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Abstract

The lattice dynamics of disordered systems (amorphous solids, polymers and glasses) are often distinct from crystalline analogues.
Examples include the "two-level systems" and the Boson peak. Here, we show that even the venerable material amorphous silicon
offers new wrinkles: (1) realistic networks studied with DFT-quality interatomic potentials show the existence of harmonic modes
exhibiting anomalously large root-mean-square variation in atomic positions, and (2) these dynamics determine the processes of
heat transport. We correlate the atomic dynamics with transport using the site-projected thermal conductivity [C. Ugwumadu et. al
Phys. Status Solidi B 263, e202500316 (2026)], and conjecture that these observations are relevant to other disordered systems.

1. Introduction

Disordered systems exhibit vibrational properties distinct
from crystalline analogues. These include the "two-level sys-
tems", the Boson peak and floppy modes in glasses and poly-
mers) [1, 2, 3]. The primary focus of this paper is the analysis
of atomic dynamics and its dependence upon local structure.
Earlier work has employed molecular dynamics (MD) to moni-
tor this behavior [4, 5, 6]. We examine structures ranging from
continuous random networks (CRN) [7] to diamond. We cor-
relate the lattice dynamics with heat transport, and demonstrate
the existence of sites in some of the models with anomalously
large root-mean-square (RMS) fluctuations. Previous studies
[2, 3] suggest the existence of such modes in association with
voids in a-Si. We show here that such modes may appear in
models of amorphous, polycrystalline and para-crystalline sili-
con.

We also analyze correlations between atomic dynamics and
heat transport using the site-projected thermal conductivity
(SPTC) method [8, 9]. We show that sites exhibiting large fluc-
tuations from equilibrium positions behave like rattlers [10, 11],
locally suppressing heat transport. Although the current study
involves only silicon materials, we conjecture that analogous
vibrational features might exist in other amorphous and glassy
materials.

Inelastic neutron scattering is the most direct probe of lattice
dynamics of materials. The experiments of Kamitakahara and
coworkers [12] provide essential information that any model
of amorphous silicon (a-Si) should be evaluated against. The
structural models we utilize in this paper are compared to neu-
tron data and generally yield satisfactory agreement. We be-
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lieve that such a comparison is a necessary precursor to an
atomic scale study of vibrations and heat transport.

The rest of the paper is organized as follows: In Section 2,
we discuss the structural models and methods. We report and
interpret the results in Section 3, and conclude in Section 4.

2. Structural Models and Methods

2.1. Structural models

We examine six silicon models — a 512-atom diamond-
silicon (c-Si) reference structure, a 512-atom CRN model from
Ref. [13] (hereafter DTW), and four models recently reported
by Rosset and coworkers [14]. The four models include a
216-atom CRN model hereafter denoted “Rosset-10,’ and three
1000-atom non-CRN models labeled "R1", "R2", and "R3".
The difference in the system sizes holds no significance other
than that the models have structural features which are of inter-
est to this study.

To ensure a consistent comparison, all structures were re-
laxed using the conjugate-gradient method, with an energy
tolerance between successive steps of 10−6 eV/atom, in the
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [15] and we employed a machine-learning atomic
cluster expansion (ACE) potential developed for silicon–
hydrogen systems [16].

Figure 1 shows the local atomic environments of the five pri-
mary models, as classified using the “Identify diamond struc-
ture” modifier in OVITO [17]. This tool analyzes atomic envi-
ronments through the second-nearest-neighbor (2NN) shell to
identify cubic-diamond (3C) and hexagonal-diamond (2H) or-
der [18]. The resulting structure-class IDs are defined as fol-
lows: ID 0 denotes atoms not assigned to a recognized crys-
talline environment and is identified here as amorphous; IDs 1
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Figure 1: Structural components of (a) DTW, (b) Rosset-10, (c) R1, (d) R2, and (e) R3. The Structure Class colorbar encodes the local environment of each atom:
amorphous (0; gray), cubic diamond (1; blue) and its first (2; cyan) and second (3; green) neighbors, and hexagonal diamond (4; orange) with its first (5; yellow)
and second (6; lime) neighbors.

Table 1: Statistics of the local atomic environments of the models in percent
[%].

Structure Class DTW Rosset-10 R1 R2 R3

No. of Atoms 512 216 1000 1000 1000

Amorphous (0) 90 100 — 39.7 31.3

Cu. Diamond (1) 0.2 — 92.7 11.4 15.2

Cu. Dia. 1NN (2) 0.8 — 5.4 11.2 14.3

Cu. Dia. 2NN (3) 2.3 — 1.9 14.0 13.6

Hex. Diamond (4) 0.4 — — 6.7 9.1

Hex. Dia. 1NN (5) 1.6 — — 7.4 6.8

Hex. Dia. 2NN (6) 4.7 — — 9.6 9.7

and 4 denote fully coordinated 3C and 2H sites, respectively;
IDs 2 and 3 denote the first- and second-nearest neighbors (1NN
and 2NN) of 3C sites; and IDs 5 and 6 denote the correspond-
ing neighbors of 2H sites. The system size and distributions
of these local environments in each model are summarized in
Table 1.

Figure 1(a) presents results for the DTW model [13]. DTW
is predominantly amorphous: 90% of its atoms are assigned to
class 0, whereas the remaining 10% are associated with 3C or
2H environments (Table 1). Fully coordinated 3C and 2H sites
account for only 0.6% of all atoms, with the remaining 9.4%
belonging to their 1NN and 2NN environments.

The remaining four models, are presented in Figure 1(b–e).
Rosset-10, shown in Figure 1(b), is classified as entirely amor-
phous. This structure was deeply explored in Ref. [19], where
it was found to have a more favorable cohesive energy than
other realistic a-Si models, and hybrid functional calculations
on Rosset-10 reproduce the experimentally measured optical
gap of amorphous silicon with no localized electronic states. It
is highly structurally homogeneous, an attribute of high-quality
models of a-Si. [20, 21]. In contrast, R1 [Figure 1(c)] is al-
most entirely crystalline. Fully coordinated 3C sites account
for 92.7% of its atoms, while the remaining 7.3% are assigned
to their 1NN and 2NN environments. R1 is therefore best de-
scribed as a defective or slightly distorted c-Si model or poly-

crystalline silicon.
R2 and R3, shown in Figure 1(d) and (e), respectively, oc-

cupy intermediate regimes between the amorphous and crys-
talline limits. Their diamond-associated fractions are 60.3%
and 68.7%, respectively. Compared with R2, R3 has a smaller
amorphous fraction and a larger proportion of fully coordinated
diamond sites (24.3% compared with 18.1%), indicating a more
extensively developed crystalline network. Both models also
contain substantial populations of 2H-associated environments,
suggesting variations in the stacking of their crystalline regions.
We also describe R2 and R3 loosely as polycrystalline silicon.

2.2. Vibrational Properties and SPTC

The vibrational properties of the models were examined by
computing the vibrational density of states (VDOS) and vibra-
tional inverse participation ratio (VIPR) within the harmonic
approximation. The dynamical matrix was constructed from
finite-difference force constants using the standard definition

Dαβ

i j =
1

√mim j

∂ 2E

∂uα
i ∂uβ

j

, (1)

where uα
i is the α-Cartesian component of the displacement of

atom i, mi is the mass of atom i, and E is the potential energy
of the system. The k⃗ = 0 classical normal modes were obtained
by solving

∑
j,β

Dαβ

i j φ
β

jµ = ω
2
µ φ

α
iµ , (2)

where ωµ is the vibrational frequency of mode µ , and φ α
iµ is the

α-Cartesian component of the corresponding normalized eigen-
vector for atom i. We ignore lattice quantization (phonons) in
this paper.

The VDOS was computed as [22]

g(ω) =
1

3N

3N

∑
µ=1

δ (ω −ωµ), (3)

where N is the total number of atoms in the supercell. In prac-
tice, the δ function is replaced by a Gaussian of finite width.
The localization of the vibrational modes was quantified using

2



DTW Rosset-10 R1 R2

R3 DTW DTW

a b c d

e f g h

Figure 2: Vibrational density of states (VDOS, black) and vibrational inverse participation ratio (VIPR, gray) for (a) DTW, (b) Rosset-10, (c) R1, (d) R2, and
(e) R3. The red and blue dashed curves show neutron-scattering measurements [12] for amorphous and polycrystalline silicon, respectively. (f) Distribution of
root-mean-square displacements (RMSDs), δRi, obtained from MD simulations of DTW at different temperatures, and (g) the corresponding peak locations. (h)
RMSD for all models at 300 K. The vertical dashed black line in (f) and (h) indicates the RMSD of c-Si at 300 K.

the VIPR [22],

V (µ) =
∑i,α |φ α

iµ |4(
∑i,α |φ α

iµ |2
)2 . (4)

With this definition, V (µ) approaches 1/(3N) for a fully ex-
tended mode and 1 for an ideally localized mode.

To construct the dynamical matrix in Eq. (1), each atom was
displaced by 0.05 Å in the ±x, ±y, and ±z directions from its
energy-minimized configuration.

The site-projected thermal conductivity (SPTC) method has
been described in detail elsewhere [8, 9]. Briefly, SPTC pro-
vides a real-space decomposition of the thermal conductivity,
yielding site-specific information about heat transport and iden-
tifying regions of the network that either enhance or suppress
thermal conduction. SPTC has been applied to a variety of
systems, including a-Si, crystalline–amorphous silicon inter-
faces, tungsten, and germanium–antimony–tellurium chalco-
genide glass [8, 9, 23, 24, 18].

2.3. Root-Mean-Square Displacement
We estimated the site-resolved root-mean-square displace-

ment (RMSD), δRi, using both finite-temperature molecular
dynamics and the normal modes. For the molecular dynam-
ics estimate, simulations at constant volume and temperature
(NVT) were performed using a Nosé-Hoover thermostat set at
T = 300 K to 800 K using the silicon-hydrogen ACE poten-
tial [16]. Each system was first equilibrated at the target temper-
ature for 50 ps, after which atomic trajectories were collected
for 500 ps. The RMSD of atom i was computed as

δRi =

[
1

Nk
∑
k

∣∣ri,k −⟨ri⟩
∣∣2]1/2

, (5)

where Nk is the number of sampled time steps, ri,k is the posi-
tion of atom i at time step k, and

⟨ri⟩=
1

Nk
∑
k

ri,k (6)

is the time-averaged position of atom i. To gain insight into
the validity of the harmonic approximation, we compare the
molecular-dynamics estimate δRi with a harmonic estimate, de-
noted δRh

i , obtained from the classical normal modes. Within
the harmonic approximation, the mean-square displacement of
atom i can be written as [25]

δRh
i =

[
kBT
mi

ωµ,0

∑
µ

∑α |φ α
iµ |2

ω2
µ

]1/2

. (7)

Here, kB is Boltzmann’s constant, and the sum excludes the
three zero-frequency translational modes. This expression pro-
vides a site-resolved harmonic estimate of the thermal vibration
amplitude, enabling comparison with the RMSD obtained from
finite-temperature MD.

3. Result and Discussion

3.1. Vibrational Density of States
The VDOS and VIPR reveal differences among the models.

For the DTW and Rosset-10 structures [Fig. 2(a,b)], the cal-
culated VDOS captures the principal features of the neutron-
scattering measurements for amorphous silicon reported by
Kamitakahara et al. [12]. These features include a broad low-
frequency acoustic band, a minimum at intermediate frequen-
cies, and a high-frequency optical band. The remaining differ-
ences in peak positions and relative intensities may arise from
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Figure 3: Distributions of δRi, for (a) Rosset-10, (b) R1, (c) R2, and (d) R3 at T = 300, 500, 600, 700, and 800 K. For each model, the left panel shows the δRi
distributions, with the vertical dashed line indicating the crystalline-silicon (c-Si) reference value. The right panel shows the position of the distribution peak as a
function of temperature; red circles denote the extracted peak positions, and dashed lines denote linear fits.

variations in local bonding topology, the structural preparation
procedure, the interatomic potential, and the finite sizes of the
simulated systems.

The VIPR indicates that most vibrational modes in DTW and
Rosset-10 are spatially extended, with some localization near
the high-frequency tail of the vibrational spectrum. In both
models, the largest VIPR values are concentrated primarily be-
tween approximately 450 and 570 cm−1. This behavior is con-
sistent with the localization of high-frequency modes on locally
stiff or structurally distinct atomic environments [9]. Thus, even
within globally amorphous networks, local structural variations
produce spatially heterogeneous vibrational dynamics.

The more ordered R1, R2, and R3 models [Fig. 2(c–e)] ex-
hibit sharper features in the VDOS relative to the amorphous
models, reflecting the progressive recovery of crystalline or-
der. R1, which is predominantly 3C, displays the most distinct
peaks at all frequencies and aligns with the neutron-scattering
measurements for polycrystalline silicon [12]. The spectra of
R2 and R3 remain broader and have lower high-frequency peak
intensities than R1 and the experimental data, although their
principal peak positions are similar. Their VDOS therefore ex-
hibits characteristics intermediate between those of the amor-
phous models and the predominantly crystalline R1 structure,
consistent with their heterogeneous mixtures of amorphous and
diamond environments [Fig. 1].

The VIPR demonstrates the influence of structural hetero-
geneity on the spatial character of the vibrational modes. R2
and R3 exhibit enhanced localization near the high-frequency
edge of the spectrum, similar to the amorphous structures,
whereas R1 shows no comparably pronounced localization over
the entire frequency range. This contrast is consistent with the
extended normal modes expected in a predominantly periodic

crystalline network and suggests that coordination defects and
structural heterogeneity promote localization in R2 and R3. Be-
cause localized modes contribute less effectively to long-range
vibrational-energy propagation, their presence suppresses heat
transport relative to the more crystalline R1 structure [9].

3.2. Temperature-Displacement Analysis

Figure 2(f,g) reports the temperature dependence of atomic
motion in the DTW model. As the temperature increases
from 300 to 800 K, the distribution of the MD-derived atomic
RMSD, ρ(δRi), shifts systematically toward larger δRi val-
ues [Fig. 2(f)]. The distributions also broaden and their peak
heights decrease, reflecting an increasingly wide range of site-
resolved vibrational amplitudes. This broadening is consistent
with spatially heterogeneous and anharmonic atomic motion.
This pattern is also observed for the other four models as shown
in Fig. 3(a–d).

The temperature dependence is quantified in Fig. 2(g) for
DTW, where the position of the δRi distribution peak is plotted
as a function of temperature. The peak position increases lin-
early with temperature, with a fitted slope of 1.9× 10−4 Å/K.
A weak shoulder appears near δRi ≈ 0.22 Å at T = 600 K.
Inspection of the corresponding atomic trajectories indicates
that this feature is associated with atoms that transiently move
into neighboring void regions, producing short-lived metastable
configurations and increasing their displacements from their
equilibrium sites. No comparable feature is observed below
600 K, suggesting that these excursions are thermally activated.

Figure 2(h) compares the distributions of ρ(δRi) among the
structural models at T = 300 K. The mean RMSD of the c-Si
reference, indicated by the vertical dashed line, is lower than
the characteristic RMSDs of the other models (δRi ≈ 0.125 Å),
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Figure 4: Comparison between the RMSD obtained from molecular dynamics simulations, δRi, and its estimate from the harmonic-approximation, δRh
i , for (a)

DTW, (b) Rosset-10, (c) R1, (d) R2 and (e) R3. Correlation between δRi and the normalized SPTC for (f) DTW, (g) Rosset-10, (h) R1, (i) R2 and (j) R3. These
results are for simulations at 300 K.

demonstrating that structural disorder and defects are asso-
ciated with larger vibrational amplitudes. Of the five mod-
els, R1 exhibits the narrowest distribution, indicating relatively
uniform vibrational amplitudes across its predominantly crys-
talline network. Nevertheless, its peak is shifted toward larger
δRi ≈ 0.128 Å relative to the mean RMSD of crystalline Si,
consistent with the influence of structural distortions and coor-
dination defects. R2 and R3 have peak positions close to that
of R1 but substantially broader distributions, indicating greater
site-to-site variability in their vibrational amplitudes. In con-
trast, DTW has a peak near δRi ≈ 0.135 Å, providing the largest
RMSD among the models. Rosset-10 [19] exhibits a bimodal
distribution, with one peak located near that of R1 and the other
near that of DTW.

More generally, the differences in peak positions and distri-
bution widths can be interpreted in terms of local “vibrational
softness,” whereby less-constrained local environments enable
larger-amplitude vibrations. Because the models differ simulta-
neously in crystalline order, network topology, and defect con-
centration, however, the individual contributions of these struc-
tural characteristics cannot be isolated from the RMSD distri-
butions alone.

Figure 3(a–d) shows the distributions of the RMSD, δRi, for
Rosset-10, R1, R2, and R3 at temperatures between 300 and
800 K. Similar to DTW, these distributions shift systematically
toward larger δRi values as the temperature increases, reflecting
the increase in atomic vibrational amplitudes caused by thermal
excitation.

At 300 K, the distributions are concentrated near δRi ≈
0.13 Å, close to but slightly above the c-Si reference. As the
temperature increases, their peaks move progressively to ap-
proximately 0.16 Å at 500 K, 0.18 Å at 600 K, 0.20 Å at 700 K,
and 0.21–0.22 Å at 800 K. The preservation of a well-defined
peak at each temperature indicates that the increase in δRi is a
systematic, system-wide response to heating rather than a shift
caused solely by a small population of unusually mobile atoms.

Similar to Fig. 2(g) for DTW, the temperature dependence

is quantified in the right-hand panel of Fig. 3(a–d) for the other
four models. The peak locations are well described by linear
fits over the investigated temperature range. Rosset-10 and R1
have approximately equal slopes of 1.6× 10−4 Å/K, whereas
R2 and R3 have a slightly larger slope of 1.8×10−4 Å/K, com-
pared to that of DTW in Fig. 2(g). Thus, the characteristic
displacement amplitude increases at nearly the same rate in all
five structures, suggesting that their average thermal responses
are broadly similar.

3.3. Correlation between δRi and δRh
i

The results shown in Fig. 4 were obtained from simulations
at 300 K. Figures 4(a–e) compare the RMSD obtained from
MD, δRi, with its harmonic estimate, δRh

i , for each model.
All models exhibit a strong linear correlation, indicating that
the harmonic normal modes capture the principal spatial vari-
ation in the atomic vibrational amplitudes: sites predicted to
have large harmonic amplitudes generally also undergo large
displacements in the finite-temperature MD simulations. A lin-
ear fit with parameters a and b is performed:

δRi = a+bδRh
i , (8)

The fitting parameters are reported in Table 2, and the fit-
ted slopes range from 0.881 to 1.105 and are therefore rela-
tively close to unity (Table 2). R1 has the slope closest to unity
(0.963), followed by DTW (0.935) and Rosset-10 (0.924), in-
dicating similar scaling between the harmonic and MD-derived
amplitudes in these models. R2 has the smallest slope (0.881),
whereas R3 is the only model with a slope greater than unity
(1.105) and also has the most negative intercept (−0.063 Å).

The scatter around the fit also varies among the models.
R1 exhibits the narrowest scatter and the clearest linear trend,
consistent with the comparatively uniform local environments
of its predominantly crystalline network. DTW, R2, and R3
show relatively little scatter at small displacement amplitudes
but increasingly broad distributions at larger δRh

i . This non-
uniformly distributed residual suggests that the harmonic ap-
proximation is most reliable for typically constrained sites
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Table 2: Fitting parameters for the linear relations between δRi and δRh
i , and

between δRi and the normalized SPTC.

Model δRi vs. δRh
i δRi vs. SPTC

Intercept (a) Slope (b) Intercept (a) Slope (b)

DTW -0.032 0.935 0.145 -0.029

Rosset-10 -0.024 0.924 0.138 -0.020

R1 -0.031 0.963 0.147 -0.026

R2 -0.025 0.881 0.136 -0.022

R3 -0.063 1.105 0.143 -0.024

and becomes less accurate for softer sites that undergo larger-
amplitude motion. The pronounced high-δRi tails in R2 and
R3 are consistent with structurally heterogeneous environments
that support large local displacements. Rosset-10 spans a com-
paratively broad range of displacement amplitudes while retain-
ing a clear overall linear trend.

3.4. Correlation between δRi and SPTC
Having established that the harmonic normal modes capture

the principal spatial variations in the finite-temperature dis-
placement amplitudes, we next examine whether these varia-
tions are related to local contributions to heat transport. Fig-
ures 4(f–j) compare δRi with the SPTC values normalized to
its maximum value in a system. All five models exhibit a
noisy linear correlation: atoms with larger RMSDs generally
have smaller normalized SPTC values. Using Equation (8)
once again, the fitted intercept and slope are listed in the fi-
nal two columns of Table 2. The fitted slopes are negative
for every model, ranging from −0.020 to −0.029 Å. DTW
has the largest slope magnitude (d = −0.029 Å), indicating
the strongest change in δRi across the normalized SPTC range,
whereas Rosset-10 has the smallest magnitude (d =−0.020 Å).
R1, R2, and R3 have intermediate slopes of −0.026, −0.022,
and −0.024 Å, respectively. The fitted intercepts occupy a com-
paratively narrow range of 0.136–0.147 Å, suggesting a similar
characteristic displacement scale at the lower limit of the SPTC,
provided that the same normalization is applied to every model.

The observed correlation can be understood in terms of local
structural order. Atoms with large δRi values occupy dynam-
ically “soft" environments and undergo large-amplitude ther-
mal vibrations. Such motion may couple less effectively to
the spatially extended vibrations responsible for long-range en-
ergy transport, resulting in smaller site-projected contributions.
Conversely, atoms in stiffer, more strongly constrained, and
better-connected environments undergo smaller thermal dis-
placements and tend to have larger normalized SPTC values.
This behavior is reminiscent of “rattler” atoms in caged mate-
rials [10, 11], which undergo large-amplitude motion because
they are weakly constrained by their surroundings.

3.5. Sloppy Modes in the Silicon Structures
In the non-crystalline models except for Rosset10, there were

modes with low frequencies (< 100 cm−1) and large spatial dis-

68.31 cm-1 80.99 cm-1

d: R2

69.13 cm-1

70.36 cm-1

c: R1

63.41 cm-1 85.95 cm-1

e: R3

70.45 cm-1

b: Rosset-10

86.30 cm-1

a: DTW

80.69 cm-1

Figure 5: Representative vibrational modes at 300 K. Sloppy modes are shown
for (a) DTW at 80.69 cm−1; (c) R1 at 70.36 cm−1; (d) R2 at 68.31, 69.13, and
80.99 cm−1; and (e) R3 at 63.41, 70.45, and 85.95 cm−1. No sloppy mode was
identified for Rosset-10; therefore, panel (b) shows typical representative non-
sloppy modes at 86.20 cm−1. The color and size of each atomic sphere encode
the normalized RMSD, with larger red spheres indicating atoms that participate
most strongly in each mode.

persions. We dub these "sloppy modes". Such modes in DTW,
R1, R2, and R3 are shown in Fig. 5(a,c–e). No sloppy mode
was identified in Rosset-10, so for comparison, Fig. 5(b) indi-
cates a typical low frequency mode at 86.30 cm−1. For DTW,
R1, R2, and R3, the mode frequencies span approximately 63–
86 cm−1, placing them in the acoustic part of the vibrational
spectrum.

The sloppy modes can be related to the local structural
environments identified in Fig. 1. In DTW [Fig. 5(a)], the
80.69 cm−1 mode is concentrated within a compact group of
class-0 (amorphous) atoms, as confirmed by comparison with
Fig. 1(a). Similarly, in R1 [Fig. 5(c)], the 70.36 cm−1 mode is
localized within a small region of the otherwise ordered crys-
talline network. Comparison with the atom-resolved structural
classification in Fig. 1(c) shows that this region coincides with
distorted 3C order, particularly among atoms classified as first-
and second-nearest neighbors of fully coordinated 3C sites. The
localized soft motion in R1 therefore originates from a region
where the ideal 3C environment is disrupted, rather than from
the ordered crystalline lattice itself. Identical model orienta-
tions are used in Figs. 1 and 5 to facilitate these spatial compar-
isons.

R2 exhibits a compact multi-atom displacement cluster at
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Figure 6: MD trajectories of the atoms with (i) the largest and (ii) the smallest δR values for (a) DTW, (b) Rosset-10, (c) R1, (d) R2, and (e) R3. Blue arrows
indicate the polarization of the atomic vibrations, and the atoms (spheres) are colored according to their structural class at their equilibrium configuration.

68.31 cm−1 and a more strongly concentrated hotspot at
69.13 cm−1 and 80.99 cm−1. Similarly, the R3 mode at
63.41 cm−1 and 70.45 cm−1 are dominated by a nearly single-
atom hotspot, whereas the mode at 85.95 cm−1 involves a small
cluster of atoms. These examples demonstrate that sloppy
modes can range from nearly single-site excitations to collec-
tive motion involving compact groups of atoms. Comparison
with the corresponding structure-class maps in Fig. 1(d,e) fur-
ther shows that the atoms participating most strongly in the R2
and R3 modes are primarily the first or second neighbors of
atoms with crystalline configuration. The sloppy modes appear
preferentially in locally distorted or weakly constrained regions
associated with crystalline order. Animations of all of these vi-
brational modes are provided in Ref. [26].

To further explore the relationship between sloppy modes
and MD simulations, Fig. 6 compares the trajectories of the
atoms with the largest and smallest δRi values for each of the
non-crystalline models in Fig. 5. These are associated with
sloppy modes with frequency: 80.69 cm−1 in DTW, the "non-
sloppy" mode at 86.30 cm−1 in Rosset-10, 70.36 cm−1 in R1,
69.13 cm−1 in R2, and 70.45 cm−1 in R3. In DTW and R1–R3,
the high-δRi atoms follow more extended and anisotropic tra-
jectories than their low-δRi counterparts. The blue arrows em-
phasize this difference, with their lengths reflecting the largest
vibrational excursions of the atoms. In interesting contrast, all
atoms in Rosset-10 remain confined to compact regions around
their equilibrium positions, similar to the low-δRi atoms in the

other structures. The special spatial homogeneity of Rosset-10
is the origin of this effect.

The distinction between the high- and low-δRi trajectories
is most pronounced in R2 and R3. In R2, the high-δRi atom
follows a strongly elongated trajectory with a well-defined pre-
ferred direction, whereas the low-δRi atom explores a much
smaller and nearly isotropic region. A similar contrast is ob-
served in R3, where the high-δRi atom undergoes an extended,
highly anisotropic excursion while the low-δRi trajectory re-
mains compact. DTW and R1 exhibit the same general be-
havior, although the difference in trajectory extent is less pro-
nounced.

The structural classifications of these atoms at equilibrium
further show that a large vibrational response cannot be at-
tributed uniquely to a particular local structure. In DTW and
R2, the atoms with the largest and smallest δRi values be-
long to the same amorphous structural class despite exhibit-
ing markedly different trajectory extents. In R1 and R3, by
contrast, the high- and low-δRi atoms belong to different crys-
talline structural classes. These results connect the harmonic-
mode analysis in Fig. 5 with the finite-temperature dynamics:
the localized displacement patterns in DTW and R1–R3 are as-
sociated with enhanced local atomic mobility, whereas their ab-
sence in Rosset-10 corresponds to more spatially confined mo-
tion.
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4. Conclusions

The dynamics of disordered phases of silicon were exam-
ined using a DFT-quality machine-learning interatomic poten-
tial, harmonic normal-mode analysis, finite-temperature molec-
ular dynamics, and site-projected thermal conductivity (SPTC).
The vibrational spectra of the silicon structures with amorphous
and crystalline signatures reproduced the main features of ex-
perimental neutron-scattering data.

Comparison between molecular-dynamics displacements
(δRi) and harmonic estimates (δRh

i ) showed that atoms with
the largest thermal excursions were largely predicted by the
harmonic vibrational spectrum. Correlations between δRi and
SPTC showed that dynamically soft atoms contributed less ef-
ficiently to heat transport. Atoms with larger RMSD generally
exhibited lower SPTC, whereas more constrained atoms con-
tributed more strongly.

Weakly localized low-frequency vibrational excitations, re-
ferred to here as "sloppy modes", were identified in four of five
of the silicon structures, with the exception being Rosset-10.
These sloppy modes were shown to be associated with anoma-
lously large atomic root-mean-square displacements and were
found in both amorphous and crystalline atomic environments.

Data Availability

Additional information supporting this work is provided in
Ref. [26].
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