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Exact quantum-mechanical calculations are present for He scattering from one-dimensional 

models of disordered, mixed Xe+Ar overlayers. A time-dependent wavepacket approach is used 

with a recent technique for solving the Schriidinger equation. Results are given for several 

overlayers of different Xe: Ar concentration ratios. The dependence of scattering intensities on the 

disordered structures is discussed. The results provide a reference for testing approximations for 

scattering from disordered surfaces. 

Diffraction of He atoms has become a tool of major importance in struct- 
ural studies of crystalline surfaces [l]. Analysis of such experiments requires 
calculations of diffraction intensities from the atom-surface interaction poten- 
tial, and several successful methods have been developed for this purpose 
[2-51. In sharp contrast with the situation for crystalline surfaces, the theory of 
scattering from disordered surfaces is in a very early formative stage. In 
particular, exact calculations of atom scattering were not yet reported even for 
the simplest models of disordered rigid surfaces. All previous studies of 
scattering from disordered surfaces seem to rely on approximations [6-91, yet 
untested, and, with very few exceptions [9], are confined to the specific case of 
step disorder [6-81. The difficulties of carrying out numerically exact calcula- 
tions for (rigid) disordered surfaces are two-fold: First there is a continuum of 
final momentum states for the scattered atom (unlike the discrete diffraction 
states for a crystalline surface). Second, a disordered surface is a stochastic 
system corresponding to a statistical ensemble of configurations that contrib- 
ute all to the scattering. Most recently, exact results were obtained for atom 
scattering from surfaces with isolated impurities [lO,ll] by time-dependent 
wave-packet methods. This problem is closely related to, but simpler than, 
scattering from disordered surfaces, since the stochastic aspect of the target 
surface is either not present or easy to handle in this case. 
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In this paper we report numerically exact quantum-mechanical calculations 
on atom scattering from a disordered model surface. This is of importance in a 
problem where only approximations of uncertain accuracy have hitherto been 
used. The system chosen is a one-dimensional model of a mixed Xe and Ar 
overlayer upon a smooth metal face. The 1D model, adopted here for computa- 
tional simplicity, cannot offer a realistic description of true 2D overlayer 
systems. However, the model could yield some general insight into the relation 
between scattering intensities and disordered structures. Moreover, the model 
chosen is a convenient ground for testing approximations for atom scattering 
from disordered surfaces. The method for treating the stochastic target here 
relies on the fact that atom scattering at relatively high energies is unaffected 
by surface atoms far from the region of impact. More precisely, this holds for 
energies at which the collision is direct, and trapping effects are absent. 
Calculations are thus carried out for scattering from finite surface segments of 
N atoms. The wavepacket scattering is calculated for each sample segment with 
periodic boundary conditions imposed at the edges. The results can be said to 
represent scattering from an extended surface system if convergence can be 
shown with regard to N, the size of the surface segments, and if the calculated 
intensities are insensitive to edge effects (the boundary condition imposed). 
For the example studied, N = 18 sufficed for representing the extended surface. 
Each sample segment was constructed as follows: For each number in the 
sequence i = 1, 2,. . . , N and Ar or Xe was assigned randomly (with probability 
proportional to concentration). Each segment is assumed to have a close 
packing structure with atomic distances from the surface plane determined 
from atomic radii. This, of course, is merely a model and in many real cases 
overlayer configurations are affected by the structure of the underlying sup- 
port. The interaction between the scattered He atom and the overlayer was 
taken as a sum of pairwise potentials: 

r=l 

where r is the He position, q the position of the surface atom i and 5 the Ar/Xe 
identity label. Literature values were used for the He-Ar and He-Xe poten- 
tials V6 [12]. Many of the sample segments yield identical or similar intensities 
(e.g., by symmetry). For the non-dilute mixtures, the number of segments is of 
the order of 2 X 10’. The solution of the time-dependent Schrodinger equation 
for scattering from each segment was obtained by the recently proposed 
Fourier method [13]. We describe here only the main principle of the tech- 
nique, since a detailed description can be found elsewhere [13-151. In solving 
the time-dependent Schrbdinger equation: 

iA a*k(r, t> = 
at i 
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by time-propagation from a suitable initial value \k( r, to), the main difficulty is 
to compute v’\k(r, t) accurately and efficiently for every point r at each 
time-step. We employ the Fourier transform method for this purpose [13]: A 
Fast-Fourier Transform (FFT) algorithm is used to transform \k(r. t) to 
k-space. The transform %( k, t) is multiplied by - kZ representing the action of 
V’ in k-space, and the result is back-transformed by FFT to yield v’\II( r. t ) 

in r-space. The effort in calculating H\k(r. t) in this method increases with N. 
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Fig. 1. Scattering intensities versus AK, for He scattered from disordered (Xe+Ar) overlayers. 
Results are for incidence normal to the surface. collision energy 8.57 X lo-’ eV. 
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the number of grid points in r-space only as 0( N In N). The time integration is 
carried out by conventional second differences. Details are given in refs. 

[13-151. 
The observable scattering intensities as a function of AK,, the momentum 

transfer in parallel to the surface, were extracted from the asymptotic wave- 
functions 9(r, t --, cc). Fig. 1 gives the results obtained in calculations at 
collision energy E = 8.57 x lop3 eV, with incidence normal to the surface, and 
for overlayers corresponding to several Xe: Ar concentration ratios. The 
collision energy chosen is sufficiently high to result, for the model used here, in 
direct collision only, without trapping effects. For the pure-crystalline Xe and 
Ar, unperturbed diffraction structures are obtained. The width of these diffrac- 
tion spikes in fig. 1 is purely numerical in origin, due to the finite grid-size 
employed in k-space. (The number of grid points can be increased by some- 
what more than linear increased computational effort, but this was unim- 
portant for our purpose here.) Relatively dilute mixtures, e.g., 90%Ar : lO%Xe; 
80%Xe: 20%Ar, yield a diffraction pattern related to the corresponding pure 
overlayer of the dominant component but with considerable broadening ef- 

fects, e.g., broad tails are superimposed on each diffraction spike. The occur- 
rence of such diffraction tails due to moderate amounts of disorder was noted 
already in approximate studies of atom-surface scattering [7-91. A similar 
effect was discussed for LEED studies of surface imperfections by Lagally and 
coworkers [16], although it should be noted that interactions and dynamics for 
LEED and for atom scattering are very different. The most interesting new 
results obtained here are for the non-dilute mixtures: Peaks at the Bragg 

positions of the pure Xe layer persist even for the 5O%Xe: 50 %Ar mixture. On 
the other hand, consider the results from the limit of pure Ar, with increasing 
Xe contamination. The peaks at the pure Ar positions disappear already for the 

80 %Ar: 20 %Xe ratio. Wavefunction analysis yields the following interpreta- 
tion for the findings. Heavy particle (atom) collisions are localized to an extent 
that scattering from a segment of - 4 Xe atoms is virtually the same as from a 
pure Xe extended layer. Peaks at the pure Xe position will thus be obtained for 
all mixtures where the disorder ensemble contains a sufficient number of 
configurations with 4 Xe atom segments, acting as effective coherence domains 
(seeing these peaks depends, of course, also on the scattering strength of the 
(Xe), unit). The situation for Ar is the same in principle, but diffraction from 
Ar segments is weaker than from Xe ones, since the smaller radius of the Ar 
results in weaker surface corrugation. Hence the much lower persistance of the 
pure Ar diffraction peaks with increasing mixing. Another interesting point is 
that for the 70 %Ar: 30 %Xe over-layer, aN diffraction features have collapsed, but 
the intensity has some structure of weak oscillators. It has been tested that the 
intensity undulations are real, and not due to finite size effects or numerical 
reasons. Analysis shows that important contributions to the scattering in that 
mixture come from 3-4 atom segments such as Xe-Ar-Xe, Xe-Ar-Ar-Xe, 



etc. In the absence of sufficient Xe coherence domains. and given the low 
corrugation of (Ar),, segments, the above mixed segments dominate the scatter- 
ing, and give rise to the various shallow intensity peaks. This incoherent 

scattering is too weak to yield strong peaks, but it can cause some scattering 
even for relative large momentum AK, (see fig. I). since by the unequal radii 
of Ar and Xe, a segment such as Xe-ArAr-Xe has high corrugation. A 
detailed analysis of diffraction tails, diffraction collapse or persistence with 
concentration changes etc. is being pursued from the exact calculations, and 
also from the sudden approximation [10,12] (which yields explicit expressions), 
and will be published elsewhere. 

In conclusion, this study suggests that atom scattering from disordered 
overlayers can be interpreted in terms of small few atom segments. either 
coherent domains such as (Xe), or else mixed segments, e.g., XeeAr-Ar-Xe 
which have a relatively high corrugation. The study provides exact results for a 
model that while not a real system has several realistic features and provides an 
excellent testing ground for approximations for atom scattering from dis- 
ordered surfaces. Indeed, preliminary results are already available establishing 
the validity, to very good accuracy, of the sudden approximation. This is 
important since sudden calculations are sufficiently simple for applications to 

realistic surface structure. 

References 

[I] A recent review is T. Engel and K.H. Rieder. in: Structural Studies of Surfaces, Ed. G. Hohler 

(Springer, Heidelberg, 1982). 

[2] A. Leibsch and J. Harris, Surface Sci. 111 (1981) L721. 

[3] R.B. Laughlin, Phys. Rev. B25 (1982) 222. 

[4] A. Tsuchida, Surface Sci. 46 (1974) 611. 

[5] G. Armand. J. Lapujoulade, J.R. Manson, J. Perreau and B. Salamon. Israel J. Chem. 22 

(1982) 298. 

[6] J.H. Cowley and H. Schuman. Surface Sci. 22 (1982) 298. 

[7] J. Lapujoulade, Surface Sci. 108 (1981) 526. 

[8] G.E. Tommei, A.C. Levy and R. Spadacini. Surface Sci. 125 (1983) 312. 

191 J.1. Gersten, R.B. Gerber, D.K. Dacol and H. Rabitz. J. Chem. Phys. 78 (1983) 4277. 

[IO] R.B. Gerber. A.T. Yinnon and R. Kosloff, Chem. Phys. Letters, submitted. 

[I 11 G. Drolshagen and E.J. Heller. to be published. 

[12] U. Buck, Rev. Mod. Phys. 46 (1974) 369. 
1131 D. Kosloff and R. Kosloff. J. Comp. Phys., in press. 

[14] R. Kosloff and D. Kosloff, J. Chem. Phys. 79 (1979) 1823. 

1151 A.T. Yinnon and R. Kosloff, Chem. Phys. Letters 102 (1983) 216. 
[16] T.-M. Lu and M. Lagally, Surface Sci. 92 (1980) 132; 

T.-M. Lu, L.-H. Zhav, M.G. Lagally, G.-C. Wang and J.E. Houston, Surface Sci. 122 (1982) 

519. 

[17] R.B. Gerber, A.T. Yinnon and J.N. Murrell, Chem. Phys. 31 (1978) 1; 
R.B. Gerber and A.T. Yinnon, J. Chem. Phys. 73 (1980) 5363. 


