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Carbon nanotubes are discovered by Sumio Iijima at NEC labs in 1991. ["Helical microtubules of graphitic carbon", S. Iijima, Nature 354, 56 (1991)]



Types of single walled nanotubes



•



The tubes of indices (m, n) with (m - n) a multiple of 3 are metallic. The rest will be semiconductors.



They are 100 times stronger than steel, but weight only one-sixth as much!



Thermal conductivity? •



How is vibrational energy transported?



•



Whether Fourier law is still valid for heat conduction in nanotube?



•



Is nanotube a one dimensional conductor or a quasi-1d conductor?



•



How does temperature, tube radius, isotop impurity, and chirality affect thermal conductivity?



Anomalous diffusion in nanotubes G Zang and BL, J. Chem. Phys. 123, 014705 (2005)



Anomalous diffusion in nanotubes G Zang and BL, J. Chem. Phys. 123, 014705 (2005)



Anomalous diffusion in nanotubes G Zang and BL, J. Chem. Phys. 123, 014705 (2005)



Anomalous heat conduction and anomalous diffusion BL and J Wang, PRL 91, 044301 (2003)



(∆x )2



= 2 Dt α



κ = − J /( dT / dx ) ~ Lβ



β = 2 − 2 /α α < 1 : Subdiffusion ⎫ α = 1 : Normal diffusion ⎪⎪ ⎬ α > 1 : Superdiffusion ⎪ α = 2 : Ballistic motion ⎪⎭



For nanotube



⎧β < 0, Convergent κ . ⎪β = 0, Fourier law κ = Const. ⎪ ⎨ ⎪0 < β < 1, Divergent κ . ⎪⎩β = 1, κ ∝ L.



α = 1.2



β = 0.33



Length dependent thermal conductivity of SWCN S Maruyama, Physica B. 323, 193 (2002)



Heat conductivity: Effects of isotope G Zang and BL, J. Chem. Phys. 123, 114714 (2005)



Experiment confirmation



Experimental set up



Experimental confirmation



Heat conductivity: Effects of temperature and radius G Zang and BL, J. Chem. Phys. 123, 114714 (2005).



Summary of heat conduction in SWCN



•



Vibrational energy transports super-difussively.



•



Thermal conductivity diverges with the length of nanotube.



•



The divergent exponent depends on temperature, tube radius and …



•



Isotope impurity can reduce the thermal conductivity as much as 50%. (Confirmed by experiment!)



•



Chirality has not much affect on thermal conductivity.
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Diode: one way street of current



Thermal diode/Rectifier



Thermal diode/rectifier



TL



TR



Can we control heat flow in solid state device? If TL > T R, heat flows from left to right. If TL < T R, heat flow is inhibited from right to left.



Thermal diode: Model I T+



T-



High temperature limit T-



T+



Low temperature limit



Configuration of the diode model from two coupled nonlinear oscillator chains BL, L Wang, and G. Casati, Phys. Rev. Lett. 94, 114101 (2004)



k R = λk L , VR = λVL TL = T0 (1+ ∆), TR = T0 (1− ∆)



Interface temperature jump Li et al. Phys. Rev. Lett. 95, 104302 (2005)



Kapitza resistance



Thermal diode: Model II: FK + (an)harmonic lattice. BL, J Lan,and L Wang, Phys. Rev. Lett. 95, 104302 (2005)



T+



T-



T-



T+



Possible nanoscale experiment •



Temperature (simulation):



•



T ~ (0.1 ~ 1)



•



Real temperature



•



Tr ~ (10 ~ 100K)



•



System size:



•



Simulation: N ~ (100-1000) Lattice sites



•



Real size:



•



Possible nanomaterials: nanomaterials Nanotubes, Nanowires, Thin film ….



(10-100nm)



Nanoscale experiment of solid state thermal rectifier



Experiment’s Setup



Multi-walled BNNTs: outer diameter: length :



~30 to 40 nm ~10 µm.



Multi-walled CNTs: outer diameter: ~10 to 33 nm length : ~10 µm.



TEM image Before and After Deposition



The fixture incorporates independently SiNx pads, with symmetrically fabricated Pt film resistors serving as either heaters or sensors. One end of the nanotube was bonded to the heater, the other end to the sensor, and the body of the nanotube was suspended in the vacuum.



Measurement of Κ



J P2 = ∆T ∆Th − ∆Ts P = P1 + P2, P2 = P3 P1 = C1⋅ ∆Th, P3 = C 2 ⋅ ∆Ts K=



(2) (3) (4) (5) (6)



Specific heat capacity: C1 = C 2 = C (3)(4)(5)(6) ⇒ P = C (∆Th + ∆Ts) (7) (6)(7) ⇒ P2 = P∆Ts / (∆Th + ∆Ts ) (8) (8)(2) ⇒ (1)



Rectification



•



A higher thermal conductance was observed when heat flowed from the high-mass region (where more C9H16Pt deposited) to the low-mass region.



•



Rectification: – CNT : 2%. – Three different deposition BNNTs Fig. 3 A to C : 7%, 4%, and 3%.



•



Comparison of conductances Fig. 3 D



Slope : s ≡ ∆Th / ∆Ts 
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