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An exact, nonperturbative calculation of the specular and diffracted intensities for He on LiF . (001)
accounts for all the features seen in the most recent experiments in the selective adsorption region for
azimuthal and polar dependence. It is observed from the computed intensities that all of the family of beams
having the same G, lead to the same shape of the resonant structure. In particular, the (0,0), (1,0), I
and (2,0) beams present minima in the azimuthal dependence and maxima in the polar one, while the (1,1)y
and (2,1) present the opposite shape. This behavior seems to be general, and applicable to other systems.

I. INTRODUCTION

In the last few years the technique of atomic-
beam scattering has been proved to be efficient
and applicable to many kinds of surfaces.! Dif-
fracted intensity patterns and detailed studies
of resonances with surface-bound states provide
a large amount of information on the gas-solid
interaction potential and on the surface topogra-
phy. The interpretation of the experimental dif-
fraction patterns for He-LiF(001) at incident en-
ergies of 60 meV (; ~11 A~!) (Ref. 2) has been
successfully accomplished using the hard cor-
rugated surface (HCS) model,®~5 although this
model does not include the attractive part of the
potential that gives a well approximately 8 meV
deep. The experimental data are not much af-
fected by the attractive well for incidence angles
6;<50° thus explaining the success of the HCS
model in this range; for 6; >50° however, the
presence of bound-state resonances is obvious but
no detailed theoretical fit has been attempted, due
also to some uncertainty in the data.

On the other hand, the existing data for lower
incident energy (k; ~6 ;&") show clearly a reso-
nance pattern in the intensity curves versus polar
or azimuthal incident angle. It is then evident
that the introduction of an attractive long-range
well is necessary in the theory to explain the ex-
periments in detail. The available experimental
evidence®”® confirms the theoretical prediction
tthat the attractive potential should fall off as 273
at large enough distances z from the surface, due
to the polarization forces between the He atom and
the crystal.!® Also, a comparative fit of the bound
states by different kinds of potentials indicates the
above-mentioned asymptotic behavior.!!

This paper is concerned with the analysis of very
recent experimental data®® on He-LiF(001) atlow
incident energy (¢, =6 A1), which were taken for
every 0.33° of the incident angle. In it, we pre-
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sent the Rayleigh approach to the exact quantum-
mechanical theory of the scattering of atoms from
a hard corrugated surface plus an attractive well
(HCSW), which was developed recently.’? This
theory has been applied successfully'? to the
scattering from stepped surfaces represented by
a one-dimensional corrugation, but is harder to
use for two-dimensional corrugations. Fortunate-
ly, the corrugations involved in alkali halides (and
in most all perfect plane surfaces) seem to fall
within the range of applicability of the Rayleigh
method as a practical procedure. The use of the
Rayleigh approach for the HCSW model with the
long-range attractive part was first developed by
Harvie and Weare!® and applied by them to some
of the data that are the subject of this study; our
method, however, differs in some important
aspects and our calculations-are compared with
the entire body of available data.

The paper is organized as follows: in Sec. II we
introduce the general theory and develop it in
particular for a potential with a 273 long-range
part; in Sec. III we present the result of computa-
tions for the He-LiF(100) system and compare
with experiment; in Sec. IV we draw conclusions
and discuss the insight gained by this work. '

II. MODEL POTENTIAL AND THE RAYLEIGH APPROACH

The exact quantum-mechanical theory for the
HCSW model has been presented in Ref. .12, for
a general potential of the form
V(F)== for z<¢(®), (1a)
V(T)=V(z) for z>¢(R), (1b)
where T =(R, z), z is t_lle coordinate perpendicular
to the surface, and ¢(R) is the surface corruga-

tion profile. In particular, the attractive part of
the potential, V(z), is approximated by
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V(z)=-D for z<8, (2a)
a+B\?2
V(z):—D(aH_z) for z> 8, (2b)

where D, a, g are parameters to be fixed by fitting
to the observed bound states. Using this poten-
tial it has been possible to fit all the known bound
states for all the systems that have been presented
in the literature with less than 4% maximum de-
viation from the experiments.

The integral equation for the sources of the re-
flected field on the hard wall z =£(R) is, following
Garcia, Goodman, Celli, and Hill,*?

W (@)= [ @) T expli®+3)- @)
a

xgz(C(®), LR ER", 3)

where A is the area of the surface unit cell, [¢]
are the reciprocal-lattice vectors, K is the paral-
lel momentum of the incident atom, E; =(§,kz), and
¥;(R, z) is the incident wave function as modified
by the presence of the attractive potential V (z).
Finally, gg(z,z’) is the one-dimensional Green’s
function in the presence of the potential V (z) with
a parallel momentum transfer G. For the V(z)
given by (2), the value of gg in the region where
it is needed is as follows:

Case (i) z<Band 2/ <g:

' 85(2,2") = (i /RG ) exp(ikg |z = 2'])

+R(kE,) exp[-ikg.(z +2")]}.

(4)
Case (ii) 2~ and 2’<3:
- L yj2\ 2
sale, 2= (L5250
kleGl
XexP[i(kazz —ké,2'+¢)], (5)

where kg3, are the perpendicular components of the
diffracted wave vectors: k%, =%} — (ﬁ +§)2; ké, are
the energy-shifted values of k3, due to the well
depth D: k&2 =k%, + 2MD /M2, where M is the gas
atom mass; R(k3,) are reflection coefficients

for a plane wave incident on V(z) from the region
2<p; and ¢ is a phase angle that will not be
needed. '

The solution of integral equation (5) for a two-
dimensional corrugation requires a considerable |
amount of computer time. The task is very much
simplified if it is permissible to substitute (z = z’)
for |z = 2’| in the expression (4) for the Green’s
function. This is what we call the Rayleigh ap-
proach for the HCSW model. The corresponding
replacement for the HCS model and the equivalence
to the conventional Rayleigh method has been dis-

cussed by Garcia and Cabrera'; an alternative
approach is the use of the extinction theorem which
has been discussed recently by Marvin and Toigo
for a wide class of HCSW models.!s

With the Rayleigh assumption, Eq. (3) can be
written

¥ (R, L®)= Z Bgexp[i(K +G)+R)
G
x{exp[ikg. t(®)]
+R(kE,) exp[-ik4,E(R)T}, (6)
with
B3 = JELS(E) exp[-i(K +G) - R’]

x exp[-ikg, (®")|[1+R(EE)]AR . (7)

Now the expression for the scaﬂ:ering amplitude
Ag is
; _ Loz \ 12
e‘WAa =1 (Lﬂk‘r}_#_)_l_)
kg-kg.

x [ (&) exp[~i(R +) ]
A .
x exp[—ikg, L(R)]d 2R
- R*(k3.)08,5 , (8)

but from Egs. (7) and (8) we obtain a straight-
forward relation between Bg and Ag

e-ioAa =(@) Ve [1 "R(két)lzlllzBa

k3. 1+R(kg,)
- R*(k3,)08,5 - (9)

This completes the relation between the diffrac-
tion intensities

Pg = (kg./k3.)|Ag|* (10)

and the coefficients Bg.

The following points should be noted: (i) Equa-
tion (6) reduces exactly to the HCS model (no
attractive well included) when R(kg,)=0. (ii) It
must be stressed again that ¢¢(ﬁ, 2) is the incident
wave function in the presence of the attractive
potential V(z) and that for z<g8 -

0@, 0= (LEERL ) et 0

k3aR3.
X exp(~iK*R). (11)

(iii) Once the reflection coefficients R(ka,) are
found [by numerical integration of the one-dimen-
sional Schrddinger equation for V(z)], Eq. (7) is
solved numerically on a discrete set of points R
for the coefficients By, which completely solve
the problem through (9) and (10). This GR
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numerical procedure is cheaper and easier to
apply than the RR procedure .of solving (6) and
(7) for s(ﬁ).“ (iv) The last term in (8) and

(9) corresponds to the specular reflected wave
in the potential V(z). Such a term is present
even though V(z) is purely attractive. (v) The
range of validity of the Rayleigh approach is the
same here as in the HCS model.’® For the He-
LiF(100) system the approach is not strictly valid,
but the strength of the corrugation is close enough
to the limit of analytic validity that one obtains in
practice a useful result for the incident energy of
interest here (¢; =6 A"!). For instance, for the
profile defined in Eq. (13) below, the range of
strict validity of the Rayleigh method for ¢, =0,
according to Ref. 16, is limited by G,¢, =0.592,
corresponding to &, =0.265 A. The reason why
the method works at small 2; values is, apparent-
ly, that the lack of convergence manifests itself
in the large kg, components.

III. RESULTS FOR He-LiF(001)

The experimental data of primary interest to us
here are those taken by Frankl and co-workers®:®
at a surface temperature of 125 K, where inelas~
tic effects are expected to be relatively unimpor-
tant, as shown by the fact that the Debye-Waller
factor is of the order of 0.5. A careful and de-
tailed experimental study of the same He-LiF(100)
system at low temperature had been done pre-
viously by Boato et al.,? for an incident wave
veetor 2;~11 A™', Most of these earlier data
could be explained theoretically on the basis of
the HCS model without a well,®"% while the reso-
nances could be understood qualitatively in terms
of a simple square well.'” Subsequent studies
by Chow and Thompson!® did much to clarify the
nature of the resonant structure and to show that
an elastic scattering theory is sufficient to ac-
count well for the low-temperature observations.
Their predictions of the splittings of resonances
with two degenerate surface bands are well borne
out by experiments and confirmed by more de-
tailed calculations of the entire surface bound
state band structure for He on LiF(100).}° Fi-
nally, calculations for the HCSW model with a
long-range potential, showing agreement with the

- data of Frankl and co-workers®® have been re-

" ported by Harvie and Weare!® for the azimuthal
dependence of the specular beam. The detailed
agreement of these calculations with experi-
ment is remarkable, but it must be stressed
that all comparisons have been done for the
specular beam only, that is to say without con-
sidering the other 16 diffracted beams that ap-
pear in the He~LiF(100) scattering experiments?®

for k; =5.76 A"1,

We give here the results. of a complete calcula-
tion for all the diffracted beams and a detailed
comparison with the data of Ref. 9, which are the
most accurate available. These data are repro-
duced as the lower graphs in Figs. 1 and 2,

The calculations were performed using the
model described by Egs. (1) and (2) with D =8.0
meV, @=1.41A"%, and 8=1.04 A"!, The bound-
state energies for this potential V(z) are €,
=-6.05, -2.50, —0.80, -0.19, and -0.04 meV
for n=0, 1, 2, 3, and 4, in good agreement with
the values inferred directly from the positions
of the resonances® and with those used in other
calculations.'® The corrugation used is of the
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FIG. 1. Theory (above) and experiments Ref. (9)
(below) for azimuthal (¢;) dependence of the specular
intensity at ®; =70°. The theoretical plot gives the elas-
tic intensity multiplied by a factor of 0.43, accounting
for the Debye-Waller factor and other possible correc-
tions. Straight line segments join points determined at
A¢;=0.3° in the theory and 0.333° in the experiment.
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type
¢(R) = 5¢,[cos(27x/a) + cos(2my /a)]
+&,cos(2mx/a) cos(2my /a) (12)

for different values of the parameters ¢, and ¢,
and for a unit cell size @ =2.817 A, consistent
with the observed value G,=2.23 A"! of the basic
reciprocal lattice vector.

In Figs. 1 and 2 we present the calculated
specular intensities (upper plots) as a function
of the azimuthal angle ¢; and of the polar angle
O, respectively for the corrugation parameters
£,=0.307 A, £,=0.017 A.2° The experimental data
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FIG. 2. Theory (above) and experiment (below) for
the polar angle (®;) dependence of the specular intensity
at ¢; =0°. The theoretical plot is multiplied by a factor
of exp(—0.37 cos?®;) as obtained experimentally Ref. (2)
and is drawn as in Fig. 1, with A®; =0.3°% experimental-
ly A®; =0.5°,

are shown in the lower graphs of the same fig-
ures; we have chosen not to superimpose theory
and experiment, as done in Ref, 13, so that the
graphs do not cover each other and the fine struc-
ture can be appreciated. All the observed struc-
ture is clearly reflected in the calculations and in
addition some computed resonance features are
more evident than in the data, as for example the
(3 =0,2) and the (2 -2,1) peaks in Fig, 1. It is
possible that the experimental structure is
smeared out by inelastic effects, but it may well
be that the experimental data are not completely
resolved, and neither is the theory for A9; =A¢;
=0.3°, which are the intervals used in the plots.
As another example, we note that in Fig. 2
there is a hint of fine structure at ©; =38° on
the right-hand shoulder of the peak at 37.5° in
correspondence with the expected position of the
(3 -1, 0) resonance, which should be very narrow
because it comes from the highest observed level.
Similar remarks apply to the (2 - 0,+2) resonance
at 41.5°, We have resolved these peaks with A9,
=0.05° and are then able to see the expected fine
structure, as shown in Fig. 3, We conclude from
these calculations, and from similar studies that
we have carried out for He on graphite, that there
are, in the elastic theory, resonances with a very
narrow width, well below the present experimental
resolution. We conclude that, up to an angular
resolution of 0.3°, the elastic theory and the ex-
periments agree well for the specular peak.
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FIG. 3. Fine-scale details of the théoretical plot in
Fig. 2, with A®;=0.05° Observe the new structure
appearing, which is unresolved in the experiments.
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FIG. 4. Replica of the theoretical plot in Fig. 1
(azimuthal dependence of the specular intensity at

©;=170°), but with the second harmonic of the surface
corrugation profile £, set to zero.

We turn now to a description of the theoretical
predictions for the diffracted beams, which have
not yet been studied in detail experimentally. The
calculations were performed for two values of the
second harmonic in the surface corrugation, ¢,
=0 and 0.017 A, Figures 4-8 are azimuthal plots
for ©®; =70°. Figure 4 gives the (0, 0) beam for
¢, =0 and should be compared with the analogous

1T T 11T 1T T 11
(-1,0)
6i=70°

(@]
n
1
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INTENSITY

0l : —

| | | L1 1 | [ 11

0° 10° 20° 30° 40° ¢i—~
FIG. 5. Computed azimuthal dependence of the (1,0)

beam at ®; =70°. The surface profile is the same as in

the theoretical plot of Fig. 1, but no correction factor

is applied here.
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FIG. 6. Same plot as Fig. 5 for the (1,1) beam. Note
that the minima in the two previous figures are maxima
here.

plot for &,=0.017 & in the upper part of Fig. 1.
We observe that there is perhaps a better agree-
ment with experiment for ¢ near 13° when the
second harmonic is not included but the structure
near 43° is reproduced better with the second
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0.2 -
>
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12
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0.1mH —
N NS PR N N | | |
o° 10° 20° 30° 40° ¢—

FIG. 7. Same plot as Fig. 5 for (T, I) beam.
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FIG. 8. Same as in Fig. 5 for Z,0), @, 1), d, 3). Note
the similarity of (2, 0) with Figs. 4 and 5 and of (Z,1)
with Fig. 6.

harmonic. To resolve this point one should re-
examine the fit to the data at k; =11 A~! with the
attractive well included. For all the other beams,.
we see practically no difference due to the second
harmonic in the surface corrugation and we re-
produce here only the results for ¢,=0.017 A,
Figure 5 gives the (I, 0) beam, which is seen-to
be nearly the same as the (0, 0),..On the other -
hand, the behavior of the (I, 1) beam, shown in
Fig. 6, is almost the opposite: the large mmuna
in (0, 0) and (1, 0) correspond to large maxima
in (I,1). This is in agreement with previous cal-
culations by Chow and Thompson'’**® and Garcia.'”
The (I,T) beam, however, is intermediate be-
tween those discussed above, as shown in Fig 1.
The family of beams (Z,0), (2,1), and (1,2) is
displayed in Fig. 8. We observe that @, 0)1ooks
like a small scale replica of the specular beam,
In this case, the similarity persists even where
the (I, 0) beam departs from the (0; 0): Analogous-
ly, (2,1) is a faithful copy of (I, 1), with maxima
where minima appear in the spe(:ular. No overall
similarities are observed in the (I,2) beam.

The following remarks are important at this

point: (i) The elastic theory seems to show quite
definitely that all the beams with the same G,
have the same azimuthal structure. In our case,
the G, =0 beams (0,0), (I,0), and (2, 0) give very
similar plots, as do (I,1) and (2, 1), both of
which have G,=2n/a. (ii) There is some experi-
mental evidence to support this conclusion, even
in cases where inelastic effects are probably im-
portant. In particular, there are data by the
Erlangen group in which minima are found in all
the reported G, =0 beams for.the (3 -1, 0) reso-
nance in H-KC1(001).?' In He-NaF(001), which is
closer to the system we consider, Liva and
Frankl®? noted that the (I, 1) and (2, 1) beams
present the same behavior, with maxima at res-
onance, whereas (I, 0) and (2, 0) have minima,

as the specular does, for transitions via the (0, 1)
vector that occur near ©; =70° and ¢; =0. While
a complete comparison of theory and experiment
is still to be done with a HCW and a realistic
attractive well, model calculations for this sys-
tem by Chow and Thompson'® show agreement with
the behavior mentioned by Wood et al.? for the
(1,1) and (1,2) beams. (iii) The behavior and
trends observed here for different beams seem to
be quite general. Liva and Frankl?? have noted that
the proximity of the diffracted beam to resonance
produces maxima, but we have found that maxima
appear also in beams which are not neighbors of
the resonant beam, as in the case of (I, 1) and
(1,2). (iv) Obviously a more extended set of co-
ordinated experiments would be necessary to
confirm the statement made in (i) and to elucidate
the role of inelastic processes, if any.

. 'We have also computed the polar angle depen-
dence of the diffracted beams for 30°<@; <70°

at ¢, =0 (Fig. 9). We observe the same correla-
tions as in the azimuthal plots: the (0, 0) and
(1,0) beams are similar, while the (I, 1) beam

‘has minima where the others have maxima.

All the beams not presented in the figures
(there are 16 diffracted beams for most angles)
have small intensities and do not seem very
relevant.

All the sharp features seen in these calculations
can be “accounted” in terms of bound state reso-
nances. We stress this point because in the case
of scattering from a stepped-surface potential,
built to model He-Cu(117), we have noted a struc-
ture 0.05° narrow corresponding to the threshold
condition for scattering into an intermediate state
at the bottom of the attractive well.!? It is possible
that this effect is not seen in the present calcula-
tion because the effective corrugation is smaller
than for a stepped surface. For the flat-bottom
potential that we are using the threshold condition
is,k_é»,:O for some 5, and it is easy to see from
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FIG. 9. Computed plots of the polar dependence for
¢;=0 of the (0,0), (1,0), and (1,1) beams. These are
drawn as the upper plot in Fig. 2, but without a Debye~
Waller factor. In this case, too, (0,0) and (I,0) have
the same behavior; one is practically the copy of the
other as in Figs. 4, 5, and 8. On the other hand, (1,1)
has the opposite behavior, as happens for the (I, 1) and
(2, 1) beams in azimuthal dependence.

the formulas of Sec. II and the expression for
R(kE.) that an analytic singularity in the scattering
amplitude must be present when ké < goes from
real to imaginary.

For a more general well with a rounded bottom
an analytic singularity should still be present, but
it is probably weaker than in the case of a flat
bottom. We plan to study this question in more
detail, because the bottom threshold effect, if
observable experimentally, would provide a direct
way to determine one of the well parameters.

The effect can be looked for by the same tech-
niques that are used for bound-state resonances,
since the kinematic conditions are of the same
type, namely, %} =(K +G)?+2mD/i?. However, it
is probably necessary to obtain experimentally a
‘derivative plot in order to bring out clearly the
‘analytic singularity.

IV. CONCLUSIONS

(i) The specular intensity reported experimental-
ly° can be explained with the HCSW model*® by
incorporating a ldng-range 273 potential. It turns
out that the position of the resonances in the V(z)
potential and the shape of the corrugation are
sufficient to describe the whole observed struc-
ture. i

(ii) The behavior at resonance seems to be the
same for beams having the same G, com-
ponent, as for example the (7%, 0) and (7%, 1)
families in our case. This observation is in
agreement with all previous experiments®-?*
and calculations,'”"!® but of course the experi-
mental confirmation is in few cases.

(iii) It is evident that an experimental check
of the above prediction is necessary for three
reasons: (a) because the resonant structure is
more clear in some diffracted beams than in the
specular; (b) becaus€ one wants to know if all
diffraction follows an elastic behavior and thus
the absorption of gas is not important in these
non-equilibrium experiments; and (c) because
general inferences about the surface potential and
further simplifications in the theory may be
possible, through a separation of x and y co-
ordinates, if the trends described here for the
different beams are indeed observed.

(iv) Phonons seem to be unimportant in the scat-
tering under resonant conditions. We do not under-
stand this. In fact, very recent time-of-flight ex-
periments?* appear to show appreciable amounts
of energy loss through Rayleigh phonons at 9; '
=65°and k; ~11 A~!, where resonances are im-
portant. v

(v) It is clear that there is in certain cases a
very narrow (0.05°) resonant structure (Fig. 3)
that is beyond experimental resolution. This
happens for high bound states having oscillating
extended wave functions (al_most continuum
states), in agreement with other calculations.

We see no evidence of resonances with quasi-
bound one-dimensional states, i.e., resonances
above the continuum: threshold.

(vi) All the calculations reported here are well
convergent, yielding good unitarity (within 1%)

~and what is more important the relations required

by symmetry [e.g., the equality of (I,1) and (I,T)
at ¢; =0 for varying ©,] are also satisfied to the
third digit. The convergence of the computation
can also be seen from the coherence in the cal-
culated points displayed in the figures. We think
that calculated points should be reported in order
to know how well the structure is resolved.
Discussions of the matrix elements and mag-
nitude of the splittings existing in the He-LiF(001)
band structure have not been presented because
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the HCSW model does not give directly the values
of the effective matrix elements in the interaction.
Qualitatively, one should find results similar to
those obtained for other potentials!®!® when the
bound-state~continuum interaction is neglected,
but a more careful treatment incorporating width
and shifting of the zero-order bands should be
done in this case. In particular, the band struc-
ture for a HCSW may be an interesting problem
to study because of the remarkable agreement
obtained with the experimental scattering data.
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