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Defect-Mediated Diffraction Resonances in Surface Scattering

A. Glebov, J. R. Manson,* J. G. Skofroniékand J. P. Toennies

Max Planck Institut fir Stromungsforschung, Bunsenstrasse 10, Gottingen, Germany
(Received 7 October 1996

A new elastic surface resonance has been observed in angular distributions of He atoms scattered
from a single crystal surface NaCl(001). The process has been identified as a coherent selective
adsorption into one of the surface bound states followed by incoherent scattering from defects into
the continuum. The reverse process has also been identified. These resonances open up possibili-
ties for other highly defined two-dimensional elastic and inelastic surface scattering experiments.
[S0031-9007(97)02364-8]

PACS numbers: 68.35.Dv, 34.50.Dy, 61.72.Dd, 79.20.Rf

All real, clean surfaces possess a variety of intrinsic decomponent is determined by conservation of endigy=
fects such as vacancies, steps, and kinks which can strongty — (K; + G)2. Selective adsorption bound state reso-
influence the way a surface interacts with its environmentnances occur whenever
Recently, it has been shown than these surface imperfec-
tions can be characterized through a careful analysis of the kgz =k? — (K; + B)?> = —2mle,|h°, Q)
weak background intensities of scattered atoms [1] or elec-
trons [2] between the diffraction peaks. In this Letter wewheree, is the energy of theth bound state in the sur-
report on the observation of a new resonance involvingace adsorption well an® is one of theG vectors [4].
elastic scattering of atoms from defects. Under the resonant conditions of Eq. (1), direct diffraction

In the well-known resonant process of selective adsorpinto the bound state is energetically allowed and the wave
tion (SA) the incident projectile is diffracted resonantly function has an amplitude component which is constrained
at specified incident energies and angles into one of th® a bound state of the surface potential in the normal di-
bound state levels of the adsorption potential well, whilerection but parallel to the surface has a shorter wavelength
still conserving its total energy [3,4]. The early work on than the incident wave. The nature of the wave function
selective adsorption was carried out using angular distriin the bound state is similar to the well-known Andreev
butions of the total intensity without time-of-flight (TOF) two-dimensional surface states tfle on the surface of
energy analysis [5]. Today this method provides proba#He [10].
bly the best way for determining the bound states and the The high resolution helium atom scattering apparatus
shape of the physisorption potential well near the surfac@as been described in detail elsewhere [11]. The sum of
[5,6]. Later, TOF methods revealed that bound state levelthe incident and final scattering angles is fixedgs =
could also be accessed by an inelastic one phonon creatien + 6, = 90° and for elastic scattering the parallel wave
resonance [7,8] or be ejected by one phonon annihilatiomector transfer is given by = [sin(90° — 6,) — sing;].

[8]. Recently, a related phenomena called a focused infhe 6 X 7 mn? NaCl crystal target was cleaved in
elastic resonance (FIR) was found [9]. Here we reporvacuum at scattering chamber pressures near the mid
on a defect-mediated elastic resonance (DER) which can)~!! torr range.

greatly enhance the elastic scattering from defects under Figure 1(a) shows an overview of the total scattering
conditions in which either the incident or outgoing beamintensity diffraction pattern obtained by rotating the target
is resonantly coupled to a bound state via scattering fronso as to changé; [and simultaneously; = (90° — 6;)]

a defect. for the (100) azimuth. The two major diffraction peaks

Since in DER the particle either enters the bound stateorrespond to the surface reciprocal lattice vectors (1,1),
via SA or leaves it via the reverse process of selective dg2,2), (-1, —1), and (2, —2) with intensities relative to
sorption (SD), it is useful to summarize the kinematics ofthe specular peal6(x 10° countd’s) similar to those re-
these resonances [4]. A plane wave incident on a rigid peported previously [12]. Figure 1(b) shows the angular re-
riodic surface can be described by a wave vekiowith  gion *=5° on both sides of the specular on an enlarged
componentXK; parallel andk;, perpendicular to the sur- intensity scale. The many features seen are mostly due to
face and has energy; = %7 /2m = F2[K; + k2]/2m,  single phonon inelastically mediated resonances and kine-
wherem is the particle mass. Since the surface is peri-matic focusing resonances [13] which are superimposed on
odic only in the parallel direction, the parallel momentumthe regular inelastic intensity from single phonon creation
is conserved modulo a surface reciprocal lattice veGtor and annihilation. In order to remove those inelastic con-
while the perpendicular momentum is not conserved. Thugibutions TOF spectra were measured at angular intervals
the allowed scattering channels will have wave vector®f 0.1° and only the pure elastic contribution correspond-
given byks = (K; + G, kg;), where the perpendicular ing to an energy window of about0.2 meV around the
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FIG. 1. Three different scattered angular distributions of
He atoms with wave vectok; = 6.55 A~! incident on the

NaCl(001) surface in th&100) surface azimuth: (a) total an- j,ijent on NaCI(001) in thé100) surface azimuthal direction

gular distribution (AD) showing the diffraction peak intensities; o: ¢, r different incident wave vectoks = 6.42—-7.11 A. The

(b) an expanded view of the AD near the specular peak showseays marked with numbered arrows gre the diffuse elastic
ing the diffuse background; and (c) the elastic angular distrivegonance features. The arrow numbers 1, 2, and 3 denote the
bution which contains only the elastic contribution of the TOF -

energy resolved spectrum. [3(2,1)], [1(2,0)], and3(—2,2)] resonances, respectively.

FIG. 2. Some typical EAD measurements of the diffuse
elastic intensity as a function of incident angle for He

elastic peak was retained. Figure 1(c) shows the resultransfer) with increasing energy, while tHé(—2,2)]
ing elastic angular distribution (EAD), which now reveals resonance exhibits opposite behavior and moves to larger
a number of sharp DER structures with an order of magvalues off;.
nitude lower intensity than in Fig. 1(b) superimposed on In Fig. 3, the open diamond shaped data poirdy (
the background intensity of less than® countg's. As  show the positions of the observed DER peaks obtained
discussed previously [1], this intensity is due to scatteringrom the EADs in a plot of incident anglé; versus
largely from the edges of structural defects on the surfacencident wave vectok; and the circles @) show the
To investigate these resonances further similar EADs werposition of the specular diffraction peak. For comparison,
measured for 13 different incident wave vectors. the solid lines are calculated for SA conditions on the
Figure 2 shows some representative EADs. In each ahcident beam from Eg. (1), while the dashed lines are
the scans two to three DER features are marked by arrowsalculated from an equation similar to Eq. (1) for resonant
and the numbers 1, 2, and 3. They are symmetricallgonditions on the final scattered beam (SD), using the
positioned about the specular peak, and the intensity dfound state energy levels given in Table I. These energy
each symmetric pair is nearly equal as explained belodevels agree well with the previous measurements.
after Eq. (2). They are clearly not diffraction features, The excellent agreement of the resonance features with
since their positions in parallel wave vector transh  the calculations based on Eq. (1) establishes that the He
shift with incident energy, whereas any possible diffractionatoms have accessed the bound states of the NaCl surface
features would remain at fixed positionsAK. by either in the one case entering via a selective adsorption
Using a notation(G,, Gy)], wheren is the number of (solid lines in Fig. 3) or in the other case leaving via a
the bound state as in Table | aod andG, are thex and  selective desorption process (dashed lines in Fig. 3). Since
y components 06 expressed in units of the NaCl surface we can rule out all inelastic processes, as well as rule out
reciprocal lattice vector of .58 A~!, the peaks in Fig. 2 all diffraction possibilities for the second vertex required
are identified via Eq. (1) as belonging to th&1,1)], to either leave or enter the bound state, we are left with
[1(2,0)], and[3(—2,2)] resonances. It should be noted only an elastic process. The only elastic process possible
that the[1(2,0)] and[3(—2, 2)] resonances are degenerateis scattering from defects.
with the[1(0,2)] and[3(2, —2)], respectively. Note that  To check that indeed defects are involved, the surface
the two resonanceB3(1,1)] and [1(2,0)] move toward defect density was intentionally reduced by baking the
smaller values ob; (smaller values of parallel momentum crystal for 12 h at a temperature of 500 K. As shown
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TABLE I. Comparison of the present best fit bound state levg} for NaCl(001) with pre-
vious determinations.

—¢€p (meV) —€ —€ —€3 Refs.

‘e 3.35 e 0.30 Present work
7.21 = 0.10 1.62 = 0.07 041 = 0.12 [13]

37 +04 [5,14]

34 + 0.1 [9]
7.07 = 0.05 [15]

41 *+ 0.1 1.5 £ 0.1 0.31 = 0.05 [16]

in previous studies [17], this temperature is sufficient todinary selective adsorption [18]. However, if as expected
anneal the intrinsic surface defects of NaCl. The smooththe diffraction matrix element is large compared to that
ing of the surface upon annealing resulted in a decrease of the defect scattering between the continuum and bound
the DER peak intensities as well as the total diffuse backstate, then the line shape will reduce to a Lorentzian and
ground by a factor of 5 compared to the unannealed sutead to an enhancement of the diffuse elastic intensity at
face. This provides evidence that the resonances observad final scattered angles whenever the incident beam is in
in the present work are mediated by intrinsic surfaceresonance.
defects. The mechanism for the reverse process also observed is
Figure 4(a) shows a mechanism in which the incomingshown in Fig. 4(b). A beam with wave vectkr is inci-
beam can diffract into one of the bound states but encourdent at an arbitrary angle and encounters a small coverage
ters a defect while in the bound state. The defect will acof symmetry-breaking defects on the surface. Direct scat-
as a symmetry-breaking object and can elastically scattdering from the defects will scatter partial waves into the
wave amplitudes out of the bound state in all directionsdiffuse elastic amplitude, but by the same process some
Those outwardly scattered waves which conserve total eramplitude will be scattered into all of the bound states,
ergy will appear asymptotically far from the surface aswhile still conserving energy. The amplitudes incoher-
a part of the diffuse elastic amplitude. There they willently scattered into the bound states can subsequently
interfere with the diffuse elastic signal which is directly leave the bound states via diffraction, but only into those
scattered from the defect without first passing throughdiffraction states which correspond to resonance condi-
the bound state. This interference can be described bytaons. Thus Fig. 4(b) depicts a process which implies
Feshbach resonance line shape, similarly to the case for dihat the diffuse elastic signal due to surface defects for
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FIG. 3. Plot of the peak positions in incident angle as a
function of incident total wave vector for He atom scattering on
the NaCl(0019110). The data points shown as diamond) ( b)

are the DER features, while the specular peak is marked with

circles ©). The calculated curves show the expected position$-1G. 4. Schematic representation of the forward (a) and
of the DER features as predicted by Eq. (1), with solid curvegime-reversed (b) processes that contribute to diffuse elastic
for the process of Fig. 4(a) and dashed curves for the procesesonances. Scattering into the specular and Bragg diffraction
of Fig. 4(b). channels are marked witky, andkg, respectively.
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an incident beam of energy; should be enhanced in the and hence have large inelastic intensities. (iii) The DER

discrete outgoing directions corresponding to bound statis not limited to atom or molecule scattering, it should

resonance conditions, regardless of the scattering angle afso be observed in electron scattering or any other scat-

the incident beam. tering process where one can observe selective adsorption
The scattering matrix is invariant under time and paritytype resonances [20,21].

reversal (TP invariance), which implies that for even We thank G. Benedek and S. Miret-Artes for several

parity surface potentials the two mechanisms of Figs. 4(ayaluable discussions. This research was supported in part

and 4(b) are time-reversed images of each other. Iby DOE Grant No. DE-FG05-85ER45208, NSF Grant

particular, for even parity surfaces, we have the followingNo. DMR 9419427, and NATO Grant No. 891059.

equality in the transition matrix:

(ky|TIki) = (kT k), )

whereT is the transition operatok is the state specu-

lar to k;, andk is the incident state whose specular is ~ *Permanent address: Department of Physics and Astron-
k/, i.e., k; andk differ only in that the perpendicular ,omy, Clemson University, Clemson, SC 29634.
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