WestVirginiaUniversity
THE RESEARCH REPOSITORY @ WVU

Faculty Scholarship

1996

Classical Singularities In Chaotic Atom-Surface
Scattering

S. Miret-Artés

J. Margalef Roig

R. Guantes

F. Borondo

Charles Jafté

Follow this and additional works at: https://researchrepository.wvu.edu/faculty publications

Digital Commons Citation

Miret-Artés, S.; Margalef-Roig, J.; Guantes, R.; Borondo, F.; and Jaffé, Charles, "Classical Singularities In Chaotic Atom-Surface
Scattering” (1996). Faculty Scholarship. 485.
https://researchrepository.wvu.edu/faculty publications/485

This Article is brought to you for free and open access by The Research Repository @ WVU. It has been accepted for inclusion in Faculty Scholarship

by an authorized administrator of The Research Repository @ WVU. For more information, please contact ian.harmon@mail. wvu.edu.


https://researchrepository.wvu.edu?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F485&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F485&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/faculty_publications?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F485&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/faculty_publications?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F485&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/faculty_publications/485?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F485&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:ian.harmon@mail.wvu.edu

PHYSICAL REVIEW B VOLUME 54, NUMBER 15 15 OCTOBER 1996-1

Classical singularities in chaotic atom-surface scattering
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In this paper we show that the diffraction condition for the scattering of atoms from surfaces leads to the
appearance of a distinct type of classical singularity. Moreover, it is also shown that the onset of classical
trapping or classical chaos is closely related to the bifurcation set of the diffraction-order function around the
surface points presenting the rainbow effect. As an illustration of this dynamic, application to the scattering of
He atoms by the stepped (15 surface is presented using both a hard corrugated one-dimensional wall and
a soft corrugated Morse potenti§50163-18206)05639-1

Surface rainbows correspond to extrema, either maximé&apping, that is, classical chaos, takes place when a surface
or minima, of the classical deflectig@D) function, which is  rainbow angle reaches /2, according to Ref. 4. A rainbow
defined as the variation of the final or outgoing angle of theangle of= 7/2 implies that the scattering particle is traveling
scattering particles with respect to the impact points on th¢parallel to the surface and likely will encounter the surface
surface(expressed in terms of the impact parametéfithin more than once. As will be shown later, if we analyze plots
the classical framework, and under certain conditions, thes@f the incident angle versus the impact parameter, above a
extrema lead to singularities in diffraction patterns usuallygiven threshold of the incident angle, not only do the inflec-
known ascaustics In quantum mechanics, caustics are re-tion points (_)f the surface lead to thl_s classu:_al trapping, but,
placed by finite scattering intensities in all Bragg directions /S0, more impact parameters contribute to it. In these plots,
Garibaldi et al® and Berry showed that classical rainbow W0 Well-separated regions delimited by the two branches of
patterns provide the envelope of the quantum-mechanicd Parabola are observed in such a way that the inner region
diffraction peak intensities. Care must be exercised in th€orresponds to multiple scattering events and the outer re-
assignment of experimentally observed features a$§'On to smg!e scattering events. The points (_)f thl_s parabola
rainbows? This is due to the fact that, in addition to the define the singularity that we are discussing in this paper.
rainbow  singularities, other classical and quantum- In_order to dem_onst.rate the origin Qf th_|s smgulanty, we
mechanical effects occur that lead to features that are easifPnsider the classical in-plane scattering intensity as formu-
mistaken for rainbows. These effects often take place wheffted in Ref. 5:
the classical dynamics associated with the scattering process
is chaotic. In these circumstances, the scattering particle is _ ‘d‘](bj Ei 60)

e : . I5(E0)=2
trapped on the surface for a finite time. This tempor@iy ] db
brationa) trapping has been conjectured to be associated
with selective adsorption resonances. However, as has bedhereE; is the incident energyg; is the incident scattering
recently stated the relation between trapping and these reso@ngle, b is the normalized impact parametétefined by
nances needs further investigation to clearly understand both=x/a), and a is the surface unit-cell length considered
phenomena. In addition to the occurrence of such quantunne-dimensional along the direction; the sum is over all
mechanical resonances, we show in this work that trapping ignpact parameters; that contribute to a given integer value,
related to a type of classical singularity. This appears in thd, of the DO functionJ(b;E;, 6;). This function arises as an
transformation from the CD function to the diffraction order alternative way to express the diffraction condition and can
(DO) function, which was originally introduced by Miller be written as
et al® in his theory of the classical S-matrix for elastic atom-
surface scattering. This function gives the parallel momen-
tum transfer in the scattering process for each value of the
impact parameter.

For any incident energy, the surface rainbow angles aré;(b) being the CD function. Equatiof2?) is thus more
dependent on the incident scattering angle and occur at ceadapted to a classical analysis and along with @y gives
tain impact parameters, which correspond to the inflectiorthe envelope of the diffraction pattern. In order to obtain the
points of the surface. As the incident scattering angle is inintensity in the different Bragg directions, one has to evalu-
creased, these angles also increase. The onset of classie# this function for integer values of the diffraction order,

@

‘l
3

J(b;E; ,0i)=a%[sinﬁf(b)—sin0i], 2
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J. The scattering intensity will have singularities whenever TABLE I. Potential energy surface for the scattering of He from
the derivative of the DO function with respectlids zero or, the CU115 surface at 63 me\Ref. 6.
using the chain rule, when

Potential energyV(x,z)=Vy(2) +Vc(X,2)
dJ(6;;E;,6)\(d6s(b) Morse potentialVy,(z) =D(1—e™ %%)2
( ao; )( b )= : () D=6.35 meV,a=1.05 A1
Coupling potentialVc(X,z) = V,(2) V,(X)
Clearly, if either of these two factors or both are equal to  V,(z)=D exp(—2a2)
zero, they give rise to different kinds of singularities in the 2nmx onax
scattering intensity. Zeros of the first factor are responsible  Vx(X)=% i, rnCOSTJrSnSinT
for the new singularity that we are describing in this paper
and the zeros of the second factor correspond to the wel
I;gg\;vrr;t;l;rface rainbows. We consider these two factors r,—0.0131 S, —0.0044
The second factor in E(3) is the derivative of the CD Unit cell length for Cy115: a=6.625 A
function with respect td. If we want to perform this deriva-

tive analytically, it is necessary to s_pecify a simple intere_lc- The singularity condition can be also expressed in a very

tion model for this scattering. For this purpose, we describg,caf wav in terms of: andb by substituting Ea(5) in E
the surface by a hard corrugated one-dimensional wall. Th%) :na/v e)(;lljating tshgﬂlreasrblt toyzselios 'II'E é?]glbgfj s)ol? th(iqs.

diffraction amplitudes in the eikonal approximation are ex'singularity is given by the following planar curve

pressed ds
’ 2
1 ) tanai(b)=il[§,ﬂ
Ag=3 f dx exg{ —i[gx+dq,£(x) ]}, @) 2[¢' (b)/al
Notice that this function has a minimum &at=b* with
whereg=(2mn/a,0) is the reciprocal lattice vector with o — g* Moreover, at this point, in which both factors of Eq.
an integerdy, is the momentum transfer of the particles in (3) yanish simultaneously, the second derivative of the DO
the z direction, andé(x) is the corrugation function. In the  fynction with respect tt is also equal to zero. Therefore the
framework of this approximation, mulpple scattering is ne-gat of conditiongi) £"(b*)=0 but&”’ (b*)+0, and(ii) Eq.
glected. The CD functlon |s_then obtained by ev_alua_tmg thqs) with b=b* , define thebifurcation setof the DO function
integral Qf Eq.(4) in the_ stationary phase approximation to- [J’(b*)=J"(b*)=0]. This point also coincides with the on-
gether with the diffraction condition, Eq2), to be set of classical trapping and chdbsor incident angles
1r . above the critical valug’ the rainbow singularitpifurcates
6:(b)=¢6=2tan "¢’ (b)/all, ®) into two branches, the Inew singularities?for er?ich only Eq.
where the+ sign is used when the tah function gives (8), and not conditior(i), is fulfilled.
negative ang|es and the Sign otherwise. Thus, the second In order to Clearly illustrate this dynamiCS, we consider a

’Eourier coefficients at 63 meV:
I’1= 02147 ,S]_: - 00252,

®

factor in Eq.(3) is detailed analysis of the scattering of He atoms from the
stepped C(115 surface for an incident energy of 63 meV.

dé:(b) 2|&"(b)/al Rainbow diffraction patterns have been observed experimen-
db | " 1T[&(b)al’ (6) tally for this surfac€;” and theoretical calculations have

been also reported within the close-coupfifignd semiclas-
From this equation, it is seen that a surface rainbow occursical S-matrix>® formalisms. The interaction potential model
for each inflection point of the surface corrugation function,for this surface and at this energy has been taken from the
&"(b*)=0, whereb* designates the inflection points. As it literaturé@ and corresponds to a fitting to experimental re-
is well known, this singularity is related to the topology of sults. The corresponding parameters are given in Table I.

the surface. In Fig. 1 the bifurcation diagrafEq. (8)] corresponding
The first factor in Eq(3) is easily obtained by differenti- to the one-dimensional corrugation functiof(x) =V,(x),
ating Eqg.(2) and this yields given in Table | is shown. Herb* =0.22 and the onset of
classical trapping is predicted #‘=68.73°. The region
dJ(6s;E;,6) VZ2mE; above the curve corresponds to conditions of multiple scat-
do; =a— 5 —Co;. (7)  tering events or trapping, and the region below to single

scattering events. Also, in the inset of this figure we show the
The singularity occurs when the deflection angle is agairclassical diffraction pattern corresponding to the minimum of
equal to*+ 7/2 (onset of classical trappindut for impact the curve. As can be seen the asymptotic behavior is very
parameters, in general, different frdofi. Prior to the onset different for both singularities. In the rainbow singularity
of classical trapping this singularity does not occur. It arisegleft) the tendency is controlled by surface structural proper-
as aconsequence of the diffraction conditiand a classical ties [see Eq.(6)], while in the new singularity(right) the
image of this singular behavior could be given by the skip-asymptotic behavior is of cosine tyjpsee Eq.(7)].
ping stones on a river. Thus in order to skip a stone on ariver In Fig. 2 we show the DO functions obtained from E2).
it is necessary not only to get the incident angle correct butdashed ling and by numerical integration of the Hamilton
also to reach certain impact points on the water surface. equations(solid line) at 6;=28°. The differences in both
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FIG. 1. Bifurcation diagram for the singularities in the He-
Cu(115 scattering. The location of the rainbow singularity,
b*=0.22,0} =68.73°, is marked with a full circle. Above this
point the rainbow singularity bifurcates, giving rise to the two sin-
gularity branches described in the text. In the inset the classical
diffraction pattern corresponding to the bifurcation point is shown.

curves are only due to the presence of the attractive part of
the potential. Although the numerical agreement is not good, -4 '
the main qualitative features of the dynamics are rather well 0.0 0.2 0.4 0.6 08 1.0

reproduced in the analytical solution given by the eikonal b
approximation. At the same incident energy, we display in

Fig. 3(@) the analytical CD function$Eq. (5)] and in Fig.
3(b) the analytical DO function§Eq. (2)] at three different
incident angles: 62%dotted ling, 68.73° (solid line) and
75° (dashed ling respectively. Whereas the CD functions do
not present any qualitative changmimber of extrema the
DO functions present around the maximum drastic changes.
From a largeplateau we pass to the occurrence of three

FIG. 3. Analytical CD function@ and DO function(b) at three
incident angles: 62°(dotted ling, 68.73° (solid line and 75°
(dashed ling The incident energy for the scattering of He from
Cu(115 is 63 meV.

54° and not at 68.73°; this difference is again due to thé’ne needs to place the detector parallel to the surface and

presence of the soft interaction potential.

then to vary the incident scattering angle in order to find its

To our knowledge, the effect described in this paper hagfitical value 67 ; the outgoing beam being a Bragg peak.
not been observed experimentally in any diffraction experi-This would require us to change the typical experimental

0.0 02 04 0.8 0.8

FIG. 2. Analytical(solid line) and numericaldashed ling DO
functions for the scattering of He from Cil5 at an incident en-

ergy of 63 meV and incident angle of 28°.

setup, where the angle between the source and the detector
(0sp) is usually aroundr/2, to a more planar configuration
(in general greater than 100%.For example, in our case
where the critical incident angle value is 54°, with an inci-
dent wave vector of 5 A the (10) diffraction peak should
present such an effect by using an experimental configura-
tion with 6gp=144°. Similar features to those discussed for
the rainbow effect are expected here in the diffraction inten-
sities. Finally, due to the fact that this singularity has its
origin in the diffraction condition we think that it could also
be observed in any scattering of low energy partictesh as
neutrons, electrons, etdrom surfaces.
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