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Rules governing intensity features of selective adsorption data are derived. Minima or
mixed maxima-minima in the specular intensity are predicted for resonant channels that
strongly couple to the specular, and maxima for resonance states that couple only indirect-
ly to the specular. These rules, which facilitate the identification of resonance positions
and intensity features, are corroborated by available experimental data. Resonance
shifts are also calculated. The characteristic asymmetric splitting of overlapping reso-
nances is accounted for.

The purpose of this Letter is to present an ap-
proximate derivation of general rules which cor-
relate features of the intensity of atom-surface
scattering near selective adsorptions with Four-
ier components of the interaction potential.
These rules for isolated resonance may be sum-
marized as follows: (1) Specular minima will be
observed when the channel in resonance couples
directly and strongly to the specular channel
(more strongly than through indirect coupling),
and to at least one other open channel. (2) Mixed
extrema (maxima being predominant) in the spec-
ular intensity will be observed when the only
open channel to which the resonant state couples
strongly and directly is the specular. (3) Specu-
lar maxima will be observed for resonant chan-
nels that couple only indirectly to the specular
through the strong Fourier components.

These rules suggest that the important features
of the intensity are determined by the coupling
rather than by other dynamical properties (incom-
ing angle, energy, etc.). The rules are useful in
identifying the important components of the atom-
surface potential, for qualitative data interpre-
tation, and for making predictions about new

systems. The derivation assumes purely elastic
scattering; strong inelastic effects would affect
our results. No explicit form for the atom-sur-
face interaction is necessary. We use an expan-
sion method related to Feshbach's" theory of
nuclear resonances. The rules, however, appear
to have greater generality than this approximate

derivati. on would indicate. Numerical calcula-
tions relying on specific model potentials (i.e.,
the attractive hard wall) also agree with our pre-
dictions. The relationships derived here between
potential form and intensity behavior have not
been demonstrated in these calculations because
of their numerical nature. Besults explaining
the asymmetric splittings of overlapping reso-
nances are also discussed.

The atom-surface potential is periodic and can
be expanded as

V(X,z) = Vo(z) + Vg(z)e» (1)
p

where X= (v,y) denotes a position vector in the
plane of the surface, a is the direction normal to
the surface, and G are surface reciprocal lattice
vectors. The scattering channels are denoted by
wave vector %y= (Kg, kg). We adopt the notation
k =(K,k,) —= (K»kog) foi the specular channel and

k; = (K, —k, ) for the incident channel. KG = K+6
gives the diffraction condition.

We write the Hamiltonian for the system as &
=&~+V~, where

X„=(-5'/2m) V'+ V,(z),

V = Vg(z)e'
'

+ p

The eigenfunctions for the Hamiltonian „are de-
noted by (X,zlK@,k,') for the continuum states
and (X,zlKG, n) for the bound states.

The spectral representation of the Green's func-
tion 6„' in terms of the eigenvectors of &„ is
given by

J„,~K@,k, '&(Kq, k,'[ ~K;,n&(K;, n[

In the distorted-wave Born (DWB) method' the integral equation for the eigenvector 1+@) of the total
Hamiltonian X is iterated. It is apparent from Eq. (3) that (near a selective absorption) when E -E~ „
=0 the DWB series leads to infinite transition amplitudes. In order to move these singularities off the
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real energy axis we introduce the projector

Q = Q !Ko,no)(Ko, no!
Kq, gg

which projects onto the states which are in resonance. P =I —Q contains all the continuum states. Solv-
ing the two coupled equations for P I+„+) and QI4'~'), then looking at the long-range behavior of PN'& ),
we find that the transition probabilities are given by

Pk~- k, =(kr./k. )I5rg, g+ol;o k, +os g, ~' (4)

with direct and resonant scattering terms

or& k,
' = (Kr, kq, IPV, Pl&r, ')2~m/i~'kg. , (5)

&i =F;"=(~eg !PV QIQ(E-&-&)QJ 'QV PIAg )»m/@'kg„

where W-=V+(l —PG, 'V+) 'PG, 'V~. Equations (5) are exact expressions. IA„+), however, is the eigen-
vector for the Hamiltonian ~P and is difficult to evaluate. In the following we calculate it via an ex-
pansion in PV~P.

We naw discuss how the features of the specular intensity in the vicinity of an isolated resonance can
be correlated with the Fourier components of the interaction potential. For an isolated resonance, Q
may be chosen to contain only one resonance state, Q = IKo, no)(Ko, nol. We consider three cases.

Case 1.—If we assume that V~(X,z) couples IKo, no) directly to the specular state and expand to low-
est order, o~=crI, p, & and a„=ay p,.& for the specular intensity are given by

(K,k, !V !Ko,n)(Ko, no!V~!K,k,) 2zm

~ n~ + g

where 5 = Re(Ko, noIV~PG, V~ IKo,n)) gives the shift and I' describes the resonance width:

(Ko,nolV, IKo, ko,)(Ko,ko, !V,IKo, no)2~m/h'ko, .
open

channel s

In a region where the scattering is predominantly
specular e„will be small and can be neglected.
With the assumption that at least one open chan-
nel besides the specular couples directly to the
state in resonance, Eq. (4) predicts a minimum
in the specular intesnity at E-ET, n~- &=0 with
width I'. Unlike earlier perturbation theories'
this elastic theory predicts the experimentally
observed specular minima. When a~ is included
(as long as the scattering is mostly speeular) a
minimum is still predicted but now a small shoul
der appears on one side of the minimum.

Case 2.—For the case where no open channel
other than the specular couples directly to IK,
no), o~ and cr„reaas given above except that the
sum I', Eq. (7), contains only one term. Equa-
tion (4) now gives a mixed-extrema structure in
the specular intensity. This is because the shape
of the intensity in the vicinity of the resonance is
due entirely to the term a~a„*+a„*o„,which has
a minimum on one side of E-Rg „—& =0 and a
maximum on the other. The predominant feature
is the maximum which is closer to E-~ „
=0.

! Case 3.—Consider a resonant state that coup-
les only indirectly to the specular; for example,
a ('„')-type resonance where only V„(z) is large
in the interaction potential. [We shall use the no-
tation ('„') for bound-state resonances where (i,j)
specifies the diffraction channel and n the bound-
state energy level. J To calculate the intensity
behavior, higher-order terms must be included.
o, and o„are as given in Eq. (6) except that the
terms in the numerator of o„become (K,k, lV~.
IPG„'V~ IKo, no) = (. If limp I- IRe) I, Eq. (4) pre-
dicts a maximum as the predominant resonant
feature. This assumption is found to be valid
for the Morse potential. When vga is included for
a ('„') resonance we have shown that the maximum
behavior persists until vga is of the order of v„.
When vga vpy we predict a minimum which agrees
with the results of Finzel et al.'

We have checked the generality of these low-
order results by comparison with experimental
data, the convergent results of Harvie and Weare, '
and the numerical results of Chow and Thompson. '
In every case the rules are corroborated by the
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measured or calculated results even in the regions
where the expansion would not be expected to be
reliable. ' Very recently Frankl and co-workers'
have done a detailed experimental study of these
predictions for He-LiF scattering. An example
of their data demonstrating the rules derived
here is given in Fig. 1. Note the appearance of
minima for ('„') resonances and maxima for ('„')
and ('„') resonances. Calculations'o'" have pre-
dicted that V»(z) and higher components of the at-
om surface potential are small relative to V»(z}
in He-LiF, and therefore our rules predict ('„')
minima and (~~) maxima, both of which are exhibit-
ed. The ('„') resonances also appear to be maxi-
ma. This would indicate that V»(z) for LiF is al-
so small compared to V»(z) which is contrary to
surface potential calculations which predict v»

This result, however, is consistent with
other data of Frankl" which show no splitting
of the (,') and (",) resonance near the 45' azimuth
of LiF. It is also consistent with the detailed
analysis of Harvie and Weare' and Garcia. " An
interesting further example is given in the close-
coupling results of Chow and Thompson' where
a large v» was included. The calculation was
done for 0 = 65' but it may be qualitatively com-
pared to the data of Frankl included here in Fig.
1. In the p =45' region we see that when a large
v» is included, minima in the specular intensity
are calculated, whereas experimentally maxi-
ma are measured. Data supporting rule 2 have
been reported by Frankl et al.' Maxima for ('„}

resonance were observed at Ik I = 5.76 A ' and p
=0' for He-LiF where the (1,+ 1) channels are
closed and the only open channel that couples
directly to (1,0) is the specular. Other data sup-
porting these rules are those of Boato, Cantini,
and Tatarek' for He-graphite and of Finzel et al.'
for LiF and NaF.

Because of the approximate nature of this deri-
vation there is no assurance that these rules will
apply to all selective-adsorption data. The ap-
parent agreement with existing data and numeri-
cal results suggests that there may be a more
general derivation that would include a wider
class of experiments.

In addition to the qualitative features above,
the theory also provides a method for calculating
resonance shifts and the splitting of overlapping
resonances. Recent calculations have neglected
these terms. As noted in Harvie and Weare'
these shifts must be included in order to accu-
rately fit the data and evaluate bound-state en-
ergies. We have computed the shift for the He-
LiF (",) resonance for data of Meyers and Frankl"
at 0= 70 . For computational convenience we as-
sumed the Morse potential, V,(z) =D exp(- 2az)
—2Dexp(-az), and a perturbation potential, with
VG(z) =v

G D exp(- 2az) where only v» and v» are
nonzero. For comparison with the results of
Harvie and Weare we used the parameters D= 8.22
meV and a =1.1 A ' which give four bound-state
energy levels: ~„=—6.1, —2.8, —0.8, and —0.01
meV. Using vpg 0 1 and vga 0 we calculate that
the ( ) resonance position is shifted by 0.6 which
is in excellent agreement with the actual position
of the resonance, and is in agreement with the
results of Harvie and Weare. For these scatter-
ing angles and energies, we find that essentially
all the shift is from the coupling of other bound
states to ( ). Higher-order corrections to the
shift have been estimated to be of the order of
1$Po by methods of Ref. 3.

As noted by Chow and Thompson, "when bound-
state resonances cross, the degeneracy may be
removed by band splitting. To analyze these
data, we select Q to contain all states which are
in resonance. For the crossing of two states
(n) and Im) the poles of o„are found at the zeros
of the determinant

O
404 454

I

FIG. i. Data of Frankl et al, . (Ref. S). Specular in-
tensity versus azimuthal angle for He (X= 1.09 AI on
LiF(100) at 0 = 70 . Vertical marks are calculated posi-
tions of selective adsorptions as assigned by Frankl.

8 -E„—5„+il „/2 —V„
—V„. Z-Z. -6 +ir./2

'

Since V„„=(n( V~+ V~PG„'V~+ ~ Im) there is band
splitting even in situations where there is no
Fourier component directly coupling the states.

1665



VOLUME 41, +UMBER 24 PHYSICAL REVIEW LETTERS 11 DECEMBER 1978

We note that the positions of the zeros in Eq. (8)
are affected by the shifts 6„and 6 . The splitting
from Eq. (8) can be used to calculate accurately
the magnitude of the Fourier components of the
potential. Since the magnitude of the splitting
does not seem to be dependent on surface tem-
peratures, the evaluation of the Fourier com-

ponents of the potential from selective adsorption
may be more accurate than evaluation from tem-
perature-dependent diffraction intensities. Using
the data" for NaF in the symmetry direction
y= 45, the shift of a (",)(';) resonance can be
used to estimate the potential parameter vga.
Because the (i,j ) and (j,i) channels are degen-
erate, 0„ in lowest order for this case becomes

E E,-—5+iI'/2 —( '~Vt, +V PG+V~~", ) ih h,

(10)
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