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Scattering of Molecules from Surfaces
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Basic Theory

2m
woplipal) = (5 X (T oter - &)
{ny}

dSR(pfa 1f7 Pi; IZ) _ L' m’ |pf|
dedE? (27Th)3 Piz

H=H'+H'+V

w(pfa 1f7 Pi, IZ)

A%

H = HC+HP+V{UJ}O+ Zau
J

{u; }=0
Approximations:
Classically allowed trajectories
Rapid collision
Linear coupling with displacement
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Classical limit: atom-surface scattering (multiphonon transfer)

dR(ps,pi) _ m*|py| i ( T )1/2 exp | — (Fr = Ei + ABy)”
dQdE;  8m3R’p;, 7" \AEykpTs 4kpTsAFE,

dR(pf,p@') _ m2|pf| 1)12% |7_“|2 ( T )3/2 exp _(Ef—E¢+AE0)2+2fUI2QP2
dQydE;  4m3hPpi Sue. 7" \AEokpTs 4kpTsAEy

(Pf — Pz‘)2
AE, = 2 8
0 oM



Flat surface potential
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Weakly corrugated surface
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Strongly corrugated; discrete, isolated atoms
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Atom-surface scattering: limiting cases

Elastic diffraction
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Molecule-surface scattering:
Classical translational and rotational motion
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Molecule-surface scattering:
Classical translation and rotation,
semiclassical internal mode excitation
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Low energy ion-

surface scattering - 923K
873K
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General properties of the classical scattering intensity
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AEYE? x 1000

Peak Intensity (arb. units)

Single scattering trajectory,
three different incident energies
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Classical Scattering Intensity: General Properties
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“High?” energy He scattering:
He/Cu(001), E; > 100 meV
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FIG. 1. Time-of-flight spectra of He (a) and D, (b) scattered from the [100]
direction of Cu(001) at a temperature 7,=950 K and a deviation angle
A#=—3°. The incident energy was increased from E,~100 meV to E;
~250 meV for both He and D, scattering. The D, TOF spectra at energies
E;=206 meV and E;=222 meV are anomalous because of the proximity of
a RID peak. The dotted lines indicate the best fit of Eq. (2) to the TOF
spectra with the parameters reported in Table II.
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to the data. The D, data taken at an energy £,=206meV and E;
=222 meV are anomalous because of the proximity of RID peaks and were
not considered in the linear fit.



“High?” energy He scattering: He/Cu(001), Ei> 100 me V
Both energy and temperature dependence of
intensity agree with the “flat surface model”
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FIG. 5. Maximum peak intensities of time-of-flight spectra of He (a) and D,
(b) beams incident along the [100] direction of Cu(001). In each data set the
surface temperature 7 is constant and the incident energy E; increases. The
deviation angle was A #=—3°. The lines are a guide to the eye. The vertical

dashed lines in (b) indicate the energies where a RID peak is in the imme-
diate neighborhood of A#=—3°.
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FIG. 4. Maximum peak intensities of time-of-flight spectra of He (a) and D,
(b) beams incident along the [100] direction of Cu(001). In each data set the
incident energy E; is constant and the surface temperature 7' increases. The
deviation angle was A= —3°. The lines are a guide to the eye.



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

Form factor

‘Tn‘ . [thk )

Parameters
Ve~ Cr  1000m/s<v, <2000m/s
Cp = 100g™1 Value is unimportant

Physisorption potential well:

Square well of depth D

Averaging over molecular orientation
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NO/Ag(111): Average final translational energy Vs. EfR.
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N,/Ru(0001)

N,/Ru(0001): Average fractional normal energy vs rotational e|
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Molecular Rotational Excitation

NO/Pt: Rotational energy resolved intensity.

NO/Ge(111)/C: Rotational energy resolved intensity.
E, = 352 meV; v, = 1000 m/s; 6, = 8, = 20°; T, = 9 K.
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Molecular Rotational Excitation

NO/Ag(111): Final rotational energy resolved intensity.
T,=35K; 6.:=6,; v,=1000m/s.
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Ln[I]

N,/Cu(110): Rotational energy resolved intensity.
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Probability

Probability

NO/Ag(111): Excitation probability vs E
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Conclusions

® Classical Atom and lon Scattering from Surfaces

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

« C,H,/LiF(001); CH,/LiF(001); CH,/Pt(111); O,/Al(111);
NO/Ge(111); NO/Ag(111); N,/Ru(0001); N,/Cu(110)

» Extensions: gas-surface interactions, adsorption-desorption,
description 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
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Weakly corrugated surface
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Strongly corrugated; discrete, isolated atoms
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Intensity (arb. units)

Ar/in(liquid), E=42kJ/mol, 6=0=55, T_=436K, AQ/4T=0.044

Temperature Dependence and Surface Corrugation

Intensity vs Time—of-Flight
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Determination of Surface Corrugation

Flat surface potential

\/\ A dE; 400 Sue. T \AEoksTs N

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

corrugation heights.

Weakly corrugated surface
Y J Examples: Ar/Ga, E=42 kJ/mol; hgys= 0.5 A

Ar/Ga, E=95 kJ/mol; hgys= 0.8 A
O O O Ar/In, Ei=42 kd/mol: hoy,c~ 0.3 A
Ar/In, Ei=95 kJ/mol; hgys= 0.5 A

®, = 8, = 55°

Strongly corrugated; discrete, isolated atoms

dR(l)(Pf,Pi) m2|pf’ , - 1/2 (AE+AEO)2
O\ 1O\ O\ 1O =, 1T\ o exp
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Classical Scattering Intensity: General Properties

dR(l)(Pf,Pi) m2|pf| | |2< ™ )1/2 (AE + AEO)Z
= | ———] exp)—
d0dE, 8wl " \AEksTs) 0| akyTGAE,
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|7'fz| exp

dQdE;  4m3hp;, Sye AEkpTs 4kpTsAEy
E=f(0)E, O=1—6,— 6,
f(g)_<\/1—,uzsin2 6+ u cos 0)2 u=m/M,
1+ um
5 () = gra(6)
(AET) = 28(0)EksTs (1+ p— p cos AF(6)

gr4(0) = u(1 + f16) — 27\ f(H)cos 6)
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Tuax o< (ks TsAEg) /2
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dR(l)(pfapr)_ lnz‘pf‘ ‘ ‘2( T )1/2
dOdE,  8mtitp. "\ ABkyT

(AE + AFE,)?
XeXp _ 5

Multiple scattering

N 0
ddE, S ) T T dQdE,  dQdE,

General properties of the single collision classica | scattering intensity
Ef:f(H)Ei f(9)=<\/1_//«2 sin® 6+ u cos 9>2 u=m/M
1+u ‘

(AE?)y = 2g(O)EikpTs
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General properties of the classical scattering intensity

dR(p.p;) _ m’[p/] | |2< U )1/2 (AE + AE,)?
= 1 T €X -
d0dE, 8wl " \AEksTs) 0| akgTGAE,

E=f(0)E, O=m—0,— 0,
V1= w2 sin? 6+ 6\
f(H)—( ) KmiM,
0
(M%) = 2g(0)EykyTs o(6) = 81409)

(1+u— pcos ONf(6))
g274(0) = (1 + £16) — 2\ f(6)cos 6)

1
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Single scattering trajectory

dR(l)(pfapl): mz‘pf| |T'~|2< m
dedEf 87T3ﬁ4 iz %
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Xexp) —
4k TSAE,

1
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(AE?) = 2g(0)E kT

12
AEOkBTS>

|

AEYE? x 1000

Peak Intensity (arb. units)

i I LJ L l L] L) l L) L ' L L] '
B El Data Calculation
[| 154ev o

PeV o -ooo

—~
L 2

0.035 0.040 0.045 0.050 0.055




Correlation speed v
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€s (Q , V) Phonon mode polarization vector

Momentum transfer




C,H,/LiF(001)

E'= 95meV

Rotational temperature versus E ;' 0
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CH,/LiF(001)

Rotation and Internal Mode Excitation
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