Chapter 5

Conclusions and Future Work

5.1 Conclusions

We used dielectric spectroscopy to measure the frequency and temperature dependence of the low frequency dielectric function ”(ω) of thin C_{60} films. We found that oxygen rapidly diffuses into the grain boundaries of the C_{60} polycrystalline film, increasing its resistivity by about seven orders of magnitude. Water, on the other hand, does not penetrate into the bulk of C_{60} solid, and the increase in conduction resulting from its presence on the surface of a C_{60} film is fully reversible.

In order to explain the Debye-like dielectric loss peak and the accompanying increase in polarization observed at ∼35 Hz, a small charge transfer is inferred between the C_{60} and O_2 molecules which occupy interstitial spaces of C_{60} solid exposed to oxygen (or ambient air). Due to the large size of the C_{60} molecules, this small charge transfer creates large dipole moments, which in turn are coupled to the applied AC electric field via a diffusion-controlled relaxation mechanism. These dipole moments are responsible for a significant increase of permittivity ε^0 at low frequencies.

With increasing oxygenation, the interstitial sites become nearly fully occupied, interstitial hopping is inhibited, and the loss peaks, together with the enhanced polarizations, disappear.

We note that C_{60} can be thought of as a rather potent “charge sponge.” In M_3C_{60} (M=alkali metal), this leads to fascinating superconducting compounds (Sec. 1.5); in thin-film {Al-C_{60}}_n multilayer structures, charge transfer leads to interesting interface effects [273]; and in our study, charge transfer leads to extraordinary additional polarization.

We conclude that dielectric and, especially, microdielectric spectroscopy can be used to assess the content of oxygen or other impurities in the interstitial spaces of C_{60} solid. Both tracer and chemical diffusion coefficients can be determined. We have used this technique to ascertain the effect of various intercalants on the dielectric properties of C_{60} films.

5.2 Possible Applications

The original goal of our research has been to engineer a good, low-loss thin-film dielectric material out of C_{60}. We have shown that, by treating the film with certain agents (molecular oxygen, nitric oxide, and chlorine), the dielectric properties of C_{60} films can indeed be improved. This may lead to potentially technologically important uses of C_{60}-derived materials in thin film electronic applications.

Much of this work was devoted to the development of scientific background for understanding the mechanism of diffusion of oxygen and other species through the bulk of the fullerite. This enhanced understanding may also prove to be technologically important, as suitable fullerene structures may provide the means to selectively separate gas mixtures. For identical time duration, pressure, and temperature conditions, while significant quantities of oxygen or NO can be incorporated into the lattice, there is no evidence that either methane [244] or nitrogen (N_2) [252] gases diffuse into the lattice. The selectivity is controlled by the channel size between interstitial sites. The channel size is, in turn, precisely determined by the fullerene size and crystal structure. Thus, extremely high levels of selectivity may be expected if the effective channel size is intermediate to the diameters of the molecules being separated. The separation process could be based on the selectivity of fullerenes to gas sorption, or, if the fullerenes are formed in a membrane [67], could be based on their selectivity to gas permeation.

A related possible application is using fullerene materials as gas adsorbants for gas storage, as well as for controlled gas release over time. Finally, with increasing interest in using fullerenes in advanced batteries, low frequency AC measurements of fullerene materials are becoming increasingly important.

5.3 Future Work

As mentioned in Sec. 4.7.4, a thickness dependence study with Al-C_{60}-Al trilayers is needed to further clarify the significance of electrode effects in our dielectric measurements. By varying the thickness of the C_{60} layer, it should be possible to reliably isolate bulk C_{60} properties from the interface effects. Preparations for such a study are currently under way.

Also, the hypothesis that the activation energy of the dielectric loss peak frequency E_τ is equal to the activation energy of the DC conductivity E_σ for C_{60} at T > T_{01} (Sec. 4.8.1) needs further confirmation. More temperature dependence studies similar to that described in Sec. 4.8.1 are therefore needed.

Much of the fullerene-related work that the author has performed both at MIT and at Bell Labs is beyond the scope of this thesis. Some of the topics not mentioned here include:

• Molecular dynamics simulations of fullerene vibrational modes.

• Monte-Carlo simulation of oxygen diffusion in C_{60} lattice.

• Extensive investigations of photoconducting properties of pristine and photopolymerized C_{60}.

• Dielectric, transport, and photoconductivity measurements of C_{70}. There are indications that C_{70} may outperform C_{60} as a host material for many of the applications mentioned above. C_{70}-based compounds, therefore, merit further investigation.

• NO/C_{60} compounds looks very promising for both dielectric and microelectronics applications, and should be studied more rigorously.

• It has been observed that C_{60} interfaces with various metals may be fractal in nature. If so, the AC properties of such interfaces may exhibit interesting scaling behavior.

• Endohedral fullerenes are almost certain to have a very high dielectric constant due to their large intrinsic dipole moments. Unfortunately, the study of their bulk properties has so far been hampered by their unavailability in anything but trace amounts.

Appendix A

LabView Software Listings

The following pages contain listings of LabVIEW [314] virtual instrument (VI) drivers that we developed for the experimental configurations described in Sections 3.2.3 and 3.3. For each instrument, both the virtual instrument’s front panel and the wiring diagram are presented. In some cases, the VI’s position in hierarchy is also shown.

A.1 HP 4274A Impedance Bridge

See Figures A-1 through A-3.

A.2 SI 1254 Frequency Response Analyzer

See Figures A-4 and A-5.

A.3 Microdielectrometer

See Figures A-6 through A-8.

Figure A-1: HP 4274A VI’s front panel.

Figure A-2: HP 4274A VI’s wiring diagram. The two embedded frames of the sequence structure are shown separately.

Figure A-3: HP 4274A VI’s position in hierarchy.

Figure A-4: SI 1254 VI’s front panel.

Figure A-5: SI 1254 VI’s wiring diagram. The six embedded frames of the sequence structure are shown separately.

Figure A-6: The Microdielectrometer VI’s front panel displaying results of a representative data acquisition run.

Figure A-7: The Microdielectrometer VI’s wiring diagram. The two embedded frames of the sequence structure are shown separately.

Figure A-8: The Microdielectrometer VI’s position in hierarchy.

Bibliography

[1] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R. E. Smalley. Space, stars, C_{60} and soot. Nature (London), 318:162–163, 1985.

[2] D. E. Koshland. Science, 254(5039):1705–1707, 20 Dec 1991. [3] S. D. Senturia and N. F. Sheppard. Dielectric Analysis of Thermoset Cure, volume 80 of Advances in Polymer Science, pages 1–47. Springer-Verlag, Berlin, 1986.

[4] R. Buckminster Fuller. Inventions: The Patented Works of R. Buckminster Fuller. St. Martin’s Press, New York, 1983.

[5] R. Buckminster Fuller. In W. Marlin, editor, The Artifacts of R. Buckminster Fuller: A Comprehensive Collection of His Designs and Drawings, New York, 1984. Garland Publishing.

[6] A. F. Hebard. Buckminsterfullerene. Annual review of materials science, V23, 23:159–191, 1993.

[7] W. Kratschmer, Lowell D. Lamb, K. Fostiropoulos, and D. R. Huffman. Solid C_{60}: a new form of carbon. Nature (London), 347:354–358, 1990.

[8] H. W. Kroto, A. W. Allaf, and S. P. Balm. C_{60}: Buckminsterfullerene. Chem.

Rev., 91:1213–1235, 1991.

[9] H. W. Kroto. Space, stars, C_{60} and soot. Science, 242:1139–1145, 1988. [10] R. S. Lewis, T. Ming, J. F. Wacker, E. Anders, and E. Steel. Nature (London), 326:160, 1987.

[11] P. R. Buseck, S. J. Tsipursky, and R. Hettich. Fullerenes from the geological environment. Science, 257(5067):215–217, 1992.

[12] Ivan Amato. Materials science: A first sighting of buckyballs in the wild.

Science, 257(5067):167, 1992.

[13] R.F. Curl and R.E. Smalley. Science, 242:7779, 1988.

[14] E.A. Rohlfing, D.M. Cox, and A. Kaldor. J. Chem. Phys., 81:3322, 1984.

[15] R. F. Curl and R. E. Smalley. Fullerenes. Scientific American, pages 54–63, October 1991.

[16] S. Iijima. Helical microtubules of graphitic carbon. Nature (London), 354:56–58, 1991.

[17] C. H. Kiang, W. A. Goddard, III, R. Beyers, J. R. Salem, and D. S. Bethune.

Catalytic synthesis of single-layer carbon nanotubes with a wide range of diameters. J. Phys. Chem., 98:6612–6618, 1994.

[18] C. H. Kiang, W. A. Goddard III, R. Beyers, and D. S. Bethune. Carbon nanotubes with single-layer walls. Carbon, 33:903, 1995.

[19] M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund. Fullerenes. Journal of Materials Research, 8(8):2054–2097, 1993.

[20] H. W. Kroto. C_{60}: Buckminsterfullerene, the celestial sphere that fell to earth.

Angewandte Chemie (International Edition in English), 31(2):111–129, 1992.

[21] R. Taylor and D. R. M. Walton. The chemistry of fullerenes. Nature (London), 363(6431):685–693, 1993.

[22] J. H. Weaver and D. M. Poirier. Solid state properties of fullerenes and fulleride. In H. Ehrenreich and F. Spaepen, editors, Solid State Physics, volume 48, page 1, New York, 1994. Academic Press. Chapter 1.

[23] M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund. Science of Fullerenes and Carbon Nanotubes. Academic Press, New York, 1995.

[24] A. F. Hebard, R. C. Haddon, R. M. Fleming, and A. R. Kortan. Deposition and characterization of fullerene films. Appl. Phys. Lett, 59(17):2109–2111, 21 Oct 1991.

[25] S. L. Ren, Y. Wang, A. M. Rao, E. McRae, J. M. Holden, T. Hager, K. Wang, W.-T. Lee, H. F. Ni, J. P. Selegue, and P. C. Eklund. Ellipsometric determination of the optical constants of C_{60} (buckminsterfullerene) films. Appl. Phys. Lett., 59(21):2678–2680, 1991.

[26] R. L. Meng, D. Ramirez, X. Jiang, P. C. Chow, C. Diaz, K. Matsuishi, S. C.

Moss, P. H. Hor, and C. W. Chu. Growth of large, defect free pure C_{60} single crystals. Appl. Phys. Lett., 59(26):3402–3403, 1991.

[27] H. E. Huntley. The divine proportion. Dover Publications, New York, 1970.

[28] F. Chung and S. Sternberg. Laplacian and vibrational spectra for homogeneous graphs. Journal of Graph Theory, 16(6):605–627, 1992.

[29] F. Chung and S. Sternberg. Mathematics and the buckyball. American Scientist, 81(1):56–71, 1993.

[30] F. Chung, B. Kostant, and S. Sternberg. Groups and the buckyball. Birkhäuser, 1994.

[31] B. Kostant. Structure of the truncated icosahedron (such as Fullerene or viral coatings) and a 60-element conjugacy class in PSl(2,11). Proc. Natl. Acad. Sci., 91:11714–11717, 1994.

[32] B. Kostant. Structure of the truncated icosahedron (e.g. Fullerene or C_{60}, viral coatings) and a 60-element conjugacy class in PSl(2,11). Selecta Mathematica, New Series, 1:163–195, 1995.

[33] B. Kostant. The graph of the truncated icosahedron and the last letter of Galois.

Notices of the AMS, 42(9):959–968, 1995.

[34] W. I. F. David, R. M. Ibberson, J. C. Matthewman, K. Prassides, T. J. S.

Dennis, J. P. Hare, H. W. Kroto, R. Taylor, and D. R. M. Walton. Nature (London), 353:147, 1991.

[35] R. D. Johnson, G. Meijer, and D. S. Bethune. J. Am. Chem. Soc., 112:8983– 8984, 1990.

[36] R. D. Johnson, D. S. Bethune, and C. S. Yannoni. Fullerene structure and dynamics: A magnetic resonance potpourri. Accounts of Chemical Research, 25(3):169–175, 1992.

[37] C. Christides, T. J. S. Dennis, K. Prassides, R. L. Cappelletti, D. A. Neumann, and J. R. D. Copley. Rotational dynamics of solid C_{70}: A neutron scattering study. Phys. Rev. B, 49(4):2897–2903, 1994.

[38] S. Saito and A. Oshiyama. Electronic and geometric structures of C_{70}. Phys.

Rev. B, 44:11532, 1991.

[39] H. D. Beckhaus, C. Rüchardt, M. Kao, F. Diederich, and C. S. Foote. The stability of buckminsterfullerene (C_{60}): Experimental determination of the heat of formation. Angewandte Chemie (International Edition in English), 31(1):63– 64, 1992.

[40] D. L. Lichtenberger, K. W. Nebesny, C. D. Ray, D. R. Huffman, and L. D.

Lamb. Valence and core photoelectron spectroscopy of C_{60} buckminsterfullerene. Chem. Phys. Lett., 176(2):203–208, 1991.

[41] A. Tokmakoff, D. R. Haynes, and S. M. George. Chem. Phys. Lett., 186:450, 1991.

[42] G. Dresselhaus, M. S. Dresselhaus, and J. G. Mavroides. Spin-orbit interaction in graphite. Carbon, 4:433, 1966.

[43] J. DeVries, H. Steger, and B. Kamke et al. Single photon ionization of C_{60}- fullerene and C_{70}-fullerene with synchrotron radiation: Determination of the ionization potential of C_{60}. Chem. Phys. Lett., 188(3-4):159–162, 1992.

[44] H. Steger, J. DeVries, and B. Kamke et al. Direct double ionization of C_{60} and C_{70} fullerenes using synchrotron radiation. Chem. Phys. Lett., 194(4-6):452– 456, 1992.

[45] A. M. Rao, P. Zhou, K. A. Wang, G. T. Hager, J. M. Holden, Y. Wang, W.-T.

Lee, X.-X. Bi, P. C. Eklund, D. S. Cornett, M. A. Duncan, and I. J. Amster. Photoinduced polymerization of solid C_{60} films. Science, 259(5097):955–957, 1993.

[46] A. R. Kortan, N. Kopylov, S. Glarum, E. M. Gyorgy, A. P. Ramirez, R. M.

Fleming, F. A. Thiel, and R. C. Haddon. Superconductivity at 8.4K in calciumdoped C_{60}. Nature (London), 355(6360):529–532, 1992.

[47] P. W. Stephens, L. Mihaly, P. L. Lee, R. L. Whetten, S. M. Huang, R. Kaner, F. Diederich, and K. Holczer. Structure of single-phase superconducting K_3C_{60}. Nature (London), 351:632, 1991.

[48] M. B. Jost, N. Troullier, D. M. Poirier, J. L. Martins, J. H. Weaver, L. P. F.

Chibante, and R. E. Smalley. Electronic states of solid C_{60}. Phys. Rev. B, 44:1966–1969, 1991.

[49] J. E. Fischer, P. A. Heiney, A. R. McGhie, W. J. Romanow, A. M. Denenstein, J. P. McCauley, Jr., and A. B. Smith III. Science, 252:1288, 1991.

[50] S. J. Woo, S. H. Lee, E. Kim, K. H. Lee, Y. H. Lee, S. Y. Hwang, and I. C.

Jeon. Bulk modulus of the C_{60} molecule via the tight binding method. Physics Letters A, 162(6):501–505, 1992.

[51] S. J. Duclos, K. Brister, R. C. Haddon, A. R. Kortan, and F. A. Thiel. Nature (London), 351:380, 1991.

[52] X. D. Shi, A. R. Kortan, J. M. Williams, A. M. Kini, B. M. Saval, and P. M.

Chaikin. Sound velocity and attenuation in single crystal C_{60}. Phys. Rev. Lett., 68(6):827–830, 1992.

[53] J. E. Fischer. Structure and dynamics of solid C_{60} and its intercalation compounds. Materials Science and Engineering Pt B, Solid State Materials for Advanced Technology, 19(1-2):90–99, 1993.

[54] G. Kriza, J. C. Ameline, J. Jerome, A. Dworkin, H. Szwarc, C. Fabre, D. Schutz, A. Rassat, and P. Bernier. J. Phys. I, France, 1:1361, 1991.

[55] G. A. Samara, J. E. Schirber, B. Morosin, L. V. Hansen, D. Loy, and A. P.

Sylwester. Phys. Rev. Lett., 67:3136, 1991.

[56] P. A. Heiney, G. B. M. Vaughan, J. E. Fischer, N. Coustel, D. E. Cox, J. R. D.

Copley, D. A. Neumann, W. A. Kamitakahara, K. M. Creegan, D. M. Cox, J. P. McCauley, Jr., and A. B. Smith III. Discontinuous volume change at the orientational ordering transition in solid C_{60}. Phys. Rev. B, 45(8):4544–4547, 1992.

[57] E. Grivei, B. Nysten, M. Cassart, A. Demain, and J. P. Issi. Specific heat of fullerenes extract. Solid State Commun., 85(2):73–75, 1993.

[58] E. Grivei, M. Cassart, J. P. Issi, L. Langer, B. Nysten, J. P. Michenaud, C. Fabre, and A. Rassat. Anomalous specific heat of C_{60}. Phys. Rev. B, 48(11):8514–8516, 1993.

[59] R. C. Yu, N. Tea, M. B. Salamon, D. Lorens, and R. Malhotra. Thermal conductivity of single crystal C_{60}. Phys. Rev. Lett., 68(13):2050–2053, 1992.

[60] C. Wen, J. Li, K. Kitazawa, T. Aida, I. Honma, H. Komiyama, and K. Yamada. Electrical conductivity of a pure C_{60} single crystal. Appl. Phys. Lett., 61(18):2162–2163, 1992.

[61] Y. Wang, J. M. Holden, A. M. Rao, W. T. Lee, X. X. Bi, S. L. Ren, G. W.

Lehman, G. T. Hager, and P. C. Eklund. Interband dielectric function of C_{60} and M_6C_{60} (M = K, Rb, Cs). Phys. Rev. B, 45(24):14396–14399, 1992.

[62] J. E. Fischer, D. E. Luzzi, and K. Kniaz et al. Existence of high order superlattices in orientationally ordered C_{60}. Phys. Rev. B, 47(21):14614–14617, 1993.

[63] J. Abrefah, D. R. Olander, M. Balooch, and W. J. Siekhaus. Vapor pressure of buckminsterfullerene. Appl. Phys. Lett., 60(11):1313–1314, 1992.

[64] C. Pan, M. P. Sampson, Y. Chai, R. H. Hauge, and J. L. Margrave. Heats of sublimation from a polycrystaline mixture of C_{60} and C_{70}. J. Phys. Chem., 95:2944, 1991.

[65] E. J. Kim, Y. H. Lee, and J. Y. Lee. Fragmentation of C_{60} and C_{70} clusters.

Phys. Rev. B, 48(24):18230–18234, 1993.

[66] A. Lundin and B. Sundqvist. Compressibility of C_{60} between 150 and 355K and up to 1GPa. Europhys. Lett., 27:463, 1994.

[67] C. B. Eom, A. F. Hebard, L. E. Trimble, G. K. Celler, and R. C. Haddon. Fabrication and properties of freestanding C_{60} membranes. Science, 259(5103):1887– 1890, 1993.

[68] K. Prassides, H. W. Kroto, and R. Taylor et al. Fullerenes and fullerides in the solid state: Neutron scattering studies. Carbon, 30(8):1277–1286, 1992.

[69] W. I. F. David, R. M. Ibberson, T. J. S. Dennis, J. P. Hare, and K. Prassides.

Structural phase transitions in the fullerene C_{60}. Europhysics Letters, 18(3):219– 225, 1992.

[70] A. Dworkin, H. Szwarc, S. Leach, J. P. Hare, T. J. Dennis, H. W. Kroto, R. Taylor, and D. R. M. Walton. C.R. Acad. Sci., Paris Serie II, 312:979, 1991.

[71] Y. Maruyama, T. Inabe, H. Ogata, Y. Achiba, S. Suzuki, K. Kikuchi, and I. Ikemoto. Chem. Lett., 10:1849, 1991.

[72] R. Tycko, G. Dabbagh, R. M. Fleming, R. C. Haddon, A. V. Makhija, and S. M.

Zahurak. Molecular dynamics and the phase transition in solid C_{60}. Phys. Rev. Lett., 67(14):1886, 1991.

[73] C. S. Yannoni, R. D. Johnson, G. Meijer, D. S. Bethune, and J. R. Salem.^{13}C NMR study of the C_{60} cluster in the solid state: Molecular motion and carbon chemical shift anisotropy. J. Phys. Chem., 95:9–10, 1991.

[74] P. H. M. van Loosdrecht, P. J. M. van Bentum, and G. Meijer. Rotational ordering transition in single crystal C_{60} studied by Raman spectroscopy. Phys. Rev. Lett., 68(8):1176–1179, 1992.

[75] W. P. Beyermann, M. F. Hundley, and J. D. Thompson et al. Low temperature specific heat of C_{60}. Phys. Rev. Lett., 68(13):2046–2049, 1992.

[76] G. B. Alers, B. Golding, A. R. Kortan, R. C. Haddon, and F. A. Theil. Existence of an orientational electric dipolar response in C_{60} single crystals. Science, 257(5069):511–514, 1992.

[77] G. Vantendeloo, S. Amelinckx, and M. A. Verheijen et al. New orientationally ordered low temperature superstructure in high purity C_{60}. Phys. Rev. Lett., 69(7):1065–1068, 1992.

[78] D. S. Cornett, I. J. Amster, and M. A. Duncan et al. Laser desorption mass spectrometry of photopolymerized C_{60} films. Journal of Physical Chemistry, 97(19):5036–5039, 1993.

[79] M. Menon, K. R. Subbaswamy, and M. Sawtarie. Structure and properties of C_{60} dimers by generalized tight binding molecular dynamics. Phys. Rev. B, 49(19):13966–13969, 1994.

[80] G. B. Adams, J. B. Page, O. F. Sankey, and M. O’Keeffe. Polymerized C_{60} studied by first principle molecular dynamics. Phys. Rev. B, 50:17471, 1994.

[81] P. C. Eklund P. Zhou and P. W. Stephens. Unpublished results.

[82] J. Li, M. Ozawa, N. Kino, T. Yoshizawa, T. Mitsuki, H. Horiuchi, O. Tachikawa, K. Kishio, and K. Kitazawa. Photopolymerized skins of C_{60} crystals. Chem. Phys. Lett., 227(6):572, 1994.

[83] P. Zhou, Z. H. Dong, A. M. Rao, and P. C. Eklund. Reaction mechanism for the photopolymerization of solid fullerene C_{60}. Chem. Phys. Lett., 211(4-5):337–340, 1993.

[84] P. C. Eklund, A. M. Rao, P. Zhou, Y. Wang, and J. M. Holden. Photochemical transformation of C_{60} and C_{70} films. Thin Solid Films, 257:185–203, 1995.

[85] S. Saito and A. Oshiyama. Cohesive mechanism and energy bands of solid C_{60}.

Phys. Rev. Lett., 66(20):2637–2640, 1991.

[86] R. E. Smalley. Doping the fullerenes. In G. S. Hammond and V. J. Kuck, editors, Large Carbon Clusters, page 199, Washington, DC, 1991. American Chemical Society.

[87] R. E. Smalley. Self assembly of the fullerenes. Accounts of Chemical Research, 25(3):98–105, 1992.

[88] J. N. Liu, B. L. Gu, and R. S. Han. Electronic structures of doped fullerenes with boron and nitrogen atoms. Solid State Commun., 84(8):807–810, 1992.

[89] T. Pradeep, V. Vijayakrishnan, and A. K. Santra et al. Interaction of nitrogen with fullerenes: Nitrogen derivatives of C_{60} and C_{70}. Journal of Physical Chemistry, 95(26):10564–10565, 1991.

[90] C. N. R. Rao, T. Pradeep, and R. Seshadri et al. Nitrogen derivatives of C_{60} and C_{70}: Interaction of fullerenes with nitrogen in gas phase and with amines in solution phase. Indian Journal of Chemistry Section A-Inorgancic Physical Theoretical and Analytical, 31(5):F27–F31, 1992.

[91] R. Seshadri, A. Govindaraj, and R. Nagarajan et al. Addition of amines and halogens to fullerenes C_{60} and C_{70}. Tetrahedron Letters, 33(15):2069–2070, 1992.

[92] H. Selig, C. Lifshitz, T. Peres, J. E. Fischer, A. R. McGhie, W. J. Romanow, Jr. J. P. McCauley, and III A. B. Smith. Fluorinated fullerenes. J. Am. Chem. Soc., 113:5475–5476, 1991.

[93] J. H. Holloway, E. G. Hope, R. Taylor, G. J. Langley, A. G. Avent, T. J.

Dennis, J. P. Hare, H. W. Kroto, and D. R. M. Walton. J. Chem. Soc., Chem. Commun., page 966, 1991.

[94] R. E. Haufler, J. J. Conceicao, L. P. F. Chibante, Y. Chai, N. E. Byrne, S. Flanagan, M. M. Haley, S. C. O’Brien, C. Pan, Z. Xiao, W. E. Billups, M. A. Ciufolini, R. H. Hauge, J. L. Margrave, L. J. Wilson, R. F. Curl, and R. E. Smalley. Matrix isolation spectroscopy of C_{60}. J. Phys. Chem., 94:8634, 1990.

[95] P. R. Birkett, P. B. Hitchcock, H. W. Kroto, R. Taylor, and D. R. M. Walton. Preparation and characterization of C_{60}Br_6 and C_{60}Br_8. Nature (London), 357(6378):479–481, 1992.

[96] P. R. Birkett, A. G. Avent, and A. D. Darwish et al. Preparation and C-13 NMR spectroscopic characterization of C_{60}Cl_6. Journal of the Chemical Society (London Chemical Communications), (15):1230–1232, 1993.

[97] R. C. Haddon, A. F. Hebard, M. J. Rosseinsky, D. W. Murphy, S. J. Duclos, K. B. Lyons, B. Miller, J. M. Rosamilia, R. M. Fleming, A. R. Kortan, S. H. Glarum, A. V. Makhija, A. J. Muller, R. H. Eick, S. M. Zahurak, R. Tycko, G. Dabbagh, and F. A. Thiel. Conducting films of C_{60} and C_{70} by alkali-metal doping. Nature (London), 350(6316):320–322, 1991.

[98] R. M. Fleming, A. P. Ramirez, M. J. Rosseinsky, D. W. Murphy, R. C. Haddon, S. M. Zahurak, and A. V. Makhija. Nature (London), 352:787, 1991.

[99] G. P. Kochanski, A. F. Hebard, R. C. Haddon, and A. T. Fiory. Electrical resistivity and stoichiometry of K_xC_{60} films. Science, 255(5041):184–186, 1992.

[100] A. F. Hebard, , M. J. Rosseinsky, R. C. Haddon, D. W. Murphy, S. H. Glarum, T. T. M. Palstra, A. P. Ramirez, and A. R. Kortan. Superconductivity at 18K in potassium-doped C_{60}. Nature (London), 350:600–601, 18 April 1991.

[101] K. Holczer, O. Klein, G. Grüner, S.-M. Huang, R. B. Kaner, K.-J. Fu, R. L.

Whetten, and F. Diederich. Alkali-fulleride superconductors: Synthesis, composition, and diamagnetic shielding. Science, 252:1154–1157, 1991.

[102] M. J. Rosseinsky, A. P. Ramirez, S. H. Glarum, D. W. Murphy, R. C. Haddon, A. F. Hebard, T. T. M. Palstra, A. R. Kortan, S. M. Zahurak, and A. V. Makhija. Superconductivity at 28K in Rb_xC_{60}. Phys. Rev. Lett., 66(21):2830– 2832, 1991.

[103] K. Tanigaki, T. W. Ebbesen, S. Saito, J. Mizuki, J. S. Tsai, Y. Kubo, and S. Kuroshima. Nature (London), 352:222, 1991.

[104] T. T. M. Palstra, O. Zhou, Y. Iwasa, P. Sulewski, R. Fleming, and B. Zegarski. High pressure superconducting phase of Cs_3C_{60} with T_c=40K. Solid State Commun., 93:327, 1995.

[105] Q. Zhu, D. E. Cox, J. E. Fischer, K. Kniaź, A. R. McGhie, and O. Zhou.

Intercalation of solid C_{60} with iodine. Nature (London), 355(6362):712–714, 1992.

[106] Arthur F. Hebard. Superconductivity in doped fullerenes. Physics Today, 45(11):26–32, 1992.

[107] Z. H. Dong, P. Zhou, J. M. Holden, P. C. Eklund, M. S. Dresselhaus, and G. Dresselhaus. Observation of higher order Raman modes in C_{60} films. Phys. Rev. B, 48(4):2862–2865, 1993.

[108] K. A. Wang, A. M. Rao, P. C. Eklund, M. S. Dresselhaus, and G. Dresselhaus.

Observation of higher order infrared modes in solid C_{60} films. Phys. Rev. B, 48(15):11375–11380, 1993.

[109] S. Guha, J. Menendez, J. B. Page, G. B. Adams, G. S. Spencer, J. P. Lehman, P. Giannozzi, and S. Baroni. Isotopically resolved Raman spectra of C_{60}. Phys. Rev. Lett., 72(21):3359–3362, 1994.

[110] R. A. Jishi, R. M. Mirie, and M. S. Dresselhaus. Force constant model for the vibrational modes in C_{60}. Phys. Rev. B, 45(23):13685–13689, 1992.

[111] R. A. Jishi, M. S. Dresselhaus, G. Dresselhaus, K.-A. Wang, P. Zhou, A. M.

Rao, and P. C. Eklund. Vibrational mode frequencies in C_{70}. Chem. Phys. Lett., 206(1-4):187–192, 1993.

[112] A. F. Hebard, O. Zhou, Q. Zhong, R. M. Fleming, and R. C. Haddon. C_{60} films on surface-treated silicon: Recipes for amorphous and crystalline growth. Thin Solid Films, 257, 1994.

[113] Q.-Y. Tong, C. B. Eom, U. Gösele, and A. F. Hebard. Materials with a buried C_{60} layer produced by wafer direct bonding. J. Electrochem. Soc., 141(10):L137– L138, 1994.

[114] A. V. Hamza, M. Balooch, R. J. Tench, M. A. Schildbach, R. A. Hawley-Fedder, H. W. H. Lee, and C. McConaghy. Patterning of C_{60} films. Journal of Vacuum Science Technology B, 11(3):763–765, 1993.

[115] A. F. Hebard, C. B. Eom, R. M. Fleming, Y. J. Chabal, A. J. Muller, S. H.

Glarum, G. J. Pietsch, R. C. Haddon, A. J. Mujsce, M. A. Paczkowski, and G. P. Kochanski. Enhanced cohesion of photo oxygenated fullerene films: A new opportunity for lithography. Applied Physics Part A. Solids and Surfaces., 57(3):299–303, 1993.

[116] P. Zhou, A. M. Rao, K. A. Wang, J. D. Robertson, C. Eloi, M. S. Meier, S. L. Ren, X.-X. Bi, P. C. Eklund, and M. S. Dresselhaus. Photo-assisted structural transition and oxygen diffusion in solid C_{60} films. Appl. Phys. Lett., 60(23):2871–2873, 1992.

[117] C. C. Eloi, J. D. Robertson, A. M. Rao, P. Zhou, K-A. Wang, and P. C. Eklund.

An investigation of photoassisted diffusion of oxygen in solid C_{60} films using resonant alpha scattering. Journal of Materials Research, 8(12):3085–3089, 1993.

[118] H. G. Busmann, H. Gaber, H. Strasser, and I. V. Hertel. Hard amorphous carbon coatings on soft epitaxial fullerite films by fullerene beam deposition. Appl. Phys. Lett., 64(1):43–45, 1994.

[119] R. F. Pierret. Field Effect Devices, volume 4 of Modular Series on Solid State Devices. Addison-Wesley, 1983.

[120] J. Kastner, J. Paloheimo, and H. Kuzmany. Fullerene field-effect transistors. In Proc. of the Int. Winter School on Electronic Properties of High Temperature Superconductors (IWEPS’92), Kirchberg, Austria, 1992.

[121] J. Paloheimo, H. Isotalo, J. Kastner, and H. Kuzmany. Conduction mechanisms in undoped thin films of C_{60} and C_{60/70}. Synthetic Metals, 56(2-3):3185–3190, 1993.

[122] K. Hoshimono, S. Fujimori, and S. Fujita et al. Semiconductor like carrier conduction and its field effect mobility in metal doped C_{60} thin films. Japanese Journal of Applied Physics Part 2, Letters, 32(8A):L1070–L1073, 1993.

[123] R. C. Haddon, A. S. Perel, R. C. Morris, T. T. M. Palstra, A. F. Hebard, and R. M. Fleming. C_{60} thin film transistors. Appl. Phys. Lett., 67:121, 1995.

[124] D. Sarkar and N. J. Halas. Dember effect in C_{60} thin films. Solid State Commun., 90(4):261–265, 1994.

[125] E. Frankevich, Y. Maruyama, H. Ogata Y. Achiba, and K. Kikuchi. Mobilities of charge carriers in C_{60} orthorhombic single crystal. Solid State Commun., 88(2):177–181, 1993.

[126] E. Frankevich, Y. Maruyama, and H. Ogata. Mobility of charge carriers in vapor phase grown C_{60} single crystal. Chem. Phys. Lett., 214(1):39–44, 1993.

[127] K. M. Chen, Y. Q. Jia, K. Wu, X. D. Zhang, W. B. Zhao, C. Y. Li, and Z. N. Gu. The bias-temperature effect in a rectifying Nb/C_{60}/p-Si structure: Evidence for mobile negative charges in the solid C_{60} film. J. Phys. Condensed Matter, 6:L367–L372, 1994.

[128] K. M. Chen, Y. Q. Jia, S. X. Jin, K. Wu, W. B. Zhao, C. Y. Li, Z. N. Gu, and X. H. Zhou. Heterojunctions of solid C_{60} and crystalline silicon: rectifying properties and energy-band models. Abstract of spring MRS, H7.3:169, 1995.

[129] H. Yonehara and C. Pac. Dark and photoconductivity behavior of C_{60} thin films sandwiched with metal electrodes. Appl. Phys. Lett., 61(5):575–576, 1992.

[130] K. Pichler, M. G. Harrison, R. H. Friend, and S. Pekker. Charge injection, electric field modulation and spectroscopy of charged states of fullerene in metal insulator semiconductor devices. Synthetic Metals, 56(2-3):3229–3234, 1993.

[131] N. S. Sariciftci, D. Braun, and C. Zhang et al. Semiconducting polymer buckminsterfullerene heterojunctions: Diodes, photodiodes, and photovoltaic cells. Appl. Phys. Lett., 62(6):585–587, 1993.

[132] N. S. Sariciftci, A. J. Heeger, and F. Wudl. J. Appl. Phys., Jpn. Solid State Devices and Materials, Intl. Conf. on Solid State Devices and Materials, pages 781–784, 1993. (25th International Conference, Chiba, Japan).

[133] L. Smilowitz, A. W. Hays, G. Wang, A. J. Heeger, and J. E. Bowers. Synthetic Metals, in press, 1994.

[134] N. S. Sariciftci and A. J. Heeger. Reversible, metastable, ultrafast photoinduced electron transfer from semiconducting polymers to buckminsterfullerene and in the corresponding donor acceptor heterojunctions. International Journal of Modern Physics B, 8(3):237–274, 1994.

[135] J. B. Camp and R. B. Schwarz. Use of fullerene films as surfaces of uniform electric potential. Appl. Phys. Lett., 63(4):455–457, 1993.

[136] Y. B. Zhao, D. M. Poirier, R. J. Pechman, and J. H. Weaver. Electron stimulated polymerization of solid C_{60}. Appl. Phys. Lett., 64(5):577–579, 1994.

[137] Y. Wang, J. M. Holden, X. X. Bi, and P. C. Eklund. Thermal decomposition of polymeric C_{60}. Chem. Phys. Lett., 217(4):413–417, 1994.

[138] A. F. Hebard, T. T. M. Palstra, and R. C. Haddon et al. Absence of saturation in the normal state resistivity of thin films of K_3C_{60} and Rb_3C_{60}. Phys. Rev. B, 48(13):9945–9948, 1993.

[139] K. B. Lyons, A. F. Hebard, D. Inniss, R. L. Opila, Jr., H. L. Carter, Jr., and R. C. Haddon. Photo-induced cross linking and decomposition of C_{60} in the presence of NO. J. Phys. Chem., 99:16516, 1995.

[140] R. S. Ruoff. Interface, 3(1):30, 1994.

[141] A. W. Synowczyk and J. Heinze. Application of fullerenes as sensor materials.

volume 117, pages 73–77, Berlin, 1993. Springer-Verlag. (Springer Series in Solid-State Sciences).

[142] R. P. Feynman. There’s plenty of room at the bottom. John Wiley & Sons, New York, 1961.

[143] Von Hippel. Molecular designing of materials. Science, 138(12):91–108, 1962.

[144] K. E. Drexler. Molecular engineering: An approach to the development of general capabilities for molecular manipulation. Proc. Natl. Acad. Sci. USA, 78(9):5275–5278, 1981.

[145] K. E. Drexler. Engines of Creation: The Coming Era of Nanotechnology. Anchor Press/Doubleday, New York, 1986.

[146] K. E. Drexler. Nanosystems: Molecular Machinery, Manufacturing, and Computation. John Wiley & Sons, 1992.

[147] J. A. Stroscio and D. M. Eigler. Science, 254:1319, 1991.

[148] J. Viitanen. Proposal for precise manipulation of C_{60} molecules. Journal of Vacuum Science Technology B: Microelectronics Processing, Phenomena, 11(1):115–116, 1993.

[149] R. Lüthi, E. Meyer, H. Haefke, L. Howald, W. Gutmannsbauer, and H.-J.

Güntherodt. Sled-type motion on the nanometer scale: Determination of dissipation and cohesive energies of C_{60}. Science, 266:1979–1981, 1994.

[150] R. F. Schinazi, R. Sijbesma, and G. Srdanov et al. Synthesis and virucidal activity of a water soluble, configurationally stable, derivatized C_{60} fullerene. Antimicrobial agents and chemotherapy, 37(8):1707–1710, 1993.

[151] S. H. Friedman, D. L. Decamp, and R. P. Sijbesma et al. Inhibition of the HIV- 1 protease by fullerene derivatives: Model building studies and experimental verification. J. Am. Chem. Soc., 115(15):6506–6509, 1993.

[152] S. Saito, S. I. Sawada, N. Hamada, and A. Oshiyama. Electronic and geometric structures of fullerenes. Mater. Sci. Eng., B19:105, 1993.

[153] R. Saito, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus. Electronic structure and growth mechanism of carbon tubules. Materials Science and Engineering, 19(1-2):185–191, 1993.

[154] H. Schmid and H. W. Fink. Mechanical and electronic manipulation of nanometer-sized wires. Nanotechnology, 5:26–32, 1994.

[155] C. M. Jin, T. Guo, Y. Chai, A. Lee, and R. E. Smalley. Fullerene nanowires. In C. Taliani, G. Ruani, and R. Zamboni, editors, Proceedings of the First Italian Workshop on Fullerenes: Status and Perspectives, volume 2 of World Scientific Advanced Series in Fullerenes, pages 21–29, Singapore, 1992. World Scientific.

[156] R. E. Smalley. From dopyballs to nanowires. Materials Science and Engineering Pt. B, 19(1-2):1–7, 1993.

[157] T. W. Ebbesen. Making bucks. how to profit from fullerenes: Winning strategies for emerging markets. Nature (London), 361(6409):218–218, 1993.

[158] D. R. Huffman. Applications of fullerenes. Materials letters, 21(2):127, 1994. [159] Mitsubishi forms a venture to commercialize fullerenes. Chemical Marketing Reporter, 245(20):3, 16 May 1994.

[160] R. M. Baum. Commercial uses of fullerenes and derivatives slow to develop.

Chemical and Engineering News, 71(47):8–18, 22 Nov 1993.

[161] Stephen Moore. The shape of things to come? Chemical Engineering, 99(7):41– 45, July 1992.

[162] P. van Musschenbroek. Introductio ad Philosophiam Naturalem. Luchtmans, Leiden, 1762.

[163] M. Faraday. Phil. Trans., 128:1, 79, 265, 1837–1838.

[164] C. J. F. Böttcher. Theory of electric polarization, volume 1. Elsevier, Amsterdam, 1973.

[165] O. F. Mossotti. Bibl. Univ. Modena, 6:193, 1847.

[166] O. F. Mossotti. Mem. di mathem. e di fisica in Modena, 24(2):49, 1850. [167] R. Clausius. volume 2. Vieweg, Braunschweig, 1879. [168] P. Debye. Phys. Z., 13:97, 1912.

[169] J. J. Berzelius. Essai sur la Theorié des Proportions Chimique et sur l’Influence Chimique de l’Electricité. Paris, 1819.

[170] L. Onsager. Electric moments of molecules in liquids. J. Amer. Chem. Soc., 58:1486–1493, 1936.

[171] J. G. Kirkwood. The dielectric polarization of polar liquids. Journal of Chemical Physics, 7:911–919, 1939.

[172] J. G. Kirkwood and R. M. Fuoss. Anomalous dispersion and dielectric loss in polar polymers. Journal of Chemical Physics, 9:329–340, 1941.

[173] P. Drude. Zwei methoden zur messung der dielektrizitätskonstante und der elektrischen absorption bei schnellen schwingungen. Z. Phys. Chem., 23:267– 325, 1897.

[174] K. S. Cole and R. H. Cole. Dispersion and absorption in dielectrics. Journal of Chemical Physics, 9:341–351, 1941.

[175] D. W. Davidson and R. H. Cole. Dielectric relaxation in glycerol, propylene glycol, and n-propanol. The Journal of Chemical Physics, 19(12):1484–1490, 1951.

[176] G. Williams and D. C. Watt. Non-symmetrical dielectric relaxation behavior arising from a simple empirical decay function. Trans. Faraday Soc., 66:80–85, 1970.

[177] A. K. Jonscher. Dielectric Relaxation in Solids. Chelsea Dielectrics Press, London, 1983.

[178] P. P. Jenkins, A. N. MacInnes, M. Tabib-Azar, and A. R. Barron. Gallium Arsenide transistors: Realization through a molecularly designed insulator. Science, 263:1751–1753, 25 March 1994.

[179] J. T. Yount, P. M. Lenahan, and J. T. Krick. Comparison of defect structure in N_2O- and NH_3-nitrided oxide dielectrics. Appl. Phys. Lett., 76(3):1754–1758, 1994.

[180] D. S. Shukert. Design and processing of low-dielectric-constant polymeric composites. Master’s thesis, M.I.T., Cambridge, MA, 1987. MIT MS ME’87.

[181] T.-M. Lu, S. P. Murarka, T. S. Kuan, and C. H. Ting, editors. Low-Dielectric Constant Materials — Synthesis and Applications in Microelectronics, volume 381 of Mat. Res. Soc. Symp. Proc. Materials Research Society, 1995.

[182] G. M. Sessler. Electrets. Springer, Berlin, 1980.

[183] A. R. von Hippel, editor. Dielectric materials and applications. John Wiley & Sons, New York, 1954.

[184] August Chełkowski. Dielectric physics, volume 9 of Studies in Physical and Theoretical Chemistry. Elsevier, 1980.

[185] H. A. Lorentz. Ann. Physik, 9:641, 1880. [186] L. Lorenz. Ann. Physik, 11:70, 1880.

[187] P. Debye. Polar Molecules. Dover, New York, 1929. [188] J. H. Van Vleck. Ann. N. Y. Acad. Sci., 40:289, 1940.

[189] A. R. von Hippel. Dielectrics and Waves. John Wiley & Sons, New York, 1954. [190] D. H. Staelin, A. W. Morgenthaler, and J. A. Kong. Electromagnetic Waves.

Prentice Hall, 1994.

[191] J. C. Maxwell. A Treatise on Electricity and Magnetism. Clarendon Press, Oxford, 1892.

[192] N. F. Sheppard. Dielectric analysis of the cure of thermosetting epoxy/amine systems. PhD thesis, Massachusetts Institute of Technology, Cambridge, MA, 1986.

[193] D. R. Day, T. J. Lewis, H. L. Lee, and S. D. Senturia. The role of boundary layer capacitance at blocking electrodes in the interpretation of dielectric cure data in adhesives. J. Adhesion, 18:73–90, 1985.

[194] C. P. Smyth. Dielectric Behavior and Structure. McGraw-Hill, New York, 1955. [195] E. von Schweidler. Studien über die Anomalien im Verhalten der Dielektrika.

Annalen der Physik, 24:711–770, 1907. [196] K. W. Wagner. Ann. d. Physik, c1910.

[197] S. H. Glarum. Dielectric relaxation of isoamyl bromide. J. Chem. Phys., 33:639, 1960.

[198] G. Williams, D. C. Watt, S. B. Dev, and A. M. North. Further considerations of non-symmetrical dielectric relaxation behaviour arising from a simple empirical decay function. Trans. Faraday Soc., 67:1323–1335, 1977.

[199] R. Kohlrausch. Ann. Phys. (Leipzig), 12:393, 1847.

[200] C. P. Lindsey and G. D. Patterson. Detailed comparison of the Williams-Watts and Cole-Davidson functions. J. Chem. Phys., 73(7):3348–3357, 1980.

[201] E. W. Montroll and J. T. Bendler. On levy (or stable) distributions and the williams-watts model of dielectric relaxation. J. Stat. Phys., 34:129, 1984.

[202] M. F. Shlesinger. Williams-Watts dielectric relaxation: A fractal time stochastic process. J. Stat. Phys., 36:117, 1984.

[203] J. C. Phillips. Kohlrausch explained: A partial solution to a problem that is 150 years old. AT&T Technical Memorandum ITD-94-22968P, 1994.

[204] A. K. Jonscher. The ‘universal’ dielectric response. Nature, 267:673–679, 1977. [205] A. K. Jonscher. A new model of dielectric loss in polymers. Colloid & Polymer Sci., 253:231–250, 1975.

[206] A. K. Jonscher. Physical basis of dielectric loss. Nature, 253:717–719, 1975. [207] L. A. Dissado and R. M. Hill. Nature, 279:685, 1979. [208] L. A. Dissado and R. M. Hill. Phil. Mag., B41:625, 1980. [209] A. K. Jonscher. J. Phys. D: Applied Physics, 13:L137, 1980. [210] A. K. Jonscher. J. Mater. Sci., 16:2037, 1981.

[211] R. H. Kienle and H. H. Race. The electrical, chemical and physical properties of alkyd resins. Trans. Electrochem. Soc., 65:87, 1934.

[212] A. J. Mackinnon, P. J. Hall, D. Hayward, and R. A. Pethrick. Low-frequency dielectric measurements on argone premium coals. Fuel, 72(7):1077–1078, 1993.

[213] E. Benoit, P. Maincent, and J. Bessiere. Applicability of dielectric measurements to the adsorption of drugs onto nanoparticles. International Journal of Pharmaceutics, 84(3):283–286, 1992.

[214] D. E. Kranbuehl. Continuous dielectric measurements of polymerizing systems.

Journal of Non-Crystalline Solids, 131–133:930–934, 1991.

[215] M. Orczyk, E. Pater, and J. Sworakowski. Kinetics of polymerization of mixed diacetylene single-crystals determined from dielectric measurements. Makromolekulare Chemie, 193(5):1135–1146, 1992.

[216] P. Mauret and J. P. Fayet. Calculation method of crude water-content by dielectric measurements. Revue de l’Institut Francais du Petrole, 47(2):285– 288, 1992.

[217] K. Mishima, A. Mimura, Y. Takahara, K. Asami, and T. Hanai. Online monitoring of cell concentrations by dielectric measurements. Journal of Fermentation and Bioengineering, 72(4):291–295, 1991.

[218] K. Mishima, A. Mimura, and Y. Takahara. Online monitoring of cell concentrations during yeast cultivation by dielectric measurements. Journal of Fermentation and Bioengineering, 72(4):296–299, 1991.

[219] R. Pethig. Dielectric properties of biological materials: Biophysical and medical applications. IEEE Trans. on Electrical Insulation, EI-19(5):453–474, 1984.

[220] K. R. Foster and H. P. Schwan. Dielectric properties of tissues and biological materials: A critical review. Crit. Rev. Biomed. Eng., 17(1):25–104, 1989.

[221] M. Ungarish, R. Joseph, J. Vittoser, and S. Kenig. Cure cycle optimization of composites by dielectric measurements. Composites, 21(6):481–486, 1990.

[222] W. B. Zhang and P. B. Addis. Prediction of levels of cholesterol oxides in heated tallow by dielectric measurement. Journal of Food Science, 55(6):1673– 1675, 1990.

[223] J. Halbritter. Z. Physik, B31:19, 1978.

[224] J. F. Johnson and R. H. Cole. Dielectric polarization of liquid and solid formic acid. J. Am. Chem. Soc., 73:4536, 1951.

[225] A. F. Hebard, S. A. Ajuria, and R. H. Eick. Interface contribution to the capacitance of thin-film Al-Al_2O_3-Al trilayer structures. Appl. Phys. Lett., 51(17):1349–1351, 1987.

[226] S. D. Senturia and S. L. Garverick. Method and apparatus for microdielectrometry. U.S. Patent No. 4,423,371, Dec. 27, 1983.

[227] S. D. Senturia, Jr. N. F. Sheppard, H. L. Lee, and D. R. Day. In-situ measurements of the properties of curing systems with microdielectrometry. J. Adhesion, 15:69–90, 1982.

[228] N. F. Sheppard, D. R. Day, H. L. Lee, and S. D. Senturia. Microdielectrometry.

Sensors and Actuators, 2:263–274, 1982.

[229] S. L. Garverick and S. D. Senturia. An MOS device for AC measurements of surface impedance with application to moisture monitoring. IEEE Transactions on Electron Devices, ED-29(1):90–94, Jan 1982.

[230] H. L. Lee. Optimization of a Resin Cure Sensor. PhD thesis, M.I.T., Cambridge, MA, 1982.

[231] M. C. W. Coln and S. D. Senturia. The application of linear system theory to parametric microsensors. In Proc. Transducers ’85, page 118. IEEE, 1985.

[232] M. C. W. Coln. A high performance dielectric measurement system. PhD thesis, Massachusetts Institute of Technology, Cambridge, MA, 1985.

[233] Low Level Measurements: Precision DC Current, Voltage and Resistance Measurements. Keithley Instruments, Inc., Cleveland, OH, 4th edition, 1992.

[234] E. Sohmen, J. Fink, and W. Krätschmer. Electron energy-loss spectroscopy studies on C_{60} and C_{70} fullerite. Z. Phys. B – Condensed Matter, 86:87–92, 1992.

[235] P. C. Eklund, A. M. Rao, Y. Wang, P. Zhou, K. A. Wang, J. M. Holden, M. S.

Dresselhaus, and G. Dresselhaus. Optical properties of C_{60} and C_{70} based solid films. Thin Solid Films, 257:211–232, 1995.

[236] F. Wooten. Optical Properties of Solids. Academic, New York, 1972.

[237] M. K. Kelly, P. Etchegoin, D. Fuchs, W. Krätschmer, and K. Fostiropoulos.

Optical transitions of C_{60} films in the visible and ultraviolet from spectroscopic ellipsometry. Phys. Rev. B, 46(8):4963–4968, 1992.

[238] A. Lucas, G. Gensterblum, J. J. Pireaux, P. A. Thiry, R. Caudano, J. P. Vigneron, Ph. Lambin, and W. Krätschmer. Elementary excitations of C_{60} from the far infrared to the far vacuum ultraviolet studied by high resolution electronenergy loss spectroscopy. Phys. Rev. B, 45(23):13694–13702, 1992.

[239] I. V. Hertel, H. Steger, J. de Vries, B. Weisser, C. Menzel, B. Kamke, and W. Kamke. Giant plasmon excitation in free C_{60} and C_{70} molecules studied by photoionization. Phys. Rev. Lett., 68(6):784–787, 1992.

[240] S. B. Fleischer, B. Pevzner, D. Dougherty, M. S. Dresselhaus, E. P. Ippen, and A. F. Hebard. Visible and near-IR femtosecond low-excitation pump-probe studies on C_{60} and alkaline doped C_{60} films. In MRS Abstracts, 1995 Fall meeting, page 739. Materials Research Society Press, Pittsburgh, PA, 1995.

[241] A. Hamed, Rasmussen, and P. H. Hor. Existence of persistent photoconductivity at high temperatures in C_{60}. Phys. Rev. B, 48(19):14760–14763, 1993.

[242] I. Rusakova, A. Hamed, and P. H. Hor. Effects of deposition temperature and thermal treatment on the structure of C_{60} and C_{70} films. In C. L. Renschler, D. M. Cox, J. J. Pouch, and Y. Achiba, editors, Novel Forms of Carbon II, volume 349 of Mat. Res. Soc. Symp. Proc., pages 101–106, Pittsburgh, Pennsylvania, 1994. Materials Research Society.

[243] I. Rusakova, A. Hamed, and P. H. Hor. TEM study of C_{70} polycristalline films.

Journal of Materials Research, 9(11):2814–2822, 1994.

[244] R. A. Assink, J. E. Schirber, D. A. Loy, B. Morosin, and G. A. Carlson. Intercalation of molecular species into the interstitial sites of fullerene. Journal of Materials Research, 7(8):2136–2143, 1992.

[245] D. E. Morris, K. K. Singh, and A. P. B. Sinha. A novel stable solid formed by C_{60}+Oxygen at high P(O_2). Journal of Materials Research, 8(9):2273–2276, 1993.

[246] G. H. Kroll, P. J. Benning, Y. Chen, T. R. Ohno, J. H. Weaver, L. P. F.

Chibante, and R. E. Smalley. Intercaction of O_2 with C_{60}: photon-induced oxidation. Chem. Phys. Lett., 181(2-3):112–116, 1991.

[247] A. M. Rao, K. A. Wang, J. M. Holden, Y. Wang, P. Zhou, P. C. Eklund, C. C.

Eloi, and J. D. Robertson. Photoassisted oxygen doping of C_{60} films. Journal of Materials Research, 8(9):2277–2281, 1993.

[248] F. N. Tebbe, J. Y. Becker, D. B. Chase, L.E. Firment, E.R. Holler, B.S. Malone, P.J. Krusic, and E. Wasserman. Multiple, reversible chlorination of C_{60}. J. Am. Chem. Soc., 113(26):9900–9901, 1991.

[249] S. G. Kukolich and D. R. Huffman. Epr spectra of C_{60} anion and cation radicals.

Chem. Phys. Lett., 182:263–265, 1991.

[250] S. Kawata, K. Yamauchi, and S. Suzuki et al. The origin of the ESR signal of C_{60} seen in the powder and in benzene solution: The indication of the reaction of C_{60} with oxygen induced by photoexcitation. Chemistry Letters, (9):1659–1662, 1992.

[251] D. Leporini, L. Andreozzi, C. Callegari, and F. Fuso. Photoassisted interactions in C_{60}/O_2 mixtures: an ESR, calorimetric and mass spectroscopy investigation. Physics Letters A, 189(4):322–326, 1994.

[252] J. E. Schirber, R. A. Assink, G. A. Samara, B. Borosin, and D. A. Loy. Negative pressure effects in high-pressure oxygen-intercalated C_{60}. Phys. Rev. B, 51(21):15552–15554, 1995.

[253] T. Arai, Y. Murakami, H. Suematsu, K. Kikuchi, Y. Achiba, and I. Ikemoto.

Resistivity of single crystal C_{60} and effect of oxygen. Solid State Commun., 84(8):827–829, 1992.

[254] P. M. He, Y. B. Xu, and X. J. Zhang et al. Electrical conductivity studies of a pure C_{60} single crystal. Journal of Physics Condensed Matter, 5(37):7013–7016, 1993.

[255] A. Zahab and L. Firlej. Resistivity in C_{60} thin films of high crystallinity. Solid State Commun., 87(10):893–897, 1993.

[256] D. Barančok, M. Haluška, V. Nádaždy, and J. Vajda. Strong influence of the phase transition on the electrical properties of C_{60} single crystals. Solid State Comm., 94(8):597–600, 1995.

[257] J. Mort, R. Ziolo, M. Machonkin, D. R. Huffman, and M. I. Fegurson. Electrical conductivity studies of undoped solid films of C_{60/70}. Chem. Phys. Lett., 186(2- 3):284–286, 1991.

[258] A. Hamed, Y. Y. Sun, Y. K. Tao, R. L. Meng, and P. H. Hor. Effects of oxygen and illumination on the in situ conductivity of C_{60} thin films. Phys. Rev. B, 47(16):10873–10880, 1993.

[259] N. Takahashi, H. Dock, and N. Matsuzawa et al. Plasma polymerized C_{60}/C_{70} mixture films: Electric conductivity and structure. Journal of Applied Physics, 74(9):5790–5798, 1993.

[260] M. Hosoya, K. Ichimura, Z. H. Wang, G. Dresselhaus, M. S. Dresselhaus, and P. C. Eklund. Dark conductivity and photoconductivity in solid films of C_{70}, C_{60}, and K_xC_{70}. Phys. Rev. B, 49(7):4981–4986, 1994.

[261] S. Fujimori, K. Hoshimono, and S. Fujita et al. Variation of conductivity and activation energy in metal doped and undoped C_{60} films under oxygen exposure. Solid State Commun., 89(5):437–440, 1994.

[262] T. Asakawa, M. Sasaki, T. Shiraishi, and H. Koinuma. Dark and photoconductivity behaviors of amorphous and crystalline C_{60} films. Japanese Journal of Applied Physics (Part 1), 34(4A):1958–1962, Apr 1995.

[263] S. B. Fleischer, E. P. Ippen, G. Dresselhaus, and M. S. Dresselhaus. Femtosecond optical dynamics of C_{60} and M_3C_{60}. Appl. Phys. Lett., 62(25):3241–3243, 1993.

[264] C. H. Lee, G. Yu, D. Moses, A. J. Heeger, and V. I. Srdanov. Nonlinear transient photovoltaic response in Al/C_{60}/Au devices: Control of polarity with optical bias. Appl. Phys. Lett., 65(6):664–666, 1994.

[265] CRC handbook of chemistry and physics (1992-1993).

[266] R. L. Hettich, R. N. Compton, and R. H. Ritchie. Phys. Rev. Lett., 67:1242– 1245, 1991.

[267] M. R. Pederson and A. A. Quong. Polarizabilities, charge states, and vibrational modes of isolated fullerene molecules. Phys. Rev. B, 46(20):13584–13591, 1992.

[268] N. Matsuzawa and D. A. Dixon. Local density functional calculations of the polarizability and second order hyperpolarizability of C_{60}. Journal of Physical Chemistry, 96(17):6872–6875, 1992.

[269] A. Fick. Annln Phys., 170:59, 1855.

[270] J. Crank. The Mathematics of Diffusion. Oxford Univ. Press, Oxford, 2nd edition, 1975.

[271] B. S. Lim, A. S. Nowick, K.-W. Lee, and A. Viehbeck. Sorption of water and organic solutes in polyimide films and its effects on dielectric properties. J. of Polym. Sci., 31:545–555, 1993.

[272] A. V. Hamza, J. Dykes, W. D. Mosley, L. Dinh, and M. Balooch. Reaction and passivation of aluminum with C_{60}. Surface Science, 318(3):368–378, 1994.

[273] A. F. Hebard, C. B. Eom, Y. Iwasa, K. B. Lyons, G. A. Thomas, D. H. Rapkine, R. M. Fleming, R. C. Haddon, J. M. Phillips, J. H. Marshall, and R. H. Eick. Charge transfer at aluminum-C_{60} interfaces in thin-film multilayer structures. Phys. Rev. B, 50(23):17740–17743, 1994.

[274] R. L. McNally, F. R. Brotzen, A. J. Griffin, Jr., P. J. Loos, and E. V. Barrera.

Electronic application for fullerenes. In C. L. Renschler, D. M. Cox, J. J. Pouch, and Y. Achiba, editors, Novel Forms of Carbon II, volume 349 of Mat. Res. Soc. Symp. Proc., pages 205–211, Pittsburgh, Pennsylvania, 1994. Materials Research Society.

[275] D. W. Owens, C. M. Aldao, D. M. Poirier, and J. H. Weaver. Charge transfer, doping, and interface morphologies for Al-C_{60}. Phys. Rev. B, 51(23):17068–72, 1995.

[276] T. Hashizume, K. Motai, X. D. Wang, H. Shinohara, Y. Saito, Y. Maruyama, K. Ohno, Y. Kawazoe, Y. Nishina, H. W. Pickering, Y. Kuk, and T. Sakura. Intramolecular structures of C_{60} molecules adsorbed on the Cu(111)-(1x1) surface. Phys. Rev. Lett., 71(18):2959–2962, 1993.

[277] E. I. Altman and R. J. Colton. The interaction of C_{60} with noble metal surfaces.

Surface Science, 295(1-2):13–33, 1993.

[278] E. I. Altman and R. J. Colton. Nucleation, growth, and structure of fullerene films on Au(111). Surface Science, 279(1-2):49–67, 1992.

[279] Y. Kuk, D. K. Kim, and Y. D. Suh et al. Stressed C_{60} layers on Au(001). Phys.

Rev. Lett., 70(13):1948–1951, 1993.

[280] S. J. Chase, W. S. Bacsa, M. G. Mitch, L. J. Pilione, and J. S. Lannin. Surface enhanced Raman scattering and photoemission of C_{60} on noble metal surfaces. Phys. Rev. B, 46(12):7873–7877, 1992.

[281] D. Sarkar and N. J. Halas. Diffusion of silver in C_{60} thin films. Appl. Phys.

Lett., 63(17):2438–2440, 1993.

[282] Z. H. Wang and M. S. Dresselhaus. Private communications (M.I.T. research group).

[283] Y. Wang, X. X. Bi, and P. C. Eklund. Private communications (University of Kentucky research group).

[284] S. R. Elliott. Solid State Ionics, 27:131, 1988. [285] K. L. Ngai. Comments Solid State Phys., 9:127, 1979. [286] K. L. Ngai. Comments Solid State Phys., 9:141, 1980.

[287] K. L. Ngai, R. W. Rendell, A. K. Rajagopal, and S. Teitler. Ann. NY Acad.

Sci., 484:150, 1986.

[288] K. L. Ngai, R. W. Rendell, A. K. Rajagopal, and S. Teitler. J. Chem. Phys., 88:5086, 1988.

[289] K. Funke. Z. Phys. Chem. NF, 154:251, 1987.

[290] K. Funke. Ion dynamics and correlations: Translational and localized ionic hopping motion in solid electrolytes. Philosophical Magazine, Part A, Defects and Mechanical Properties, 68(4):711–724, 1993.

[291] K. Funke. Prog. Solid State Chem., 22:111, 1993.

[292] H. Böttger and V. V. Bryksin. Hopping Conduction in Solids. VCH, Weinheim, Germany, 1985.

[293] A. L. Efros and B. I. Shklovskii. Phys. Status Solidi (b), 76:475, 1976. [294] B. Ya. Balagurov. Sov. Phys. JETP, 61:991, 1985. [295] J. L. Barton. Verres Refr., 20:320, 1966.

[296] T. Nakajima. In 1971 Annual Report, Conf. on Electrical Insulation and Dielectric Phenomena, page 168. National Academy of Sciences, Washington, DC, 1972.

[297] H. Hamikawa. J. Non-Cryst. Solids, 18:173, 1975.

[298] A. Hunt. Frequency-dependent conductivity in glasses. J. Phys.: Condens.

Matter, 2:9055–9063, 1990.

[299] A. Hunt. Transport in ionic conducting glasses. J. Phys.: Condens. Matter, 3:7831–7842, 1991.

[300] A. Hunt. The a.c. conductivity of variable range hopping systems such as amorphous semiconductors. Philosophical Magazine B, 64(5):579–589, 1991.

[301] A. Hunt. Dielectric and mechanical relaxation in liquids and glasses: Transition from effective medium to percolation treatments. Solid State Communications, 84(7):701–704, 1992.

[302] A. Hunt. Some universalities in the relaxation of glasses. Journal of Non- Crystalline Solids, 144(1):21–31, 1992.

[303] A. Hunt. Non-debye relaxation and the glass transition. Journal of Non- Crystalline Solids, 160(3):183–227, 1993.

[304] A. Hunt. Dielectric relaxation in dipole glasses, and thermal relaxation and the glass transition in systems with a maximum relaxation time. Journal of Non-Crystalline Solids, 160(1-2):42–51, 1993.

[305] A. Hunt. New developments in the theory of the hopping conductivity of spatially random systems. Journal of Physics Condensed Matter, 6(6):1239–1252, 1994.

[306] W. Schranz, A. Fuith, and P. Dolinar et al. Low frequency elastic properties of the structural and freezing transitions in single crystal C_{60}. Phys. Rev. Lett., 71(10):1561–1564, 1993.

[307] F. Gugenberger, R. Heid, C. Meingast, P. Adelmann, M. Braun, H. Wühl, M. Haluska, and H. Kuzmany. Glass transition in single crystal C_{60} studied by high resolution dilatometry. Phys. Rev. Lett., 69(26):3774–3777, 1992.

[308] G. Chern, H. Mathias, L. R. Testardi, L. Seger, and J. Schlenoff. Low-frequency dielectric permittivity of C_{60}. J. of Superconductivity, 8(2):207–210, 1995.

[309] D. G. Archer and P. Wang. The dielectric constant of water and Debye-Hückel limiting law slopes. J. Phys. Chem. Ref. Data, 19, 1990.

[310] N. Minami and M. Sato. Atmosphere sensitive photoconductivity of C_{60} thin films prepared in high vacuum. Synthetic Metals, 56(2-3):3092–3097, 1993.

[311] M. Fastow, Y. Kozirovski, M. Folman, and J. Heidberg. IR spectra of CO and NO adsorbed on C_{60}. Journal of Physical Chemistry, 96(15):6126–6128, 1992.

[312] Y. Nagano, T. Kiyobayashi, and T. Nitta. CO_2 absorption in C_{60} solid. Chem.

Phys. Lett., 217(3):186–190, 1994.

[313] A. F. Hebard. Private communications.

[314] National Instruments Corporation, Austin, TX. LabVIEW User Manual, 1992.