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1 Introduction

This report summarizes the work performed under coniract DOE-FG02-
84ER45162. During the past ten years, our study of electron ernission from
laser-illuminated field emission tips has taken on a broader scope by address-
ing problems of direct interest to those concerned with the unique physical
and chemical properties of nanometer-size clusters. The work performed
has demonstrated that much needed data can be obtained on individual
nanometer-size clusters supported on a wide-variety of different substrates.
The work was performed in collabeoration with R.P. Andres in the School
ofd Chemical Engineering at Purdue Universily. The Multiple Expansion
Cluster Source developed by Andres and his students was essential for pro-
ducing the nanometer-size clusters studied. The following rereport features
a discussion of these results.

The following report provides a motivation for studying the properties
of nanometer-size clusters and summarizes the results obtained. The level
of graduate student participation is indicated and the published papers and
talks related to the DOE funded work are enumerated. Copies of published

work are also included under Appendix A.

2 Background

The study of nanometer-size clusters has received increased attention from a

wide variety of different research disciplines. The resulting multi-disciplinary



cffort has blended a healthy mixture of physics. chemistry and materials sci-
ence focussed on the goal of better understanding the unique properties pos-
sessed by aggregates or clusters of atoms.! It is now known that the finite size
of clusters leads to new atomic packing geometries not realized in the bulk
state. These new geometries in turn give rise to size-dependent electronic,
chemical, and thermodynamic properties that are of considerable interest to
a wide variely of disciplines. Although no practical solid state devices have
yet been fabricated from nanometer-size clusters, the study of such clusters
now will provide important information about their electrenic and thermo-
dynamic properties far in advance of the time that nano-structures will be
required by the electronics industry. The potential for optical, electronic, and
magnetic applications is a primme rcason why an increasing emphasis on the
properties of ‘supported clusters’ and ‘cluster-assembled materials’ is emerg-

ing.?* This trend is evident {from recent topical cluster conferences that have
been organized within the past few years.>™’

The study of supported clusters and cluster-assembled materials rests
on a foundation of results obtained from prior molecular beam studies of
small, gas-phase clusters which have elucidated a number of size-dependent
properties. Research on free-space clusters has clearly established that in
the nanometer size range, clusters exhibit unique, size-dependent structural,
chemical and electronic features different from bulk samples of the same
8-11

atoms.

The emergence of new techniques, sensitive to the properties of supported



clusters and not readily available some ten years ago,” has cleared the way
for supported cluster studies. As examples, the known surface sensitivity
of synchrotron phetoemission has been exploited to study the properties of
thin cluster filins deposited on substrates.'!® High resolution transmission
electron microscopy has also been used to study the geomnetry of supported
clusters.®'” Even more dramatic has been the use of the scanning tunneling

microscope,'8 2

and more recently the atomic force microscope,?® to study
the properties of individual supported clusters. Unfortunately, the STM re-
sults on metallic clusters have not been as exciting as initial expectations, due
partly to the fact that individual atoms are not usually resolved. Nonethe-
less these newer spectroscopies and scanning probe techniques are providing
useful information on supported clusters that can not be obtained {romn well-

26-2

established cluster-beam measurements like mass-abundance,?®"?8 electr~n

affinity,”® jonization potential,®® gas-phase photoelectron spectroscopy,3 -3¢
and gas-phase reactivity.®"*3

It seems clear that a knowledge of the properties of individual supported
clusters provides insight into important physical processes and will be useful
for a better understanding of nanophase materials synthesized from clus-
ters.®® The challenge for the experimentalist is to develop new and reliable
tools to better probe the properties of an individual supported cluster. The
emerging emphasis on the study of an individual cluster is fast becoming a

prerequisite for experiments on supported clusters, since studies of cluster-

assembled materials are often complicated by a distribution of cluster sizcs



which smears out any size eflects under investigation. Our research supported
by DOE has adressed this crucial problem head-cn and has produced some
much needed data on the properties of individual supported nanometer-size
clusters.

A goal that formed the central theme of our research was to measure the
size-dependent properties of a cluster after it is deposited onto a surface.
A prerequisite for continued progress is the development of new experimen-
tal techniques sensitive to the properties of an individual supported cluster.
As summarized below, a wide variety of results have been obtained on the
electronic and structural properties of nanometer-size clusters under DOE
support. Examples include the inelting temperature ¢s a function of cluster

2497 and the size-

size,*""* the shape of supported clusters on flat substrates
dependent electronic structure of individual supported clusters.*®5! Most of
this prior work has been focussed on Au clusters because of their weak inter-
action with adsorbed gases. Unfortunately, continued DOE funding was not

available to further extend these studies to other systems of interest.



3 Summary of Results on Supported Nanometer-

size Clusters

3.1 Size-Dependent Melting

We have obtained a number of interesting results by applying our expertise
in arcas related to field emission and photo-field emission®? ® to questions
related to the nanometer-size cluster problemn. In this section, we summarize
the more important results obtained on the size-dependent melting transition.

The details of how a melting transition in a solid occurs has been a
topic of long-terim interest. Early theories of melting have focussed on the
role of vibrational instabilities,®™ ! lattice-shear instabilities.®? catastrophic
X

generation of dislocations,® or the presence of thermal vacancies and other

point defects.®* The dominant role played by an external surface in the melt-

3n - . . .
572 (Mearly, imteresting

ing transition has also recently been emphasized.f
effects are expected in materials with large surface to volume ratios. From
molecular-dynamic studies, there is considerable evidence that melting is ini-
tiated at external surfaces or at internal surfaces such as grain boundaries
or dislocations. Computer simulations of melting have nicely demonstrated
the inAuence of these features on the melting transition.” " As cluster size
decreases, the number of surface atoms increases and any role played by the

surface in the melting transition will be accentuated. It may not be sur-

prising, therefore, that small Au clusters in the nanometer-size range show a



melting point depression, ™

The study of melting in small nanometer-size clusters is also relevant to
a better understanding of the melting transition in general™® and the issue
of size dependent melting of small clusters has therefore received increasing
theoretical attention in the last few years.” 82 1¢ will continue to be a topic
of considerable interest because it encompasses a number of important is-
sues. The melting depression in small metallic clusters is also of considerable
technological importance.®#* For these reasons, any systematic data on this
melting transition should be clearly welcomed.

We have already demonstrated the feasibility of using the field emission
current from an indi -idual cluster to ineasure the melting temperature of

544,45 T . .
SALAE Y hat individual nanometer-size

that cluster. To do this, we have shown®
clusters can be reliably soft-landed on the apex of sharp field emission tips
in a controlled way. This new technique has the flexibility of studying a
single isclated cluster over a wide range of sizes (- 1.0-- 20 nin in diameter).

Moreover, the teclinique appears to be as sensitive to small clusters as to

large ones.

3.2 Size-Dependent Electronic Structure

The question whether the quantized electronic states of a {ree space cluster
survive the deposition process is an important issue with vast implications. It
has been difficult to address this question experimentally. Recently, however,

stiucture in the energy distribution of clectrons emitted from a 1 nin Au



cluster supported on a W tip has been successfully measuied at Purdue™
A resonant tunneling model to explain this data in terms of the cluster’s
guantized clectronic structure has been proposed.*® The observed emission
spectra provided good evidence that the quantized electronic states in a |
nm diameter Au cluster can survive at room temperature when the cluster is
supported on a W surface. A resonant-tunneling model based on first-order
perturbation of the supported cluster by the applied electric field was used
to provide an estimate for the position in energy of the peaks observed in
the field emission spectrum.*®*” A reasonable account for the experimental
observations was obtained and a tentative identification of the cluster shell-
levels responsible for the observed structure was proposed.

This novel field emission technique has been further exploited to probe
the clectronic structure of supported Au clusters in the 1 nm to 3 nm size
range and the evolution of the size-dependent electronic structure of indi-
vidual, supported metal clusters has been studied.*? A number of interesting
observations can be made from the data. The electron energy distribution
shifts toward the substrate Fg with increasing cluster size, with all detectable
structure disappearing for clusters with diameters greater than ~3 nm. The
position in energy of the peaks in the electron energy distribution from an
individual cluster were reproducible over a period of time spanning a few
weeks. The relative height of the peaks changed when measured on a time

scale of a few hours, a fact attributed to variation in the coupling of the

cluster states to the substrate.*®



4 Graduate Student Participation

A number of graduate students have contributed to the research discussed
£
above. These students are listed below. Those supported by DOE research

funds are marked with an asterisk.
Chemical Engincering Graduate Students

Seung-Bin Park (PhD in 1988)
Eugene Choi (PhD in 1989)

Amar Ramachandra (PhD in 1992)
Atul Patil (PhD candidate)

Physics Graduate Students

Stacy Mogren (*) (PhD in 1989)
Tom Castro(*) (PhD in 1989)
Yun Zhong Li(*) (PhD in 1989)
Mong-ea Lin(*) (PhD in 1991)
David Schaefer (PhD candidate)

5 DOE Related Publications

“Thermionic and Threshold Photoemission Study of LaBg(110)", S. Mogren
and R. Reifenberger, Surf. Sci. 186, 232-46 (1987).



“A Retrievable UHV Depaosition Source for Investigation of Low Melting
Point Metals on Solid Surfaces”, T Castro and U Reifenberger, Rev,
Sci. Instrum. 58, 289.92 (1087),

“Direct Imaging of 13 Adiam An Clusters Using Scanning Tunueling Mi-
croscopy”, AM. Baro, A. Bartolome, L. Vazquez, N. Garcia, R. Reifen-
berger, E. Choi, and R.P. Andres, Appl. Phys. Lett. 51, 1594-6 (1987).

“Studies of Individual Nanometer-Sized Metallic Clusters Using the Scan-
ning Tunneling Microscope, Field Emission and Field-ion Nicroscopy”,
T. Castro, Y.7Z. Li, R. Reifenberger, F. Chot, S.3. Park, and R.P. An-
dres, J. Vac. Sci. Technol. A7, 2845- (1089).

“Writing Nanometer-Scale Features in Gold Using the Scanning Tunnel-
ing Microscope”, Y.Z. Li, L. Vazquez, R. Piner, R.P. Andres and R.
Retfenberger, Appl. Phys. Lett, 54, 142426 (1980).

“Computer Control of the Tunnel Barrier Width for the Scanning Tunneling
Microscope”, R. Piner and R. Reifenberger, Rev. Sci. Instram. 60,
3123-7 (1989).

“A Field FEimission Technique to Measure the Melting Temperature of Indi-
vidual Nanometer-Sized Clusters”, T, Castro, R. Reifenberger, 15, Choi,
and R.P. Andres, Surf. Sai. 234, 43-52 (1990).

“Size Dependent Melting Temperature of Individual Nanometer-Sized Metal-
lic Clusters”, T. Castro, R. Reifenberger, E. Choi, and R.P. Andres,
Phys. Rev. B42, 8548-56 (1990).

“STM and FEM Studies of Individual Supported Metal Clusters”, T. Cas-
tro, Y.Z. Li, R. Reifenberger, E. Choi, S.B. Park, and R.P. Andres,
Novel Materials in Heterogencous Catalysis, R.T.K. Baker and L.L.
Murrell, Eds., American Chemical Society Symposium Series No. 437,
American Chemical Society, Washington D.C., pgs. 329-41 (1990).

“Thermodynamic and Structural Properties of Individual Nanometer-Size
Supported Metallic Clusters”, T. Castro, E. Choi, Y.Z. Li, R.P. Andres
and R. Reifenberger, Mat. Res. Soc. Symp. Proc. 206, 159- , (1991)

“Field Emission and Photofield Emission from Lal3s, S. NMogren and R.
Reifenberger, Surf. Sci. 254, 169-81 (1991).
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“Observation of the Discrete Electron Foerny States ofan Individual Nanometer.
Size Supported Gold Cluster” ALY Lin, R P Andres, R Reifenberger,
Phys. Rev. Lett. 67, 477-80, (1901).

“Size-dependent Thermodynamic and Electronic Properties of Individual
Nanometer-size Supported Gold Clusters™, MUE Ling A, Ramachandra,
R P. Andres, and R. Reifenberger, in Physies and Chemistry of
Finite System; Vol. I, Eds. P Jena, SN Khanna, and B K. Rao,
Kluwer Academic Publishers, Boston, 1992, pgs. 300.22,

“Improved Method for Fractal Analysls Uding Scanning Probe Microscopy™,
S. Miller and R Reifenberger, Jo Vaco Seio Technol. B10, 1203.7
(1992).

“The Field Emission Spectrnm of a Nanomneter cize Supported Gold Chis-
ter: Theory and Fxperiment”  MUE. Lin, R Retfenberger, RPC Andres,
Phye Rev. Bda6, 15:90-7 (1902).

“Size-dependent Field Emission Spectra from Nanoemeter-size Supported

Gold Clusters™, \LE Lin, R. Reifenberger, A Ramachandra, and R.P.

Andres, Phys. Rev. 3146, 15408-502 1 1002),

“Flectron Einission from an Individnal, Supported Cay”, MLED Lin, RP.
Andres, R. Reifneberger, and D.R. Huffinan, Phys. Rev. B4A7, 7546-
59 (1993).

“Flectron Emission from Nanometer-size Metallic CLustrers: Electronic
States and Structural Stability of Supported Au Clusters”, M.E. Lin,
A. Ramachandra, R.P. Andres, R. Reifenberger, Proceedings of the
NATO Advanced Research Workshop on Nanosources and Manipula-
tion of Atoms under High Fields and Temperatures, Lyon, France (in
press).

6 DOE Related Talks

A Scanning Tunneling Mi~roscope Study of Au Clusters, R. Reifenberger,
A.M. Baro, N. Garcia, L. Vazquez, A. Bartolome, R.P. Andres, and E.
Choi, presented at the Scanning Electron Microscopy "87 Conference;
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Hamilton Ontario, Canada; May 4, 1987; presented by R. Reifenberger
(30 min.); Invited.

Scanning Tunneling Microscope Studics of Nanometer-Sized Au and Ag
Clusters, Y.Z. Li, E. Choi, R.P. Andres and R. Reifenberger, March
Meeting of the American Physical Society, New Orleans LA; March
21-25. 1988; presented by Y.Z. Li (10 minutes).

Field Emission and Field-ion Microscopy Studies of 10-20 A Diameter Au
Clusters, T. Castro, E. Choi, R.P. Andrcs and R. Reifenberger, March
Meeting of the American Physical Society, New Orleans LA; March
21-25, 1988; presented by T. Castro (10 minutes).

Studies of Individual Nanometer-Sized Gold Clusters, T. Castro, Y.Z. Li, R.
Reifenberger, E. Choi, S. B. Park, and R.P. Andres, American Vacuum
Society, Illinois Chapter 6th Annual Fall Symposium, Argonne National
Laboratory, Chicago IL; September 8 1988; presented by T. Castro (20
minutes).

Scanning Tunneling Microscope and Field-ion Microscope Studies of Nanometer-
Sized Clusters, Y.Z. Li, T. Castro, E. Choi, R.P. Andres, and R.
Reifenberger, American Vacuum Society 35th National Symposium -
Topical Conference "Probing the Nanometer Scale Properties of Sur-
faces/Interfaces”, Atlanta GA; October 4 1988; presented by R. Reifen-
berger (20 minutes).

Electronic Properties of Individual Nanometer-Size Gold Clusters, Y.Z. Li,
T. Castro, R. Reifenberger, E. Choi, S.B. Park, and R.P. Andres, 36th
Midwest Solid State Conference, W. Lafayette IN; October 10-11, 1988;
presented by Y.Z. Li (15 minutes).

Electronic Properties of Individual Nanometer-Size Gold Clusters, R. Reifen-
berger, Illinois Institute of Technology, Chicago ILL; November 16
1988; (1 hour).

Size Effect in the Melting of Au Clusters, T. Castro, E. Choi, S.B. Park,
R.P. Andres, R. Reifenberger, March Meeting of the American Physical
Society; St. Louis MO; March 20-24, 1989. Presented by T. Castro (10

minutes).

Writing Nanometer-Scale Features in Gold Using the Scanning Tunneling
Microscope, R.P. Andres, Y.Z. Li, R. Reifenberger, March Meeting of
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the American Physical Society; St. Louis MO; March 20-24, 1989.
Presented by R.P. Andres (10 minutes).

Electronic Properties »f Au Clusters Using Scanning Tunneling Microscopy
and Spectroscopy, Y.Z. Li, E. Choi, S.B. Park, R.P. Andres, R. Reifen-
berger, March Meeting of the American Physical Society; St. Louis
MO; March 20-24, 1989. Presented by Y.Z. Li (10 minutes).

Nanometer Scale Writing in Gold with a Scanning Tunneling Microscope,
Y.Z. Li, R.P. Ardres, and R. Reifenberger; STM Spring Workshop,
Laboratory for Rescarch on the Structure of Matter, University of
Pennsylvania, Philadelphia PA, May 15-16 1989. Presented by R.
Reifenberger (20 minutes).

Writing Nanometer-sised Symbols with the Scanning Tunneling Microscope,
R. Reifenberger, Seminar in the Solid-State Seminar Series, Depart-
ment of Electrical Engineering, Purdue University, W. Lafayette IN,
Sept. 27 1989 (1 hour).

Structure and Properties of Individual Nanometer-sized Metallic Clusters,
R. Reifenberger, ASM/TMS Conference, Indianapolis IN, October 4,
1989 (30 mins). Invited.

Size-dependent Shape and Melting Temperature of Supported Nanometer-
size Gold Clusters, T. Castro, Y.Z. Li, E. Choi, R.P. Andres, and R.
Reifenberger, presented by R. Reifenberger at the 36th American Vac-
uum Society Conference, Boston MA, October 23-27, 1989, (20 mins).

Size-dependent Properties of Individual Nanometer-size Clusters, T. Castro,
E. Choi, Y.Z. Li, R.P. Andres, and R. Reifenberger, presented by R.
Reifenberger at the March Meeting of the American Physical Society,
Los Angeles CA, March 12-16, 1990 (10 mins).

Size-Dependent Properties of Individual Nanometer-Size Supported Clus-
ters, R. Reifenberger, presented by R. Reifenberger; Kodak Research
Laboratory Invited Lecture Program, Rochester N.Y.; Sept. 14, 1990
(1 hour).

Size-dependent Properties of Individual Nanometer-size Supported Clus-
ters, E. Choi, R.P. Andres, T. Castro, Y.Z. Li, and R. Reifenberger,
presented by R. Reifenberger at the 1990 Meeting of the Materials Re-
search Society, Boston MA, November 26- December 1, 1990, (30 mins).
Invited.
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Observation of Discrete Electronic States from an Individual Nanometer-
Size Supported Au Cluster, M.E. Lin, A. Ramachandra, R.P. Andres,
and R. Reifenberger, presented by M.E. Lin at the 1991 March Meeting
of the American Physical Society, Cincinnati OH, March 18-22, 1991
(10 mins).

New Characterization Techniques to Probe Individual Supported Nanometer-
Size Metallic Clusters, R. Reifenberger, 1991 March Meeting of the
American Physical Society, Cincinnati OH, March 18-22, 1991 (30
mins) Invited.

Field and Photo-field Emission from Sharp Tips, R. Reifenberger, presented
at the Amoco Research Center, Naperville IL; April 16, 1991 (1 hour).

Thermodynamic, Structural and Electronic Properties of Individual Nanometer-
Size Clusters, R.P. Andres and R. Reifenberger, presented by R. Reifen-
berger at the International Symposium on the Physics and Chemistry
of Finite Systems: From Clusters to Crystals, Richmond VA, Oct. 8-12,
1991 (30 minutes) Invited.

Observation of Single Electron Tunneling at Room Temperature, M.E. Lin,
R.P. Andres, and R. Reifenberger, presented by M.E. Lin at the 1992
March Meeting of the American Physical Society, Indianapolis 1IN,
March 16-20, 1992 (10 mins).

Electron Emission from Nanometer-size Metallic Clusters, presented by R.
Reifenberger at the NATO-Advanced Research Workshop, July 6-10,
1992; Lyon, France (1 hour) Invited.

Electronic States and Structural Stability of Supported Au Clusters, pre-
sented by R. Reifenberger at the Sixth International Symposium on
Small Particles and Inorganic Clusters, Sept. 16-22, 1992; Chicago IL
(1 hour) Invited.

13



References

[1] P. Jena, B.K. Rao, and S.N. Khanna, editors, Physics and Chemistry
of Small Clusters, Plenum Press, New York, 1987.

(2] R.P. Andres, R.S. Averback, W.L. Brown, L.E. Brus, W.A. Goddard, A.
Kaldor, S.G. Louie, M. Moscovits, P.S. Peercy, S.J. Riley, R.W. Siegel,
F. Spaepen, and Y. Wang , J. Mater. Res. 4, 704 (1989).

[3] H. Gleiter, Phase Transit. 24-26, 15 (1990).
[4] R.W. Siegel, MRS Bulletin XV (10), 60 (1990).

[5] Proceedings of the fifth international symposium on small particles and
inorganic clusters, Z. Phys. D.; Vol. 19-20, 1990.

[6] R.S. Averback, J. Bernholc, and D.L. Nelson, editors, Clusters and
Cluster-Assembled Materials, Materials Research Society; Vol. 206,
Pittsburgh, PA, 1991.

(7] P. Jena, S.N. Khanna, and B.K. Rao, editors, Physics and Chemistry
of Finite Systems: From Clusters to Crystals, volume I and 11, Kluwer
Academic Publishers; Boston, 1992.

[8] R.L. Whetten, D.M. Cox, D.J. Trevor, and A. Kaldor, Surf. Sci. 156, 8
(1985).

[9] W.P. Halperin, Rev. Mod. Phys. 58, 533 (1986).
(10} Chikara Hayashi, Phys. Today 40, 44 (1987).
[11) M. Moskovits, Annu. Rev. Phys. Chem. 42, 465 (1991).

[12] C.M. Aldao, I.LM Vitomirov, G.D. Waddill, and J.H. Weaver, Appl.
Phys. Lett. 53, 2647 (1988).

[13] J.H. Weaver and G.D. Waddill, Science 251, 1444 (1991).

[14] D.J. Smith, A K. Petford-Long, L.R. Wallenberg, and J.-O. Bovin, Sci-
ence 233, 872 (1986).

[15]) Sumnio lijima and Toshinari Ichihashi, Phys. Rev. Lett. 56, 616 (1986).
[16] P.M. Ajayan and L.D. Marks, Phys. Rev. Lett. 63, 279 (1989).

14



[17) P.M. Ajayan and L.D. Marks, Phase Transit. 24-26, 229 (1990).

(18] D.W. Abraham, H.J. Mamin, E. Ganz, and J. Clarke, IBM J. Res. Dev.
30, 492 (1985).

[19] A.M. Barc, A. Bartolome, L. Vazques, N. Garcia, R. Reifenberger,
E. Choi, and R.P. Andres, Appl. Phys. Lett. 51, 1594 (1987).

[20] E. Ganz, K. Sattler, and J. Clarke, Phys. Rev. Lett. 60, 1856 (1988).
[21] E. Gangz, K. Sattler, and J. Clarke, Surf. Sci. 219, 33 (1989).

[22] Y. Kuk, M.F. Jarrold, P.J. Silverman, J.E. Bower, and W.L. Brown,
Phys. Rev. B39, 11168 (1989).

(23] J. Xhie, K. Sattler, U. Miiller, N. Venkateswaran, and G. Raina, Phys.
Rev. B. 43, 8917 (1991).

[24] Y.Z. Li, R. Reifenberger, E. Choi, and R.P. Andres, Surf. Sci. 250, 1
(1991).

(25] D.M. Schaefer, A. Ramachandra, R.P. Andres, and R. Reifenberger, 7.
Phys. D, (in press) (1993).

[26] W.D. Knight, K. Clemenger, W.A. de Heer, W.A. Saunders, M. Y. Chou,
and M.L. Cohen, Phys. Rev. Lett. 52, 2141 (1984).

[27) W.A. de Heer, W.A. Knight, M.Y. Chou, and M.L. Cohen, Sclid State
Phys. 40, 93 (1987).

(28] M.L. Cohen, M.Y. Chou, W.D. Knight, and W.A. de Heer, J. Phys.
Chem. 91, 3141 (1987).

[29] O. Cheshnovsky, K.J. Taylor, J. Conceeicao, and R.E. Smalley, Phys.
Rev. Lett. 64, 1785 (1990).

[30] E. Schumacher and M. Kappes, in Large Finite Systems, edited by
J. Jortner, A. Pullman, and B. Pullman, page 289, Reidel Publishers,
Dordrecht, 1987.

[31] C.L. Pettiette, S.H. Yang, M.J. Craycraft, J. Conceicao, R.T. Laak-

sonen, O. Cheshnovsky, and R.E. Smalley, J. Chem. Phys. 88, 5377
(1988).

15



32)
33]

[34]

[40]
141]

[42)
[43]
[44]

(45]

46
47

S H. Yang, C.L. Pettiette, J. Conceicao, O. Cheshnovsky, and R.E.
Smalley, Chem. Phys. Lett. 139, 233 (1987).

S. Yang, K.J. Taylor, M. Craycraft, J. Conceicao, C.L. Pettiette,
O. Cheshnovsky, and R.E. Smalley, Chem. Phys. Lett. 144, 431 (1988).

G. Gantefor, M. Gausa, K.H. Meiwes-Broer, and H.O. Lutz, Faraday
Discuss. Chemn. Soc. 86, 197 (1988).

G. Gantefor, M. Gausa, K.H. Meiwes-Broer, and H.O. Lutz, 7. Phys.
D 12, 405 (1989).

G. Gantefor, M. Gausa, K.H. Meiwes-Broer, and H.O. Lutz, J. Chem.
Soc. Faraday Trans. 86, 2483 (1990).

M.E. Geusic, M.D. Morse, and R.E. Smalley, J. Chem. Phys. 82, 590
(1985).

R.L. Whetten, D.M. Cox, D.J. Trevor, and A. Kaldor, Phys. Rev. Lett.
54, 1494 (1985).

S.C. Richtsmeier, E.K. Parks, K. Liu, L.G. Pobo, and S.J. Riley, J.
Chem. Phys. 82, 3659 (1985).

D.M. Cox, P. Favet, R. Brickman, M.Y. Hahn, and A. Kaldor, Catal.
Lett. 4, 271 (1990).

E.K. Parks, B.J. Winter, T. Klots, and S.J. Riley, J. Chemn. Phys. 94,
1882 (1991).

S.J. Riley, Phase Transit. 24-26, 271 (1990).
M.J. Jarrold, Science 252, 1085 (1991).

T. Castro, R. Reifenberger, E. Choi, and R.P. Andres, Surf. Sci. 234,
43 (1990).

T. Castro, R. Reifenberger, E. Choi, and R.P. Andres, Phys. Rev. B 42,
8548 (1990).

T. Castro, PhD thesis, 1989, Purdue University (unpublished).
Y.7Z. Li, PhD thesis, 1989, Purdue University (unpublished).

16



(48] M.E. Lin, R. Reifenberger, and R.P. Andres, Phys. Rev. B, (in press)
(1992).

[49] M.E. Lin, R. Reifenberger, A. Ramachandra, and R.P. Andres, Phys.
Rev. B | (in press) (1992).

[50] M.E. Lin, R.P. Andres, and R. Reifenberger, Phys. Rev. Lett. 67, 477
(1991).

[51) M.E. Lin, PhD thesis, 1991, Purdue University (unpublished).
[52] C.M. Egert and R. Reifenberger, Surf. Sci. 115, 159 (1984).
[53] D.L. Haavig and R. Reifenberger, Surf. Sci. 151, 128 (1985).

[54] Y. Gao, R. Reifenberger, and R.M. Kramer, J. Phys. E: Sci. Instrum.
18, 381 (1985).

(53] Y. Gao and R. Reifenberger, Phys. Rev. B32, 1380 (1985).
. Gao and R. Reifenberger, Phys. Rev. 335, 6627 (1987).
. Gao and R. Reifenberger, Phys. Rev. B35, 4284 (1987).

- -~

. Gao and R. Rcifenberger, Phys. Rev. 335, 8301 (1987).

=
=)
W

S. Mogren and R. Reifenberger, Surf. Sci. 254, 169 (1991).
[60] F.A. Lindemann, Z. Physik 11, 609 (1910).

{61] A.R. Ubbelohde, The Molten State of Matter, John Wiley and Sens,
1978.

[62] L.L. Boyer, Phase Transitions 5, 1 (1985).

[63] R.M.J. Cotterill, J. Cryst. Growth 48, 582 (1980).

(64) R.W. Cahn, Nature 273, 491 (1978).

[65] J.W.M. Frenken and J.F. van der Veen, Phys. Rev. Lett. 54, 134 (1985).
(66) R.W. Cahn, Nature 323, 668 (1986).

[67] J.F. van der Veen and J.W.M. Frenken, Sur. Sci. 178, 382 (1986).

17



[68] S.R. Phillpot, S. Yip, and D. Wolf, Computers in Phys. Nov/Dec, 20
(1989).

[69] R. Garrigos, P. Cheyssac, and R. Kofman, Z. Phys. D. 12, 497 (1989).

[70) Y. Lereah, G. Deutscher, P. Cheyssac, and R. Kofman, Europhys. Lett.
12, 709 (1990).

[71] D.A. Oxtoby, Nature 347, 725 (1990).

[72] R. Kofman, P. Cheyssac, R. Garrigos, Y. Lereah, and G. Deutscher, Z.
Phys. D. 20, 267 (1991).

[73] J.F. Lutsko, D. Wolf, S.R. Phillpot, and S. Yip, Phys. Rev. B40, 2841
(1989).

(74] S.R. Phillpot, J.F. Lutsko, D. Wolf, and $. Yip, Phys. Rev. B40, 2831
(1989).

[75) Ph Buffat and J.P. Borel, Phys. Rev. A13, 2287 (1976).
[76) R. Kofman, P. Cheyssac, and R. Garrigos, Phase Transit. 24-26, 283
(1990).
{77] J. Ross and R.P. Andres, Surf. Sci. 106, 11 (1981).
[78] R. Stephen Berry, Julius Jellinek, and Grigory Natanson, Phys. Rev.
A30, 919 (1984).
{79 Murty S.S. Challa and D.P. Landau, Phys. Rev. B34, 1841 (1986).

[80] Estela Blaisten-Barojas, I.LL. Garzén, and M. Avalos, Phys. Rev. B36,
8447 (1987).

[81] Thomas L. Beck, Julius Jellinek, and R. Stephen Berry, J. Chem. Phys.
87, 545 (1987).

[82] R. Stephen Berry and David J. Wales, Phys. Rev. Lett. 63, 1156 (1989).

[83] J. Bernhole, P. Salamon, and R.S. Berry, in Physics and Chemistry of
Small Clusters, edited by P. Jena, B.K. Rao, and S.N. Khanna, pages
43-48, Plenum Press, New York, 1987.

[84] F. Amar, J. Bernholc, R. S. Berry, J. Jellinek, and P. Salamon, J. Appl.
Phys. 65, 3219 (1989).

18



(85] T. Castro, Y.Z. Li, R. Reifenberger, E. Choi, S.B. Park, and R.P. An-
dres, J. Vac. Sci. Technol. A7, 2845 (1989).

19



7 Published Articles
Hnore



" DATE
FILMED
Q 129/ 93

END







