
Temperature-Dependent Paracrystalline Nucleation in Atomically
Disordered Diamonds
ZhongTing Zhang, ZhouYu Fang, HengAn Wu, and YinBo Zhu*

Cite This: Nano Lett. 2024, 24, 312−318 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Atomically disordered diamonds with medium-range
order realized in recent experiments extend our knowledge of atomic
disorder in materials. However, the current understanding of
amorphous carbons cannot answer why paracrystalline diamond (p-
D) can be formed inherently different from other tetrahedral
amorphous carbons (ta-Cs), and the emergence of p-D seems to be
easily hindered by inappropriate temperatures. Herein, we performed
atomistic-based simulations to shed light on temperature-dependent
paracrystalline nucleation in atomically disordered diamonds. Using
metadynamics and two carefully designed collective variables,
reversible phase transitions among different ta-Cs can be presented
under different temperatures, evidenced by corresponding local
minima on the free energy surface and reaction path along the free
energy gradient. We found that p-D is preferred in a narrow range of temperatures, which is comparable to real experimental
temperatures under the Arrhenius framework. The insights and related methods should open up a perspective for investigating other
amorphous carbons.
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Carbon has a rich variety of allotropes due to its complex
bonding modes (sp, sp2, and sp3), among which a series

of highly disordered structures are collectively known as
amorphous carbons,1−7 including the two-dimensional mono-
layer and three-dimensional (3D) blocky amorphous struc-
tures. While the monolayer carbon phase is dominated by sp2

bonds,6 the 3D amorphous carbons cover wide ranges of
density and sp3-bond content, possessing diverse and unusual
physical and mechanical properties as well as many application
prospects in the future.8 Benefiting from the development of
high-pressure technologies, the existence of tetrahedral
amorphous carbons (ta-Cs) has been demonstrated exper-
imentally,9−12 labeling sp3-rich phases with highly atomistic
disordering. Under high-pressure compression, sp2-rich glass
carbons (GCs) can transform into sp2−sp3 mixed amorphous
carbons.9,10 Nevertheless, the diamond phase would be formed
when GCs were heated at 1200 °C and 25 GPa.10 By laser
heating under high pressure, quenchable amorphous diamond
was obtained,13 in which the atomic structure was confirmed
with nearly complete sp3 bonding. Recently, Shang et al.14 and
Tang et al.15 coincidentally reported atomically disordered
diamonds with a sp3 concentration close to 100%. The
synergistic control of high-pressure and high-temperature
(HPHT) conditions in their experiments revealed that
atomically disordered diamonds can be obtained only within
a narrow temperature range.14,15 Starting from precursors of
C60, the structural evolution of atomically disordered diamonds

by sp2 to sp3 hybridization and the corresponding pressure−
temperature dependence were reported through simula-
tions.15,16 With an adiabatic-bias MD technique,17 Tang et
al. also obtained p-D with paracrystalline fraction up to 70%,15

successfully bridging the temporal gap between the experiment
and simulation. However, the temperature effect on the
formation of sp3-rich amorphous carbons is still ambiguous,
further impeding us to fundamentally understand why
atomically disordered sp3-hybridized carbons can be formed
unexpectedly and how to obtain them under suitable HPHT
conditions.

Although atomically disordered diamonds reported by
Shang et al. and Tang et al. are not the same,14,15 medium-/
short-range order was evidenced inherently by X-ray diffraction
patterns and high-resolution transmission electron microscopy
images.11,14,15,18,19 Diamond-like nuclei with the characteristic
size of ∼1 nm were clearly highlighted within the disordered
matrix, manifesting severely distorted crystal lattices and
unconventional crystal-plane-like stripes.11,14,15 Tang et al.
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defined their samples as the paracrystalline diamond (p-D),15

while unsuitable HPHT conditions would result in the
formation of amorphous diamond (a-D) or nanopolycrystalline
diamond (NPD).13−15,20,21 It is reminiscent of heterogeneous
nucleation in sosoloid matter. Within a narrow temperature
region, the further crystal growth was prevented, and
heterogeneous nucleation was suspended suddenly, resulting
in paracrystallites randomly embedded into an amorphous
matrix without the long-range order.11,14,15 Thus, a question
arises in atomically disordered diamonds of what the
temperature effect on the paracrystalline nucleation is. In this
Letter, we performed large-scale molecular dynamics (MD)
simulations and well-tempered metadynamics (METAD) by
also combining it with integrated tempering sampling
(METAITS) simulations to unveil the mystery of nucleation
in p-D. The free energy surface and reaction path were
calculated to understand why p-D can be formed distinctly
different from a-D and NPD and how temperature controls the
nucleation and growth of paracrystallites in an amorphous
matrix.

In the first series of MD simulations, a-D, p-D, and NPD
were obtained under annealing temperatures of 3000, 3200,
and 3800 K, respectively. Based on the Arrhenius framework
proposed by Marks and co-workers,22 the temperatures
simulated with environment-dependent interatomic potential
(EDIP)23 can approximately correspond to real temperatures
ranging from 1300 to 1800 K, close to the synthesis
temperatures reported by Shang et al. (1143∼1373 K) and
Tang et al. (1200∼1600 K).14,15 Marks and co-workers have
demonstrated that in large-scale MD simulations the EDIP
potential can well simulate the topological microstructures of
amorphous carbons and provides good all-around perform-
ance.22,24,25 Specifically, at high densities like 3.0 g/cc, the
EDIP force field showed outstanding abilities to predict correct
amorphous microstructures with the highest sp3 fractions
(>55%) compared with other empirical potentials.24 As
illustrated in Figure 1(a−c), carbon atoms within the
amorphous, cubic-diamond (CD), and hexagonal-diamond
(HD) states are clearly identified to highlight the difference

among three phases. It is obvious that p-D exhibits medium-
range order,14,15 originating from the nanometer-sized para-
crystallites that are composed of CD and HD nanonuclei in a
highly disordered stacking manner (Figure 1d). To define the
cubicity of p-D, paracrystallites of >20 atoms are counted for
the calculation of the proportion of CD atoms. Figure 1e
shows that the cubicity of p-D follows the Lorentz distribution
in which the peak value of ∼0.6 reveals more CD atoms than
HD atoms in paracrystallites. Thus, CD configurations can be
formed more easily (Figure S1). Under different annealing
temperatures, the sp3 fraction and crystallinity as functions of
annealing time plotted in Figure 1f indicate the nucleation
events in a-D, p-D, and NPD are quite different. The sp3

fraction and crystallinity both tend to flatten out at 3000 and
3800 K, indicating the sufficient structural stability of the
prepared samples. For the temperature of 3200 K, the two
curves rise slowly and steadily, representing the continuous
nucleation and growth of paracrystallites. Prolonging the
annealing time would increase the degree of paracrystallization,
and higher temperatures would result in the transformation
from paracrystallites to large-sized diamond grains. It is also
found that the nucleation of paracrystallites and diamond
grains prefers to happen where the first-neighbor four layers of
carbon atomic shells (cutoff within 3.5 Å) contain more than
24 neighboring atoms (Figure S2).

To calculate the nucleation rates under different temper-
atures, the Yasuoka and Matsumoto (YM) method was used,26

where the number of grains larger than a predefined threshold
(Nt) is monitored during simulations. The size and number of
paracrystallites were counted through the DBSCAN cluster
method (Figure S3). Usually, Nt is related to the critical
nucleation size,26 but its exact value is unknown.15 We thus
selected Nt ranging from 30 to 120 to analyze the influence of
temperature on the nucleation rate. The number of nucleation
sites was counted by considering different Nt and temperatures
(Figure S4). It can be deduced that higher temperatures can
result in the arising of more nucleation sites and higher
nucleation rates (Figure 1g), whereas it is still confusing how
temperature influences the nucleation and growth of para-

Figure 1. Three typical ta-Cs obtained from HPHT annealing simulations. (a−c) Snapshots of a-D, p-D, and NPD, respectively. Each model
contains 108,000 atoms. (d) Representative paracrystallite in p-D. In paracrystallites, CD and HD atoms are stacked in a disordered manner. (e)
Probability distribution of cubicity in p-D, fitted by a Lorentz distribution. (f) Evolutions of sp3 fraction and crystallinity at different annealing
temperatures. (g) Nucleation rates calculated by the YM method.
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crystallites. Traditional MD simulations cannot answer in p-D
why paracrystallites can exist stably in an amorphous matrix.

We then used well-tempered METAD27−30 and META-
ITS31−33 simulations to calculate the free energy surface,
further exploring the temperature effect on the nucleation.
METAD and METAITS simulations are popular enhanced
sampling methods to accelerate simulation system evolution
and construct the free energy surface that controls spontaneous
phase transitions.27,29,34 The essence is that the addition of
Gaussian bias potential energy can force the system to escape
from free energy local minima.28,29,34 In general, this method
highly depends on the appropriately defined collective
variables (CVs), which are low-dimensional coordinates used
to accurately describe related phase transitions.35 In previous
studies, several series of CVs have shown to be effective.36−41

Tang et al. used the mean value of the Steinhardt order
parameter as CVs to perform adiabatic-bias MD simulations.15

The benchmark of selected CVs is to accurately and effectively
distinguish different microstructural topologies during the
nucleation and crystallization.27,29,35 On the consideration of
paracrystallites embedded into an amorphous matrix, the
construction of effective CVs for p-D requires an in-depth
analysis of microstructural topology.

Subsequently, the structure factor (S(Q)), radial distribution
function (G(r)), and order parameters are used to highlight the
difference in microstructural topology. Figure 2a plots S(Q)

curves of a-D, p-D, and NPD, where our simulations are in line
with recent experiments,15 indicating the structural reliability
of the samples using the EDIP potential in our simulations.
The difference between I1 and I2 peaks in S(Q)s is usually used
to distinguish a-D and p-D.15 Figure 2b shows G(r) curves for
a-D, p-D, CD, and HD, respectively, where the front three
peaks represent the first-neighbor three layers of atomic shells.
The sixth Steinhardt order parameter (Q6)

42 distributions
plotted in Figure 2c demonstrate that they are overlapped for
carbon atoms in the amorphous, CD, and HD states, while the
inset in Figure 2b indicates that there are distinct differences in

the first-neighbor three layers of atomic structures. Therefore,
we averaged Q6 within the first-neighbor three layers (<3.2 Å)
to obtain the local-averaged order parameter Q 6.

43 As
illustrated in Figure 2d, the Q 6 distributions can well
distinguish carbon atoms within the three states. We thus
used Q 6 to construct effective CVs for free energy calculations.
Herein, the numbers of CD and HD atoms in simulated
structures are marked as NC and NH, respectively, which are
computed as follows:
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where N is the total number of carbon atoms in simulation
box; Q c

6 and Q a
6 are two critical thresholds between different

atomic structures, and σ(x, x0) = [1 − (x/x0)6]/[1 − (x/x0)12]
is a switching function that approximately equals to 0 when x >
x0 and equals to 1 elsewhere. In Figure 2d, =Q 0.1c

6 and
=Q 0.068a

6 can be obtained. Then, the proportions of CD
and HD atoms (SC = NC/N and SH = NH/N) are selected as
new CVs for METAD and METAITS simulations in the next.

It is interesting to observe continuous and reversible
transformations among several typical steady and metastable
phases in METAD simulations at 3600 K and 20 GPa. Figure
3a plots the atomic structures of five phases, corresponding to
local minima marked on the free energy surface (Figure 3b,c).
The local minimum point of p-D in Figure 3b is inconspicuous
due to the high annealing temperature. Free energy surfaces
under other temperatures were also calculated (Figure S6). In
Figure 3d, evolutions of SC and SH indicate that the system
experiences phase transitions from a-D to p-D, NPD, CD, and
finally HD, pushed by the addition of Gaussian bias potential
energy in simulations. Here, the HD state is an unstable
hexagonal-rich phase, since SH never goes beyond 0.6
throughout the simulation. The continuous and reversible
fluctuations of SC and SH imply that the system undergoes
violent reversible phase transitions, and the calculated free
energy surface can be considered to be converged.28,29 The
validity of our proposed CVs is verified by free energy local
minima and reversible phase transitions. The spontaneous
solid-to-solid phase transition from a-D to p-D was also found
in classical annealing simulations under 3500 K (Figure S7),
indicating that the emergence of paracrystallites in the
amorphous matrix can be activated by a suitable range of
high temperatures. However, one METAD can only calculate
the free energy surface under a preset temperature, resulting in
that studying the temperature effect requires many time-
consuming simulations.28,29 Since the degree of convergence is
uncontrollable in different METAD simulations, free energy
surfaces under different temperatures are difficult to unify, and
there may be large randomness in comparisons.

To further explore the effect of temperature on nucleation,
METAITS simulations were carried out using the proposed
CVs. The better sampling efficiency and faster convergence
rate of METAITS enable it to directly reweigh free energy
surfaces considering different temperatures within one
simulation.33 Five (meta)stable phases obtained from META-
ITS simulations are shown in Figure 4a. Small-grained and

Figure 2. Structural analysis. (a) Structural factor (S(Q)). The
experimental data are extracted from ref 15. Copyright 2021 Springer
Nature. (b) Radial distribution function G(r). The structures used to
calculate G(r) were selected from MD trajectories. The inset
highlights the difference among different phases at the locations of
the second and third peaks in G(r) curves. (c) Distributions of the
sixth Steinhardt order parameter (Q6). (d) Distributions of the local-
averaged sixth Steinhardt order parameter (Q 6).
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large-grained p-D phases can be well distinguished. Most
carbon atoms in the small-grained p-D are amorphous, while
large-grained p-D possesses a large degree of crystallinity with
the disorderly oriented paracrystallites that lack long-range
order. The transformation from p-D to NPD can be achieved
through the fusion of paracrystallites and the rearrangement of
crystal lattice orientations. Figure 4b plots a free energy surface
reweighted at 3300 K, in which a reaction path is highlighted
along the free energy gradient, ranging from 0 to 1. The
changes in free energy along the reaction path under 3200,
3400, and 3600 K are shown in Figure 4c, where five different

primary local minima can be observed, corresponding to the
five phases. In comparison to METAD, the free energy
calculated here can cover a relatively wide temperature range.33

In general, the growth of paracrystallites and the rearrange-
ment of carbon lattice orientations are the two most important
steps in controlling the synthesis of p-D, in which the former
determines the degree of crystallinity and the latter controls
whether the synthesized samples can be stabilized in the p-D
phase instead of transforming into NPD.15 The two steps are
both spontaneous processes controlled by the free energy
surface,44 which is obviously affected by temperature. Figure
4d,e shows the free energy barrier ΔG* and free energy
difference ΔG from 3200 to 3600 K for the two important
phase transition processes. Based on the Arrhenius frame-
work,22 the temperature range (3200∼3600 K) considered in
our simulations can approximately correspond to real temper-
atures from 1300 to 1600 K, which are very close to the
synthesis temperatures of atomically disordered diamonds with
the medium-range order reported by Shang et al. (1143∼1373
K)14 and Tang et al. (1200∼1600 K).15 In Figure 4d, ΔG* and
ΔG rise steadily with the increase in the annealing temper-
ature. The critical temperature at ΔG = 0 is ∼3350 K
(corresponding to a real temperature of ∼1450 K) for the
transformation from small-grained to large-grained p-D phases.
In Figure 4e, for the transformation from p-D to NPD, ΔG*
and ΔG decrease very slightly at first but drop sharply when
the temperature is larger than the critical value of ∼3300 K
(corresponding to a real temperature of ∼1400 K).

Under a relatively low temperature (<3300 K), Figure 4c
indicates that both small-grained and large-grained p-D phases
possess sufficiently distinct local minima in the free energy
surface. ΔG becomes smaller with the decrease in temperature
(Figure 4d). Given that only ΔG is considered, it can be
deduced that large-grained p-D with a lower free energy
minimum should be more stable and easier to emerge than
small-grained p-D.44 However, previous simulations and
experiments of Tang et al. have yielded different results;15

that is, the decrease in temperature would lead to the decrease
in grain size and crystallization degree.14,15 Usually, free energy
mainly affects the direction of reactions, while final products
also depend strongly on reaction rate.44 We thus attribute this
mismatch to the decrease in atomic mobility45 and thermal
fluctuations44 under low temperatures, and the consequent
decrease in reaction rate results in the appearance of small

Figure 3. Well-tempered METAD simulations using two carefully designed CVs (SC and SH). (a) Typical snapshots of steady and metastable
structures obtained from METAD. These phases are labeled by different symbols. (b) Free energy surface in the plane of SC versus SH. (c) Free
energy surface normalized by proportions of amorphous, CD, and HD atoms. (d) SC and SH as a function of metastep time.

Figure 4. Temperature dependence of nucleation simulated using
METAITS. (a) Typical snapshots of different phases along a reaction
path; namely, a-D (I), small-grained p-D (II), large-grained p-D (III),
NPD (IV), and CD (V), respectively. (b) Free energy surface
calculated from METAITS. Five phases in (a) are, respectively,
located at the local lowest points in (b). The reaction path is plotted
along the free energy gradient. (c) The change of free energy along
the reaction path under different annealing temperatures. (d) Phase
transition from small-grained to large-grained p-D. (e) Phase
transition from p-D to NPD. In (d) and (e), the blue and red lines
with symbols denote the free energy barrier (ΔG*) and free energy
difference (ΔG), respectively. The critical temperature at ΔG = 0 is
marked by the crossover point of dashed lines.
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paracrystalline embryos being slow and rare, further limiting
the growth of these small crystal nuclei. In this case, the
crystalline degree and paracrystalline size can be increased by
extending the annealing time and raising the annealing
temperature suitably.14,15 In recent experiments, though both
the samples synthesized by Shang et al. and Tang et al. exhibit
medium-range order,14,15 diamond-like nanograins in the
former specimens are smaller and less than that in the
latter.11,14,15 From the perspective of the free energy analysis,
we argue that this difference originates from the temperature
effect.

With the increase of temperature, the free energy of both
small-grained and large-grained p-D phases rises and their
corresponding local minima begin to vanish when the
temperature is beyond 3400 K (Figure 4c). This is due to
the increasingly violent atomic mobility and thermal
fluctuations that destabilize paracrystallites and severely
distorted crystal lattices. On the contrary, as the temperature
rises (>3300 K), ΔG drops sharply (Figure 4e), and free
energy minima of NPD become deeper and deeper (Figure
4c). Thus, under higher temperatures, NPD is more likely to
form and stabilize than p-D.44 This phenomenon is consistent
with the samples prepared under 1800 K,15 whose diffraction
peaks correspond exactly to characteristic Bragg peaks of NPD
instead of p-D.15 As expected, when the temperature ranges
from ∼3200 to 3400 K (corresponding to a real temperature of
1300∼1500 K approximately), ta-C is more inclined to
stabilize in a p-D phase with medium-range order.14,15 With
higher temperature, the paracrystallites grow larger. Once the
temperature goes beyond a critical value (∼3600 K), the
synthesized samples tend to transform and stabilize in a long-
range order NPD state.15 It is clear that our simulations and
analyses have good mutual verification with the experimental
results. It is also anticipated that in the future more powerful
force fields (e.g., machine learning potential) for amorphous
carbons can be developed to explore the rich surprising
properties and phase transitions of noncrystalline carbons.

In summary, we investigated the temperature effect on the
nucleation in p-D to answer why p-D can be formed distinctly
different from a-D and NPD and how temperature controls the
nucleation and growth of paracrystallites in an amorphous
matrix. Our large-scale MD simulations and nucleation rate
calculated using the YM method revealed that temperature
plays a pivotal role in controlling phase transitions of high-
density ta-Cs. To unveil the temperature effect, well-tempered
METAD and METAITS simulations were carried out based on
two CVs constructed by local-averaged sixth-order Steinhardt
order parameters. Reversible phase transitions among different
(meta)stable phases were realized in simulations and
confirmed by the corresponding local minima on the free
energy surface and reaction paths along the free energy
gradient. We found that when the annealing temperature
ranges from ∼3200 to 3400 K ta-C is more inclined to stabilize
in a p-D phase. Under the Arrhenius framework,22 the critical
temperature range of the formation of p-D in simulations has a
good mutual verification with real temperatures reported in
recent experiments.14,15 Our findings should provide theoreti-
cal support for the experimental preparation of p-D and open
up a new perspective for studying phase transitions of other
amorphous carbons.9−13,46−50
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