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The semiclassical method of Millerl) and Marcuss) has had notable 

success in predicting gas phase scattering and has been recently applied to 

surface scattering by Dolls). This method is basically a synthesis of classical 

mechanics and the quantum principle of superposition, and so it is ideally 

suited to the study of helium scattering from metal surfaces where cases of 

simple specular4,5) and of diffractives-8) scattering are observed. Here we 

present some preliminary results of such calculations for helium scattering 

from the W (112) 7,s) where specular scattering, (11 ij direction, and diffrac- 

tive scattering, (IiO) direction, are observed from the same surface. More 

complete results for helium scattering and calculations of neon scattering97 10) 

will be presented lateri’). The purpose of this note is to illustrate the utility 

of such calculations for metal surfaces, to demonstrate that the difference in 

the strength of the surface periodicity in the two principal directions of the 

W (112) surface is sufficient to explain the presence of diffraction in the (IiO) 

azimuth (perpendicular to atomic ridges) as well as its absence in the (1 li) 

(parallel to the ridges), and to indicate the sensitivity of the calculations to 

the key features of the gas-solid potential energy. 

In the calculations, a Lennard-Jones 3-9 potential modified to account for 

the periodic variations in the surface was assumedis): 

V(x,z)=w ~ 
[ 

2 (bgs [l + B cos (2nx/a,)])‘2 CrZS 
- ~~ 15 3 9 3 3 1 ’ (1) C’gSZ CJSSZ 

where 

V(x, z) = the gas-solid potential, 

x = the distance parallel to the surface, 

Z = the distance normal to the surface, 

W =a constant related to magnitude of the minimum in the potential 

energy, 
d gs = the hard-sphere collision diameter between the gas atoms and the 

surface, 
0 SS =the inneratomic distance in the solid, 
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Fig. 1. Surface for W(112) in the (li0) direction. 

B = the amplitude of the surface periodicity at the equivalent hard- 

sphere radius, 

a, = the lattice dimension in the x direction. 

This potential function has three parameters (w, ggS, B). The procedure 

used to deduce values for these parameters is illustrated in fig. 1. The (IiO) 

direction of tungsten (112) is depicted by three circles, with a diameter of 

0 SSY representing three surface atoms. The gas-tungsten scattering cross 

section may be somewhat larger than the metal cross section (based on oSS) 

and so, a second array of segmented circles, centered at the nuclei of the 

metal atoms, is drawn to represent the equivalent hard-sphere scattering 

radius for the surface, $cJ,. The effective hard-sphere scattering diameter, 6, 

is given by: 
(2) 

B is determined by fitting a sinusoidalvariation to the map of ox as a function 

of impact parameter, and ogS is calculated from (2). The value of w is then 

calculated by matching an estimate of the adsorption energy of helium on 

tungstenls) to the minimum in the potential. Thus by assuming a value for 

0, (or equivalently crgS), the parameters in the potential (1) can be determined. 

In the calculations the value of dgS was left as an adjustable parameter, but 

never taken to be less than that commensurate with (1 + B)a,, = $ (o,, + oHe). 
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Using the potential given by (I), classical deflection functions, for in plane 

elastic scattering off an immobile lattice, can be calculated. Two such deflec- 

tion functions are shown in figs. 2 and 3, where the angle of reflection is 

plotted as a function of impact parameter, x, along one unit cell. 
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Fig. 2. Classical deflection function for 1.20 kcal helium in the (11T) azimuth at 45” 
incidence. Dotted lines indicate the angle of the Jth diffraction beams. 
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Fig. 3. Classical deflection function for 1.20 kcal helium in the (ITO) azimuth at 45” 
incidence. Dotted lines indicate the angle of the Jth diffraction beams, 
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In the semiclassical method these classical deflection functions are con- 

verted into S matrix elements using: 

-+ 

so = c a: aPF; ( -1 4 27th ax, exp(- idd~), (3) 

where 

S, = the S matrix element (basically a dimensionless probability amplitude) 

for scattering in the 6 direction, 

q =index of indistinguishable particles scattered in the 8 direction from a 

single unit cell, 

X1 = the position along the unit cell where an incident particle would hit if 

it was not deflected, 

a, = the unit cell dimension in the x direction, 

P,” = the x component of the momentum of the scattered particle calculated 

classically = (total momentum) x (sin O), 

4fJ = - s dl (xPX + zPJ, 

trajectory 

the classical action integral. 

Furthermore, only scattering from those trajectories that satisfy the diffrac- 

tion condition : 

(Px - PL)a,/2& = J (an integer) (4) 

are allowed. 

If the incident beam is monoenergenic, with energy E, then scattering 

intensity can be calculated from: 

where 
A,(E) = I&,lZ I (5) 

A,(E) = the relative intensity of the Jth order diffracted beam, 

0, =diffraction angle for Jth beam. 

Since the experiments have not been done with monoenergenic beams, the 

results of the calculation must be averaged over the energy distribution of the 

incident beam. At the specular angle, a simple average is sufficient: 

where 

I(4) = 
s 

D (E) A, (E) dE, (61 

Z(e) =intensity on any angle, 8, 

D(E)= the distribution of energies in the incident beam, 

6 = the incident angle. 
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At any other angle the energy averaging is more complex 11): 

(7) 

where EJ is the energy that will produce a Jth order diffraction peak at the 

angle 8. Note that from eq. (4), J must be negative for angles less than the 

specular and positive for angles greater. 

This equation is a direct result of averaging over the diffraction conditions 

of eq. (4). Only certain energies produce a scattered beam at any given angle. 

With a continuous spectrum of energies, the density (i.e., number per unit 

angle) of the beams increases with increasing energy. Therefore, the maximum 

scattering intensity does not correspond to the maximum in the energy 

distribution. An example of this is a thermal beam where the maximum in 

the energy distribution occurs at kT while the maximum in the scattering as 

predicted by eq. (7) corresponds to about 2kT. Experimentally the maxima 

in the diffracted beams have always been found at ca. 2kTfor thermal beams. 

Calculations have been carried out for He on W (112) using eqs. (6) and 

(7) and the classical deflection functions from eq. (1). In order to obtain even 

qualitative agreement between the monoenergenic intensities and the experi- 

mental diffraction patterns it is necessary to use a value for agS between 2.8 

and 3.4 A. Assuming equivalent hard-spheres based on the crystal radius 

gives 2.65 A and a recent calculation of physical adsorption143 is) gives 

ca. 3.3 A. This suggests that the repulsive wall of a tungsten atom in the 

surface extends considerably farther than just the crystal radius. This is 

consistent with our understanding of gas phase scattering where diatomic 

molecules have equivalent scattering diameters much larger than the bond 

distances and with Debye-Waller analysis of helium scattering from 

W(l12)s). A value of 3.1 A for bgS was used in the calculations presented 

below. 

Even a superficial examination of the deflection function is sufficient to 

make it clear that only specular scattering should occur in the (1 li) direction. 

The classical deflection function for the scattering at a typical energy in the 

(1 Ii) direction is shown in fig. 2. The classically allowed region extends for 

only a few degrees. This means that except for a small tunneling correctionl6), 

all of the scattering must occur within a few degrees of the specular angle. 

When the diffraction condition [eq. (4)] is imposed only specular scattering 

is allowed. This is in agreement with the experimental data, where only 

specular scattering was seen in this azimuth 7). This single peak is observed in 

the calculations for agS down to 2.65& the equivalent hard sphere radius 

based on the crystal radius for energies of 2kT and below, but at 3kT and 
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above some diffracted beams are allowed. The absence of diffraction in the 

(11-i) direction is very strong evidence, then, for cgS larger than 2.65A. By 

analogy these calculations would predict only specular scattering from 

fee (111) and bee (1 IO) surfaces because they are so smooth, which is again 

in agreement with a large body of experimental data43 6,s). 

Tungsten (112) is significantly rougher in the (li0) direction and so the 

results are much different. The classical deflection function in the (li0) 

direction extends over a much wider range of angles (see fig. 3). There are 

three allowed peaks, a specular and two first order (J= + 1) diffraction 

peaks. These are exactly the peaks that were observed experimentallyv-9). 

Thus the semiclassical calculations predict the presence or absence of 

diffraction on metal surfaces simply from the known differences in the 

amplitude of the surface periodicity. 

A calculated scattering pattern averaged over the thermal beam is com- 

pared to the experimental datalo) in fig. 4. The agreement is fairly good. The 

relative intensities of the three peaks are well-represented by the calculations. 

Fig. 4. Energy averaged thermal scattering compared with experimental datalo); 300°K 
helium beam incident at 45” in the (ITO) azimuth. 
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The only major difference is that the calculated peaks are sharper than those 

actually observed. There are two reasons for this; first the calculations have 

ignored any inelastic effects, and second the experiments were done with a 

finite aperture size. Note that only the first order diffraction beams are 

evident in the calculations. There are allowed trajectories at the higher 

energies which correspond to higher order diffraction features, but the 

value of D (E,) is so low for them that they do not appear as resolved peaks 

in the thermal averaging. Values of cgs outside the range 2.8-3.4A would not 

reproduce this result, so it does appear that the effective scattering diameter 

of tungsten atoms is significantly larger than (by ca. a factor of 2) the crystal 

radius, though reference to more complete calculationsrl) is necessary to 

establish this point more positively. 

The semiclassical method seems well-suited to the scattering of helium 

from metal surfaces. Certainly the qualitative features of the most recent 

experiments are present in the calculated scattering distributions and the 

appearance of these salient features in the model calculations is very sensitive 

to the parameters of the gas-solid potential so that structure analysis from 

helium scattering would appear to be sensitive indeed. Because ergs is so 

much larger than expected from the crystal radius of the metal atoms it is 

clear that the helium scattering is sampling a very different portion of the 

interaction potential than that sampled by electrons, neutrons, and X-ray 

photons. Thus helium scattering promises to provide structural information 

quite complementary to the information derived from the more conventional 

diffraction experiments. 
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