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Defect-mediated elastic resonances in He-atom scattering from single-crystal surfaces
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Experimental evidence for a new atom-surface resonant mechanism involving surface defects is presented.
After an initial selective adsorption trapping into surface bound states of a NaCl~001! surface, He atoms are
subsequently scattered from surface defects back into the continuum. The inverse process also occurs: He
atoms scatter from a defect and some of the amplitude enters the bound state eventually followed by selective
desorption from the bound state via diffraction. For the 90°-scattering geometry used, the resonances show up
as sharp peaks in the angular distributions of the quasielastic intensity between the diffraction peaks and are
symmetric about the specular peak. A general description of the process is given which shows that it is a
universal feature of any scattering system which can exhibit selective adsorption type resonances.
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I. INTRODUCTION

Single-crystal surfaces are characterized by a multitud
different imperfections such as vacancies, steps, kinks, d
ants, adsorbates, and interstitials, all which can strongly
fluence epitaxial growth, diffusion during growth, chemic
reactivity, and the way surfaces interact with their enviro
ment. Surface defects have been studied for several dec
providing an advanced level of understanding of the str
tures and properties of the defects as well as their forma
mechanisms~see Ref. 1 and references therein!. Generally,
some defects on surfaces are expected under thermodyn
equilibrium and, additionally, surface preparation metho
can also generate a number of diverse defects on surfac
crystals.2 Defects localized in the bulk3–6 can segregate to
the surface of the crystal and some types of defects produ
on the surface can also diffuse into the interior. Surface
fect structures may also exert a controlling influence on
interaction of atoms and molecules with surfaces.

Several spectroscopic studies of defects on ionic cry
surfaces have been conducted in the 1970s.7,8 As early as the
1960s and 1970s, some experiments9,10 were undertaken to
study the structures of macroscopic surface defects suc
steps on alkali halides by means of the metal decora
technique.11 The studies demonstrated a strong depende
of the surface morphology on the surface preparat
method. Using this technique Ho¨che et al.10 studied the ef-
fect of annealing on the NaCl~001! surface morphology and
demonstrated that at surface temperatures around 470 K
surface steps round off and, therefore, lead to a reductio
the surface defect density. A detailed atomic force mic
scope~AFM! investigation of the step structures of diffe
ently cleaved NaCl~001! surfaces as well as their modifica
tions with time upon various exposures has been rece
reported.12

AFM images from alkali-halide surfaces with atom
resolution were first reported in 1990 by Meyeret al. for
PRB 580163-1829/98/58~15!/10012~13!/$15.00
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LiF~001! ~Ref. 13! and NaCl~001!.14 Recently, a new non-
contact mode of the AFM scanning allowed Lu¨thi et al.15,16

to observe direct images of single defects on the surfac
NaCl with atomic resolution at room temperature. Howev
it is still not feasible to obtain AFM images with atomi
resolution at temperatures substantially higher or lower t
300 K. Moreover, an investigation of defect distribution
their mobilities, and interactions with atoms and molecule
not currently possible by this technique.16

In contrast, various types of surface imperfections can
extensively investigated by diffraction techniques. The eff
of defects on diffraction is manifest in the modifications
both Bragg-diffraction peak intensities as well as contrib
tions to the background intensities in the form of incoher
diffuse elastic and inelastic scattering. It has been shown
the surface defects can be most accurately character
through a careful analysis of the weak background intensi
of scattered helium atoms17–20 or electrons21,22 between the
diffraction peaks. In particular, defects on the surface int
duce rather large perturbations of the electron density,
which very low surface coverage densities can be sensitiv
probed by atom scattering.

Three main classes of surface defects can be studied s
rately in diffraction experiments according to their spat
dimensions:19,23 ~1! zero-dimensional or point defects~ad-
sorbed particles, vacancies, interstitial atoms and/or io
substitutions of atoms and/or ions!; ~2! one-dimensional de-
fects ~steps, kinks, stacking faults, dislocations!; ~3! two-
dimensional defects~surface domains, ordered clusters
point defects such as adsorbate islands, terraces of diffe
heights!. The intensity distributions as functions of parall
momentum transferDK5K f2K i of the atoms scattered
from different types of surface defects were discussed in
tail, for instance, by Choiet al.,24 by Cowley,23 and also by
Wöll and Lahee.19 For the scattering from randomly distrib
uted isolatedsteps or point defects, for which the structu
factor S(k,v) is a constant proportional to the surface co
10 012 © 1998 The American Physical Society
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PRB 58 10 013DEFECT-MEDIATED ELASTIC RESONANCES IN He- . . .
erage densityQ, the intensity distribution can be express
in terms of the form factorI (DK )}Qut f i u2, whereut f i u2 is
the form factor, which is the scattering amplitude from
single defect.25

Recently we reported26 evidence that surface defects a

FIG. 1. Schematic representation of the direct~a! and time-
reversed~b! processes that contribute to diffuse elastic resonan
Scattering into the specular and Bragg diffraction channels
marked withkS andkG, respectively. In~a! the defect scatters bac
out into the continuum that part of the wave that was initially d
fracted into the bound state, while in~b!, the defect scatters part o
the incident wave into the bound state from which it subseque
leaves via a diffraction process.
also involved in either trapping the incident He atoms into
bound state or scattering of the atoms already in the sur
bound state back into the continuum. These are called de
mediated elastic resonances~DER!. In the surface scattering
apparatus with a fixed source-detector angle, the DER
tures show up as pairs of peaks of roughly equal inten
symmetrically positioned about the specular peak.26 This
symmetry can be easily explained using Fig. 1, which is
schematic drawing of the basic processes leading to D
phenomenon. For example, Fig. 1~a! shows a mechanism in
which a portion of the incoming beam can diffract~selec-
tively adsorb! into one of the bound states, but subsequen
encounters a defect while in the bound state. At the ini
collision vertex shown in the figure, the incident beam
scattered into the specular peak (kS) as well as into all the
available open diffraction channels (kG). Simultaneously,
the part of the beam diffracted into a bound state is c
strained to move along the surface. The wave amplitude t
eling in the bound state can then collide with a symmet
breaking defect, which allows it to scatter back out into t
continuum in all directions. Thus, this resonant scatter
mechanism manifests itself as an enhanced intensity in
diffuse elastic background at all final angles whenever
initial beam meets the conditions for selective adsorpt
into one of the bound states. The kinematic conditions
selective adsorption resonances are summarized in Appe
A. A compilation of the known measured and theoretica
calculated values of the bound state energies of4He-NaCl
used in this work are listed in Table I.

Figure 1~b! depicts the inverse process in which a bea
incident at a given angle on the surface collides with
symmetry-breaking defect. The defect scatters amplitude
all directions, but in addition it may scatter amplitude in
one of the bound states. For that part of the wave trappe
the bound state, the most likely mechanism to escape b
into the continuum is through a selective desorption proce
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TABLE I. Table of bound-state levels used in this work for the bound-state energies in the He-NaC~001!
interaction potential, together with a list of bound state values from other experiments and calculatio

2e0 ~meV! 2e1 2e2 2e3 2e4 Ref.

Experimental Values
3.35 0.30 Present work, 26

7.2160.10 1.6260.07 0.4160.12 27
3.760.4 28, 29
3.460.1 30

7.160.05 31
4.160.1 1.560.1 0.3160.05 32, 33

Calculated Values
4.08 1.46 0.4 34
4.09 1.55 0.47 34
4.18 1.64 0.48 0.08 35
4.02 1.51 0.41 0.07 35
3.82 1.41 0.38 36
4.02 1.51 0.41 36

7.17 3.64 1.43 0.29 37
8.4 4.1 1.5 0.31 38

3.7 39
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10 014 PRB 58GLEBOV, TOENNIES, SKOFRONICK, AND MANSON
Thus, this mechanism causes an enhancement of the di
elastic intensity in those directions for which the final sc
tered beam satisfies bound state resonance conditions
any arbitrary incident angles and energies.

The present article extends the DER studies that we
sented in Ref. 26. It provides a detailed description of
measurement technique that has been used to separate o
diffuse elastic signal from the other inelastic terms for inv
tigations of DERs. This article also presents experimen
results on the DER’s obtained in the@110# direction of the
NaCl~001! surface, and provides additional inelastic heliu
atom scattering~HAS! data for the NaCl~001!@100# direc-
tion. In addition, in this work we present a method involvin
the difference between angular distributions before and a
annealing that makes it possible to reveal DER features w
out time-of-flight ~TOF! energy analysis.

The article is organized in the following way. The ne
section describes the experimental apparatus. Section III
sents the experimental results of observations of DER in
two high symmetry directions of the NaCl~001! crystal face.
Section IV describes the effect of surface annealing on
DER resonances. Section V provides a summary of the
sults along with a discussion of possibilities for future e
periments. In Appendixes A and B the kinematic conditio
of selective adsorption resonances are presented tog
with the theoretical description of the resonance peak
shapes.

II. APPARATUS

The helium-atom scattering~HAS! apparatus is shown
schematically in Fig. 2 and described briefly below. Ad
tional technical details have been given previously.40,41 A
highly monoenergetic He beam~full width at half maximum
Dv/v,1%,DE/E,2%) was produced by a supersonic e
pansion through a 10-mm aperture into vacuum. The bea

FIG. 2. Schematic view of the experimental arrangement sh
ing the incident (Q i) and final (Q f) angles along with the main
components of the instrument. The vacuum system consists of
main chambers containing:~1! the He source with the 10-mm-
diameter nozzle, and skimmer;~2! chopper;~3! target; and~4! de-
tector. In addition, the apparatus contains five differential pump
stages between these four main chambers.
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was then chopped, and after scattering from the crystal
face, the He atoms were detected at a distance of 147
from the target by an ionizer and mass spectrometer ope
ing in a single-ion counting mode. The angle between
coming and outgoing beams is fixed atQSD5Q i1Q f
590.1°, whereQ i andQ f are the incident and final scatte
ing angles measured with respect to the surface normal.
ferent momentum transfersDK parallel to the surface are
accessed by a polar rotation of the sample around an
perpendicular to the sagittal plane and for elastic scatte
are given byDK5ki(sinQf2sinQi), whereki is the inci-
dent wave vector. In the measurements reported here
incident energies ranged from about 10 to 29 meV, cor
sponding to wave vectors of 4.4 to 7.5 Å21, respectively.
Measurements were taken in the@100# and @110# directions,
the two major symmetry azimuths of the fcc~001! surface.

The NaCl crystal target42 used in this work was cleaved i
vacuum at scattering chamber pressures near the
10211-torr range. It had a nearly square face with edg
6 – 7 mm2 long of which only about a 3-mm-diameter are
was illuminated by the incident He-atom beam. Prior to t
cleave, the target chamber was baked to about 425 K
about 15 h. During measurements the crystal was cooled
a liquid-helium cold finger, which was coupled to the samp
holder by means of an oxygen-free high-conductiv
~OFHC! braid. The crystal was radiatively heated by a fil
ment mounted immediately behind the sample holder. T
crystal temperature was measured by a NiCr/Ni therm
couple located in a small hole drilled into the side of t
crystal. Most of the experiments presented in this work w
conducted at crystal temperatures between 70 and 100 K
these temperatures and at the residual gas pressure o
than 5310211 torr, adsorption of contaminations on the su
faces is very small and the crystal remains clean for sev
days. At room temperature maintained between meas
ments, the contaminants desorb from the surface.

The manipulator allowed the surface of the crystal to
aligned into the proper orientation by permitting translati
in the x, y, andz directions, azimuthal rotation, and adjus
ment of the angle of tilt. The entire manipulator wa
mounted on a differentially pumped rotary feedthrough
that the polar scattering angle could be adjusted without
turbing the other alignment angles of the crystal.

III. EXPERIMENTAL RESULTS

A. Measuring method

In order to study the diffuse elastic scattering of ato
from surface defects, the elastic signal was distinguis
from the inelastic contributions by the time-of-flight tec
nique for each set of incident and final angles to produ
elastic angular distributions~EAD!. The technique is illus-
trated in Fig. 3 for He atoms with an incident wave vect
ki56.55 Å21 scattering from the NaCl~001! surface along
the@100# azimuth. Figure 3~a! shows an overview of the tota
scattering intensity angular distribution~AD! obtained by ro-
tating the target so as to change the incident and final s
tering anglesQ i andQ f , respectively. The major diffraction
peaks corresponding to the surface reciprocal lattice vec
~1,1!, ~2,2!, (1̄,1̄), and (2̄,2̄) have intensities of abou
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PRB 58 10 015DEFECT-MEDIATED ELASTIC RESONANCES IN He- . . .
107 counts/sec~cps! whereas the specular peak has on
about 63106 cps. The diffraction peaks have a full width
half maximum ~FWHM! of about 0.02 Å21. This corre-
sponds to the surface coherence length43 of approximately
300 Å, which is comparable to the transfer width of t
apparatus and indicates the typical good long-range o
routinely obtained for alkali-halide cleaved surfaces.

The angular region65° on both sides of the specula
peak is shown with an enlarged intensity scale in Fig. 3~b!.
The many features seen are mostly due to single pho
assisted inelastic resonances and focusing effects discu
previously.30,44–50 These peaks are mixed with the direct
scattered inelastic intensity from single phonon creation
annihilation events and have an average intensity of ab
23104 cps. In order to determine the diffuse elastic sign
TOF spectra were measured at angular intervals of 0.1°
representative TOF spectrum taken atki56.55 Å21 andQ i
547.5° is shown in Fig. 3~c!. The peak at zero energy tran
fer, associated with the diffuseelasticscattering from surface
defects, is clearly separated from the inelastic single pho
features. The elastic energy window varied from about 0.4
1 meV around the elastic peak depending on the energ
the incident beam. Figure 3~d! presents the elastic angula

FIG. 3. Angular distributions of He atoms, with wave vect
ki56.55 Å21, incident on the NaCl~001! surface in the@100# sur-
face azimuth.~a! shows the total angular distribution~AD!. The
diffraction peak intensities are labeled in parentheses.~b! shows an
expanded view of the AD at angles65° away from the specula
peak showing the total diffuse intensity.~c! shows a TOF spectrum
taken at the same incident wave vector andQ i547.5° with the
diffuse elastic window marked. Only the particles within this wi
dow are counted in an EAD.~d! shows the elastic angular distribu
tion ~EAD!. The arrows mark the peaks for the diffuse elastic re
nances. The resonances appear symmetrically positioned abou
specular angle.
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distribution~EAD! of the intensity in the elastic energy win
dow. The EAD reveals a number of sharp structures mar
with vertical arrows~↓!, which are identified as the defec
mediated elastic resonance~DER! features. Note that the
DER peaks are symmetrically positioned about the spec
peak with a somewhat uniform background intensity of le
than 103 cps. Often in the experiments reported here
DER signals are as small as 53102 cps on a background o
roughly equal intensity. Thus, it is clear that a detector d
namical range of 4–5 orders of magnitude is necessary
observing these resonant features.

B. Results on NaCl„001…†100‡

Extensive measurements of the EAD’s were carried ou
both the @100# and @110# azimuthal directions of the
NaCl~001! surface. The measurements along the@100# direc-
tion will be presented first. In this direction, the EAD’s we
measured for 13 different incident wave vectors rang
from ki55.09 to 6.0 Å21. Figure 4 shows representativ
EAD’s at seven different incident wave vectorski . As men-

-
the

FIG. 4. A selected sequence of typical EAD measurements
the diffuse elastic intensity as a function of parallel wave vec
transfer DK for He incident on NaCl~001! in the @100# surface
azimuthal direction at seven different incident wave vectorski

56.42– 7.11 Å21. The peaks marked with numbers are the diffu
elastic resonance features. The numbers 1, 2, and 3 denote
(1,1)3 , (2,0)1 , and (22,2)3 resonances, respectively.
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10 016 PRB 58GLEBOV, TOENNIES, SKOFRONICK, AND MANSON
tioned above, low surface temperatures are favorable for
resonance measurements and, therefore, in the present
the temperature was kept atTs575 K. In each of the scan
two to three DER features, denoted by 1, 2, and 3, are s
metrically positioned about the specular peak (DK50) and
the intensity of each symmetric pair is nearly equal as
plained in detail in connection with Eq.~B1! in Appendix B.
The DER peaks are quite narrow as expected for reson
features, and comparable in FWHM to the diffraction pea

The observed peaks are not diffraction features, wh
might be caused by an unexpected periodic superstruc
arrangement on the surface. If the peaks were diffractive
origin they would appear at constant positions inDK regard-
less of the incident total wave vector. Instead they show
marked shift inDK for different incidentki and, therefore,
can be unambiguously attributed to bound-state resona
features.

Using a notation (Gx ,Gy)n , wheren is the number of the
bound state in the He-NaCl interaction potential, andGx and
Gy are thex andy components ofG expressed in units of the
NaCl surface reciprocal lattice vectorG051.58 Å21, the
peaks in Fig. 4 will be identified as belonging to the (1,1)3 ,
(2,0)1 , and (22,2)3 resonances. It should be mentioned th
the (2,0)1 and (22,2)3 resonances are degenerate with
(0,2)1 and (2,22)3 , respectively. It is interesting to not
that the positions of the two resonances (1,1)3 and (2,0)1
move toward smaller values of parallel wave-vector trans
DK ~smaller values of incident angleQ i! with increasing

FIG. 5. Time-of-flight spectra measured in the vicinity of peak
at DK520.56 Å21 from the EAD spectrum atki56.55 Å21

shown as the third curve from the bottom in Fig. 4. The incid
anglesQ i and the parallel wave vector transfers for the correspo
ing diffuse elastic peaksDKDE are presented. The sharp increase
the diffuse elastic peak atQ i548.5° corresponds to a maximum o
the DER peak 2 in the EAD.
he
ase

-

-

ce
.
h
re

in

a

ce

t
e

r

energy while the (22,2)3 resonance exhibits opposite beha
ior and moves to larger values ofDK .

In order to demonstrate that no inelastic processes
involved in the resonances under study, Fig. 5 shows
TOF spectra obtained at six different angles in the vicinity
peak 2 atDK'20.56 Å21 of the EAD measured atki
56.55 Å21 presented in Fig. 4. For the spectrum measu
in the out-of-resonance condition atQ i547.5°, the intensity
of the diffuse elastic peak~labeled by DE! is about 2
3102 cps/ms. However, as the angle increases, mov
closer and closer to the resonance position atQ i548.5°, the
diffuse elastic peak increases and reaches a maximum a
resonance position. Here the intensity of the diffuse ela
peak is more than 73102 cps/ms, clearly demonstrating an
increase by approximately a factor of 4. Upon further
crease of the incident angle, the intensity of the diffuse e
tic peak decreases again. In addition to the diffuse ela
peaks, all spectra contain several smaller phonon peaks.
phonon peaks are much more pronounced on the nega
DE of the diffuse elastic peak, which corresponds to t
phonon creation processes. Since the TOF measurem
were performed atTs575 K, this is easily understood in
terms of the Bose-Einstein occupation factors,51 which define
the probability for phonon creation events to be much hig
at this low temperature. Note that no significant changes
the phonon peak intensities are observed at the reson
condition. This provides additional evidence that inelas
phonon scattering processes do not contribute to DER.

In Fig. 6 the open diamond shaped data points show
positions of all observed DER peaks obtained from
EAD’s in a plot of parallel wave-vector transferDK versus
incident wave vectorki and the circles show the position o
the specular diffraction peak. The positions of the peaks c

t
-

f

FIG. 6. Plot of the peak positions in total incident wave vec
ki as a function of parallel momentum transferDK for He-atom
scattering on NaCl~001! in the @100# azimuth. The data points
shown as diamonds are the DER features, while the specular pe
marked with circles. The calculated curves show the expected
sitions of the DER features as predicted by Eq.~A1!. The numbers
1, 2, and 3 denote the (1,1)3 , (2,0)1 , and (22,2)3 resonances,
respectively.
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responding to the incident wave vectors of the seven EA
presented in Fig. 4 are denoted by the horizontal arro
marked with theki values. Again, the DER peaks are clea
symmetrically positioned aboutDK50 and, as opposed t
the constantDK positions of the specular diffraction pea
two of the DER peaks~marked 1 and 2! move to smaller
values of uDK u with increasing incident energy, while th
other peak~marked 3! moves in the opposite direction. Th
DER peaks cannot be confused with diffraction peaks,
shown in the figure, since the diffraction peaks do not s
with changing incident energy.

The nature of the resonances associated with the D
peaks in Fig. 6 can been seen in a two-dimensional Ew
plot ~for the kinematics of the resonant atom-surface scat
ing see Appendix A!. An example is shown in Fig. 7 for He
incident on NaCl~001!@100# with a total wave vectorki
56.55 Å21 and an incident angleQ i541.77° (DK
;0.6 Å21). Those conditions correspond to peak 2 in t
third from the bottom EAD panel in Fig. 4. The surfac
Ewald construction~e.g., see Ref. 52! is a plot ofDKx versus
DKy with the incident parallel momentum vectorK i , drawn
starting from the origin (Kx ,Ky50) which is indicated by
the squares in Fig. 7. A grid of reciprocal lattice points
NaCl~001! is placed with theG5(0,0) point at the head o
the vector K i . Note that in the case presented, theG
5(22,22) vector by chance nearly coincides with the o
gin of the graph. All those reciprocal lattice points which
within a circle of radiuski , with center at the origin~tail of
K i! correspond to values ofkGz

2 .0 satisfying the condition
for open diffraction channels and, therefore, are allowed
fraction peak positions. Reciprocal lattice points outside

FIG. 7. The two-dimensional Ewald construction for He ato
incident on NaCl~001!@100# with a total wave vector ki

56.55 Å21 and an incident angleQ i541.77°. The origin indicated
by the filled square is the starting point of the parallel projection
the incident wave vectorK i . The diamonds are the reciprocal la
tice points, the straight line is the incident parallel wave vector,
the large circles mark the radii of the four bound states for NaCl
this example thee3 bound state is in resonance with theG5(1,1)
reciprocal lattice vector, which is in the scattering plane. All wa
vectors have been normalized toG051.58 Å21.
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radiuski circle are evanescent diffraction states or in oth
words closed diffraction channels. The big circles shown
Fig. 7 are of radiusAki

212muenu/\2, corresponding to the
bound state resonance conditions given by Eq.~A1! in Ap-
pendix A. Thus, reciprocal lattice points that fall exactly o
one of the circles are in resonance with the incident be
Figure 7 shows clearly that for the incident conditio
shown,ki56.55 Å21 andQ i541.77°, thee3 bound state is
in resonance with theG5(1,1) reciprocal lattice vector. This
is in agreement with Fig. 6, where peak 2 atki56.55 Å21

lies on the resonance curve (1,1)3 . Similar Ewald-
construction analysis of the other peaks observed in
EAD’s measured for various incident wave vectors make
possible to conclusively relate all of the peaks to the cor
sponding bound states andG vectors.

C. Results on NaCl„001…†110‡

An extensive study of the defect-mediated diffracti
resonances has also been carried out in the@110# azimuthal
direction. In this direction the EAD’s were measured for
different incident wave vectors ranging fromki55.09 to
6.3 Å21. Figure 8 shows four panels of EAD measureme
giving the elastic intensity as a function of parallel mome
tum exchange for values of the incident wave vectorki
55.09, 5.67, 5.86, and 6.0 Å21. The measurements wer
performed at the crystal temperature of 90 K. Aside from
EAD at ki55.09 Å21, all the others have two pairs of peak

f

d
n

FIG. 8. EAD measurements of the diffuse elastic intensity a
function of parallel wave vector transferDK for He incident on
NaCl~001! in the @110# surface azimuthal direction. Four differen
incident energies are shown, ranging fromki55.09 to 6.0 Å21. The
peaks marked with arrows~↓! are the DER features. For identifica
tion of the resonances see Fig. 9.
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that are associated with DER’s. The DER features are sm
sharp peaks near the specular, which are marked by ver
arrows ~↓! and the numbers 1 and 2. As in Fig. 4 for th
@100# directions, the DER peaks are symmetrically po
tioned around the specular peak and the intensity of e
symmetric pair is nearly equal.

Identification of the DER peaks observed in the@110#
direction is more complicated than in the@100# case. This is
illustrated in Fig. 9. Two series~labeled 1 and 2! of mea-
sured DER peaks are indicated by open squares; they sh
linear shift to largerDK values with increasing incident en
ergy. The solid line curves are the locus of points of t
bound state resonance condition, calculated with Eq.~A1!
for the incident beam with selected bound states. The das
curves are for resonance conditions in the final beam di
tion.

As seen from Fig. 9, there are two resonance cur
(1,1)2 and (1,0)3 , which are aligned along the line of mea
sured data points marked by 1 in Fig. 9. An important po
is that the uncertainties in the bound-state energies~Table I!
may be as large as63% and this can lead to a correspon
ing uncertainty in the position of the resonance curves. E
such a shift of both resonance curves does not permit
fitting of the data points from the series 2 in Fig. 9. There
also several data points aroundDK60.3 Å21 and ki
;6.2 Å21 that cannot be exactly fitted with the bound sta
from Table I. As an example, the nature of the resona
associated with the DER peak 1 from the EAD measure
ki55.67 Å21 and shown in Fig. 8~second from the bottom!
is presented in the two-dimensional Ewald plot of Fig. 1
Figure 10 shows that for the incident conditionski
55.675 Å21 andQ i546.97°, thee3 bound state is in reso
nance with theG5(1,0) reciprocal lattice vector, since th
e3 circle crosses the correspondingG5(1,0) point in the

FIG. 9. Plot of the peak positions of total incident wave vec
as a function of parallel momentum exchange for He-atom sca
ing on NaCl~001!@110#. The data points shown as squares are
DER features, while the specular peak position is represente
circles. The solid and dashed lines show the expected position
the DER features as predicted by Eq.~A1!.
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reciprocal space. Furthermore, thee2 bound state circle in
Fig. 9 crosses symmetrically two reciprocal lattice vecto
G5(1,61) and, thus, is in a symmetric double resonan
with these two vectors.

This is precisely the situation observed in Fig. 9. The lo
of points for the (1,0)3 and the (1,61)2 resonances are ver
close and parallel to each other. This double resona
passes through all of the points of the DER 1 series nea
to specular for the negative values ofDK . The same reso-
nances applied to the outgoing beam in the detector direc
correspond to the symmetrical mirror image peaks on
opposite side of the specular beam, as shown by the da
line in Fig. 9. There are several other resonance cur
shown, always with solid curves used to show solutions
Eq. ~A1! for resonance conditions with the incident bea
and dashed curves to show resonance conditions with
final beam.

Interestingly, none of the combinations of the bound st
energiesen and theG vectors provides a resonance cur
that fits the loci of the measured series 2 peaks of Fig
There are several possible reasons for this. First, as m
tioned above, there is a substantial uncertainty in the va
of the bound state energies as seen in Table I. However,
alone is not enough to explain the data. Second, the e
dynamical expression describing the resonance is
Feshbach-Fano amplitude of Eq.~B5!, which allows for a
shift in position of the resonance energy given by2Rehbb as
in Eq. ~B7!. In fact, Vargas and Mochan39 demonstrated tha
such band-structure effects might shift the measured en
of the lowest bound state of He-NaCl by up to 10
(;0.5 meV) to lower energies, with a somewhat smal
shift expected for the higher energy bound states. A shif

r
r-
e
by
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FIG. 10. The two-dimensional Ewald construction for He inc
dent on NaCl~001!@110# with a total wave vectorki55.67 Å21 and
an incident angle Q i546.97°, related to peak 1 atDK
520.27 Å21 in the corresponding EAD from Fig. 8. The dia
monds are the reciprocal lattice points, the straight line is the in
dent parallel wave vector, and the circles mark the radii of the f
bound states. In this example thee3 bound state is in resonance wit
the G5(1,0), and thee2 bound state is in a symmetric doub
resonance with theG5(1,61) reciprocal lattice vector.
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the bound-state energy for one of the resonance cu
((1,0)3 or (1,61)2! in Fig. 9 within just 5 to 10% from the
value used here~see Table I! would fit well the measured
data points of series 2, and thus explain the nature of
resonance.

A third possibility that may help to explain the observ
data points would be splitting of the calculated bound-st
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curves (1,0)3 and (1,61)2 due to quantum mechanical in
terference effects25 resulting from the proximity of these
resonances in the (DK,ki) space~see Fig. 9!. In the case of
two bound states participating simultaneously in the scat
ing process the transition matrix@Eq. ~B5! in Appendix B#
must be rewritten to include the projection of two res
nances, which leads to
Tf i5hf i1
hf bhbi~Ei2Eb82hb8b8!1hf b8hb8 i~Ei2Eb2hbb!1hf bhbb8hb8 i1hf b8hb8bhbi

~Ei2Eb2hbb!~Ei2Eb82hb8b8!2hbb8hb8b
, ~1!
,

beam
m-
ized

es
s
s
st-
2°,

ured
l an-
wherehbb andhb8b8 are the self-energy terms for two simu
taneously resonant bound states labeledb andb8, andhbb8
andhb8b are the coupling terms between these bound sta
Setting the denominator of the second term on the right-h
side of Eq.~1! equal to zero gives the familiar expression f
the lifting of the degeneracy in energy for a pair of degen
ate quantum states when they are coupled by a perturba
Equation~1! contains not only energy shifts of the resonan
positions given by Rehbb and Rehb8b8 , it also shows a split-
ting of the two bound-state energies through the te
hbb8hb8b . The combination of energy shift and splittin
could be sufficient to move one of the resonant loci cur
@(1,0)3 or (1,61)2# to the position of the series of peak
positions. An alternative possibility would arise if the sh
were sufficiently large that it caused the (1,0) or (1,61) to
be in resonance with a different bound state at the posit
of the peak 2 series.

IV. ANNEALING OF THE DEFECTS

To check that indeed intrinsic defects of NaCl are
volved, the surface defect density was intentionally redu
by baking the NaCl crystal for 12 h at a temperature of 5
K. In the 1970s Ho¨cheet al.10 demonstrated that the densi
of the surface defects can be significantly reduced by ann
ing the NaCl crystal atTs5470 K predominantly through the
rounding of the steps. Later, in the 1990s, HAS studies of
NaCl~001! surface topography53,54showed that the quality o
a NaCl surface destroyed by vacuum UV photon stimula
desorption could be recovered upon extensive annealin
Ts.450 K. Figure 11 depicts two pairs of total~top panels!
and elastic~bottom panels! angular distributions. On the lef
side of Fig. 11 the AD and EAD measured from th
NaCl~001!@100# surface at Ts590 K immediately after
cleavage are shown. The maximum diffraction peak inten
ties in the AD~top left! are about 63106 counts/s, while the
diffuse elastic background intensity in the correspond
EAD ~bottom left! is about 23104 cps. Several DER peak
are clearly seen in the EAD with the strongest ones reach
the intensity of'63104 cps. These two most intense DE
features are marked by vertical arrows. On the right side
Fig. 11, the AD and EAD measured from the same surf
after annealing atTs5500 K for 12 h are shown. The mea
surements before and after annealing were performed a
same surface temperature and crystal adjustment.

The magnification of the background signals, observed
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the AD’s ~top panels of Fig. 11! before and after annealing
are exhibited in Figs. 12~a! and 12~b!, respectively. Since the
angular distributions presented in Figs. 11, 12~a!, and 12~b!
were measured at the same surface temperature and
conditions, the intensity values can also be directly co
pared. The overall effect of the annealing can be summar
as follows:

~1! After annealing, the Bragg diffraction peak intensiti
increased by 30–50%~compare the left and right plot
on the top panel of Fig. 11! and the widths of the peak
become narrower. For example, the width of the fir
order diffraction peak before annealing comprised 0.2
while after annealing it became 0.17°.

FIG. 11. The total~top panel! and elastic~bottom panel! angular
distributions from the NaCl~001! surface along the@100# direction,
measured atki56.5 Å21 and Ts590 K. On the left side, the AD
and EAD are presented from a NaCl surface cleavedin situ,
whereas the angular distributions on the right side were meas
on the same surface under the same conditions after additiona
nealing of the crystal atTs5500 K for 12 h.
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10 020 PRB 58GLEBOV, TOENNIES, SKOFRONICK, AND MANSON
~2! The diffuse elastic background signal after annealing
decreased by approximately a factor of 4 and simila
for the signal from the DER peaks~left and right plots on
the bottom panel of Fig. 11!. As is clearly seen from the
figure, some of the smaller DER peaks observed in
EAD measured from the nonannealed surface disap
after this temperature treatment.

~3! A redistribution of the total background intensity upo
annealing is apparent from the total angular distributio
of Figs. 12~a! and 12~b!. In addition to the overall de-
crease of the background, some of the resonance p
increase, while the others show a significantly less
tense signal. As will be discussed below, this can
attributed to different contributions from inelastic an
diffuse elastic scattering processes to the background
tensity.

The increased intensities and the reduced widths of

FIG. 12. ~a! The magnification of the total background sign
from the preceding Fig. 11~top left panel! measured on the cleave
but not annealed NaCl~001! surface in the@100# azimuth.~b! The
magnification of the total background signal from Fig. 11~top right
panel! measured on the NaCl~001! surface that was cleavedand
then annealed at 500 K for 12 h.~c! The difference between th
background intensities, obtained after~a! was subtracted from the
~b! signal. The downward directed arrows~↓! mark the phonon-
assisted processes, while the upward directed arrows~↑! mark those
associated with the DER’s.
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Bragg diffraction peaks are clearly indicative of the improv
ment in short- and long-range order on the surface. This m
be attributed to both rounding of the step edges10 and re-
moval of the surface point defects. The decrease of the
fuse elastic background strongly suggests the lowering of
density of the surface defects as well. In addition to the to
background, the smoothing of the surface upon annea
resulted in a dramatic decrease of the DER peak intensi
This provides evidence that the resonances observed in
present work are mediated by intrinsic surface defects.

This analysis of the redistributed total background inte
sities upon annealing reveals a method for distinguishing
resonances involving defects and those involving surf
phonons through the use of difference spectra. Figure 1~c!
plots the intensity difference in the background signals
fore and after annealing on the surface@the intensity of Fig.
12~a! is subtracted from the intensity of Fig. 12~b!#. First of
all, it is evident that the subtraction of the two spectra
duces the total background by about (3 – 5)3103 cps. In ad-
dition there are a number of peaks@phonon-assisted peak
marked by~↓!# and dips@DER features marked by~↑!# that
are prominent in the background profile. The dips can
attributed to DER features, since their intensity decrea
upon annealing~see Fig. 11!. On the other hand, the prob
ability for a particle to interact with surface phonons up
either entering or leaving a bound state becomes higher
a decrease of the surface defect density. This results in
corresponding increase of the surface coherence length,
to sharper and more intense phonon-assisted resonance
in Fig. 12~c!. Therefore, in this manner the peaks in t
angular distributions, related to phonon-assisted selective
sorption resonances, can be easily separated from pure
tic DER features without the need for TOF energy reso
tion.

V. CONCLUSIONS AND FUTURE POSSIBILITIES

A new mechanism for resonance scattering of partic
from surfaces has been identified and investigated exp
mentally for He atoms scattered from the NaCl~001! surface,
along the two high symmetry azimuthal directions@100# and
@110#. The process involves a coherent selective adsorp
into one of the surface bound states followed by scatter
from defects into the continuum. The inverse process
also been identified, where the particles impinging on
surface enter the bound state through the interaction wi
surface defect followed by coherent diffractive scatteri
into the continuum. From the kinematics and symme
properties it is shown that these two processes are time
parity reversal invariant.

The DER’s are revealed by the observation of the follo
ing effects:~1! They obey the kinematical conditions of Eq
~A1! dictated by the reciprocal lattice vectorsGm,n partici-
pating in the scattering process together with the bound-s
energy levelsen ~see Figs. 6 and 9!. This indicates that one
of the scattering channels~exit or entry! involves a selective
adsorption resonance with a bound state of the interac
potential.~2! The resonance peaks appear in the diffuse e
tic background between the large diffraction peaks indicat
that surface defects are involved in the scattering proc
~see Figs. 4 and 8!. ~3! The peaks appear as pairs of nea
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equal intensity and shape and they are symmetrically p
tioned about the specular peak as imposed by the ti
reversal symmetry of the transition matrix as established
Eq. ~B1!. ~4! Annealing of the surface defects leads to s
nificant reduction of the DER peak intensities~see Figs. 11
and 12!. The intensity of the DER peaks is large compared
the background because the partial wave in one of the bo
states of the potential is constrained to a two dimensio
wave close to and parallel to the surface and the probab
of encountering a defect is therefore greatly enhanced. T
the scattering into the bound state ‘‘compresses’’ the inco
ing 3D plane wave into a 2D wave traveling parallel to t
surface. As the experiments demonstrate, the scattering c
section of surface defects for the 2D wave propagating
bound state on the surface gives an enhanced intensity s
as compared to the initial 3D plane wave colliding on t
surface.

There are a number of interesting implications of the D
effect.

~1! The quantitative study of DER peaks will allow th
measurements of the differential and total cross section
defects on the surface under extraordinarily well-defin
conditions as a result of illumination by the two-dimension
incident wave in different selected bound states. This c
figuration contrasts with the usual case in which a defec
illuminated by an incident three-dimensional plane wave.
order to measure the complete differential cross section,
detector would have to be able to move independently of
incident beam, that is not possible in the present appara

~2! The analysis of bound states using DER’s provid
significant constraints on the energy values of the bo
states and thus should be useful in confirming or perh
identifying new states in atom/molecule-surface interact
potentials.

~3! The DER effect provides a way of studying a fund
mental and important question of quantum mechanics s
as: What is the nature of a 2D plane wave? In the bo
state, the wave has the unique characteristic that its prob
ity amplitude is constrained in the normal direction to
within a very few Å of the surface, while it spreads signi
cantly in the other two directions. Thus, the wave has w
defined momentum only in the directions parallel to the s
face, however, because it is ‘‘attached’’ to the incident pla
wave outside of the surface it has a very well defined to
energy. The nature of the wave function in the bound stat
similar to the well-known Andreev two-dimensional surfa
states of3He on the surface of4He.55 The DER effect pro-
vides a way to test the nature of the 2D waves in the bo
states through the incoherent collisions of the trapped
ticles with the defects.

~4! The DER features can be revealed without the n
for TOF energy analysis by subtracting angular distributio
measured with different defect coverages.

~5! There are some interesting possibilities forinelastic
effects associated with DER. One possibility can be calle
defect-mediated inelastic resonance~DIR! in which the par-
ticles gain or lose a quantum of energy when they sca
from the defect. For example, taking the case exhibited
Fig. 1~a!, a particle could enter the bound state resonantly
a diffraction process and then subsequently collideinelasti-
cally and transfer a quantum of energy from a localiz
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mode of the defect. The particles would be scattered into
continuum just as in a DER, however, simultaneously tra
ferring the energy6\v of the localized defect mode. Thi
process should be particularly important if the defect is
purposefully adsorbed atom or molecule with localized E
stein vibrational modes polarized parallel to the surface, s
as frustrated translational modes. This is because sim
models of inelastic scattering of atoms by phonons show
the interaction matrix element is proportional to the mome
tum ~or impulse! transferred in the collision.56 Since the par-
ticles traveling resonantly in the bound state have all of th
translational momentum directed parallel to the surface
would tend to favor large parallel momentum transfers. Th
both the direct and time reversal DIR resonance proce
should lead to significant and selective enhancement of
inelastic intensities which have been observed previously
due to the direct scattering by localized modes of very l
coverage densities of adsorbates on the surface.57

~6! As was discussed in the Introduction, theDK depen-
dence differs significantly for the atoms scattered from va
ous types of defects. Thus, measurement of the intensitie
the DER peaks as a function of the incident beam ene
which leads to the shift of the peaks inDK space, may open
new possibilities to study separately and with higher sen
tivity the interaction of different defect types with the pa
ticles colliding with the surface.

~7! The DER is not limited to atom or molecule scatte
ing, it should also be observed in electron scattering, or
other scattering process where one can observe selectiv
sorption type resonances.58,59
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APPENDIX A: KINEMATICS OF RESONANT ATOM-
SURFACE SCATTERING

The expected positions of the selective adsorption re
nances are readily calculated from the conservation of pa
lel momentum and total energy.60–62 A plane wave incident
on a rigid periodic surface with a wave vectork i5(K i ,kiz)
has energyEi5\2ki

2/2m. Since the surface is periodic onl
in a direction parallel to the surface, the parallel moment
K is conserved modulo a surface reciprocal lattice vectorG,
while the perpendicular momentum is not conserved. T
the allowed diffraction scattering channels will have wa
vectors given bykG5(K i1G,kGz) where the perpendicula
component is determined by conservation of energykGz

2

5ki
22(K i1G)2. Selective adsorption bound-state res

nances occur whenever

kBz
2 5ki

22~K i1B!2522muenu/\2, ~A1!

whereen is the energy of thenth bound state in the surfac
adsorption well andB is one of theG vectors. Under the
conditions of Eq.~A1!, direct diffraction into the bound stat
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is energetically allowed and the wave function has an am
tude component that is constrained to a bound state of
surface potential in the normal direction but parallel to t
surface has a shorter wavelength than the incident w
Equation~A1! also gives the conditions on the incident bea
for observing the direct DER resonance of Fig. 1~a! in which
the He initially diffracts into the bound state and then
diffusely scattered out of the bound state by subsequent s
tering by a defect. For the inverse DER process of Fig. 1~b!,
the beam of total wave vectorki is incident at any arbitrary
angle and the portion of the amplitude that is scattered in
bound state by a defect subsequently exits the bound
via a diffraction process. The discrete diffraction channels
which this additional intensity is observed in the outgoi
scattered waves is again given by a condition similar to
~A1! except withK i replaced byK f . This, then, explains
why the DER features are observed as pairs symmetric
positioned about the specular peak. With the fixed sou
detector geometry employed here, interchanging the incid
angleQ i with the final angleQ f is equivalent to interchang
ing K i with K f .

APPENDIX B: DER LINE SHAPES AND INTENSITIES

The observed intensities of pairs of symmetric DER fe
tures can be shown to result from parity and time-reve
invariance. It is evident from Fig. 3, and also from Figs.
and 8, that the intensities of the symmetric pairs of peaks
nearly equal for all values of the incident total wave vect
This can be easily explained in terms of the scattering m
trix. The scattering matrix is invariant under time-revers
and parity inversion of the potential~TP invariance!, which
implies that for even-parity surface potentials the two DE
mechanisms of Figs. 1~a! and 1~b! are time-reversed image
of each other. In particular, for even parity surfaces, which
the case for~001! surfaces of fcc crystals, we have the fo
lowing equality in the transition matrix:

^k f uTuk i&5eig^ksuTuk f 8&, ~B1!

whereT is the transition operator,ks is the state specular t
k i andk f 8 is the incident state whose specular isk f , i.e., k f
andk f 8 differ only in that the perpendicular components
their momenta have opposite signs. The result of intercha
ing final and initial angles in this in-plane fixed angle expe
ment is not only to changeDK into 2DK , but it is also the
operation k i→k f 8 simultaneously withk f→ks . This ex-
plains why for each value ofki in Figs. 4 and 8, pairs o
peaks are symmetrically located at6DQ on either side of
the specular position atQ i545° ~or equivalently, at6DK !.
For a surface with even parity, or simply even parity
average, the two symmetric peaks will have equal intensit

Finally, the fact that the DER features appear as peak
the intensity is discussed in terms of the dynamics of
scattering process. An appropriate theoretical formalism w
which to describe these resonances is the method of F
bach projection, which is often used to describe ordin
selective adsorption resonances.63–67The transition operator
which obeys the relation
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T5V1VG0T, ~B2!

where V is the interaction potential andG0 is the Green
function, can also be expressed by the pair of operator eq
tions

T5h1hG0
~1!T, ~B3!

h5V1VG0
~2!h, ~B4!

where the Green functionG0 has now been split into two
parts: G0

(1) , which propagates only the resonant state~or
small number of simultaneously resonant states!, andG0

(2) ,
which propagates all the rest of the nonresonant states.

For example, in the simplest case of a single isola
bound state resonance, the mechanism depicted in Fig.~b!
results in a transition matrix for scattering from initial sta
k i to final statek f given by

^k f uTuk i&[Tf i5hf i1hf b

1

Eb2Ei2hbb
hbi , ~B5!

where an obvious shorthand notation is used for the ma
elements. In Eq.~B5! the leading termhf i is the reduced
transition matrix calculated from Eq.~B4! for scattering di-
rectly fromk i to k f upon collision with the defect, while the
second term describes the resonant path through the b
stateb, i.e.,hbi is the reduced transition matrix for scatterin
from the initial state into the bound state,hf b is the ampli-
tude for scattering out of the bound state into the final st
andhbb is the self-energy of the bound state. The observ
intensity is proportional touTf i u2, and for the transition ma-
trix of Eq. ~B5! this gives an intensity that has a Fano lin
shape.67 The condition for the resonance term in Eq.~B5! to
dominate is

uhf i u!uhf bhbi /Im hbbu, ~B6!

in which case the Fano line shape reduces to a single Lo
zian peak. For the example of Fig. 1~b!, the reduced matrix
elementhf b comes from a diffraction process and is expec
to be large, whereashf i andhbi are expected to have sma
moduli because they result from scattering by the defect,
furthermore Imhbb is also expected to be small~i.e.,
\/Im hbb is the lifetime of a particle in the resonant boun
state, which is expected to be long compared to a dir
collision time!. Thus, these arguments imply that the con
tion of Eq. ~B6! will be satisfied for the mechanism of Fig
1~b!, and consequently this resonance feature should ap
as a sharp Lorenzian peak. By extension, Eq.~B1! implies
that the resonance appearing symmetrically on the oppo
side of the specular peak corresponding to the process
picted in Fig. 1~a! will also have the same line shape an
intensity.

As a final point, it is noted that the position of the boun
state feature can be best assigned to the position at which
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real part of the Green function denominator of Eq.~B5! van-
ishes:

Eb2Ei2Re hbb50. ~B7!

This condition is equivalent to Eq.~A1! except now the en-
r

c

ergy of the bound state is shifted by an amount2Rehbb.
This shows that the kinematical resonance condition of
~A1! is only an approximate result, and the true resona
position can be shifted if the real part of the self-ene
Rehbb is significant.
-

.

-
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10H. Höche and H. Berthge, J. Cryst. Growth33, 246 ~1976!.
11H. Berthge, M. Krohn, and H. Stenzel, inElectron Microscopy in

Solid State Physics, edited by H. Berthge and J. Heydenreich
Materials Science Monographs Vol. 40~Elsevier, Amsterdam,
1987!.

12H. Weiss, Habilitation Thesis, University of Hannover, 1995.
13E. Meyer, H. Heinzelbaum, H. Rudin, and H. J. Gu¨ntherodt, Z.

Phys. B79, 3 ~1990!.
14G. Meyer and N. M. Amer, Appl. Phys. Lett.56, 2100~1990!.
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16R. Lüthi, M. Bammerlin, and E. Meyer, Phys. Bl.53, 435~1997!.
17A. M. Lahee, J. R. Manson, J. P. Toennies, and C. Woell, Phy

Rev. Lett.57, 471 ~1986!.
18A. Lock, B. J. Hinch, and J. P. Toennies, inKinetics of Ordering

and Growth at Surfaces, edited by M. G. Lagally~Plenum Press,
New York, 1990!.
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