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1 Introduction

This report summarizes the work performed under contract DOE-FG02-

84ER45162. During the past ten years, our study of electron emission 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 collaboration with R.P. Andres in the School

old Chernical Engineering at Purdue University. The Mu]tiple 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 indica.ted 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
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effort has blended a healthy mixture of physics, chemistry and materials sci-

ence focussed on the goal of better understanding the unique pr_:,perties pos-

sessed by aggregates or clusters of atoms. 1 lt is now known that the finite size

of clusters leads to new atomic packing geolnetries 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 variety 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 electronic and thermo-

dynamic properties far in advance of the time that nano-structures will be

required by the electronics industry. _l'he potential for optical, electronic, and

magnetic applications is a prime reason why an increasing emphasis on the

properties of 'supported clusters' and 'cluster-assembled materials' is emerg-

ing. 2-4 This trend is evident from recent topical cluster conferences that have

been organized within the past few years, s-r

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

atoiTlS. 8-11

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



clusters aIlct not readily available son le ten years ago, _ has cleared the way

for supported cloister studies. As examples, the known surface sensitivity

of synchrotr,,n photoemission has been exploited lo study the properties of

thin cluster films deposited on substrates. 12'_:_ tligh resolution tra.nsmission

electron microscopy has also been used to s_udy the geoinetry of supported

clusters. 14-17 Even more dramatic has been the use of the scanning tunneling

2s to study18-24 and more recently the atomic force microscope,mi croscope,

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 frown well-

established cluster-beam measurements like mass-abundance, 2s-28 electr'm

• "_9 ' -_ T 31-36affinity,- ionization potential, 3° gas-phase photoelectron spectrosc_p2_,

and gas-phase reactivity. 37-43

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. 3'4 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 sizes
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which slnears out any size ei[ects under investigatio;J. Our research supported

by DOE has adressed tl!is crucial p>_blem head-c,n and t_a_ produced son-le

much needed data on the propertie_ of individ_lal supported nanomcl, er-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 indT'viduul supported cluster.

.ks summarized below, a wide variety of results have been obtained on the

electronic and structural properties of nanolneter-size clusters under DOE

support. Examples include thelneltingtemperature_-s a. function of cluster

size, 44-46 the shape of supported clusters on flal. substrates, _4'4r and the size-

dependent electronic structure of individual supported clusters, au-sl Most of

this prior work ha.s 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 Sulnmary of Results oll Supported Nanometer-

size Clusters

3.1 Size-DeI)endent Melting

\'Ve have ,:,brained a nurnber of interesting results by applying ,)ur expertise

in areas related to field emission and photo-field e:llission 52_" to questions

related to tlle nanolneter-size cluster probleln. In this section, we sunllnarize

l,he more imp,:,rtant res_lli.s obtained on the size-(:tel)erlderlt, tilelting transitio,1.

The de_ails c,f h,_w a melting lranaiti,:,n in a s,,lid occurs l_as l>ccn a

tc, t)ic of lc,ng-terln interest. ,_T"'t,I-',,_,tllc,-_,ries ,,f_"l_clting ]lave f,:,cusscd ,_II_tlm

rc,le of vibrational instabililies, t_°'_l la.ttice-shear iTlstabilities, c'2 catastr,.:pllic

generation of dislocati,,ns, s_ or ttle presence ,._fthcrlllal vacancies and other

point defects. "_4The dominant role played by an external surfac,-, in the me!t-

. . (. _carly, interest ii_ging transition has also receIltly been _'lnpliasizt;d ,.;5-72 ,_

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 a.s grain boundaries

or dislocations. Computer simulations of melting have nicely demonstrated

the influence of these features on the melting transition. _a'r4 As cluster size

decreases, the number of surface atoms increases and any role played by the

surface in the melting transition will be accentuated, lt ,.nay not be sur-

prising, therefore, that small Au clusters in tke nanoineter-size range show a



;tl,'lt i1_gl),-,i.'_t (l('t>ros._:i,.,_l.r_

l'he study c,f n_elting in s,Jlall Tl;,,n,.,ITlet('r-size ('!'_st_'vs is als(, rc!e','ant tc,

a 1)ett,.-_rundc:rst,an,]ix'_gof lhe rhr!lingt,r_:_isit,i,:,tlin g,,,,,leralr_;az_(ltl_eissue

(:,f size dependerlt Tnelti,,_g of small cloisters h_ls th,:,v(:f,.,re received i1_creasing

theoretical n.ttenli,:,n in the lCtst few yt'a, rs. 77 82 It ',*,'illcovlt,i1_ue to be a topic

,',f c¢,llsic]eral)]e interest beca_lse it encompasses a nu;nber ,.,f iinportant is-

sues. The n_elting depression in small xnetallic clusters is _lso of cor, siderable

technological importance. _'a'_4 F',:,rthese reasons, ally systematic data (m this

Tnelting transiti,:,n should be cle_Tty welco:ned.

\Ve have already demonstrated the feasibility _,f using t}le field ('Jnission

currevlt frovn an indi'idual cluster Io lneastlre tile n_elting te_nperature ,::,f

that clusler. 'Fo (1o this, we have sl),:,wn 8r''4"t''t_ lh;_t i_divid_zal nano_eler-size

clusters can be reliably soft-landed on the apex of sharp field e_nission tips

in a controlled way. This new technique has the fl,'.,:ibilily ,:,f studying a

single isolated cluster over a wide rang(." ,:,f sizes (-- 1.0-- 2(I _n in c]ia_neter).

Moreover, the ted_nique appears to be as sensitive to small clusters as t_,

large ones.

3.2 Size-Depende_lt Electronic Str_ncture

The question whether the quantized electronic states of a free space cluster

survive the deposition process is au in_p,.-,rta_t issue with vast implications. It,

has been difficult to address this question experinwntally, l_('cently, however,

structure in the energy distribution of electrons emitled from a 1 n_n Au
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cl,lslcr sl:pp,:,rtod c,n a \V tip }1as t_,:.l!n s_cc,.ssf,l]lV lneas_::e¢l at P:lr_Iue. *c'

A r_'s_,nallt i_lntielillg model to explaila ttlis tiara in lcr:|is ¢,f llle cl,_ster's

q,laxlt.ized electro,lie str,act.ure has been t_r,_.,p,,.,.r'<l.'_ ;].'he ,_,}_st'Iv¢.clc'lrlissi,,n

spectra provided good evidence that the quantized electronic state's in a 1

nm dialneler Au cluster can survive at roe, lh teIllperature when the cluster is

supported on a \V surface.. A resoIlant-tunneling mc, del based on firsl,-order

perturbation of the supported cluster by the applied electric field was used

to provide an estimate for the position in energy ,ff tl_e peaks observed in

• 4_ _0
the field e_a:ssic, n spectr_rn.- ..... A reasonable acc,_,ullt for tlle experilnerltal

observat ions was obtained a11d a tenl a_ive i¢te_lt ificati,:_n ,:,f l lie cluster shell-

lcvels responsible for the observed structure was propc:.sed.

This novel fie)d e_nission technique has been fi_rtl_e.r e:.:pl,:_ited to probe

the e!ectronic struc'ure of supp,,rted Au cJ,_sters ira the 1 _,_m tr, 3 nm size

range and the evolution of the size-dependent electronic structure of indi-

vidual, supported metal clusters has been studied, a9 A number of interesting

observations can be made from the data. The electron energy distribution

shifts toward the substrate E_ with increasing clu_:ter size, with ali detectable

structure disappearing for clusters with diameters greater than -'_3 nra. 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 meas_ired on a time

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

cluster states to the substrate. 4_



4 Graduate Student Participation

:\ nun:ber of graduate st_lcnts have cc,T_tril)_lt_:¢tt,., tile rest'arch (:tisc,_s_¢',l

above. "['hose stud_'uts arc ];st,:'dbcl,_,w. Th,:,sc s,lpI)ortcd by DOE research

funds are marked with an asterisk.

('hemical Engineering Clradltate Stttdents

Stung-Bin Park (PhD in 1988)

Eugene Choi (Phi) in 1989)

Amar Ramachandra (Pbl) in 1992)

Atul Patil (l)hD calldidatc)

Ph.vsics Gra¢luate Students

Stacy hlogrcn (*)(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

"Thernlionic and Threshold Photoemission Study of LaBs( 110)", S. Mogren
and R. Rcifenberger, Surf. Sci. 186,232-46 (1987).
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".\ I¢¢",riev;_t_Ic [711V I}ep,,si! i,,n _';,,,Ir¢*,' (,,r lll',,,.,_ti:,;_1i,,I_ ,,f l,,,w Nlcl', i'_g

Sci. Inslr_lrT1. ,5_, 289-9'?. (!98';).

"l)irec', l,11agiv,g of 13 ,,_,-di_:n ,,\_l ('l_:sters l:._iTlg S(_T_ning, 'l'u_;,,:.',i,,g _li-
cr,,sc%_y", ..\.M.l.]nro, A. l'lart.ol,,yne, I,. \'a;_quez, N. (.;nrcia, I"1..l'{eife1_-
berger, I'_.('h,_,i, a_l R.P. An(Ires, Apl_l. Pt,,ys. ta, tr. 51, 159,1-6 (1987).

"Sl_dies ,:,f Individual Nam,_wlt'r-Sized _let_llic {'l_sters Using the Scan-
ni_g 'l'unn_'li_g ,Micr,,sc,_p,:,, Fi,,1,t l",_issi,,n _d l'iel_t, i,,n Nlicr,.,sc,:,py",
T. Ca._tr,,, Y.Z. Li, I{. l{eifenb¢,r_,cr, E. ('.}_,.,i, S.i]. l:'_rk, _.nd R.t'. An-

dres, ,!. Vac. ,_ci. Techn,,l. AT, 28,15- (1989).

"Writhing Nano_neter-Scale Features in (..;,.,ld l_si_g the Sca_ing Tunnel-
i_]g _licroscope", Y.Z. I,i, b. \'azquez, R. l-'iner, R.P. Andres a_d R.

Reifenberger, Appl. Pl:vs. l,,.'tl. 5.1, 1-12.1-26 (1.qSg).

"C,,ml_ulcr (:, ,_t r,,l ,,f the Tunnel l]arrier \Vid, h f,,r the Sc;_:_i_g '['u_eli_g
.klicr,_,s¢,,p,.,", R. l:'i_er and 1_.. l_.eifenb,'rg,'r, l{,'v. Sci. In:_lr,_n. {_O,

2a-g ( 9s9).

"A Field l'_nissi,..'_ "l'ech_iq_e lo Nl,.asure lhc ._l¢'l_,ing "l'emper;_t_re ,,f ln(ti-
vidnal N_no_neter- Sized ('l,_s', ers", ['. Casl ro, R. l{.eifenberger, I",. Choi,
a_d R.P. ,.\ _d_es, Surf. Sci. 23.1, -13-52 (199(t).

"Size l)epe_dent Melting 'l',-n'perat_:re of l_divi,lual Nanc,,neter-Sized Nletal-
l;c ('l_sters", T. Caslro, R. Rcifenb¢.rg,'r, !'7..Choi, and R.t'. Andres,
Phys. Rex,. I],12, 8548-,56 (199{I).

"STM and FEM Studies of Individual Supported Metal Clusters", T. Ca.s-
tro, Y.Z. Li, R. ReiDnberger, g. Choi, S.B. Park, and R.P. Andres,
Novel /llaterials in ttetero.qeneous Catal_lsis, R.T.K. Baker and L.L.
Murrell, Eds., American Chemical Society Symposium Series No. 437,
A_nerican Chemical Society, Washington D.C., pgs. 329-41 (1990).

"Thermodynanaic and Structural Properties of Individual Nanometer-Size
Supported Metallic Clusters", '!.'. Castro, E. Choi, Y.Z. I,i, R.P. Andres
and R. Reifenberger, Mat. Res. Soc. Symp. Proc. 206, 159-, (1991)

"Field " .....l,m_ss_on and Photofield t;rn_ss_,m fron_ l,al_:_, S. Nlogren and I{.
Reifenberger, Surf. Sci. 254, 169-81 (1991).



r_i:_ 'l_'zr,n,'li:_g, _l,",,<;,,,i _,_'', 3" /. l.i, !_, l_,._f,,._!,,..g,,,T, }'_. {')l,,i, ;_1

"()t.,:;,,r-*;_'i,,_l ,rill,' [_i_t:,tct_ _ ,':_t _I.!. r _,,!iv

SIzo S,il)p,,rted (;,,ltt (",,;s:,.r", hl .i';. ],i:l, l( t'...\. ,ir,,r;, t(. Ilpife:;i.icr!4.,cr,
l'hvs. Rex,. l;,'tt. 67, ,177-,_1i,(1!1917,

".qize.depenile:lt l'herlll,:,d,_ :lalilic i_l,it I';lecttc,i;ic lit,,p,'rti,'s ,,f lndivi,l_:,l
N;tn,,i:l+,ter-size S_il>p<,rted (1,,1,t ('l,_s:,'rs", _IE, l.in, A. l{;lilili(,]iandr,'1,
1{ ]). :\ndres, and 11. ll,,ifl,llt>_'rw'r, ':l iih.vsi,'s liliil ("hollli,_tl'y til

Finite _y_ll?lll; "%'111. l, E,ts, P. ,l,';i;t, _.N. i{hnililli, ;llid 13.t'(. Rtt,,,
t'(l_i,,ver ..4tcadeli_i(" l)ut)lishi'rs, II,,:l,:,n, 199'2; pgs. 3(i9-22.

"llnpr,)v,,d _l,,tb.,:,d f,_,r t:r;lcl;,.1 ,\l_t_lvs!s I',::_g Sc/inili:_g Pr,,be hlicr,,r;(,:,py ,
S.._l'llpr ;ll:,t t_ t_,'ife!,herl,,'r, ,I. \'at .q_i. *l','tl::_,,l. li, l(I, 1'2(13-7

"l'he tei('ld Ig::_is_i.,n .qi_i'clr_liil ,,f n N:_,_,,':,et,.r <*izeP'lpl;,,:'{e,l (;,,ld ('!_:s-
lcr' "I !l,.,:,ry ;l:ld E:.:pe:i:n,'nt", XI t'2. l.i,_. 11. ll,'ir,-rlb,:rg+'r, li. 1_, :%ndles,
l)h\'<_ ii<",'. I3.16, 15;911-7 (ltiq')).

"Size-dep("_,.te::t l:i,:.Id F]:ni<si,_,n Sp,.ct:;_ .rr,,,.'li N;ln,:,incl,,'r-sice S'lt_p,,rted
' ..... , 1_(:.l,e.,_;;,-rger, .G,:,ld " ....... \ tlnInnchttndra, nr_.d R.P.L.u_+,":s" XI.t: I,in, R. , "r '

.;\nclres, I)hvs. F_ev. 1116, lg,,t98-,:,t1'.}_]992).

""lt'l:.l:ctri,n [:]ll;issi,,,l., fr,,:ll i_n l,,tlivi,i,lal..... 7_lt)p,:,rl,.d (',,,,", XI.E. l,iil, R.P.
Andres, t{. I{eifneberger, ;lild I).R. llultTilian, Ptivs. Rev. B,17, 7546-

"l'_lectron Einission frc,In Nanometer-size .Metallic (?l_ustrers: Electronic

States and Structural Stability ,:,f Supported Au Clusters", M.E. Lin,
A. Rarnachandra, R.P. Andres, R. Reifenberger, Pr,:,ceedings of the
NATO Advanced Research Worksh,)p rm Nanosources and Manipula-

tion of Atolns under High Fields and "I'emper_it_res, I,y,.m, France (in

press).

6 DOE Related Talks

A Scanning Tun,aeling _l'",'oscope Study ,:,f :\ii Clusters, R. Reifenberger,
A.M. Baro, N. Garcia, L. \"azquez, ..\. B;irt,.,]c,ine, R.P. Andres, and E.
Choi, presented <it the Scanning Electr,:,n _Iicr,:,scopy '87 C,:,nference;
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Hamilton Ontario, Canada,; May 4, 1987; presented by R.. Reifenberger
(30 rain.); Invited.

Scanning Tunneling Microscope Studi_s 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 7t Diameter Au
Clusters, T. Castro, E, Choi, R.P. Andros 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 6rh 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. Ca.stro, E. Choi, R.P. Andres, and R.
Reifenberger, American Vacuum Society 35rh Na.tional Symposium -
Topical Conference "Probing the Nanometer Scale Properties of Sur-
faces/Interfa.ces", 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, 36rh

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).

\Vriting Nanometer-Scale Features in Gold Using the Scanning Tunneling
Microscope, R.P. Andres, Y.Z. Li, R. Reifenberger, March Meeting of

11



the American Physical Society; St. Louis MO; March 20-24, 1989.
Presented by R.P. Andres (10 minutes).

Electronic Properties of Au Clusters Using Scanning Tunneling Microscopy
and Spectroscop?, 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. Ap.dres, and R. Reifenberger; STM Spring Workshop,
Laboratory for Research on the Structure of Matter, University of
Pennsylvania, Philadelphia PA, May 1/5-16 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 rains). Invited.

Size-dependent Shape and Melting Temperature of Supported Na.nometer-
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-
uuin 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 rains).
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 rains).

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

rains) Invited.

Field and Photo-field Emission from Sharp Tips, R. Reifenberger, presented
at the Amoco Research Center, Naperville It; 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 'Funneling 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 IN,
March 16-20, 1992 (10 rains).

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.
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