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Scattering of Molecules from Surfaces

0.1 eV < Ei < 5 eV

4 amu < m < 30 amu
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Basic Theory

Approximations:
Classically allowed trajectories
Rapid collision
Linear coupling with displacement



Classical limit: atom-surface scattering (multiphonon transfer)Classical limit: atom-surface scattering (multiphonon transfer)



Flat surface potential

Weakly corrugated surfaceWeakly corrugated surface

Strongly corrugated; discrete, isolated atoms



Elastic diffraction

Single phonon transfer

Multiphonon scattering

Atom-surface scattering: limiting cases

Multiphonon scattering



Molecule-surface scattering: 
Classical translational and rotational motion



Molecule-surface scattering:
Classical translation and rotation, 
semiclassical internal mode excitation



Low energy ion-
surface scattering

K+/Cu(001)<100> 
Ei = 154 eV ; θi = θf = 450 ;  TS = 675 K

J. Powers, J. R. Manson, C. E. Sosolik, J. R. Hampton, 
A. C. Lavery and B. H. Cooper, Phys. Rev. B70, 115413 (2004)



General properties of the classical scattering intensity



Single scattering trajectory,
three different incident energies

Single and multiple scattering Single and multiple scattering 
trajectories at 99 meV.



Classical Scattering Intensity: General Properties



“High?” energy He scattering:
He/Cu(001), E i > 100 meV

M. Bertino, 
W. Silvestri
and 
J. R. Manson, 
J. Chem. Phys. 
108, 
10239 (1998).



“High?” energy He scattering: He/Cu(001), Ei > 100 me V
Both energy and temperature dependence of 
intensity agree with the “flat surface model”



Molecule-surface scattering:
Classical translation and rotation, 
semiclassical internal mode excitation



Discussion
Form factor

Parameters
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11010 −≈ sRω Value is unimportant

Physisorption potential well:

Square well of depth D

Averaging over molecular orientation

10≈ sRω Value is unimportant
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T. Kondo, T. Tomii, T. Hiraoka, T. Ikeuchi, S. Yagyu and S. Yamamoto, 
J. Chem. Phys. 112, 9940 (2000).
T. Tomii, T. Kondo, T. Hiraoka, T. Ikeuchi, S. Yagyu and S. Yamamoto, 
J. Chem. Phys. 112, 9052 (2000)
Calcs.: I. Moroz and J. R. Manson, PRB 69, 205406 (2004).

20 30 40 50 60 70
Scattering Angle [deg.]

0

0.5

0 200 400 600 800 1000
Time of flight [ µs]

0

0.5

i



CH4/LiF(001)
Incident angle dependence
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CH4/LiF(001)
Physisorption potential well
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CH4/Pt(111)
TS = 827 K; Ei = 190 and 500 meV

θI = 450
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NO/Ag(111)
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N2/Ru(0001)
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Data: H. Mortensen, E. Jensen, L. Diekhöner, A. Baurichter, A. C. Luntz 
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NO/Pt: Rotational energy resolved intensity.
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NO/Ge(111)/C: Rotational energy resolved intensity.
Tr=49 K; vR=1000m/s.
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Molecular Rotational Excitation
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Molecular Rotational Excitation
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N2/Cu(110): Rotational energy resolved intensity.
Ei=640 meV; vR=1000 m/s; θi=θf=0
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Effect of initial state rotational 
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NO/Ag(111): Excitation probability vs Ei.
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Conclusions

• Classical Atom and Ion Scattering from Surfaces

• Theory of Molecule-Surface Scattering
Classical translation and rotation
Semiclassical treatment of internal modes
Correct angular and linear momentum conservation

• C2H2/LiF(001); CH4/LiF(001); CH4/Pt(111); O2/Al(111);
NO/Ge(111); NO/Ag(111); N2/Ru(0001); N2/Cu(110)

• Extensions: gas-surface interactions, adsorption-desorption,
description of thermal energy transferdescription of thermal energy transfer

• New Physical Information: Surface corrugation,
Physisorption well depths, Rotational temperatures,
Effective surface mass and collective effects, Surface 
segregation, Accommodation and energy transfer, Simple Baule
approximations for energy losses are not accurate.

• Useful theory for describing molecule-surface scattering
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Flat surface potential

Weakly corrugated surfaceWeakly corrugated surface

Strongly corrugated; discrete, isolated atoms
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Flat surface potential

Weakly corrugated surface

Determination of Surface Corrugation

A simple measure of temperature dependence
of most-probable intensities, when compared
with classical theories, produces mean square 
corrugation heights.

Examples: Ar/Ga, Ei=42 kJ/mol; hRMS≈ 0.5 Å

Strongly corrugated; discrete, isolated atoms

Examples: Ar/Ga, Ei=42 kJ/mol; hRMS≈ 0.5 Å
Ar/Ga, Ei=95 kJ/mol; hRMS≈ 0.8 Å
Ar/In,  Ei=42 kJ/mol; hRMS≈ 0.3 Å
Ar/In,  Ei=95 kJ/mol; hRMS≈ 0.5 Å

Θf = θi = 550



Classical Scattering Intensity: General Properties



Multiple scattering

General properties of the single collision classica l scattering intensity
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General properties of the classical scattering intensity



Single scattering trajectory
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CH4/LiF(001)
Rotation and Internal Mode Excitation
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Molecular Beam-Surface Scattering Apparatus
Steve Sibener, University of Chicago


