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ARTICLE INFO ABSTRACT
Dataset link: https://github.com/binliu93/Data Diamond/Cu composites have attracted considerable attention for thermal management applications due
_for_diamond-Cu to their outstanding thermal conductivity. Recent studies have demonstrated that interconnected diamond

network structures can significantly enhance the heat conduction of diamond/Cu composites, while the

ﬁfﬂg;ﬁ'/copper composite underlying microscopic heat transfer mechanisms remain to be fully elucidated. This study employed ma-
Interconnected network structure chine learning molecular dynamics simulations to validate and elucidate the heat conduction enhancement
Machine learning potential mechanisms of interconnected network structures. We developed a machine learning potential for diamond/Cu
Molecular dynamics simulation heterostructures based on the neuroevolution potential model and calculated the lattice thermal conductivity
Phonon thermal transport (LTC) of two series of network structures: diamond network/Cu (DN/Cu) and Cu network/diamond (CuN/D).

The results demonstrate that DN/Cu exhibits monotonically increasing LTC with diamond content due to
continuous heat transfer channels, while CuN/D shows non-monotonic behavior with a minimum LTC at
intermediate diamond fractions, originating from the competitive mechanism between contributions from low-
frequency Cu phonons (0-8 THz) and high-frequency diamond phonons (10-40 THz) to thermal transport.
Through spectral LTC decomposition and wavelike phonon transmission analysis, we elucidated the suppressive
effects of multiple heat transfer mechanisms on LTC, including phonon interfacial scattering, coherent
interference effects, and total internal reflection in nano-network structures. This work establishes quantitative
design thresholds for lattice thermal transport in DN/Cu, revealing a critical diamond volume fraction of ~30%
above which DN/Cu consistently outperforms CuN/D, and an unexpected LTC minimum at ~50% diamond in
CuN/D structures driven by phonon frequency competition. These findings explain why diamond network
structures, despite demonstrating significant heat conduction enhancement compared to dispersed particles,
still exhibit LTC values substantially lower than pure diamond, thus revealing substantial room for design
optimization of network architectures.

1. Introduction example of DMCs, diamond/Cu composites integrate the high ther-
mal conductivity of diamond with the excellent processability and

Heat spreading is a critical aspect of electronic thermal manage- mechanical properties of Cu, demonstrating outstanding thermal man-
ment that effectively reduces thermal gradients and prevents hotspot agement potential [3]. To further enhance the thermal conductivity
formation. With the continuous increase in power density of electronic of diamond/Cu composites, strategies such as increasing the concen-
devices, conventional heat spreaders such as metals and ceramics are tration, distribution uniformity, and size of diamond particles can
gradually unable to meet practical requirements due to their inherent be employed [4-6]. However, due to significant differences between
thermal conductivity limitations. Diamond/metal composites (DMCs) diamond and Cu in crystal structure, chemical properties, and thermal

expansion coefficients, interfacial mismatch and thermal resistance
become critical bottlenecks constraining the overall heat conduction
enhancement of their composites. To address this issue, research has

based heat spreaders have recently garnered extensive attention due
to their excellent thermal conductivity, mechanical properties, and
tunability of thermal expansion coefficient [1,2]. As a representative
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Fig. 1. Schematic illustration of heat channels in DMCs with (a) dispersed diamond particles and (b) interconnected diamond networks [17].

primarily focused on reducing phonon scattering through various in-
terfacial engineering approaches, including interlayer design [7-9],
surface modification [6,10,11], and interfacial alloying [12,13].

Recent research has transitioned from traditional DMCs with metal
matrix/diamond particle reinforcement toward innovative structural
designs that allow further enhancement of heat conduction [1]. Gradi-
ent multilayer design can significantly improve heat conduction in dia-
mond/Cu composites. For example, high thermal conductivity of 549 W-
m~! . K~ can be achieved through diamond/graphite/TiC/Cr;C,/Cu
gradient structures [14]. Structure-function integrated design achieves
synergistic enhancement of heat dissipation structures and heat con-
duction by combining geometric optimization with functional design.
This includes integrated design of diamond microchannels with microp-
orous Cu, utilizing excellent thermal diffusion along triangular channels
and optimized heat transfer to boiling fluids [15], as well as novel
fin geometries with hyperbolic, wavy, and corrugated configurations,
where diamond/Cu composites achieve 95% performance improvement
on hyperbolic fin surfaces compared to traditional designs [16].

Most notably, the recent proposal of interconnected network struc-
tures represents a paradigm shift by replacing dispersed diamond par-
ticles with interconnected structures, creating effective heat transfer
channels and significantly reducing the impact of interfacial thermal
resistance (Fig. 1). This approach enables rapid thermal response and
promotes efficient heat transfer throughout the composite material,
ultimately achieving an impressive thermal conductivity of 315W-m™!-
K~! with only 4.6 vol% diamond content [17]. The thermal conductiv-
ity values mentioned above represent the total thermal conductivity,
which includes contributions from both phonons and electrons.

These innovative structural designs offer several advantages over
traditional DMCs. Structural optimization enables enhanced thermal
performance without simply increasing diamond content, thereby re-
ducing material costs and processing complexity. Functional integra-
tion allows these designs to simultaneously address multiple ther-
mal management requirements, such as heat spreading, thermal in-
terface optimization, and temperature uniformity. Design flexibility
provides opportunities to tailor thermal properties for specific ap-
plications through controlled microstructure engineering. However,
these advanced designs also present notable challenges. The high de-
gree of design freedom in structural parameters makes systematic
performance optimization difficult, as the interplay between geomet-
ric variables, material properties, and processing conditions creates
complex multidimensional design spaces. Moreover, the intricate heat
transport mechanisms within these complex structures involve multi-
scale physics phenomena [18-25], including phonon transport across
interfaces, multiple scattering of phonons in heterogeneous networks,
and coupled heat transfer modes that are not fully understood. This
complexity necessitates the development of comprehensive theoretical
models and computational tools to predict thermal behavior, guide
design optimization, and accelerate the development of next-generation
thermal management solutions.

Molecular dynamics (MD) simulation plays an important role in
understanding and designing thermal transport properties of complex
materials [18]. Compared to methods such as phonon Green’s func-
tion and Boltzmann transport equation [21,26-29], MD can capture
phonon-phonon scattering of arbitrary order and naturally capture
phonon scattering caused by other sources such as defects and mass
disorder. The predictive capability of MD simulations is highly depen-
dent on the accuracy of interatomic potentials. In recent years, machine
learning potentials (MLPs) have demonstrated significant potential in
achieving the requisite accuracy for diverse material systems [30—
33]. MLPs capture interatomic interactions through machine learning
algorithms, enabling computational efficiency while preserving high
fidelity [34].

In this work, we employed machine learning molecular dynamics
simulations to systematically elucidate the heat conduction enhance-
ment mechanisms of interconnected diamond/Cu network structures.
We constructed comprehensive training datasets encompassing dia-
mond/Cu interfaces with various orientations and atomic mixing con-
figurations based on density functional theory (DFT) calculations, de-
veloped an MLP for diamond/Cu heterostructures using the neuroevo-
lution potential (NEP) framework [35], and rigorously validated its
accuracy through comparisons with experimental data and DFT bench-
marks. Subsequently, we employed the homogeneous non-equilibrium
molecular dynamics (HNEMD) method to calculate the lattice thermal
conductivity (LTC) of two series of network structures (diamond net-
work/Cu and Cu network/diamond) [36], providing in-depth analysis
of the influence of diamond content on the thermal properties of
composite materials. Through spectral LTC decomposition, we eluci-
dated the competitive effects between low-frequency Cu phonons and
high-frequency diamond phonons. Finally, we employed phonon wave
analysis to investigate the underlying physical mechanisms govern-
ing thermal transport in these nano-network structures. This study
provided theoretical insights and design principles for developing high-
performance DMCs.

2. Methods
2.1. Density functional theory calculations

All DFT calculations in this work were performed using the projector
augmented wave (PAW) potentials and the Perdew-Burke-Ernzerhof
(PBE) form of generalized gradient approximation for the exchange—
correlation functional, with a kinetic energy cutoff of 600 eV [37,38].
For geometry optimization of diamond and Cu, a Gamma-centered
14 x 14 x 14 k-point mesh was employed, with electronic energy
convergence criteria set to 1 x 1071° eV and atomic force convergence
criterion set to 1 x 10~® eV/A. Phonon dispersion relations and group
velocities for both materials were calculated using the PHONOPY pack-
age combined with the finite displacement method [39,40], where
harmonic interatomic force constants were obtained through 4 x 4 x 4
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Fig. 2. Dataset construction and training of the NEP model. (a) Representative diamond/Cu heterostructure configurations included in the training dataset.
Interface configurations I-III represent different atomic arrangements at the diamond/Cu interface, arising from variations in atomic registry, interfacial bonding
patterns, and termination structures, while the “Random” configuration includes randomly mixed C and Cu atoms to capture disordered interfacial regions. (b)
Parity plots comparing NEP model predictions with DFT reference data for energy, force, and virial.

supercells with a 3 x 3 x 3 k-point mesh. For static single-point calcula-
tions of all structures in the training dataset, to balance computational
accuracy and efficiency, the electronic energy convergence criteria
were set to 1 x 1078 eV, and the Brillouin zone was sampled using a
Gamma-centered grid with a k-point density of 0.2/A.

2.2. Training dataset and neuroevolution potential model

As illustrated in Fig. 2a, our training dataset includes pure dia-
mond, pure Cu, as well as diamond/Cu interfaces with distinct atomic
configurations and random mixing structures. We constructed three in-
terface models based on different crystallographic orientations (labeled
as Interface configuration-I, II, and III): diamond(111)/Cu(111), dia-
mond(010)/Cu(010), and diamond(001)/Cu(001). Although diamond
and Cu possess cubic symmetry, the actual interfacial structure depends
on the specific atomic registry and bonding environment across the
interface. These configurations represent different stacking sequences
and local atomic arrangements. Initial structures were obtained through
MD simulations combined with the recently released NEP89 universal
MLP [41]. This MLP supports 89 chemical elements and can describe
complex interactions ranging from covalent bonds to metallic bonds
and heterogeneous interfaces. The approach of obtaining initial struc-
tures through MD+NEP89 offers significant computational advantages
compared to traditional ab initio molecular dynamics (AIMD) meth-
ods [42]. Specifically, for each representative structure type shown in
Fig. 2a, NPT equilibration at zero pressure was first performed for 1 ns
in the temperature range of 100-700 K, followed by 5 ns of NVT sam-
pling, with representative configurations extracted at 0.1 ns sampling
intervals throughout both NPT and NVT processes. To increase struc-
tural diversity, uniform random strains ranging from —3% to +3% were
applied to selected extracted structures, and Gaussian perturbations
with a standard deviation of 0.1 A were added to atomic coordinates.
All sampled structures were subsequently subjected to DFT single-
point energy calculations using the computational settings described
in Section 2.1. Additionally, we integrated validated high-quality Cu
DFT data from UNEP-vl, a universal potential for 16 metals [31],
and for pure diamond from the dataset reported in Ref. [43]. The
final comprehensive training dataset for diamond/Cu comprises 2700
structures.

Using this training dataset, we developed an MLP for diamond/Cu
heterostructures based on the NEP model [35]. The NEP model is

based on artificial neural networks and trained using the separable
natural evolution strategy, demonstrating excellent accuracy and com-
putational efficiency [34]. The NEP model was trained with a radial
cutoff distance rg = 6A and an angular cutoff distance r4 = 5A.
The accuracy of the constructed NEP model was validated through
comparison with DFT reference calculations, as shown in Fig. 2b. The
parity plots demonstrate consistency between NEP predictions and
DFT results for all evaluated properties, with root mean square errors
(RMSEs) of 4.8 meV/atom, 135 meV/A, and 24 meV/atom for energy,
forces, and virial, respectively. These RMSE values are all within ac-
ceptable ranges for high-precision MD simulations, indicating that the
trained NEP model can accurately capture the fundamental physical
characteristics of diamond/Cu interactions. In subsequent Sections 3.1
and 3.2, we further validated the prediction accuracy of this MLP for
thermophysical properties of diamond/Cu systems through calculations
of phonon dispersion relations, thermal conductivity, and interfacial
thermal conductance.

2.3. Homogeneous nonequilibrium molecular dynamics

We employ the HNEMD method with the trained NEP model to
calculate the LTC of diamond, Cu, and their network structures [36].
All HNEMD simulations were performed using the GPUMD software
package [42]. This method simulates thermal transport by introducing
an external driving force F,f’” on each atom i [36,44]:

F*' = EF, +F,- W, ¢))

where F, has dimensions of inverse length, E; is the total energy of
particle i and W; is virial tensor of atom i. The driving force induces a
non-equilibrium heat current (J),, that is linearly related to F, in the
linear response regime:

<J“(t)>ne _ 2 MY Y

T = 2 @

where x#V is the thermal conductivity tensor, T is the system tempera-
ture, and V is the system volume.

2.4. Spectral thermal conductivity decomposition

Within the HNEMD framework, it is possible to calculate spectrally
decomposed thermal conductivity. The foundation of spectral heat
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current decomposition is based on the calculation of the virial-velocity
time correlation function, which is defined as [44]:

K@) = Z<W,-(0> V(D). ©)

where W, represents the virial tensor of atom i, v;(r) is the velocity
vector of atom i at time 7, and the angular brackets denote ensemble
averaging. The spectrally decomposed thermal conductivity can be
obtained through the following formula [36]:

K(w) = Zi [ . K (1dt, @

with

K= /°° d—wK(w), 5)
0 27[

where V is the volume of the considered system, F, is the magnitude
of the driving force parameter in the HNEMD method, and K(7) is the
virial-velocity correlation function in the transport direction.

3. Results and discussion
3.1. Neuroevolution potential model validation

To verify the accuracy of the trained NEP model in capturing
thermal transport properties, we calculated the LTC of diamond and Cu
using HNEMD simulations [36]. In the calculations, the driving force
parameters F, were set to 1 x 1075/A and 1 x 10~4/A for diamond and
Cu, respectively, to ensure the validity of linear response theory. These
values were sufficiently small to maintain the linear response regime
while being large enough to achieve adequate signal-to-noise ratios.
The interatomic interactions in the diamond/Cu systems were described
by the trained NEP potential. Periodic boundary conditions were ap-
plied in all x, y, and z directions for all structures. The systems were
first equilibrated in the NPT ensemble at the target temperature and
zero pressure for 1 ns. Subsequently, production runs were performed
in the NVT ensemble using Nosé-Hoover chain thermostats to maintain
the target temperature, with heat flux data collected for 6 ns using a
time step of 1 fs.

As shown in Figs. 3a and 3c, the LTC predicted by MD-NEP simu-
lations in the temperature range of 200-500 K shows good agreement
with experimental and computational results from other works [45-
51]. Additionally, we calculated the phonon dispersion relations and
density of states (DOS) for diamond and Cu using the NEP model,
as presented in Figs. 3b and 3d. The NEP results are consistent with
DFT reference calculations. The comparison of LTC and phonon spec-
tra validates that the NEP model successfully captures the phonon
vibrational characteristics necessary for accurate thermal transport cal-
culations. These computational results confirm the reliability of the
trained NEP model for subsequent studies of phonon thermal transport
in diamond/Cu network structures.

3.2. Interfacial thermal properties of diamond/Cu

Diamond/Cu network structures contain numerous interfaces where
interfacial scattering plays a crucial role in phonon thermal trans-
port, particularly for diamond/Cu interfaces with significant phonon
mismatch. To understand the fundamental mechanisms affecting heat
transfer across diamond/Cu interfaces, we first analyzed the phonon
properties of the constituent materials. As shown in Fig. 4a, the nor-
malized phonon DOS calculated by DFT reveals significant mismatch
between diamond and Cu. Diamond exhibits high-frequency optical
modes up to ~40 THz due to strong C-C bonds and light atomic
mass, while Cu primarily displays low-frequency modes below ~8
THz, which is characteristic of metallic systems. This frequency mis-
match constitutes a fundamental barrier for phonon transmission across
interfaces.

International Journal of Thermal Sciences 221 (2026) 110501

Phonon group velocity analysis (Fig. 4b) further reveals distinctly
different transport characteristics of the two materials. Diamond shows
significantly higher group velocities across the entire frequency spec-
trum, particularly for acoustic modes, reflecting its superior intrinsic
LTC. In contrast, Cu exhibits lower and more dispersed group velocities,
consistent with its metallic nature and relatively lower LTC compared
to diamond. This pronounced group velocity mismatch not only affects
phonon transmission at individual interfaces but, more importantly,
results in very small critical angles for total internal reflection, causing
most wavelike phonons to undergo total internal reflection in multi-
interface network structures. This phenomenon will be analyzed in
detail through phonon wave equations in Section 3.5.

To quantify the thermal transport properties of diamond/Cu in-
terfaces, we performed non-equilibrium molecular dynamics (NEMD)
simulations using the validated NEP MLP [42]. Fig. 4c presents the
simulation setup and the corresponding temperature distribution of
the system. The constructed interface model employed Cu(111) and
Diamond(111) crystal planes with a total system length of 24 nm,
including an effective thermal transport length of ~20 nm, fixed layers
of ~1 nm at each end, and heat source and heat sink layers of ~1 nm
each. The cross-sectional areas of both Cu(111) and Diamond(111)
sides were 18 x 18 unit cells (~18.4 nm?), with a lattice mismatch rate
less than 2% at the interface.

The interfacial temperature jump AT was extracted using linear
extrapolation. Linear temperature profiles in regions far from the in-
terface on both Cu and diamond sides were fitted separately, and the
fitting lines were extrapolated to the interface midpoint. The inter-
facial temperature difference was defined as the difference between
the two extrapolated temperatures. Finally, the ITC was calculated
using Fourier’s law: G = Q/(AAT), where Q is the steady-state heat
flux density, A is the interfacial cross-sectional area, and AT is the
extrapolated interfacial temperature difference.

The temperature-dependent ITC results from MD-NEP simulations
are shown in Fig. 4d, demonstrating good agreement with existing
experimental measurements and computational studies reported in the
literature (300 K) [52-56]. The slight variations among different stud-
ies can be attributed to differences in interfacial preparation, surface
roughness, and measurement techniques in experiments, or different
computational parameters and model choices in theoretical studies.
These validations against multiple independent sources further confirm
the reliability of the NEP-based approach for predicting interfacial
thermal transport in diamond/Cu systems.

3.3. Lattice thermal conductivity and phonon transport of diamond/Cu
network structures

To systematically investigate the thermal transport properties of
interconnected network structures [17], we constructed two types of
periodic nanostructures: diamond networks filled with Cu nanopillars
(DN/Cu) and Cu networks filled with diamond nanopillars (CuN/D), as
shown in Fig. 5. These two structural types, by interchanging the roles
of matrix and nanopillar materials, provide a comparative framework
for understanding the influence of diamond discrete versus intercon-
nected structures on LTC performance as illustrated in Fig. 1.

The DN/Cu structure series employs diamond as the continuous
network matrix with embedded Cu nanopillars. During the modeling
process, a diamond matrix with 12 atomic layers thickness was first
constructed based on the (100) crystallographic orientation (10 x 10
supercell expansion in the xy directions), forming a basic periodic
unit of 3.57 X 3.57 x 4.2 nm. Subsequently, the geometric dimensions
of Cu nanopillars were precisely controlled to systematically cover
Cu volume fractions ranging from 10% to 90%. Since the nanopillars
extend through the entire thickness of the structure, the area frac-
tion (Ly;,/L,g)* is equivalent to the volume fraction. Through 3 x 3
array expansion of this periodic unit, the final generated structures
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Fig. 3. Validation of the NEP model for thermal transport properties. Temperature-dependent LTC calculated using MD-NEP simulations for (a) diamond and
(c) Cu, compared with experimental data [46,47,49] and other computational results [45,48,50,51]. Phonon dispersion relations and DOS calculated using the
NEP model (dashed lines) and DFT (solid lines) for (b) diamond and (d) Cu. 3ph+4ph refers to DFT calculations considering three-phonon and four-phonon

interactions [49], and MTP denotes moment tensor potential [48].

contain 40,977 to 79,668 atoms, with Cu nanopillar volume frac-
tions of 10.0%-90.2%, corresponding to diamond volume fractions of
9.8%-90.0%, and system dimensions of approximately 10.7 x 10.7 x
4.2 nm3. The CuN/D structure series adopts the opposite material con-
figuration, using Cu as the continuous matrix with embedded diamond
nanopillars. During the construction of the CuN/D structures, special
care was taken to address the significant lattice and bonding mismatch
between diamond and Cu. To minimize interfacial strain, the diamond
lattice was pre-compressed isotropically by 3%-5% to better match the
Cu matrix. A thin interfacial buffer zone of approximately 1 Awidth was
introduced, within which Cu atoms were initially placed according to
the expanded diamond sublattice positions. However, only 60%-80%
of these Cu sites were occupied to prevent atomic overcrowding and
allow for structural relaxation. During atomic placement, a minimum
interatomic distance of ~2 Awas enforced to avoid unphysical overlaps.
Following similar modeling procedures for periodic unit construction
and subsequent 3 x 3 array expansion, this series generates struc-
tures with diamond volume fractions of 11.7%-72.8% and system
dimensions of approximately 10.9 x 10.9 x 4.2 nm®.

The (100) crystallographic orientation was selected because this
plane represents a low-index stable surface for both Cu and diamond
crystals, featuring relatively simple and regular atomic arrangements
that help reduce interface mismatch stress, facilitate construction of
geometrically regular nanopillar structures, and enable precise control
of supercell dimensions and compositional ratios while simplifying
modeling complexity. It should be noted that while the overall structure
is constructed based on the (100) orientation, at the actual diamond/Cu
interfaces, due to atomic relaxation and interface energy optimization,

complex interface structures with various local orientations including
(111), (010), (001) and others are formed. This interface diversity
significantly affects phonon scattering and LTC performance. There-
fore, we incorporated diamond/Cu interface structures with different
orientations into the training dataset for our NEP model.

By fixing the periodic unit size and number of periods while varying
the diamond volume fraction within each periodic unit, we analyzed
the influence of structural variations on LTC. The LTC of these struc-
tures was calculated across the temperature range of 200-500 K using
the HNEMD method [36]. The driving force parameters F, for DN/Cu
and CuN/D structures were selected as 5 x 10-5/A and 1 x 10~4/A,
respectively. Periodic boundary conditions were applied in all x, y, and
z directions for all structures. For each structure at each temperature,
the systems were first equilibrated in the NPT ensemble at the tar-
get temperature and zero pressure for 1 ns. Subsequently, production
runs were performed in the NVT ensemble using Nosé-Hoover chain
thermostats to maintain the target temperature, with heat flux data
collected for 6 ns using a time step of 1 fs.

It is noteworthy that the diamond nanopillars in the CuN/D con-
figuration exhibit reduced crystalline order near the interface after
structural relaxation, as shown in Fig. 5(b). This structural perturbation
arises from significant lattice mismatch, bonding heterogeneity, and in-
terfacial strain between diamond and Cu. During the MD equilibration
process, atomic rearrangement and limited Cu-C mixing occur within
a few atomic layers at the interface, leading to local bond distortion
and partial loss of tetrahedral coordination in diamond. This effect is
more pronounced in CuN/D than in DN/Cu due to the higher surface-
to-volume ratio of isolated diamond nanopillars. Such interface-induced
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Fig. 5. Schematic diagrams of two periodic structures: (a) diamond network
filled with Cu nanopillars and (b) Cu network filled with diamond nanopillars.
The figures show equilibrium configurations after MD structural optimization.
Geometric parameters L, and L,, represent the diamond segment length and
period length within a single unit cell, respectively, where L,; = L, + Lc,-

structural degradation can enhance phonon scattering, thereby further
suppressing thermal conductivity beyond the limitations imposed by
the discontinuous network topology.

As shown in Fig. 6a, the two structural types exhibit distinctly
different LTC variation trends. The LTC of DN/Cu structures shows a
monotonic increasing trend with increasing diamond volume fraction,
benefiting from the continuous high heat transfer channels formed by
diamond. In contrast, CuN/D structures exhibit more complex non-
monotonic behavior. The LTC first decreases with increasing diamond
proportion and reaches a minimum value at approximately 50% dia-
mond content. Consequently, Fig. 6a also demonstrates the important
phenomenon anticipated in Fig. 1. When the diamond volume fraction
exceeds approximately 30%, under identical diamond content condi-
tions, the LTC of DN/Cu structures is consistently and significantly

higher than that of CuN/D structures. This difference quantitatively
validates the significant advantage of interconnected network design
over dispersed filling. In diamond networks, high thermal conductivity
diamond forms continuous heat transfer channels, while in Cu net-
works, diamond is segmented into isolated nanopillars that cannot fully
utilize their excellent heat conduction capability. This result provides
quantitative theoretical support for the interconnected network design
concept illustrated in Fig. 1.

It is noteworthy that diamond networks exhibit better structural
stability compared to Cu networks. During MD simulation relaxation,
the interface regions of CuN/D structures show more atomic mixing and
rearrangement phenomena (Fig. 5). Although moderate atomic mixing
helps reduce diamond/Cu interface thermal resistance and enhance
interface heat conduction performance [43,57,58], the enhancement
effect of interconnected diamond structures on LTC is more significant.

Figs. 6b and 6¢ present the LTC of both network structure series
as a function of diamond content across the temperature range of
200-500 K, revealing distinct temperature-dependent behaviors. For
DN/Cu structures (Fig. 6b), the temperature effect on LTC is rela-
tively modest and diminishes progressively with increasing diamond
content. This behavior primarily stems from the dominance of the
diamond phase at higher concentrations. Given the high Debye temper-
ature of diamond (~2200 K), the occupation of mid-to-high frequency
phonon modes remains limited within the 200-500 K range, resulting
in relatively weak phonon-phonon scattering. Consequently, the LTC is
predominantly governed by the intrinsic thermal transport properties
of diamond, exhibiting minimal sensitivity to temperature variations.
At lower diamond contents, the increasing contribution from the Cu
phase introduces more pronounced temperature dependence, as the
lower Debye temperature of Cu (~343 K) renders its phonon scattering
more temperature-sensitive. This leads to a slight decrease in overall
LTC with increasing temperature, though this reduction diminishes as
diamond content increases.
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In contrast, CuN/D structures (Fig. 6¢) exhibit pronounced temper-
ature dependence, dominated by the Cu matrix. The phonons of Cu are
primarily concentrated in the low-frequency region (0-8 THz), where
phonon occupation increases significantly within the 200-500 K tem-
perature range. This enhancement in phonon-phonon scattering leads
to a notable decrease in LTC with rising temperature. Although the con-
tribution from high-frequency diamond phonons (10-40 THz) gradually
increases with diamond content, partially offsetting the temperature
effect of the Cu phase and reducing the LTC variation across different
temperatures, the overall temperature sensitivity remains significant.
This persistent temperature dependence arises from the segmented
nature of diamond nanopillars, where interfacial scattering severely
constrains their thermal transport contribution, preventing effective
mitigation of the temperature effect even at elevated diamond contents.

Overall, both structural series demonstrate decreasing LTC trends
from 200 K to 500 K, consistent with the temperature dependencies
observed in pure diamond and pure Cu (Figs. 3a and 3c). Notably,
although the ITC increases with temperature (Fig. 4d), its variation
remains relatively modest within the 200-500 K range. The influence of
ITC on overall LTC is subordinate to the intrinsic temperature effects of
the dominant material phase. Therefore, the temperature dependence
of LTC in these composite structures is primarily determined by the
volume fraction and intrinsic thermal transport characteristics of the
dominant phase—diamond in DN/Cu and Cu in CuN/D structures.

3.4. Spectral lattice thermal conductivity

To elucidate the microscopic origins of the contrasting LTC trends
observed in Fig. 6, particularly the monotonic behavior of DN/Cu
versus the non-monotonic behavior of CuN/D structures, we calculated
the spectral LTC of both structural series using MD-NEP and compared
them with the spectral LTC of pure diamond and Cu. As shown in Fig. 7,
the LTC of diamond is primarily dominated by high-frequency phonons
(10-40 THz), while Cu mainly relies on low-frequency phonons (0-8
THz). The spectral LTC of both materials decreases with increasing
temperature due to enhanced phonon-phonon scattering, though the
temperature sensitivity differs significantly between the two materials,
as will be discussed below.

DN/Cu structures (Figs. 8a-d) exhibit overall increasing spectral
LTC with diamond content. The dominant trend is the significantly
enhanced contributions from the high-frequency region (10-40 THz),
which increase rapidly with diamond volume fraction due to the for-
mation of continuous diamond networks. Contributions from the low-
frequency region (0-8 THz) show a slight decline as diamond con-
tent increases, reflecting the reduced Cu volume. However, this low-
frequency reduction is negligible compared to the high-frequency en-
hancement, resulting in the monotonic increase in total LTC observed
in Fig. 6.

The spectral evolution of CuN/D structures (Figs. 8e-h) presents
more complex competitive characteristics. With increasing diamond
volume fraction, the contribution of Cu-dominated low-frequency
phonons (0-8 THz) rapidly decreases, leading to gradual reduction in
total LTC. Due to the dispersed form of diamond in this structure,
its contribution to LTC grows slowly compared to interconnected
structures. When the contributions of low-frequency Cu phonons and
high-frequency diamond phonons gradually approach each other (at
approximately 50% diamond content), the competition between them
reaches a critical equilibrium point, resulting in the minimum total
LTC phenomenon. Subsequently, the contribution of diamond high-
frequency phonons (10-40 THz) begins to dominate, driving the total
LTC to rise again. In Cu network structures, diamond is segmented into
isolated nanopillars, and its LTC contribution is limited by interface
scattering, preventing full utilization of the high thermal conductivity
of diamond.

To elucidate the evolution of temperature sensitivity with diamond
content, Figs. 9 and 10 replot the spectral LTC with temperature as
the varying parameter for each composition (reorganizing the data
from Fig. 8). This representation enables direct comparison of how
temperature affects different frequency components at each diamond
volume fraction. For DN/Cu structures (Fig. 9), as diamond content
increases from 10% to 90%, the spectral LTC gradually transitions from
being dominated by low-frequency Cu phonons (0-8 THz, temperature-
sensitive) to being dominated by high-frequency diamond phonons
(10-40 THz, temperature-insensitive). At high diamond contents (>
70%), the spectral curves across the 200-500 K temperature range ex-
hibit nearly complete overlap, confirming that the continuous diamond
network endows this structure with exceptional temperature stability.

In contrast, CuN/D structures (Fig. 10) display pronounced tem-
perature dependence even at diamond contents of 60%-70%. Spectral
analysis reveals that although the contribution from high-frequency
diamond phonons increases, the discrete nature of the diamond phase
necessitates frequent thermal transport across temperature-sensitive di-
amond/Cu interfaces and through the Cu matrix, resulting in decreased
overall spectral LTC with rising temperature. This comparison clearly
demonstrates that structural topology (continuous vs. discrete) is the
key factor determining the temperature stability of thermal transport in
composite materials, and that a continuous diamond network is essen-
tial for achieving stable thermal conductivity across a wide temperature
range.

Furthermore, compared to the relatively smooth spectral distribu-
tions of pure diamond and pure Cu, the spectral LTC of network struc-
tures exhibits obvious oscillatory characteristics, with local suppression
phenomena appearing in certain frequency ranges, similar to energy
band gap effects in phononic crystals [59-61]. Although these sup-
pression regions do not completely drop to zero, they can significantly



B. Liu et al.

International Journal of Thermal Sciences 221 (2026) 110501

(a) 300 Diamond (b) 8 ] Cu
— 200K

'_S_c 250 ‘_5.5 5 300K
'E 200 'E
= =
o 150 o4t
= =
| |
® 100 ©
B D2
2 50 2
(7] 7]

ol ) . e, "

0 10 20 30 40
Frequency (THz) Frequency (THz)

Fig. 7. Spectral LTC of (a) pure diamond and (b) pure Cu at different temperatures calculated using MD-NEP simulations.

‘E) 45 Diamond network/Cu 200K Q 5 Diamond network/Cu 300K (fi) 45 Diamond network/Cu 400K (9_} 45 Diamond network/Cu 500K
Yo —10% [ — 10% v o —10% v | — 10%
b7y 30% .3 30% o 30% e 30%

E , 50% E 5 50% E , 50% E 5 50%

= 70% 2 70% 2 70% 2 70%

o 90% o 90% o 90% o 90%

[ [ - [

=15 =l p =15 i B

& Jul o [

D I I*] 51

@ @ @ [+1]

t.% 0 A ._.__..!__.. . (%‘ 0 bbb L ArV il (% L= t.% e

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Frequency (THz) Frequency (THz) Frequency (THz) Frequency (THz)

€ , Cu network/diamond 200K U] , Cu network/diamond 300K @ , Cu network/diamond 400K () , Cu network/diamond 500K
[% —10% | & — 10% |k —10% | & — 10%
< 08 20% |< 08 20% {<_ 0.8 20% | 08 20%
E 30% | € 30% | E 30% | € 30%
206 40% { 206 40% { 206 40% { 206 40%
5 50% | & 50% | & 50% | & 50%
=04 60% { 04 60% { o4 60% { F 04 60%
= 70% | 3 70% | 2 70% | = 70%
0.2 So2 So2Y o2

G 8 3 g

B o/ . B 0 m— B o= - @ ol e

0 10 20 30 40 O 10 20 30 40 0 10 20 30 40 0O 10 20 30 40

Frequency (THz) Frequency (THz)

Frequency (THz) Frequency (THz)

Fig. 8. Spectral LTC of (a)-(d) DN/Cu and (e)-(h) CuN/D structures, showing different diamond volume fractions at various temperatures.

reduce the thermal transport contributions of corresponding frequency
phonons. This spectral oscillation phenomenon primarily originates
from wavelike interference effects of phonons in the periodically al-
ternating diamond/Cu structures [62-66]. When phonon wavelengths
match the periodic characteristic dimensions of the structure, construc-
tive or destructive interference occurs, thereby modulating the spectral
LTC distribution.

Despite significant improvements in network structures compared to
traditional composite materials with dispersed diamond particles in Cu
matrices, their LTC remains much smaller than that of pure diamond,
indicating considerable room for design optimization. This is mainly
attributed to interface scattering caused by the enormous mismatch
in phonon DOS and group velocities between diamond and Cu (Figs.
4a and 4b), as well as complex phonon wavelike effects induced by
multiple interfaces in nanonetwork structures. While MD simulations,
based on ensemble statistical methods, and spectral LTC analysis can
reveal frequency-dependent transport characteristics, they lack direct
description of phonon wavelike propagation processes [67]. To gain
deeper understanding of these microscopic mechanisms at the phonon
mode level [25,68], we further analyze wavelike phonon propagation
behavior in network structures through phonon wave equation analysis
to obtain intuitive physical insights.

3.5. Wavelike phonon transport in diamond/Cu network structures

Due to the presence of numerous interfaces in nanonetwork struc-
tures, wavelike (coherent) phonons undergo multiple reflections and
refractions between interfaces, generating interference effects similar
to sound or light waves among different phonons, leading to sup-
pression of phonon transport processes. To quantitatively explain this
phenomenon, we draw analogies to light wave or sound wave prop-
agation theory, starting from fundamental elastic wave equations to
quantify the thermal transport processes of wavelike phonons in DN/Cu
structures [69-71]. As illustrated in Fig. 11a, elastic wave theory indi-
cates the existence of three plane wave modes: two transverse waves
(distinguished by whether the vibration direction is parallel to the re-
flecting interface) and one longitudinal wave, namely shear horizontal
(SH) wave, shear vertical (SV) wave, and pressure (P) wave [72,73].
Assuming all materials are isotropic, an independent P wave (or SV
wave) incident on an interface will, due to energy and momentum
conservation constraints of wavelike phonons, produce reflected P and
SV waves as well as transmitted P and SV waves, i.e., mode conver-
sion effects occur. When considering wave propagation in multilayer
structures (Fig. 11b), incident waves undergo multiple reflections and
transmissions in each layer. Since all forward-propagating waves in the
same medium have the same exponential factor, they can be combined
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Fig. 10. Spectral LTC of CuN/D structures at different diamond volume fractions. The data are reorganized from Fig. 8e-h to highlight temperature effects.

into a single composite wave with undetermined amplitude. Similarly,
we also have a backward-propagating composite wave.

The amplitude of each composite wave is determined by interface
boundary conditions, namely the continuity of tangential components
of displacement and stress at interfaces. The transfer matrix method
is commonly used to relate wave amplitudes between two different
positions in multilayer structures. Taking P wave or SV wave incidence
on an n-layer multilayer structure as an example, the tangential dis-
placement of propagating waves along the z-axis U, ,(z) = A;,e'*:
and stress S; ,(z) = u, alﬁ]g” are continuous at each interface z = z,,
where the wave polarization mode j tS and rS, the first letter
represents the excited wave (transmitted ¢ or reflected r) and the
second letter represents its polarization (S or P), k, is the wave vector
component in the z-coordinate direction, u, is the Lamé constant, and

n=1,2,...,2N + 1. The amplitudes of the composite transmitted and
reflected SV and P waves in the nth layer, A;g ,, A/p,, A,s5,, and A,p ,,
can be defined using column vectors as:

AtS n
AtP,n
ArS n
ArP,n

5

(6)

The continuity conditions of displacement and stress at the inter-
faces from z,,,; to z; are expressed as:

Hyn12Gons)Wans2 = Hon 1 (Zons D) Won 41

Hyn11(Zon)Wan g1 = Hon(zon)Wops
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and transmissions of wavelike phonons across multiple interfaces.

H;(z5)w; = Hy(25)W,,

H,(z;)w, = Hy(z))wy, )

where the 4 x 4 matrix H,(z) is the coefficient matrix determined by
the continuity conditions of tangential components of displacement and
stress at interfaces. According to Eq. (7), we can obtain the relationship
between w; and w,y,,:

(€))

where T = [H,(z))] ' Hy(z)) = [Hypn 1 (2on41)] 7 Hona(2an4p) is the
so-called transfer matrix. By solving Eq. (8), the amplitude ratio of
transmitted waves to incident waves through the entire system can be
obtained. The energy flux density of waves is given by:

wi = Twyn o,

M = %pnwzvg,j,,,f\]z-,n, ©
where p, is the material density and v, ;, is the group velocity. Us-
ing the transfer matrix method, the energy transmission coefficient
a; of multilayer structures can be conveniently calculated, defined
as the proportion of incident wave energy flux transmitted into the
substrate. The transmission coefficients for incident SV or P waves

include contributions from both polarized transmitted waves in the

substrate [70]:
P1Vg 51€08 0,5 | < As >2
Aisan+2

Agy = 8
PaN+2Vg s 2N+2COSUisoN+2
2
P1Ug p,1 €OSO,p < Ap > 10
PIN+2Vg s oN+2C08 05 on12 \ Aisans2
v cos 6 A 2
P1Vg 5.1 15,1 15,1
o= ) A
P2N+2Ug, P2N+2C0SUipoN 12 iP2N+2
. 2
N P1Ug p1 €08 0,p < Ap ) an
PaN+2Vg PaN+2C08Oiponio \ Aiponi2

where 6, , is the angle between the corresponding wave propagation
direction in the corresponding layer and the interface normal, i.e., in-
cident angle, reflection angle, or transmission angle. It should be noted
that the group velocities used here and the phase velocities used in
Eq. (7) are determined by the phonon dispersion relations (Figs. 3b and
3d) and are frequency-dependent. For each frequency », we have group

velocity v, ;(w) = % and phase velocity v, ;(@) = ’lk’ The transmission
coefficient of the system is determined by this method and depends on
phonon polarization, frequency, and angle of incidence.

Using the isotropic approximation and considering only the con-
tribution of acoustic phonons, we calculated the phonon transmission

coefficients for single diamond/Cu interfaces and multilayer structures

10

(10 layers, alternating diamond and Cu arrangement, each layer thick-
ness of 5 nm), as shown in Fig. 12. Compared to single interfaces, the
transmission coefficients of diamond/Cu multilayer structures become
lower and form several band gaps. The formation of these band gaps
directly corresponds to destructive interference of wavelike phonons
between multilayer interfaces [74]. Furthermore, due to the significant
group velocity mismatch between diamond and Cu (Fig. 4b), the critical
angle for total internal reflection 6, = arcsin Udib;il’;nd becomes very
small, producing extensive total internal reflection even at moderate
incident angles. Consequently, most wavelike phonons are converted
to surface waves propagating along interfaces and gradually dissipat-
ing, rather than crossing interfaces to contribute to thermal transport
perpendicular to the interface direction.

As shown in Fig. 12, phonon interference and total internal re-
flection significantly reduce transmission coefficients and thus ther-
mal transport [69-71]. Additionally, when layer thicknesses are at
nanoscale approaching or smaller than phonon wavelengths, several
evanescent waves can transfer partial energy to the next layer through
tunneling, causing partial recovery of the LTC. However, overall, the
combined effects of various wave phenomena result in such nanoscale
multilayers showing significant enhancement in thermal transport com-
pared to composite materials with diamond particles added to Cu
matrices, but still far from reaching the magnitude of pure diamond
LTC. The calculation results also demonstrate the important role and
enormous potential of nanostructure geometric design, particularly
interfaces and period thickness, for LTC enhancement.

The interatomic potentials of MD inherently consider harmonic and
various orders of anharmonic terms of phonons, including processes
such as phonon interface scattering (Fig. 4), wavelike transport (Fig.
12), and phonon-phonon scattering, and can well predict the LTC of
such complex diamond/Cu nanostructures. Combined with MLPs that
allow consideration of larger-scale systems with relatively accurate
atomic details, they lack mode-level deep understanding of underly-
ing mechanisms, while methods such as phonon wave equations and
Green’s functions can provide good complementation in this aspect.

It should be noted that the LTC reported in this work is derived
from MD simulations and phonon wave analysis, which capture only
phonon-mediated heat transport. In Cu, electronic contributions to heat
conduction can be significant and are commonly estimated using the
Wiedemann-Franz (W-F) law in conjunction with electrical conductiv-
ity measurements. The total thermal conductivity of the composite is
therefore expected to include both the lattice component obtained from
simulations and an additional electronic contribution. In nanostruc-
tured composites, interfacial effects such as electron-phonon coupling
and boundary scattering may influence the thermal transport behavior,
and these factors should be considered when applying the W-F law to
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predict electronic thermal conductivity. Additionally, electron-phonon
interactions at the diamond/Cu interface could contribute to interfacial
energy transfer, potentially complementing phonon-based conduction
mechanisms.

4. Conclusions

This study employs machine learning molecular dynamics simula-
tions to systematically elucidate the phonon heat conduction enhance-
ment mechanisms in diamond/Cu composites with interconnected net-
work structures. By constructing a comprehensive training dataset
containing various interface orientations and atomic mixing configura-
tions, we developed a high-accuracy NEP-based MLP for diamond/Cu
heterostructures, achieving reliable predictions of thermal transport
properties in diamond/Cu heterogeneous interfaces and complex nanos-
tructures.

The significant phonon DOS and group velocity mismatch between
diamond and Cu results in substantial interfacial thermal resistance,
which constitutes the primary bottleneck limiting overall thermal con-
ductivity enhancement. Through systematic comparison between
DN/Cu and CuN/D structures, we validated the remarkable advan-
tages of interconnected diamond networks over conventional particle-
reinforced DMCs. When the diamond volume fraction exceeds approxi-
mately 30%, the LTC of interconnected diamond structures significantly
surpasses that of dispersed structures at equivalent diamond con-
tent, effectively reducing interfacial scattering effects by establishing
continuous high-conductivity channels and achieving substantial heat
conduction performance enhancement.

Furthermore, the LTC of DN/Cu structures exhibits a monotonic
increasing trend with diamond content, while CuN/D structures demon-
strate a decrease-then-increase pattern with minimum LTC occurring

11

at a diamond volume fraction of approximately 50%. Spectral LTC
decomposition reveals that this minimum LTC phenomenon primarily
results from the competitive mechanism between low-frequency Cu
phonons (0-8 THz) and high-frequency diamond phonons (10-40 THz)
contributions to total LTC. Meanwhile, the spectral LTC of network
structures exhibits pronounced oscillatory characteristics, manifesting
phononic crystal-like energy bandgap effects, which are primarily at-
tributed to coherent interference phenomena of phonons in periodic
structures.

To further understand why diamond network structures show sig-
nificant LTC enhancement yet remain substantially lower than pure
diamond, we employed phonon wave equations to analyze the complex
propagation behavior of wavelike phonons in nanonetwork structures
at the mode level. The analysis demonstrates that phonon interference
effects between multilayer interfaces create distinct spectral bandgap
features, significantly suppressing thermal transport within specific
frequency ranges. Simultaneously, due to the enormous group veloc-
ity mismatch between diamond and Cu, the critical angle for total
internal reflection becomes very small, causing most incident phonons
to undergo total internal reflection rather than effectively contribut-
ing to heat conduction. Consequently, substantial design optimization
potential remains for such structures.

These findings provide crucial design guidance for optimizing DMCs
through controlled microstructural engineering, particularly regarding
interfacial density management and geometric parameter optimization.
The developed machine learning molecular dynamics approach offers
a powerful computational framework for predicting thermal properties
of complex nanostructured materials and accelerating the development
of next-generation thermal management solutions.



B. Liu et al.

International Journal of Thermal Sciences 221 (2026) 110501

(a) gg (b) g9 (€) gg
~77 ~T77 —~77
- X X
.E 74 I_E 74 I.E T4
= = =
s S S
O O O
E s E s E s

65

0 2 4 6 8 10 12
Heat source/sink length (nm)

65
16 20 24 28 32 36 40 44
Measurement region length (nm)

65
15 20 25 30 35 40 45 50 55
Cross-sectional area (nmz)

Fig. 13. Calculated ITC values as a function of (a) heat source/sink length, (b) measurement region length, and (c) cross-sectional area at 300 K.

CRediT authorship contribution statement

Bin Liu: Writing — original draft, Software, Investigation. Zhiguo
Tian: Validation. Alexander A. Barinov: Writing — review & editing,
Resources. Moran Wang: Writing — review & editing, Supervision,
Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

This work is financially supported by the Beijing Natural Science
Foundation (Grant No. 3254051) and the China Postdoctoral Science
Foundation (Grant No. 2023M741895). The calculations are performed
on the “Explorer 1000” high-performance computing cluster at the
High-Performance Computing Center of Tsinghua University.

Appendix. Convergence tests for interfacial thermal conductance
calculations

To ensure the reliability of the ITC calculations, we performed con-
vergence tests with respect to three critical simulation parameters: heat
source/sink length, measurement region length, and cross-sectional
area. These parameters can significantly influence the computed ITC
values in NEMD simulations. These convergence tests indicate that the
ITC values reported in the main text are reasonably converged with
respect to the key simulation parameters (see Fig. 13).
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