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Exact quantum-mechanical calculations are reported on atom scattering from a crystalline surface with isolated impurities. 
The calculations are for He scattering from a one-dimensronal model of a Cu surface with adsorbed Ar atoms. The difficulties 
of carrying out calculations on scattering from extended but non-penodic structures are overcome by using a time-dependent 
wavepacket approach. A recently developed method for solving the time-dependent Schrodinger equation IS employed. 
Scattering intensities are given for several energies and incidence angles. Detailed insight IS obtained on impurity effects on 
surface scattering. The main features are- (1) Broad Intensity tails are superimposed on each diffraction spike. The width of the 
tails decreases with increasing dtffraction order; (2) Shallow rainbow peaks arise, due to impurity induced local corrugation; (3) 
Weak intensrty maxlIIla arise due to interference between surface and impurity scattering_ The intensities are somewhat 
sensitive to the position of the impunty within the surface unit cell. Physical interpretation of the effects is provided from exact 
calculations, and from a simple sudden approximation for the scattering intensitres. It IS argued that He scattrnng can be used 

to determine impurity locations on surfaces. 

1. Introduction 

The study of impurities and imperfections in 
crystalline surfaces is of considerable fundamental 
interest and has potentially significant applica- 
tions. Every real surface contains impurities and 
defects to some extent. Many surface systems of 
chemical importance, e.g., most practical catalysts 
[l], contain substantial amounts of impurities and 
defects which greatly affect their performance. 
Since structure may be the key for understanding 
many of the properties of these systems, there is 
strong motivation for pursuing methods for struct- 
ural characterization of imperfect surfaces. One of 
the most powerful structural probes of crystalline 
surfaces is scattering of He atoms [2-71: at mod- 
erate experimental energies, the atoms do not 
penetrate beyond the surface layer, and also, the 
scattering pattern is sensitive to local structural 
features. For the very same reasons, He scattering 
appears potentially_ to be an attractive choice for 
probing imperfect_ or disordered surfaces.- Very 
little is known so far on scattering from imperfect 

surfaces, either experimentally or theoretically_ 
Previous theoretical studies on effects of disorder 
or defects on scattering from surfaces (S-111 were 
nearly all confined-by method to special imperfec- 
tion models (e.g., random steps [9,11]). Further- 
more, virtually alI published studies seem to em- 
ploy approximations for the scattering dynamics 
[g-11] the validity of which was not yet estab- 
lished. Most recently exact results were aMOUnCed 
by the present authors_[12] and, indepenclently, by 
Drolshagen and. Heller [13] on atom scattering 
from imperfect surfaces. The results are exact in 
the sense that they represent a converged numeri- 
cal solution_ of the scattering equations for a 
specific imperfect, rigid surface model. In both 
cases [12,13] the methods used involved an algo- 
rithm for_solving the time-dependent Schr&ling& 
equation, and a descriptionof the process in terms 
of wavepacket scattering. - 

,The purposepf the-present article is to present 
more extensive exact calculations for He scattering 
from a crystalline surface wjth axr adsorbed &o_m 
impurity, witbin the‘frameworkpf a rigid surface 
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model. The main focus will be on two questions: 
(1) How do dilute impurities (in the isolated defect 
limit) affect the scattering intensity features: (2) is 
the scattering pattern significantly sensitive to im- 
purity location. i.e., can one expect experimental 
intensities to yield information on impurity posi- 
tions. The materid is presented ,E follows: section 
2 describes the model system used. including 
surface structural parameters and interaction 
potentials_ Section 3 outlines the numerical method 
used For solving the time-dependent Schrbdinger 
equatton. Section 4 presents the results. and pro- 
vides an analysis of the main impurity effects on 

the scattering pattern. Concluding remarks are 
brought in section 5. 

2. The model 

The system considered here is a very simplified 
representation of low-concentration atomic impur- 
ities adsorbed on a crystalline surface. The sohd 
surface will be assumed to be completeI> rigid. and 
the impurities will iikewise be taken as vibration- 
iess. held in fixed positions_ While surface and 
impurity vibrations do certainly affect scattering 
intensities. a rigid surface model should provide at 
least a useful starting point in studying the realis- 
tic problem_ (In the case of pure crystalline 
surfaces. phonon effects are most practically intro- 
duced through Debye-Wailer [14] factors. and d 
similar approximate approach may be possible for 
the present system also.) To simplify further the 
computational effort involved, a one-dimensional 

model surface will be treated. While crude. such 
models frequently yield reasonable results when 
applied to the analysis of the in-plane scattering 
[14]. i.e. collisions where the incident and the final 
momenta lie in the same plane, the latter being 
pcrpendrcular to the surface lattice. The one-dt- 
mensional surface model should naturally be taken 
wrth structural parameters pertaining to those of 
the corresponding real surface. along its intersec- 
tion with the collision plane. When applied to a 
real system, such a one-dimensional model obvi- 
ously neglects out-of-plane scattering. that may be 
important for surfaces of high corrugation. Calcu- 
lations for realistic two-dimensional surfaces are 

presently at early stages of progress_ We consider 
here scattering at relatively high energies in the 
direction perpendicular to the surface, in which 
case the short-range repulsive interactions 
dominate the collision. Note further that impuri- 
ties were assumed to be extremely dilute, hence 
n, z+ a;‘, where dr is the average inter-impurity 
distance. and a;’ the range scale of impurity atom 
interaction with the incoming He atom. A given 
collision will then be influenced by one impurity 
atom at most in addition to the underlying surface_ 
The interaction potential experienced by the He 
atom will be taken in the form: 

+v~[(_~-_~*)‘+(z-21>2]‘? (1) 

where _\~r, zr are the coordinates of the (only) 
impurity located within the interaction range of 
the He atom. z is the distance of the He from the 
surface plane and _X is the coordinate of the He 
along the surface direction_ Within the additive 
interaction model (l), V,(x. z) is the potential 
between He and the crystalline surface involved, 
v, (s. z) - the He/impurity atom interaction_ Tak- 
ing Ar as the adsorbed atom, a Morse potential 
model was employed for the He/Ar interaction, 
with well-depth and with range parameters that 
were taken from gas-phase data [15]. The interac- 
tion between the crystalline surface and the He 
atom was modelled by a Lennard-Jones- Devon- 
shire potential function [14]: 

V,( z, x) = D(e-‘“’ - 2emaz) 

+/3DemBL cos(2z~/a). (2) 

The values of most parameters in (2) were taken SO 

as to correspond roughly to the case of low Miller 
index faces of Cu [7,16] (e.g.. Cu(ll0). Cu(lO0)). 
The lattice constant was taken as 4.8378 bohr, as 
for Cu(100) [16]. Potential parameters for the 
He/Cu(lOO) interaction were determined by 
Armand et al. [7] from diffraction scattering, and 
the steepness and well-depth parameter values in 
the case of He/Cu(lOO) are believed to be quite 
similar [16]. On that basis, we chose OL = 0.6 bohr-‘, 
D = 0.000234 hartree. To illustrate the effects of 
the impurity on the diffraction pattern, we found 
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it useful to carry out calculations for two values of 
/3: The case of a non-corrugated surface model 
/? = 0, and the case of /3 = 0.05 which is higher 
than found for the low-index faces of Cu [7], and 
hence offers more pronounced diffraction lines, 
making the impurity effects easier to identify. It is 
probably realistic to expect all smooth metal faces 
to correspond to /3-z 0.05, and the comparison 
between the non-corrugated, and the (relatively) 
rough surface result offers insight pertinent to any 
intermediate case. To examine the sensitivity of 
the scattering to impurity location, calculations 
were carried out, both for impurity at site x, = 0 
within the unit cell (on top of a Cu atom of the 
underlying surface), and for impurity at site x, = 
a/2 within the unit cell (impurity placed between 
two neighbouring Cu atoms). The distance z, of 
the Ar impurity from the surface plane was set as 
follows. Denoting by z = 0, the position determined 
by the line through the centers of the Cu atoms, 
the “on top” position of Ar corresponds to z, = 6.0 
bohr (from the atomic radii of Cu and Ar). Simi- 
larly geometry suggests that for the “in between” 
positions z, = 4.8 bobr is reasonable. 

3. Method and calculations 

The basis of the method employed here is a 
recently proposed algorithm [16,17] for solving the 
time-dependent S&r&linger equation: 

= [-(A2/2m) v,‘+ V(r)] 9(r, t)_ (3) 

The algorithm was described in detail elsewhere 
[17,18] and applied to gas-phase molecular colli- 
sions [18] and to scattering from crystalline surfaces 
1191. Only a brief description of the scheme will be 
given here. To obtain the time-evolution of a 
wavepacket from an initial state by time-propaga- 
tion processes on eq. (3) requires efficient calcula- 
tions of H?P(r, t) for every space point r at each 
time step t. A major difficulty in this respect is the 
need for fast and accurate evaluations of the sec- 
ond-order derivatives v,?P(r, t). In _ the present 
scheme this is carried out as follows. A fast-Four- 
ier transform algorithm is used to transform *(r, t) 

into k space, yielding a function *(k, I). The 
action of v2 in k space is represented by-multiple; 
cation by - -k 2. The result is then back-trans- 
formed into r space by a second application of- the 
FFT routine, yielding 0, ‘k( r, t). Symbolically, 
one has: 

Y’(r, t) ‘-“+(k, I) + -k2+(k_ t) 

FFT 
--, v,‘*(r, t). (4) 

The effectiveness of the procedure depends essen- 
tially on the efficiency and accuracy of the FFT 
technique. In this method, numerical effort in- 
creases as O(N log N), where N is the number of 
grid points in r space. 

To propagate the wavepacket in time, second- 
order differentiating is employed: denoting by t, 
the n th time point, and setting P(r) = ?P(r, t,) 
the time derivative in eq. (3) is approximated by 

= (1/2At)[ W+‘)(r) - ‘k’“-“(r)], (51 

where At is the interval between successive time 
points. The approximation (5) is of second-order 
accuracy. The time-dependent S&r&linger equa- 
tion now becomes 

q(n+i) = qk(~-1) _ 2iAtHq(“) 
(6) 

The overall process of solution is the following 
one: For given n, assuming \k(‘) for i = 0, _ . . .n is 
available from previous steps, Hlk(“) is calculated 
by the FFT-based algorithm described in (4). 
gcn+ ‘) is computed from (6), and the process is 
continued for Ik(“, i > n + 1, till the solution has 
been obtained for sufficiently long times. To ini- 
tiate the above process, both !P(r, to) and 9(r, 1,) 
are needed as input, while the Schrijdinger equa- 
tion (3) requires only \k(r, to) to determine a 
unique solution, and only a single-time initial con- 
dition is generally available from physical consid- 
erations. This is overcome-by using first a single 
step of Runge-Cutta integration to generate 
!P(r, t,) from ck(r, to) according to eq. (3). Fur- 
ther details are given in refs. [16,17]. 

In the present problem r = (x, z), with x the 
coordinate parallel to the surface and z perpendic- 
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ular to that direction_ The initial state was taken at 
a pre-collision time lo (lo 4 - cc)_ as an extended 
wave in the s direction and a IocaIized packet 
along 2: 

*( 2, _\r. rO) = e\p(ik,s) exp[ik,( z - zO] 

xeXp[-A(=---_J]. (71 

where hk,. fik, are. respectively. the momentum in 
the _X direction and the (mean) momentum in the z 
direction, z0 was taken to be far outside the He- 
surface interaction range. Essentially, the integra- 
tion thus begins at to - - M with a wavepacket at 
distance zD --, cc from the surface plane. In princi- 
ple, the results obtained wtth an initial wdvepacket 
such as (7) should be transferred to correspond to 
the usual plane-wave incoming conditions of 
scattering theory. However, a small value of the 
parameter A (f bohr-‘) in eq_ (7) was used. so 
that the z-dependence of the wavepacket was al- 
most that of a delocalized wave. and it was tested 
and found numerically that transformation of the 
results IS unnecessary. All the calculations re- 
ported here correspond to incidence normal to the 
surface (X-, = 0). At the relatively high energies 
normal to the surface for which the calculations 
were done_ scattering is dominated by the repul- 
sive forces. Influence of the impurity on the wave- 
packet is thus short range. It wds posstble there- 
fore to confine the calculation in the s coordinate 
to an interval [s, - L. si + L] around the impur- 
ity center s, where the interval 2L included 12 
unit cells of the undcrljing Cu surface. The solu- 
tion \k(s. z. r) outside that interval can be ob- 
tained by periodicity in the s variable that holds to 
excellent accuracy dt distances sufficiently far from 
the impurity site (starting already from points 
within the edge unit cells inside the interval). 
Calculations were initiated at t = t, ---, - cm with z0 
for outside the interaction range. and propagated 
to sufficiently large t (t + 00) when the wave- 
packet after the collision has propagated to such 
distances from the surface that the interaction 
becomes negligible and asymptotic behaviour has 
been attained_ The scattering intensities were ex- 
tracted from the asymptotic, post-scattering values 
of the solution_ The scattering intensity into final 

(k-i, kl) satisfies: 

4&4:.X: a IJl exp( -i&:x) exp( -SE=) 

x ‘k( x. z, I :! 
r-,oo)dxdr _ (8) 

In addition, considerable insight into the dynamics 
was obtained from finite time values of the wave- 
packet: AI1 caiculations were carried out on the 
VAX 75O/II of the Fritz Haber Center at the 
Hebrew University of Jerusalem. Calculations were 
carried out for collision energies O.fKKl315 and 
0.000659 hartree, in both cases at normal inci- 
dence. Computing time was = 100 min per scatter- 
ing event. 

4. Results and analysis 

A I. Mam impurity effects on the scattertng 

Fig. 1 shows the scattering intensities as a func- 
tion of the momentum transfer Ak, = k: - k, 

parallel to the surface for He scattered from 
[Cu(surface) + Ar(impurity)] at collision energy 
0.000315 hartree. The corrugation parameter of 
the Cu surface in this calculation is p = 0.05. It is 
instructive to compare the results with those of fig. 
2 showing intensities for He scattering from a 
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Fig. 1. Intensity distribution for He scattered from [Cu(surface) 
+Ar(impurity)]. The results are for Ar position between 

neighbounng Cu surface atoms (coordinates x1 = n/2, zt = 4.8 
bohr). [Cu surface corrugation parameter is ,9 = O.OS.] Colhsion 
energy is 0.000315 hartree. 
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Akx (au) 

present in _ the- intensity -spectrum of the con- 
taminate-d. surface, without a corresponding- fea- 
ture in the-pure crystalline case.- The-second pair 

_ _ c_ __of‘impuiity-induced peaks are located -between the 
specular and the first-order diffraction spikes, at 
Ak, = &O-875- bob;-‘, and are weaker than the 
maxima-at t 1.625 bohr-‘. The impurity-induced 
maxima of _the types (ii) and (iii) -were first re- 
ported in a preliminary announcement of the $res- 
ent results [12]. Another aspect, rather obvious 
physically but important to note, is that the pres- 
ence of the impurity results in decrease of the total 
coherent scattering, as represented by the diffrac- 

tion spikes. As comparison of fig. 1 with fig. 2 
shows, even for the dilute impurity case described 
by the present model system the decrease of coher- 
ent scattering is of observable magnitude, as it 
must be, to account for the flux scattered into the 
diffraction tails, and by the impurity-induced max- 
ima, which together constitute the incoherent 
scattering. We proceed now to analyze the new 
features of impurity-induced scattering. 

Fqg. 2. Intensity distribution for He scattered from a pure-crystal 
hne Cu surface The width of the dtffraction spkes shoan is 
stnctly numertcal. A surface corrugation parameter /3 = 0.05 
was used. Collision energy IS 0 000315 hartree. 

corresponding impurity-free Cu surface. The pure 
crystalline case obviously gives rise to unperturbed 
diffractive scattering, and fig. 2 shows a specular 
peak, and two symmetric first-order diffraction 
peaks at Ak, = t_2~/a where a is the lattice con- 
stant of the Cu surface. The width of the diffrac- 
tion spikes in fig. 2 is strictly numerical in origin, 
related to the grid-size employed in k space. Fig. 1 
shows that the contaminated surface system gives 
rise to diffraction spikes at the same positions as 
the pure surface. The intensity patterns of the pure 
and the contaminated surface differ, however, in 
three major aspects: (i) The scattering from the 
Cu + Ar (impurity) system gives rise to broad in- 
tensity tails superimposed on the diffraction spikes. 
The intensity tails around the specular peak are 
particularly broad, with a halfwidth of (Ak),,, = 
0.4 bohr-‘. The tails of the first-order diffraction 
peaks are weaker, but include a non-negligtble 
fraction of the intensity of the diffraction spike. 
The fact that scattering from imperfect surfaces 
gives rise to intensity tails around the diffraction 
spots has been observed in previous studies [8-111. 
(ii) The impure surface gives rise to two intensity 
maxima, placed symmetrically at (Ak,) = + 1.625 
bohr-‘, beyond the observed diffraction spikes, 
which do not occur for the-pure crystalline surface. 
(iii) A second pair of symmetric shallow peaks are 

4.2. Interpretation of the mam impwiry effects 

The fact that various types of crystalline imper- 
fection give rise to intensity tails superimposed on 
the diffraction spikes has been previously observed 
in approximate calculations on scattering from 
disordered solids [8-111. Qualitatively, the follow- 
ing general argument can be made. Diffraction 
spikes arise in scattering from a perfectly crystal- 
line surface, since constructive interference comes 
from scattering at some equivalent sites on differ- 
ent unit cells, while interference from non-equiva- 
lent sites on different cells leads to destructive 
interference. For a non-crystalline solid, the con- 
straints on constructive interference are relaxed. In 
the present case, components of the wavepacket 
scattered from the Cu surface involved, which 
correspond to a non-Bragg value of Ak,, may 
interfere with a component scattered from the 
impurity, and yield finite intensity. The “com- 
pensating” effect of scattering from the impurity 
site that leads to some constructive interference for 
non-Bragg scattering f&m the surface, is expected 
to be weaker the more incoherent is the wave 
emerging from the Cu -array. Hence the decay of 
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the intensity tails as Ak, deviates considerably 
from the diffraction values 2?mn/a. To interpret 
the new. impurity-induced maxima described in 
section 4.1, we consider fig. 3 showing scattering 

intensities for the same He/[Cu(surface) + 
Ar(impurity)] systems as in section 4.1, except that 
here a non-corrugated Cu surface (j3 = 0) was 
employed_ Comparison of fig. 1 with fig. 3 shows 
that rtie impuriy -induced ma.rrma are appro_xi- 

mate& independent of the corrugation of the under&- 

mng Cu surface. and can in fact be quantitatively 
accounted for by a model involving an impurity 
on an otherwise flat surface. Examination of the 
detailed wavepacket solution suggests that the 
peaks at Ak, = ~1.625 bohr-’ are due to the 
strong local corrugation introduced by the impur- 
ity as given by Vi(x, i). The much shallower max- 
ima. at lower momentum transfer of Ak, = + 0.875 
bohr- ‘. are due to interference between the wave 
reflected from the surface and that scattered from 
the impurity_ The maxima at low momentum 
transfer are therefore sensitive to the impurity 
distance from the surface plane [z, in eq_ (l)]_ It 
should be noted that the impurity-induced tails of 
the diffraction peaks are sensitive also to s,. the 
impurity location within the unit cell. We conclude 
that e_xpermtentai derermmarion of the mmpurity m- 

duced features in the intensity pattern could ~,reId 

detailed mfornratlon on mlpurit_v locution with re- 

spect IO the underl’ ing surface. 
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Fig. 3. Inter&t> chstnbution for He scattered from an Ar 
impurity on a flat surface. The impurity center is at q = 6 0 
bohr from the (non-corrugated) surface plane. Collision energy 

is 0.000315 hartree. 

It should be very desirable to be able to study 
the impurity-induced effects in terms of simple 
models. We wish to suggest here that in view of its 
convenience of interpretation, the sudden ap- 

pro_ximation [10,20] may prove very useful in this 
respect_ This approximation. introduced first for 
diffractive scattering from pure crystalline systems 
1201, was recently applied to scattering from dis- 
ordered surfaces [lo]. It is an impulse collision 
approximation that assumes momentum transfer 
due to corrugation, parallel to the surface, to be 

considerably smaller than the momentum transfer 
perpendicular to the surface: 

k=>Ak,. (9) 

The energies at which the calculations reported 
here were carried out are not sufficiently high for 
the sudden approximation to hold quantitatively, 
but it can probably be relied upon for gaining 
qualitative insight. In the present case, the sudden 
approximation gives the following expression [lo] 
for I(Ak,) parallel to the surface: 

I(Ak,)a i 
I 1 

_” exp(iAk,x) exp[2iq(x)] dx 2, 
L I 

L~co. (10) 

where q(x) is the phase skft given by: 

~(_~)=~~([k~-((2m/h’)~(_~,~)]“~-k~) dr 
=I 

-k=z,, (W 

where z, is the classical turning point correspond- 
ing to the integrand in (11). In the flat surface 
model for the underlying Cu, V(x, z) = V,(z) + 
V,(x, z). Assume that, as in the present example, 
the corrugation at the vicinity of the impurity is 
strong, i.e. V,(x. I) varies rapidiy with x, and so 
will q(x) also. A stationary-phase evaluation of 
(10) should then be applicable, yielding: 

I( Ak> a f [aad-d/a-r2] r- r,l 

-1 

, (12) 

where the stationary-phase point x, is given by: 

Ak, = -[a&x)/3x] r=r,. 03) 

Eq. (12) suggests the occurrence, in the crude 
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stationary phase limit (12), of a rainbow in- the 
scattering iniensity due tb the impurity_ corru- 
gation, We suggest on the basis _of- preliminary 
calculations that fhe iinpurity-induced peaks at 
large momentum transfer (Ak, = + 1.825 bohr-‘) 
in fig. 1 correspond to this interpretation, although 
the exact quantum calculation gives a finite maxi- 
mum unlike the singularity of the crude sta- 
tionary-phase limit (as is always the case for rain- 
bow effects [21])_ Detailed sudden interpretations 
of impurity-induced intensity features, as well as 
quantitative calculations with that method at high 
energies, are in progress [22]. 

4.3. Dependence of scattering intensities on impurity 

location 

The same calculations as described in section 
4.1 were carried out also for a slightly different 
system with the Ar impurity “on top” of a surface 
Cu atom (position x, = 0, z, = 6.0 bohr within the 
unit cell), instead of the position between two 
neighbouring Cu atoms (x, = a/2, z1 = 4.8 bohr) 
in the previous case. The results for the new con- 
figuration are shown in fig. 4. Comparison with 
fig. 1 shows that impurity effects on the scattering 
are stronger for the new ccnfiguration. In particu- 
lar, while in fig. 1, the intensity tails fall off 
smoothly and rapidly with the distance of Ak, 

60-C 

Ak, (au) 

Fig. 4. Intensity distribution for He scattered from [Cu(surface) 
+Ar(impurity)J. Rest&s are for Ar position on top of a Cu 
surface atom (x1 = 0, .q = 6.0 bohr). Other details are as in fig. 

1. 

f&m the B& values, i&purity effect on the near- 
specular scattering in the-case of fi& -4 is strong 
enough to produce shoulders with of&specular _ 
maxima at Ak, r i-O.45 bohr:‘. Also, the- total 
intensity in‘ the %n&ity induced background 
around the specular peak is larger in fig. 4 than in 
fig. 1; The “on top” impurity configuration mdu&s 
also more pronounced intensity tails at the-first- 
order diffraction peaks than is found in fig. 1. 
Finally, we note that the pair of impurity-induced 
maxima found in the case of Fig. 1 at (Ak,)= 
f0.825 bohr-’ occur in fig. 4 at somewhat larger 
values of momentum transfer, indicative of greater 
corrugation. Indeed, all the differences between 
fig. 1 and fig. 4 can be readily explained on the 
basis of geometry, the Ar placed on top of a Cu 
atom (x, = 0, z1 = 6.0 bohr) leads to a substan- 
tially more corrugated structure than the same 
impurity when located between two neighbouring 
Cu atoms (x, = a/2, z1 = 4.8 bohr) and partly 
shielded by the latter. The most important conclu- 
sion from the comparison of fig. 1 and fig. 4 is that 

the scattering Intensities are sensrtive to Impurity 

location, on a scale that should probably make It 

possible to extract rnformation on impurity position 

from experimental data 

4.4. Energy-dependence of impurity effect on the 

scattering 

Fig. 5 shows the scattering intensity versus Ak, 
for He/[Cu(surface) + Ar(impurity)] at collision 
energy 0.000659 hartree. As in fig. 1, impurity 
location is x, = a/2 (i.e. between the centers of 
two neighbouring Cu atoms), z1 = 4.8 bohr. In fig. 
5 the second-order diffraction peaks Ak, = + 4T/a 
are also seen. This is, of course, an effect pertinent 
to the crystaliine layer involved and a consequence 
of the fact that the effective corrugation increases 
with in&easing incidence energy normal to the 
surface as the He probes shorter-range parts of the 
interaction V(x, z) where the coupling is stronger. 
Impurity efftit on the specular peak is somewhat 
stronger in the high-energy case of -fig. 5 than in 
fig. 1: The impurity-induced intensity around the 
specular spike has, in fig. -5, the form of a flat 
broad maximum rather than a monotonic f&U-of 
with Ak,. Clearly, also the contribution of the 
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Fig. 5 Intensity dlstnburlon for He scattered from [Cu(surtace) 
+-Xr(lmpurq)J. Results are for a colhslon energy of 0.000659 
hartree All orher deradr are as m tig 1. 

impurity to the effective corrugation increases with 
the energy. again for the reason that at higher 
incidence energy the projectile probes distances 
nearer to the center of the impurity where V,(x, 2) 
involves stronger coupling between the z and the x 

motions. As in fig. 1. two types of impurity-induced 
maxima are seen outside the diffraction spikes. 
The furthest of these, at Ak, = k2.88 bohr-‘. 
pert&n to much greater momentum transfer than 
_the correspondmg outer peaks in the low-energy 
case. which is another manifestation of the in- 
crease with energy of effective corrugation due to 
the impurity. The pair of impurity-induced inten- 
sity structures, with maxima at Ak, = +1.48 
bohr- ’ seem (by analysis of the navepacket solu- 
tion) to be a consequence of interference between 
scattering from the impurity and scattering from 
the surface. The increased intensity of these peaks 
(compared with the corresponding maxima at Ak, 
= kO.875 bohr- ’ in fig. 1) shows that with in- 
creased effective corrugation contnbuted by both 
the Cu surface and the impurity, the off-specular 
constructive interference is enhanced_ For a pure 
crystalline surface. increase of energy yields more 
diffraction peaks and may thus render more 
structural information on the surface. The above 
results give rise to an analogous conclusion for an 
impurity-doped crystal - some of the impurity 
effects on the scattering become more pronounced 
with the increase of collision energy_ __ 

it is imfi&&# to b& in r&d- tI$ q@&on of the 
correspondence df the sysiem &$ed -to reaI&tic 
impureSurfa&systems_ One i;npotiant aspect is 
that adsorbed impurities on re& surfaces may be 
distributed over several types of sites. The present 
model assumes a singie type df site for each impur- 
ity with the unit cell, and is therefore an idealized 
limit. approached only in cases where such a single 
site is energetically overwhelmingly favoured. Also, 
the present model is confined to calculations on a 
fimte cZuster (of 12 unit ceils) with periodic 

boundary conditions imposed at the edges. The 
intensities as given thus represent a system with a 
one-dimensional coverage ratio of l(Ar) : 12 (un- 
derlying Cu unit cells)_ For lower inpurIty con- 
centrations. the coherent part of the scattering (i.e. 
the diffraction spikes) scales with the number of 
undeveloped unit cells, while the incoherent 
scattering intensities (diffraction tails, impurity-in- 
duced maxima) decrease correspondingly. Our re- 
sults can therefore be adequately scaled to any 
impurity concentration lower than the 1: 12 ratio. 
Such a scaling cannot be applied in the regime of 
higher concentration, since in this case inter- 
ference effects between neighbouring impurities 
may become significant_ 

5. Concluding remarks 

In this article, exact quantum-mechanical calcu- 
lations were reported on scattering of He from a 
model system representing an impurity atom ad- 
sorbed on a crystalline surface. The calculations 
were confined to the framework of a rigid, vibra- 
tionless surface, and to a one-dimensional surface 
model. The interaction and structural parameters 
employed in the calculations are probably realistic, 
at least qualitatively. The main result of the calcu- 
lations has been to demonstrate several important 
qualitative effects in the scattering due to the 
presence of the impurity, including intensity tails 
for the diffraction peaks and several new maxima 
related to scattering from to impurity, and to 
interference between scattering from surface and 
from the impurity. An important aspect of the 
results is the finding that the intensity pattern is 
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reasonably sensitive to impur$y kc&ion. This spg- 
gests strongly that the He scattering co&d prove a 
useful crystallographic probe of impurities on 
surfaces, leading, in combination with calculations 
such as presented here tb determination of impur- 
ity position on thk surface. We hope this will 
provide strong motivation for experimental efforts 
in this area. At the same time it seems desirable to 
develop further the theory, in particular with re- 
gard to a search for further new effects in other 
types of imperfect crystai systems. 
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