potential Tersoff
1
Function U; = Ez fe@ip) Ua(rij) = bijfa(rij)]
j=i
fc(Tij) =f(x)
I(l ) r; <Ry
= 1[1+cos(7rm)] R, <r; <§
2 51] - RI] ’ I] Y I]
kO , ri]- > S[]
fr() = AI]e_A”T”
fa(r) = BIJQ_MJTU
ny->n _L
bij =xyA+p4 I(ijl) n
fl-r,l-' = z fe(rij) giji
k#i,j
=1+ i i
ik = 2T G2 T @2 + (hy — cosby0)?
Parameters Ay By Ay Uiy B n;
1393.6 346.74 3.4879 2.2119 1.5724E-07 0.72751
Cr dI RI] SI] X[] h]
38049 4.3484 1.8 2.1 1 -0.57058
Simulation process
Ensemble Setting Purpose
NPT Runtime (ps) 100 ps Relax structure
Temperature (K) 300 K




Boundary condition

XY, Z:f,p,p

Thermostat

Heat source 310K

Heat sink 290 K

NVE Runtime (ps) 400ps Prerun & Relax system
Boundary condition XY, Z:f,p,p
Thermostat Heat source 310K
Heat sink 290 K
NVE Runtime (ns) Sns Record information
Boundary condition XY, Z: f,p,p

Recorded physical quantity

Temperature > 1 1
(E) = Z‘m 2 =S NkgTyp
a2 2
i=1
Heat flux : Ag;
/= N, £ 2At
i=1
Thermal conductance K=— L
A- AT

S3. Spectral phonon temperature method

The conventional molecular-dynamics temperature is calculated from the kinetic energy of all atoms

and does not distinguish phonon eigenmodes with different wave vectors and polarizations. Spectral

phonon temperature method (SPT) 3 obtains mode-resolved temperatures by projecting NEMD velocity

trajectories onto lattice-dynamical eigenmodes and defining temperature from the mean projected kinetic

energy. For a mode specified by q and A, the atomic displacement can be expanded as




PRACEFEC IS (59)
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where N, is the number of unit cells, [ and b index the unit cell and basis atom, m,, is the atomic

u,(t) =

mass, 7, is the equilibrium unit-cell position, e}, ; is the mass-normalized polarization eigenvector,

and Q,(t) is the normal-mode coordinate. Differentiation with respect to time gives the atomic velocity

> G®eszexp(ia 11y (510)

1
JN.my "

Using the orthonormality of the polarization eigenvectors, the mass-weighted normal-mode velocity

u,(t) =

is obtained from the atomic velocities:

. 1 . . .
G1(© = > Jmyexp(ik - 11,)e} 1 i (6) (s11)
Ne 45
Equation (S11) is the central SPT projection relation and corresponds to the normal-mode velocity
projection in the SPT reference. It decomposes real-space velocities into modes with specified wave
vectors and polarization eigenvectors. The center-of-mass velocity is removed before projection to avoid
contamination of low-frequency modes. The instantaneous kinetic energy of mode(q, 1) is
1.
Exa(8) =5 Q1(0)Qi(0) (512)
In the classical limit, equipartition gives the mode temperature as
1,. .
Ty = (@i () (513)
B
S4. Selective constraint boundary and fitting region
The branch-selective velocity constraint establishes a nonequilibrium state between the LP and TP
modes near one boundary. It follows the approach used in electron—phonon two-temperature models and
previous PWCM studies, where a selective boundary generates a temperature difference between two
energy subsystems and its spatial relaxation is used to characterize coupling. The constraint is not used

to define the LP/TP eigenbranches. Because it changes the equations of motion locally, the constrained

region and its neighboring bins are excluded from temperature extraction and coupling-length fitting.



Fixed layers, thermal baths, and bins adjacent to both interfaces are also excluded. Along I'-X, g, the
heat-flow direction, and x are all parallel to [100]. LP and TP modes are classified from the orientation
of their polarization eigenvectors relative to q and their temperatures are obtained with SPT. The
reported coupling length is therefore fitted from the eigenvector-resolved LP/TP temperature difference
in the internal free-transport region, rather than from locally perturbed states near the constrained

interface.
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Fig. S4. LP/TP eigenmode temperature difference along I'-X obtained with SPT and its PWCM fit. Open
circles show the branch temperature difference and the red line shows the exponential PWCM fit. The
light-blue region between the two vertical blue lines is the fitting interval. Data near the thermal-bath
and selective-constraint interfaces are excluded. The red curve outside the fitting interval is only an

extrapolation of the fitted function.



S5. Boundary response and mode selection at different wavelengths

To assess finite-size and fixed-boundary effects on mode temperatures, the I'-X path along [100] is

described using the normalized wave vector q/quqx, Where q,q, 1s the magnitude at X. Because

wavelength is inversely proportional to wave-vector magnitude, modes near I have relatively long

wavelengths and modes near X have relatively short wavelengths. The sampled I'-X points are divided

approximately into low-, intermediate-, and high-wave-vector ranges for comparison. Figure S5(a,b)

shows that modes in the first two ranges are more sensitive to the fixed boundaries. Several branches

exhibit weak spatial gradients or depart from a diffusive temperature profile, indicating characteristic

transport lengths comparable to or greater than the approximately 35 nm system length and hence

quasiballistic behavior. A PWCM fit to these modes would contain substantial finite-size and boundary

contributions.

In contrast, the high-wave-vector modes in Fig. S5(c) exhibit clearer and more continuous

temperature variations in the internal free-transport region and are less affected by the fixed boundaries.

Their LP/TP temperatures are therefore used for the subsequent temperature-difference analysis and

PWCM fitting, reducing the influence of quasiballistic transport in the lower-wave-vector modes.

The high-wave-vector modes remain locally perturbed near the fixed boundaries, thermal baths, and

selective-constraint interface. These regions and neighboring bins are excluded from the fit. The coupling

length is extracted only from the LP/TP temperature difference in the internal free-transport region.
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Fig. S5. Branch-resolved SPT temperature profiles for (a) long-, (b) intermediate-, and (c) short-wave

modes along I"-X. Circles and diamonds denote longitudinal and transverse branches; LA, TA, LO, and

TO denote longitudinal acoustic, transverse acoustic, longitudinal optical, and transverse optical

branches.

S6. Spatial temperature profiles of the LP/TP mode groups at different temperatures.
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Fig. S6. Spatial temperature profiles of the selected short-wave LP/TP mode groups along I'-X at average

temperatures of (a) 300 K, (b) 700 K, and (c) 900 K. Blue and red symbols denote the LP and TP branches,

respectively. The LP/TP temperature difference decreases as the system temperature increases; above

700 K the two temperatures nearly overlap and PWCM is no longer applicable.
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