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ABSTRACT 

We present a computational study of amorphous boron carbide (a-BxC) models using Molecular Dynamics 

(MD) studied with Stillinger-Weber (SW) and ReaxFF potential. The atomic structure factor (S(Q)), radial 

distribution function (RDF) and bond lengths comparison with other experimental and ab initio models 

show that a random arrangement of icosahedra (B12, B11C) interconnected by chains (CCC, CBC) are 

present in a-BxC. Subsequently, Hybrid Reverse Monte Carlo (HRMC) method is used to reconstruct a-

BxC structures. The existing SW potential parameters of Boron are optimized for the α-rhombohedral 

(Icosahedral B12) boron structure using potential energy minimization and incorporated into HRMC. The 

a-BxC modeled from MD simulation is used as a sample for experimental input parameters like RDF, S(Q), 

coordination environments (CO), bond angle distribution (BAD) and bond length (BL) to guide initial 

configuration and simulation in HRMC. An accurate agreement of structural information between HRMC 

and MD generated models were found. 

Keywords: α-rhombohedral boron, Amorphous Boron carbide, Molecular dynamics, Stillinger-Weber 

potential, HRMC, Short-Range Order 

1. Introduction 

Boron carbide is one of the extremely hardest (hardness 30 GPa) materials [1]. It has a high melting point 

of approximately ~ 2450oC [2] and a low density of 2.52 g/cm3[3]. It is a material of choice for harsh 

environments because of its extreme hardness, wear-resistant, thermal stability, high melting point and 
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chemical inertness [4]. It is used as lightweight body armor, as a neutron absorber in the nuclear reactors 

[5] and as a shielding material [4]. 

Boron has the unique ability to form caged structures of different sizes [6]. A large variety of boron carbide 

structure exists depending upon the B/C stoichiometric ratio (from B4C to B10C) in the structure dictated 

by carbon concentration [7]. The primitive unit cell of boron carbide consists of a 15-atom system with a 

12-atom icosahedral cage having a rhombohedral lattice of trigonal symmetry (R3m space group) and linear 

chain of 3-atoms connecting icosahedra along the (111) rhombohedral axis [8]. Different variants of boron 

carbide have been studied and proposed based on symmetry considerations: i) Carbon-rich B4C (B12C3)[9], 

having the structural configuration of B12-(CCC), is the electron-precise form of boron carbide [7] and band 

calculation suggests this variant be a semiconductor [10]. ii) Boron-rich B6.5C (B13C2) [9] has the structural 

configuration of B12-(CBC) with, calculations suggesting a metallic nature [11] which is contrary to 

experimentally formed boron carbide which is a semiconductor for a wide range of carbon concentration 

[7]. iii) B4C having a structural configuration as B11Cp-(CBC) is finally suggested as the most energetically 

stable variant by theoretical energy minimization [12], [13], where p-stands for the polar site in the 

icosahedral structure which forms intra-icosahedral bonding with neighboring icosahedra’s. It has been 

theoretically and experimentally agreed upon that B11Cp-(CBC) is the atomic configuration for the 

stoichiometry of the B4C and R3m space group [8]. 

Small scale ab initio generated structures of amorphous boron carbide suggests the presence of B12, B11C, 

and B10C2 icosahedra embedded in the amorphous matrix of boron and carbon [3][14]. Experimentally 

prepared amorphous boron carbide via chemical vapor deposition (CVD) [3] confirmed the presence of 

distorted icosahedrons in their sample. Short-range order (SRO) study of a-B4C thin film deposited by radio 

frequency (RF) magnetron sputtering assessed using Fourier transform infrared (FTIR) spectra and pair 

distribution function (PDF) analysis also verified icosahedral presence [15]. Other experimental a-BxC thin 

films studied using x-ray absorption near-edge spectroscopy (XANES) [16] and  IR & Raman spectroscopy 

[17] found a random network of icosahedral structure residing inside thin films. Similarly, strain-induced 
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amorphous boron carbide studied using Raman spectroscopy [18,19] indicated the collapse of the unit cell 

into icosahedrons and fragments of C and B atoms. 

ab-initio MD studies of the SRO of a-BxC have been done for small scale systems of 120, 135 atoms [14] 

and 216 atoms [3] but fewer efforts have been made to characterize larger systems due to the limitation of 

size and computational cost associated with first-principle calculations. Short-range ordering of amorphous 

boron carbide materials for larger models is needed to fully understand the presence of a network of 

icosahedrons embedded inside the boron and carbon matrix.  

In the present work, the short-range ordering of a-BxC is studied using Molecular Dynamics. Larger 

amorphous models of boron carbides of size 10935 atoms as compared to previous ab-initio studies [3,14] 

are prepared and studied. The amorphous models associated with B12-(CCC), B12-(CBC) and B11Cp-(CBC) 

are prepared using the Stillinger-Weber (SW) and ReaxFF potentials. The existing SW potential of the B-

C system [20] was further modified for icosahedral B-C systems to create these models. Potential energy 

minimization of α-rhombohedral boron and crystalline BxC is used to modify the length scaling parameter 

(σ) and angular cutoffs. Amorphous models generated using the newly parameterized SW and ReaxFF 

potentials are compared among and with other experimental and first-principle studies. In addition, Hybrid 

Reverse Monte Carlo (HRMC) equipped with the new SW potential parameters is used to further study the 

structure of amorphous boron carbide. Real space, reciprocal space and angular information of the new SW 

generated MD models of amorphous boron carbide is used as structural constraints to guide the HRMC 

simulation. 

2. Theoretical background 

2.1. Stillinger-Weber (SW) potential functions 

Stillinger and Weber pioneered the empirical form of the interaction potential to describe the condensed 

phases of silicon which produced the structural and vibrational properties of amorphous silicon [21].  Since 

then SW potential has been successfully used in modeling single element and multi-element covalent solids 
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like C [22,23], B [24], B-C [20], B-N [25], Si-N-H [26], In-Ga-N [27],  Zn-Cd-Hg-S-Se-Te [28] and many 

more.  

The Stillinger–Weber total energy model is given by the sum of the two-body and three-body interaction 

terms [21] as  

𝐸 = ∑ ∑𝑉2(𝑟𝑖𝑗) + 
𝑗>𝑖𝑖

∑ ∑∑ 𝑉3 (𝑟𝑖𝑗 ,𝑟𝑖𝑘 , 𝜃𝑖𝑗𝑘  )

𝑘>𝑗𝑗≠𝑖𝑖

 

 

The two-body interaction functional form is written as 

𝑉2(𝑟𝑖𝑗) = 𝜀𝑖𝑗 𝐴𝑖𝑗 [𝐵𝑖𝑗 (
𝜎𝑖𝑗

𝑟𝑖𝑗

)

𝑝𝑖𝑗

 − (
𝜎𝑖𝑗

𝑟𝑖𝑗

)

𝑞𝑖𝑗

  ]𝑒𝑥𝑝 (
𝜎𝑖𝑗

𝑟𝑖𝑗 − 𝜎𝑖𝑗𝑎𝑖𝑗

) 

Where aσ is the cutoff distance for which V2 vanishes. The three-body interaction potential form as used in 

LAMMPS [29] is 

  𝑉3(𝑟𝑖𝑗 ,𝑟𝑖𝑘 , 𝜃𝑖𝑗𝑘  ) = 𝜀𝑖𝑗𝑘𝜆𝑖𝑗𝑘𝑒𝑥𝑝(
𝛾𝑖𝑗𝜎𝑖𝑗

𝑟𝑖𝑗 −𝜎𝑖𝑗 𝑎𝑖𝑗
+

𝛾𝑖𝑘𝜎𝑖𝑘

𝑟𝑖𝑘−𝜎𝑖𝑘𝑎𝑖𝑘

) [𝑐𝑜𝑠 𝜃𝑖𝑗𝑘 − 𝑐𝑜𝑠 𝜃0𝑖𝑗𝑘]
2
 

Here, the subscripts ij represents pair interaction and ijk represents the three-body term. rij and rik are the 

interatomic distances and θijk is the angle between bonds ij and ik with i being the central atom. Angle θ0ijk 

is the angular cutoff for which three-body interaction term vanishes. For the ideal tetrahedral system, θ0ijk 

is 109.47o. Parameters ε and σ are energy and length scaling parameters to tune cohesive energy and lattice 

constant of elements under study [30]. Two body and three-body interactions are tuned using A, B, p, q, λ, 

and γ. Two body interaction is invariant upon exchange of indices i and j and three-body interaction term 

is invariant upon the exchange of second and third indices of ijk [26]. 

2.2. Hybrid Reverse Monte Carlo (HRMC) 

The Hybrid Reverse Monte Carlo (HRMC) method is used to generate the structures of amorphous 

materials based on the fitting of experimental diffraction information and the minimization of the system 
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energy using an interatomic potential [31]. It has been used to study the structural properties of amorphous 

carbon [32–34] and silicon [35] using the interatomic potentials like Environment-Dependent Interatomic 

potential (EDIP) and SW. HRMC minimizes the error function χ which includes the cost function of each 

experimental constraint and the energy penalty term for every random displacement of atoms. Before any 

random atomic movement, the total value of χ [36] is calculated as  

𝜒𝑂𝑙𝑑,𝑡𝑜𝑡𝑎𝑙 = ∑[
(S(𝑄𝑖 )𝑒𝑥𝑝 − S(𝑄𝑖 )𝑜𝑙𝑑)

2

𝜎(𝑄𝑖 )2 +
(g(𝑟𝑖 )𝑒𝑥𝑝 − g(𝑟𝑖 )𝑜𝑙𝑑)

2

𝜎(𝑟𝑖 )2
]

𝑖

+
𝐸𝑂𝑙𝑑

𝑘𝐵𝑇
  

Here S(Q) and g(r) are the structure factor and radial distribution function which are obtained from the 

diffraction experiments. σ represents the uncertainty in ith data point and 𝑘𝐵𝑇 is the Boltzmann weighting 

factor [37]. These weighting factors influence the acceptance probabilities in the HRMC simulation. After 

the atomic movement, a new total cost function 𝜒𝑂𝑙𝑑,𝑡𝑜𝑡𝑎𝑙  is calculated and compared with the old one. An 

atomic movement is accepted if  𝜒𝑁𝑒𝑤,𝑡𝑜𝑡𝑎𝑙 < 𝜒𝑂𝑙𝑑,𝑡𝑜𝑡𝑎𝑙  and conditionally accepted for 𝜒𝑁𝑒𝑤,𝑡𝑜𝑡𝑎𝑙 >

𝜒𝑂𝑙𝑑,𝑡𝑜𝑡𝑎𝑙  with the probability𝑃 = 𝑒𝑥𝑝(𝜒𝑂𝑙𝑑,𝑡𝑜𝑡𝑎𝑙 − 𝜒𝑁𝑒𝑤,𝑡𝑜𝑡𝑎𝑙 ) [35,36]. 

3. SW-potential optimization 

3.1. α- rhombohedral boron  

Stillinger-Weber (SW) potential parameters for Boron-Boron interactions have been developed by Rasband 

et.al [38] for B-Si, Dugan et. al [20] for B-C and Moon et. al [25] for B-N. SW potential parameter for 

boron carbide by Dugan et al. [20] was optimized for stable boron clusters which when applied on 

icosahedral boron carbide nanoribbon system results in the loss of icosahedral symmetry leading to 

structural deformation at the temperature of 300 K retaining the structure only at 1 K [39]. Hence, existing 

B-B interaction σ and cosθo parameters have been optimized for an icosahedral system using energy 

minimization. SW potential σ parameter by Dugan et. al was kept constant at 1.418 for all the B-B and  C-

C interaction affecting the bond lengths of the interacting system. In this study, the σ parameter for the B-

B interaction is tuned with energy minimization performed using classical potential utilizing Large-scale 
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Atomic/Molecular Massively Parallel Simulator (LAMMPS) [29] with an average B-B bond length as the 

criteria for the choice of parameter. Since icosahedral B12 is the building block of bulk boron and boron 

carbide structure the average bond length is fitted for α- rhombohedral boron structure. The icosahedral B12 

structure has ~39% of the bond angle in between 58o-61o and ~ 38% in between 107o-109o with ~ 20% 

concentrated at 109o. Thus, the angular cutoff in the SW potential was changed to regular the tetrahedral 

angle. Then, a supercell of 216 B atoms was constructed from the hexagonal unit cell of α-rhombohedral 

boron (B12) structure [40]. Conjugate gradient style potential energy minimization was performed on the 

structure with 0.0 energy tolerance, 1.0e-8 force tolerance, 104 steps of maximum iterations and 106 number 

of force evaluations. This criterion allows terminating the energy minimization process either with the force 

tolerance/evaluations or with the maximum no. of iterations defined. This process was applied for all the 

SW potential σ parameter varied from 1.15 to 1.80. All of the minimization iterations terminated before the 

maximum no. of 104 steps was reached with force tolerance criterion with an exception of sigma values 

1.38 and 1.39. For these two values of sigma we raised the ceiling to 105 steps of maximum iterations and 

both of them terminated below 105 steps by satisfying the force tolerance criterion like rest of the data 

points. Then the average bond length B-B of the DFT optimized structure is compared with the SW 

minimized structure to calculate the difference in the average bond length of the resulting structure. The 

average B-B bond length (davg) of the DFT optimized α-boron structure is 1.7705 Å which is same as the 

literature value reported by Decker et. al [41] and Katada et. al [42] in icosahedra. 

Figure 1 shows the plot of the variation of the σ parameter with the modulus of difference in the average 

bond lengths between the unrelaxed and the SW relaxed structures. Below 1.65, the icosahedral structure  
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Table 1 Average bond lengths of boron clusters calculated using Old SW, New SW and Ab initio generated 

structures. 

Boron Clusters Average bond length (Å) |ΔBond Length (Å)| 

n Ab initio (do,avg) Old SW (dold,avg) New SW (dnew,avg) | do,avg - dold,avg | | do,avg - dnew,avg | 

B7 1.6937 1.43882 1.64993 0.25488 0.04377 

B10 1.68781 1.42711 1.6423 0.2607 0.04551 

B12 1.68244 1.42987 1.64885 0.25257 0.03359 

B14 1.68492 1.43167 1.65001 0.25325 0.03491 

B16 1.68621 1.44034 1.65651 0.24587 0.0297 

B18 1.68504 1.43764 1.65573 0.2474 0.02931 

B20 1.6671 1.42412 1.63849 0.24298 0.02861 

B26 1.69544 1.47123 1.69597 0.22421 0.00053 

B44 1.68158 1.44938 1.66898 0.2322 0.0126 

B80 1.71349 1.46555 1.69089 0.24794 0.0226 

 

Figure 1 Difference in average bond length of SW minimized α-boron structure with the variation of SW potential 

σ parameter. 
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contracts resulting in the increased error in bond length. And above 1.65, the icosahedral structure expands 

moving away from the davg value of α-boron. At the original SW σ value of 1.418, davg was found to be 

1.53144 Å with the difference of 0.23901 Å whereas, with the new optimized σ value of 1.65, davg was 

calculated to be 1.77259 Å with the difference of only 0.0021 Å. Hereafter the SW parameter by Dugan et. 

al will be called the Old SW and the modified form with σ=1.65 and θo= 109.47o will be called henceforth 

the New SW. 

For both the Old and the New SW, the B-B interaction parameters were used to predict the average bond 

length of the boron clusters ranging from B7 to B80. The structural relaxation of stable boron clusters B7, 

B10, B14, B16, B18 [43], B12, B20, B26, B80 [44], B44 [45] was performed as described earlier and the average 

bond lengths computed and compared against the DFT calculated values as listed in Table 1. During 

minimization, the structural geometry is conserved with only a change in bond lengths between the boron 

atoms. As seen from Table 1 bond length error due to Old SW in all the cases of boron clusters are found 

to be greater than 0.22 Å and bond length error in case of the New SW are lower than 0.05 Å. Overall, the 

davg results obtained with the New SW B-B interaction parameters are in good agreement with the Ab initio 

values for boron clusters. 

3.2. Boron carbide crystal 

Boron carbide crystal is a complex crystal structure where different bond angles are present for different 

variants as shown in Figure 2. The three-body angular cut off (cosθoijk) in the SW potential will be different 

for the different crystal structures of boron carbide. For the two-element system, there are three two-body 

pairs namely B-B, C-C, and B-C. There are eight combinations of three-body parameters namely B-B-B, 

C-C-C, B-C-C, C-B-B, B-B-C, C-B-C, C-C-B and B-C-B where the first atom is the central atom with 

others on two sides. Here, all the three body angular cutoffs (cosθoijk) are obtained from the crystal structure 

of boron carbide and cutoffs for linear chains- such as CCC and CBC chain is used a value of 180o in all 

the  
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Table 2 SW potential parameters for B12-(CCC) used in LAMMPS. 

Pairs ε σ a λ γ cos(θo) A B p q tol 

B-B-B 1.00 1.650 1.8179 1.00065 0.32408 -0.3333 13.4487 0.08477 4.0 0.0 0.0 

C-C-C 1.00 1.418 1.8945 18.70790 1.20000 -1.0000 5.37900 0.50820 4.0 0.0 0.0 

B-C-C 1.00 1.650 1.8562 4.32667 0.62362 -1.0000 8.50533 0.20756 4.0 0.0 0.0 

C-B-B 1.00 1.650 1.8562 4.32667 0.62362 -0.4226 8.50533 0.20756 4.0 0.0 0.0 

B-B-C 1.00 0.000 0.0000 2.08074 0.00000 -0.4695 0.00000 0.00000 0.0 0.0 0.0 

C-B-C 1.00 0.000 0.0000 8.99683 0.00000 -0.2250 0.00000 0.00000 0.0 0.0 0.0 

C-C-B 1.00 0.000 0.0000 8.99683 0.00000 -0.2250 0.00000 0.00000 0.0 0.0 0.0 

B-C-B 1.00 0.000 0.0000 2.08074 0.00000 -0.4695 0.00000 0.00000 0.0 0.0 0.0 

 

 

  

Figure 2 Boron carbide crystal structure with hexagonal unit cells. B atoms are green and C atoms are brown. (a) B12-

(CCC). (b) B12-(CBC). (c) B11Cp-(CBC). 
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variants of boron carbide. If the particular angular type is missing in the crystal structure eg. C-B-C in B12-

(CBC) then regular tetrahedral angular cutoff is used. σ is kept constant at 1.65 for three-body pairs B-C-C 

and C-B-B whose second and third elements are the same. All other parameters for B-C-C and C-B-B are 

the same as that of Dugan et. al [20]. The parameters ε and λ for the three-body interactions with different 

second and/or third elements e.g. for B-C-B are calculated using the geometric parameter mixing rule i.e.,  

𝜀𝐵−𝑐−𝐵 = √𝜀𝐵−𝐵𝜀𝐵−𝐶 and  𝜆𝐵−𝑐−𝐵 = √𝜆𝐵−𝐵𝜆𝐵−𝐶 . This rule has been widely used to calculate cross 

parameter terms in LJ potential as Berthelot rule [46]. The other parameters, namely, A, B, p, q, σ, a, γ of 

B-C-B type three-body interaction are assumed to be negligible and set to zero following the LAMMPS 

documentation [47]. The complete set of parameters we obtained using the above-discussed methodology 

for B12-(CCC) are listed in Table 2. The tol parameter in the last column is defined in LAMMPS for further 

optimization for the cutoffs [47]. The SW potential parameters for B12-(CBC) and B11Cp-(CBC) are 

provided in the supplemental material.  

The potential energy plots of the two body SW potential energy comparisons between the Old SW and the 

New SW for all the interactions present in the boron carbide system namely B-B, B-C and C-C are shown 

in Figure 3. The potential well minimum shifts towards a longer separation for the New SW in case of both 

the B-B and B-C interactions whereas the C-C curve remains unaffected. The shift in B-B is ~ 0.21 Å and 

B-C is ~ 0.12 Å which is due to the change in the length scaling parameter σ parameter from 1.418 to 1.65 

which ultimately changes the two-body cutoff aσ. The shift in the potential is responsible for predicting the 

correct bond lengths for the boron carbide system with the New SW parameters compared to Old SW. The 

DFT optimized structures of B12 [40], B12-(CCC) [48], B12-(CBC) [49] and B11Cp-(CBC) [3] were potential 

energy minimized as described above using the New SW, Old SW and ReaxFF potential [50]. Table 3 

shows the davg predicted by DFT, ReaxFF, New SW and Old SW potential for all the bonds present in the 

structures. 
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Table 3 Average bond length comparison of B12, B12-(CCC), B12-(CBC), B12-(CBC) and B11Cp-(CBC) 

predicted using DFT, ReaxFF, New and Old SW potential. 

  

Stoichiometry 

B-B B-C C-C 

DFT  ReaxFF New 

SW 

Old 

SW 

DFT  ReaxFF New 

SW 

Old 

SW 

DFT  ReaxFF New 

SW 

Old 

SW 

B12 1.770 1.807 1.798 1.531 - - - - - - - - 

B12-(CCC) 1.773 1.756 1.731 1.559 1.664 1.711 1.721 1.708 1.333 1.292 1.693 1.700 

B12-(CBC) 1.799 1.771 1.780 1.557 1.562 1.611 1.664 1.674 - - - - 

B11Cp-(CBC) 1.732 1.761 1.762 1.551 1.659 1.644 1.633 1.551 - - - 1.633 

Figure 3 Stillinger-Weber potential two-body energy for B-B, B-C and C-C bonds comparison between Old SW 

and New SW parameters. 
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From Table 3 it can be seen that the B-B bond length of the DFT optimized structure is very close to that 

of ReaxFF and New SW minimized structures with an error of ~ ±0.02 Å. Whereas, Old SW predicted a B-

B bond length for the structure ~0.22 Å smaller than the DFT relaxed structure. This is due to the contraction 

of the icosahedral structure due to the Old SW B-B potential parameters. The B-C bond length is over-

approximated by all the potentials in the case of B12-(CCC) and B12-(CBC) in comparison to DFT optimized 

geometry. In the case of the B11Cp-(CBC) crystal structure, the B-C bond length prediction by ReaxFF and 

New SW potential are 1.644 Å and 1.633 Å respectively which is very close to that of DFT value 1.659 Å. 

In comparison, the Old SW generated relaxed structure yields the B-C length of 1.551 Å which is much 

shorter in comparison to that from the New SW potential. Although B11Cp-(CBC) is the stable variant of 

boron carbide crystal, the Old SW – based minimized structure was not able to stabilize such a geometry. 

This further confirms our approach to model these which is quite comparable to that achieved by the 

ReaxFF-based minimization. In the case of Old SW during the minimization process, some of the C atoms 

which were initially resided in the icosahedra would leave its icosahedral site and form bonds with the CBC 

chain atom resulting in an increase in the C-B bond count and new C-C bond which was initially absent 

(see Figure 4a). In contrast, the C-atom remains bonded within the icosahedra during the New SW 

minimization (see Figure 4b). We should note however that the C-C bond length prediction for B12-(CCC) 

for both the New SW and the Old SW has the same level of error as when the interaction parameters were 

kept unchanged except for the angular cutoff correction. Nevertheless, overall, the New SW potential of 

boron carbide obtained by modifying the parameters based on the icosahedral-based geometry of the crystal 

was able to produce results close to that of the sophisticated ReaxFF potential.  

The bond angle distribution B(θ) is the first nearest neighbor angle histogram that can be used to measure 

the quality of the structure. Figure 5 shows the B(θ) of boron carbide crystal optimized using DFT and  
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Figure 5 Bond angle distribution of DFT optimized structure compared to New SW minimized boron carbide 

crystal structure. 

 

Figure 4 Old SW and New SW potential optimized structure of B11Cp-(CBC). The icosahedral structure 

opened up during the minimization process for Old SW. Open icosahedral cages are circled red and the C-C 

bond circled purple. Green sticks are the B-B bonding and Brown sticks are C-C bonds. (a) Old SW 

minimization (b) New SW minimization. 
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New SW potential. In all the cases, the angular distribution is centered around two peaks, one at an angle 

60o and the other between 100o-130o. B(θ) around 60o is in good agreement in all the cases and comes from 

the three-membered B-atoms rings in the triangles forming icosahedrons. Small peaks at 180o in all the 

cases come from the atomic chains (CCC and CBC) present in the crystal structure. SW potential function 

is limited to only one angular cutoff (cosθoijk) per three-body interaction type. It is due to this inherent 

limitation of SW potential function all the angular peaks present in DFT optimized structure aren’t present 

in the SW minimized structure. 

4. Computational details 

4.1. Amorphous boron carbide – MD 

Amorphous models of B12-(CCC), B12-(CBC) and B11Cp-(CBC) were studied using the New SW and 

ReaxFF potentials in the LAMMPS simulation package. To study the short-range order of icosahedrons in 

the matrix of boron and carbon atoms as seen in the smaller theoretical models and experimentally studied 

samples we packed icosahedrons and chain atoms in a box with the random arrangement. In order to make 

the three a-BxC samples, 729 units of icosahedrons and chain atoms containing 10935 atoms were packed 

randomly inside the simulation cell of dimension ~ (45.80X45.80X45.80) Å3 with the minimum distance 

between the atoms to be 1.9 Å using PACKMOL [51]. The initial density of all the packed disordered 

structures was ~ 0.114 atoms/Å3 (~ 2.09 g/cm3). Classical MD simulation was performed on these samples 

with periodic boundary conditions applied in all three directions. The three initial randomly packed models 

of boron carbide were subjected to constant pressure and temperature (NPT) simulation using the ReaxFF 

potential for 42.5 ps from 10 K to 300 K with 0 Gpa and equilibrated at 300 K for 82.5 ps with the time 

step of 0.25 fs. With the New SW potential, we applied a pressure scheme where constant volume and 

temperature (NVT) and NPT simulations with different pressures applied with the goal of matching the 

density. This scheme was applied to densify the structure using New SW to get reasonably close to the 

density of the ReaxFF model produced earlier and to compare the short-range order characteristics among 

the models. Here, firstly NVT simulation was performed for 50 ps at 300K followed by NPT simulation at 
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300 K with varying pressure from 0 Gpa to 20 Gpa for 550 ps. We have added this scheme as part of our 

supplemental materials. It is important to note that the final structure is free from residual stress since it 

was released with the NPT simulation at zero pressure. A similar approach has been found in the literature 

and applied to get the desired density of the material for comparison to experiment [52]. The six different 

a-BxC models were prepared using two different interatomic potentials and compared. These models are 

compared in terms of their final density (ρ), bond angle distribution (B(θ)), radial distribution function 

(g(r)), structure factor (S(Q)) and the bonding environment.  

4.2. Amorphous boron carbide – HRMC 

HRMC simulation is employed to reconstruct the amorphous models of boron carbide prepared using the 

MD simulation detailed above. The radial distribution function and static structure factor are calculated 

from the previous MD models of a-BxC and used in place of experimental constraints within HRMC. The 

3D reconstruction of the amorphous models of materials based only on 1D diffraction data is challenging 

for HRMC simulations [53]. Even if we apply multiple constraints along with diffraction data fitting in the 

simulation process to find the 3D atomic structure starting from the completely random configuration of 

atoms, the solution will be different after every simulation because of a huge family of solution. So, to fit 

the structure with the diffraction data, the initial starting model cannot be a random collection of atoms. As 

suggested in the previously discussed literature of amorphous boron carbides where icosahedrons are in the 

matrix of boron and carbon atoms, we packed another set of icosahedrons and chain atoms randomly in the 

simulation cell as initial starting configuration for HRMC simulation. 

In this HRMC study, we have packed 729 icosahedrons and chain atoms with the minimum tolerance 

distance of 1.9 Å in a simulation cell of dimension (43.37X43.45X43.40) Å3 to contain 10935 atoms. This 

structure was energetically minimized at 300K for 2 x 106 steps using New SW equipped potential in the 

HRMC code to find the local minimum of the Potential Energy Surface (PES). The output is then fitted 

with the calculated diffraction data together with the potential constraint. The two-stage HRMC modeling 

approach has been previously applied in predicting the structure of amorphous materials [53,54]. The output 
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structure of stage-1 is fitted with S(Q), g(r) and B(θ) along with the average bond length, and coordination 

histogram constraint since at least four constraints are recommended for multi-element  

Table 4 Percentage of the angular type present in the amorphous models of boron carbide samples prepared 

using New SW and ReaxFF potential. 

Bond 

Angles 

a-B12-(CCC) a-B12-(CBC) a-B11Cp-(CBC) 

New SW ReaxFF New SW ReaxFF New SW ReaxFF 

B-B-B 94.14 84.48 96.27 82.29 93.70 64.26 

B-B-C 4.78 9.49 3.09 11.33 5.14 22.03 

B-C-C 0.00 0.01 0.00 0.74 0.01 1.59 

C-B-B 0.10 1.43 0.09 4.41 0.19 9.98 

C-B-C 0.42 2.78 0.26 1.01 0.50 2.00 

C-C-C 0.24 1.44 0.00 0.00 0.14 0.00 

Figure 6 B-B-B and B-B-C type bond angle distribution comparison of a-B12-(CCC) structure between 

New SW potential and ReaxFF. 
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HRMC simulation [55]. A quenching approach is used during the fitting process which starts from 1000K 

and is linearly quenched down to 800K, 500K, and 300K in four subsequent stages where every stage takes 

25% of the total simulation steps. All the HRMC simulations are carried out for 107 steps to generate the 

fitted amorphous models. 

5. Results 

5.1. Structure of amorphous boron carbide- MD 

5.1.1. Bond Angle Distribution (B(θ)) 

For the two-element system, there are six different possible combinations of bond angles that can be present 

in the structure. Table 4 lists all the types of bond angles with their respective amounts present in all the 

three different variants of amorphous boron carbide models. It can be seen that the prominent angular type 

present in the amorphous models of boron carbide samples are B-B-B, B-B-C, C-B-B, and C-B-C. The 

bond angles B-C-C and C-C-C are less than 2% in all the amorphous samples. Figure 6 shows the 

comparison between New SW and ReaxFF for the two prominent angular type B-B-B and B-B-C in a-B12-

(CCC) sample. It can be seen that at around 60o the distribution for B-B-B type is equivalent for both the 

potential whereas in the higher angular region ReaxFF allows wide distribution of angle around ~ 110o 

compared to SW.  

The bond angle distributions of B-B-B and B-B-C types are presented in Figure 7 for two other models of 

boron carbide. Here, a similar observation can be made in terms of the B-B-B angle as in a-B12-(CCC). 

However, B-B-C is more prominent in the ReaxFF generated models than before with the B-B-C angle 

distribution having a sharp peak at around 60o in the case of a-B11Cp-(CBC) structure compared to other 

amorphous models. The origin of this peak comes from the fact that one of the C atoms in the structure is 

a part of icosahedra forming near equilateral angles with B atoms. The absence of this prominent peak in 

the New SW created model indicates that some of the C atoms in the icosahedra are leaving the site and 

forming the bonding with the other atoms. In fact, it is seen in Table 4 as a C-C-C angle which is absent in  
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Figure 8 Radial distribution function of a-B12-(CCC) prepared using a) New SW b) ReaxFF and c) comparison 

between New SW and ReaxFF generated total RDF.  

 

Figure 7 B-B-B and B-B-C angular type comparison between New SW and ReaxFF generated a-

B12-(CBC) and a-B11Cp-(CBC), amorphous models. 
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the ReaxFF generated model. This strong peak could potentially be used as a signature to identify whether 

or not C-atom is within the icosahedral sites in the unknown amorphous boron carbide sample.     

5.1.2. Radial distribution function (g(r)) and Structure factor (S(Q)) 

Radial distribution function g(r) provides information on the short-range order of the material structure 

under study. Figure 8 shows g(r) of a-B12-(CCC) using New SW and ReaxFF potential. The sharp first 

peaks at ~1.8 Å on both the models as seen in Figure 8 (a) and (b) is due to B-B pair with only minor 

difference noted in Figure 8 (c). This suggests the strong short-range order presence in the structure is 

predominantly due to B-B pairs. The second nearest neighbor peak, largely due to B-B pairs, is found at 

~2.9Å for both potentials. The New SW potential generates a sharp distribution while ReaxFF results in 

broader distribution. This tells us that the second nearest neighbors have a wide distribution of bond lengths 

in the ReaxFF model whereas the New SW model has a much more similar bond length giving rise to the 

sharp peak. Although it looks erroneous at first sight, this signal can be easily explained using the nearest 

neighbor distances shown in Figure 9.  

The first B-B peak icosahedra arise from BR-BR type pairs while the second neighbor peak caused by the 

BG-BG pair and the third peak by BY-BY pairs. The BG-BG pair distance is around ~2.9 Å within the 

icosahedra and is responsible for the second peak in the g(r) which is present in both models. The root cause 

for the strong peak for the New SW potential in the g(r) seen in Figure 8 (a) and 10 (a) lies in the functional 

form of SW potential where only one angular cutoff can be applied for one element type. Figure 6 and 

Figure 7 show the towering peak of the New SW model compared to ReaxFF model at ~110o which comes 

from the bond angle BR-BG-BG type in Figure 9 resulting in the length of BG-BG type to peak at ~2.9 Å. As 

ReaxFF allows a wide variety of BR-BG-BG type angles there is a broad peak for BG-BG type neighbors in 

g(r). The second neighbor peak in New SW generated model is, in fact, an indication of the presence of 

pentagonal rings coming from icosahedra in the amorphous boron carbide model. Additionally, the BY-BY 

lengths are responsible for the tiny shoulder peak at ~3.4Å which is seen in both Figure 8 (a) and (b). As 

shown in Figure 8 (a) B-C pairs have first, second and third peaks around B-B position whereas B-C peak 
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in Figure 8 (b) is more prominent and presents only around ~1.75Å. The prominence of this peak on ReaxFF 

made a-B12-(CCC) for the B-C pairs is due to the CCC chain atom connecting the icosahedrons which are 

in agreement with the higher density of ReaxFF model compared to that of New SW model discussed later. 

The amount of carbon atoms in the amorphous model is 20% which is reflected as a very low-intensity peak 

at ~1.80Å in Figure 8 (a) and around ~1.4Å in (b). This mismatch in C-C position arises because New SW 

has already been shown to overestimate C-C bond length in Table 3. C-C pairs form the shoulder peak to 

the left of the first peak of global g(r) in case of ReaxFF model.  

Figure 10 shows the RDF of two other amorphous model a-B12-(CBC) and a-B11Cp-(CBC). All the B-B 

peaks are located almost around the same position indicating the short-range ordering of icosahedral 

structure in the amorphous matrix environment. The presence of the B-C pair is more prominent in a-B12-

(CBC) and even stronger in a-B11Cp-(CBC) model in case of both the potentials. This presence is expected 

as every chain atom present in the structure has B-C pairs compared to the CCC chain in a-B12-(CCC) where 

the B-C interaction arises only between icosahedra and chain atoms. However, the B-C peaks are present 

at ~1.45Å and ~1.75Å compared to only at ~1.75Å in ReaxFF a-B12-(CCC) model. These two peaks arise 

from different types of B-C bonding environment. The smaller length arises from the B-C bonds in the 

chain atoms whereas longer bond arises from C in the CBC chain and B in the icosahedra [56] in Figure 10 

(b) a-B12-(CBC). But in the case of Figure 10 (b) a-B11Cp-(CBC) there is C atom within in icosahedra which 

adds more types of B-C bonding environment in addition to the present in Figure 10 (b) a-B12-(CBC). The 

further additions are inter-icosahedral B-C pairs and intra-icosahedral B-C  pairs [17] both of which add 

~1.75Å type bond length giving rise to the sharp peak even in the global g(r). As seen in Figure 10 (b) both 

on the left and right C-C pairs peaks at around ~1.2 Å due to the bonding between C-atoms from two CBC 

chains present in the amorphous structure. But C-C pair is in higher amount in Figure 10 (b) a-B11Cp-(CBC) 

compared to Figure 10 (b) a-B12-(CBC) as there is additional bonding between C-atom in B11Cp and CBC 

chain carbon and intra-icosahedral bonding that connects two B11Cp.  The simplicity of SW potential 

formulation couldn’t differentiate between the B-C pairs in CBC and B-C pairs between chain carbon and  
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Figure 10 Radial distribution function of a-B12-(CBC) (left) and a-B11Cp-(CBC) (right) prepared using a) 

New SW b) ReaxFF and c) comparison between New SW and ReaxFF generated total RDF. 

 

Figure 9 Nearest neighbor distances present in the B12 icosahedra. Here red, green and yellow colored boron 

atoms are used to show the first, second and third nearest neighbor distances respectively present in B12 

icosahedra. Here, BR-BR = 1st neighbor, BG-BG = 2st neighbor and BY-BY= 3rd neighbor. 
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icosahedral boron with a broad and diffused peak at ~1.85Å in Figure 10 (a). Presence of C-C pairs is very 

minimal in New SW generated model in Figure 10 (a).  

Neutron diffraction static structure factor (S(Q)) is a reciprocal space property of materials that are often 

used to characterize disordered glasses [57–60]. S(Q) in reciprocal space is a Fourier transform of g(r) in 

real space which carries short-range, medium-range and nano-order structural information [60]. In Figure 

11 we report the total structure factor of a-B12-(CCC) samples and its comparison with the S(Q) of 

Randomly packed B12 and DFT structure in the literature within 0.45 ≤ 𝑄 ≤ 21 Å−1. Icosahedral B12 was 

packed in a simulation box and the structure factor was computed and carries signature peaks containing 

information of the disordered boron icosahedra. S(Q) values below 1Å-1 are not experimentally reliable due 

to detector resolution and contain unphysical oscillation [37], and are thus excluded from the interpretation. 

Figure 11 shows the first small intensity peak at ~ 1.5 Å-1 in all cases with more intensity for Random B12. 

The shoulder peak located at ~ 2.6 Å-1 is prominent only in New SW and the DFT generated a-B2.5C 

(B154C62) model [3]. The second peak has the highest intensity compared to any other peak in S(Q) located 

at ~4.6 Å-1 for New SW and ReaxFF models with New SW having a very strong signal. Random B12 has a 

peak shifted to the left at ~4.4 Å-1 compared to DFT a-B2.5C which has right-shifted peaks at ~4.9 Å-1. As 

this second peak is a high-intensity peak present in all the models having random icosahedrons in the 

amorphous matrix and experimental thin film of boron carbide [3], this can be used as a signature of 

disordered icosahedrons. The third peak for Random B12 is present at ~7.2 Å-1 with a small shoulder at ~9 

Å-1 but New SW model has two split peaks at both positions while ReaxFF has a peak in between at ~7.7 

Å-1. DFT model a-B2.5C has just a plateau from ~6.5 to 10 Å-1 but interestingly experimental boron carbide 

thin film by Pallier et. al. [3] has two split peaks in the same position as seen in New SW. Afterward, DFT 

a-B2.5C peak dampens rapidly followed by ReaxFF model. Random B12 peaks have oscillating peaks that 

dampen much later than New SW peaks. These oscillating dampening peaks in S(Q) are often seen on 

disordered amorphous glasses [60,61]. Figure 12 includes all the amorphous boron carbon models prepared  
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Figure 12 Total structure factor of amorphous boron carbide prepared using New SW (black line) and 

ReaxFF (red line) (a) a-B12-(CCC)  (b) a-B12-(CBC) (c) a-B11Cp-(CBC). 

 

Figure 11 Total structure factor of amorphous boron carbide a-B12-(CCC) prepared using New SW (black 

line) and ReaxFF (red line) and their comparison with the (a) S(Q) of Random B12 (blue line) (b) DFT a-

B2.5C [3] (blue line). 
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using New SW and ReaxFF. The features of S(Q) of both New SW and ReaxFF model in Figure 12 (b) and 

(c) are similar and consistent with the explanation of a-B12-(CCC). The S(Q) in Figure 12 (b) and (c) 

suggests the amorphous environment in terms of short-range order are similar to a-B12-(CCC). 

5.1.3. Structural units 

The distribution of bonding environments comprised of the first nearest neighbors around a central atom 

was performed to study the prominence of different types of bonding structural units. As an example, a 

structural unit is represented as B-B5C2 for the two-element system consists of a central atom B having its 

first nearest neighbors made up of five B atoms and two C atoms. From Figure 8 and 10 it is clear that the 

first nearest neighbor for B-atom for ReaxFF and New SW are around the same distance however C-atom 

have neighbors at different distances. These structural units are calculated using the cutoffs of 1.88 Å for 

B-B, 1.72 Å for B-C and 1.45 Å for C-C. The number of structural units fluctuates slightly based on the 

cutoffs used thus, values below 1% are ignored. Depending upon the type of crystal structure of boron 

carbide the presence of B-atom ranges from 80-87% and C-atom is 17-20%. The bonding environment of 

icosahedra can be analyzed mainly by boron centered structural units as shown in Figure 13.  

In the crystal structure, structural unit B-B5 is mainly due to the pentagonal cap around the polar boron in 

icosahedral B12. Similarly, B-B5C results from the icosahedral boron atom connecting with the carbon atom 

either via chain or any source and B-B6 arises from the fact that icosahedra are connecting each other 

through boron atoms. B-B4C and B-B4C2 are the environments similar to B-B5 and B-B5C respectively 

except that the C-atom is within the icosahedra. Outside the icosahedra, boron centered environment can 

be found in the CBC chain in the form of structural unit B-C2 in the crystal boron carbide.  

Figure 14 presents the local structural unit of Boron centered environment in the amorphous boron carbide 

samples prepared using New SW and ReaxFF potential. The boron centered environments without a carbon 

connection are slightly more likely in the New SW generated models evident from the B-B3, B-B4, B-B5, 

B-B6, B-B7, and B-B8 populations. The environment B-B3 and B-B4 are the results of distorted or even a 

few broken icosahedrons. The units B-B5, B-B6, B-B7, and B-B8 are the results of icosahedral presence and 

intra-icosahedral bonding through B-atoms. A structural unit containing carbon atoms seen in B-B3C, B-
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B4C and B-B5C are higher in ReaxFF generated structures. This indicates that the B-C bonding in the 

ReaxFF models is higher than the New SW which is reflected in their density in Table 5. This might be the 

result of B-C parameters in SW which requires further optimization than the parameter mixing rule.  

5.2. Structure of amorphous boron carbide - HRMC  

Short-range order present in the structure can be described by studying the nearest neighbor in the first 

coordination shell, bond length and the angular distribution function as bond angles [62]. The bond angle 

distribution B(θ) comparison between the MD and HRMC models is shown in Figure 15. The 3-membered 

characteristic ring present in the icosahedra is indicated by the bond angle peak at ~ 60o in all the models. 

The second kind of angle between two boron atoms in the icosahedra is BR-BG-BG type forming between 

the second nearest neighbor of boron atoms. BR-BG-BG gives rise to the second peak at ~110o which is seen 

in Figure 15. There is a small smooth peak around ~ 160o in the total B(θ) seen in all the amorphous models 

is due to some distorted and fragmented icosahedra. The total bond angle distribution of the HRMC models 

are very close in agreement with the MD generated amorphous models.  

Figure 16 shows the radial distribution function of the amorphous models from HRMC and their 

comparison with the parent MD models. HRMC generated models are successful in fitting the g(r) peaks 

for almost all the peak positions. The peak fitting at the positions ~1.80Å, ~2.9Å and ~3.4Å shows 

icosahedrons are conserved in the HRMC models as in the MD generated models. Signal coming beyond 

the third nearest neighbor of B-B in the icosahedra is also reproduced and fitted accurately. The peak 

position at ~1.80Å is mainly attributed to B-B bonding which is less prominent in Figure 16 (c) compared 

to Figure 16 (a) although the number of boron atoms in both the cases is exactly the same. The reason 

behind this is the presence of C-atom in the icosahedra forming B11C which keeps the number of B-atom 

constant but decreases the amount of B-B pair in the structure. 
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Figure 14 Boron centered prominent local environment present in the amorphous boron carbide models 

prepared using New SW and ReaxFF potential. (a) a-B12-(CCC) (b) a-B12-(CBC) and (c) a-B11Cp-(CBC). 

 

Figure 13 Some of the boron centered local structural environments present in the boron carbide crystal. 

Here green atoms are boron and brown atoms are carbon. The dotted circle is used to show the first neighbor 

environment around the boron center marked as C. 
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Figure 16 Radial distribution function comparison between the amorphous models generated by MD 

and HRMC both using New SW potential. (a) a-B12-(CCC) (b) a-B12-(CBC) (c) a-B11Cp-(CBC). 

 

Figure 15 Bond angle distribution comparison between the amorphous models generated by MD and HRMC 

both using New SW potential. (a) a-B12-(CCC) (b) a-B12-(CBC) (c) a-B11Cp-(CBC). 
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Static structure factor S(Q) fitting between the MD models and HRMC reconstructed structure is shown in 

Figure 17. Agreement with the MD diffraction data is very good except for the low Q region for the MD 

S(Q). The unphysical oscillations in the low Q region arise from Fast Fourier Transform (FFT) which can 

be controlled by no. of Q values to be fitted in the low Q region. The S(Q) signal intensity at ~4.9Å-1 which 

is typical of Random B12 is underestimated in HRMC models in all the cases. However, all other secondary 

oscillating peaks are reproduced well. 

The bonding environment is studied using the structural units around the first coordination shell of the 

central atom. Since boron atoms in our case are mostly present in the forms of the icosahedra boron centered 

environment, our amorphous models must take these into consideration and such clustering is of central 

importance. Figure 18 shows the structural unit of boron centered bonding environment comparison 

between the MD and HRMC generated structures. The structure is mainly dominated by B-B3, B-B4, B-B5, 

and B-B6 environment. The environments B-B3 and B-B4 are overestimated by HRMC however the higher 

coordinated environments like B-B5, B-B6, B-B7, and B-B8 are slightly underestimated. Carbon present first 

coordination environments B-B3C, B-B4C, and B-B5C are less than 5% in the amorphous model which is 

seen in a similar proportion in the HRMC-generated structures. The coordination histogram is another 

constraint used to guide the HRMC simulation. Figure 19 shows the coordination distribution of boron 

atoms in the amorphous boron carbide structures. Boron atoms with four, five and six-fold coordination 

dominate the structure. HRMC simulation overestimates the three and four-fold coordination whereas 

higher coordinated boron atoms are underestimated. The five-fold coordination which is a signal of boron 

in the icosahedra is accurately seen in the HRMC structure compared to MD structures which ensure the 

stability of icosahedrons. 
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Figure 18 Boron centered prominent local environment present in the amorphous boron carbide models 
generated using MD and HRMC both using New SW potential (a) a-B12-(CCC) (b) a-B12-(CBC) and (c) 

a-B11Cp-(CBC. 

 

Figure 17 Static structure factor comparison between the amorphous models generated by MD and HRMC 

both using New SW potential. (a) a-B12-(CCC) (b) a-B12-(CBC) (c) a-B11Cp-(CBC). 
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Figure 20 B-B-C angle in the ReaxFF made a-B12-(CCC) model. Green atoms and bonds are the boron and 
brown atom and bonds are carbon. The red bond shows C atom bonding with B12 icosahedron’s forming B-B-

C angle. 

 

Figure 19 Coordination number distributions of Boron atoms in the amorphous models in MD and HRMC. (a) 

a-B12-(CCC) (b) a-B12-(CBC) (c) a-B11Cp-(CBC). 
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Table 5 Density of the amorphous models using ReaxFF and New SW potential. 

Amorphous Samples B-atoms C-atoms Density-ReaxFF (gm/cm3) Density-New SW 

(gm/cm3) 

a-B12-(CCC) 8748 2187 2.48 2.30 

a-B12-(CBC) 9477 1458 2.56 2.36 

a-B11Cp-(CBC) 8748 2187 2.53 2.37 

 

6. Discussion 

The density of all the final amorphous models of boron carbide from the Molecular Dynamics simulation 

is listed in Table 5. The literature value of density of α-rhombohedral boron is 2.476 gm/cm3 [40] which is 

close to the crystalline density 2.473 gm/cm3 [48] for B12-(CCC). The ReaxFF generated a-B12-(CCC) has 

a density of 2.48gm/cm3 which is similar to its crystalline counterpart and the amorphous model a-B2.5C 

and the CVD prepared film by Pallier et. al [3]. Similarly, the density of a-B11Cp-(CBC) using ReaxFF is 

found to be 2.53 gm/cm3 which is also very close to the reported crystalline density of 2.52 gm/cm3 [3,9]. 

However, the ReaxFF calculated density of a-B12-(CBC) was the highest among all at 2.56 gm/cm3 which 

is also significantly higher than the crystalline density 2.44 gm/cm3 found in the literature [49]. The density 

of the amorphous models predicted by the New SW is 6-7% lower than that of ReaxFF models because of 

the slight increase in the interatomic distance between atoms e.g. C-C pair. 

The bond angle distributions which are shown in Figures 6 and 7 produce relatively narrow and distinct 

peaks for New SW potential at ~ 110o whereas diffused peaks exist for the ReaxFF models which 

necessarily means more distorted icosahedrons are present in the amorphous sample prepared using 

ReaxFF. This prominent peak is due to the constraint in SW potential formulation where there is only one 

choice of the angular cutoff for three-body interaction which we choose to be a regular tetrahedral angle 

for B-B interaction. The same observation can be made in B-B-C angular type as well in Figures 6 and 7. 

ReaxFF sample has ~9.5 % of B-B-C angle which is ~4.7 % more than the New SW prepared sample. Since 

the B-B-C angle results from the bonding between the CCC carbon chain and the icosahedra, this could be 
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the reason behind the densified sample coming out of ReaxFF simulated amorphous models. Carbon atom 

bonding with icosahedral B12 is shown in Figure 20 for ReaxFF potential. 

The B-B-C angle is much more prominent in the ReaxFF models of a-B12-(CBC) and a-B11Cp-(CBC) 

which can be attributed to more connectivity in the amorphous model helping in densifying the structure as 

seen from Table 5. The reason both a-B12-(CBC) and a-B11Cp-(CBC) are denser than a-B12-(CCC) is that 

the C-atom in the edge of CBC chain can make three covalent bonds compared to only two in CCC chain. 

The increased affinity of C-atom in the CBC chain is responsible for an increased percentage of B-B-C 

angle due to their connectivity resulting in the denser structure. The consistently lower presence of B-B-C 

and C-B-B three-body angle in all the New SW generated model compared to the ReaxFF model could be 

the result of two body BC SW parameter. These two-body BC SW parameters were the results of parameter 

mixing rule and taken directly from Dugan et. al. [20] other than the σ parameter which affects the bond 

length and as seen from Table 3.  The BC bond length due to New SW is very close to DFT and ReaxFF.  

Radial distribution function comparison of amorphous boron carbide for all the models shown in Figure 8 

and Figure 10 shows the peaks at ~ 1.8Å, ~ 2.9Å, and shoulder at ~ 3.4Å indicating the short-range order 

interaction strongly representing the icosahedrons. For pristine icosahedra’s Larbi et. al. [52] mentioned the 

position of a second and third neighbor at 1.6*d and at 1.9*d respectively with “d” being the edge length 

in icosahedra. Pallier et. al. [3] found a similar result with peaks located at  ~ 1.7Å, ~ 2.9Å, and ~ 3.4Å. 

However, the first global peak is attributed to the B-C pair which is clearly dominated by B-B pair in our 

results. This arises from the fact that their model has longer chains of B and C atoms outside the 

icosahedrons whereas our models maintain the B/C stoichiometry with their crystalline counterpart with 

only short chained (CCC or CBC) atoms forming the matrix of B and C atoms. The RDF reported by 

Ivashchenko et. al. [14] in their first-principle study of a-120 generated from c-B4C agrees with our 

amorphous models. But SRO study of a-B4C by Bao et. al. [56] reported g(r) peaks at ~ 1.63Å and ~ 2.95Å 

without the shoulder peak at ~ 3.4Å. Since the shoulder peak, ~ 3.4Å is missing which is the indicator of 

unbroken icosahedra and their first peak shifted to ~ 1.63Å, more close to B-C bond length 1.57Å in the 
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amorphous matrix [3], our study suggests the thin films deposited had broken icosahedrons in the BC 

matrix. The a-B4C thin film deposited at 600oC by Zhou et. al. reported a series of RDF peaks, namely  

~1.4Å originated from C-B-C chain, ~ 1.7Å from the C-B intra-icosahedral bond length, ~ 2.9Å from C-C 

in C-B-C, and a shoulder at ~ 3.5 Å. Our results from Figure 10 agree fairly well with the first two arguments 

although in our case the peak at 2.9Å is actually coming from the B-B instead of C-C pair. This is because 

the carbon concentration is only 20% which is relatively small to register into a major second nearest 

neighbor g(r) peak. Our study instead suggests that this peak should be attributed to the B-B second nearest 

neighbor in icosahedron which is also seen in other studies [3][56][52]. 

The results of the Wannier function Center (WFC) calculation of DFT generated a-B2.5C [3] showing the 

B-B6 and B-B5C cluster environments which are also seen in our models in Figure 14. Simeone et. al [63] 

also attributed these environments in their NMR study of boron carbide. However B-B4C2 environment in 

our model isn’t present in the appreciable amount as in a-B2.5C. This could be due to the higher presence of 

C-atoms in their model (B/C= 2.5) compared to ours. Amorphous boron carbide mostly consists of four-

fold coordinated boron’s (B-B3C, B-B4), Penta-coordinated (B-B4C, B-B5) and hexacoordinated (B-B5C, 

B-B6) structural units with some presence of seven-fold (B-B7) and eight-fold (B-B8) coordinated boron 

centered units seen in Figure 14. The a-B2.5C shows B-environment in the first coordination shell to be 

highest at six-fold coordination but our models have consistently shown a higher amount of five-fold 

coordination for both New SW and ReaxFF potentials. The difference in the chemical environment might 

be the result of different precursors used to get the amorphous networks as suggested by Ivashchenko [14]. 

7. Conclusion 

We have performed MD simulations to study the short-range order present in the different variants of 

amorphous boron carbide using the SW and ReaxFF potentials. The existing SW potential of the boron 

cluster was optimized for α-rhombohedral boron and for B12-(CCC), B12-(CBC), and B11Cp-(CBC) crystal 

structure based on their geometry. Amorphous models of boron carbide of three different variants were 

generated using New SW and ReaxFF and compared. The amorphous boron carbide models are fairly 
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comparable in terms of peak positions and heights with the exception of a fairly sharp second neighbor 

peak generated by the New SW in g(r) and the bond angle at ~110o which is attributed to the limitation 

inherent in the interatomic SW formulation. The sophistication of ReaxFF allows a wide distribution of 

bonds and angles in the structure whereas the simplicity of SW limits the choices and sharpens the peaks.  

In our SRO study of a-BxC, we were able to show that the presence of icosahedral structures can be 

recovered in part by utilizing the RDF peaks at ~ 3.4Å which is traced to the edge to edge Boron atom 

connections within the clusters. Similarly, a strong characteristic signal was also seen in the S(Q) near the 

vicinity of 4.5Å-1. The pentagonal cap in the icosahedra was discerned through the B-B5 structural unit 

environment. In addition, we were able to differentiate between B11C and B12 icosahedrons in the 

amorphous structure via partial bond angle distribution of B-B-C. B11C was found to have a sharp peak at 

~60o which is nominal in B12 present amorphous structures. SRO of a-B12-(CCC), a-B12-(CBC), and a-

B11Cp-(CBC) were distinguishable based on BC pairs in g(r). a-B12-(CCC) had no short bond peak at ~1.4Å 

coming to the chain atom and the intensity of split BC peaks was found to be higher in case of a-B11Cp-

(CBC) compared to a-B12-(CBC) in ReaxFF models. However, the New SW potential couldn’t differentiate 

between the BC pairs in chains and in icosahedral (inter- or intra-) bonding. Overall, the HRMC simulations 

utilizing the New SW potential were able to accurately reproduce the bonding environment, angular 

distribution, real and reciprocal space properties as in the parent MD models.   
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