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Decoding thermal transport mechanisms induced by short-range order in amorphous system
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Despite the absence of long-range structural order, amorphous solids retain an atomic-scale short-range or-
dered environment. However, the mechanisms through which short-range order influences vibrational modes and
its subsequent effects on thermal conductivity remain elusive. In this work, we employ molecular dynamics and
lattice dynamics simulations to investigate how short-range order modulates vibrational properties and thermal
transport in amorphous silicon. Our simulations reveal that rapid cooling rates during the melt-quench process
result in amorphous silicon structures with diminished short-range order. This reduction primarily intensifies
the scattering of propagative vibrational modes for both transverse and longitudinal polarizations, particularly
near the Ioffe-Regel crossover. Consequently, enhanced scattering weakens the mode correlation of propagative
modes, further suppressing thermal conductivity. Additionally, our spatial coherence analysis demonstrates that
reduced short-range order diminishes the wavelike behavior of propagative modes. Our findings provide a
fundamental interpretation of the prevailing concept of mode correlation with the spatial coherence of thermal
vibrations in amorphous systems, as well as physical insights into the role of short-range order in the wavelike
nature of vibrational modes and the engineering of thermal transport in amorphous materials.
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I. INTRODUCTION

Amorphous solids are extensively used in various areas
such as electronics [1], photovoltaics [2,3], and thermal in-
sulation [4], owing to their unique thermal and electrical
properties. Unlike crystals, where the long-range periodicity
is essential to determine the thermal transport properties [5,6],
amorphous solids lack the long-range order, which results in
the breakdown of the phonon picture and thus brings chal-
lenges to the establishment of a comprehensive theory of ther-
mal transport suitable for various solids [7–11]. Over the past
few decades, numerous attempts have been made in this field
[7–9,12–15]. Notable developments by Allen and coworkers
[7,8] asserted that in amorphous systems, vibrational modes
with closely spaced frequencies correlate with each other,
leading to a significant contribution to thermal conductiv-
ity from quasilocalized modes. More recently, Isaeva and
coworkers [13,16] introduced the quasiharmonic Green-Kubo
(QHGK) method within a similar framework of mode cor-
relation. This contribution from mode correlation has been
demonstrated as a fundamental characteristic of thermal trans-
port in amorphous or amorphouslike systems [12,17].

In amorphous materials, two kinds of vibrational modes
primarily contribute to thermal conductivity: (1) propagons,
which are low-frequency propagative modes, and (2)
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diffusons, which are high-frequency quasilocalized modes
[8,9,18]. Moon et al. [19,20] emphasized the predominance
of propagative modes in amorphous silicon, uncovering that
the elastic scattering of these modes dominates the acoustic
collective excitations in this material. The study by Gelin et al.
[21] on local elastic heterogeneities found the dependence
of propagative modes on the local disorder. Moreover,
Zhang et al. [22–24] examined the coherence characteristics
of propagons and diffusons, revealing that diffusons can
also exhibit wavelike characteristics and interact with local
structural disorder in amorphous silicon. However, these
works lack a clear link between the thermal conductivity
and structure characteristics in amorphous solids. The
underlying mechanism governing wavelike mode correlation
in prevailing theories, as well as the dependence of vibrational
modes and their correlation on variations in short-range order
in amorphous materials, remains an open problem.

On the other hand, due to the absence of long-range or-
der, conventional approaches [25–27] used to modulate the
thermal conductivity of crystals through phonon-based mod-
els fail for amorphous materials [28–30]. Previous studies
[31–34] have attempted to develop alternative methods to tune
thermal transport in amorphous materials, such as band-order
engineering and ultrafine nanostructuring [33,34]. However,
the efficiency and impact of these methods on thermal conduc-
tivity remain limited. Unveiling the underlying mechanisms
that can link intrinsic short-range order, which is the most cru-
cial structural characteristic of amorphous materials, to ther-
mal transport properties would unlock opportunities for engi-
neering these amorphous materials for various applications.

In this work, we investigate the thermal transport prop-
erties of amorphous silicon with varying short-range order
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using lattice dynamics (LD) and molecular dynamics (MD)
simulations. The thermal and vibrational properties of these
amorphous structures are predicted and compared, clarifying
how vibrational modes, particularly propagons and diffusons,
respond to variations of short-range disorder. Furthermore, we
unveil the underlying mechanism by which short-range order
influences thermal conductivity through mode correlations,
highlighting the importance of wavelike behavior in amor-
phous materials. Our study offers physical insights into the
nature of vibrational modes and their contributions to thermal
conductivity of amorphous solids.

II. COMPUTATIONAL APPROACH

A. Molecular dynamics simulations

We employ MD simulations to model the amorphous sili-
con system with different short-range orders and study their
vibrational properties. All MD simulations are performed
using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [35] with a time step of 0.5 fs. Peri-
odic boundary conditions are applied in all directions. The
Si-Si interaction in the amorphous silicon is described by the
empirical Tersoff potential [36]. The melt-quench approach is
adopted to generate the amorphous silicon [37,38]. Crystalline
silicon structures, respectively, with 1728 atoms and 27 000
atoms, are first heated and melted at 4000 K for 500 ps under
the isothermal-isobaric (NPT) ensemble. The system is then
annealed to 300 K with different cooling rates, ranging from
0.1 to 130 K/ps, to generate amorphous silicon structures with
various short-range orders. Each structure is equilibrated in
both NPT and microcanonical (NVE) ensembles for 500 ps
before further calculations. Following relaxation, the radial
distribution function (RDF) is calculated [39] and averaged
over 100 ps in the NVE ensemble. The coordination number
is determined by counting neighboring atoms of each atom
within a cutoff distance of 2.85 Å. This choice of cutoff is con-
sistent with previous studies on amorphous silicon, capturing
the essential nearest-neighbor interactions [38,40].

B. Vibrational properties

The characteristics of vibrational modes are further ana-
lyzed through the vibrational density of states (VDOS) and
dynamic structure factor (DSF), which describe vibrational
and collective excitation properties, respectively. When cal-
culating VDOS and DSF, we use models consisting of 27 000
atoms to ensure high resolution in our analysis. The trajecto-
ries of atomic velocity and position are collected in an NVE
ensemble every 0.025 ps for a total duration of 500 ps. VDOS
is obtained from the Fourier transform of the autocorrelation
of atomic velocities [41], while DSF is calculated as [42,43]

Sα (q, ω) = |q|2
2πω2

∫ dt〈uα (q, t ) · uα (q, 0)〉eiωt , (1)

where uα is the collective velocity, α denotes the longi-
tudinal (L) or the transverse (T) polarization, q refers to
the quasi-wave vector, and ω is the angular frequency. The

time-dependent collective velocity uα can be further ex-
pressed as [42,43]

uL(q, t ) = 1

N

∑

i

(vi(t ) · q̂)q̂eiq·ri (t ), (2)

uT (q, t ) = 1

N

∑

i

[vi(t ) − (vi(t ) · q̂)q̂]eiq·ri (t ), (3)

where q̂ = q/|q| is the normalized quasiwave vector, N rep-
resents the total number of atoms in the system, and vi(t ) and
ri(t ) are the atomic velocity and position of ith atom, respec-
tively. The linewidth and peak frequency of each vibrational
mode at q is calculated by fitting with a damped harmonic
oscillator model as [43,44]

Sα (q, ω) = Iα (q)
�α

2(q)�α (q)

ω2�α
2(q) + [ω2 − �α

2(q)]
2 , (4)

where Iα (q), �α (q), and �α (q) represent the fitted peak
intensity, linewidth, and peak frequency, respectively. The
linewidth serves as an analog to the inverse of phonon life-
time. When the linewidth becomes comparable to the central
frequency, the propagative nature of the mode is lost. There-
fore, we can determine the frequency of the Ioffe-Regel
crossover when �α = π�α [20,43].

Participation ratio (PR) is calculated to examine the degree
of localization of vibrational modes. The PR is defined as
follows [9,45]:

PR(μ) =
[∑

i ei
2(μ)

]2

N
∑

i ei
4(μ)

, (5)

where ei(μ) denotes the eigenvector of mode μ on atom i.
This definition implies that extended modes are characterized
by a high PR value, whereas localized modes have a low PR
value.

C. Thermal transport properties

Thermal conductivities of the amorphous silicon are calcu-
lated using the QHGK method, which is a unified approach
suitable for both ordered and disordered systems [13]. Af-
ter extracting the second-order and third-order force constant
matrices through the finite displacement method, eigenvectors
and eigenvalues are computed within the framework of LD.
Thermal conductivity κ is computed by using the QHGK
method as [13]

κ = 1

3V

∑

α

∑

μμ′
cμμ′vα

μμ′v
α
μμ′τμμ′, (6)

where α is the Cartesian coordinate indices and V repre-
sents the system volume. The summation is performed over
all modes μ and μ′. The terms cμμ′ , vα

μμ′ , and τμμ′ corre-
spond to the generalized heat capacity, α component of the
generalized velocity, and generalized lifetime, respectively,
as derived from the QHGK theory [13]. The generalized
heat capacity cμμ′ is expressed as cμμ′ = h̄ωμωμ′

T
nμ−nμ′
ωμ−ωμ′ , where

ωμ is the frequency calculated from harmonic dynamical
matrix and nμ represents the Bose-Einstein distribution gov-
erning mode occupation at different temperatures according
to quantum statistics. The generalized velocity is defined as
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FIG. 1. (a) Schematic graph for the melt-quench process under different cooling rates used to prepare amorphous structures. Each line
traces the energy of the structure as it is heated to a fully melted state and then cooled down to form a solid. Solid and dotted lines represent
the cooling rates of 0.1 and 130 K/ps, which result in amorphous structures with 93% and 72% fourfold coordination, respectively. The
inset shows the corresponding amorphous structures, where blue atoms have a coordination number of 4, and yellow atoms have other
coordination numbers. (b) The percentage of fourfold coordinated atoms in different amorphous structures as a function of cooling rate.
(c) Radial distribution function g(r) for amorphous structures with 93%, 84%, and 72% percentages of fourfold coordination, respectively. The
inset provides enlarged view of region at nearest-neighbor distance.

vα
μμ′= 1

2
√

ωμω
μ′

∑
i jα′β′

(xiα−x jα )Mα′β′
i j eα′

μie
β′
μ′ j

, with the harmonic dynami-

cal matrix entry Mα′β ′
i j and its eigenvector component eα′

μi.

The generalized lifetime τμμ′ = 
μ+
μ′
(ωμ−ωμ′ )2+(
μ+
μ′ )2 weights

the diffusive processes between vibrational modes with close
frequencies, where 
μ is the linewidth of mode μ that can
be computed using Fermi golden rule based on quantum
statistics. This lattice-dynamics-based approach can inher-
ently account for quantum statistics, as it includes both the
temperature-dependent heat capacity and anharmonic scatter-
ing effects. Similar to the Allen and Feldman model [7,8],
the diffusivity in the QHGK method represents the strength
of mode correlations. The microscopic definition of mode
diffusivity can be written as [7,16]

Dμμ′ = 1

3V

∑

α

vα
μμ′v

α
μμ′τμμ′ . (7)

The magnitude of the mode diffusivity describes the strength
of correlation between two modes.

III. RESULTS AND DISCUSSION

A. Amorphous silicon with varying short-range order

In this work, the amorphous silicon systems with varying
short-range order are obtained by altering the cooling rate
during the melt-quench process in MD simulations. The melt-
quench process preserves a nearly constant density across
different cooling rates and avoids the introduction of artificial
microstructures [28,31,32,38]. The full melt-quench process,
from crystal to amorphous structures with different short-
range orders, is shown in Fig. 1(a). A higher cooling rate
results in structures with higher energy. As atoms are cooled
down to reach their global energy minimum, rapid cooling
causes the structures to retain atomic characteristics similar
to those of the disordered liquid, resulting in higher energy
[dotted line in Fig. 1(a)].

Due to the nature of covalent bonding in the diamond struc-
ture, silicon atoms tend to form bonds with four neighboring
atoms, resulting in a fourfold coordinated environment [see
the inset of Fig. 1(b)]. As shown in Fig. 1(a), the structure
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FIG. 2. (a) The VDOS and (b) PR of amorphous silicon with different short-range orders of 100%, 93%, 84%, and 72% fourfold
coordination, respectively. The 100% fourfold structure is generated by the WWW algorithm, while the others are generated using the
melt-quench process.

obtained with a cooling rate of 0.1 K/ps has lower energy and
exhibits a higher proportion of fourfold coordinated atoms
compared to the structure obtained with a cooling rate of
130 K/ps. This suggests that a higher cooling rate leads to a
structure with reduced short-range order.

In amorphous solids, short-range order is inherently sta-
tistical, rather than governed by strict spatial symmetry. To
systematically investigate the relationship between cooling
rate and short-range order in amorphous silicon, we calcu-
late the statistical ratio of fourfold coordinated atoms across
structures with varying cooling rates. In ideal crystalline sili-
con, each atom is coordinated with four neighbors, yielding a
100% fourfold coordination ratio. Therefore, deviations from
this 100% ratio can be used to monitor the decrease in short-
range order. Moreover, the local bond order parameters have
been employed to characterize the short-range order in vari-
ous systems [46,47]. However, we find that under the same
extent of random variation in amorphous silicon, the fourfold
coordination number is a direct and more sensitive indicator
for the short-range order compared to the local bond-order
parameters. Therefore, the fourfold coordination number is
used in this work to measure the variation of short-range
order induced by various cooling rates. As shown in Fig. 1(b),
the ratio of fourfold coordination exhibits a decreasing trend
when the cooling rate increases. At very high cooling rates,
this reduction becomes erratic, reflecting the unrelaxed atomic
configurations caused by the rapid quenching. This depen-
dence demonstrates that higher cooling rates produce less
ordered short-range environments, suggesting that the rapid
cooling prevents atoms from settling into more ordered (i.e.,
crystallike) configurations.

The RDF is also calculated to study the structural proper-
ties of these amorphous structures. Figure 1(c) shows the RDF
for three structures with different short-range order charac-
terized by 93%, 84%, and 72% fourfold coordination, which
are associated with cooling rates of 0.1, 10, and 130 K/ps,
respectively. The absence of distinct peaks after the distance
of the second nearest neighbor confirms the loss of long-range
order across all amorphous structures, indicating no residual

signatures from the initial crystalline state. The inset in
Fig. 1(c) further shows the suppression of the first-neighbor
peak as the fourfold coordination decreases, which corre-
sponds to the reduction of the short-range order. This is
because atoms have sufficient time to settle into their global
energy minima with a lower cooling rate, resulting in a more
ordered atomic environment.

There are several methods to experimentally control short-
range order in amorphous solids, such as annealing amor-
phous structures at different temperatures [48,49] or adjusting
the temperature during the deposition process [50]. These
studies share a common principle: they modulate the short-
range order by accelerating or decelerating the annealing
process in the amorphous material. Our work follows a similar
approach, where varying the annealing time (by changing the
cooling rate) effectively modulates the short-range order.

B. Modal analysis

To further investigate the vibrational properties un-
der different short-range order, we conduct a modal
analysis combining both MD and LD methods. We start with
a conventional analysis using the VDOS to provide a compre-
hensive view of the distribution of vibrational modes, together
with the PR to elucidate the nature of vibrational states. Ad-
ditionally, a model generated using the Wooten-Winer-Weaire
algorithm [51], reported to have 100% fourfold coordination,
is also included in the calculations.

The VDOS in Fig. 2(a) demonstrates that as the degree
of short-range order decreases, low-frequency modes be-
low 6 THz remain largely unchanged, while modes at high
frequencies (∼15 THz) exhibit a noticeable redshift with re-
duced amplitude [see arrow in Fig. 2(a)], thereby increasing
the density of states in the middle-frequency range. This
behavior suggests that low-frequency modes, which are typ-
ically associated with phononlike behavior and relatively
long wavelengths, are not significantly affected by changes
in short-range order. In contrast, the modes at higher fre-
quencies, usually corresponding to more localized vibrational

013007-4



DECODING THERMAL TRANSPORT MECHANISMS … PHYSICAL REVIEW RESEARCH 8, 013007 (2026)

states, shift toward middle frequencies, and the VDOS peak
density is also reduced. To further explore the localization
characteristics of the vibrational modes, the PR value is also
calculated, as shown in Fig. 2(b). Except for those modes near
the zone center and edge, the majority of the modes exhibit
an overall decrease in PR with decreasing fourfold coordina-
tion ratio, indicating an enhanced localization as short-range
order diminishes. Figure 2(b) also shows a relatively high
PR value for structures with 100% fourfold coordination
at high frequencies, particularly near the frequency of lo-
calized modes. The combined analysis suggests two key
findings: First, long-wavelength modes remain largely unaf-
fected by the reduction in short-range order. Second, despite
the redshift of high-frequency modes to middle frequencies,
the overall vibrational states tend to become more localized
as short-range order decreases.

Due to the absence of lattice periodicity in amorphous
materials, the notion of normal modes may lose its validity
[10,18,52]. Previous studies [19,22] have shown that collec-
tive excitation, a concept borrowed from similar disordered
systems like liquids or liquidlike solids [42], provides a more
appropriate description of thermal vibrations in amorphous
solids. In amorphous silicon, thermal vibrations can be char-
acterized by collective excitations through the DSF [20,53–
55] (see method in Sec. II B). In this regard, we analyze
DSF spectrum for amorphous silicon structures with different
short-range orders.

Our calculation results of the DSF for structures with 72%
and 93% fourfold coordination ratios are shown in Fig. 3.
The DSF results in Figs. 3(a)–3(e) show that modes with low
frequency still maintain a dispersionlike relation between the
wave vector and frequency, which suggests that they retain
phononlike characteristics. The sound velocities can be ob-
tained by calculating the first derivative of DSF spectrum at
very low frequency, yielding a longitudinal sound velocity
of 7797 m/s and a transverse sound velocity of 4436 m/s.
Both values are comparable to those of crystalline silicon
[56], indicating that the modes at low frequencies exhibit
propagative characteristics similar to phonons. This phonon-
like low-frequency range corresponds to the range where the
VDOS does not vary significantly with decreasing short-range
order [see Fig. 2(a)].

With the increase of wave vector, the vibrational fre-
quency is broadened to a wider range for both polarizations,
giving rise to a notable linewidth at each wave vector.
When the linewidth increases dramatically to a value com-
parable with the central frequency (see in methods), this
corresponds to the Ioffe-Regel crossover (horizontal lines
in Fig. 3) beyond which the dispersionlike feature becomes
very blurred as those vibrational states are heavily scattered
by structural disorder in amorphous materials, leading to
a transition from propagons to diffusons. Figures 3(c) and
3(f) further show that the Ioffe-Regel crossover is associated
with a sharp broadening of the linewidth for both longitu-
dinal and transverse modes, as highlighted by the dashed
circles. Since the Ioffe-Regel crossover originates from the
breakdown of long-range periodicity during the transition
from crystalline to amorphous structures [55], this crossover
frequency remains nearly unchanged despite variations in
short-range order.

FIG. 3. DSF for transverse polarization of amorphous silicon
with (a) 93% and (b) 72% fourfold coordination, respectively. (c)
The linewidth of transverse polarization vs frequency for the struc-
tures with 93% and 72% fourfold coordination. DSF for longitudinal
polarization of (d) 93% and (e) 72% fourfold coordination. (f) The
linewidth of longitudinal polarization vs frequency for the structures
with 93% and 72% fourfold coordination. The linewidths in panels
(c) and (f) are fitted at specific wave vectors in panels (a), (b), (d),
and (e). The Ioffe-Regel crossover is indicated by the horizontal lines
for structure with 93% fourfold coordination, and the dashed circles
highlight the regions where the linewidth changes rapidly.

Furthermore, longitudinal modes in amorphous silicon
maintain a clear relation between wave vector and frequency
up to 10 THz [Fig. 3(d)], whereas the transverse modes exhibit
a clear dispersion only up to 6 THz [Fig. 3(a)], showing a
larger linewidth compared to that of longitudinal modes. This
difference reveals that the transverse modes are more sensitive
to the loss of long-range order, which is consistent with
literature results [57,58]. With the reduction in short-range
order as indicated by the decrease in fourfold coordination,
it leads to the enhanced linewidth for frequencies below
the Ioffe-Regel crossover, especially for the longitudinal
polarization. Such enhancement in the linewidth is more
pronounced for those modes close to the Ioffe-Regel crossover
[see dashed circles in Fig. 3(f)]. These findings suggest that
the decrease of short-range order in amorphous silicon has a
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FIG. 4. (a) Thermal conductivity κ of amorphous silicon as a function of fourfold coordination, calculated using the Tersoff potential (filled
symbols) and the Stillinger-Weber (SW) potential (open diamonds) for 1728 atoms. Stars denote results obtained with the Tersoff potential
for 4096 atoms at 300 K. The shaded region shows the envelope of the data, highlighting the overall increasing trend of κ with fourfold
coordination. (b) κ of amorphous silicon under different conditions as a function of temperature. The literature results from experimental [59]
(Expt.) and theoretical (Theory) [13,22] works are also shown for comparison. Panels (c) and (d) show the spectral κ for varying fourfold
coordination at 300 K computed using the Tersoff and SW potentials, respectively. Vertical lines mark the Ioffe-Regel crossover frequencies
for different polarizations.

more pronounced impact on propagons rather than diffusons,
and the resultant enhancement in linewidth primarily targets
longitudinal polarization.

C. Thermal transport properties

We compute thermal conductivity κ of amorphous silicon
at temperature of 100, 300 and 500 K using the QHGK method
within the lattice dynamics framework [according to Eq. (6)].
Figure 4(a) illustrates that at all three temperatures, κ of
amorphous silicon exhibits an increasing trend with increasing
short-range order. For instance, at room temperature, when the
short-range order (characterized by the fourfold coordination
ratio) varies from 72% to 93%, κ is enhanced by as large as
77%. It should be noted that the intrinsic stochasticity of the
MD-based melt-quench process leads to structural variations
in the amorphous systems, even at a fixed fourfold coordi-
nation, which consequently causes a scattered distribution of
κ . To better capture the overall variation trend, we plot the
data envelopes as shaded regions in Fig. 4(a). These envelopes

clearly demonstrate a general increasing trend of κ with the
increase of fourfold coordination fraction, a tendency that is
consistently observed across different interatomic potentials
and system sizes. However, this enhanced κ is still much
lower than that of crystalline state, indicating the amorphous
nature of these structures with different fourfold coordination.
This enhancement demonstrates that short-range order can
also dramatically influence the thermal transport in amor-
phous systems, although the loss of long-range order is often
considered the primary factor in reducing κ of amorphous
solids compared to the crystalline case. To avoid the finite size
effect, we perform additional calculations on a larger model
containing 4096 atoms at 300 K, and consistent results are
obtained [see stars in Fig. 4(a)], indicating that a simulation
model of 1728 atoms is sufficiently large. Furthermore, we
also validate our findings against the choice of interatomic
potentials, and find that the simulation results obtained us-
ing Stillinger-Weber (SW) potential [see empty diamonds in
Fig. 4(a)] also reveal a similar increasing trend in thermal
conductivity with a higher fourfold coordination at 300 K,
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FIG. 5. (a) The fourfold coordination ratio as a function of density for diamondlike amorphous carbon obtained from simulations (squares)
in this work and experiments (triangles) by Fallon et al. in Ref. [63] and Ravi et al. in Ref. [64]. (b) Thermal conductivity of amorphous and
ploycrystalline carbon as a function of fourfold coordination ratio.

showing its independence on the choice of interatomic poten-
tials.

Figure 4(b) further presents the temperature-dependent κ

of amorphous silicon, examining the influence factors of
short-range order, system size, and interatomic potential. A
general increase in κ with temperature is observed across all
conditions, which aligns well with trends reported in litera-
ture [13,22,59]. Specifically, κ exhibits a significant increase
as the temperature rises from 100 to 300 K for various de-
grees of short-range order, but its growth becomes weaker
at higher temperature (300–500 K). Crucially, κ of the amor-
phous structure with 84% fourfold coordination exhibits close
agreement with reported experimental values, suggesting this
particular degree of short-range order might closely resemble
the experimental state. Furthermore, the degree of temperature
dependence is shown to be contingent upon the fourfold coor-
dination fraction, revealing a unique approach for engineering
thermal transport via short-range order. These findings col-
lectively indicate that manipulation of the short-range order,
for instance via the control of cooling rate, offers an effec-
tive route to modulate κ in amorphous materials. Although
the same short-range order can be measured and modulated
experimentally [48–50], its effect on the thermal properties
of amorphous solids has not yet been rigorously tested. Our
approach offers a promising strategy for designing amorphous
materials with tailored thermal properties for specific appli-
cations, extending beyond the conventional phonon transport
framework.

Similar relationships between atomic coordination and κ

have also attracted experimental interest in carbon systems
[60,61], particularly in diamondlike carbon. To generalize our
findings, we further generate diamondlike amorphous carbon
structures with sp3 coordination ratio ranging from 45% to
85%, as well as a polycrystalline carbon structure composed
of four grains. In our MD simulations, the sp3 coordination ra-
tio is determined by counting atoms bonded to four neighbors
within the first-neighbor cutoff distance, which corresponds to
the definition of fourfold coordination in our work. The dia-
mondlike carbon structures are generated by using a modified

Tersoff potential that accurately captures both the structural
and mechanical properties of diamondlike carbon [62]. The
ratio of fourfold coordinated atoms is controlled by adjusting
the density during the melt-quench process at a cooling rate
of 1 K/ps. The relationship between density and coordination
ratio in diamondlike amorphous carbon is shown in Fig. 5(a).
Our simulation results (squares) agree well with experimental
(triangles) trends [63,64]. The polycrystalline carbon struc-
ture is constructed by using a Voronoi tessellation algorithm,
which enables the realistic grain boundary formation [65]. As
shown in Fig. 5(b), the κ of diamondlike amorphous carbon
increases with the sp3 coordination ratio (i.e., the fourfold
coordination ratio), consistent with our findings in silicon
systems. Compared to the diamondlike amorphous carbon, the
polycrystalline carbon exhibits a significantly higher κ , which
can be attributed to both the high sp3 coordination ratio and
its partially crystalline structure.

Further insights can be obtained by examining the spectral
contributions to the total κ . Figure 4(c) reveals a declining
trend in spectral κ as short-range order diminishes, with sig-
nificant differences observed below 10 THz. Based on the
DSF analysis in Fig. 3, modes below 6 THz are identified
as propagons for both polarizations, while modes between 6
and 10 THz include propagons for longitudinal polarization
and diffusons for transverse polarization. This indicates that
it is challenging to disentangle the relative contributions of
propagons and diffusons to κ within the QHGK framework.
However, our previous work [22] based on a heat conduc-
tion theory including coherence [23] demonstrated that in
amorphous silicon with a fixed high proportion of fourfold
coordination, propagative modes dominate thermal transport,
contributing up to 66% of the total κ at 300 K. Notably,
the coherence terms—represented by the off-diagonal ele-
ments in the QHGK formalism—account for 68% of the
total κ at 300 K, highlighting their critical role in the thermal
transport process.

Since the reduction in short-range order mainly affects
the linewidth of longitudinal propagon [Fig. 3(f)] rather than
transverse diffuson [Fig. 3(c)] within the frequency between
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6 and 10 THz, the spectral κ analysis highlights an important
finding: It is predominantly the propagons that respond to the
decrease in short-range order, driving the observed reduction
in thermal conductivity. This conclusion is also consistent
with negligible variation of spectral κ contributions with
varying short-range order for high-frequency modes above
10 THz, which correspond to the diffusons and locons for
both polarizations. The consistency of these findings is further
validated using the SW potential, as shown in Fig. 4(d). While
the SW potential yields different κ values compared to the
Tersoff potential, the underlying mechanism by which the
short-range order impacts the modal-level thermal properties
remains consistent across different degrees of short-range or-
der. In addition, it also highlights the deficiency of VDOS and
PR-based analysis: They lack the modal transport informa-
tion and thus are insufficient to understand the influence of
short-range order on spectral contribution, although notable
variations in VDOS and PR are observed in Fig. 2 for high-
frequency modes above 10 THz.

To further elucidate how different vibrational modes, par-
ticularly their correlations, contribute to thermal transport
and their dependence on short-range order, we examine the
mode diffusivity in our system. Analogous to the Allen-
Feldman model [7,8], the mode diffusivity in the QHGK
approach describes a unique thermal transport behavior in
disordered systems, showing that heat is carried not only by
propagative modes but also by diffusive modes through corre-
lations between different modes. Figure 6 illustrates that the
intermode correlations, i.e., off-diagonal terms, are predom-
inantly concentrated near the diagonal line, indicating that
only modes with close frequencies can correlate with each
other in amorphous solids. This mechanism is different from
the observations in complex crystals that retain the phonon
picture, where mutual correlation between phonon modes can
extend to those even with large frequency differences [12,66].

In addition, strong correlations occur in amorphous silicon
at frequencies below 4 THz and within the range between 7
and 9 THz, reflecting the significant involvement of propagons
in mode correlation. The magnified figures on the right pan-
els of Fig. 6 further reveal that mode correlations within
these frequency ranges are significantly suppressed as the
short-range order decreases. Similar to phonon coherence in
crystals, where coherence is sensitive to the loss of long-range
order [67], the coherence between vibrational modes in amor-
phous materials also strongly depends on short-range order.
This reduced coherence, coupled with the increased linewidth
of propagative modes, suggests that enhanced structural dis-
order significantly hampers thermal transport in amorphous
systems.

D. Spatial coherence analysis

Previous studies have demonstrated that coherence or
mode correlation originates from the unique wavelike nature
of thermal vibrations, as extensively studied in crystals and
nanophononic crystals [67]. Moreover, as reported by Gelin
et al. [21] and Shintani and Tanaka [43], the wave behavior
of various vibrational modes in amorphous materials can be
visualized by projecting the eigenvector field onto the real
space. In this regard, we define the spatial wave coherence

FIG. 6. Mode diffusivity of amorphous silicon with (a) 93% and
(b) 72% fourfold coordination. Right panels are magnified views of
the square regions.

�i(μ) of mode μ on atom i as [57]

�i(μ) = 1

Ni

∑Ni

j

ei(μ) · e j (μ)

|ei(μ)||e j (μ)| , (8)

where Ni is the number of nearest neighbors for atom i and
ei(μ) refers to eigenvector of mode μ on atom i. The summa-
tion is performed over all the nearest neighbors j of atom i.
The value of �i(μ) ranges between 1 and −1, with �i(μ) = 1
denoting that the eigenvector component on an atom has the
same direction as its neighboring atoms, while �i(μ) = −1
indicates the opposite direction (out-of-phase). A �i(μ) value
near zero suggests incoherent motion between atoms. There-
fore, the amplitude of �i(μ) indicates the extent to which the
component of mode μ on atom i exhibits the wavelike behav-
ior. In this work, we define the degree of spatially continuous
and extended vibrations as the spatial “wavelike” behavior,
which is reflected by the large positive �i(μ) values.

Our DSF results in Fig. 3 reveal that the dispersionlike
feature is distinct between the propagons and diffusons. In
order to examine their wave behavior, we select three repre-
sentative frequencies of 3.6, 8, and 11 THz, which correspond
to the propagons, mixed vibrons (transverse diffusons and lon-
gitudinal propagons), and diffusons, respectively. We exclude
the modes above 16 THz (locons) because their vibrations
only involve a few atoms, preventing them from exhibiting
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FIG. 7. The spatial coherence � distribution for amorphous structures with 93% and 72% fourfold coordination at frequencies of (a)
3.6 THz, (b) 8 THz, and (c) 11 THz. Eigenvector fields of eigenvectors with � > 0.65 for the structure with 93% fourfold coordination at
frequencies of (d) 3.6 THz, (e) 8 THz, and (f) 11 THz, and for the structure with 72% fourfold coordination at frequencies of (g) 3.6 THz, (h)
8 THz, and (i) 11 THz. The red and black dots denote atoms with fourfold coordination and other coordination numbers, respectively.

substantial wavelike behavior [8,18]. Figures 7(a)–7(c) com-
pare the spatial coherence distribution for amorphous struc-
tures with 93% and 72% fourfold coordination at three
representative frequencies. When the frequency varies from
3.6 to 11 THz, a lower spatial coherence is consistently
observed, since the peak values of �i(μ) distribution pro-
gressively shift to the low-value region. This dependence
indicates that the wavelike behaviors of thermal vibrations in
amorphous materials decline at higher frequencies. In contrast
to the standing waves of high-frequency optical modes in
crystals that consist of out-of-phase vibrations [with the large
negative �i(μ)], previous studies [22,57,68] demonstrated
that structural disorder significantly suppresses the spatial
“wavelike” behavior (i.e., spatial coherence) of these modes.
Therefore, the modes with the large negative �i(μ) values in

Figs. 7(a)–7( c) indicate the loss of spatial coherence in amor-
phous silicon. Besides, very small �i(μ) values correspond to
highly localized vibrations with minimal correlation between
neighboring atoms.

In order to make more detailed comparisons between dif-
ferent frequencies, we select a relatively large threshold value
(e.g., � = 0.65), above which indicates a strong wavelike
behavior. Figures 7(d)–7(i) depict the eigenvector distribution
in real space above this threshold for three representative
frequencies, with the red and black dots denoting atoms with
fourfold coordination and other coordination numbers, re-
spectively. Obviously, the number of eigenvector components
exhibiting high spatial coherence decreases at higher frequen-
cies. Additionally, as short-range order decreases, these com-
ponents are significantly reduced for propagons at 3.6 THz
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[Figs. 7(d) and 7(g)] and mixed vibrons at 8 THz [Figs. 7(e)
and 7(h)], while negligible variation is observed for diffusons
at 11 THz [Figs. 7(f) and 7(i)]. These results clearly explain
that the mode correlation of propagons is more sensitive to
short-range order than that of the diffusons from a wavelike
perspective. This finding agrees very well with the enhanced
linewidth in Fig. 3(f) and reduced κ spectrum in Figs. 4(c) and
4(d) for propagons when the short-range order decreases.

Moreover, the atomic coordination information reveals
that wavelike behaviors are primarily associated with atoms
having fourfold coordination. This indicates that thermal vi-
brations become more coherent and wavelike among atoms
within higher short-range ordered environments. For high-
frequency diffusons in Figs. 7(f) and 7(i), the wavelike
component becomes negligible, suggesting that these diffu-
sive vibrations seldom interact through short-range order in
amorphous materials.

IV. CONCLUSION

We have constructed amorphous silicon structures with dif-
ferent short-range orders by varying the cooling rates during
the melt-quench process in MD simulations. The computed
thermal transport properties of these amorphous structures via
QHGK method reveal that thermal conductivity of amorphous
silicon depends significantly on the short-range structural en-
vironment. Our vibrational mode analysis using VDOS and
PR demonstrates that modes with middle and high frequencies
are particularly sensitive to changes in short-range order. The
DSF and spectral thermal conductivity analysis together eluci-
date the underlying mechanism responsible for the suppressed
thermal conductivity with the loss of short-range order. As
short-range order diminishes, the linewidth of propagons near
the Ioffe-Regel crossover increases notably, leading to the sig-
nificant suppression of spectral contribution to total thermal
conductivity from propagons in both transverse and longi-
tudinal polarizations. Furthermore, eigenvector field analysis

further reveals that wavelike behaviors are predominantly as-
sociated with atoms exhibiting fourfold coordination, which
are suppressed by the reduced short-range order. This co-
herence among atoms with similar short-range environments
contributes to strong wavelike collective behavior in vibra-
tional modes. These findings suggest that mode correlation in
different prevailing theories originates from the picture of spa-
tial phase correlation, and that manipulating short-range order
through controlled cooling rates can effectively modulate
the thermal conductivity of amorphous systems. Our results
also emphasize the importance of collective and wavelike
behaviors on investigating vibrational and thermal transport
properties in amorphous solids.
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