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Evidence for a surface exciton in KBr via laser desorption
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We demonstrate that direct photoexcitation of the single crystal KBr surface leads to desorption of hyper-
thermal neutral bromine atoms. We have produseparatelythe hyperthermal and the near-thermal compo-
nents of neutral halogen emission from an alkali halide. The source of hyperthermal bromine emission is
attributed to decay of a surface exciton excited at photon energies below that of the bulk exciton. We argue that
the frequently observed near-thermal component is derived from excitation within the bulk crystal. Our ex-
perimental data provide strong support to a theoretical excitonic emission model previously described in the
literature.
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INTRODUCTION halogen emission was attributed to tHecenter migration/
displacement sequence while the source of the hyperthermal
Emission of atoms induced by irradiation of alkali halides component was proposed to be hot, unrelaxed exciton migra-
has been an ongoing topic of general interest. For decadesion to the surfacé? This has become an accepted mecha-
rigorous studies of halogen emission have been carried outism.
using electron, synchrotron, ion, and laser soutcBghe In this hot-carrier model, excited electron-hole pairs are
observed energy distribution of emitted halogen atoms hasreated within the bulk penetration depth of the ESD elec-
two components: a fast “hyperthermal” component for trons followed by rapid hot-carrier diffusion to the surface
which the most probable kinetic energy is 0.3 eV and ayhere hyperthermal emission occurs. In an apparent confir-
“near-thermal” component characterized by a Maxwellian mation of this mechanism and the bulk nature of the hyper-
distribution of energies of emitted atorh8.To date, these thermal component, subsequent low fluence photostimulated
two components of halogen emission have only been obgesorption experiments failed to produce hyperthermal
served together. The linear dependence of the number Qfissionts This result was explained by stating that at pho-
e_mltted atoms on the number of excitations |nd|pates that fon energies corresponding to fundamental exciton absorp-
single excitation, namely, formation of an exciton or antion, the resulting primary excitons would be static and that

electron-hole pair leads to emission. The emission meChe}ﬁoreover, even if the excitons are created directly at the

nism following single excitation, however, remains contro- rface thev would not contribute to desorption since onl
versial. In all the cases, it has been claimed that the threshofd’ Y . >Sorp y
singlet excitons are created directly by light.

of desorption is at the absorption threshold and not beldw it.
paon | - I While this previous groundbreaking work was unable to

It is well established that excitons or electron-hole pairs in S
detect photoemission, we observe hyperthermal neutral Br

bulk alkali halides are localized by interaction with phonons A X .
or recombine to form self-trapped excitofSTE'S).2% Ac- photoemission using low-fluence sub-band-gap photoexcita-

cording to the currently accepted model, the STE consists dfon combined with a highly sensitive resonant-enhanced
an electron and an off-centerég~ molecular ion(whereX multiphoton ionizationREMPI) time-flight mass spectrom-
denotes a halogen atoraccupying two lattice sites. Further etry (TOF-MS) technique. Sub-band-gap excitation can pro-
displacement of th&,~ molecular ion along the molecular duce surface excitons directly. Excitons or electron-hole
axis transforms the self-trapped exciton intoRagenter and ~ pairs formed near the surface can lead directly to neutral
H-center paitheH center is theX,~ molecular ion centered halogen emission. Calculations of the first excited staias
at a halogen lattice pointRecent calculations of the unre- relaxed excitonsof NaCl show the surface excitation energy
laxed bulk exciton and STE in KBr reaffirm this picture. significantly below the bulk threshold due to lower coordi-
An early model published by Pooley predicted halogennation of the halogen and exciton localization on the surface
emission along the(110) axis caused by the phonon- ion.l® The relaxation process of a surface exciton can be
mediated migration of excited STE’s through halogen latticedifferent from that in the bulk as the surface exciton may
sites’® Subsequent angle-resolved electron-stimulated deself-trap and decompose into &rcenter and a neutral halo-
sorption (ESD) experiments conducted by Szymonskial.  gen, a senario not predicted in the hot carrier model. In this
showed emission occurring strongly along {00 axis, not  “excitonic” model for NaCl, excitons at or within three lay-
the (110 direction and the authors proposed “hot” hole mi- ers of the surface trap and produce hyperthermal halogen
gration to the surface as the source of neutral halogeemission®’
emission-> However, the inability of the hot-hole model to Few experiments showing evidence for a unique surface
explain satisfactorily the mechanism for hyperthermal emisexciton, or even direct surface excitation, in alkali halides
sion led to additional ESD experimertsA different scheme have been reported; the recent experiments on Kl being
was put forward in which the near-thermal component ofnotable!® However, ESD threshold experiments on alkali ha-
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lides, while demonstrating the efficiency of above band-gap 10
bulk excitations in halogen desorption, lack the resolution 0.9
and sensitivity to probe excitation of the surface at energies o8-
below the absorption band threshold. _
Spin-orbit interaction in KBr leads to a distinct doublet at

6.63 and 7.17 eV in the absorption spectrum of the bulk
single crystal that has been assigned tohe; single ex-
citon transition p° hole; T';-T';).*® We probe below and
above the first bulk exciton absorption band of KBr using
very low fluence laser irradiation. We show that by selecting
the appropriate photon energy we may prodseparately
the hyperthermal or near-thermal components of neutral bro-
mine emission. We have resolved the bromine velocity dis-
tributions and power dependences at photon energies of 3.L, Delay Between Lasers (us)

4.7, 6.4, and 7.9 eV and have avoided macroscopic crystal FIG. 1. Velocity distributions of Br atom emission. The inte-

edge effectgcommon in ESD experimentdly maintaining grated Br ion signal is plotted as a function of the delay time be-

high spatial resolution of our laser light on the sample sur ..o evcitation and probe laser pulses. LegEhd.9 eV: A,

face. Our results indicate direct surface excitation—the ung 4 o\ 0 4.7 ev- 0, 3.5 eV. Excitation at 6.4 eV produces only

rela_lxe_d surface exciton—as the source of the hypertherm'ﬁl‘e hyperthermal velocity distribution. Excitation at 3.5 eV is domi-

emission. nated by the near-thermal velocity distribution. At 4.7 and 7.9 eV,
both hyperthermal and near-thermal components are distinguish-
able.
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EXPERIMENT

_ mately 100uJ/cnt at 7.9 eV, 1.8—36 mJ/chat 4.7 eV, and
The ultrahigh vacuum apparaté/HV) and data treat-  7_49 mJ/crR at 3.5 eV.

ment ut|l|zze0d in these experiments are described in detail \yg ghserve no change in KBr surface stoichiometry fol-
previously™™ Briefly, freshly cleaved single crystals of KBr |ying considerable laser irradiation. We determined the
are mounted in the UHV sample holder. Laser pulses of 3- Ofg|ative surface concentration of potassium and bromine ions
5-ns duration are generated using excimer or Nd:Y&G  pefore and after 266-nm irradiation using x-ray photoelec-
t.rlum. aIgmmum garnetlaser sources, respecuvel_y. _Lasertron spectroscopy(XPS). To enhance surface selectivity,
light is directed at the KBr sample at 60° angle of incidencey 4y photoelectrons were collected at low emission angle.
to the surface normal. The laser pulses induce desorption Gfhe 'integrated relative intensity of all bromine and potas-
neutral bro_mlne and potassium atoms. A focussed probe las;,m photoemission bandbinding energies less than 400
ser pulse intersects the desorbed atoms 3.8 mm above ag¢) remained constant throughout total irradiation fluxes up
parallel to the sample surface. Tunable light of 5-ns puls§q ten times that used in laser desorption experiments. The
duration from a frequency-doubled dye laser at 250.98 Nm i pg experiments revealed only very minor surface contami-
used to ionize ground statéR;) bromine atoms in a (2 pation. The only contaminant observed was due to carbon at
+1) REMPI scheme. The probe laser also nonresonantlyyels slightly above the detection threshold corresponding to
ionizes neutral ground staté;;;) potassium atoms. lons 5 194 surface coverage. Although ultraviolet irradiation of
are detected by dual microchannel plates located at the engsylating materials can lead to moderate surface charging
of the TOF-MS tube. The lasers can be independently degye to photoemission, such charging is unlikely to affect
layed in time allowing the measurement of photoproduct vemeasurements of neutral atom velocities and we observe no

locity distributions. ~ evidence of space or surface charging effects in our experi-
We irradiate the KBr surface at fluences that will maintain ,ents.

a desorption regime; that is, each laser pulse desorbs only a

small fraction of the surface layer. For example, a laser flu- RESULTS

ence of 10uJ/cnt at 6.4 eV (193 nm represents a flux of

10" photons over~ 10'° surface sites or approximately 1%  Figure 1 displays the normalized, velocity distributions of
coverage. Absorption will occur at far fewer surface sitesBr (2P5,) following excitation at 6.4, 7.9, 4.7, and 3.5 eV.
because even a strong resonant transition will absorb le€sxcitation at 6.4 eV, below the bulk exciton absorption band,
than 1% of incident light per layer. From these estimates th@roduces a single well-defined hyperthermal velocity compo-
greatest possible fraction of the surface desorbed per lasaeent. Above both the bulk exciton band and the material
pulse is 104. The fraction desorbed per pulse is further bandgap, at 7.9 eV, two distinct velocity components are
reduced when a realistic surface absorption cross section amibserved; a near-thermal velocity component and the hyper-
desorption quantum yield are included in the estimatethermal component. Well below the absorption threshold, at
Therefore, each laser pulse produces a low-density emissiod.7 eV, both hyperthermal and near-thermal components are
The laser fluence required to obtain a detectable signal dexgain observed. Finally, far below the absorption threshold,
pends strongly upon the photon energy. The fluence ranges 3.5 eV, the near-thermal component dominates.

used in this study are 0.1-10J/cnt at 6.4 eV, approxi- To obtain kinetic-energy distributions from the raw data,
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single-photon fluence dependence and the detection of Br
atom emission at extremely low laser fluerieel00 nJ/cr)
indicates resonant absorption. Bulk absorption of 6.4 eV

@ 7.9 eV (157 nm) photons is weak. Therefore, Br emission must result from
b 640V (193 either excitation of surface states or defect states within the
y v eeevasmm near surface region of the bulk. It is unlikely that the density

~©- 4.7 eV (266 nm) of defect states is large enough to produce the large observed
-0 3.5 eV (355 nm) Br yields, therefore, the emission most likely results from
direct absorption at the surface. Therefore we argue that the
hyperthermal component originates from surface excitation.
Excitation above the bulk band gap at 7.9 eV produces
both hyperthermal and near-thermal velocity components. At
this energy, both bulk and surface excitations may occur. A
R R m e cursory power dependenqe pgrformed at 7.9 eV is linear and
000 010 020 030 040 050 060 070 080 090 1.00 indicates that the excitation is single photon although the
difficulties associated with laser power measurement in the
vacuum ultraviolet makes a rigorous power-dependence de-
FIG. 2. Energy distributions of Br atom emission. The time-of- términation problematic. Strong Br atom emission is again
flight signal response functiog(t), represented in Fig. 1 as the Obtained using extremely low laser fluences. However, laser
peak area, is transformed from time to energy space and normafluences an order of magnitude greater are required at 7.9 eV
ized. This functionf(E) is plotted against the measured kinetic than at 6.4 eV to obtain an equivalent Br atom yield. This
energy of Br photoproducts. Legerid;, 7.9 eV; A, 6.4 eV;0, 4.7  indicates that 7.9 eV photons must have a lower surface ab-
eV; ¢, 3.5 eV. For all excitation energies excepting 6.4 eV, asorption cross section than 6.4 eV photons.
near-thermal energy distribution centered at 0.03 eV is identifiable. Photons at 7.9 eV can directly lead to both surface and
A hyperthermal energy distribution centered at 0.35 eV is observetulk excitations. We have identified the hyperthermal com-
at all excitation energies except 3.5 eV. ponent with surface excitation. It is likely that bulk excita-
tion would lead to a much more thermalized distribution as
the time-of-flight signal response functigift), represented the excitation may travel many atomic layers before reaching
in Fig. 1, is transformed from time to velocity space throughthe surface and desorbing. Therefore, we argue that the near-
the Jacobian for density-sensitive detectiont).1Conver- thermal Br velocity component originates from bulk excita-
sion gives the energy distributiorf(E)=C*[g(t)*t]?, tion.
where C is the normalization constaft. This function is Surprisingly, excitation at 4.7 eV, well below the absorp-
plotted versus Br atom kinetic energy in Fig. 2. From thetion threshold, leads to strong Br emission but only at a
data it is clear that there are two distinct distributions, amuch higher laser fluence. To obtain similar Br atom yields,
hyperthermal energy distribution centered at 0.35 eV and &aser fluences approximately 1000 times greater than that at
near-thermal-energy distribution centered at 0.03 eV. 6.4 eV and 100 times greater than that at 7.9 eV are required.
Excimer laser excitation of KBr at 6.4 eV leads to hyper- At 4.7 eV, no direct excitation of the perfect bulk or surface
thermal Br atom emission exclusively. Figure 3 displays ais expected although it is possible that multiphoton excitation
log-log plot of the integrated Br atom yield as a function of or direct excitation of defect states can occur. The integrated
laser fluence at 6.4 eV. The power dependence is linear ar8lr atom yield as a function of laser fluence displays a non-
indicates a single-photon process for Br emission. Thdinear power dependence that is always greater than single
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sion at 6.4 eV. Log-Log plots of the integrated Br

ion signal as a function of laser fluence indicate a
single photon power dependence for Br-atom
emission at 6.4 eV.
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sorption threshold produces measurable Br emission pro-
vided sufficiently high laser fluence is used. At this energy
no significant direct excitation should occur in the bulk, at
the surface, or at defect sites and only multiphoton excitation
is expected. Only the thermal Br velocity component is sig-
nificant at 3.5 eV indicating absorption occurs by a multi-
photon process largely within the bulk. The power depen-
dence measurement yields a highly nonlinear resuRot
To emphasize the differences between resonant and nonreso-
nant excitation regimes, the bromine atom yield following
6.4 and 3.5 eV excitation is displayed in Fig. 4. The neutral
Br yield is nearly three orders of magnitude greater at 6.4 eV
than at 3.5 eV despite a laser fluence five orders of magni-
e — tude smaller. This indicates a surface resonance at or near 6.4
5 10 15 20 25 eV.
Delay Between Lasers (us) In addition, we also observe thermalized neutral potas-
) ) sium emission following laser excitation. Potassium emis-
FIG. 4. Comparison of neutral Br atom yield at 6.4 and 3.5 eV.q0 ig required to maintain surface stoichiometry as ob-
A logarithmic plot of neutral Br yield as a function of delay time served in the XPS studies. In Fig. 5, we directly compare K

between excitation and probe laser pulses for 6.4 and 3.5 eV '3nd Br photoemission velocity distributions. The normalized
shown. For these data sets, the fluence at 6.4 eV was l()Ozn‘]/crgreas of the simultaneously recorded K and Br ion signals are
and at 3.5 eV the fluence was 10 mJfcifhe neutral bromine-atom y 9

yield is nearly three orders of magnitude greater at 6.4 eV than aElotted as a function of the delay time between the excitation

3.5 eV despite using a laser fluence five orders of malgnitudé:?lnd probe laser pulses. The inset diSpIaYs time-of-flight mass
smaller. spectra of neutral potassium and bromine atoms following

laser ionization. The spectra are recorded at three different
photon. Both hyperthermal and near-thermal velocity Cc)m_lrclser delays to illustrate the unique K and Br velocity distri-

ponents are observed. The hyperthermal component showsttiO”S- The natural isotopic a_bundances expected for potas-

P13 power dependence while the near-thermal componentUm and bromine are also evident.

displays aP'" dependence. Noninteger values for power de-

pendences may arise from a number of sources. For example, DISCUSSION

at 4.7 eV, multiple absorption processes with different ab-

sorption cross sections may lead to Br emission and account A directly excited surface exciton can lead to desorption

for the noninteger power dependence. Alternatively, at thef a hyperthermal neutral halogen atdfnThe theoretical

moderate fluences used in the 4.7 eV experiments, laser sattalculations of the lowest energy unrelaxed exciton in NaCl

ration effects can also lead to noninteger values. derived in the “excitonic” model suggest a configurational
Excitation at 3.5 eVapproximately 3 eV below the ab- difference between the bulk exciton (CHe™) and the sur-
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face exciton (F-Cl%.%® The calculations predict the excita- Kink, or corner absorb significantly at 4.7 eV. However, one
tion energy is 0.98 eV lower at the surface compared to thavould expect a direct linear absorption and subsequent emis-
bulk. Preliminary calculations of the surface electronic struc-Sion process to display a linear-yield power dependence. The
ture in KBr indicate that 6.4 eV photons may be resonanimeasured power dependences are always observed to be
with such a surface excitd?. greater than linear. In addition, far greater laser fluence is
Sub-band-gap single-photon excitation at 6.4 eV shouldequired to obtain an equivalent Br atom yield at 4.7 eV than
be sufficient for excitation of the predicted surface excitonat resonant photon energies. Together these results suggest
(F+Br%. As we only observe a hyperthermal component athat Br atom emission at 4.7 eV requires a multiple-photon
6.4 eV with single-photon power dependence, the source fasrocess. The near-thermal Br velocity component displays a
this bromine emission likely must originate through directpower dependence close to 2, again consistent with bulk
absorption at or very near the surface. We postulate that thigyo-photon excitation. Yet, the mechanism for multiple-
is evidence for creation of a unique surface exciton as prophoton halogen emission may not be a simple mechanistic
posed by Shiuger and co-workefs:’ _ modification but depend both on the degeneracies of the ex-
We observe a dominant hyperthermal velocity componentiionic transition and the rates of phonon dissipation and
accompanied by a significant near-thermal component folzg|axation in STE'e.g., our near-thermal component is not
lowing the aboye gap exm_tatlon_ at 7.9 eV. Both ve_Iocny identical for every wavelength
componerjlfﬁ art;se frt%m a Illneeésmgle—p?oépm Iabsorpt;?n i At 7.9 eV, the near-thermal velocity distribution of potas-
ELOeCrZTaistri(ta)uti)c/)?lei:je(relzir::]:(lwiiﬁmpgr?gl;] o Iti%?{)?oguclen de 'CSium appears to initiate coincidently with bromine and not as

by 6.4-eV excitation(Fig. 2). Therefore, the hyperthermal a “delayed” emission. Neutral alkali-atom emission was

- ; 17,23 ; : _
emissions at 7.9 and 6.4 eV seem to arise from the sarn%rem(:md by Puchiret al, In a theoretical study of ex

surface excitonic state. Calculations on NaCl indicate that aﬁ'ted N&TCI surfaces. It may be possmle o exten_d this model
exciton located in the second layer is also unstable and ddo explain the observed photostimulated desorption of neutral

composes into af center and a Cl atom desorbed into the POtassium atoms from KBr.
vacuum® If the analogous mechanism exists for KBr then

near-surface(within the top few layers bulk absorption

could contribute to hyperthermal Br emission following mi- CONCLUSION
gration of the initially formed exciton to the surface.

The near-thermal Br velocity component generated by 7.9 We have excitedseparatelythe hyperthermal and the
eV excitation results from absorption within the bulk. Sev-near-thermal velocity components of neutral halogen emis-
eral authors have postulated that above band-gap irradiatiafion from an alkali halide. We associate the hyperthermal
generates bulk-H centers, which through phonon-mediatedyelocity component with the decay of a surface exciton and
migration or Coagulation near the Surface |ead to thermabicture a hypertherma| emission mode| Corresponding
halogen emissiof:*Such initially excited bulk defect cen- ¢josely to the excitonic emission model developed for sur-
ters are largely relaxed during migration to the surface thug;ce excited NaCt The near-thermal Br atom velocity com-
accounting for the near-thermal velocity distribution. That onent, on the other hand, results from either single or mul-

the near-thermal kinetic-energy distributions vary somewh iphoton excitation of the bulkidepending upon photon

(Fig. 2 indicates that relaxation is not always complete atenerg))h Results indicate that, well below the bulk absorption

“T“e. of Qesorption. The desorbed atoms likely arise fro.m %hreshold at 4.7 and 3.5 eV multiple photon processes near
distribution of nearly relaxet centers or aggregates leading the surface or within the bull’< lead to Br atom emission. The

to a distribution of emitted Br velocities. : . i . o .
observation of an initial potassium emission coincident with

Excitation well below the absorption threshold is notb . ission d dict the h hesis th
likely to produce a surface or bulk exciton in a direct singleP'OMINe emission does not contradict the hypothesis that a

photon process. Significant linear absorption by defect spd2fimary pathway may be active for alkali metal desorption.

cies is highly unlikely at 3.5 eV. The nonlinear power de- Since such a process may occur on a picosecond timescale,

pendences measured at 4.7 and 3.5 eV indicate that a mudpture studies including femtosecond time-resolved photo-

tiple photon process is required for Br atom desorption. A€emission experiments are p]anned to elucidate the dynamics

3.5 eV photon is almost exactly two-photon resonant withof STE creation and decay in KBr.

the spin-orbit split bulk exciton band. It is possible that two-

photon bulk absorption is a key step in the Br emission pro-

cess at 3.5 eV. The Br velocity distribution is dominated by ACKNOWLEDGMENTS

a near-thermal component such that the 3.5 eV excitation

must occur nearly entirely in the material bulk. This is con- The authors were supported by the U.S. Department of

sistent with the measured power dependencB®t Energy Divisions of Chemical Sciences of the Office of Ba-
At 4.7 eV it is possible that near-surface defects absorlsic Energy Sciences. Pacific Northwest National Laboratory

weakly leading directly to the hyperthermal Br velocity com- is operated for the U.S. Department of Energy by Battelle

ponent. Specific minor crystal defects may absorb directly atinder Contract No. DE-AC06-76RLO 1830. The authors

4.7 eV(e.g., aV center composed of a Br moleculg, butit  also wish to thank Dr. A. L. Shluger and Dr. P. V. Sushko,

is unknown whether standard surface defects such as a stapniversity College London, for valuable discussions.

125423-5



KENNETH M. BECK, ALAN G. JOLY, AND WAYNE P. HESS

PHYSICAL REVIEW B63 125423

*Corresponding author. Email address: wayne.hess@pnl.gov Z. Postawa, J. Kolodziej, G. Baran, P. Czuba, P. Piatkowski, M.

FAX: 509-376-6066.

1D. Townsend and F. Lama, iDesorption Induced by Electronic
Transition edited by N. H. Tolk, M. M. Traum, J. C. Tully, and
T. E. Madey(Springer-Verlag, Berlin, 1983

2N. Itoh, Nucl. Instrum. Method&32, 201(1976.

3M. Szymonski, J. Ruthowski, A. Poradzisz, and Z. Postawa, in

Desorption Induced by Electronic Transition, kkdited by W.
Brenig and D. Menze{Springer-Verlag, Berlin, 1985

4D. J. Elliot and P. D. Townsend, Philos. Mazg, 249 (1971.

SA. Schmid, P. Braunlich, and P. K. Rol, Phys. Rev. L88§, 1382
(1975.

5H. Kanzaki and T. Mori, Phys. Rev. B9, 3583(1984).

77. Postawa and M. Szymonski, Phys. Rev3® 12 950(1989.
8M. Szymonski, inDesorption Induced by Electronic Transitions
IV, edited by G. Betz and P. Varg&pringer-Verlag, Berlin,

1990.

9M. Szymonski, J. Kolodziej, P. Czuba, P. Korecki, P. Piatkowski,
Z. Postawa, M. Piacentini, and N. Zema, Surf. 863 229
(1996.

10K, s. Song and R. T. WilliamsSelf-Trapped ExcitonéSpringer-
Verlag, Berlin, 1993

A, L. Shluger and K. Tanimura, Phys. Rev.@, 5392(2000.

12D, pPooley, Solid State CommuB, 241 (1965.

13M. Szymonski, J. Kolodziej, P. Czuba, P. Piatkowski, A. Porad-

zisz, N. H. Tolk, and J. Fine, Phys. Rev. L&, 1906(1992);

Szymonski, I. Plavina, and A. Popov, Nucl. Instrum. Methods
Phys. Res. BLOO, 228 (1995.

143, Kolodziej, P. Piatkowski, and M. Szymonski, Surf. S390,
152 (1997.

153, J. Kolodziej and M. Szymonski, Phys. Rev. 38, 13204
(1998.

18y, E. Puchin, A. L. Shluger, and N. Itoh, Phys. Rev4R 10 760
(1993.

17v. E. Puchin, A. L. Shluger, and N. Itoh, J. Phys.: Condens.
Matter 7, L147 (1995.

18A. Alexandrov, M. Piacentini, R. G. Tonkyn, M. T. Sieger, N.
Zema, and T. M. Orlando, Surf. Set51, 208 (2000; A. Alex-
androv, M. Piacentini, N. Zema, A. C. Felici, and T. M. Or-
lando, Phys. Rev. LetB6, 536 (200J).

19R. S. Knox and N. Inchauspe, Phys. R&t6 1093(1959.

20K. M. Beck, A. G. Joly, and W. P. Hess, Surf. Sdi51, 166
(2000; K. M. Beck, D. P. Taylor, and W. P. Hess, Phys. Rev. B
55, 13253(1997.

2Daniel J. Auerbach, imAtomic and Molecular Beam Methads
edited by G. Scole$Oxford University Press, Oxford, 1988
Vol. I.

22W. P. Hess, A. G. Joly, D. P. Gerrity, K. M. Beck, P. V. Sushko,
and A. L. Shlugerunpublishegl

23y. Puchin, A. Shluger, Y. Nakai, and N. Itoh, Phys. Rev4®
11 364(19949.

125423-6



