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Abstract 

 

Carbon network solids show a rich diversity with many distinct structural classes. Transitions between 

classes can be induced by annealing and mechanical compression, frequently with unexpected results. We 

have constructed an energy landscape based on atomistic simulations that includes both amorphous and 

crystalline bonded networks. The landscape, representing a minimum free energy surface, is constructed as a 

function of density and the degree of crystallinity and is used to explain experimental observations. We use 

the landscape to explain 1) why some carbon structures show full recovery from deformation while others 

deform permanently 2) why annealing of non-crystalline materials grown in a low pressure pure carbon 

vapor quenching process always lead ultimately to graphite and not to diamond  and 3) why room 

temperature compression of graphitic carbons leads to a reversible amorphization. The tetrahedrally bonded 

amorphous structure is predicted to have the lowest free energy at sufficiently high pressures and 

temperatures and therefore is expected to occur as the endpoint of rapidly quenched shock compression 

processes of carbon structures. 

 

*Corresponding author. E-mail address: N.Marks@curtin.edu.au (N.A. Marks) 



1. Introduction 

 

All known crystalline structures of elemental carbon, including graphite, diamond and their polytypes contain 

only one hybridization state of the carbon atom (either sp2 or sp3). Non-crystalline carbon, in contrast, can 

contain sp, sp2 and sp3 hybridizations as well as mixed states.  The ability of sp2 atoms to form chain-like, 

ribbon-like or sheet-like structures introduces topological complexity leading to many non-crystalline forms 

of carbon in structurally distinct classes [1, 2] . For example, graphene sheets containing non-six-membered 

rings, given freedom to fill three-dimensional space, acquire positive or negative curvature, align in many 

ways and can form voids [3].  In some structures, sp3 crosslinks between graphene sheets increase the rigidity 

[4]. Well known three dimensionally disordered structures are the glassy carbons produced by pyrolysis [5], 

low density amorphous carbons with a dominance of sp2 hybridized carbon (frequently termed as 

“amorphous carbon” or a-C [6]) and high density, a-C which contain a dominance of sp3 hybridized carbon 

(termed as “tetrahedral amorphous carbon” or ta-C) [7]. 

 

Although the conventional synthetic route from graphite to diamond driven by high temperatures and 

pressures is well understood [8], the rules that govern transformations between crystalline and non-crystalline 

carbon and between the various non-crystalline classes of carbon are unknown despite the large amount of 

observational data.  For example, the results of compression of crystalline and non-crystalline carbon at room 

temperature are diverse and sometimes surprising. Using diamond anvils it has been found [9-13] that there is 

a reversible transformation at room temperature between the sp2 hybridized starting material to a majority sp3 

hybridized state at pressures above approximately 15 GPa. The nature of these high pressure structures and 

the reasons for an apparently reversible amorphization process induced by pressure alone are unresolved 

[12]. Some carbon materials show elastic behavior during deformation [14], while others show inelastic 

behavior with a remarkable ability to recover shape completely after deformation [15]. There are also 

unresolved phenomena surrounding transformations between non-crystalline carbons at elevated 

temperatures. For example, after a thermal anneal, some forms of a-C reduce their sp3 content [16] while 



others maintain or even increase their sp3 content [17-19]. Recently, extremely rapid non equilibrium 

crystallization of a-C has been demonstrated using x-ray pulses [20]. An x-ray pulse delivers energy to the 

electrons, causing bonding changes under non equilibrium conditions. An understanding of the diverse 

behavior of crystalline and non-crystalline carbon as a function of pressure and temperature is central to 

important application areas of carbon films, including low friction and wear resistant coatings for high 

performance applications [21] and emerging applications in fast optical memories [22] 

 

In this paper, we provide an understanding of the diverse behavior of carbon network solids by the 

construction of an energy landscape which enables visualization of the pathways between various carbon 

structures. The shape of the landscape is a conceptual rendition of the results of a series of molecular 

dynamics (MD) simulations which calculate the energy per atom of key synthesized structures. The 

landscape is used to understand and unify diverse observations from experiments by interpreting them as 

movements on an appropriate energy landscape.  



2. Computational Methods  

 

The MD simulations utilize the environment-dependent interaction potential (EDIP) [23] which provides a 

realistic and computationally efficient description of carbon bonding. In EDIP, the interaction Hamiltonian is 

a sum over atom sites with terms corresponding to two- and three- body interactions. This potential has been 

benchmarked against ab initio calculations [24] and deals well with the diversity of structure in carbon 

including intermediate hybridization states which are important for the description of locally strained 

configurations containing minority bond types.  EDIP has been successfully used to describe a variety of 

phenomena including a-C thin-film growth [25], carbon onion formation [26] and creation of nanodiamond 

[27]. 

 

The energy of systems containing large numbers of atoms with independent positional coordinates can be 

represented by a surface in a space of high dimension (3N+1 where N is the number of atoms).  This high 

dimensionality prevents convenient visualization of the energy landscape of the system. A solution to this 

problem is to project the landscape onto a low dimensional space by calculating a small number of structural 

parameters. The resulting energy is not a unique function of these structural parameters but an appropriate 

choice of them minimizes the spread of energies at neighboring values of the structural parameters. In this 

paper, we describe the landscape in terms of the Gibbs free energy per atom, g, defined in terms of pressure 

(P) and temperature (T) by 
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g = u +Pv - Ts      (1) 

 

where u is the potential energy,  v is the volume and s is the entropy per atom. Structural parameters of 

density (ρ) and crystalline order (χ) are chosen as they are directly related to specific v and entropy s 



respectively. This choice enables the evaluation of g at different temperatures and pressures. The crystalline 

order parameter χ is defined by, 
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where N3 is the number of sp2 bonded atoms with only sp2 bonded neighbors; N4 is the corresponding 

quantity for sp3 atoms. This measure identifies atoms contained in clusters of similarly bonded atoms. The 

quantities σ3 and σ4 are the full width at half maximum for the first nearest-neighbour peak in the partial 

radial distribution functions for three and four-fold coordinated atoms respectively; σ0 corresponds to a 

maximally disordered structure and was taken as 0.3 throughout. χ has the value of zero for a fully 

amorphous structure and unity for a perfect crystal and is designed to apply to all carbon structures, 

regardless of the ratio of the sp2 to sp3 atoms. 

 

Carbon liquids containing 2000 atoms were generated at a range of densities (from 1.5 to 3.5 g/cm3) in 

simulation cells with a side length ratio of 1:1:2 to facilitate later unixial compression. The liquids were 

prepared at 5000 K using a distorted simple cubic lattice which spontaneously melts [24].  After 

equilibration, the liquids were cooled to 300 K in 0.5 ps to give structures with a high degree of disorder. 

Following previous work on nanotubes [28], onions [26] and peapods [29], these amorphous structures were 

subsequently annealed at 3500 K to produce structures with increasing order. This temperature is below the 

melting point of carbon which under EDIP is approximately 4500 K, in close agreement with observations 

and calculations on graphite and diamond [30]. The evolution of the structure was followed for times 

between 0.1 and 0.9 ns. At intervals of 5 ps during each anneal, a copy was made of the instantaneous state of 

the system for analysis purposes. This copy was quenched to zero temperature by steepest descent 

minimization and then the structure was relaxed to its minimum potential energy by isotropically rescaling 

the coordinates and cell parameters. A series of rescaled structures were employed to search for the lowest 



potential energy, and after each rescaling the zero-temperature condition was again applied. The result is a 

structure that mirrors the relative atom positions at a temperature of absolute zero at the natural density of the 

structure when no pressure is applied. 

 

To investigate the response of carbon structures to mechanical deformation, compression and decompression 

processes for four carbon structures were undertaken by repeatedly rescaling the system uniaxially along the 

long axis of the simulation cell.  First the simulation cell was rescaled by 1% in twenty steps and the system 

evolved for 5 ps at 300 K at each step. These compressions increased the density by a total of 22%. The 

subsequent decompression was carried out using the same number of steps, thereby returning the structure to 

its original density.  At the conclusion of each compression and decompression cycle an analysis simulation 

was performed using the same zero temperature and pressure approach employed for the high-temperature 

annealing calculations. 

 

3. Results and Discussion 

 

Table 1 shows the densities of the structures (labeled A through L) prepared by quenching liquids to 300 K. 

Also shown are the densities of these structures following relaxation to zero pressure and temperature. Note 

that the highest density structures show a compressive stress after quenching since their density decreases 

substantially when they are relaxed at zero pressure.  High compressive stresses of the order of 10 GPa are 

usually observed when ta-C is synthesized. In contrast, low density structures exhibit an increase in density 

when relaxed, consistent with the presence of tensile stress. 

 

 

 

 

 



Table 1 -  A summary of the structures of Fig 1 including the density of the sample during the liquid 

quench from 5000 K to 300 K and the density before annealing and after annealing with the structure 

relaxed at zero pressure and temperature. Also shown are the sp2 and sp3 fractions, with the remaining 

atoms being sp bonded.  The coordination was determined by counting neighbors within a cutoff of 

0.185 nm. 

 

Structure Initial 

Density 

(g/cm3) 

Before Annealing 

 

After annealing 

for 100 ps  

  Density 

(g/cm3) 

sp2 

fraction 

sp3 

fraction 

Density 

(g/cm3) 

sp2 

fraction 

sp3 

fraction 

A 1.5 1.548 55.4 6.1 1.543 87.4 10.5 

B 2.0 2.115 64.8 16.8 2.062 80.5 16.6 

C 2.3 2.438 63.4 26.0 2.331 83.6 15.1 

D 2.4 2.547 60.9 31.9 2.483 70.3 28.3 

E 2.5 2.626 61.0 33.2 2.59 71.5 27.2 

F 2.6 2.717 57.0 39.3 2.692 57.6 40.7 

G 2.75 2.856 52.6 45.3 2.863 49.9 49.5 

H 2.9 2.973 48.2 50.9 2.983 44.9 54.8 

I 3.0 3.032 45.1 54.2 3.078 40.4 59.5 

J 3.1 3.07 44.1 55.5 3.123 36.7 63.1 

K 3.25 3.129 41.7 58.0 3.204 31.0 69.0 

L 3.5 3.206 38.7 61.2 3.25 28.7 71.2 

 

 



Fig. 1(a) shows the progression during annealing lasting 100 ps of u (u = g for P=0 and T=0) and average 

coordination (defined as the number of atoms within a radius of 0.185 nm) for structures, labeled A through 

L, summarized in Table 1. The spacing between points during annealing is a measure of the speed of 

evolution of the structure. The structures are evolving towards structures with a predominance of either 3-

fold or 4-fold coordinated atoms. Crystalline graphite and diamond are inferred to be the minimum energy 

structures that represent the end points of the trajectories. Fig. 2 shows example structures corresponding to 

structures B, and I in Fig. 1. Structure I is highly disordered with a predominance of sp3 bonding and a 

homogenous (void free) microstructure, while structure B is mainly sp2 bonded with a high void fraction. 

Also shown in Fig. 2 are two annealed structures: structure B’, obtained from 200 ps of annealing of structure 

B, is largely sp2 bonded and contains graphene sheets that enclose voids. 

 



 

 

Fig. 1 - The progression of the free energy per atom (g) during annealing at 3500K in 5 ps time steps 

along with the structural parameters (a) average coordination, (b) density (ρ) and (c) order parameter 

(χ) of equation (2). The locations of diamond and graphite are shown for reference. The labels A-L 

refer to simulations of structures with increasing initial density. Panels (a) and (b) present data for a 

total annealing time of 100 ps. Data for longer annealing times (see text for details) is presented in 

panel (c).  B’ refers to the end point of structure B after 200 ps of annealing, while E' is the endpoint of 

structure E after 900 ps of annealing.  



 

 

Fig. 2 - The structures at points (a) B, (b) B', (c) E' and d) I from Fig. 1 with the color of the atoms 

indicating the coordination (2-fold: red, 3-fold: green and 4-fold: blue). Panels (a, b, and d) are side-

views oriented along a cartesian axis.  The structure in panel (c) has been rotated to highlight the 

graphite-like order. 

 

Fig. 1(b) shows the progression of u and ρ for selected structures from Fig. 1(a). Again, the data shown is for 

an annealing time period of 100 ps. The energy and structural parameters change quickly in the initial stages 

of the annealing and then their rate of change decreases. Fig. 1(c) shows the evolution of u and χ for selected 

structures and reveals how the extent of the progression towards diamond and graphite depends on the 

density of the starting structure, with the lower density structures progressing to much higher levels of order 

for the same annealing time. In order to illustrate this progression clearly, structures A, B, I and L were 

annealed for a total time of 200 ps, while structure E was annealed for 900 ps (structure E’).  After 200 ps the 

sp2 fraction in structures A, B, E, I and L was 89.1%, 86.6%, 14.6%, 41% and 27.2%, respectively. Only at 

the lower densities is much change seen relative to the situation after 100 ps. Following its extended 

annealing, structure E' had a χ of 0.8 and an sp2 fraction of 94.7%, indicating a highly ordered structure with 

extended graphene sheets as seen in Fig. 2. 



 

Fig. 3 shows calculations of u during compression and decompression processes. A high density structure 

(approximately 3 g/cm3), labeled I in Fig. 3, behaves as a normal elastic material in the sense that u increases 

as the density increases and when the pressure is released, it recovers its initial density almost completely. 

Examination of the bonding in case I before and after the full compression and decompression cycle shows 

that the compression process generates a structure which is statistically similar to the original structure (in the 

sense that the structures have the same average coordination and χ) even though some bonds have been 

broken (10.4% out of the initial 3533 bonds are broken) and new bonds have formed (11.8% of the final 

bonds are new). In contrast, structures with low densities are unstable with respect to compression and 

exhibit little recovery upon decompression (see B and E in Fig. 3). A picture of the structure at B (density 2 

g/cm3) is shown in Fig. 2(a). Annealing of structure B, however, converts it to a normal elastic material that 

shows recovery upon decompression (see B' in Fig. 3). Inspection of structure B’ before and after 

deformation shows that the topology of its sp2 bonded sheets has been preserved almost exactly (only 0.5% 

of the original bonds are broken, and in the final structure just 0.9% of the bonds are new). The memory of 

the initial structure is retained by the topology-preserving properties of graphene sheets (which are clearly 

visible in Fig. 2(b)) [31]. 

  



 

 

Fig. 3 - The progression of the free energy per atom (g) and density (ρ) during compression and 

decompression processes for four starting structures B, E, I and B’ shown in Fig. 1.  

 

Fig. 4(a) shows a proposed schematic three-dimensional landscape of the energy of carbon solids at P=0 and 

T=0, expressed as a function of ρ and χ.  Although the energy values have not been directly computed from 

structures and are expressed in arbitrary units, the shape of the landscape has been drawn to preserve the 

relative energies of the structures for which values of u have been computed. The shape of the landscape at 

the back plane (χ=0) is described by the potential energies of the as-quenched structures (Fig. 1(b)) which 

have the highest degree of structural disorder.  The front plane (χ=1) of the landscape displays the potential 

energies of fully crystalline carbon solids. The landscape has two valleys, one representing the sp2 bonded 

forms that include graphite and its polytypes and the other representing the sp3 bonded forms of diamond and 

its polytypes. The crystalline structures at densities other than those of graphite and diamond contain strained 

bonds and are shown as having much higher energy than graphite and diamond. The spacing between time 

points in Fig. 1 is a measure of the driving force for energy reduction and was used as a guide in determining 

the slope of the landscape in Fig. 4(a).  



 

 

Fig. 4 - (a) Schematic representation of the energy landscape for carbon at zero P and T, based on the 

simulations of Figs. 1 and 2. The locations of crystalline diamond and graphite are indicated. (b) The 

landscape of (a) at non-zero P and T calculated from (a) using equation (1). This is tilted to favour high 

density and high entropy (disordered) structures. The arrow in (b) shows the transformation from a 

well ordered graphitic carbon to a high-density a-C under the application of high pressures and 

moderate temperatures. 

 



The shape of the landscape is useful in describing observations of annealing experiments. Where the slope of 

the landscape is small, downward progression during annealing is expected to slow down and may stop in a 

local minimum from which it cannot escape except by increasing the annealing temperature. Escape from 

local minima is difficult if the available thermal energy at the annealing temperature is less than the energy 

differences between neighboring structures in the landscape. These energy differences are illustrated 

schematically as a roughness of the landscape surface in Fig. 4. The landscape of Fig. 4(a) is intended to 

represent the structure of minimum potential energy for a given choice of structural parameters ρ and χ. 

There will be other possible structures with a higher energy that have the same values of ρ and χ as the 

minimum energy structure.  

 

Experimental observations directly support predictions derived from the landscape. When interpreting 

changes induced by the application of pressure and temperature in terms of the landscape, the following 

procedure is used.  Pressure and temperature are changed by a process and the structure evolves on a 

modified landscape, appropriate to the P and T that apply during the process. The modified landscape can be 

calculated from the zero P and T landscape using equation (1). Increasing the pressure in equation (1) results 

in a tilting of the landscape in which lower density structures are preferentially raised to higher energies. 

Increasing the temperature lowers the energy of amorphous structures with high entropy s, (ie high structural 

disorder), relative to crystalline structures with low structural disorder. The parameter χ is a measure of 

structural order and is therefore inversely related to s. An example of a landscape applying at elevated 

pressures and moderate temperatures is shown in Fig. 4(b). 

 

It has been observed that compression in diamond anvils at room temperature of crystalline and non-

crystalline graphitic carbons leads to  reversible transitions to higher density structures which have been 

found to be amorphous [13] and transparent [9]. Because of the high energy ridge between the graphite and 

diamond valleys shown in Fig. 4(b), an ordered graphitic structure will move towards the back plane 



(amorphize) rather than transform into diamond (this pathway is shown as an arrow in Fig. 4(b)). Note that 

once pressure is removed, the landscape returns to its original form (Fig. 4(a)) so that the high density 

amorphous structure has the possibility of reverting to its low density graphitic form, since a low temperature 

pathway exists from the original to the final structures. The energy barriers along the pathway are small since 

it occurs at room temperature, making a reversible process likely. The landscape shows that the high density 

amorphous transparent forms produced at high pressures are located close to the position of ta-C and are 

therefore likely to be structurally similar to ta-C. 

 

If a process involves application of pressure at elevated temperature, significant energy barriers may be 

overcome during the process so that the pathway for the transformation is not necessarily reversible at room 

temperature, even if the final state is at a higher energy location on the zero P, T landscape. The recent 

observation [32] that shock compression of neutron irradiated (disordered) highly oriented pyrolytic graphite 

(HOPG) transforms irreversibly into amorphous diamond (a term equivalent to ta-C) whereas as-received 

HOPG only suffers reversible transformation is a natural prediction of our landscape approach.  High P high 

T conditions tilt the landscape to the left as in Fig. 4(b) but with a further tilt towards the rear, more strongly 

favoring highly sp3 amorphous forms. Disordering the HOPG places the starting point for the transformation 

closer to the highly sp3 amorphous forms, allowing it to transform more completely into the sp3 disordered 

structures during the rapid shock process.  After the compression is removed, the pathway for the disordered 

HOPG will not readily reverse in the available time, whereas for ordered HOPG the shorter return path and 

steeper slope of the landscape encourage reversal. 

 

The topology of the landscape of Fig. 4(a) is shown in Fig. 5 as a contour plot in the ρ -χ plane. The contour 

plot is useful for explaining the results of indenting non crystalline carbon at room temperature with sharp 

tips. Compression is equivalent to a movement mainly across the landscape parallel to the ρ axis, assuming 

the changes in bonding do not give rise to significant changes in χ. The compression trajectory indicated by 



the arrow labeled α in Fig. 5 reduces the free energy and the compression is therefore not reversible. An 

example of this behavior is the compression of structures B and E in Fig. 3. Compression of a structure at a 

higher density (labeled β in Fig. 5) shows an increase in energy following the compression and since the 

landscape slope is parallel to the arrow β, the structure returns approximately to its initial location when the 

compression is released (an example of this behavior is seen in case I in Fig. 2). Compression of an ordered 

low-density structure (labeled γ in Fig. 4) also shows an increase in energy after compression, a behavior 

indicative of an elastic medium, an example of which is case B' shown in Fig. 2. Note that the indentation of 

highly crystalline materials may not be well explained by a Gibbs free energy in which the forces are purely 

hydrostatic as in (1). The observation [33] that indentation-induced shear forces produce a transformation of 

diamond to graphite therefore would not necessarily be deduced from the landscape of Fig. 3. The landscape 

predicts that compression of diamond at low temperature is reversible, but diamond could be amorphized to 

ta-C at high pressures and temperatures. 

 

 

 

Fig. 5 - Contour plot of the energy landscape shown in Fig. 3(a) in the density-crystallinity plane. As 

described in the text, the symbols Γ , Δ , Σ   refer to locations while α, β and γ  refer to trajectories.  

 



The landscape also explains observations in carbon thin film synthesis. An amorphous film with a density of 

2.7 g/cm3, typically grown from a carbon plasma at room temperature [18], corresponds to point Δ in Fig. 5. 

Growth under the same deposition conditions on a substrate heated to 150oC has been observed to result in a 

reduction in stress and a carbon film of higher density than observed for growth at room temperature. This 

situation is shown in Fig. 4 as the arrow linking Δ and Δ’. The use of the zero P and T landscape is 

appropriate once the stress has been relieved. Since Δ→Δ' gives a decrease in free energy, this process is 

expected to occur during dynamic annealing. A similar effect in carbon films has been observed using post 

deposition annealing [19].  Growth under the same conditions but at higher temperatures of 500-600oC 

allows dynamic annealing to proceed further, resulting a more extensive evolution of structure into the 

graphite valley (trajectory Δ→Δ'→Δ''). Since the initial point on this trajectory has a higher density than the 

final point, an expansion of the structure will occur that results in an increase in the compressive stress that 

has been observed experimentally [18]. Point Γ in Fig. 5 corresponds to a partially ordered structure with 

intermediate density lying on the ridge between the graphite and diamond valleys. We predict that such 

structures will not be observed in film growth experiments since there is no downhill route to them from any 

possible structure as deposited from vapor or plasma. 

 

An interesting question to contemplate is whether there are any growth conditions that will allow a structure 

prepared from carbon vapor to progress directly down the diamond valley, leading to well-formed diamond 

crystals of macroscopic dimensions. Our zero P and T landscape, shows diamond formation from vapor will 

not occur at low pressures since there is no downward pathway into the diamond valley from the back (zero 

crystallinity) axis. However, a pressure- and temperature- tilted landscape of the type shown in Fig. 4(b) 

would could possibly lead to the trajectory Σ→Σ’ which leads downwards in the diamond valley as shown in 

Fig. 5. The conversion of carbon onions to crystalline diamond has been shown to occur under electron 

irradiation which is believed to create a defective sp2 bonded structure that transforms to diamond under the 

pressure applied by the contacting graphitic shells [34]. Our landscape shows that the core of the onion could 



transform first to an amorphous sp3 rich phase that with annealing under pressure is able to move down the 

diamond valley to form well crystallized diamond. 

 

4. Conclusion 

 

We have constructed an energy landscape for carbon network solids expressed as function of density and 

crystallinity, based on the results of atomistic simulations. The landscape has been used to explain many 

observations of the changes in carbon structures that follow mechanical deformation, thermal annealing and 

shock compression. The landscape explains why some carbon structures fully recover from deformation and 

why room temperature compression of graphitic carbon can lead to reversible amorphization. The landscape 

also explains how annealing can both increase and decrease the density of carbon films and why it is not 

possible to form diamond at low pressures from carbon vapor alone.  
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