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Abstract

Methane hydrate (MH) is an ice-like compound where methane molecules are
encased within a lattice of water molecules. Found abundantly on ocean floors,
MHs can influence future methane supplies, ocean floor stability, and climate
change. In this study, a high-precision deep neural network interatomic po-
tential for MHs is developed using ab initio molecular dynamics. Our findings
reveal a transition between disorder-dominated and scattering-dominated lat-
tice thermal transport in partially filled MHs, which are the most common form
in real-world conditions. Although guest methane molecules have a minimal
effect on the anharmonicity of the host lattice and the phonon band structure,
they significantly increase the scattering rate of host lattice phonons by enlarg-
ing their anharmonic scattering phase space. Spectral phonon analysis further
shows that methane guest molecules scatter low-frequency phonons associated
with water molecule vibrations, considerably reducing the thermal conductivity
of filled MHs.
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1. Introduction

Clathrate hydrates (CH), commonly known as gas hydrates, constitute a
unique class of nonstoichiometric compounds wherein water molecules form
hydrogen-bonded cages that encapsulate hydrocarbon guest molecules. These
crystalline structures emerge under conditions of high pressure and low temper-
ature, predominantly within the deep-sea floor and Arctic permafrost regions.
The remarkable ability of these compounds to trap and condense gas molecules,
particularly methane, leading to the formation of methane hydrates (MH), un-
derscores their substantial potential as a revolutionary energy resource [1, 2].
However, the extraction of MH poses significant environmental challenges, in-
cluding concerns related to climate change, marine landslides, and the potential
for oil and gas flowline accidents resulting from unwanted hydrate decompo-
sition. Achieving a comprehensive understanding of the response of MH, and
CH in general, to changing thermal environments during production or climate
change necessitates a thorough understanding of their thermal transport prop-
erties.

Previous thermal measurements of CHs [3, 4, 5, 6, 7, 8] have generally demon-
strated low and weakly temperature-dependent thermal conductivity (x), resem-
bling a glass-like behavior, in contrast to ice. A crucial disparity between ice
and CH crystals lies in the presence of guest molecules in the latter, as shown in
Fig. 1la-d for the unit cells and supercells of filled and hollow MHs. While one
might intuitively expect guest molecules to enhance s by occupying the other-
wise hollow water cages in CHs, theoretical calculations have predicted that &
of filled CHs can be lower than that of their hollow counterparts [9, 10]. Var-
ious mechanisms have been proposed to elucidate this intriguing phenomenon,
which is not unique to CHs but also observed in other inorganic clathrate ma-
terials [4, 11, 12, 9, 13, 10]. A prominent theory attributes this phenomenon
to the scattering of host lattice phonons by guest molecules or atoms trapped
within the cages [4, 11]. Furthermore, studies report that guests in clathrates

can increase the anharmonicity of the host lattice [9], flatten acoustic phonon



branches [12], expand anharmonic phonon scattering phase space [9, 10], or
localize propagating phonons [14], all contributing to the reduced x observed
in filled CHs. These intricate and occasionally contradictory effects of guest
molecules on thermal transport in CHs necessitate a meticulous, case-by-case
examination.

Experimental investigations of the thermal transport properties of CHs are
challenged by the demanding conditions and intricate apparatus required for
the extraction, transportation, maintenance, and measurement of CH samples,
especially those of pure and pristine quality. The inherent complexities in main-
taining sample quality may contribute to variations in x data obtained from di-
verse experiments. A notable defect involves the absence of guest molecules in
specific cages, resulting in partially filled CHs with structural disorder—indeed,
the prevalent form of CHs in nature. Recent studies have revealed that struc-
tural disorder can diminish the x of covalent crystals by suppressing coherent
phonons [15, 16, 17, 18, 19], which typically serve as the primary heat carriers in
complex materials. However, understanding how structural disorder precisely
affects thermal transport in intricate molecular crystals like CHs remains elu-
sive.

Given the challenges in experimentally probing the thermal transport prop-
erties of CHs, atomistic simulations, particularly molecular dynamics (MD) sim-
ulations, provide a promising avenue for exploration. However, the precision of
traditional empirical interatomic potentials in MD simulations has been con-
strained. Although earlier MD studies on CHs using conventional potentials
have contributed to our comprehension of specific facets of thermal transport
physics, this current work strives for a more profound investigation by harnessing
high-precision deep neural network interatomic potentials, thereby mitigating
the limitations of previous research. As shown in Figs. le and f, our DNN po-
tential attains an outstanding energy accuracy on the order of 1x 1075 eV /atom

and a force accuracy on the order of 1 x 10~2 eV/A.
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Figure 1: (a) and (b) The atomic structure of the unit cell of (a) filled MH and (b) hollow
MH. (c) and (d) Representative 4x4 x4 supercells of (c) filled MH and (d) hollow MH. (e) and
(f) Training and validation statistics of the deep neural network potential for MH, displaying

high accuracy in energy and force predictions.

2. Methodology

2.1. Development of deep neural network (DNN) interatomic potential

First, we perform ab initio molecular dynamics (AIMD) simulations using
the Vienna ab initio simulation package (VASP) [20, 21] for a type-I methane
hydrate (MH) unit cell with dimensions 11.62A4 x 11.624 x 11.62A. The AIMD
simulations utilize a I'-centered scheme, employing a plane-wave cut-off energy
of 600 eV, a Gaussian smearing width of 0.05 eV, and a convergence threshold of
108 eV for self-consistent electronic iteration, ensuring precise force calculations.
Within the NVT ensemble, simulations are carried out at temperatures of 273
K, 298 K, and 300 K, each consisting of 10,000 steps. Additionally, simulations
within the NPT ensemble are conducted at temperatures of 273 K and 298
K, with applied pressures ranging from 0 to 1.0 GPa. The resultant data,
including instantaneous lattice vectors, atomic trajectories, atomic forces, and
system energies, are employed to train a DNN interatomic potential using the
DeePMD-kit package [22, 23]. The training process incorporates the full relative

coordinates to construct the descriptor, employing a cutoff radius of 6.0 A along



with the smoothing cutoff radius of 0.5 A. The embedding net comprises 3
hidden layers with 25, 50, and 100 neurons, respectively, while the fitting net
consists of 3 hidden layers, each containing 240 neurons. The initial learning
rate, decay steps, and decay rate are set at 0.001, 8 million, and 3.51x1078,
respectively.In the Supplementary Materials, we provide the DNN model file of

the interatomic potential trained in this work.

2.2. Equilibrium Molecular Dynamics (EMD)

We conduct EMD simulations using the LAMMPS package [24]. A 4 x4 x4
supercell of type-I MH is employed to compute k. The simulation employs a
small time step size of 0.05 fs, and the Nos’e-Hoover [25, 26] thermostat and
barostat are applied to relax the structure at the target temperature and 1,000
bars, each for a minimum of 50 ps. Subsequently, the simulation transitions to
plain time integration for 750 ps, during which we record system heat fluxes [27],

eventually converting them to k based on the Green-Kubo formalism [28, 29].

2.3. Nonequilibrium molecular dynamics (NEMD)

In NEMD, an MH supercell of length L and a cross-sectional area of 4 by 4
unit cells is positioned between hot and cold baths, each spanning a length of
16.2A. After a similar structural relaxation process as our EMD simulations,
atoms within the 7A layer at both ends of the system are frozen, mimicking
a fixed boundary condition. Subsequently, the simulation is switched to plain
time integration in LAMMPS, where Langevin thermostats [30] maintain the
temperatures of the hot and cold baths at 1.1x and 0.9x the target temperature,
respectively. This process extends for 800 ps to ensure the establishment of a
steady-state heat transfer. The apparent s of the MH supercell, which depends
on L, is determined from the steady-state heat current and temperature gradient

based on Fourier’s law [31], mimicking experimental measurements.



2.4. Spectral energy density (SED) analysis

SED quantifies the kinetic energy of a phonon mode. It is defined on the

time-domain normal mode coordinates, gi . (t), as [32, 33]
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where
atom in the [th unit cell, my is atomic mass, N, is the total number of primitive
unit cells of the entire system, t is time, k denotes wave vector, v is phonon
polarization, and r( is the equilibrium position of each unit cell. gk ,(¢) data
are collected from EMD in the NVE ensemble for 400 ps, ensuring a high reso-
lution of 0.0025 THz for analyzing phonon properties in the frequency domain.
Subsequently, SED is calculated through Fourier transform (F[-]) of the time
derivative of g . (t) as
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where @, (w) is the SED, w is the angular frequency, and C' is a constant.
The transformed data (the SED peaks in Fig. 5) is fitted with the Lorentzian

function to obtain the peak position w,f’v and phonon lifetime (7% ,).

3. Results and Discussion

Figure 2a illustrates the temperature-dependent & of hollow, 50% filled, and
100% filled MH obtained from equilibrium MD (EMD) simulations. Across all
three filling ratios, x consistently decreases as the temperature rises from 50K
to 200K, aligning well with the anticipated trend dictated by the anharmonic
Umpklapp scattering mechanism [34].

Notably, as depicted in Fig. 2a, the « of hollow MHs consistently surpasses
that of their 100% filled counterparts. While this observation may initially ap-
pear inconsistent with classical heat transfer expectations, which would suggest

an increase in k for a porous material with decreasing porosity, it is crucial to
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Figure 2: Lattice thermal conductivity x of hollow, 50% (random) filled, and 100% filled
MHs predicted by EMD and NEMD simulations.
by EMD. The inset shows the positions of guest methane molecules inside the 50% filled
MH structure, where yellow and blue circles denote carbon and hydrogen atoms, respectively.
Three different 50% filled MH structures, each with randomly positioned guest molecules, are
used to predict the x values at 50 K and 200 K, to better account for the randomness in 50%
filled structures. (b) and (c) Length-dependent k predicted by NEMD simulations at 50 K
and 200 K, respectively.
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recognize the multifaceted roles undertaken by guest molecules as fillers. Firstly,
filling the originally hollow host lattice reduces porosity, potentially leading to
an increase in k. Secondly, guest molecules introduce phonon scattering within
the host lattice through phenomena like“rattling” [11, 13] or resonance scatter-
ing [35], well-known mechanisms for reducing  in clathrate structures. Thirdly,
guest molecules can reduce x of CHs by increasing the anharmonicity of the host
lattice [9, 36, 10]. Fourth, they can reduce x by flattening phonon bands via
“avoided crossing” [12]. These mechanisms, where the first increases s while
the remaining three reduce it, offer valuable insights into the potential impacts
of guest molecules on k of MHs. The subsequent sections of this paper will
meticulously analyze the specific roles played by methane guest molecules.

A prominent observation in Fig. 2a, which, to our best knowledge, was never
reported, is the intersection of the x-temperature curves of 50% filled MH and
100% filled MH. Specifically, the x of 50% filled MH is lower than that of 100%
filled MH at temperatures below 100 K, while at temperatures above 100 K, the
50% filled MH exhibits a higher x than the 100% filled MH.

Taking into account the previously discussed negative effects on s induced
by guest molecules, one would reasonably anticipate that the s of 50% filled
MH surpasses that of the 100% filled counterpart, given the former’s reduced
number of guest molecules available to scatter phonons, increase anharmonicity,
or flatten phonon bands. Our EMD data, as illustrated in Fig. 2a for the
above-100 K range, corroborates this expectation by revealing a monotonically
decreasing k as the filling ratio increases, i.e., Khollow > K50%filled > K100%filled -
Therefore, we assert that thermal transport behaviors in this regime correspond
to a well-defined scattering-dominated regime, where guest molecule scattering
dominates the dependence of k on the filling ratio.

In contrast, data below 100 K contradicts the expected trend for phonon
transport limited by guest molecule scattering. As depicted in Fig. 2a, be-
low 100 K, the three filling ratios exhibit a non-monotonic trend of Kpolow >
K100%flled > Ks0%filled- Lhis trend is due to the heightened contribution of

wavelike coherent phonons to heat conduction at low temperatures, leading to



disorder-dominated thermal transport. In structurally complex materials with
many atoms in the unit cell, such as hollow and filled MHs, phase correlation,
i.e., coherence of thermal vibrations, is accentuated, particularly at low tem-
peratures, leading to the emergence of wavelike modes, often called “coherent
phonons,” that transport heat ballistically [37, 38, 39, 40, 41]. Later in this
manuscript, we will elucidate this ballistic transport and its contribution to s
using nonequilibrium molecular dynamics (NEMD) simulations.

The 50% filled MH achieves the lowest x due to its disordered nature, re-
sulting from the random positioning of guest molecules in the cages of the host
lattice, unlike the periodic structures of the hollow and 100% filled MHs. This
disruption of long-range periodicity in the 50% filled MH suppresses coher-
ent phonon transport through destructive wave interference, greatly reducing k,
particularly at low temperature. This phenomenon is similarly observed in cova-
lent crystals and Lennard-Jones metamaterials featuring secondary periodicity
[15, 42, 43, 44, 19, 45]. It is noteworthy that previous studies on clathrate hy-
drates did not consider the disorder induced by partial filling of guest molecules,
thus not capturing the transition between the two thermal transport regimes.

To further validate the transition between the disorder-dominated regime
and the scattering-dominated regime, we conduct NEMD simulations of MHs
with varying lengths at 50 K and 200 K. As depicted in Fig.2b, at 50 K, MHs
of different lengths consistently exhibit a disorder-dominated behavior, with
Khollow > K100%filled > K50%filled- 10 contrast, at 200 K, all structures demon-
strate a scattering-dominated behavior, with Knollow > K50%filled > K100%flled -
These NEMD results align with our EMD data presented in Fig. 2a, reaffirming
the existence of two distinct thermal transport regimes. It is noteworthy that the
k of MHs, irrespective of filling ratio, exhibits a notable increase with structure
length at 50 K (Fig. 2b), indicating a predominantly ballistic phonon transport
resulting from the rather low anharmonic scattering rates at low temperature.
Correspondingly, the effect of disorder on k becomes comparably strong, mani-
festing as disorder-dominated thermal transport. In contrast, x, particularly for

filled MHs, does not increase much with structure length at 200 K, suggesting



diffusive thermal transport resulting from strong anharmonic scatterings at high
temperatures. Correspondingly, the effect of disorder on & is relatively weaker,
thus leading to a monotonic decrease in x with increasing filling ratio.

To understand the impact of methane guest molecules on the anharmonic-
ity of the host lattice—a factor known to induce a substantial reduction in the
k of certain clathrate structures [9, 10]—we quantify the host lattice’s anhar-
monicity using the methodology recently introduced by Knoop et al.[46]. Given
that MH, being a molecular crystal, predominantly conducts heat through the
vibrational modes of water molecules within the host lattice, as opposed to the
vibrational modes of individual hydrogen or oxygen atoms, we modify Knoop et
al.’s approach [46] to align with the molecular-crystal nature of MH. Specifically,
our adaptation involves assessing the forces acting on an entire water molecule,
rather than an individual atom. This modification is realized by considering the
motion of the entire water molecule when evaluating force constants, as opposed
to focusing solely on a single atom of interest.

As depicted in Figs. 3a and b, the anharmonic forces Fy,, acting on water
molecules primarily demonstrate a distribution p(Fy,,) within the range of -1
eV/A and 1 eV/A, with a notable broadening of p(Fj,;,) at higher temperatures.
However, it is crucial to note that the broadened p(Fj,,) does not necessarily
imply a higher level of anharmonicity. Following Ref. [46], we compute the
anharmonicity factor as o(Fynn)/o(F), where o(Fy,,) and o(F) denote the
standard deviations of the anharmonic forces and the total forces, respectively,
sampled in our simulations. This ratio provides an environment-independent
measure of anharmonicity. As shown in Fig. 3c, the anharmonicity factor re-
mains nearly constant regardless of temperature or filling ratio. This contrasts
with prior studies on certain clathrate structures, including BagGaisGeso (a
semiconductive clathrate) [9], intermetallic clathrates [36], and xenon hydrates
[10], where a substantial increase in anharmonicity caused by guest molecules
or atoms was observed.

We further analyze spectral phonon properties of hollow and filled MHs
using the SED approach. Figure 4 shows the SED contours of filled and hollow

10
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Figure 4: Phonon spectral energy density (logarithmic) plotted in the wavevector-frequency
domain for (a) filled MH at 50K, (b) filled MH at 200K, (c) hollow MH at 50K, and (d)
hollow MH at 200K. Note that only the 0 Hz - 5 Hz frequency region of the phonon spectrum
is plotted, which corresponds to inter-molecule interactions, while the higher-frequency region,

which corresponds to intra-molecule interactions, is omitted.

MHs at 50 K and 200 K. Both types of MHs exhibit distinguishable acoustic
phonon branches at the temperatures investigated. Since there are respectively
531 and 411 optical phonon branches for filled and hollow MHs, those branches
are intertwined in the contour plots. Thus, we will focus on the behaviors of
acoustic phonons, which are the primary heat carriers in MHs. Upon comparing
Fig. 4a with Fig. 4c, and Fig. 4b with Fig. 4d, it is evident that methane guest
molecules do not significantly flatten acoustic bands.

To further validate the absence of band flattening, we present the SED spec-
tra in the frequency domain for hollow and 100% filled MHs at 50 K and 200 K
in Figs. 5a-d. For the analysis of phonon lifetime and frequency, we focus on the
two lowest-frequency modes. Both filled and hollow MHs exhibit a noticeable

reduction in acoustic mode frequencies at higher temperatures due to thermal
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expansion. However, the frequencies of the acoustic peaks in filled MH are only
slightly lower than those in hollow MH, suggesting a negligible flattening of
acoustic bands. This finding contrasts with prior studies on clathrate struc-
tures [12], where guests were observed to significantly flatten acoustic bands.
However, such disparities are not unexpected, as the impact of guests on the
phonon bandstructure of clathrates is influenced by various factors, including
the interaction strength between guest and host, the vibrational properties of
the guest and host, the relative effective size of the guest molecule compared
to the size of the cage, and others [14]. Therefore, the outcome of guest-host
interaction necessitates a case-by-case analysis.

Finally, we analyze the influence of methane guest molecules on the lifetime
of acoustic phonon modes. As illustrated in Figs. 5b and 5d, and summarized in
Fig. 5f, the phonon lifetimes of both filled and hollow MHs decrease notably at
elevated temperatures, attributed to intensified anharmonic phonon scattering.
This explains the notable reduction in s of both MH structures as the temper-
ature rises, as displayed in Fig. 2. Moreover, filled MHs exhibit shorter phonon
lifetimes than their hollow counterparts, further confirming the adverse impact
of guest molecules on phonon lifetimes and thus «.

Figure 4 presents the vibrational density of states (DOS) of various types of
atoms in MH. The DOS of carbon and hydrogen atoms within methane overlap
significantly with the acoustic phonon bands in the SED contours, supporting
the guest molecule scattering theory of clathrate structures. Notably, a substan-
tial portion of DOS below 1 THz is observed in methane molecules, attributed to
their ability to move within the water cage. In contrast, water molecules exhibit
considerably lower vibrational energy below 1 THz due to their constrained mo-
tion within the host lattice. Additionally, the introduction of methane molecules
to an initially hollow MH is expected to increase the anharmonic phonon-phonon
scattering phase space for acoustic phonons. However, we assert that this is a
secondary effect, as the original scattering phase space is already large due to
the presence of a significant number of closely positioned optical branches, as

depicted in the SED contours of Fig. 4.
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4. Conclusion

In summary, we developed a high-accuracy DNN interatomic potential for
type-I MH through AIMD simulations. Leveraging this potential, our MD sim-
ulations provided insights into the s of hollow, partially filled, and 100% filled
MHs. Notably, our investigation revealed two distinctive thermal transport
regimes, i.e., disorder-dominated and scattering-dominated, in partially filled
MHs, a prevalent configuration in real-world MHs. Above 100 K, thermal trans-
port is mainly constrained by guest molecule scattering and intrinsic anharmonic
processes, while below 100 K, disorder in guest molecules becomes a significant
factor, leading to a notable reduction in x. Importantly, our study refutes the
notion that methane guest molecules induce elevated anharmonicity or flatten
acoustic bands in the host lattice. Instead, we demonstrate that these molecules
directly scatter host lattice phonons, which is the primary mechanism for the
lower k of filled MHs than their hollow counterparts. Our findings underscore
the critical role of structural disorder on thermal transport in MHs and furnish
detailed insights into the intricate influence of guest molecules on the thermal
transport properties of MHs, which holds substantial importance for the com-

prehensive exploration and exploitation of this noteworthy energy resource.
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