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L. Introduction

This final report covers the three-year granting period of DE-FG()2-98ER45704
from July 1, 2001 to June 30, 2004 plus the one-vear extension granted for the period
July 1, 2004 to June 30, 2065. The total amount of this award was $180,000 (31 50,000
for the period 1/7/01-30/6/04 plusz $30,000 for the extension vear). There were no
unexpetided funds at the end of the project on June 30, 2005.

The contributions that we have made during the grant period of DE-FGO2-
9ZER45704 can be placed mnto six different categones: (1) advances in the Theory of
Molecule-Surface Seaiterlug, (2) advances in the Theory of Afom-Surface Scattering,
(3) utilization of scattering theery to Extract Physical Information about Surfaces, (4)
Gas-Surface interactions, (5) lon Seattering from surfaces and (8) Scanning



Tunneling Microscopy (STM). These six topics are discussed below as individual
listings under the title “IV. Detailed description of research accomplishments™,

These advances show that we have made significant progress on several scientific
problems in atomic and molecular surface scattering during the course of this grant as
well as contributions to other areas. It is also noted that this work, although
fundamentally theoretical, is marked by its strong motivation to explain current
experimental measurements. This was an important secondary goal in the proposed
work., We have developed theory that is useful to expenmentatists in the explanation and
analysis of their experimental data, and this point is underscored by our collaborations
with many experimental groups in both the U. 5., BEurope and Japan.

Since the beginning of this grant peried in 2001 the research group of Manson at
Clemson University has published 21 refereed joumnal articles with one additional paper
currenily submitted. These are listed below in the next section.

I1. Publications

1. D. Farias, M. Patting, K.-H. Rieder and J. E. Manson, “Which Direction is Uphil]?:
Rcatterimg of He Atom Grazing-Angle Diffraction Beams from Surface Steps”, Surface
Science 480, 1395 (2001).

2. Li Mubing, J. R. Manson and Andrew F. Graham, “An Experimental and Theoretical Analysis
of the Multiphonon Exeitation Probability for Einstein-like Modes in Atom-Snrface
Scattering”, Phys. Rev. B 63, 155410 {2001).

3. A Muis and J. R, Manson, *Theory and Calcviations of the Energy A¢commodation
Coefficient Using Classical Scatteting Theory™, Surface Science 486, 82 (2001).

4, I. R. Manson and 8. Miret-Artés, “Focused sticking of light mass particles in
phystsorption”, Phys. Rev. B 63, 121404 (2001},

5. Heana Iftimia and T. R. Manson, “Theory of Molecule-Surface Scatiering at Thermal and
Hyperthermal Energies”, Phys. Rev. Lett. 87, 093201 (2001).

6. Li Mubing, J. k. Manson and Andrew P. Graham, *An Experimental and Theoretical
Investipation of the Multiple Phonon Excitation of Monolayver Film Modes with Heliun:
Atom Scattering: Kr/Pi(111)”, Physical Review B 65, 195404(2002).

7. A. Ozer and J. R. Manson, “Comparison of One-Dimensional and Three-Dimensional Models
for the Energy Accommodation Coefficient”, Surface Science 502-503, 352 (2002).

8. . Farias, M. Patting, K.-H. Rieder and J. K. Manson, “Scattering of He Atoms from Surface
Defects by Grazing-Angle Diffraction Beams™, Physical Review B 65, 165435 (2002},

%. Tleana Iftimia and J. R. Manzon, “Theory of Mixed Classical-Cruantemn Scattering of Molecules
from Surfaces”, Fhys. Rev. B6S, 125401 (2002).

10, Ileana iftirma and J. R. Mangon, “Surface Scattering of Small Molecules: Theoretical
Analysis of C;H; Scattering from LiF(001)", Physical Review B 65, 125412 (2002).

11.J. Dai and I. R. Mansen, “Classical Theory for Scattering of Rigid Molecules from Surfaces”,
Nuglear Instruments and Methods in Physics B193, 497 (2002).

12. I. R, Manson, Andrew P, Grahem end Mubing Li, *Multiple Quantum Excitation
Probabilities of Einstein-Like Modes of Surface Adsorbates Induced by He Atom
Scattering”, Journal of Physics: Condens. Matter 14, 6233 (2002},

13. L.Bartels, 8. W. Hia, A. Kihnle, G. Meyer, K.-H. Rieder and J. R. Mansen, “STM
observations of a one-dimensional electronic adge state at steps on Cu(111)", Physical
Review B67, 205416 (2003).

14. lleana Ifimia and J. B. Manson, "Theory of Motecule-Surface Scattering”, Journal of



Flectron Spectroscopy and Related Phenomena, 129, 219 (2003).

15. Jinze Dai and J. R. Manson "Theoretical Analysis for the Determmation of Surface
Compasition in Molten Ga-Bi Metal Alloys by Rare Gas Scattering”, Journgl of Chemiral
Fhysics 119, 9842 (2003).

16. Inma Moroz and J. B. Manson, “Calealations for methane scattering from LiF{001)”, Phys.
Rev, B 69, 205406 (2004).

17. Iyna Moroz, Hailemanam Ambaye and J. R. Manson, *Molecule scattering from insulator
and metal surfaces™, Journal of Physics: Condens. Matter 16, 82953 {2004).

18, Hailemariam Ambaye, L R, Manson, Olaf Weile, Claudia Wesenberg, Marcello Binetti and
Eckart Hasselbrink, “Scattering of Oy from Al(111)", J. Chem. Phys. 121, 1901 (2004).

19. I. Powers, I. R. Manson, A, Lavery, C. Sosolik and J. Hampton, “Scatiering of Low Energy
K Ions from Cu(G01)", Phys, Rev. B 70, 115413 (2004},

20. Iryna Moroz and J. B, Manson, “Methane scattering from Pr(111)7, Fhysical Review B 71,
113405 (2605).

21. Guoging Fan and J. R. Manson, “(Gas-surface scattering with multiple collisions in the
physisorption potential well”, Phys. Rev. B 72, 085413 (2005).

22. Hailemariam Ambaye and J. R. Manson, "Calculations of Acconmodation Coefficients for
Diatornic Molecular Gases", submitted to the Physical Review E.

II1. Research Fapers at Sclentific Meetings and Invited Presentattons:

1. Manson, I. R. “Scattering of dioms and Molecules from Surfaces”, Atomic,
Molecular and Optical Physics at Surfaces, Harvard-Smithsonian Institute,
Cambridge, MA (June 14-16, 2001), invited talk.
2. Manson, 1. R. “Theory of surface scattering of small molecules”, and
“Theoretical analysis of the midtiphonon excitation probability for Einstein-like
modes in atom-surface scattering”, Symposium on Surface Physics of the Japan
Physical Society, Jan. 8-11, 2002, Furane, Japan, invited talks,
3. Iftimia, Ileana and Manson, J. R., “Theory of Molecule-Surface Scartering”,
22nd Wemer Brandt Workshop, June 27-29, 2003, Namur, Beiginm, prize for the
best poster presented.
4, Iryna Moroz and J. R. Manson, "Caelewlations of Methane Scattering from
LiF001)", Symposium on Surface Science, La Plagne, France, darch 31-April 4,
2003,
5. L R. Mansoen, "Molecdle-Surface Scattering”, presented at the 23rd Wemner
Brandt Workshop, Berlin, Gennnay, 12-14 July, 2004.
6. J. R. Manson, "Seatrering of Molecules by Surfaces”, presented at the Donostiz
Intemational Physics Center Workshop:  Moleenle-Surface  Interactions:
Elementary Reactive Processes, San Sebastian, Spain, September 7-11, 2004,
7. J. R. Manson, "Scattering of Molecules from Surjaces", presented at the March
Meeting of the American Physical Society, Montreal, Canada, March 22-26,
2004. This was an invited presentation in the Focus Session on Chemical
Physics.
8. I R. Manson, “Surface Scattering of Low-Energy Ions”, 24th Brandt-Ritchie
Workshop, University of Florida at Gainesville, April 19-12, 2005,

9. “Molecule-Surface Interactions™, Freie Universitit Berlin, Berlin, Germany,
May 28, 2001.



10. “Theory of Scattering of Small Molecules from Surfaces”, Humboldt
Universitit zn Berlin, Berlin, Gemmany, July 4, 2001.

11. “Theory af molecnle-surface scattering”, Max Planck Institut filr
Stromungsforschung, Goeitingen, Germany, May 28, 2({2.

12. “Aromic and Molecular Scaitering from Surfaces”, University of Magdeburg,
Germany, August 5, 2001

13. “Gas-surface interactions”, Ohio University, October 10, 2002,

14. "Detection af Surface Defects by Grazing-Angle Diffraction”, Freie
Universiifit Berlin, Germany, June, 2002.

15, "Atomic and Molecular Scaitering from Surfaces”, Department of Physics,
University of Magdeburg, Germany, August 5, 2002.

16. "Scattering of Molecules from Surfaces: The Case of )2/LIF(004)",
Departments of Chemistry and Physics, University of Essen, Germany, July 17,
2003,

17. "Atormic and Molecular Interactions with Surfaces”, colloquinm presented at
the Department of Chemistry, Technical University of Munich, Germany, June
24, 2004,

18. "Translational, Rotatinnal and internal Mode Energy Exchange in Molecide-
Surface Interactions”, colloquium pres¢nted at the Department of Physics,
Cavendish Laboratory, Cambridge University, Cambridge, UK, July 28, 2004,
19. "Interactions of Atoms and Molecudes with Surfaces”, seminar presented at the
Department of Physics, Freie Universitact Berlin, Berlin, Germany, June 2, 2004
20. "Arom-Surface and Molecule-Surface Scaitering Theory", colloguium
presented at the Department of Physics, University of Wisconsin, Madisen,
Wisconsin, Novemnber 18, 2004,

21. “Scattering of Atoms from Amorphous Surfaces”, colloquivm presented at the
Laboratoire; Surface duVerre et Interfaces, Centre Natonale de Recherche
Scientifique, Saint-Gobain-UMR 123, Paris, France.

22. “Low-Energy lon Scattering from Surfaces”, colloquivemn presented at the
Departtent of Physics, the Humboldt Universitit zo Berlin, Germany, June 29,
20105,

IV. Description of research accomplishments:

{1) Theory of Molecule-Surface Scattering. The most important advance achieved
during this grant period is our development of the theory of molecule scattering from
surfaces vader conditions in which the transiational and rotational motions of the
maolecule are treated classically (which is valid for almost all molecules except hydrogen)
while treating the internal vibragional medes of the molecule with quantum semiclassical
theory [5,9,10,11,14]. Thus, the theory includes the three major modes of energy and
momenturn exchange with the surface, i.e, phonon excitation (surface vibrations),
rotational excitation of the molecules, and excitation of internal mode vibrations of the
molecule. This work was initizted with postdoc Neana Iftimia and our first results were
reported in Physical Review Letters [5]. This was quickly followed by two longer papers
in the Physical Review B [9,10], one mainly devoted to the theory and the second giving



detailed comparisons of our ¢alculations with the experiments of Roger Miller of UNC
for the scattering of acetylene from LiF{001). Measured angular distributions of
acetylene scattered from the LiF surface were well explained by our theory, the teasursd
final intensitics as functions of the final rotational energy were explained, and the final
rotational temperatures of the scattered particles were aiso calculated to be in agreement
with measurements. Predictions were calculated for excitation probabilities of the
internal molecular vibrational modes. Only the C;H> bending modes are appreciably
gxcited, and excitation probabilities were calculated in the range of 3% to 5%. (The
imtemal siretch modes have energies too large to be sigmficantly excited,) Symmetry
effects were found to be important and isofopic substitutions of deuterium in the CaHa
projectiles are predicted to canse significant changes in excitation, in particular large
increases in excitation probability for the ¥4 bending mode which has an energy of 76
meVY for the C;Hz 1somer.

After Iftimia’s departure for Harvard University (she is cuarently at Tufts
University}, this program of research was taken over by the postdoc, Iryna Moroz. She
further developsd the theory and carried out calculations for the scattering of the more
complicated molecule, methane, from atkali halide and metal surfaces [16,20]. Her initial
results agreed very nicely with the somewhat limited methane scattering data available
from the UNC group of Miller. However, the group of 8. Yamamote of Tsukuba
University in Japan has recently begun a new program in molecular beam scattering from
surfaces and has already generated extensive results for the scattering of methane from
LiF(001), cleat: Pi(111) and well characterized adsorbate coverages on P{111) substrates.
This new data from the Japanese group includes both angular distributions and energy-
resolved time-of-flight data which provide an excellent test of our theory. Moroz’s
calculations agree well with the CH/LiF(00]) data and correctly predict the energy,
angular and surface temperature dependence of the angunlar distributions and time-of-
flight spectra. These comparisons show that the attractive physisorption well of this
system must be somewhat larger than 65 meV and that the repulsive part of the potential
plays the dominant role in the scattering process. This work has been published in the
Physical Review B [16]. A subsequent work, published also in the Physical Review B,
exarnines the scattering of CH, from the metal surface Pt(111) [20]. Even better
agreement was obtained than for the LiF data apd the results indicate that the methane-P1
physisorption potential well must be at least 50 meV in depth.

The molecule-surface work is currently being continued by graduate student Haile
Ambaye who has shown that the theory can explain several experiments that have looked
at the excitation probabilities for rotational motion, and additionally he has obtained very
promising agreement with the small amount of data available for the excitation of internal
molecular vibrational modes upon collision with a surface [17,18]. In particnlar, Ambaye
has obtained good agresment with the excitation probabilities ay functions of final
rotational energy for the cases of (1) NO/Ge(111), data from the group of G. Erdl at the
MPI in Berdin, {2) NO/Ag(111), data from the group of D. Averbach and C. Rettmer of
IBM San Jose, (3) NO/Cu(111), data from the group of G. Sitz of the University of
Texas, and (4) N»Ru(0001), data from the group of A. Luntz of the University of
Odense, Denmark. In all of these cases the theory does a good job of explaining the
measured scattered intensity spectra as funciions of final rotational energy, initial
translational energy and surface temperature.



Ambaye's work on rotational excitation of diatomic molecules has expiained the
nature of the so-called “low energy rammbow’ feature in the measured intensity versus
rotational energy plots. This “low energy rainbow™ consists of a stesp decrease in the
intensity as a funetion of {inal rotational energy and then a leveling off of the intensity at
slightly higher energies, the whole extent of the feature usually occurring for rotational
energies less than about 20 meV, What Ambaye has shown (s that this feature is ot at
all due to any type of rainbow mechanism, instead it is a consequence of the very low
rotational excitation of molecnlar jet beams, In general, for molecular jot beams of
translaticnal energy even as large as room temperature or higher, the rotational energy is
decoupled from the translational energy and the rotational spectrum of the molecular
beam wilt usually be approximately Maxweliian with a temperature of around 30-50 kL
In the experiments cited above, the translational energy ranged from 100 meV up to
about 1 €V, thus the incident molecular bearn had a franslational energy much larger than
its rotational energy. Under such circumstances, rotaticnal excitation is highly
predominant and there is very little rotationa] de-excitation, This rotational excitation
energy comes from the translational energy and from the surface vibrations (i.c., the
surface vibrational energy, estimated at kgT iz, at room temperature, about 30 meV which
is larger than the incident rotahional energy of about 3-5 meV). Ambaye’s calenlations
shaw that the feature is simply due to a very large probabiliey of fow energy rotational
excitation for an incident beam that has a very low average rotational quantum sumber,
Further caleulations show that the “low energy rainbow™ feature will disappear for an
incident beam with higher rotational energy. A manuscript presenting our resuits on
rotational excitations in surface collisions is in preparstion.

{2) Theory of Atotn-Surface Scattering. The scattening of atoms from surfaces is 2

major method for obtaining specific information about the physical properties of the
surfaces of materials. In order to extract this inforrnation, however, it is necessary t©
have a theoretical interpretation of bow various surface properties affect the scattered
beam intensities. We have made contributions to the theory of sticking and trapping of
atomic particles from surfaces, from which one can obtain information abont the
attractive forees near surfaces. These attractive forees are the same ones that cavse the
sticking of adsorbates or impurities at surfaces.

We have advanced the theory of focusing of incident beamns of atorms inte trapped
states on the surface [4]. Thiz is an effect in which beams incident on a surface at cerfain
encrgies and angles will be focused and channeled very efficiently into the bound or
rapped states. Previously, Manson and Miret-Artés have published on several such
effects in diffraction and inelastic scattering and have described their nsefulness in the
interpretation of scattering spectra. In this new work, the authors found a channel in
which incoming beams of He atoms under certain incident conditions can be focused into
particular bound states in the attractive adsorption well of the interaction potential. This
work shows that the effect may be important in the processes of trapping or sticking of
ticoming gas projectiles impinging on surface.

We have also developed the theory of scattering of grazing-exit angle diffraction
beams from defects and impurities on the surface [1,8]. It was recently shown by D.
Farias, M. Patting and K.-H. Rieder that diffraction beams preduced when a
monoenergetic He atom beam scaiters from an ordered metal surface can be observed at



large scattering angles, and even under conditions when the diffraction beams exit
paraflel to the surface. Under such grazing-exit conditions, a very large infensity diffuse
scattering peak was observed. Working together with the ebove authors, Manson
praposed that this large anomalous intensity is due to scattering of He atoms out of the
grazing-angle diffraction beam by impurities such as steps on the surface. A theoretical
analysis based on scattering of the grazing-angle beams from steps showed that the
calculated scattered intensity matched well with the observed experimmental anomalous
intensities for double steps, i.e., for sieps that were exactly twice the height of the
expected value for single steps on the surface. Single steps appear unobservable for the
particular Rh{113) surface investigated because their very broad scattering signa! cannot
be distinguished from the background. One important result of this work is that
measurement of the anomalous signal immediately distinguishes the miscus direction of
the crystal. When metal crystals are cut and polished, there is always an inevitable
miscut that resplts in step defects on the surface. These steps are perpendicular to the
direction of the miseut, with more steps in the “uphill” direction (at 0° azimuthal angle}
and fewer steps in the “downhill” dirsction (the opposite direction with azimuthal angle
180%). In the uphill direction, where there are many more steps encountered by a grazing-
angle diffraction beam, the anomalous signal is very largs. Howewver, in the downhill
direction, the anomalous signal is such smaller since fewer step faces are encountered.
Thus, a sirnple measuretent in the twa directions suffices to distinguish the azimuthal
direction of the crystal miseut. Another interesting prediction of this work is that
grazing-angle He atorn diffraction scattering may be a new way to look at other surface
defects, especially inelastic scattering from such defects. This work was published in
Surface Science and the Physical Review B [1,8]-

In work based on the experimental data measured in the group of Gilbert
Nathanson of the Department of Chemistry at the University of Wisconsin, we have
shown that relatively simple measnrements of the temperature and energy dependence of
atom-surface gcatiering measurements ¢can give the mean-square corrugation height of the
surface interaction potential for heavy atoms scattered by surfaces [15]. Heavy atoms at
epergies even as small as thermal energies exhibit essentially no guantum features such
as diffraction or single-phonon ¢vents, and consequently can be treated with classical
theory. Other work, stimulated by the expenmental measurements of the Nathanson
group, has been to demonstrate that the surface segregation of iquid metal alloys can be
aceurately predicted and measured nsing heavy rare gas scattering [15]. In particuiar, we
have shown that the surface segregation of Bi in Ga-Bi alloys with a weak concentration
of Bi can be very accurately measured as a fimetion of surface temperature using the
time-of-flight resolved scattering of Ar beams.

A very interesting area of current research is a theory that can caleulate the
trapping of an incident beam of atomns by the physisorption well, and can further calculate
the motion of the adsorbed atoms until they are eventually desorbed [21]. In this way we
are able to caleulate the distnbutions of directly scattered atoms and to separately
caloulate the trapped-desorbed fracion. This problem is of interest becaunss of the very
old, but still generally accepted, assumption of James Clerk Maxwell! that the trapped-
desorbed fraction will be an equilibrium distribution, Among an mnnber of new results
coming from this current research is the fact that we can directly show that this trapped-
desorbed fraction is not always in equilibrium with the surface, and in some cases can be



very much in a non-equilibrinm state. This problem is discussed in more detail below in
Sec. 4 on Gas-Surface Interactions.

{3) Extracting Important Physical Information abont Surfaces. Our theoretical
results have been used in several major efforts to characterize the physical properties of
surfaces. The first of these was a study, with Dr. A. Graham of the Max Planck Institute
at Goettingen Germany and graduate student Mubing Li, on energy exchange between an
incident beam of He atoms and adsorbate covered surfaces [2,6]. The other was with
graduate student Jinze Dai on the scattering of Ar atoms from liquid metal alloys in order
o determine the fraction of surface segregation of ¢ach of the alloy components [16].

In the work on adsorbed layers, we studied energy exchange to the very low
energy vibrational states of CO impurities on a Cu{001) surface, and for a monolayer of
Kr adsorbed on a Pt(111) surface. In both cases the excitation energy for one vibrational
quantum is close 1o 4 meV. We showed that in both cases, the intensity spectrim of
scattered He atoms was well described by a theory in which the energy was exchanged
via mechanical excitation of the adsorbate vibrations. The experimentally measured
spectra consist of multiple quanturn excitation peaks of the Einsiein mode, and our
theoretical analysis correctly predicts both the number of such peaks as well as their
relative intensity. Such a study enables both determination of the vibrational energies of
the adsorbate modes as well as the polarizations (or vibrational dirsctions) of the modes.
Thig information is important becanse it enables characterization of how adsorbates
interact with projectiles hitting the surface, and in particular, one of the major
mechanisms for energy exchange between a surface in contact with a gas is through
excitation of these low energy vibrational modes.

The work on stattenng of argon atoms from hquid metal surfaces was initiated in
response (o an important new sxperiment developed by the group of Gilbert Nathanson at
the University of Wisconsin as mentioned briefly in section {1) above. Several years ago,
they measured scattering distributions of several rare gases {He, Ne, Ar and Xe)
scattering from the liquid metals Ga, Bi and In. We developed our classical mechanical
theories for these cases, and were able to exgplain their results rather well. 'We have now
used extensions of these theories to analyze recent data trom that group on Ar scattering
from liquid metal alloys of small amounts of Bi in Ga. In particular, it was desired to
know the extent of surface segregation of the Bi as a function of temperature. Nathanson
ef af. measured the surface segregation independently by Auger spectrescopy, a very
difficult measuremsnt. However, the combination of their Ar scattering measyrements
compared to theory appears, as a result of our analysis, 1o be a more accurate and sasier
method of determining the swiface segregation.

The work on the scattering of grazing-angle atornic diffraction beams by surface
defects, published with Farias, Rieder and Patting in the Physical Review B and
discussed above in Sec. (2), has shown that defects on the surface can be clearly detected
in the diffuse incoherent scattering under grazing exiting diffraction conditiens, and
clearly delineates the possibifity of gaining information: on the size, shape and vibrational
characteristics of surface defects [1,8].

As explained in {2) above, we have shown how simple measurements of the
temperaturs and energy dependence of the atom-surface scattering spectra, even in the



case of classical scattering conditions, can reveal infortnation on the roughness of 2
surface.

{4} Gas-Sarface Interactions. An important part of our work is applying currently
available theoretical methods to problems of the exchange of energy and momentum at
the interface between a gas and 4 surface. We have carried out calculations of the energy
accommexdation coefficient, which is 2 measure of the energy exchange at the interface
between a gas and a surface [3]. These calenlafions nsed, for the first time, a realistic and
fully three-dimensional scattering model. After the inifial study we made a companson
of one-dimensional with three-dimensional models which was published in Surface
Science {7]. This study of 1-D models was expected to show that they were inadequate
to describe the energy accommodation coafficient, end as one consequence of this work
we clearly delineated the shoricomings of 1-D models. However, since 1-D models are
much easier to work with, e.g., 2 fully 3-D model of the accomtnodation coefficient
requires at least a six-dimensional integral while the 1-I> model requires only a double
integral, a very important secondary reasen for carrying out this work was to see if 3-D
models retained enough physical reality to be useful for evaluating higher order proceszes
and multiple scattering. Our conclusion 1s that 1-D» models are not adequate for
providing quantitative results, but are capable of giving very dependable qualitative
behavior of the accommodation coefficients on all of the experimentally controtlable
pararneters.

We have now extended this imtial accommoeodation ceefficient work to molecular
gases. Graduate student Haile Ambaye has submitted to the Physical Review E a report
of his work extending this to calculations of energy as well as momentum
accommoadation coefficients at the interfaces of molecular gases with surfeces. In this
manuscript be has shown that our molecule-surface scattering theories predict quite well
recently measured accommodation coefficients of oxygen molscules on amorphous $iOs
surfaces [22]. This work represents the first time that a realistic theory of molecular
scattering has been able to accurately predict accommeodation coefficients for molecular
gases.

Our program of gas-surface dynamics has been taken over by graduate student
(Guoging Fan, and the results that he has obtained are some of the most exciting
developments we have to report. Guoqing has developed a tnultiple scattering theory
which allows him to calculate both the scattering and the trapping inside the adscrption
well after the initial collision of the gas with the surface [21]. Then, by a cleverly
designed iterafive process, he can follow the motions of the frapped particles as they
move back and forth in the well while continuing to have multiple collisions with the
surface. Throughout the process the calculation produces the energy distribution function
of both the remaining trapped particles and those that have escaped into the continuum
and leave the surface. Fan's initial results indicate that, under certain conditions, the
desorbed gas particles leave the surface in an equilibrium Boltzmann distribution just as
suggested in the mid-1800s by James Clerk Maxwell when he mitially proposed the
concept of an energy accommodation coefficient. To our knowledge, this is the first
calculation vsing 2 scattering model that is sufficiently raslistic to test the Maxwell
hypothesis. However, under some circumstances the caleulations demonsirate that the
trapped-desorbed particles escape the surface with an energy distribution that is quite



different from equilibrium, in violation of the Maxwell assumption. The conditions
under which such non-equilibrium trapping-desompfion occwrs are for systems with high
energy incident beams and small adsorption well depths. Fan’s theory is abie to calculate
the average trapping time of an adsorbed particle, another important result. Even more
promising, the numencal algorithm that Fan has used 15 very fast, 1aking only a few
seconds of CPU time to calculate the complete desomption of all initially trapped particles
for a typical system such as Ne or Ar accommodating at a tungsten surface, Because of
the speed of the iteration algorithin, Fan has been able to extend his theory to fully
realistic three-dimensional calculations of both scattering by well-defined incident beams
and even for the much more tirne~consuming case of an equilibritwm gas in contact with
the surface. [n the latter configuration, he has been able to caleulate accommedation
coefficients for the heavy rare gases in contact with meial surfaces and has achieved
reasonable agreement with available experimental data. His one-dimensional
calculations have already been published in the Physical Review B [21] and the three-
dimengional resulis are being prepared in a manusenipt.

(5) Ion Scattering. Undergraduate stdent Indson Powers completed a research project
on the scattering of low energy, singly-charged potagssium atoms from a Cu(001) surface
that has now been published in the Physical Review B [19). He analyzed data measured
by Chad Sosolik and Jennifer Hampton of Comell University, from the group of the late
Barbara Cooper. Previousiy, another undergraduate student, Andre Muis, made a
successful analysis of data for sodium ion scattering from Cu(001) by this same group,
and for the current case of potassium ions the agreement between theory and experiment
is even better. Since the major mechanism for enargy exchange in our theory is exchange
of phonons (i.e., thermal vibrations of the target metal crystal), the analysis allows a clear
estimate of how important phonon interactions are compared to other possible modes of
energy loss of the ions.

{6) Scapning Tenneling Micrescopy. A new direction in research developed during the
caurse of this grant is the investigation of the possibility of an edge electronic state
associated with long, straight step edges on metal surfaces. This work was motivated by
STM measurements carried out in the group of ¥.-H., Rieder of the Free University of
Berlin {with whom we have had a long-standing collaboration in the area of He atom
scattering). These measurements showed an unusual feature in the STM spectrum when
the tip was in the vicinity of a step edge, i.e., the STM measurements indicated a “bump™
in the local density of electronic states at the top of the step. After several discussions of
this effect Manson proposed a theory based on the idea that there could be a bound state
of the: electron at the step edge [13]. This bound state is due to the electron self-energy,
similar to the image state of an electron near a flat metal surface. At a step edge, the
polarization of the surface charge density is even more pronounced than on a flat surface
in the presence of a nearby charge, se such a self-trapped electron would have a lower
energy than the surface image state and would be highly localized at the top of the step.
The dipole force associated with Smoluchowski smoothing of the electron sea near a step
also must be taken into consideration. Further measurements seemed to confitm these
predictions, and indeed the “bump” in the local density of states is quite Jocalized and is
seen at potential biases below the onset of the surface image state, and all of these
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observations are consistent with our model. This work was reported in the Physical
Review B [13]. In the future we intend to carry out a full theoretical treatment to
evaluate the potential energy of a charge near the top edge of a surface step, and then use
this potential o selve the Schridinger equation te determing the bound states that can
gxist in such a linear two-dimensional potential weil. Ef the current interpretation
survives further investigation this could be an tmportant result because the edge state will
be a variety of “quantun wire”.

¥. Education and Development

The primary educetion and developraent activities carried ont during this grant
period have heen in the area of education of the graduate and undergraduate students
working with this zesearch group. Three Ph. D. gradoate students were supported or
partially supported by this grant, Hailemariam Ambayz, Wayne Haves and Guoging Fan.
Two Masters degree students, Mubng Li and Jinze Dai, participated in this work. In
addition, one undergraduate student, Judson Powers, was supporied partly by this grant
and mainiy by a REU supplement to the PI's NSF grant. The postdoctoral research
assogiates working with this program were [leana Iftimia and Iryna Moroz. All of the
above members of this group have advanced their scientific knowledge and education as
a result of the opportunities provided by this grant. They have not only bad opportunities
to carTy out ¢riginal research, they have presented this research at the meetings and all
have published papers in respected, refereed journals. They also have opportunities to
communicate their results to colleagues hare at Clemson through our weekly group
seminars and our Solid State Seminar,
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