
 

*Presenting author: Name of Author-1 

1 

 

2014 Graduate Research Conference 
Department of Mechanical Engineering, Iowa State University 

                                                                  March 7, 2014 
 

 

 

UPAMANYU RAY1*, GANESH BALASUBRAMANIAN2 

 

 
1 Department of Mechanical Engineering,  

103 Nuclear Engineering, 
Iowa State University, Ames, IA 50011, USA 

E-mail: uray@iastate.edu 
 

 
2 Department of Mechanical Engineering,  

2092 Black Engineering, 
Iowa State University, Ames, IA 50011, USA 

Tel.: +1 -515-294-9226 
Email: bganesh@iastate.edu 

 
 

Research Program: Biological and Nanoscale Sciences 
 

Introduction 
 

Using non-equilibrium molecular dynamics simulations, 

we study the decrease in thermal conductivity (k) in 

isotopically impure carbon nanotubes (CNTs) and 

graphene nanoribbons. It is observed that the decrease in 

k for the doped CNTs, developed from the zone-folding 

approach of graphene sheets, is more than that of the 

doped graphene nanoribbons since the edge scattering 

effects due to development of dangling bonds in graphene 

increases the participation of phonon modes there. We 

analyze the vibrational density of states (DOS) both along 

and perpendicular to the direction of heat transfer. We 

find that the high energy modes of vibration shift to lower 

wave numbers and the highest peaks of the vibrational 

modes become shorter reflecting the strong influence of 

mass disorder that impedes formation of delocalized 

modes in impure materials. At wave numbers less than 

1500    , the out-of-plane flexural acoustic modes in 

graphene nanoribbons and the delocalized longitudinal 

modes in CNTs play a more prominent role in the heat 

transfer process. The presence of isotopic dopants 

perturbs the DOS as well as the phonon dispersion curves 

thereby decreasing the overall phonon group velocity and 

reducing k. In summary, our atomistic simulations predict 

the decrease in thermal conductivity of isotope substituted 

1D and 2D carbon nanomaterials. The relative decrease in 

thermal conductivity for a constant percentage of isotope 

substitution in CNTs and GNRs of equivalent lengths is 

similar for the whole length scale leaving the ballistic-

diffusive regime. The induced mass disorder shifts the 

vibrational spectra to lower wave numbers. This is 

observed for both the acoustic flexural out-of-plane 

modes in GNR and the low frequency delocalized 

transverse modes in CNTs as well as the short-ranged 

longitudinal modes in CNT and in-plane vibrations in 

GNR thus influencing thermal transport. Contribution of 

isotope substitution to the thermal conductivity is 

consistent over a range of material lengths for both the 

nanostructures. 
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1. Figures: 

 
Figure 1(a) 

 

 
Figure 1(b) 

 

Figure 1: The variation of 1/k with 1/L for both pure 

and 10% isotope substituted (a) CNTs and (b) GNRs 

of lengths L = 20 nm, 35 nm, 50 nm, 65 nm, 80 nm, 

95 nm & 110 nm are presented. The fitting curves 

shown as dashed lines represent the linear inter-

relationship between k and L for both pure and 

isotope substituted nanomaterials. 

 

2. Acknowledgements: We thank the Extreme 

Science and Engineering Discovery Environment 

(XSEDE), which is supported by National 

Science Foundation grant number OCI-1053575, 

for use of the computing clusters Lonestar and 

Stampede. 

 

 

References 

[1] S. Iijima, Helical microtubules of graphitic 

carbon, Nature. 354 (1991) 56–58. 

[2] M. M. Treacy, T. W. Ebbesen, J. Gibson, 

Exceptionally high Young’s modulus observed for 

individual carbon nanotubes, Nature. 381 (1996) 

678–680. 

[3] E.W. Wong, Nanobeam mechanics: Elasticity, 

strength and toughness of nanorods and nanotubes, 

Science. 277 (1997) 1971–1975  

[4] A. A. Mamedov, N. A. Kotov, M. Prato, D. 

M. Guldi, J. P. Wicksted, A. Hirsch, Molecular 

design of strong single-wall carbon 

nanotube/polyelectrolyte multilayer composites, Nat. 

Mater. 1 (2002) 190–194. 

[5] R. S. Ruoff, D. C. Lorents, Mechanical and 

thermal properties of carbon nanotubes, Carbon. 33 

(1995) 925–930. 

[6] T.W. Ebbesen, H. Lezec, H. Hiura, J. Bennett, 

H. Ghaemi, T. Thio, Electrical conductivity of 

individual carbon nanotubes, Nature. 382 (1996) 54–

56. 

 [7] K. S. Novoselov, V. I. Fal’ko, L. Colombo, P. 

R. Gellert, M. G. Schwab, K. Kim, A roadmap for 

graphene, Nature. 490 (2012) 192–200. 

 [8] E. Pop, V. Varshney, A. K. Roy, Thermal 

properties of graphene: Fundamentals and 

applications, MRS Bull. 37 (2012) 1273–1281. 

[9] J. Turney, E. Landry, A. McGaughey, C. 

Amon, Predicting phonon properties and thermal 

conductivity from anharmonic lattice dynamics 

calculations and molecular dynamics simulations, 

Phys. Rev. B. 79 (2009) 064301. 

[10] D. Donadio, G. Galli, Thermal conductivity 

of isolated and interacting carbon nanotubes: 

Comparing results from molecular dynamics and the 



   

*Presenting author: Name of Author-1 

3 

 

 

Boltzmann transport equation, Phys. Rev. Lett. 99 

(2007) 255502. 

[11] G. Zhang, B. Li, Impacts of doping on 

thermal and thermoelectric properties of 

nanomaterials, Nanoscale. 2 (2010) 1057. 

[12] F. Hao, D. Fang, Z. Xu, Mechanical and 

thermal transport properties of graphene with defects, 

Appl. Phys. Lett. 99 (2011) 041901. 

[13] S. Chen, Q. Wu, C. Mishra, J. Kang, H. 

Zhang, K. Cho, et al., Thermal conductivity of 

isotopically modified graphene, Nat. Mater. 11 (2012) 

203–207.  

[14] C. Sevik, G. Cuniberti, Phonon engineering 

in carbon nanotubes by controlling defect 

concentration, Nano Lett. 11 (2011) 4971–4977. 

[15] A. A. Balandin, D. L. Nika, Phonons in low-

dimensions: Engineering phonons in nanostructures 

and graphene, Mater. Today. 12 (2012) 266. 

[16] K. M. F. Shahil, A. A. Balandin, Thermal 

properties of graphene and multilayer graphene: 

Applications in thermal interface materials, Solid 

State Commun. 152 (2012) 1331–1340. 

[17] S. Stankovich, D. A. Dikin, G. H. B. 

Dommett, K. M. Kohlhaas, E. J. Zimney, E. A. Stach, 

et al., Graphene-based composite materials, Nature. 

442 (2006) 282–286. 

[18] F. Scarpa, S. Adhikari, A. Srikantha Phani, 

Effective elastic mechanical properties of single 

layer graphene sheets, Nanotechnology. 20 (2009) 

065709. 

[19] R. Sengupta, M. Bhattacharya, S. 

Bandyopadhyay, A. K. Bhowmick, A review on the 

mechanical and electrical properties of graphite and 

modified graphite reinforced polymer composites, 

Prog. Polym. Sci. 36 (2011) 638–670. 

[20] M. Terrones, A. R. Botello-Méndez, J. 

Campos-Delgado, F. López-Urías, Y. I. Vega-Cantú, 

F. J. Rodríguez-Macías, et al., Graphene and 

graphite nanoribbons: Morphology, properties, 

synthesis, defects and applications, Nano Today. 5 

(2010) 351–372. 

[21] M. F. L. De Volder, S. H. Tawfick, R. H. 

Baughman, A. J. Hart, Carbon nanotubes: present 

and future commercial applications, Science. 339 

(2013) 535–539. 

[22] J. Chen, G. Zhang, B. Li, A universal gauge 

for thermal conductivity of silicon nanowires with 

different cross sectional geometries, J. Chem. Phys. 

135 (2011) 204705. 

[23] T. Falat, B. Platek, J. Felba, Molecular 

dynamics study of the chiral vector influence on 

thermal conductivity of carbon nanotubes, 2009 11th 

Electron. Packag. Technol. Conf. (2009) 636–639. 

[24] J. Wang, J. S. Wang, Carbon nanotube 

thermal transport: Ballistic to diffusive, Appl. Phys. 

Lett. 88 (2005) 4–7. 

[25] M. Alaghemandi, E. Algaer,  M. C. Böhm, F. 

Müller-Plathe, The thermal conductivity and thermal 

rectification of carbon nanotubes studied using 

reverse non-equilibrium molecular dynamics 

simulations, Nanotechnology. 20 (2009) 115704. 

[26] J. Tersoff, Modeling solid-state chemistry: 

Interatomic potentials for multicomponent systems, 

Phys. Rev. B. 39 (1989) 5566-5568. 

[27] L. Lindsay, D. A. Broido, Optimized Tersoff 

and Brenner empirical potential parameters for 

lattice dynamics and phonon thermal transport in 

carbon nanotubes and graphene, Phys. Rev. B. 81 

(2010) 205441. 

[28] R. Khare, S. Mielke, J. Paci, S. Zhang, R. 

Ballarini, G. Schatz, et al., Coupled quantum 

mechanical/molecular mechanical modeling of the 

fracture of defective carbon nanotubes and graphene 

sheets, Phys. Rev. B. 75 (2007) 075412. 

[29] K. Chandraseker, S. Mukherjee, Coupling of 

extension and twist in single-walled carbon 

nanotubes, J. Appl. Mech. 73 (2006) 315. 

[30] J. W. Jiang, J. S. Wang, B. Li, Elastic and 

nonlinear stiffness of graphene: A simple approach, 

Phys. Rev. B. 81 (2010) 073405. 

[31] V. Tewary, B. Yang, Parametric interatomic 

potential for graphene, Phys. Rev. B. 79 (2009) 

075442. 

[32] S. Plimpton, Fast parallel algorithms for 

short-range molecular dynamics, J. Comput. Phys. 

117 (1995) 1–19. 

[33] J. Wang, P. Wolynes, Intermittency of single 

molecule reaction dynamics in fluctuating 

environments, Phys. Rev. Lett. 74 (1995) 4317–4320. 



   

*Presenting author: Name of Author-1 

4 

 

 

[34] F.   lle -Plathe, A simple nonequilibrium 

molecular dynamics method for calculating the 

thermal conductivity, J. Chem. Phys. 106 (1997) 

6082. 

[35] J. Park, M. F. P. Bifano, V. Prakash, 

Sensitivity of thermal conductivity of carbon 

nanotubes to defect concentrations and heat-

treatment, J. Appl. Phys. 113 (2013) 034312. 

[36] A. Peigney, C. Laurent, E. Flahaut, R. R. 

Bacsa, A. Rousset, Specific surface area of carbon 

nanotubes and bundles of carbon nanotubes, Carbon. 

39 (2001) 507–514. 

[37] S. Chakraborty, J. Chattopadhyay, H. Peng, Z. 

Chen, A. Mukherjee, R. S. Arvidson, et al., Surface 

area measurement of functionalized single-walled 

carbon nanotubes, J. Phys. Chem. B. 110 (2006) 

24812–24815. 

[38] W. A. G. III, J. Che, T. Ҫağin, The mal 

conductivity of carbon nanotubes, Nanotechnology. 

11 (2000) 65–69. 

[39] J. R. Lukes, H. Zhong, Thermal conductivity 

of individual single-wall carbon nanotubes, J. Heat 

Transfer. 129 (2007) 705. 

[40] J. W. Lee, A. J. Meade, E. V. Barrera, J. A. 

Templeton, Dependencies of the thermal 

conductivity of individual single-walled carbon 

nanotubes, Proc. Inst. Mech. Eng. Part N J. Nanoeng. 

Nanosyst. 224 (2010) 41–54. 

[41] X. Li, J. Chen, C. Yu, G. Zhang, Comparison 

of isotope effects on thermal conductivity of 

graphene nanoribbons and carbon nanotubes, Appl. 

Phys. Lett. 103 (2013) 013111. 

[42] L. Lindsay, D. Broido, N. Mingo, Lattice 

thermal conductivity of single-walled carbon 

nanotubes: Beyond the relaxation time 

approximation and phonon-phonon scattering 

selection rules, Phys. Rev. B. 80 (2009) 125407. 

[43] J. Shiomi, S. Maruyama, Molecular dynamics 

of diffusive-ballistic heat conduction in single-

walled carbon nanotubes, Jpn. J. Appl. Phys. 47 

(2008) 2005–2009. 

[44] M. H. Bae, Z. Li, Z. Aksamija, P. N. Martin, 

F. Xiong, Z. Y. Ong, et al., Ballistic to diffusive 

crossover of heat flow in graphene ribbons, Nat. 

Commun. 4 (2013) 1734. 

[45] A. Cao, J. Qu, Size dependent thermal 

conductivity of single-walled carbon nanotubes, J. 

Appl. Phys. 112 (2012) 013503. 

[46] G. Balasubramanian, I. K. Puri, M. C. Böhm, 

F. Leroy, Thermal conductivity reduction through 

isotope substitution in nanomaterials: predictions 

from an analytical classical model and 

nonequilibrium molecular dynamics simulations, 

Nanoscale. 3 (2011) 3714–20. 

[47] J. Hone, Phonons and Thermal Properties of 

Carbon Nanotubes, Appl. Phys. 80 (2001) 273–286. 

[48] M.S. Dresselhaus, G. Dresselhaus, R. Saito, 

Physics of carbon nanotubes, Carbon. 33 (1995) 

883–891. 

[49] J. Hone, Ca bon Nanotubes : The mal 

Properties, Dekker Encycl. Nanosci. Nanotechnol. 

(2004) 603–611. 

[50] D. L. Nika, E. P. Pokatilov, A. A. Balandin, 

Theoretical description of thermal transport in 

graphene: The issues of phonon cut-off frequencies 

and polarization branches, Phys. Status Solidi. 248 

(2011) 2609–2614. 

[51] D. L. Nika, A. A. Balandin, Two-

dimensional phonon transport in graphene, J. Phys. 

Condens. Matter. 24 (2012) 233203. 

[52] D. Donadio, G. Galli, Atomistic Simulations 

of Heat Transport in Silicon Nanowires, Phys. Rev. 

Lett. 102 (2009) 195901. 

[53] A. Sgouros, M. M. Sigalas, G. Kalosakas, K. 

Papagelis, N. I. Papanicolaou, Phononic band gap 

engineering in graphene, J. Appl. Phys. 112 (2012) 

094307. 

[54] L. Lindsay, D. A. Broido, N. Mingo, Flexural 

phonons and thermal transport in graphene, Phys. 

Rev. B. 82 (2010) 115427.  
 


