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Electronically induced phenomena: low temperature aspects (Preface)

Electronic excitations of insulators and semiconductorsrom infrared (IR) through vacuum ultravioletVUV) to x
initiate a complex sequence of transport and relaxation prorays, with registration of ions, neutrals, and metastables.
cesses involving both the electronic and the nuclear subElectron-stimulated desorptigiESD), and especially its an-
system. Under certain conditions they may result in a divergularly resolved variation ESDIADelectron stimulated de-
sity of dramatic changes of the local atomic arrangements oforption ion angular distribution provide interesting infor-
bulk materials as well as of surfaces and interfaces. Thes@ation on the dynamics and the directions of chemical
effects are based on a concentration of the electronic excitgsonds. Electron-ion coincidence techniquE$CO) link the
tion energy within a volume of the order of a unit cell as a,imary excitation and the products, enabling an unambigu-
result of localization. From the point of view of condensed ;5 analysis of the electronic evolution. The high potential of
matter theory, investigations of electronically induced phe'studies of electron transport in condensed matter was dem-

nomena are of great importance for elucidating the pmble”&nstrated by the muon spin relaxatigpSR) technique.
of nonradiative transitions in solids and the physics of non-,

o Scanning microscop{STM and AFM and the spectrocopic
equilibrium processes. techniques related to them allow an unsurpassed view of the
A fundamental understanding of the mechanisms and el- q P

. microscopic details of surfaces in real space.
ementary steps of these transport and relaxation processes P . p .
Low-temperature studies are of considerable importance

may open new ways for many novel technological applica-f - b insight i h hani ol ;
tions, including electronically induced reactions on the'®f 9aininga etter insight into the mechanisms of electroni-

atomic scale in material and surface sciences, micro- ang@lly induced phenomena, since they allow one to minimize

nanoelectronics, photochemistry, and biology. This promise§,he influence of thermally stimulated processes. Moreover,
on the one hand, to avoid troublesome irradiation-inducedhere exists a special group of low-temperature solids, the
deterioration and damage of materials and devices, and offn der Waals condensates. Mainly wide band-gap insulators
the other hand, to produce benefits from material modificawith weak interparticle interaction, they are accepted as
tion induced by electronic excitations and from finding ap-unique model systems for unveiling elementary steps of the
proaches to the use of these techniques to full potential. Maglectronic evolution, including transport, localization, and
terial modification via excitation of the electronic subsystemcoupling to the nuclei. This is why this special issue is de-
is a topic of active current research covering a variety ofvoted to electronically induced phenomena occuring at low
materials including insulators, semiconductors, moleculatemperatures and in cryogenic systems.
systems such as biomolecules, HTSCs, and others. The paper by Bargheer and Schwentner is focused on
The electronically induced processes give rise to a divermass transport in rare gas solids studied by ultrafast spectros-
sity of microscopic phenomena such as mass diffusiongopy. The theoretical article by Ratner deals with the energy
charge transport, defect formation, bond breaking and bongtansport properties of two-atom excitons and holes. Electron
creation, and desorption of different species from surfacegansport phenomena in cryogenic solids and liquids are ex-
(molecules, fragments, and atoms, either neutral or chargedpmred by Eshchenket al. by advanceduSR techniques,
In all these cases the dynamical processes in the excitgliie the paper by Lastapiet al. concentrates on electron
states, their interplay, and the conversion of electronic energ%ansport on semiconductor surfaces studied by STM tech-
into Kinetic energy of the lattice atoms are of primary irnpor'niques. Bass and Sanche review reactions induced by slow

tance. Very often these phenomena are used as an eff'c'e&tectrons in cryogenic films of molecular systems, including

tool for studies of solids, adsorbed layers, and clusters. Con- . . o . .
S : ) ) . . species of biophysical interest. The effect of electron irradia-
sidering the high current interest in nanoparticles, the inves: . .
o ) . . tion on structure and bonding of §is the topic of the con-
tigation of electronically induced phenomena in these Strucfribution of Faradzhewet al. Soft landing of size-selected
tures is particularly promising. ' 9

The most efficient experimental approach is a combine&IUSterS In cryogenic .Iay_ers Is investigated by Lauall.
employment of selective excitation and selective analysi&?0nd Preaking by excitation of deep core levels monitored
techniques. Impressive progress has been made usirl?g ion deso_rpnoq from a number of condensed and adsorbed
narrow-bandwidth synchrotron radiation and short lasefMolecules is reviewed by Baba. The article of Mael.
pulses. Tunable light in a wide spectral range has openetfPOrts on the pote.nt|al qf the EICO techmqug for the inves-
new avenues for detailed studies of processes induced Bigation of electronically induced bond breaking in conden-
excitations in the excitonic range, in the range of band-toSates and physisorbates. The paper by Arakatwal. con-
band transitions, and in the inner-shell region. The pulséerns the metastable particles desorption from rare gas
structure of synchrotron radiation has made it possible t&olids. The authors were able to measure absolute yields of
combine energy- and time-resolved measurements. Receffte metastable atoms. The formation of biexcitons in Ne lay-
progress in laser technology has enabled researchers to i@ks condensed on a metal substrate is explored by Wiethoff
vestigate fast dynamics by pump and probe techniques onet al. in PSD experiments. The paper by Savcheekal.
femto- and picosecond time scale. The photon stimulatedoncentrates on the creation of permanent lattice defects via
desorption(PSD) is investigated for a wide spectral range excitonic mechanisms.
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Though a single issue cannot cover all aspects of théattice structures and for implementing surface-sensitive
research, we do hope to give the reader a brief overview ofechnological processes.
the current research in this field and to show to some extent P. Feulner
the development of a basis for the controlled modification of E. Savchenko
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We review different approaches to measure the transport of F atoms and ions in rare-gas
matrices and compare the experimental results to simulations. Static measurements on sandwich
structures and co-doped matrices yield rather long travel ranges beyond 2 nm, in accord

with early classical simulations which predict a channeling of the F atoms in rare gas matrices.
Nonadiabatic simulations show a rapid energy loss, fast nonadiabatic dynamics, and only

short travel ranges of typically 1 unit cell. The rapid energy loss, fast nonadiabatic transitions and
the time scale for direct dissociatigr-250 f9 are verified by femtosecond pump—probe
experiments. It remains a challenge to account for the long-range migration when nonadiabatic
processes are allowed in simulations, and to measure the long-distance flights directly by
ultrafast spectroscopy. @003 American Institute of Physic§DOI: 10.1063/1.1542437

1. INTRODUCTION ments are in general carried out at temperatures well below

. the thermal threshold. However, care has to be taken that
The transport of low-energy neutral atoms and ions

. : : .~ unintentional local heating is also avoided.
through atomic and molecular layers is of importance in di- . . : .
S . . . Classical simulations date back to 1984, and they predict
verse areas such as radiation physics and chemistry, deposi- . . . . .
. . ; . -~ avery interesting, quite long-range motion for F atoms in Ar
tion by beams, electrochemistry, and chemistry in matrices.
This overview tries to tie together theoretical predictions

with a set of experimental data from different techniques. It

turns out that transport is a significant challenge for theoret- 100;

ical treatment. We therefore focus our attention on the trans-

port of small atoms and ions through solid rare-gas films, a

subject most amenable to theoretical simulations. The inter-

action of the migrating particles with the rare-gas lattice at- -

oms is expected to be strong, and from a mechanistic point > 1ot

of view a small particle size should support migration. The 2 f

size of an external particle in a lattice is best characterized by -

the separation of the minimum energy in the pair potential.

The pair potentials for a set of neutral atoms with respect to

the interaction with Kr atoms, scaled to the Kr—Kr Lennard-

Jones potential, are taken from a recent reviand dis- 1.0

played in Fig. 1. From the chosen selection it turns out that F 1.0 S (3P)
atoms have the smallest size of the ground-state atoms and it 0.5 .

may be surprising that even H atoms are considerably larger ok | )
according to this consideration. Only oxygen atoms in the £ _‘4’@‘3‘7"’“
excited'D state appear smaller; however, here we intend to 5 -05 T 7
deal only with ground-state atoms or ions. Therefore the par- g 1.0 ' ) Vi
ticles of choice for long range migration are F atoms together g 0('D) e
with F* and F ions, and we restrict this overview exclu- = 1.5 dS(1D)
sively to those. Information on other particles can be ob- i’ -2.0 A

tained from Ref. 1 and the literature cited therein. Concern- 25 7

ing the term transport, we also intend to restrict ourselves. '

There is a large body of information on thermally activated -3.0

migration. The onset of this process at temperatures of 25 K 025 050 075 1,'00 .1'25 1.50
in Ar and 15 K in Kr is shown in Fig. 2 for F atoms. In this R (o), relative units

artig:le only the migration of “hot” F ato.ms With kinetic €N~ FIG. 1. The sizes of atoms, as discerned from pair potentials with Kr, scaled
ergies well above these thermal energies will be consideredo the Kr—Kr Lennard—Jones parameters. The lowest energy surface from

The kinetic energy originates typically from photodissocia-eaCh of the spin—orbit terms is shown, and the curves are shifted to have a

. . - . ._common dissociation limit at zero. The diatomic states corresponding to the
tion of an F-containing molecule, and the topic of interest ISyarious atomic terms are RgXIT) for X=0(P) and SEP). RgX(1:3 ")

the range of this nonequilibrium particle until it comes to restio, x—o(1p), SED), and HESy), RgX(l1,) for X=F(2Py). The figure
due to a sequence of scattering events. Therefore the expeid-reproduced from Ref. 1.
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00 o spatial averaging and perhaps of multiple excitations, which

PN O OWEO also showed up in the sandwich experiments, will be ad-

o OO dressed. This type of experiment, is essential, however, since
- it leads into the very heart of chemical applications in the

o framework of matrix isolation spectroscopyThe formation

o of a high density of F-containing compounds can be opti-

- o O mized with these studies. A variety of solid-state rare-gas

excimer lasers with extraordinary high excimer density and

%0 o & thus gain have been realized in this Wal.
1 1 1 VO

Intensity, arb. units

A promising new avenue is presented in Sec. 4 by study-

10 15 20 25 30 ing the cage escape of F atoms with femtosecond time
T, K resolution'® The very first results indicate that it will be

possible to follow the F atom migration from site to site.

FIG. 2. Fluorescence intensities from RgF excimers after complete dissoe-. P . . .
ciation of Fy/Ar 1:4000(0) and of F Kr 1:3000(@) by iradiation at 248 Ay, @ combination of the time-resolved experiment with

nm. The fluorescence is excited with 193 nm in the Ar and 275 nm in the KrSPatial information proposed in Sec. 5 may lead in the near

matrix. Heating the samples at a rate of 0.5 K/min yields the thresholds fofuture to a complete characterization of transport in the spirit
thermal recombination, indicated by the step in the excimer fluorescencgf the "gedanken” experiment.
intensity. Figure taken from Ref. 26.

2. SIMULATIONS

Crystalsz_ Some trajectories showed a motion along “chan- In a strictly classical molecular dynamics calculation one
nels” for several lattice constants and one may associate & molecule was placed at the center of a cell of 365 Ar
“channeling” known for energetic particlesThe further im-  atoms with the fcc lattice structufeCage exit probabilities
provements in theory will be sketched in Sec. 2. The inclu-were studied at 4 and 12 K within an excess energy range of
sion of nonadiabatic processes and more advanced potent@b to 2.8 eV. Inspection of the finally populated sites for 50
energy surfaces seems in general to increase the interactidigjectories at 12 K showed th& F atoms had left the cell.
with the lattice and to reduce the range. Therefore it remainé\ll these trajectories revealed a wiggly motion along a lattice
a challenge for experiment to separate out the channelingiagonal(110 direction without sidesteps, as demonstrated
type of motion with a long free path between |arge_ang|ein Fig. 3. One such trajectory was observed at 2 eV excess
scattering events, in contrast to the diffusive type of motiorenergy and four at 2.8 eV. An extrapolation of the path be-
with a hopping from site to site and without essential angulaiyond the boundary of the cell according to the calculated
correlation. small energy loss of 0.5 eV/nm resulted in a total travel

A “gedanken” experiment using a particle beam of well- length of ~3 nm, or 12 monolayers. This fascinating long-
defined momentum and recording in transmission the chang@nge and channeled motion stimulated further simulations
in energy and direction as the thickness of a rare-gas film i@nd experimental investigations. The summation of pair po-
varied monolayefML) by monolayer would require a free tentials and the relevance of nonadiabatic processes are
standing film. The escape experiments described in Sec. 3\oints of concern, because the interaction of afPgp)
employ dissociation of molecules well oriented on a singleatom with a rare-gas atom involves a ground s¥g and
crystalline substrate surface, and the penetration of the re-
sulting F ions through the overlaying rare-gas films is
measured. The transmission of the ions already decays to
zero at a rare-gas coverage of2l5 ML for F* (F~) ions,
indicating a very strong interaction of the ions with the rare-
gas, while for neutral atoms the detection problem remains
unsolved. Therefore, sandwich type of experiments are de-
signed in which F atoms are generated by photodissociation
of F, in a surface layer. They are sent through a spacer layer
with variable thickness, and the penetrating ones are re-
corded in a substrate layeiThe discussion of these experi-
ments in Sec. 3.2 will reveal a moderate penetration depth in
Ar of the order of 2 nm, or 8 to 9 monolayers. However, the
angular information is no longer available. It will be empha-
sized that assuming a diffusive or channeling type of motion
would lead to rather different average length of travel for the
same penetration depth.

Another body of information will be considered in Sec.
3.3, in which the transport of F fragments between dopants
in a rare-gas film is studied. Statistical doping is attempted in ) o ) )
FIG. 3. Result of the earliest classical simulation of an F fragment traveling

these experiments, which therefore involve averaging Ovea';long the 110 direction after dissociation of With an excess energy of

spatial_ separations. Rather |0n_9 ranges of migration ar@—sgev. The sample cell contains 365 Ar atomsTat12 K and the F
found in several of these experiments. The problem of theéragment finally leaves the cell. Figure taken from Ref. 2.
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FIG. 4. Two typical adiabatic trajectories for the dissociation ofFKin a g g B o]

Kr matrix. The path of the F atom is shown): Bo cage exit, bdirect cage 0!4 08
exit with stabilization in theD,, interstitial site. The figures are reproduced Time, ps
from Ref. 13, and no trajectories with longer range were reported.

o

FIG. 5. Direct dissociation of fin an Ar, cluster equilibratedta8 K and
excited with 4.9 eV excess energy. The nonadiabatic calculations demon-
an excited 5, potential. Running half of the trajectories in a strate a rapid energy loss within 0.2 ps) hiirect cage exit to the nearest

similar slab of Kr on theXl/z potential energy surface and interstitial site at 10 @ and ¢ rapid hopping among thg quantum states
half on theI3,2 resulted in a better agreement with the ex- (_n;Gmbered from thg ground statd to the.most repulsive valence state
. , . - =36) associated with the,Fmolecule. The figures are taken from Ref. 15.
periment as to the simulated cage exit probabilities versus
excess energy than did assuming very rapid electronic relax-
ation to theXy, surface™* Relying still on additive pair po- clusion of charge transfer contributions by the diatomics-in-
tentials and including nonadiabatic processes in a semiclagenic-systems methotf, for example, may weaken the inter-
sical way by Tully's surface hopping method showed,action strength of the F atom with the lattice. Femtosecond
however, that reorientation of the orbitals proceeds very experiments discussed in Sec. 4 allow to follow the fragment
fast in Kr on a time scale below 100 ¥ The method was motion in real time and provide a more direct way of com-
applied to study the migration of F atoms induced by theparison with the simulations. In essence, it remains to the
radiative dissociation after emission of X~ to the repul-  experiment to settle the contributions of long-range trajecto-
sive ground stat& The F atoms acquire a kinetic energy of ries to migration.
only about 0.2 eV, and the heating of the cage due to the
Kr—Kr repulsions is included. A significant and fast energy3. ESCAPE AND TRANSPORT EXPERIMENTS
loss by nonadiabatic transitions was observed which substag—1 - ssion throudh rare- | ;
tially shifted the distribution of final distances of the F atoms™ ™ ransmission through rare-gas overlayers at surfaces
from the initial position to smaller values. Exclusion of these  The transmission of low-energy ions through thin films
nonadiabatic contributions resulted in a large probability foris studied in a long-standing effort in relation to the depth of
cage exit to different sites next to the original F atom posi-origin of secondary ions. The subject is covered in this vol-
tion (see Fig. 4, but no F atoms excursions beyond one unitume by the contribution of Madey and a review by Akbulut
cell were reported. A very instructive statistical treatment ofet al!” Here we include only a brief account on the transmis-
the barrier height distribution from additive pair potentials sion of F and F" ions through rare-gas filfi®ecause it is
was applied to F dissociation with orbital alignment and interesting to compare the ion properties with those of neu-
cage exit in Ar and Kr(Ref. 4). Parallel alignment of the tral atoms. A saturation coverage of B8 condensed on a
p-hole to the cage wall corresponds to much lower barrieRu (000) surface in a way that it exhibits avg
heights. If it is assumed that this favorable orientation yieldsxv3)R30° low-energy electron diffraction pattern and an
qualitative agreement with the measured cage exit probabiliazimuthally ordered F and F electron stimulated desorp-
ties, however, the simulated absolute values are lower by #on ions angular distribution pattern. Monolayer-by-
factor of two, and long-range migration was not addressed.monolayer growth of rare-gas layers on top of the Riol-
Finally, a major effort was undertaken to go beyond theecules has been verifiédE", F~ and F are desorbed by
summation of pair potentials and to diagonalize the Hamil-bombardment with 300 eV electrons. The attenuation of the
tonian for the molecular electronic states in the solid-statd=" and the F yield with Kr and Xe coverage is displayed in
environment. The potential energy surfaces of 36 electroni€ig. 6. F~ ions desorb with a mean kinetic energy-e# eV,
states and the nonadiabatic couplings between them weend F ions have a peak kinetic energy of 0.7 eV. The at-
derived from the diatomics-in-molecules approach feraf  tenuation for F is very efficient, and one monolayer blocks
the center of a cluster of 54 Ar atorfisExcitation with 4.6  the transmission completely. The effect is attributed to elastic
eV and 6.53 eV was considered. All trajectories of the high-scattering and charge transfer. A small contribution of large
energy excitation lead to dissociation and direct exit from theangle scattering is in favor of charge transfer contributions.
cage. The example in Fig. 5 illustrates the fast release of, attenuation is similarly strong.
kinetic energy(Fig. 53 and the manifold of nonadiabatic The initial increase in F yield originates mainly from a
transitions(Fig. 50 on a subpicosecond time scale. The Fsuppression of neutralization which occurs near the sub-
atom leaves the cagéig. 5b, but the F—F amplitude re- strate. Attenuation is once more quite efficient and the F
mains between 10 and 4§and the F fragments do not leave ions are blocked for film thicknesses between 2 and 2.5
the cluster itself on the 1-2 ps time scale of the simulationsmonolayers. Elastic scattering seems to be the dominant at-
Thus the question of long-range migration is still open. In-tenuation process. The longer range compared ‘tdsFat-
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Rare gas coverage, ML FIG. 7. Intensity dependence of & fluorescence at 444 nm for irradiation

with 10.15 eV during sandwich condensation. The inset shows the sandwich
b structure. The background of 1000 cts/s is due to the Kr detection layer and
the Ar spacer layer only. Upon condensation of théAF (0.5% layer, the
} emission grows and saturates at the signal I8¢elFor more detailed dis-
cussion see Ref. 19.

The thickness of each layer is carefully controlled by a
% % quartz microbalance. The compactness of the Ar spacer layer
% is verified by the suppression of surface excitons from the Kr
film and the structural quality is optimized by condensation
% rate and temperaturé The K, molecules are dissociated us-

F™* transmission, relative units

ing synchrotron radiation with a photon energy of 10.25 eV,
+ ‘[f thus delivering on average a kinetic energy of 4.3 eV to each
s l F atom. The F atoms generated in the top layer which reach
0 02 04 06 08 10 the Kr film are recorded by the characteristic i fluores-
Rare gas coverage, ML cence. The emission intensity for irradiation during the for-
FIG. 6. Plot of the total ion yield generated by electron bombardment ofmat":'n of the S_taCk is displayed in Flg._ 7. Besides some
PF;/Ru(0001) as a function of K(O) and Xe(®) overlayer coverage. The Packground during Kr and Ar condensation, a pronounced
data are normalized to unity for the clean surface value. The figures aréncrease upon condensation of the/Ar top layer is ob-
reproduced from Ref. 4.)&he F yield first increases with rare gas cov- seryved which continues even after completion of the top
erage, but the transmission decays to zero for 2.5 ML coveragthdF" |56 The increase is attributed to the dissociation of the F
transmission decays linearly to zero for 1 ML coverage. .
content. A fraction of the formed F atoms penetrates through
the Ar spacer and contributes to the emission. The saturation
tributed to the specific layering in an fcc structure whichafter prolonged irradiation indicates completedissociation
provides channels perpendicular to the surface until complednd the maximal amount of F atoms which can be kicked by
tion of the third layer. The measured angular distribution isthe dissociation process through the spacer layer of Ar. Plot-
in accord with the necessity to direct the escapingiéns  ting the saturation valueS; for a set of samples versus the
into the channel direction. Ar spacer thicknessl yields a rather monoexponential de-
In summary, a severe attenuation for the ions is obtaine§rease of the probability for penetration, as shown in Fig. 8.
in the escape experiments. However, some type of channeln derived penetration deptl varies between 2.3 and 2.8
ing seems to occur for Fions in the thickness regime of 2 NM for two different sets of data, indicating a mean penetra-
monolayers. For a small fraction of ‘Ceven longer penetra- tion for a 1& attenuation of 10 monolayetS Thus a much
tion up to 5 or 6 monolayers, was obsert8dost interest-  larger penetration depth is observed for neutral F atoms com-
ing would be escape measurements for neutral F atom&ared to ions. The value is of the order of magnitude pro-

which are most likely also present in these experiments. ThB0Sed by the very first classical simulations, and it chal-
neutral atoms are more difficult to detect. lenges the more advanced calculations. For further

consideration one has to distinguish between the penetration
depthd, measured in this experiment, the average length of
travelsy, and the mean free patlbetween scattering events.

In an alternative approach the transport of neutral F atThe penetration depth measurement does not directly tell
oms through an Ar spacer layer of variable thickness is studwhether the migration is diffusive or predominantly rectilin-
ied in a stack of three rare-gas films. The inset in Fig. 7ear due to channeling. In any casgg,is a lower limit fors,.
shows a scheme of the sandwich-like strucfdr80 to 40  For diffusive motion with short one would obtain a much
nm of Kr are condensed on a MgBubstrate. The thickness largers, compared to the measuregd. The parallel geom-
of an Ar spacer layer on top of the Kr film is varied from etry in the sandwich structure also imposes some constraints.
sample to sample between 0 and 100 nm. Finally the strud-or a predominant rectilinear migration with exponential
ture is closed by anJdoped Ar film typically 5 nm thick. damping, it turns out that only a rather narrow cone of tra-

N AT

3.2. Sandwich film structures
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. ) ) . to the dip in the spectjand for prolonged irradiation. The spacer layers are
FIG. 8. Saturation valu&, of the Kr,F fluorescence intensity as a function g g (curve 1) and 1.1(curve2) nm thick. The assumed penetration depths
of the Ar-spacer layer thickneskfor two data sets. The solid and dashed 4 _1 3 2.5 and 5 nm for the modeled curves are indicated. For a detailed
line are exponential fits to the data with decay constéman penetration  yiscussion of the model the reader is referred to Ref. 21.
depth dy=2.8 and 2.3 nm, respectively. For a detailed discussion of the
experiment see Ref. 19.

tion, it was found that several samples yield a significant
penetration probability for rather large spacer thickness of
jectories directed normal to the layers contributes signifithe order of 10 nm. The effect was attributed to multiple
cantly to the signal. The decompositiondyfinto sp andl is  excitation of the F atoms induced by impurities. Prolonged
not yet unique. A reasonable estimate which is consistenradiation allows the crossing of large thicknesses by this
with the measured, yields so=7 nm andl=0.9 nm. Thus  ynintentional multistep excitation. The effect has to be kept

for a mean free path of three monolayers between large in mind as a source for overestimation af in related ex-
energy loss and large angle scattering events, one obtains gBriments.

average length of travel of the order of 7 nm, or 28 mono-
layers. For an extreme diffusive motion witlas small as the
nearest neighbor separation an upper limitsgf 17 nm is
derived. This subject has been reviewed receh#ipd some main
The detection of the F atoms in the Kr layer is in itself results are summarized briefly. The realization of a high-gain
interesting. It is surprisingly efficient. The high sensitivity solid-state excimer laser was based on the formation of a
originates from exciting excitons in the Kr film, which trans- high density of XeF in Kr, Ar, and Ne matricé$?3The XeF
fer their energy to the F atoni8 By investigating the depen- centers are prepared by Bissociation and transport of the F
dence of the F emission and Kr emission on the Kr filmfragments to the Xe dopants. It was immediately recognized
thickness and by modeling the spectral dependence, it wakat the F atoms undergo long-range migrafibA system-
possible to derive the migration properties of the excitonsatic study of the migration properties was carried out by
and the transfer efficiencies. Indeed, 10% of the availablshuttling F atoms between Xe and Kr dopants in an Ar
light flux can be funneled to a small content of F atoms ofcrystal?® The kinetic energy of the F atoms 6f0.5 eV was
only 1/100 of monolayer by optimizing the experiment. In acquired by emission of the KrF and XeF exciplexes to the
addition, the Kr emission intensity can be used to normalizeepulsive ground state. An average length of travel of 5 to 8
the detection efficiency, and an improved set of data wasm or 10—15 lattice constants was derived from the shuttling
obtained withdy=2.5 nm(Ref. 20. kinetics, assuming a statistical distribution of the dopants.
The rise in the signal in Fig. 7 during the deposition of The bimolecular recombination of F atoms in Ar crystals was
the top layer contains independent informationdgn If the  recorded via the bleaching of the MF~ emission in an
F, molecules are dissociated efficiently during the layer-by-analogous study, and an average length of travel of 7 nm was
layer growth, then those generated later on have to cross tlabtained for an estimated kinetic energy of 0.7 @éf. 26.
distance between the actual surface and the interface betweEor Kr crystals co-doped with,fFand Xe it was observed that
the Ar/F, film and the Ar spacer film before they enter into the F atoms migrate an average length of=@) nm in the
the Kr layer. Thus this rise corresponds to a penetratiorrase of a kinetic energy of 2.4 eV, while they remain local-
depth measurement for a single sample with a continuouslized below 1.9 eMRef. 27.
variable spacer thickneés Figure 9 displays the measured The high mobility of F atoms was exploited quite early
rise and its simulation with differerd, values. Once more, to establish new photochemical reactions in matric&s®
do between 2 and 2.5 nm is obtained. It is important, how-This field is very active, and a major improvement is
ever, that now a check of consistency for each sample iachieved by a combination of ESR and IR analysis with
possible between the rise according to Fig. 9 and the attenwptical spectroscopy’>3A quantitative study of the migra-
ation by the pure Ar spacer according to Fig. 8. In this way aion lengths was dorié using the kinetics in the addition
reliabledy=2.1 nm corresponding to 8 or 9 monolayers wasreactions of F to CO and O(Ref. 34. A comparison of
established! This value is close to the earlier results and isvapor-deposited matrices with results from free-standing
consistent with the discussion in termssfandl. In addi-  crystals shows a dramatic increase, from 0.7—1.4 nm in the

3.3. Multiply doped films and crystals
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films to (14£6) nm in the crystals. The influence of the geminate or non-geminate recombination, was measured to
morphology on the observed migration length must bebe 5%. In Kr matrices the decay of the CIF concentration is
strongly emphasized. There is long-standing experience ian order of magnitude faster.
the art of sample preparation. The condensation of films es- A prerequisite is that the sample composition be approxi-
pecially has to be carried out with optimization of the con-mately constant over the whole pump—probe scan. In the
densation temperature and rate to avoid porous or disorderaese of CIF in Ar, the dissociation efficiency is sufficiently
structures. Therefore the preparation and structure of thesmall. In Kr matrices, the fluorescence from the excimer
films studied in Secs. 3.1 and 3.2 was carefully controlled. Irstates K¥ F~ leads to a mobilization of the F fragments and
summary, the results from the multiply doped samples emean be used to prepare a convenient equilibfuim the
phasize a considerable average length of travel of neutral Feaction CIFKr=CIl+KrF. The femtosecond experiments
atoms, typically of the order of 5 to 10 nm for samples withare carried out in this equilibrium, which slowly decays be-
good structural quality. The results are compatible with thoseause F atoms are expelled from the laser focus by sequential
from Sec. 3.2, since the penetration degghyields a lower reexcitation. The F fragments accumulate in a ring around
bound for the average length of trawg, and estimates for the laser focus. This can be verified by translating the sample
s, fall into this range. Some of the values for small kinetic perpendicularly to the laser bedfocal diameter of 10@um)
energies in multiply doped samples appear to be rather closafter several minutes of irradiation. Whereas the"Kr
to the upper limit. The method of multiple doping has to dealfluorescence in the original spot has decayed significantly, it
with the statistical averaging and with a possible deformatiorincreases when the ring around this focus is probed. Thus the
of the lattice in the vicinity of the dopants. This provided F fragments are transported over this macroscopic length
motivation to investigate sandwich structures with transporcale by successive reexcitation. A detailed description of the
through a pure spacer layer. It is quite satisfying that bottequilibrium and F transport will be given elsewhéfe.
methods yield a consistent and quite large average length of To apply ultrafast spectroscopy, both the pump- and the
travel. probe transition must lie in a spectral range which is acces-
sible with femtosecond laser sources. The dynamics of the
CIF molecule itself can be conveniently followed by probing
to the CI"'F~ manifold with \ j55e< 320 nm. The dissociated
Femtochemistry allows one to follow the intermediatesF fragments can be monitored by exciting the'Kr exci-
in a photochemical reaction on a molecular time séalthe ~ mer  with an  ultrafast pulse  at \ppe<270
method is therefore well suited for studying the recombinanm?3’ The formation of Af F~ from F fragments in Ar re-
tion dynamics in the matrix cage as well as cage exit andjuires much shorter wavelengths~210 nm) which are at
presumably migration. CIF molecules have been establishegresent not easily accessible with femtosecond lasers. This
as a good source to follow the dynamics of F atoms inproblem can be circumvented by co-doping the Ar matrix
matrices’® Emission from the bound’ state of CIF to the with Kr or Xe.
ground state allows to record the remaining concentration of The recombination dynamics of CIF—as opposed to
CIF molecules. The quantum yield for permanent dissociacage exit—is studied by preparing a vibrational wave packet
tion of CIF in Ar, i.e., cage-exit of the F fragment without near the inner turning point on the repulsive limb of e

4. FEMTOSECOND PUMP-PROBE SPECTROSCOPY

P P

Energy, arb. units
LIF, arb. units

R/ag i, ps

FIG. 10. 3 Scheme of the wave packet dynamics with the probe window indicated by the vertical afRyyy-a#t.8 a, that yields the pump—probe spectrum

in panel b. The wave packet is excitédashed vertical arromabove the gas phase dissociation lifuibtted ling and loses energy in the state due to
interaction with the cage.)ds-pump—probe spectrum witk,,,= 387 nm anaoh .= 319 Nm. The arrows above the peaks indicate how the wave packet
passes through the window. Further discussion of the wave packet dynamics can be found in Ref. 38.
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state with a short laser pulse according to the scheme in Fidpetween the two fs-pulses. The 270 nm pulse probes all F
10a. The passage of the wave packet through the spatial ratoms that have been accumulated in the course of the ex-
gion of a delayed probe pulse leads to excitation to the ioniperiment. To detect a fs-pump—probe signal of the hot escap-
CIF states. The intensity of the emission from the ionic stategng F atoms, it is necessary to employ a differential tech-
versus the time delay thus monitors the time sequence afique that subtracts the strong background from these
passages through the probe window. The measured tim&ccumulated F atoms. Figure 11 shows the resultingFKr
coursé®in Fig. 10b displays the outward motion of the wave fluorescence as a function of time delay between the pulses
packet(—), the return from the outer turning poift-), and  atA; and\,. Care is taken to accurately determine the time
the subsequent oscillatior(s~). Analysis of the spectrum zero when the two pulses overlam“situ” by a FROG-cross
shows that the wave packet loses most of its kinetic energyorrelation*! The interpretation of the spectrum for positive
during the long-lasting outer bow in the first collision with time delayst>0 is straightforward. The pump pulse;
the cage® in accord with the simulatiof? The recombining =387 nm excites CIF to its bourtl] state beyond the dis-
wave packet does not reach out so far due to the energy losspciation limit (cf. Fig. 12a. After approximately 250 fs, a
and in the next passages it is caught near the outer turninfiyst maximum in the signal indicates that the F atoms have
point. The wave packet can be scattered with skewed anglesrived at the nearest interstitial siteO(). Here A,
from the matrix cage. If an aligned ensemble of excited CIF=270 nm excites the “hot” KrF to KfF~, which leads to
molecules is prepared by photoselection with a polarizedhe Kr, F~ configuration and emission after structural rear-
pump beam, probing the polarization dynamics shows thatangement. This time agrees very well with the prediction for
the bond direction is tilted within few oscillations on a times- direct cage exit from the simulatiotfsand corresponds to a
cale of 1.2 ps? This ultrafast reorientation by scattering and straight flight of the F atom through the triangular window of
recombination has to be well distinguished from the usuaKr atoms, as indicated by the solid arrow in Fig. 12b. The
rotation, which even in the free molecule would lie in the signal keeps rising in the first 2 ps and is essentially constant
100 ps range. The dynamics of nonradiative transitions befor 100 ps. The assignment of the structures after the first
tween electronic states was investigated via the spin flip fronpeak requires further experimental and theoretical effort,
a repulsive singlet state to bound triplet states. These nonraince they originate from both delayed cage exit and migra-
diative transitions are surprisingly fast, and 40% to 50% oftion of the F fragments within the matrix. For positive time
the final triplet population is already reached after the wavelelays the signal is linearly dependent on the intensity of
packet returns from its first encounter with the cage, i.e., irboth pulses, in accord with the scheme in Fig. 12a.
about 500 f¢° This result agrees very well with the For negative time delays, the,=270 nm pulse takes
simulations'® the role of the pump pulse, and a two-photon transition with
Initial results on cage exit and localization of the wave\ ;=387 nm is used as a probe. The peak-at-50 fs de-
packet in a neighboring cage are presented below, while pends quadratically on the intensity of the= 387 nm probe
detailed description will be given elsewhéfeCIF in Kris  pulse. Figure 12c shows the corresponding pump—probe
excited with a sequence of two fs-pulses with a duration oscheme. The pulse at, =270 nm excites CIF to its repulsive
approximately 100 fs at the wavelengths=387 nm and Il state. After 50 fs, while the CI—F is stretching on tié
\,=270nm. The fluorescence from the ;¥ excimer surface, an efficient two-photon transition &j=387 nm
(lifetime ~150 ng is recorded as a function of the time delay transfers the wave packet to the ion-pair manifold [El.
This is consistent with the potential energy diagram of CIF
(Ref. 42 and with the fact that only one peak is observed at
negative time delays, since vibrational and nonadiabatic de-
cay to®I1 prohibit another excitation when the wave packet
returns. After absorption of; and\, in this time ordering,
250fs the wave packet travels towards largef €F distances on
the ionic manifold (Fig. 129. The F ion may reach a
nearest-neighbor cage, as indicated in Fig. 12b by the solid
W arrow, and show the same fluorescence fromj KKr after
W relaxation within the excimer state. The experiment demon-
strates that the Fion can overcome the barrier for cage exit
within the ionic manifold, however, the pump—probe delay
contains no information on the dynamics of the cage exit of
the F ion, as the time between the pump and probe pulse is
spent on the valence states. Here it may be more appropriate
—~05 0 0.5 1.0 15 20 to call A; the pump pulse andl, the control pulse, which
t, ps determines the yield for Fcage exit.

LIF, arb. units

FIG. 11. Normalized Ky fluorescence intensity for CIF/KA/1000 at T
=5K as a function of the time delay between two fs pulses at;
=387 nm and\,; =270 nm. The process that leads to the formation of the

Kr3 F~ exciplex is indicated in Fig. 12a for positive time delays and in Fig. Fluorine ions have rather small penetration depﬁ&m
12c¢ for negative time delay Fort>0 the fs-pump—probe spectrum mea- P ’

sures the ultrafast direct cage exit of F in Kr. After 250 fs the first F 3.1). The transmission OfrthrOUQh Kr and Xe films '§ n.ear
atoms have reached the nearest interstitial site. zero for one monolayer. The damping to a transmission of

5. CONCLUSION
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Q

" sponds to the number of visited sites and is correlated with
CI'F™ SKeEE \\ the average length of trave},. Considerations of multiply
= KrEF visited sites, etc., were not included in the evaluation of the
o kinetics. These measurements, carried out by several groups
\A R for various reaction partners, consistently yield an average

Energy

length of travel on the order ofy=7 to 10 nm in well-
ordered Ar samples. It was shown that the average length of
travel may be reduced to 1 nm in disordered matrices. The
interpretation of the multiple-doping experiments could be
questioned concerning the assumed statistical distribution of
dopants and a modification of the F mobility by lattice de-
formations in the vicinity of the dopants. In addition, the
CI-F E—Kr kinetic energy was provided by a rather intense laser excita-
tion that dissociates Fmolecules, and the locally deposited
energy could mobilize previously generated F atoms that are
trapped in the vicinity. This unintentional reexcitation can
b enlarge the observed length of travel.

y Therefore, the penetration depdy of F atoms through
“\‘ﬁ‘ ) an Ar film of well-defined thickness was determined in the
aw sandwich experiment&Sec. 3.2. In this way the excitation
i region is separated from the transport region, the transport
region is spatially well defined, and lattice distortions by
dopants are avoided. In carefully prepared and characterized
' Ar films, a penetration depth of around 2 to 3 nm was ob-
; served in several independent measurements. Multiple exci-
tations were excluded according to the spectroscopy. This
assumption and the consistency of the data were checked by
monitoring the penetration kinetics during growth of the top
layer, which delivers the F atoms by Bissociation. Slowing
down the deposition rate in such a way that most of the F
molecules are dissociated on the actual surface before it is
covered by the next monolayer allows one to decide whether
F atoms are remobilized after completion of the film. In sev-
eral samples remobilization indeed occurred and was attrib-
uted to unintentional impurities. Sorting out the well-
behaved samples resulted once more in a penetration depth
between 2 and 2.5 nm.

To compare the penetration depdy with the average
length of travels, from the multiply doped samples, the
different geometries have to be taken into account. The pen-

Cl-F F-Kr etration depthd, corresponds to a vertical and straight path
FIG. 12. @ Scheme for the pump—probe spectrum in Fig. 11tfe0. The thro.ugh the spacer layer. The isotropic angular distribution of
pump pulsex, = 387 nm prepares a wave packet on the botiicstate of  th€ initial momentum of the F atoms leads to a correspond-
CIF. The F atom leaves the cage, overcoming the barrier and can be probédg average length of travel, significantly larger than the
by N,=270 nm to form the KiF~ excimer. b CIF molecule on a single  measuredi,, even for straight trajectories. A diffusive type
substitution’al site of t_he Kr fcc lattice. '_I'r_\e arrow indicates the qirec_tion °f of motion enlarges, further, and a realistic estimate sf
the F atom’s cage exit.)Scheme explaining the peaktat —50 fs in Fig. - ..
11.)\,=270 nm prepares a wave packet on the repulsiVestate of CIF. A =7 nm was derived from thd, values. This is at the lower
two photon resonance after 50 fs transfers the wave packet to the ioniimit of the range derived from the multiple doping experi-
CI"F~ manifold. F~ exit, rearrangement, and relaxation lead to thg IKr ment and consistent within the error bars. Thus the experi-

387nm

Barrier

Energy

excimer. ments show that F atoms provided with several eV of kinetic
energy travel more than 2 nm in Ar matrices, i.e., at least 8
monolayers.

1/e, which is used throughout the paper as the definition of  If we contrast the experimental findings with the calcu-
penetration depth and average length of travel, occurs alations(Sec. 2, we arrive at a severe discrepancy. The very
ready for a half monolayer. first molecular dynamics simulations looked promising and
The experimental evidence for neutral F atoms, in conpredicted long-range trajectories which exceed the chosen
trast, yields much larger penetration depths. The early studiesize of the cluster. Advanced calculations, which treat the
of multiply doped Ar crystals are described by the reactioninteraction of the F atom’g-orbital with the matrix in more
cross sections with other particles on the track of the mobileletail and include nonadiabatic transitions among the elec-
F atom(Sec. 3.3. Therefore the derived track length corre- tronic surfaces, yield much shorter travel ranges. Improve-
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It is shown that intrinsic vibrational degrees of freedom, inherent in two-atom exciton and hole
polarons, drastically affect their transport properties in wide-band diele¢teos-gas

solids and alkali halidgsA fast excitonic energy transport and a comparatively high hole mobility,
experimentally observed and attributed to two-site polarons tightly bound with the lattice,
cannot be explained by the conventional theory of small-radius polarons that predicts their
negligibly weak diffusion, exponentially small in the ratio of the binding energy to

temperature. The theory developed below with allowance for the intrinsic vibrational structure of
two-site polarons describes qualitatively a large relevant set of experimental data which

seem anomalous from the viewpoint of the conventional theory2003 American Institute of
Physics. [DOI: 10.1063/1.1542438

INTRODUCTION deep leveE, can go over to a neighboring siBeonly under

In dielectrics with broad exciton and hole bands, formed® fluctuation of its lattice surroundings strong enough to
by a strong exchange interaction, the most stable excitonitower the level of the electronic state localized at Sitgown
and hole states are known to be of a two-site tyjveo 0 Ea. The energy of such a lattice deformation is found to
neighboring atoms, strongly brought together, form a quasibe close ta\, as described by Eq1). Such a simple notion
molecule with the exchange binding growing sharply withis not applicable to a two-site polaron: its intrinsic degree of
decreasing interatomic distancé&uch two-atom electronic freedom enables it to move continuously together with the
excitations with an intrinsic vibrational degree of freedomdeformation cloud maintaining the polaronic state. In other
are inherent and distinctly observed in the electronic spectravords, the lattice deformation around a new position of a
of rare-gas solidsand alkali-halide crystatgthese classes of two-site polaron is mainly produced not by thermodynamic
dielectrics have common features of electronic structure, outfuctuations but by the continuous motion of the polaron it-
lined at the beginning of Sec).1 self.

Such two-atom excitations are usually treated as po- |n the present paper, the theory of the continuous motion
laronic states tightly bound with the lattice. In the theory of and transport properties of two-site polarons is developed
polarons, the energy of this binding is identified with the and qualitatively compared with experiment as applied to
separationA of the polaron level from the bottom of the rare-gas and alkali-halide crystals. First, in Sec. 1, it is
corresponding band. For the classes of dielectrics mentionedpown that a fast transport in these dielectrics is conditioned
the separation is of the scale of 1 eV. by some features of their electronic spectrum, viz., the ex-

However, the transport properties of such two-site exCipange nature of the exciton and hole bands and their aniso-

tf’;\tlons canno'F be desc_rgbed satisfactorily within the Conven'Eropic structure, entailing one-dimensional translational mo-
It:aot?ee:l sggir(:ot?;rgh:;;%neict)i;ﬁysgrigﬁI)c/ji?fﬁ:irﬁ ?:ccjnlgfrf(i)cnié::e tion. As a result, the energy barrier impeding the translational
motion is sharply diminished as compared to a structureless
D=Dgexp(— Ut/ Tes)s (1)  polaron with the same binding enerdy

where the activation enerdy, is close toA andT .4 stands In the next Sections, 2, 3, and 4, such one-dimensional

for an effective temperaturéexpressed in energy units moFion of Mo-;ite gxcitatio_ns is explored., dependiﬂg on the
which at low temperatures makes allowance for the latticd"&iN factors dictating thelr_ character, viz., the v_|brat|onal
zero-vibration energy. This inference of the theory drastically®N€rdy of a two-atom quasi-molecule and the height of the
contradicts experimental eviden¢analyzed in Secs. 5 and residual” energy barrier. In the case of a high vibrational
6) of a fast transport of charge and especially energy byenergy, much exceeding the barrier height and temperature,
two-site polarons. the translational motion has a coherent directional character

The physical reason for this discrepancy consists in théSec. 3, but under thermodynamic equilibriutsec. 4 the
following. The conventional theory considers the hopping oftranslational motion aquires a diffusive character, and trans-
a polaron devoid of intrinsic structure. Such a polaron, stayport is slowed down by several orders of magnitude com-
ing near a lattice sité, causes lattice deformation around it pared to the former case. In Secs. 8l &a qualitative com-
and a corresponding lowering of the polaron level by anparison with experiment is carried out as applied to these two
amountA~U .. The electron or hole localized at skeata  cases.

1063-777X/2003/29(3)/11/$24.00 174 © 2003 American Institute of Physics
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1. CONTINUOUS ONE-DIMENSIONAL MOTION OF (which is evidenced experimentally; see Sec. 6, ItonB2-
POLARONS WITH INTRINSIC DEGREES OF FREEDOM low we will consider the motion of such a hole along the
atomic chain, with allowance being made for its static three-
This manner of translational motion is to a large degregjimensional surroundings. The same relates to two-site exci-
conditioned by a feature of the electronic spectrum of rareygns as well.
gas or alkali-halide crystals. In the case of a rare-gas crystal, The nontrivial phenomena under consideration are con-
the system of excitonic bands occupies the upper part of thgitioned by a nonpair exchange interaction of atoms among

dielectric gap(more than 10 eV wideand originates from \yhich a hole is distributed° Such an exchange is described
the Rydberg atomic excited states’np®(n+1)s. Asignifi-  py the usual exchange Hamiltonian

cant bandwidth of about 1 eV is due to a rather strong ex- \
change interaction between an excited atom and adjacent +

ground-state ones. On the other hand, this strong exchange H:nzl Eody 8~ nZl V(Xn+17Xn)

results in the existence of two-site excitonic states. A two-

site exciton is formed on adjacent atoms which are brought X(ap@ns1+andnss)- 2

together, providing a much stronger attractive exchange InHereEo is the site hole levela, is the creation operator for

teraction than for regular lattice sites. Such a two-atom, ' 01" 01 thenth atom —V(x) is the negative exchange
q_ua_|S|—m_oI§c_ule fW'th a bopd e”efgyd otfmatsr(])ut levis ?ju'teenergy, strongly dependent on the interatomic distanead
similar (judging from spectroscopic da € correspond- Xp IS the coordinate of thath atom counted along the chain.

INg excimer molecule in the gas phdsén a crystal, the The hole is generally distributed among several atoms, as
vibrational levels of such a quasi-molecule turn to narrow

subbands grgctically covering the energy extent of all exci-descnbed by the eigenfunction of the Hamiltonia
tonic bands:
The dispersion law of excitons or holes is determined by ; Cnén> ; leal®=1, )
the interatomic overlap of excited states’np®(n+1)s, 5. ) _
which mainly coincides with the overlap of tiig-hole states Where[c,|* is the portion of the hole at theth site, and
nsznp5 cgntered at adjacent .sites. This ovgrlap is largest in (pnza:q,gmund (4)
the direction of thep-state axis and gives rise to a sharply
anisotropic excitonic dispersion la#ctually, a free exciton IS the corresponding site state of the crystdlyfoynq IS its
or hole moves in the direction of the minimal effective mass,ground statg
which coincides with the axis of thep-hole and dictates the The same Hamiltoniaf2) also describes an exciton,
axis direction of a two-site exciton or hole polaron. with the sole difference that the operatf in Egs.(2), (4)
The outlined picture holds qualitatively for alkali halide creates an atomic excitation instead of a hole atntesite.

crysta|s with |arge anions and small catidasg., Nal, NaCl, Therefore, all of the inferences drawn below in this Section
and Kl). The exciton and hole statéfee or self-trapped and in Sec. 2 pertain to holes and excitons to the same de-
formed in the sublattice of closed-shell anions are similar tcree.
those of rare-gas solids. These electronic excitations, associ- The lowest eigenvalue of the Hamiltoni&®) for arbi-
ated with the anion sublattice, cannot be noticeably affectetiary fixed positions of the atoms is
by small cations with a very high ionization potential.

The translational motion of two-site excitons and holes ~ W=Ey—max >, V(Xp+1—Xn)CnCns1t, 2 |Cnl?=1
is described by the same equations and has the same quali- n n
tative featurega distinction in their behavior, caused by es- ®)
sentially different lifetimes, will be considered in Secs. 3 and(the energy is minimized with respect to the &et}). If the
4). So far this distinction does not manifest itself, and weoccupation numbers, were fixed, the quantit{s) as a func-
will speak, for definiteness, about holes. tion of atomic coordinates would be the sum of pair poten-

Let us trace the qualitative features of the motion of atials V(x,;1—X,) multiplied by fixed coefficients. But in
two-site self-trapped holg¢also called a two-atom ionized fact the occupation numbers, depend substantially on
guasi-moleculgin a rare-gas crystal. The molecular ion con- V(x,,1—X,) and, hence, ox,; therefore, the hole energy
sists of two identical rare-gas atoms A and B with a common5) cannot be reduced to the sum of pair potentials. This
sharedpx-hole in their outer shellthe x axis coincides with  circumstance is of fundamental importance: it results in a
the axis of the atomid® statg. These atoms are brought substantial lowering of the energy barrier that impedes trans-
together by a strong exchange interaction conditioned by thiational motion(within the pair potential approach, this bar-
hole. The exchange potential, mainly proportional to therier is found to be much higher and the translational motion
overlap of thepx states centered at the points A and B, much slowey.”®
strongly diminishes with an increase of the angle between For a periodic chain consisting dfatoms, the minimum
the x axis and the AB directiol.So, the hole forming the of energy(5) is achieved at,=N~*2 which corresponds to
quasi-molecule AB is polarized in thedirection, coincident the lowest band state.
with the quasi-molecule axis AB. The translational motion of ~ We consider the opposite case of a tightly bound po-
the hole is conditioned by the exchange interaction betweelaronic state with a hole localized near two adjacent atoms
the atoms A, B and other atoms. Since this exchange is siggrought togethefthey are numbered, for definiteness, by in-
nificant only for adjacent atoms lying on the same axithe  dicesn=2 and 3. For this pair of atoms, the exchange mul-
motion of a two-site hole is of a one-dimensional charactetiplier V(x3—Xx,) in (5) strongly exceeds the rest of the mul-

N—1
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For this reason, the barrier is of great importance only
for the motion of holes. In the next Section, the barrier is

2 5 . ) . .
D —O —~ O myesﬂgated as applied to tvyo-sﬂe _holes, but the results ob-
~ O-O tained are pertinent to two-site excitons as well.

To obtain the barrier, let us introduce the total adiabatic

C —O_O——O—O_o—
2. ENERGY BARRIER FOR TRANSLATIONAL MOTION

B potential of anN-atom chain containing one hole:
N—1
A _O_OO CL Oo— Wtot(xlv'"1XN):W(X11"'1XN)+ E uO(Xn+1_Xn)
1 2 3 4 5 n=1
N
Positions of atoms + 21 ; Uo(|ra—R]). (6)
A=

FIG. 1. Translational motion of a two-site self-trapped hole via its continu- . . .
ous redistribution among atoms, shown by cirdléee areas of the circles The total potential consists of the hole enefgy [first
indicate the portion of the hole on the atgmEhe hole sequentially passes term on the right-hand side of E¢6)] and the sum of the

the states A, B, C_, D Wit_hout overcoming a significant barrier. This SChemepairWise ground-state interatomic potentialg taken along
relates to a two-site exciton as well. the chain(second termas well as between every chain atom
(with coordinatesr,) and the immovable lattice atoms not
belonging to the chaifwith coordinatesR). To find the bar-

tipliers V(x,1—X,); hence, the energfp) is minimized at  rier, one has to continuously change from the state A to the
c,=Cg~2 2 the rest of the coefficients, being much state D(see Fig. 1via reducing the distand@,3), the rest of
less. Such a state labeled by A is shown in Fig. 1, where thinteratomic distances being adjusted to the minimum of the
areas of the circles denote the portion of the hdtg|?, total potential(6) at a given separatiot,3). Such a trajec-
localized on the atoms. Let us trace the change from the statery in the spacex;,...,Xy) inevitably passes a symmetric
A to a similar state D with the hole shifted by one chain configuration C(Fig. 1) that provides an extremum &Y.
period, first keeping to the traditional notion and then withUsually a two-site hole state A or D is assumed to be stable,
allowance for the nonpair exc%agge interaction. that is

Within the traditional notior; ° the state A turns imme-
diately to the state D: the hole hops by one lattice period Wiot C) > Wi A). 0
from the atomic paif2,3) to the pair(3,4). To make such a If the condition(7) is met, the barrier height should be de-
hop possible, an adjacent aton{devoid of a hole until the fined as
hop occurg must be moved towards atom 3 strongly enough _ _ _ -~
to reduce the distanc@,3) down to the distancé3,2). The B=Wioi(C) = Wigi(A) = Wil C) — Wie( D). (8)
energy of such a deformation nears the binding energy, so Below, the barrier definition8) will be used without
that the hopping rate is described by Et). restriction(7), a negativeB being understood in the meaning

If the nonpair exchange interaction is taken into accountof the energy separation between the stable three-atom state
the picture becomes quite different: the initial state A turns toC and unstable two-atom state A or D.
the final state D through a continuous sequence of interme- To calculate the barrie(8) for a real crystal, it is neces-
diate stategB, C..) in the following way. To minimize en- sary to reconstruct the total potenti&). It contains, besides
ergy (5), atom 4, when moving towards the p&®;3), gets a the ground-state potential, which is known to good
portion of hole that increases with decreasing separatioAccuracy, the resonance contributid6) defined through the
(4,3) (as shown by the varying areas of the cirgl@us, the exchange potentia¥/(x), mainly proportional to the inter-
distribution of the hole among atoms follows their motion atomic overlap integral(x) (x is the interatomic distange
continuously (not by a jump as within the conventional The dependencé=J(x) can be derived approximately from
schemé This sharply diminishes the energy barri@to be  the ground-state repulsion potential that, on one hand, is in
overcome when changing from the initial state A to the finalthe main proportional taJ(x)* and, on the other hand, is
state D. known to decrease with increasingiearly as exp{12x/I)

Nevertheless, the height of the “residual” energy barrier (| is the interatomic distance in the ideal latiiteThus, the
essentially influences the translational motion of a two-site€xchange potential can be approximated in the form
hole that, in view of its long lifetime, moves in thermody- I —x | —x\2
namic equilibrium with the lattice and occupies rather low  V(x)=V, exp[ql— T ] g~6. 9
vibrational levels comparable with the barrier height. Unlike
a hole, a two-site exciton, during its short lifetime, compa-Here we have allowed for a small quadratic term influencing
rable with the time of vibrational relaxation, occupies highthe barrier. The pre-exponential factdy (close to 0.24 eV
vibrational levels. As long as the vibrational energy muchfor solid krypton can be derived from the width of the hole
exceeds the barrier height, a two-site exciton moves irband formed in the ideal lattice/&=V, at x=1).
a coherent directional way practically irrespective of the  Below, the parameters, vy, andVy=0.24 eV are taken
barrier. for solid krypton. For hole states, there are no spectroscopic

+ty
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TABLE I. Barrier height(8) for solid krypton calculated using the exchange 3. DIRECTED TRANSLATIONAL MOTION OF A TWO-SITE
potential(9) with differentq andy for lattice periods 0.5812 and 0.5850 nm POLARON (EXCITON) ON HIGH VIBRATIONAL

related to the temperatures 80 and 110 K, respectively. LEVELS
B, K . I . Lo
q y Due to its short lifetime, comparable with the vibrational
T=80 K T=110 K relaxation time, a two-site exciton dwells on high vibrational
5.66 0.07 473 410 levels during a significant part of its existence. The directed

translational motion, possible only on high vibrational levels,

. 0 . . .
576 0.06 386 308 manifests itself in an anomalously fast energy transport.
5.865 0.05 288 196 Even within the one-dimensional modskt forth in Sec.

597 0.04 168 60 1 a rigorous quantum-mechanical de:_;cr_lptlon of such a
complicated phenomenon seems unrealistic. Below, only the
6.08 0.03 38 -84

electronic subsystem will be considered in a quantum-
6.22 0.02 -62 -199 mechanical way; the lattice motion will be described classi-
cally in the adiabatic approximation. The latter is justified
since the separation between the lowest level of the Hamil-
6.51 0 =335 =200 tonian (2) and the rest of its levels greatly exceeds b®th
and the vibrational frequencies of the chdexpressed in
energy units Within this model, the lattice is represented by

data to derive the exchange interaction paramegeasd y. an N-atom chain(its length is chosen large enough that the
But g and y can be derived for the lowest two-site excitonic calculation results are independent Mf. The rest of the
state via fitting the corresponding luminescence spectrurffittice atoms are assumed to be placed strictly at their sites
(energy position and half-widihwith experiment. Note that and.are taken into account by the last term in the total po-
the exchange interaction, resulting fronpdnole in the va- tential (6). o o
lence shell, cannot noticeably differ for the hole and exciton: ~ Keéeping to the adiabatic scheme within the one-
the p-electron is completely removed in the former case oidimensional model, !et us f!rst cons[d.er the lowest excitonic
carried over to a large-radius Rydberg state in the latteiState formed at arbitrary fixed positions bf atoms. The
Making use of this, let us fit the required parametgendy ~ €nergyW of this state is given by E¢(5). According to a
with the two-site exciton luminescence band of solid kryp_standard procedure, the partial derivatives of the right-hand
ton. The fitting can be carried out with nearly the same acSide of Eq.(5), added to the sumvcy, should be taken
curacy with g varying in the range 60.5 and the corre- with respect to the coefficients, and equated to zero. This
sponding values of given in Table | as a function ai. results in the system of linear homogeneous equations
For every set(g, y), Table 1 presents the bgrriéﬁ) V(Xp—X1)Co— W, =0,
calculated with the exchange potenti@l for two lattice pa-
rameters 0.5812 and 0.5850 nm related to temperatures of 80 V(Xp4+1—Xn)Cn+1+ V(Xn—Xn—1)Cho1—Wey
and 119 K., respectivefit. (Note thgt the lattice parametgr, ~0 (1<n<N), (10)
appearing in the last term of E(), influences the barrier in
an essential way. It grows with a decrea_se of the di;tance V(XN—Xn—1)CN_1—Wey=0.
between chain atoms and the nearest lattice atoms lying be- ) ) i
yond the chain. Table 1 demonstrates a high sensitivity of Lt D be theN-order determinant of this equation sys-
the barrier to the exchange potential parameters as well as {6M- The excitonic energyV(x,,... xy) at arbitrary fixed
the lattice period(its thermal increase by 0.7% lowers the POSItioNs Xy, ....x,, of the chain atoms can be obtained from
barrier by about 100 K The point is that the potentia), "€ €quation
whose maximum creates the barrier, is formed by the sum of  p(w x,,... xy)=0. (11)
positive and negative quantities with a scale of 1 eV, which ) )
exceeds the characteristic height of the barrier by about two ~ Of the N roots of this determinant, the lowest one corre-
orders of magnitude. A slight variation of a separate sumsSpPonds to the self-trapped excitonic state a_nd is separated by
mand causes a significant relative variation of the barrier. @ large gap from all the other roots, which belong to a
As will be shown below, the barrier height influences theslightly distorted excitonic band. The least root is identified
hole motion in an essential and nontrivial wéie specific with W SubstitutingW into (6), we obta_in the total adiabatic
way of realizing the barrier is of much less importance ~ PotentialWi, of the N-atom system with a self-trapped ex-
Songd? has estimated the barrié for a two-site hole ~ CIton. _ _ .
quasi-molecule in solid argon within the approximation of ~ The classical motion of the system Kfatoms with the
pair potentials. The interaction between the atoms of th&onpair potential6) is described by the equation
guasi-moleculgatoms 2, 3 in Fig. 1, state)fand between A2, IWigl(Xq,... Xn)
every atom of the quasi-molecule and an adjacent atom not Mg i + X =0 (12
belonging to it(the pairs 1,2 and 3)4vas described by the n
same potential, which was assumed to be independent of thwith the atom mas#/ .
hole distribution between these atoms. As a result, it was Equation(12) was solved numerically for solid krypton
found that the barrier height does not exceed 0.05eWnder the following conditions. At the initial time=0, a
=600 K, which agrees in order of magnitude with Table I. two-site quasi-molecule with the vibrational energy;,

6.36 0.01 -192 -343




178 Low Temp. Phys. 29 (3), March 2003 A. M. Ratner

arose on two adjacent atoms arbitrarily chosen inside the 100
atomic chain. In the course of motion, the electronic excita-
tion is distributed among 4 atonfas shown in Fig. Ll The Diffusive
nonequilibrium vibrational energy, concentrated within this 80  motion
four-atom complex, is maintained at the given lekg}, via
a weak continuous input of energy. The rest of the atoms are
in equilibrium with the lattice at a given constant tempera-
ture T. In the course of motion, the total average kinetic
energy of all atoms of the chaliexcept the above four-atom
complex was maintained at the leveN(-4)T/2 via a very
slow injection or removal of heat. Simultaneously the disper-
sion of this kinetic energy as a function of time was main-
tained at a proper level ofN—4)Y2T/2 (to that end, every 20t
atom of the chain received weak random augmentations to its
momentum with the frequency of lattice vibrations
The computer solution of Eq$11), (12) exhibits some
general features. The strongest resonance bond, formed be-
tween two atoms with the numbetsand L+ 1, comprises Vibration energy, eV
moge than half the el_eCt,rom,C excitatigthis mean; thatE FIG. 2. Regions of the diffusive and directional motion of a two-site exciton
+c{.,>0.5); the excitation is concentrated practically com-in the plane temperature versus vibrational energy.
pletely on four atomsl(—1,L +1,L+2). The vibrational en-
ergy of this four-atom complex decreases slowdy about
1% per periodlin the course of thermal relaxation. Note that its vibrational energy. This seems quite natural since this
in the corresponding quantum-mechanical system the vibraranslational motion is coupled with the vibrations of the
tional relaxation occurs substantiallyy two orders of mag- four-atom complex.
nitude more slowly in view of the relevant conservation The directional motion velocityy =dx./dt, is found to
laws and complicated phase relations between different vibe of the scale of the sound velocity in the crystal. This is
brational wave function$This circumstance was taken into easy to understand: a longitudinal elastic wave, coupled with
account by a weak steady input of energy into the four-atonglectronic excitation, propagates in the crystal in basically
complex, which maintained its vibrational energy at the ini-the same way as ordinary sound. As can be seen from Fig.
tial level. 3a,V grows withE,;,. The directional motion velocity was
The character of the motion is determined by the paramfound to be proportional t&? and practically independent
etersE,;, andT. Numerical analysis of Eq$11), (12) shows of temperature and barrier heigtat E,;,=0.63 eV, V coin-
that the translational motion of the four-atom complex cancides with the longitudinal sound velocity in solid krypton,
occur either in a diffusive wagthrough random translational equal to 1.3%10° cm/s).
shifts, one of which is shown in Fig.)lor in a coherent
directional way(through sequential shifts matched in phases. piIFFUSIVE MOTION OF A TWO-SITE POLARON (HOLE)
with one another The directional motion takes place at a IN THERMODYNAMIC EQUILIBRIUM WITH THE
high vibrational energyE,;, and a low temperature; in the LATTICE
opposite case, the self-trapped exciton moves in a random
diffusive way. The picture is practically independent of the
barrier heighB as long aB<E,;,. The boundary between
these types of motion in thE,;,-versusT plane is shown in

[2)]
[=]
1

Directional
motion

Temperature, K
N
o

1 l

0 0.1 0.2 0.3 04 0.5

Unlike short-lived excitongwith a lifetime of about 1
ng), two-site hole polarons during measurement of their mo-
bility have a long lifetime(more than 1us),'® exceeding the
vibrational relaxation time by 3 or 4 orders of magnitude.

Fig. 2. o~
. . . Therefore, a self-trapped hole moves under conditions of
Figure 3 shows the motion of the exciton center of h ; g ; . )
weight t ermodyngmlc ethbnum with the Iatucg. Such motion
was investigated by solving Eq$ll), (12) in a way de-
N N scribed in Sec. 3, but without the input of energy into the
X.= 2 lenl®, | X |enl2=1 (13)  four-atom complex to maintain its vibrational energy at a
n=1 n=1

given level. Under such conditions the hole polaron motion

at different points of th&,,,-versusT plane. The figure dem- is of a random diffusive character, so that the hole mobjlity

onstrates that the motion of a two-site exciton changes it connected with the hole diffusion coefficiebt by the

character in a similar way with increasing vibrational energyknown Einstein relation

at a constant temperatu(Big. 33 or with decreasing tem- De e

perature at a constant vibrational ene(gig. 3b). The direc- mw=7= ﬁtzt (AX))?, (14)

tional motion of an exciton is quite stable on the right-hand =

side of the boundary indicated in Fig. 2, whereas on thevhereeis the electron chargd, is the temperature in energy

left-hand side directional motion can be realized during shortinits, Ax; stands for the random shift of the center of weight

time intervals in a random way due to fluctuations. of the hole at the instant of timg, and the summation ex-
At any temperature, the stability of the coherent translatends over all statistically independent shifts occurring dur-

tional motion of the self-trapped exciton depends strongly onng timet.
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Coordinate of exciton, chain periods
Coordinate of exciton, chain periods

-5 t 1 ! 1
0 5 10 15 20 25

Time, ps Time, ps

FIG. 3. Typical fragments of the motion of the exciton center of weight calculated by solving Bgs(12). The exciton coordinates in units of the chain
period(ordinate axisand time(abscissa ax)sare relative to an arbitrary origin. The figure shows how the character of motion chéagesuith increasing
vibrational energyindicated in the figure in e)at a constant temperature equal to 60(K—with decreasing temperatutandicated in the figureat a

constant vibrational energy equal to 0.2 eV. The directional motion is quite stable on the right of the boundary presented in Fig. 2 and arisesin a rando
fluctuation way on the left of the boundary.

To evaluate the diffusion coefficie with sufficient
accuracy, the diffusional motion of a hole was traced for a
time of about 5 ns; during this time, about 700 squared chain
periods are accumulated in the sid).*t

Unlike an exciton occupying a high vibrational level, the
equilibrium motion of a self-trapped hole essentially changes
its character depending on the barrier heiBhas is demon-
strated in Fig. 4. As can be seen from the figure, for a high
barrierB=386 K=4.8T (upper curve in Fig. % a hole par-
ticipates in motion of two sharply different types: high-
frequency vibrations with a small amplitudmerged into a
thick line on the reduced scale of the figu@nd random
transnational shifts by one chain period, which look like
hops on the scale used. Note that in fact such “hops” occur
in a continuous way, as shown in Fig. 1. For a lower barrier,
“hops” by several M =2,3...) chain periods become pos-
sible (the meaning of such “multiple hops” will be explained
below). In Fig. 4, every “hop” is marked by the numbé
indicating the distance of hopping in units of the chain pe-
riod or, more briefly, the hopping multiplicity.

As the barrier lowers, the distinction between transna-
tional shifts(“hops”) of the hole and its vibrational motion e vt st
is blurred. Along with usual high-frequency vibrations, low- 0 50Time, ps 100 150
frequency ones appear with amplitudes enhanced up to the

. f _ ; : FIG. 4. Typical fragments of the diffusional motion of the center of weight
chain period. Such low-frequency vibrations can res(iut of a hole in thermodynamic equilibrium with the lattice ™t 80 K, calcu-

not ineVitabl}) in a _transnational shift according to the lated for different barrieréwhose height is indicated in kelvins by the large
scheme of Fig. 1; their large periddp to 10 p$ corresponds  numeraly. Random transnational shiftaole “hops”) are marked by small
to a small variation of the adiabatic potentil,,, when numerals indicating the hopping distance in units of the chain period. As the

changing between the states B and C near the top of a |O\g}arrierB is lowered in the regioB<T, the vibrational motion of the hole
evelops at the expense of its transnational mdfibarefore, as can be seen

bamer_- ] ) ] _ from Fig. 5, diffusion is not monotonously enhanced as the barrier is low-
It is easy to understand why the vibrational motion isered.

Center of weight cooordinate of hole, chain periods
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FIG. 6. The same results as in Fig. 3 presented versus the reduced variable
Barrier, K at T=80K B(T)/T for T=80 and 110 K. Note that in the regid®>T, where the
“hopping” has an activational character, the mobility actually depends only

FIG. 5. Two-site hole mobility calculated for solid krypton as a function of on the reduced variablg/T.
the barrier heighB at T=80 and 110 K(B varies noticeably with tempera-
ture due to thermal expansion, which is allowed for by two scales of barrier,
related to 80 and 110X allowed for by two scales of barrier, related to 80 and 110 K.
Nearly the same resultbut with a large statistical strag-
gling) were obtained via direct calculation of the mobility
well pronounced only in the case of a low barrier. Of interestwith the use of Eq(12) complemented by an electrostatic
are vibrations of a few atom@he atoms 2, 3, 4 in Fig.)1 term describing the hole charge in a weak external electric
among which the hole is distributed. Such vibrations are acfield.
companied by overcoming the barrier in both directions. For ~ Along with this, it is interesting to trace how the mobil-
a high barrier B>T), a noticeable motion of the hole is ity depends orB/T irrespective of the way of varying the
made possible by a strong short-lived thermodynamic flucharrier (by varying the interatomic potentials or the lattice
tuation during which the system has enough time to pass theeriod. To that end, Fig. 6 presents the same results as in
barrier only in one direction; such motion looks like a seriesFig. 5 in the coordinatew versus the reduced variable
of random independent hopguite distinct atB=386 K  B(T)/T for T=80 K and 110 K. As can be seen from Fig. 6,
=4.8T). As the barrier is lowered somewhaB{288 K in the regionB>T, where the “hopping” has an activational
=3.6T), the fluctuation lifetime becomes sufficient to passcharacter, the mobility actually depends only on the reduced
the barrier one time sequentially in both directions, whichvariableB/T. Thus, the part of the curve to the right of the
results in single-period vibrations with an amplitude near thanaximum gives the temperature dependence of the mobility
chain period; such vibrations do not contribute to the mobil-in the range of lower temperatures for a positive barrier.
ity (14). When the barrier decreases and disappers§5 The absolute values of the mobility presented in Fig. 5
and 5 K), the vibrational motion of the hole becomes mostagree in order of magnitude with experiménfsee Sec. 6
developed and occurs in the form of a long sequence odbut are systematically underestimated by almost a factor of
aperiodic oscillations interrupted by comparatively infre-four in comparison with the experimental data. The physical
qguent “hops”. In the absence of the barrier, the vibrationalreason for this quantitative discrepancy, to all appearance, is
motion predominates over hopping; this is the reason whyonnected with underestimation of the multiple hopping of
the mobility at a givenT achieves its maximum value not in self-trapped holes.
the absence of the barrier butB#=1.5T (see Figs. 5 and)6 As was shown in Sec. 3, a two-site polaron on a high
In order to compare the theory with an experinf@per-  vibrational level simultaneously with vibrational motion par-
formed for solid krypton in the interval 80KT<110K, ticipates in the directed transnational motion which is real-
computer calculations of the mobility with the use of Egs.ized through sequential shifts correlated in phase. A short-
(11), (12) were carried out for solid krypton at the tempera-time motion of such a type can occur also under conditions
turesT=80 and 110 K(the analysis of these results, made of thermodynamic equilibrium with the lattice when a strong
below, permits one to extend their temperature ranger  fluctuation brings the vibrational energy of the four-atom
these fixed values of temperature, Fig. 5 presents the mobitomplex(on average equal toT) to a critical level neces-
ity « (in units of cnfs V1) as a function of barrier height sary for the directed translational motion. Such fluctuational
B. It should be recalledsee Sec. Pthat B varies noticeably enhancement d&,;, gives rise to a short-lived coherent elas-
with temperature due to thermal expansion. In Fig. 5, this idic wave coupled with the hole. To all appearances, the
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to impurity centers in wide-band dielectrics and, second, ex-
plain the experimental data on fast energy transport realized
by two-site excitons.

Energy transfer from excitons to neutral impurity centers
has been observed by many authors in dielectrics of various
types. The character of the excitonic state responsible for the
energy transfer depends on the specific band structure of the
dielectric crystal. Experimental data for wide-band dielec-
trics of the type considered provide evidence that energy
transport is realized not by free excitons but by two-site ex-
citonic polarons.

s

5.1. Energy transport in alkali halide crystals

N

The assumption of energy transfer by free excitons
should be discarded for the following reason. Usually impu-
rity levels lie below the bottonk,, of the lowest exciton

Mean multiplicity of hopping, chain periods
w

1 A | L L ! { band. An exciton, before it can transfer its energy to such an
-3 -2 -1 0 1 2 3 4 5 impurity center, first must achieve, via thermal relax-
B(T/T ation. The quantum yield of creating excitons at the band

_ S S _ bottom can be estimated from the quantum yield of the free-
FIG. 7. Mean distance of hopping in units of the chain peri@uspping exciton luminescenceYs. (in crystals of the type consid-
multiplicity), calculated aff =80 K and 110 K. . ree , : .
ered, the radiative decay of excitons is possible only at the
band bottom, where the exciton quasi-momentum goes to
zero. For all the alkali halides examinéd,Y .. is of the

model of one-dimensional chain underestimates the lifetime.qer of 10°2. Such a low quantum vyield of the photopro-
of such a fluctuational elastic wave. Indeed, the lattice atomgction of free excitons cannot provide efficient energy

not belonging to the chain but adjacent to it are assumed t@ g sfer to the impurity centers observed

be immovable, whereas in fact they are involved in this elasépectroscopicallﬁf.“mBut even after an exciton has reached

tic wave, thus enhancing the total mass of the atoms involveg},o hand bottom. the transfer of its energy to an impurity
and 'fhe Stab,'l't,y ,Of th_e wave. The yndert_estlmatmn of theatom must be preceded by localization in a shallow potential
hopping multiplicity within the one-dimensional model en- o) hear the impurity center; this is impeded by the rather
tails a corresponding underestimation of the mobilguad- small effective mass of a free excitdn

ratic in the multiplicity. This seems to be a reason for the On the other hand. an efficient e'nergy transfer to thal-
'?hbove-me(;]tloned_ qu?nutanve discrepancy between thﬁum impurity centers, present in a very low concentration of

eory and experment. 10 % to 10°°, has been observed in @), RbI(TI), and

ducéiagigonisr:deri]m?ltllig:f ho(|aosu::| gci;]ee ?stt:|”|::dtr:né:°o_NaI(Tl) crystals under excitation below the bottom of the
ppIng plicith, eq 9 lowest excitonic band*~*®In this excitation energy region,

a hop in units of the chain period. As can be seen from I:Ig.]two—site excitons are created with a high efficiency, but free

4, where all hops are marked by numbers indicating their . SO .
. o . excitons cannot be generated at @ihich is confirmed by
lengthM, multiple hops withM =2 or 3 occur comparatively ; . :
. the zero quantum yield of free-exciton luminescence mea-
often. Hops with greatevl (up to 10 occur more seldom but

they contribute noticeably to the hole mobilit¢4). If the sured for pure KI, Rbl, and. Nal under excitation bel@g,
number ofV-fold hops is denoted by, , their contribution Ref. 17. Moreover, the efficiency of the energy transfer to

to mobility is proportional tawy = »yM2. The mean multi- the impurity did not grow as the excitation frequency was

- . ) : . hanged from a value belo®,, (where Y;..=0) to any
licity of hopping should be defined via avera over °© bot free
E(;plsywith thpep\llvgight;M' ined via averagiig ov value lying inside the bantWhereY,~0.01) 1

. Consider now the rate of energy transport realized by
IywyM  ZywvyM two-site excitons. The efficiency of the energy transfer to
(M)= = 2
EMWM EMVMM

impurity centers can be characterized by the raftig, /Y nos,
The mean multiplicity of hopping, calculated according

where Yy, is the intensity of impurity luminescence and
to (15), is shown in Fig. 7 for two temperatures as a function, host 1S the luminescence intensity of two-site excitons
. . : formed in the host crystal. The rati;,,/Yost has been
?i;r?a(lTrzgﬁr('a\loif rte?eﬁjlmuelgﬁfngggm?tgh’ i?wléfe;ZiIr:S ftl(l;r%tu:r_a[neasured spectroscopically for the alka’?i halide crystals KI,
ture. ’ pialy g TeMPeTany) and Nal weakly doped with thalliuft~*®According to
Refs. 14-16, efficient energy transfer to the impurity
(Yimp/ Yhost=1) at T=5K is achieved for K(Tl), RbI(TI),
and Na(Tl) at the concentrations=1.5x10'6, 3x 10,
and 5 10'7 cm™3, respectively. Let us show that the coher-
ent directional motion of self-trapped excitons with the ve-
Let us, first, adduce the available spectroscopic evidenclcity V, investigated in Sec. 3, provides such an efficient
for a predominant role of two-site excitons in energy transferenergy transfer to the impurity, described by the relation

(15

5. QUALITATIVE COMPARISON WITH EXPERIMENT.
ENERGY TRANSPORT BY TWO-SITE EXCITONS
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Yimp! Yhost= Vton~1. (16) the ionization level with a very large state radius). (Ref.
9). Due to the largér), this excited state is strongly attracted
to impurity centers by its van der Waals poteniia¥). On
the other hand, a two-site exciton, occupying a high vibra-
%’onal level (extended to a narrow subband a very heavy
and particle’ the large(r) in combination with a large ef-
fective mass provides a high probability for a two-site exci-
ton to be localized near an impurity center even at a very low
impurtiy concentration. A two-site exciton, localized on a
high vibrational level, remains pinned at the same impurity
UR)= —aimp(r2>R‘6, (170  center during vibrational relaxation, after which the exciton

where(r?) is the squared state radius of the site exciton, ang Sy 1S tra_nsferred to the Impurity. U”d?r such co_ndmons,
a fast directional motion of two-site excitons provides an

%imp stands fpr the' positive difference between the pOIarIZ'extremely efficient energy transfer to impurities. Note that
ability of the impurity atom(moleculg and that of the sub-

stituted lattice atori.A two-site exciton, moving along the the high motion velocity of two-site excitons, derived in Sec.

. . ) ; . . 3 within the classical approach with allowance for a nonpair
anion chain, can be localized near an impurity atom lying atexchan e potential, is consistent with the large effective
a distancer from the chain if|{U(R)|>T. This gives the ge p ! 9

estimate(in atomic units: mass of the two-site exciton subbands derived quantum-

' mechanically within the approach of a pairwise exchange
imp(T?) 13 potential (this seeming contradiction was elucidated in Ref.
-1 18 10,

With realistic values of the parameteré:?)=150, @imp
=40 (Refs. 9 and 1Bat T=5K, the estimatd18) gives o

Heret~1 ns stands for the vibrational relaxation time and
is the cross section of the exciton localization near an impu
rity ion; the velocityV of the directional motion of two-site
self-trapped excitons is taken equal to the longitudinal soun
velocity in the crystal, near:2 10° cm/s.

The value ofo is determined by the interaction of an
exciton with an impurity ion, describe@n atomic unitg by
the van der Waals potential

o=mR>~ 1

Quite a different relaxation picture takes place when a
photon withE<E, turns to a free excitofsuch optical tran-
- sitions are partly allowed in a real crystal with lattice
=2300 a.u=6.3x10 ** e, For KI(TI), RbI(TI), and defect3.?? The generated exciton persists in a free state dur-
Nal(Tl), the right-hand side of Eq16) takes on the values i, e relaxation through the upper part of the exciton band

0.4, 0.6, and 6, respectively. Thus, the fast energy transfer (9,6 the free and two-site states are not miethlike a

an |mpur|ty, ot_)served n Refs. 14__16’ 1S _explalngd quallta’[Wo-site exciton, which can be localized on any vibrational
tively by directional motion of two-site ex.crronén view of level near an impurity center, a free exciton cannot be
the rather weak dependence of the trapping cross sed®n 55064 inside the band on a impurity level lying below the

on the parameters, the choice of the latter cannot influencg, g pottom, since this electronic transition requires a too

this conclusion. 16 _ strong jump-wise heat release. Only in the lower part of the
Experiment S_hof";él that the ratio Yiny/Yhost 48~  hang'is the free exciton mixed with two-site stitaad can

creases rapidly with increasing temperature, especially abovge localized near an impurity center; but the localization

30 K. The observed temperature dependencéigf/YnostiS  propability is low because of a comparably small state ra-
too strong to be described by Eq46) and(18) with a con- ;

stantV and should be attributed mainly to the temperature
destruction of the coherent directional regime of the two-site

exciton motion(see Sec. B 6. QUALITATIVE COMPARISON WITH EXPERIMENT.
MOBILITY OF TWO-SITE HOLES

5.2. Energy transport in rare-gas crystals 6.1. Rare-gas crystals

For rare-gas crystals, the free-exciton mechanism of en- The mobility of two-site holes in rare-gas crystals was
ergy transfer should be discarded in view of the followingmeasured experimentatfyin a vicinity of the triple point,
experimental fact. The luminescence quantum yild, ofa  where the structural perfection of the samples was high
very weak impurity grows sharply with an increase of theenough to make such measurements possible. Table Il pre-
excitation photon energl near the poing, of the dielectric ~ sents the temperature change of the mobility of self-trapped
gap width™***This energy dependence 6§, cannot mirror  holes in rare-gas crystals measured in the temperature inter-
the E dependence of the free-exciton photoproduction effival T;<T<T, (Ref. 13. Both the experimental values of
ciency, which is of opposite charactéa photon withE  the mobility and its observed temperature behavior strongly
<E, inevitably generates a free exciton, whereas an electrooontradict the law (1) with activation energyU,.~A
and hole, generated &>E4, do not necessarily recombine ~1eV. The conventional equatidd) predicts a negligibly
in the form of a free excitoyf+?* small mobility and its highly sharp dependence BnThe

However, this feature of the excitation spectrum can beobserved mobility is comparatively high and its temperature
easily understood in terms of the vibrational spectrum ofvariation is found to be weatand even practically absent for
two-site excitons, assuming that they are responsible for thkrypton). This can be reconciled witfi) only by substituting
energy transfer to impuriti€s2® Indeed, a photon withE a very small binding energk,,. (Ref. 13. These values of
>E, generates an electron—hole pair. The hole is very rapE, (given in the next-to-last column of Table) Idiffer
idly self-trapped, turning into a two-site molecular ion. The strongly from the true binding energy estimated from spec-
latter, after recombination with an electron, becomes a twotroscopic data and given in the last colunithe spectro-
site exciton related to a high excited atomic st@tidse to  scopic estimate dE,, (Ref. 1) is related to the corresponding
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TABLE II. Brief summary of experimental data on the self-trapped hole mohiliiy rare-gas crystals measured in the temperature interval
T,<T<T, near the triple point® The next-to-last column gives the polaron binding enegyfound in Ref. 13 by fitting Eq(1) with the
experimental dependenge= .(T); the last column presents an independent realistic estimag éom spectroscopic dafaNote that the
conventional theory, making no allowance for the intrinsic structure of a self-trappedfigiennot explain a weak temperature dependence
of u, drastically contradicting Eq1) with the true binding energf,~1 eV.

T, T, wT) w(T,) E, ev
Crystal
K in units 0.01 cm® V5! from p(T) [13] spectroscopically
Ne 18 25 0.2 1.05 0.024 >1.9
Ar 71 83 1.2 2.3 0.07 >1.2
Kr 84 113 4005 401035 0.04 >0.9
Xe 110 160 3.2 1.8 0.005 to 0.02 >0.7

two-site excitonic state; it turns into the self-trapped holecreases gradually on account of a decrease of the anion size
after ionization, which can only enhance the bindingin the sequence Csl - CsBr - CsCl and rises shafgdspite
energy’) a decrease of the cation sjzashen changing to the KCI

As was shown in Sec. 4, these contradictions are natuerystal, with a smalledc/da, ratio. The difference irB
rally eliminated by taking into account the intrinsic vibra- between KCIl and Nal manifests itself in a sharp difference in
tional structure of two-site hole polarons. Figure 5 showsmobility (102 cn?-s 1.V ™! for Nal and 10%°cn?.s7 !
that, depending on the barrier height, the calculated mobility V~* for KCI).2
can either grow or diminish somewhat with increasing tem-  Along with this, Table Il contains data related to the
perature. This inference, as well as the absolute values of theorientation of the hole axis, i.e., changing of the hole po-
mobility obtained, are in qualitative agreement with the ex-larization directior?. These data provide evidence for a one-

perimental data listed in Table II. dimensional character of the two-site hole motistated in
Sec. ). The motion of a hole along the anion chain is ac-
6.2. Alkali-halide crystals companied by conservation of its polarization directipar-

allel to the chain A hole changes its direction of motion

As was already mentioned in Sec. 1, the anion Sumattic?escaping to another chain intersecting the former) e

of an alkali-halide crystal has a spectrum of electronic eXC"muItaneoust with changing of the polarization direction. So

tations similar to that of the corresponding rare-gas crysta{he distancdin units of the chain periodtraveled by a hole

_(the (_alectr(_)nlc configuration of the anion, eg.arCl, is along the chain before hopping to another chain, can be es-
identical with that of the corresponding rare-gas atom Xe Obimated as

Ar, respectively. The spectrum of electronic excitations of
the cation (N&, K* etc) sublattice lies much higher and PtransINeX Breor— B
cannot interfere with the spectrum of the anion sublattice. In P, T )

articular, a stable self-trapped state of an anion hole has the . .
?orm of a two-site quasi-n?glecule similar to that formed in WherePang andB denote the rate and barrier height for the

hole translational motion, arél.,, andB,.. are those for the
rare-gas crystals.

However, as regards the manner of motion of seh‘-hOIe axis reorientation.

' ~gar - T As is seen from Table IlIB ¢, exceedd by about 1000
trapped holes, alkali-halide crystals exhibit a distinction fromK which provides a predominant motion of a hole within the
rare-gas solids. As was mentioned in Sec. 2, lattice atoms’ provides a p . .

) . . : Same chain with infrequent hops between different chains.
lying beyond the chain hamper the motion of the chain atomsI_he differenceB ., — B is negative only for KCl which drops
i reor

to some degree, so that the lattice surroundings of the chain .
heighten the barrier. In alkali-halide crystals, the effect of thec.)Ut of thg scl:heme developed, being nearer to the conven-
lattice surroundings on the barrier depends on the se ara’[ioﬂOnal notion; but even for KClPyans ha§ been found to
ding be P %ceedP,.,, at least by an order of magnitudén Ref. 2 a
dac, of an anion from the nearest cation, or, more exactly,e reor y 9
on the ratio ofd,c to the distanced,, between adjacent
anions within the chain. The barrier height grows with a
decrease of the ratidac/das and, quite naturally, with an TABL_E IIl. Height of_the barrier for transngtional _moti_cBland axis_reori-
. . ) . . entationB, ¢, of two-site self-trapped holes in alkali halides according to the
increase of the Catlon'to'amqn sizé ratlo'_ . experimental data of Ref. 2, is the separation of an anion from the
SUCh an effeCt Of the Iatt|ce Surroundll’]gs on the bar“e’hearest cation andAA is that between adjacent anions.
B is illustrated by Table I, based on the experimental date
of Ref. 2. The lowest barrier of about 0.1 eV was observe—Cuystal Nal CsL | GCsBr | CsCl | KCI
for the case of the largest anion Bnd the smallest cation d,o/d,, 0.707 0.866 | 0.866 | 0.866 | 0.707
Na*. Although Cs significantly exceeds Nain size, the
barrier remains almost the same for Csl due to a greater rati
dac/daa=3Y%2 for the body-centered celfor a rare-gas B

crystal, the corresponding ratio equals upifjhe barrier in-

(19

B, eV 0.1 0.13 0.20 0.24 0.57

, eV 0.18 0.20 0.37 - 0.54

reor
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Experimental results on excess electron transport in solid and liquid phases of Ne, Ar, and solid
N,—Ar mixture are presented and compared with those for He. The muon spin relaxation
technique in frequently switching electric fields was used to study the phenomenon of delayed
muonium formation: excess electrons liberated in gheionization track converge upon

the positive muons and form Muyu("e~) atoms. This process is shown to be crucially dependent
upon the electron’s interaction with its environméing., whether it occupies the conduction

band or becomes localized in a bubble of tens of angstroms in jaaisupon its mobility in
these states. The characteristic lengths involved aré-100 % cm, and the characteristic

times range from nanoseconds to tens of microseconds. Such a microscopic length scale sometimes
enables the electron to spend its entire free lifetime in a state which may not be detected by
conventional macroscopic techniques. The electron transport processes are compared in: liquid and
solid helium(where the electron is localized in a bubbléquid and solid neoriwhere

electrons are delocalized in the solid, and the coexistence of localized and delocalized electron
states in the liquid was recently foundiquid and solid argoriwhere electrons are

delocalized in both phasgorientational glass systentsolid N,—Ar mixtures, where our

results suggest that electrons are localized in an orientational glass. This scaling from light to
heavy rare gases enables us to reveal new features of excess-electron localization on a
microscopic scale. Analysis of the experimental data makes it possible to formulate the following
tendency of the muon end-of-track structure in condensed rare gases. The muon—self-track
interaction changes from isolated-p&inuon plus the nearest track electram helium to multipair
(muon in the vicinity of tens of track electrons and positive joinsargon. © 2003

American Institute of Physics[DOI: 10.1063/1.1542439

1. INTRODUCTION leading to electric breakdown are certainly determined by the
transport of the charge carriers in these substances. An elec-
C%ronic conduction in rare gas liquids is of special interest

interest. Rare-gas solidRGS and liquids (RGL) form a because of their employment in high-energy physics experi-

o . ments as working media for ionization chambers and other
group of cryosystems and cryoliquids characterized by ver

weak van der Waals interatomic interactions. The forbiddeé artllclte de'tect]lcon syts ten’rs;l"hel .e>icesst-elec"f[ron transport |In
gap of CRG is extremely widéabout 10-20 eY From a insulators is of great practical interest as it may cause elec-

fundamental point of view a condensed rare gas is a protot-r'cal breakdown even in wide-gap insulating materials sub-

typic ideal dielectric and a good object to test various theol€Cted to high electric field. These materials are used in a
retical approaches to the excess-electron transport in insul}ar9e number of applications ranging from power generation
tors. Rare-gas liquids represent relatively simple disordere§duipment to microelectronic devices. Nonpolar cryocrystals
materials, and the study of the excess-electron transport if¢ used as moderators to produce ultralow energy muon
these systems is of considerable importance for general uieams: The yield of ultralow energy muons could be con-
derstanding of the electronic properties of noncrystalline solnected with end-of-track electron transport to the low-energy
ids. muon. Therefore studying of the mechanisms of electron

On the other hand, condensed rare gases are frequentiansport in solid and liquid rare gases and cryosystems is of
used as insulators in high-voltage devices, and the processpemary importance in condensed matter physics.

rare gase§CRG) is of a great fundamental and practical

1063-777X/2003/29(3)/11/$24.00 185 © 2003 American Institute of Physics
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TABLE I. Low-field electron mobility in condensed He, Ne, Ar, Kr, and Xe jth the lattice excitations can be eﬁective|y thought of as a
(Ref. 3. polaron.

At low temperatures, the environmental excitations are
frozen out. In this case, conventional understanding suggests

Rare gas Triple point, K Electron mobility, cn12/V-s

in solid in liquid that the only possible channel for particle localization is the
introduction of crystal disorder, which thus may dramatically
“He - 107" 0.019"" change the transport properties of a solid. A well-known ex-
Ne 25 600 0.0016 ample is the spatial localization of electron states near the
Ar 84 1000 75 Fermi level in a disordered metallic system, which leads to a
transition into a dielectric statéhe Anderson transitiort*
Kr 16 3600 1800 The concept of Anderson localization suggests that the wave
Xe 161 4000 1900 function of a particle in a random potential may change
Note *T=2K, Vpyq=20 cn?; ** T=4.2 K. qualitatively if the randomness becomes large enough. Co-

herent tunneling of a particle is possible only between levels
with the same energge.g., between equivalent sije the

case of strong randomness, states with the same energy may

~ Electron transport in condensed rare gases has been Stygls 100 distantspatially separatedor tunneling to be effec-
ied extensively for over forty years. The majority of results tjye.

on the motion of charges have been obtained using the time- | metals, however, electron—electron interactions dra-
of-flight (TOF) technique. In this technique the drift velocity matically modify the density of states at the Fermi level,
achieved by a group of charges in an electric field is estijeading to the formation of a Coulomb pseudodjfo ob-
mated by the drift length divided by the traveling time.  serye the effects of disorder on electron transport without the
~ The time-of-flight resultsfor low-field electron mobility  ¢omplications of electron—electron interactions, one must
in condensed He, Ne, Ar, Kr, and Xe are summarized inperefore study electron dynamics in a disordereslilating

Table I. ) ) . host!® Orientational glasses formed by random mixtures of
One can notice a huge difference between light angnolecular (N,CH,,CD,) and atomicAr, Kr) specie¥* of-

heavy CRG. In heavy CR@Ar, Kr, and Xe the electron  fers a unique opportunity for such studies.
mobilities were found to be of the same order of magnitude  There is one basic drawback of TOF measurements. In
as those in  conventional  semiconductors  gych experiments the drift length between electrodes is mac-
(~10° eV~ *s™Y), implying the existence of extended roscopic (typically-10"2 cm). This macroscopic length
delocalized electron statésand states™* Low electron mo-  makes it very difficult to measure the mobilities in cryocrys-
bility in light RGL has been interpretéas arising from elec- a5 at temperatures significantly lower the melting tempera-
tron localization in a “bubble.” These bubbles are rathery,re with decreasing temperature, the amplitude of the re-
macroscopic objects. In liquid He the radius of the bubble isorded current drops drasticaftyThe thermal expansion of
about 10-20 & Such bubbles form because of the Paulicryocrystals results in the generation of intemal strengths
exclusion principle: a space is opened up around the exceggq defects, which can trap electrons. Moreover, the thermal
electron by a strong short-range repulsive exchange interagypansion may result in the loss of direct contact between
tion between it and the electrons of the host atoms, which ighe electrodes and crystal. The use of special flexible
opposed by a weak long-range attractive interactt@used  electrode$'® enabled measurement of the electron mobility
by the polarizability of the host atomspressure—volume qgown to 66 K in solid Ar(triple point Tz=84 K), while no
interaction, and surface tension. Electron bubbles are alsgyperimental TOF data have been obtained at lower tempera-
formed in solid heliun®. o tures. In liquids, where the electrode—sample contact is good,
With increasing atomic number the polarizability of rare the drift velocity measurements are influenced by the pres-
gases grows, making the delocalized state energetically pregnce of electron-attaching impurities. If the attaching time is
erable. Liquid neon(/-Ne) represents a borderline case comparable with the drift times, it is difficult to extract the
where theoretical calculationfailed to make definite predic-  gift time from the shape of the damping current signal.
tions of the excess-electron state. However, early time-of-
flight experiments® revealed only low-mobility negative
carriers in liquid Ne, which were identified as stable-
electronic bubbles. Recent TOF experiment$igh electric The techniques of muon spin rotation/relaxation/
fieldshave revealed a peculiar situation in which both local-resonanceuSR)® are in intensive use as a powerful tool
ized and short-lived £~10"° s) delocalized electron states providing valuable information on various chemical and
exist?® solid-state physical phenomena. In such experiments a beam
Bubble formation is not the only mechanism of electronof high-energy(several MeV muons is injected into the
localization in cryosystems. One of the possible channels fosample. In many substances the muon can pick up an elec-
localization of a particle is through its interaction with lattice tron to form a hydrogenlike muonium (Mew " e™) atom.
excitations(phonons, librons, magnons, gtdn a dissipative ~ Muon and muonium signals are well resolved in experiments
environment’ the lattice excitations can be represented as aue to the big difference of muon/muonium gyromagnetic
bath of harmonic oscillators; interaction with this environ- ratios: yy,/y,+~ —103; y,+=13.55 kHz/G. Usually two
ment causes a crossover from coherent quantum tunneling thfferent ways of muonium formation are distinguished—
incoherent hopping dynamics, when the particle “dressed’prompt and delayed. According to the first approach muo-

1.1. Delayed muonium formation
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nium is formed under the slowing down of an energetic = The muonium fraction can be extracted from the experi-
muon. During slowing down to an energy of a few tens ofmental spectrum easily only in the case of “short” muonium
keV, the inelastic muon scattering mainly involves the pro-formation(the time scale of muonium formatione,, is less
duction of excitations and ionizations. At lower energies, thehan the muon lifetime Thenin the limit of low magnetic
muon undergoes cycles of electron capture and subsequeiiglds the muonium fraction tends to the amplitude of the
electron loss. When the last such collision leaves atomiditting at the muonium frequency. Ihigh transverse mag-
muonium in its neutral charge state, the muonium is said tametic fields where the muonium signéthe first term in(2)]
have been formed promptly.When the muon thermalizes in is very small, the amplitude of the relaxing signal at the
condensed matter as the positive ion, it leaves behind amuon frequency is equal to the muonium fracti@nd is
ionization track of liberated electrons and ions. In manytwice as big as the amplitude of the muonium signal in the
hosts(see the recent reviéf) some of the excess electrons limit of low magnetic field.

generated in this track can reach the stopped muon within the

time scale of the muon lifetimer{,~2.2x 10 8 s) and form

muonium. The essential point of this delayed muonium for-j 3 pmF as a tool to study microscopic electron transport

mation (DMF) scenario is that at time zero the electrons and ) ) -

muon are spatially separated. This circumstance made it pos- | N€ mechanism of DMF s critically dependent on the
sible to create an experimental procedfite distinguish de-  €/€ctron mobility and, as the characfensﬂc muon-—track-
layed and prompt muonium formation. DMF is sensitive to a€l€ctron distances are about fo-10° cm, represents a
relatively weak(up to tens of kV/crn external electric field '€@dy-to-use technique for electron mobility measurements
which prohibits muon-electron recombination and dimin-©N & MICroscopic scaFé?.Measureme_nts of thelectric field
ishes the “delayed” muonium fraction, while to affect the dependences of both the Mu and diamagnetic fractions pro-

prompt muonium formation electric fields of about atomic Vide information on the characteristic distarig,, between
value are required. the ™ and its radiolysis electrons. Due to the well known

dephasing effect, the time scale of Mu formatiois readily
determined by measurements of thragneticfield depen-
dence of the Mu precession amplitu@é? If the muonium

To compare experiments on muonium formation meaformation time happened to be bigger than the time resolu-
sured at different magnetic fields it is convenient to analyzdion of uSR spectrometer; can be estimated directly from
the general expression for the muon polarization functiorthe dumping rate of the diamagnetic fractiort? Taking an
P(t), which is the experimental value of interest in thER  appropriate model of muon—electron recombination, one can
spectrum: estimate the microscopic mobility froR.., and 7. In a
simple casgviscous motion of the track electron nearest to

1.2. DMF and uSR signal

N(8)=Nnorm€XP( = t/7,,)(1+aP(t)) +No, @ the muon under the Coulomb attractichis estimate is:
whereN(t) is the number of muon decays registered during R3
the time intervalt— 6t/2t+ 6t/2] after the muon stops& b= chaf® , 3)
is the time per chanel for the data acquisition sygte¥qom, 3er

is a normalization constant,, =2.197< 10 °® s is the muon  yhereb is the mutual electron—muon mobility, ards the
lifetime, Ny is the background signal, aral(usually about  gielectric constant of the medium.
0.2-0.22is the apparatus asymmetryxit) is the probabil- The advantages of th@SR technique were demon-
ity of muonium formation at the time (where [gn(t)dt is  sirated in an experiment with solid nitrog&hwhere, in con-
muonium fraction, then the polarization function will be:  (adiction to the TOF experiments, delocalized electrons
t were identified ina nitrogen(at T= 20 K). In 8 nitrogen(at
P(t)= 1/2f n(t")cogw,t’ + oy (t—t'))dt’ T=59 K) both techniques give close estimates of the excess-
0 electron mobility;xSR experiments have found alelocal-
izedelectron state in liquid Ne, which is consistent with re-

+ : (2 cent TOF measuremertts.

t
1—f n(t’)dt’ cosw ,t
0

The first term in(2) is the signal from all muoniums
formed up to the time¢, including the phase shift in the_ MUON 5 END-OF-TRACK STRUCTURE
state(the constant 1/2 appears because only the triplet spin
state of muonium is seéfi,and the second term is the muon In a lot of substances, DMF can be artificially divided
signal. From Eq(2) it is clear how to extracinuon fraction into two stages. The first stage is the slowing down of an
from the experimental signal. The muon fraction is 1 energetic muon which is accompanied by the production of
—[on(t)dt, or the amplitude of thenonrelaxing signal at energetic free electrons and other excitations of the medium.
the muon frequencyrhe correct procedure for extracting the In this stage the track products are lfott of thermal equi-
muon fraction is to fit the experimental spectrum by an exdibrium with the mediun. The time scale of the first stage is
pression which contains the nonrelaxing signal at the muotess than 10'°s. The second stage is the recombination of
frequency. Of course this procedure is valid if there is nothe track products and muonium formation itself due to the
other reason for muon relaxatigauch as magnetic impuri- recombination of the muon with one of the track electrons
ties, radical formation, etg. but it has been shown to be and has an unlimited time scale. From this point of view, first
applicable for CRG. stage prepares “initial” conditions for the second. This in-
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cludes initial spatial and momentum distributions of the elecTABLE Il. Muonium fraction in condensed H,Ne, and Ar.

trons, cations, and muon just after the end of the muon slow- o
. Rare gas Muonium fraction
ing down process.

To calculate initial track structure the cross sections of in solid in liquid
all elastic and inelastic track processes must be known. Fo )
high muon energie@bove about 35 keV, where the velocity He 0 0,927
of the muon exceeds that of the electrons bound in the mol-

o Ne 0,80 0,80+

ecules of the targgthe initial track structure can be calcu-
lated using the Bettfétheory to describe the inelastic scat- Ar 0,90 0,90

tering of th_e muon. Unfortuna_tely the cross sections fory -5 K: ** T=25 K.
lower energies of muon scattering are unknown. Due to the
big muon-to-electron mass ratio the angular scattering is not

essential at high muon energies, and the track is linear along
initial muon momentum. At low muon energies muon angu_Laboratory. In both Iabora.tories we used similar sample
lar scattering could play a significant role. NeverthelessCellS: The front and back sides of the brass sample(2éll
experiment® reveal asymmetric dependences of the muodM inner diameter for the TRIUMF setup and 35 mm inner
(muonium fraction versus the direction of the external elec-diameter for ISIS, and 5 mm thiglare glued with 0.1 mm
tric field. This can be interpreted as the track products beingtanium windows. This thickness is small enough to estimate
asymmetrical around the slowed down muon or the scatteth® stopping of surface muons (momentu@8 MeV/c) in
ing of muon at low energies being incompletely randomizedthe entrance foil within a few percent. The muon beam was
According to the multipair track mod@?® the initial struc- ~ Collimated down to 9 mm in the TRIUMF experiments. At
ture of the final part of muon track is a linear chain of cations!SIS the spot size of muon beam is about 20 mm; therefore
(with the muon at the endsurrounded by a cloud of elec- essential!y all the muons were stopped in the samples at both
trons. In this model the influence of external electric field onl@boratories. _
muonium formation is asymmetric. At positive fieldghe ~ Windows are glued through 0.5 mm kapton laygwith
direction of external electric field coincides with the initial Inner diameter 0.5 mm less than the diameter of the bgll
muon momentumwe pull track electrons away from the €POXy and supported t_)y brass flanges. Such a construction
muon, diminishing muonium formation. At negative fields €nables one to apply high voltagep to tens of kY on any
we move “early” track electrons towards the muon, and, inWindow and was tested at a pressure of 10 atm at room
the first approximation, muonium formation should not petemperature. To produce the temperature gradient required
sensitive to a “weak” electric field. for crystal growth at the top and at the bottom of sample
As will be shown later, this simplified model is a good SPace there are special copper pla@$ mm thick. The
start to understanding muonium formation in CRG and othefOttom plate is connected to the cold finger of the cryostat.
condensed gases. There are three characteristic distances!fi¢ top plate is placed at a capillary insert which is con-
this model: the distance between cations in the cRain the nected to a gradient heater. Both plates are attached to the
distance between the last cation and the mRgn and the ~ Cell body with a small gagabout half a millimeter This
rms distance from the scattered electron to the parent catigdnables good thermal contact to the bulk of the solid CRG
Re. The fact that in CRG at zero electric field the muoniumSample as the temperature is lowered.
fraction is big® or the probability of muon-electron recom-  We used standard high-puriimpurity content=10°)
bination is high implies thaR,>R. andR.>R, . It means 9aSes. Samples were cqndgnsed from big ballast volumes by
that for all CRG under consideration the muon is inside itsc00ling the cell. Crystallization of the samples was done by
own track. Otherwise an electron will rather recombine withStéady lowering of the base temperature with open ballast
one of the positive ions. The number of electrons involved involume (constant-pressure regimeTypical crystal growth
muonium formation at zero and positive fields will by, ~ times were about one hour; the temperature gradients were
~Re/R, . The characteristic fields for suppression of muo-aPout 0.5 K per sample length. _
nium formation will be of the order oE ., ~€/eReR; . Muon experiments in solid condensed gases are associ-
- ated with some experimental difficulties. First—in spite of
the high electrical strength of bulk solid condensed gases,
upon lowering of the temperature below the melting point,
thermal cracks in the sample and the low equilibrium vapor
nbressure of the gas result in the appearance of “easy paths”
for electrical breakdown of the sample. To increase the maxi-
mum electrical strength of our solid condensed-gas samples
we added some pressuig to 1 atm of He gas into the cell
just after the cooling below melting point. Unfortunately this
procedure is effective only at temperatures below the super-
Experiments in condensed He are describedluid N\ transitionT,=2.17 K, where a superfluid film can
elsewher®?227 (see Table ). Experiments in condensed penetrate into all the sample cracks. At higher temperatures,
Ne, Ar, and N-Ar were performed at the M13 spin-polarized the procedure of He gas filling helps to increase the break-
surface muon beam line at TRIUMF and at the EMU pulseddown voltage by about a factor of two. In solid neon we
spin-polarized muon beam line at IS(Butherford Appleton  succeeded in increasing the maximum electric field up to 12

At negative fields muonium formation is sensitive to the
flux of “early” track electrons and one should expect the
track motion to be different at fields higher thdfy,,,
~eleR?, where one can neglect interactions between a
ions.

Details of the track motion in different CRG will be
discussed in the corresponding Sections.

3. EXPERIMENTAL DETAILS
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kV/cm, which is still less than the maximum electric field in form “snow balls” of about 40—60 helium atonié.Second,
liquid neon Enax—33 kV/cm). in all the temperature interval in the liquid the mobility of the
Our first attempts to increase the range of the electri@nions is bigger than the mobility of the cations, while in
field were accompanied by a huge scatter in the experimentgblid heavy CRG the mobility of the anions is negligible in
data. Now we understand that this problem is connected witBomparison with the mobility of the light delocalized elec-
the sample—electrode interface. The incoming muon beantons.
eventually produces radiation damage in the sample, in par-  This fact will result in the breakdown of the linear struc-
ticular, it generates free carriefslectrons and ionslif there  ture of the track-anion chain. If we suppoBe>R, and
is a barrier for the electrons to pass through the electroder > R, . then just after the slowing-down procesghen the
sample gagwhich is probably formed under the cooling of electrons have formed bubbles and the positive helium atoms
the samplg under the influence of external electric field, it and, probably, the muon have formed snowbalte main
will result in the accumulation of space charge near th@nteraction between the charges will be the strong plus—plus
sample surface. This charge screens the external electric fieldpulsion. For example, the muon will feel a high repulsive
inside the sampléf it does not cancel it completelywhich  force from the nearest positive ion or evéif R, <R,)
may diminish(if not cance) the effect under study. group ofR¢/R, ions in the direction roughly parallel to the
The time scale of this screening will depend upon theprimary muon beam. Muon—positive ion repulsion can ex-
free carrier generation rate in the bulk of the sample and opain the origin of the “initial” muon snowball momentum
the electrical properties of the sample—electrode connectiofyy, (where M ~40my,, is the mass of the snowbal/,
For a typical muon flux at accelerators, the time scale range. gx 108 cm/s is the Landau velocityrequired to explain

from tens of minutes to seconds. As the typical time fory,o decrease of the muonium fraction at temperatdres
collecting the necessary statistics in one spectrum is about 7 k in pure’He (Ref. 19.

one hour, the screening effect can mask the effect of electric
field. To avoid this difficulty we have developed a special

;_e‘f;‘”'z‘g“fe hOff'“SR mea?urr]emtl-:‘nts n afl.telzjngurr:.g hele(r:]trlcto become the same order of magnitude, atiwtThen the
lelds I the frequency of the alternating field is higher t anéc:)rrocess of muonium formation will continue in a lottig

the inverse time of the screening charge accumulation ne omparison with plus—plus repulsiorecombination ofu*
the sample surface, the value of the internal electric field inand o

: I in a simple Coloumb potential.
the sample tends to the applied external electric field. For P P

. . ' i ; . Note that a single muon—electron pair will also arise if
example, in solid Ne for an incoming muon beam IntenSItythe hot excited muonium decays far away from the other
of about 3<10* s™! the switching period should not exceed y y

5 seconds track (the muon—electron pair is far from the track from the
' very beginning of the track recombinatijo minor problem
with this scenario is the difficulty of explaining asymmetry
of the muon—electron initial position, which is readily ob-
tained in the multipairs model.

4.1. Liquid and solid helium Combining all we have mentioned above we can con-

To present a Comp|ete picture of the end-of-track prO_CIUde that the |0ngeSt part of the muon—electron interaction

cesses in CRG, we start from a reprodUCtion of ﬂ:&R in ||qu|d helium can be written as a Simple Coloumb attrac-
results in condensed heliuth??2° where the features of tion between the muon and the nearest electron, no matter

DMF are seen most cleanly. what is the origin of this pair. This approach made it possible

The main reason for this is a unique property of liquid to draw a qualitativéand sometimes a quantitativéescrip-

helium—the phenomenon of superfluidity. The mobility of tion of muonium formation in helium? Let r, be the typical
the charge carriers is relatively lovb(=0.05cnfV ts?! distance between the muon and electron bad, +b_ be

for cations and_=0.03 cnfV~1s ! for aniong in normal  the sum of the mobilities of the charges. The mobility of the
heliunt® at 4.2 K. The spectrum of elementary excitations inmuon is assumed to be the same as that of “heavy” positive
superfluid helium has a characteristic threshold, whictcharges In normal helium the mobility of charges is low
causes an exponential increase of the moﬁﬂias the tem- and the equation of mutual muon—electron motion seems to
perature is reduced below the lambda poift=2.17 K  be aviscous one. In this case the time of muonium formation
(b,=1700cntV ts?! for cations and b_ is 7=er3/3be. The forming muoniums reduce the free muon
=155cnfV 1s ! for anions at 0.6 K This circumstance fraction. In high transverse magnetic field&here only
gives a unique opportunity to examine various models ofnuon precession signal is seetiis muonium formation
track motion by scaling the mobility over five orders of mag- causes apparent muon relaxatioen 71, and the polariza-
nitude. Moreover, by adding a small amount®dfe one can tion function is directly connected with the number of free
regularly diminish the mobilities at low temperaturds muons. Using the relaxation rate in normal helium
<0.8 K (where the mobilities are determined by the scatter=0.06 us ! and takingb=0.08 cntV~1s!, one can esti-
ing on 3He impurities keeping the other parametefem-  mate the typical value for the muon—electron distribution in
perature, etg.unchanged. Unfortunately, the behavior of cat-liquid helium: ro=(3be/\)*=7x10"° cm.’® Note that
ions and anions in helium is outstanding in comparison withOnsager lengttR.=(e*/k,Te)~10"* cm at helium tem-
other CRG(especially heavy CRJs First, the charges are peratures is much longer thag, so the diffusion in Mu
extremely heavy: electrons form “bubbles” with a hydrody- formation is not important. As to the amplitude of muonium
namic mass of about 200 helium atoms, and positive charggsecessiomy,,(H), in normal He only a small fraction of the

Repulsion of the light and mobile anions will in a short
time interval cause all the distances between all the charges

4. RESULTS AND DISCUSSION
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pairs manage to recombine during the time of the precession

signal formation7(H)~1/(yy,H)~10 s for H=0.4 G, 1.0

and the Mu precession amplitude is small. To obtain more c I

“visible” muonium one should diminish the time of mutual 2 0.8f

muon—electron motion and use low magnetic fields. After s |

entering the superfluid phasay, (0.4 begins to increase ";0'6_'

with decreasing temperatur@ccompanied by exponential 294l

growth of the mobility. Whenb becomes 1dtimes that in § '

normal helium, the most distant pairs manage to converge EO ol

during the timer (0.4), and the amplitude of muonium pre- “l

cession achieves its maximum value, which corresponds to a o] I S E T B
muonium fraction of 92%. This takes place & -2 -08 -0 0 0.4

=0.7-0.85K in pure*He. Under further lowering of the Electric field, kv/cm

temperature in puréHe ay,, drops and tends to a constant of FiG. 1. Electric field dependences of the muonium fraction in liquid helium:
about 0.8 of the maximum value. This behavior can be ex*He+0.2% *He at T=0.5K (open circle pure “He at T=1.7 K (solid
plained by taking into account the initial momentum of the square} pure*He atT=0.7 K (solid circle$. The direction of electric field
b }P d the ballisti tior(d to th coincides with the initial momentum of the muon beam. The solid line

muon snowbait™ an e a istic motior(due to the ex- represents the best fit of the viscous model to the daf=20.5 K in the
tremely low drag forceof this snowball around the nearest mixture (see the text
electron at temperature§<<0.7 K. If during the slowing
down procesg.™ forms a snowball at a velocity higher than
M/m_ V ~2.4x10° cm where M/m, ~4 i h . . . . .

/m, vy 0° cm/s (. ere M/m,~400 S the the amplitude of muonium signal is low even at fields
snowball-to-muon mass rajier the snowball acquires mo- —0.4 G. To represent the muonium fractioriTat 1.7 K, the
mentum due to the repulsion from track cations in the first, " . =’ .

¢ f track moti th lation in th . amplitude of the relaxing signal at tlrauonfrequency di-
stage of track motiorisee the specufation n the p“ﬁ"'ous vided by the apparatus asymmetry is plotted in Fig. 1 by
paragraph then all the muons with positive energ§V/2

. L . solid squares. One can notice that in spite of the huge differ-
—e?/r,e>0 (wherer; is the “initial” muon—electron dis- q P g

i ium f . : ence of the mobilities of the charges at these temperatures
tance will escape muonium formation. A corresponding €S (hb=20cn?V-ls !at0.5Kancb=02cnfV-lslat17

timate of the “critical” valuer, (all the muons with initial ) the electric field dependences of the muonium fractions

cpnditiorlsri<2rc WillzdefiniteIX gecombing Wit,h the electron are very similar. This behavior suggests a similar distribution
gives r.=2e°/eMV{~6x10"> cm, which is comparable f the track productsor, in other words, the same initial
with the typical muon—electron distance estimated from th&yectron—muon distribution functiorin all the temperature

rate _g’f muonium  formation in normal heliumio~7  interval 0.5-4.2 K in théHe+ 0.2% 3He mixture. The case
X107~ cm. The real motion of charges in superfluid helium ¢ 5 mixture is very important as the main mechanism of

is far from the classical ballistic regime. If under the influ- 1, ,0n cluster scattering at low temperature is governed by
ence of the electric field a charge exceeds the critical La”dah'npurity (®He) atoms with momentump,~ (mzkT)Y2

velocity it will (within a time scale 10'*s) emit rotoits),  Therefore the mean path between collisions of a cluster,
diminish its speed® and follow a new trajectory with a re- — Aph/e~3x10~7 cm (where Ap~p, is the change of
duced energy. That is why a significant fraction of muoncyster momentum in a single collisipris small in compari-
snowballs will form muonium even when the initial energy is 5o with the typical length in the problem. Then the motion
positive. In a mixture*He+0.2% °He, where because of of muon cluster will be of the “viscous” type—the direction
scattering orfHe impurities the low-temperature anion mo- of the cluster motion will coincide with the direction of an
bility cannot exceed 20 chv s ™%, the motion of a muon gjectric field which acts on it. For any given configuration of
snowball is of a viscous nature, and there is no peculiarity insjectric field (internal track field plus external fieldt will
the temperature dependence of the muonium fracfion. result in the separation of the space of initial electron—muon
The most powerful tool for studying muonium formation pajrs into two regions. In the first region, where the lines of
is experiment in electric fields. An external electric field pre-glectric field strength end at the muon, the muon will form
vents recombination of track charges, diminishes the muomuonium. In the second, where the lines of electric field
nium fraction, and increases the muon fraction. strength go to infinity, the muon will escape muonium for-

The electric field dependence of the double amplitude ofation. In the case of a single electron—muon interaction, the
muonium precession divided by the apparatus asymmetry imuon will recombine if
a diluted mixture—2He+ 0.2% 3He (T=0.5 K), measured in 1o
low magnetic field H-0.4 G° is represented in Fig. 1 by r<(e/Ee)™cog9/2), )
open circles. Under such conditions this normalized ampliwherer and 9 are spherical coordinatgshe vector9=0
tude tends to the muonium fractideee Sec. 1.2 DMF and coincides with the direction of the external electric field
1SR signal, at least 90% of the muons recombine, formingand will be withdrawn by the external field otherwise. The
Mu in less than 10’ s, and the double amplitude of muo- solid line in Fig. 1 represents the best fit of the calculated
nium precessiomy,, in zero electric field is close to its lim- [using criterion(4)] normalized muonium amplitude to the
iting value aj=0.2 (Ref. 22—the apparatus asymmetry. measured values dt=0.5 K in a “He+0.2% 3He mixture.

At high temperatures close to thepoint, the time of The initial mutual muon—electron distribution function was
muonium formation in liquid helium is about5107 % s and  sought in the form of a three-dimensional Gausstan:
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p(r):(zw)—3/2()_x—10_;22 1.0
(y—n)2 (22 E
xex;{ (X 2a) ex;{ (y JZFZ ) , 5) 0.8F { <

2073 20y, S i 3
where x is parallel to the external electric field, the point 5061 - _ff
(a,0,0 is the center of the muon—electron distributian, g I - |
ando,, are the corresponding standard deviations of the ini- §0.4r = ﬁ
tial muon-—electron position. The best fit gives=4 § I % } el
X 10 ° cm (the maximum of muons density is shifted for- 0.2 } §§§ 3&
ward in the direction ofp,, with respect to the electrops r §

1 " 1

ox=4x10"° cm, andoy,=2x10"° cm.

In pure helium at low temperatures an electric field has a
stronger effect than in the mixture. The electric field depen-
dence of the normalized muonium amplitude in pite is  FiG. 2. Electric field dependences of muon fraction in liquid NeTat
represented in Fig. 1 by solid circles. This difference is ap=25K (open circley and solid Ne aff =22 K (solid circles. The direction
parently due to the high mobilityb(, =200 cntv-ls l) of of electric field coincides with the initial momentum of muon beam.
the particles in pure helium. Under these conditions the vis-
cous approach to the muon cluster motion is not vétik
mean free path becomes comparable with the dimension of

the problem and one should take into account the initial the direction opposite to the initial muon momentum. High
momentum of the cluster. In the case when starts with  characteristic electric fields can be explained by multipair
velocity pointing away frome™, the muon can go very far structure of the muon track in solid ne¢see Sec. 2, End-
away from the electron. For an initial distance,  of-track structurk In this case the intrinsic electric field on
>2e’/muf=5x10"° cm (where the kinetic energy of the the electron will beEy,~€/sR. R., whereR, is the dis-
cluster is greater than the potential electrostatic enellyy  tance between cations in the chain @Rgis the square av-
maximum charge separation will amount .~y  erage distance from the scattered electron to the parent cat-
+v mb/e=2x10"* cm, and the effect of the field will be jon. This field isR./R. times bigger than the single-pair
seen already at the magnitulie>e/r2,,~5 Vicm. Coulomb interaction.

The mobilities of the charges are extremely lol ( The experimentajuSR signal is very sophisticated in
<10 °cn?V-'s™h) in solid helium® This is the reason |iquid neon. It contains the signal at the muonium frequency
for the Complete absencef muonium signal in SO”dLHe.Zg and a two-componen¢re|axing and nonre|axi|')gdiamag_
Moreover, the muon signal shows no dampin¥mmn  netic signal. The essential feature of the muonium signal is
<0.004x10 ° s™*, which means a high limit of the muo- that it is in contradiction with the envelope of the diamag-
nium formation time of about~10"* s™*. netic signal. The amplitude of the muonium precession is

As a conclusion of this Section we will summarize the mych higherthan expected from Eq2). It looks like it
main features of muonium formation in condensed henum'corresponds to a short process in Comparison with the damp_
hlgh relative moblllty of positive ions leads to the breakdowning rate of the diamagnetic Signa| or evenin Comparison with
of the linear structure of the muon track and results in a&he time resolution of the apparatus.

“single pair” regime of muon—nearest-electron attraction; in There could be two possibilities for this behavior—

a wide range of the charges’ mobilitigantil the viscous  prompt muonium or “fast” DMF. In the experiment with
limit of the track motion is valigithe mutual “initial” distri-  selid neon, due to the limited electric strength of the samples
bution of the track products is independent of temperatureye achieved onlyartial recovery of diamagnetic signédee

the low mobilities of ions in solid helium prohibit muonium Fig. 2). That is why from the solid-phase data it is unclear
formation. whether the whole muonium signal is delayed or if some part
of this signal comes from prompt muonium. It is very un-
likely that the cross sections for charge exchange processes
are different in solid and liquid Ne, and the prompt fraction

Muon spin rotation experiments in solid Né°revealed  (if any) should be the same in both phases. The fact that all
a near-maximum value of the muonium precession signathe signals in the liquid depend on external electric field and
which is natural in view of the high electron mobility in solid the complete suppression of the muonium signal at high
Ne (see Table)l Electric field experiments in solid Ne show positive fields implies drack origin of the muonium signal
a great change in the muonium/diamagnetic signals, thougim liquid Ne. It has been propos&tthat electron states lo-
the characteristic fields are almost ten times bigger thaealized in bubbles and delocalized in the conduction band
those for liquid He. Our recent experimental data—coexist in liquid neon. In high magnetic field$d
diamagnetic signal versus electric field dependence in solid> 1/7,,c ymu (Wherer is the characteristic time for muon—
Ne near the melting pointT(=22 K) is plotted in Fig. 2 by electron recombination with an electron in the bubble $tate
the solid circles. One can notice a significant asymmetry irfast delocalized electrons give the main contribution to the
the influence of electric fieldgin this article, the positive muonium precession amplitude. Muonium formation due to
sign of electric field coincides with initial muon beam mo- the arrival of slow localized electrons is seen in the relax-
mentun), which means that the electron density is shifted toation of the diamagnetic signal. The coexistence of localized

0 I S P B
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4.2. Liquid and solid neon
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FIG. 4. Electric field dependences of the muon fraction in liquid AT at
=84 K (open circleg and solid Ar atT=78 K (solid circles. The direction
| of the electric field coincides with the initial momentum of the muon beam.

FIG. 3. Electric field dependences of the muonium fractions in liquid Ne at
25 K formed by: delocalized electronepen circleg localized electrons
(solid squares The direction of the electric field coincides with the initial
momentum of the muon beam.

sult of the two tendencies. The higher the field, the lower the
t}:grobability for the muon to recombine with any individual
electron but the higher the probability of finding an addi-
tional track electron. If the second tendency dominates, the
probability of muonium formation tends to unity and, in this
sense, is independent of electric field.
Unless specially prepared, a solid CRG san{pbelud-

'gqg solid He, which anneals easiijhas a polycrystalline
structure with a characteristic grain sizeof about

0 °-10 *cm. If electrons are scattered or captured by
polycrystalline defects, only electrons within some critical

and delocalized electrons in liquid neon has also been o
served by time-of-flight measuremenits.

The electric field dependences of the normaligedthe
apparatus asymmejramplitudes of twice the muonium sig-
nal 2 Ay, (circles and of the relaxing diamagnetic signal

the electric field. The ratid\,,/A is the fraction of delo-
calized electrons versus the electric field. It can be show

that this ratio is amncreasing functiorof the external electric ", . o
g distance(about the crystallite sizewill reach a muon. The

field. Unfortunately we cannot plot the probability of delo- . _
calization as a function of the electric field acting on the_n'“'tr;]1ber ofttrlll_etse _electro;s W"tlhwzlggI RCf/Rb*i Wherch_r
electron. This “true” electric field is the external electric > "¢ CYSIAIIE SIz€ anti, IS the distance between loniza-

field plus the intrinsic track electric field, and we can only t|onst§1t the f;ne;ltf:;%_e l(()jfdmuon(;rack. Otn%should_tgxp?c';;he
estimate the second term. negative part o -field dependences to be sensitive to the

For comparison with solid Ne the normalized amplitudequa”ty of the crystal. In the liquid crystalline-like defects are

of the nonrelaxing diamagnetic signal as a function of theabsent, the amount of electrons involved in muonium forma-

external electric field in liquid neon is plotted in Fig. 2 by the t'c.)t?] 'S b'lg%?JeT’ a;nd th_e r;])_rohbablllty of muonium formation
open circles. This value reflects the fraction of muons whichV'!h “€arly” €lectrons 1S higner.
As a summary of this Section, the end-of-track processes

escapes recombination. One can notice a huge difference be- lid and liquid aiff tI lid N
tween liquid and solid Ne. In the liquid in negative fields the " SO ?n 'q(;“ neon arﬁ vfery merent. r;)_so;_ e,_tr;:udo-
free muon fraction changes littlat fields up to—10 kV/cm nium 1S formed as a resuit of muon recombination with de-

it is practically constant while in positive fields the slope of IocdaI:zedI_elegtronls. Inl_th?jllqlwci a muLon Cﬁm :_econ}b_ln_f_ v:/||th
the curve in the solid is bigger than in the liquid. a delocalized or focalized electron. Localization of initially

A possible explanation of the peculiarities mentionedfree track electrons in the liquid results in high compari-

above could be the following. The weak dependence in th&°" with solid N¢ internal electric fields.
liquid implies that the characteristic muon—electron distance
is shorter in the liquid. In both substances the excess track
electrons are initially delocalized and moving rapidly away  Electrons are delocalized in both solid and liquid argon
from the ionization centers where they were created. Thefsee Table ), and one should expect the end-of-track pro-
the electrons lose their energy in collisions with the mediacesses in condensed argon to be similar to those in solid Ne.
atoms. In the solid the electrons remain delocalized up untiElectric-field dependences of the free muon fractions in lig-
the recombination with muon®r other positive centersin uid argon atT=84 K (open circles and solid argon afl
the liquid, with decreasing electron velocity the probability =78 K (solid circles are presented in Fig. 4. The data were
for the electron, to be localized in a “bubble” is increased. obtained from uSR measurements in switching electric
This implies that the mean square distance between the déelds. The switching time is 10 s. One can notice the prac-
localized electron and its parent ion is shorter in the liquid ortical coincidence of the experimental points in liquid and
that the intrinsic track electric fields are bigger in liquid neonsolid argon at positive fields and a significant difference at
and the dependence of the free muon fraction on the externaigh negative fields. At negative fields the points in the liquid
electric field is flatter. are lower than the points in the solid. Moreover, in spite of
At negative fields we pull “early” track electrons to the using the technique of electric field measurements in switch-
muon. The free diamagnetic asymmetry seems to be the réag fields, the points at negative fields in the solid were

3. Liquid and solid argon
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“sample dependent.” Switching helps to remove randomtion in zero electric field suggests a multipair structure of the
scatter from the data but maintains the different slopes of thenuon track. The number of particles involved in muonium
negative part of the curve measured under “different” con-formation is some tens.

ditions. The data represented in Fig. 4 were obtained just

after the crystallization of the sample. After few hours of 4 4. Ejectron localization in a disordered insulating host

annealing the data change to lower values closer to the points ] ) ]
Most of our understanding of electron transport in solids

in the liquid. . : ;
The peculiarities mentioned above can be explained s modeled on nearly perfect crystalline materials, but even

the framework of a multipair structure of the muon track. ™ this limit disorder plays a crucial rof€ The most familiar
The explanation is analogous to that in condensed neon WitRIhe.nourE\egon govlermlr.lg (;.-_Iec_t“rﬁn_rtr:an_s?or(tj n t@sonf:ieneftfi_r
the simplification that the electrons are delocalized in botrf!S IS “Anderson localization. € introduction ot sufti-

phases of Ar. Then the characteristic track distances seem ('sently strong disorder into a metallic system causes spatial
be close in solid and liquid argon ocalization of electron states near the Fermi level and thus

If we suppose both the characteristic distance betwee rives a transition to an insulating state. To observe the_ ef
oo . ects of disorder on electron transport without the complica-
the positive ionsR, and the distance from the last track . . . )
Co tions of electron—electron interactions, we studied electron
ionization to the stopped mudR,, to be less than the rms

ine ; ; ; 13
distance from the scattered electron to the parentRgn dynamics in a disorderesulating host.

then at positive fields, when we pull track electrons from th Orientational glasses formed by random mixtures of mo-
P e P . ) Secular (N,,CH,,CD,) and atomic(Ar, Kr) specie¥* offers
muon, the number of particles involved in muonium forma-

i ity f h ies. f th -
tion will be R./R, . If R, is bigger than the crystallite size a unique opportunity for such studies. One of the best

f th lid | ium f i il be similar studied orientational glass systems is the-Rr mixture3’
ot the solid sample, muonium formation will be simiar in p,, o N has two low-pressure crystalline forms, the hexago-
the solid and liquid phases.

o . , nal close-packe¢hcp high-temperature phase and the cubic
At negative fields we push “early” track electrons to- Pa3 (fcc) low-temperature phase. Despite intrinsic geo-

wards the muon, and muonium formation is sensitive to thg, yical frustration, pure Nundergoes a first-order phase

quality of the sample. In the solid the scattering or eveny,,gition to a long-range periodic orientationally ordered
trapping of track electrons at crystalline imperfections d'm'n'phase belowT ;= 35.6 K: the high temperaturg phase is
ishes the flux of early electrons, and the probability of muo- B .

. S ’ o X orintationally disordered.
nium formation is lower than in the liquid. Annealing of

X i ) _ Solid (N,);_,Ar, is obtained by simply cooling liquid
crystalline defects will result in an increase of electron ﬂuxmixtures as nitrogen and argon are completely miscible. As

to the muon, and the probability of muonium formation aty,e Ar concentration is increased, the hcp-to-fec transition

negative fields tends to the value in the liquid, where crySyemperature decreases. Above the critical Ar concentration

talline defects are absent. ) X.~0.23, the hcp lattice appears to be stable dowrT to
From the argon data we can estimate the number of elec=§ e dynamical orientational disorder of the high-

trons involved in muonium formation in condensed Ne. Inphaqe eventually freezes into a static pattern of randomly
condensed Ar the muon fraction at zero field is less than thaériented N molecules, therientational glas§7

in soljd Ne. The respective values measured in the same Being a mixture of insulators, the N Ar system has a
experimental chamber at TRIUMF aFgLAr=0.076(3) and very large energy gap~10 eV), so that even at high tem-
A= 0.1776). At thefinal stage of the muon track, as we perature the ambient density of free electronic states is ex-
havent one additional positive particle, the probability for ponentially low. Experimental study of electron transport in
the muon to escape recombination will Be,=1/(N+1), this system therefore requires that the empty conduction
where N is the number of electronfor positive iong in-  band be “injected” with free carriers, ideally in low enough
volved in muonium formation in zero electric field. This concentrations that electron—electron interactions can be
gives a rough estimate for the number of eleCtrngﬁue sgfely ignored. The ionizat.ion of molqules and/or atoms by
~1/(A, .~ A,,)~10. Unfortunately we cannot do an high-energy charged particldg.g. positive muonsoffers

analogous estimate for condensed Ar, as some unknown deSt S.UCh a so(l;rcg of frr(]ae carrers. d q f th
of the muon signal comes from the thermal shields, chamber Flgurg 5 epicts the temperature dependences of the
windows, etc. The low value of the muon fraction at Zeroasymmetrles(amletude$ of the various signals in solid
A : : (N2)1-4Ar, for x=0, 0.09, 0.16, and 0.25. At high tempera-
field in Ar suggests that the number of electrons involved in .
muonium formatiorN, _is bigger tharN,_. As an alterna- ture (above about 40 K all the mixtures have roughly the

Ar Ne

. . N is No~R./R hi 0 is bi ‘ same Mu andup asymmetries as pure,NAt low tempera-
tive estimate ofNe IS Ne~Re/R., this ratio Is bigger for tures, however, adding argon causes dramatic changes. In

condensed Ar. On the other hand, the characteristic electnﬁure N, below about 30 K there is a large Mu signal and a
field for suppression of muonium formation at positive fieldssma” up Signal, indicating efficient DMF: as Ar is added
IS Echa€/eR 1 Re. These fields are close for Ar and solid yhere is 3 progressively largets, signal, indicating reduced
Ne. Combining all we have said and tak_”gﬁchaf DMF, until atx=0.25 there is only a small Mu signal.
~4-10kVicm, we can estimat®,  ~1.5-2x10"" cm, In solid N, muonium formation has been shot#ri® to
Re,,~15-2x10"°cm, R, >R, , andR, <R, . proceed via two channels: the thermal DMF process outlined
Due to excess electron delocalization in both phases thabove and the epithermptomptprocess which takes place
end-of-track processes in the liquid and sdhear the triple  prior to thex™ thermalization and is therefore independent
point) Ar are very similar. The low value of the muon frac- of temperature, electron mobility, etc. The small,
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0.07 acteristic muon—electron distance is estimated to be about

pure No $$$L‘$‘$$ 5x107% cm;*%° about the same value of the muon-
g 0.061 & electron distance is estimated for solid Ar, which exhibits
2 @ E# almost 100% DME2 The absence of DMF at this length
; 0.05- scale at low temperature in tlxe= 0.25 mixture suggests that
2 & r‘: electrons ardocalizedin an orientational glass.
£
2 0.04r ® ﬂ%]¢ 5. CONCLUSIONS
S 25% Ar 9
S 0.03fF o b Scaling from light to heavy CRG enabled us to reveal

@ o Yo% 200 ? new features of end-of-track motion in these substances.

L We have shown that the unique properties of liquid
helium—Iarge relative mobility and light relative mass of the

> 016 g0 420 Op 0O 0 g0 positive ions—make it outstanding in comparison with other
5 - 25% Ar * £ # ©g ¢ condensed gases.
E 0.12L A b T* In solid Ne and Ar(where electrons are delocalized and
§ L 16% Ar A ** B * light) the track seems to be a linear chain of anions termi-
o x " nating in a muon and surrounded by a cloud of electrons. The
= 0.08r « & number of electrons involved in muonium formation is about
5 - 9% Ar = ten in solid Ne and probably bigger in solid Ar. From a
g 0.04} _— comparison of Ne and Ar data we can estimate the distance
e @O between track anions to be about £cm and the rms dis-
- r pure N» tance between the electron and parent anion to be about
O —"90 20 30 40 50 1075 cm.
Temperature, K The slight difference between muonium formation in lig-

uid and solid Ar(electrons are delocalized in both phases

FIG. 5. Temperature dependences of muonitop, H~5 G) and net dia-  could be attributed to the presence of crystalline defects in
magnetic (bottom, H~100 G) signal amplitudes in pure solid nitrogen the solid

squaresand solid (NM);_,Ar, (circles:x=0.25; trianglesx=0.16; stars: .. . . .
f(zqolog). (M)A ? In liquid Ne the muon can recombine with delocalized or

localized electrons. Localization of the initially free track
electrons in the liquid results in higfin compression with

temperature-independent Mu amplitude in the=0.25 solid Ne internal electric fields. External electric fields pre-

sample(see Fig. 5is the same as theromptMu amplitude ~ Vent electron localization. . _ .

DMF in the orientational glass. disorder on electron transport in an insulator. In contrast to
The hypothesis that Mu formation in the=0.25 mix- electrondelocalizationin the orientationally ordered phase

ture is essentially all via thpromptchannel at 20 K is fur- Of @-N», electrons appear to becalizedin the orientational

ther supported by the observation tig, and A, for that ~ 91ass (N)o.7sAro0.25.

sample do not depend on an externally applied electric field,

as is seen in Fig. 6. Both amplitudes show significant electri%d

field dependence in pure,Nat 20 K, from which the char-
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The low-temperature electron transport on semiconductor surfaces has been studied using an
ultrahigh-vacuum, variable temperature scanning tunneling micros(®pk!). The STM (V)
spectroscopy performed at various temperatures has made it possible to investigate the
temperature dependen¢800 K to 35 K of the surface conductivity of three different
semiconductor surfaces: highly dopedype S{100), p-type S{100), and hydrogenated (CO0).

Low temperature freezing of specific surface electronic channels on the highly doped

n-type S{100 and moderately dopegttype Si100 surfaces could be achieved, whereas the
total surface conductivity on the hydrogenated @) surface can be frozen below only

180 K. © 2003 American Institute of Physic§DOI: 10.1063/1.1542440

1. INTRODUCTION ior is very different in these three cases. It will be shown that
) ) ) . specific surface conductivity channels can be frozen at low
The operation of nanoscale electronic devices requiréfsmperature for highly doped-type Si{100 and p-type

an efficient electronic decoupling from the substrate 0Ongj10(), whereas the surface conductivity is completely fro-
which the devices have been bdiltThis can be best zen at low temperature for hydrogenatetl@.

achieved either on insulating or on low-temperature semi-
conducting substrates. For example, the electronic transport
of gold nanowires deposited on a(Bil) surface has been
recently measured at low temperatieK).! At such a low
temperature, all the measured current flows through the gold The electron transport properties of semiconductor sur-
nanowire as long as the applied bias voltage is within thdaces have been measured in an ultrahigh-vacguimV)
silicon electronic band gap. Indeed, the electronic channelshamber(base pressure>210 1! torr) using a variable tem-
through the silicon surface whose energies are located withiperature scanning tunneling microscdi® M). The sample
the band gap are assumed to be frozen at such a low teman be cooled down to 30 K using a helium liquid-flow
perature. Low temperature semiconductor surfaces have segryostat.
eral advantages over insulators. First, they can still be con- Three types of semiconductor samples have been stud-
ducting at low temperature, when sufficiently dopethis  ied:
allows the use of experimental surface techniques requiring — highly doped n-typeSi(100): the silicon sample (6
some surface conductivity, such as scanning tunneling mix2x0.1 mm) wasn doped with arseni¢bulk resistivity of
croscopy(STM). Second, the preparation of high-quality sur- 0.004 to 0.007A2-cm). Clean and well-ordered Si(100)2
faces having few defects at the atomic-scale is much easiex 1) reconstructed surfaces were obtained by first outgassing
for semiconductors. for at least 12 hours at 700 °C in UHV before flashing to
The low-temperature electron transport properties ofL080 °C to remove the oxide layer. The duration of each flash
bulk semiconductors are rather well understdadainly in  was adjusted so that the pressure remained below
terms of the decreased number of free carriers. Howevef,x 10 torr (usually<2x 10~ torr).
when dealing withsurfaceproperties, the situation is much — p-type Si(100): the silicon sample (&2X0.25 mm)
more complicated. Indeed, the interface between the semwas p doped with boron(bulk resistivity 0.7 to 1.3)-cm).
conductor and the vacuum can produce specific surfface Clean and well-ordered Si(106)2X 1) reconstructed sur-
subsurfacgelectronic states inducing charges or holes confaces were obtained as described before.
fined at the surfac? which may completely modify the — hydrogenatedC(100): the diamond sample (61
low-temperature electron transport properties. X 0.2 mm) is a natural single crystal 600 orientation. It
The low-temperature electron transport properties ofs a weakly boronp-type doped sample. Prior to insertion
semiconductor surfaces have never been investigated beforgo the UHV chamber, the diamond sample was saturated
at the atomic scale, except for a recent study of th€lGe¢  ex situwith hydrogen in a microwave hydrogen plasma at
surface® In this paper, we report the temperature dependenc800 °C for 1 hour. Details on the hydrogenation procedure
of the electron transport properties of three different semican be found elsewhefeClean and well-ordered hydroge-
conductor surfaces: highly dopedtype Si{100, STM  nated C(100) (2X1):H surfaces were obtained by outgas-
p-type S{100, and hydrogenated (€C00). We used STM sing in UHV for a few minutes at 300 °C to remove any
I (V) spectroscopy performed at various temperatures to exphysisorbed species from the surface.
plore the conductivity of these surfaces. The observed behav- During the STM experiments, the edges of the sample

2. EXPERIMENTAL

1063-777X/2003/29(3)/6/$24.00 196 © 2003 American Institute of Physics
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were sandwiched between two molybdenum plates to which
the voltage was applied.

Experiments were performed as follows at a given
sample temperature between 30 K and 300 K. The sample -
surface was first imaged at a constant tunnel current with the
STM. For some samples and some temperatures, no tunnel
current could be established between the STM tip and the L
sample. In such cases, the STM tip crashed on the surface.
Where STM imaging was possible, the STM tip was located
at fixed positions across the surface, afd) spectroscopy
curves were recorded at a fixed tip-surface distance.

4
\ 300K
0 -
0 r—-"-ll"'M
L-\/\ }ﬁ/
Before we discuss the results, one should note that the 0 |

(V) STM spectroscopy curves are usually considered to be

due only to the STM junction conductivity. Indeed, the con- -3 2 1 0 1 5 3
ductance between the electronic surface states located under
the STM tip and the sample metallic holder to which the
voltage is applied is assumed to be very high. In such a cas€lG. 2. di/dV curves recorded on the highly dopeetype Si(100)-(2

thel (V) curves only reflect the coupling between the surfacex1) surface at various temperatures. The scanning conditions for recording
electronic states of the tungsten tip with those of the sampl&' curves as=—1.5V andi =05 nA.

surface® However, at low temperature, where the resistivity

of the semiconductor sample can no longer be neglected, the

analysis of thd (V) curves is more complicated. The mea- S )

sured!/V conductivity is the combination of the STM junc- have an almost constant conductivity in this temperature
tion conductivity itself, the coupling between the electronicf@nge- More astonishing are thiV) curves recorded as a
surface states of the sample and the electronic channefgnction of temperaturgFig. 2. As seen in Fig. 2b, the
through the sample and the conductivity of these electroni€l!/dV curve at 300 K shows a narrow band gap of about 0.2
channels as far as the sample molybdenum holders. At th@Y> Whereas thell/dV curve at 35 K shows a band gap of
point, the electronic channels through the sample can be efPout 1 eV, i.e., equal to the bulk electronic band gap of

.

dl/dV, arb.units

3. RESULTS AND DISCUSSIONS =

]
I

Sample voltage, V

ther surface or bulk electronic channels. silico_n.3 This temperature effect cannot be explai_ned by any
_ _ freezing of the bulk conductance since such a highly doped
3.1. Highly doped  n-type Si (100) silicon sample is known to have a bulk conductivity which is

The highly dopedh-type S{100) surface could be easily almost constant between 300 K and 35 K similar opening
imaged with the STM at any temperature between 30 K an@f the surface band gap at low temperature has been ob-
300 K under usual sample voltage'€ — 1.5 V) and tunnel ~ Served previously on the GEL1) surface? It has been as-
current (=0.5 nA) conditions(see Fig. 1 This is not sur- signed to low-temperature freezing of specific surface elec-

prising since such a highly doped silicon sample is known tdronic channels whose energies are located within the
electronic bulk band gapRecent measurements of the total

surface conductivity of the 8i00) surfacé have shown that,

on the contrary, the surface conductivity increases at low

temperature. One cannot completely rule out that the conduc-

tivity of the specific surface electronic channels whose ener-

. ; gies are located within the bulk band gap would decrease at

s low temperature while the total surface conductivity would

increase. However, such an explanation seems very unlikely.
Therefore, another explanation needs to be considered as il-

2 lustrated in Fig. 3. At room temperature, the tunnel current
flowing through occupied surface states located within the
# bulk band gap requires some transport of electrons from the

LI _ bulk conduction bandCB) to the occupied surface states
& " (S9. This can be achieved by a combination of two effects,

(i) the electron transport through the energy barrier of the
upward surface band, bending caused by the “pinning” of
the surface states at the Fermi le¥elnd (i) the release of
electron energy to reach the lower-lying surface states. This
latter effect would require some coupling between electrons
FIG. 1. Scanning tunneling microscope topograg#§0 A by 240 A of the and phonons. Considering that the transmission over the en-

highly dopedn-type Si(100)-2x 1 surface, recorded at 35 K. The sample €13y barrier as well as the phonon population are therma_-"y
voltage isVg=— 1.5V and the tunnel curremt=0.5 nA. activated, both effects are expected to be much less efficient
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Evac Sample 300 K

Phoh.
Coupl.

VB
b
Evac Sample 35K
NI
"180K, -5V, 0.5nA
FIG. 4. Scanning tunneling microscope topographies ofptygpe S{100)
surface at 300 K(top — 160<160A) and 180 K (bottom — 250
& X250 A).
[
/85 Er
T small negativé—2 V, | =0.5 nA) sample voltages. At 180 K,
STM topographies could be obtained only at high negative
sample voltages—5 V, 1=0.5nA) (see Fig. 4 and were

VB found to be very unstable, suggesting some local charging
occurring after a few minutes of tunneling. Th@/) curves

FIG. 3. Schematic energy diagram of electrons flowing from the highlyare also strongly modifietsee Fig. 3, with a much reduced

dopedn-type Si(100)-(2x 1) sample to the STM tip. At 300 Ka), the  conductivity at negative sample voltages. At 35 K, it was
thermal energy cafi) activate the transport of electrons from the sample impossible to obtain any STM topography at any negative

Fermi level Er through the subsurface barrier due to the upward band-sample voltage, and thi€V) curves show a weak conduc-

bending, andii) activate the coupling with phonons and surface sté8&s - . .

At 35 K (b), the loss of thermal activation freezes the electron current. tl\,/lty eXtendmg at eYPj” I.arger negative sample volta@aeze
Fig. 5. The conductivity is zero for sample voltages between
—-3Vand+1V.

at low temperature, thus explaining the freezing of the elec-  These results are somewhat surprising, since they cannot

tronic channels through the surface states located within thee€ Simply ascribed to the temperature dependence of the bulk
bulk band gap. conductivity ofp-type S{100). Indeed, from 300 K to 180 K,

the conductivity of the sample is considered to incréase.
Obviously this cannot explain the shift from2 Vto -5V
of the sample voltage for imaging, since this skéfésociated

At room temperature, the-type S{100) sample shows a with a tunnel current of 0.5 nAwould correspond to a
STM topography and (V) spectroscopy curves similar to spreading resistance of610° (). In fact, these results can
those for the highly doped-type S(100) (see Fig. 4 How-  be well understood by considering a tip-induced band-
ever, as soon as the sample temperature is lowered to abdutnding as shown schematically in Fig. 6. The “pinning” of
180 K, both the STM topography an@V) curves are mark- the surface states at the Fermi level produces a downward
edly modified. At 180 K, stable STM topographies with band-bending.At negative sample bias, charge carriens (
atomic resolution can hardly be obtained. At room temperaholes are prevented from flowing from the tip to the sample
ture, STM topographies could easily be obtained at relativelyoy the downward band-bending of the valence bands. At

3.2. p-type Si (100)
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a
3l T= 300K
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1F
ok
@ b T=180K
51
°
<
O
=
(@] ol
¢ T=35K
3 |
21 FIG. 7. 175175 A statement topography of the diamond C(10@)x 1
surface recorded at room temperatuyg€ + 1.5V, | =1.5 nA).
1r \\\ /
0 room temperature, the holes can acquire enough thermal en-
1 2

-7 -6-5-4 -3 -2-1 0 ergy to overcome this energy barrier. However, at low tem-
Sample voltage, V perature the hole transport through this energy barrier is fro-
FIG. 5. dI/dV curves recorded on thp-type Si(100)-2X1 surface at zen. Since the conductivity -dec-reases’ the STM tip tends to
vari&)us; temperatures. The scanning conditions for recording these curves a?é)proaCh the surface to mam_tal_n the tunnel current Cor_]Stant'
(8 —2V, 0.5 nA; (b) —6 V, 0.5 nA;(c) —7 V, 0.5 nA. As a consequence, the electric field between the STM tip and
the surface is strongly increased, inducing a more pro-
nounced downward band bending as shown in Fig. 6. This
explains the large shift from-2 V (300 K) to —5 V (180 K)
for imaging the surface as well as the shape of ()
curves(Fig. 5. One should also mention here the possible
300K 2 influence of the surface states on the penetration of the elec-
tric field into the silicon sample. Indeed, the reduced charge
population of the surface states at low temperature may de-

CB crease the screening effect and thus facilitate the penetration
\ of the electric field produced by the tip. This tip-induced

Sample
Evac P Tip

Er 1ss band-bending was not observed for the previously studied
VB_ﬁ‘ H n-type sample due to its high concentration of dopants,
5 which prevents the electric field from penetrating inside the
sample.
Evac Sample - $5K b 3.3. Hydrogenated C (100)
. |
- —P At room temperature, the hydrogenated. @) diamond
surface can be imaged at the atomic scale with the STM at
both positive ¥=+1.5V, | =1nA) (see Fig. 7 and nega-
tive (V=-1.5V, =1 nA) sample bias. The corresponding
E- SS I (V) curve is shown in Fig. 8. When lowering the sample
VB__\<~ ______ J{>x>_hi temperature, thdé/V conductivity decreases, especially at
Er positive sample biassee Fig. 8 so that below 180 K no
— STM imaging is possible any more. Around 150 K, 1i{¥/)
Tip induced banﬁdilpg curve becomes “metallic” in form, i.e., linear. For tempera-
tures below 150 K, no tunneling current could be established

whatever the sample bias. This behavior is quite different

FIG. 6. Schematic energy diagram of electrons showing the flow of positivefrom the two previous cases of the silicon surface and re-
holes (") from the STM tip to thep-type S{100 sample. At 300 K@), the ; s ;
thermal energy can activate the transport of holes through the energy barri(grl'"reS a specific explanation.

due to the surface state induced band bending. At 35)Kthe tip induced The clean naturaﬂ\.’veakl)’_ doped C(100 diamond sur-
band bending is too large to allow the flow of hole current. face is known to be insulatinftyHowever, when hydroge-
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FIG. 9. Schematic energy diagram of electrons showing the flow of positive
02 holes (") for two polarities of the voltage on the diamond C(16Qp
X 1) surface.
0.0 tees—
:'3 '2 '1 0 1' rapidly if their activation energy is high enough, of the order

of 0.6 eV. This explains the much reduced surface conduc-
tivity. Around 150 K, the subsurface conductivity is so low
FIG. 8. 1(V) curves recorded on the diamond C(16@qRx 1) surface as a  that the STM tip needs to be in full contact with the sample,
function of the temperature. The scanning conditions for recording thes¢hus leading to a “metallic”l (V) curve. In summary, the
curves areVs=—2V, 1=0.1nA. freezing of the subsurface conductivity explains why the hy-
drogenated diamond surface becomes fully insulating below

150 K.
nated, the CL0O0) diamond surface becomes conductive and

STM imaging in the wusual tunneling mode can be

performed It has been demonstrated recehtlyat this sur- 4. CONCLUSIONS

face conductivity requires the presence both of hydrogen at-

oms on the surface and of subsurface oxygen and hydrogen. Investigating the low-temperature conductivity of semi-
These subsurface species, which are produced during tlmnductor surfaces with the STM is a very interesting prob-
preparation procedure of the hydrogenated sample, result iem, since a large variety of phenomena can be encountered.
an upward surface band-bendifgge Fig. 9 and a concen- For highly dopedn-type S{100), lowering the sample
tration of holes in the subsurface region. As is seen in Fig. Stemperature down to 35 K enables the freezing of the elec-
this enables a flow of holes at both negative and positivéronic channels whose energies are within the bulk band gap.
sample bias. With decreasing sample temperature the activ®ther electronic channelgutside the bulk band gageem

tion of the subsurface species as dopants should decreagebe accessible at low temperature, enabling the STM im-

Sample voltage, V
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aging of the sample down to 35 K. Due to the high concenbending can be used at low temperat(86 K) to freeze all
tration of dopants, tip-induced surface band-bending can bthe electronic channels across the surface whose energy is
neglected. between—5V and +1 V.

For moderately dopep-type S{100), the surface band- We wish to thank the European IST-FET “Bottom-up-
bending also freezes electronic channels at negative sampianomachines(BUN) and the European “Atomic and Mo-
voltages. This effect is amplified by tip-induced surfacelecular Manipulation; a new tool In Science and Technol-
band-bending, which at low temperature freezes all the elemgy” (AMMIST) network.
tronic channels from-2 V down to—5 V at 35 K.

For hydrogenated @00), the surface conductivity is due “E-mail: gerald.dujardin@ppm.u-psud.fr
to the presence of sub-surface spediesygen and hydro-
gen. The whole surface conductivity is strongly dependent
on the temperature, since below 180 K the hydrogenatedé— Ramsperger, T. Uchihashi, and H. Nejoh, Appl. Phys. Le8. 85

. . 001).
C(100) surface becomes fuIIy 'nSUIat'ng' 2S. M. Sze,Physics of Semiconductor Devicadiley, New York (1981)

These three examples offer an interesting range of appli- p. 26.
cations for nanoelectronics. The highly dopet/pe S(100) 3. A Stroscio and R. .M. Feenstra, Et:gnning Tunngling Microscopy
surface can be advantageously used at low temperature tcflds';gg by 2J7' A. Stroscio and W. J. Kaiser, Academic Press, New York
decouple the electronic channels of a nanoscale device from, Mgﬁéh’ Semiconductor Surfaces and Interfacepringer-Verlag,
the substrate only in the energy range located within the bulk Berlin (1993, p. 15.
band gap. The advantage is that the substrate is still conduct:-G- Dujardin, A. J. Mayne, and F. Rose, Phys. Rev. 189}.36802(2002.
ing and STM imaging can still be performed at such a low ,\KA'atBecr’b;o‘l’%OH('lgggChter' M. Folman, and A. Hoffman, Diamond Relat.
temperaturé35 K). The hydrogenated (00 surface can be 7k yoo and H. H. Weitering, Phys. Rev. Le87, 026802(2001.
used, below room temperature at=180 K, to fully de- 8K. Bobrov, A. J. Mayne, and G. Dujardin, Natufeondon 413 616
couple the electronic channels of a nanoscale device from thg(200D. o
substrate. However, in this case, the substrate is completel));' f:f?rﬁg’r’] (ﬁ]' eré pgz?oea’\ G. Comtet, G. Dujardin, L. Heflner, and
insulating and STM imaging is no longer possible. The mod-
erately dopedp-type S{100 surface offers another poten- this article was published in English in the original Russian journal. Repro-
tially interesting application, where surface tip-induced-bandiuced here with stylistic changes by AIP.
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We review recent research on reactigimeluding dissociatiopinitiated by low-energy electron
bombardment of monolayer and multilayer molecular solids at cryogenic temperatures.

With incident electrons of energies below 20 eV, dissociation is observed by the electron stimulated
desorption(ESD) of anions from target films and is attributed to the processes of dissociative
electron attachmentDEA) and to dipolar dissociation. It is shown that DEA to

condensed molecules is sensitive to environmental factors such as the identity of co-adsorbed
species and film morphology. The effects of image-charge induced polarization on cross
sections for DEA to CHCI are also discussed. Taking as example, the electron-induced production
of CO within multilayer films of methanol and acetone, it is shown that the detection of
electronic excited states by high-resolution electron energy loss spectroscopy can be used to
monitor electron beam damage. In particular, the incident energy dependence of the CO
indicates that below 19 eV, dissociation proceeds via the decay of transient negativENbhs

into electronically excited dissociative states. The electron-induced dissociation of
biomolecular targets is also considered, taking as examples the ribose analog tetrahydrofuran and
DNA bases adenine and thymine, cytosine and guanine. The ESD of anions from such films
also show dissociation via the formation of TNI. In multilayer molecular solids, fragment species
resulting from dissociation, may react with neighboring molecules, as is demonstrated in

anion ESD measurements from films containingadd various hydrocarbon molecules. X-ray
photoelectron spectroscopy measurements reported for electron-irradiated monolayers of

H,O and CR on a Si—H passivated surface further show that DEA is an important initial step

in the electron-induced chemisorption of fragment species.2003 American Institute of

Physics. [DOI: 10.1063/1.1542441

1. INTRODUCTION mental systems studied include simple vapor-deposited
atomic and molecular solids, molecules physisorbed on or-

V\mﬁ lﬂterac;l(ili’ls c::‘teliacrtr:onsngfrin?rg|?s Ies%s tlnladon gered metal and semiconductor surfaces, organic self-
N € constituent atoms a olecules of condenselis o npleq monolayers and complex biomolecules such as

matter are of.c9n5|derable interest since low-energy eIegtrorBNA. Various aspects of this work, as applied to dielectric
generated within and at the surface of condensed media are. . - .
! electron microscop$, radiation track calculatiofis

2 . i . . “aging
implicated in a variety of processes ranging from the agin : ; :
of dielectrics under high voltag@nd friction-induced dam- gand particle desorptiSrhave been described elsewhere. Here

age to lubricantsto nano-lithographyfor example, see Ref. we W”Itr? IStC(ljJSS prlnflptally Irestults ! eé)ortec;j V\;:thm. thle phaSt 6
3). Interest also lies in their use to study catalytic reactiony ©2'S that demonstrate electron-induced chemical changes,

intermediates by their dissociative interaction with organicmdumml dissociation, in condensed phase systems. As a fur-

molecule€ Motivation for the authors’ research derives es_ther restriction on our discussion, all the target systems pre-
sentially from the large numbers of low-energy secondarfented’ wheth_er thin molgcular _s_ohd_s or adsorbate/substr_ate
electrons generated within biological systems by irradiatiorsYStemMs, require cryogenic stabilization. We stress that while
with high-energy primary particle®.g., therapeutic x rays cooling tp tempgratures of betwgen 15 K and 100 K a]lows
What role(if any) do these secondary electrons play in thePreparation of films under ultrahigh-vacuutdHV) condi-
genotoxic effects of radiation? Attempting to answer thistions, cryogenic conditions also limit vibrational excitation
question, we have adapted techniques from gas-phaéé the molecular constituents in the solid targets and help
electron-scattering experiments for use with thin solid tar-ensure that the observed electron-scattering effects are domi-
gets. In a typica| experiment an energy_se|ected beam (ﬁated by the interaction of electrons with the majority of
electrons is incident from vacuum onto a solid film, and amolecules in their vibrational ground state.

variety of analytical techniques are then used to determine The structure of this paper is as follows: In Sec. 2 we
the mechanisms by which electronic energy is absorbedntroduce various theoretical concepts, such as negative ion
These techniques may include surface spectrocopies, such sonances, which are required to explain low-energy elec-
high-resolution electron energy lo$sREELS, x-ray pho- tron scattering in condensed matter. In Sec. 3 we briefly de-
toelectron spectroscopXPS), or measurements of particle scribe the experimental methods. In Sec. 4 we present recent
desorption or of charge accumulation within the film. Experi-results on electron-induced dissociation in several systems,

1063-777X/2003/29(3)/13/$24.00 202 © 2003 American Institute of Physics
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including condensed halomethanes, acetone, and methar@bndon(FC) region, the localization time is of the order of,
and simple organic molecules of biological significance. Inor larger than, the time required for dissociation along one
Sec. 5 we discuss simple reactions, including ion scatteringyuclear coordinate and one of the resulting fragments has

that succeed electron-induced dissociation. positive electron affinity. In this case, a stable atomic or mo-
lecular anion is formed along with one or more neutral spe-
2 ELECTRON-SCATTERING PHENOMENA cies. This process is analogous to the well-known Menzel-

Gomer—Redhead model of desorption via a FC electronic

Studies of electron-molecule scattering and attachmentansition to a repulsive staté. DEA usually occurs via the
in the gas phase have a long history, dating back to the eXprmation of core-excited resonances, since these possess
periments of James Franck and Gustav Hertz in 88b-  gyfficiently long lifetimes to allow for dissociation of the
sequent research has shown how at low enei@ies below  anjon before autoionization. Hence, when surface molecules
~20 eV), the cross sections for electron—molecule scatteringre pombarded with a low-energ9—20 e\j electron beam,
are often dominated by the transient localization of the elecy portion of the neutral and anionic species formed by DEA
tron on the molecule, in what is often termed a.gn desorb.

“resonance.”® (It is likely that the striking clarity of the Within a local complex potential curve crossing model,
original Franck-Hertz experiment owes much to excitation ofine cross section for the simple DEA reaction- AB

a resonance near the threshold of théP6states of —AB~—A~+B, where AB is a diatomic molecule, may be
mercury-) From an atomic and molecular orbital perspec-expressed 4%

tive, resonances can be considered as temporary or transient

negative ions and may be classed as belonging to one of two opea(E)=0ocaf E)Ps, @)

broad types. If the additional electron occupies a previouslyyhere P represents the survival probability of the anion

“shape resonanceapplies more specifically, when tempo-

rary trapping of the electron is due to the shape of the _ o T
- - Uca;{E)_)\g|Xv|
electron—molecule potential. When electron capture is ac-

_a
Iy
companied by electronic excitation, so that two electrons OChere is the de Broglie wavelength of the incident elec-

cupy previously unfilled orbitals, the resonance is CaIIedtron g is a statistical factor, ang, is the normalized vibra-

core-excited . tional nuclear wave functior’, is thelocal energy width of
The prevalence of resonances in gas-phase electiong, g~ giate in the FC region, any is the extentof the
molecule collisions and the universal nature of the short-AEr potential in the FC region, The width of the transient
range interactions responsible for their formation have UGz hion state in the autodetaching region defines the lifetime

gested that similar phenomena should exist at higher Ievelﬁ1 respect to autodetachment(R) =4/T (R), such that the

of a_ggrega'uon n (_:ondensed matter. Indeed, expenment%lurvival probability of the temporary anion, after electron
studies performed in our laboratory over the past 20 year§Sapture is given by

have consistently shown that electron scattering with con-

densed molecules is strongly modulated by the formation of R. dt

transient negative ions. However, and contrary to the gas- s—ex;{— f R m}

phase, where the captured electron must remain attached to a c

single atom or molecule throughout its lifetime, in solids theWhereRe is the bond length of the anion at enefgandR,

transient anion can hop between adjacent sites via inte#S that internuclear separation beyond which autodetachment

atomic or intermolecular electron transtrFor motion to  is no longer possible. If we define an average lifetigend

occur in the case of core-excited resonances, three electrol® K=\g|x.|?, then Eq.(1) becomes

must be involved in the proce$sge.g., a two-electron tran- I T

. . a Cc

sition accompanied by an electron transfer. Such electron and opega(E)=K T ex;{ —=.

energy transfer leads to the formation of a transient anion d Ta

having a specific wave vector in the lattice or at the surfaceHere7.(E)=|R.— Rg|/v wherev is the average velocity of

and may be referred to as an “electron—exciton compléX.” separation of the fragments Aand B upon dissociation.
When an electron resonance occurs, the temporary captence, the DEA cross section depends exponentially on the

ture of an electron at an atomic or molecular site increasestio of the lifetime of the transient anion and the velocities

the interaction time of the electron at that site in proportionof the fragments. Equatiof#) defines most of théntrinsic

to the resonance lifetimer{~10 °-10 *s) and the in- characteristics of the DEA process. It may be seen from this

verse of the electron transfer rate. This local interactiorequation that the magnitude of the DEA signal depends on

causes a distortion of the atafor molecule that accepts the parameters which are influenced by the nature of the solid

additional electron—multipole forces. One product of thistarget; i.e., the attaching electron wavelengththe reso-

fundamental interaction, of great relevance to the experimemance lifetimer,, and the curve-crossing B, between the

tal systems discussed in this article, is dissociative electroanion state and a neutral state beyond which autodetachment

attachmen{DEA), which arises essentially from the molecu- is no longer possible. This aspect of DEA, its sensitivity to

lar distortion. environmental factors, will be dealt with in some detail in the
Dissociative electron attachment occurs when the mofollowing Sections. It is also important to recognize DEA as

lecular transient anion state is dissociative in the Franck-a mechanism for producing reactivienic and neutralspe-

: @

)

4
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Electron Rotatable meV?° In this latter instrument doublg-metal shields sur-
Quadrupols Filament holder round the vacuum chamber to eliminate stray magnetic
mtass ) Electron i (/Eate fields.

o ier lenses han/ Vave Oven Linear transfer In principle, the neutral desorbed products of dissocia-
W A N tion can be detected and mass analyzed if they are ionized

» "‘WHJ [~ ahang| prior to their introduction into the mass spectrometer. How-

Channeltroh |02t and K| é . 5: T oad Lok ever, such. experiments are difficult due to leffectiveion-
custom' Main  criga . (Preparation) ization efficiencies for desorbed neutrals. Nevertheless, a
ion lenses chamber chamber

number of cryogenic systems have been studied by the
21 H 2

FIG. 1. Schematic overview of an apparatus suitable for measurements &i'OUPS of Feume%? Orlando; a_nd Arumalnaygarﬁ_, for ex-

the electron-stimulated desorption of anions from vacuum-deposited*films. ample. In our laboratory, studies of neutral particle desorp-

tion have concentrated on self-assembled monolayer targets

at room temperatur€ which fall outside the scope of this

cies with nonthermal energies and as such represents an if2View. Under certain circumstances, neutrals desorbed in

low-energy electrons. Examples of such DEA-mediated rec@n be detected by their de-excitation at the surface of a
actions will also be given. large-area microchannel plate/detector assertb§epara-

tion of the ESD signal of metastables from UV luminescence
can be effected by time of flight analy<s.
3. EXPERIMENTAL TECHNIQUES While desorption measurements provide clear evidence
_ ) o _ of molecular dissociation, quantitative measurements are dif-
The experiments described in this article were performedicyit to perform, partly because of experimental uncertain-
under ultrahigh vacuum, that is within vacuum chambers;es (such as the efficiency of ion transmission through the
evacuated by cryogenic, ion, and turbo-molecular pumps t@,555 spectrometebut also because only a small, poorly
base pressures of between 1band 10 *° torr. Molecular  known fraction of the iongor neutrals desorb. However,
solid targets are formed by vapor-deposition onto a cleagyantitative measurements are often possible using a modi-
substrate, held at temperatures varying from 15 to 100 K b¥ication of low-energy electron transmissi¢hEET) spec-
cryostat. The substrate is usually a polycrystalline metal fo"troscopy. In LEET experimens a trochoidal
a Pt monocrystal, or a semiconductor crystal which can beyonochromatd? providing an electron current of between 1
cleaned by resistive heating and/or ion bombardment. Thgng 10 nA with an intrinsic resolution of between 40 to 60
condensed films can be grown by either a gas-volume expamiey FWHM is incident normally on the film surface. A
sion dosing procedut® (and calibrated by monitoring the LEET spectrum is obtained by measuring the curigrar-
quantum size effect features observed in ultrathin fifinsr,  riving at the substrate as a function Bf Cross sections for
for higher molecular mass adsorbates, by timed depositiog|ectron trapping or stabilization by molecules condensed
from an oven source. onto a dielectric film can also be obtain&f’ Electronic
Once formed, the sample films can be probed with &parge trapped at the surface, following exposure of the film
variety of electron beam techniques. Dissociative processag electrons of a known energy, produces a retarding poten-
(and certain other reactiongre most effectively detected g AV, which is manifested as a displacement of any sub-
when a fragment ion or neutral species is desorbed int@equent LEET spectrum to higher incident energies. The ob-
vacuum. Generally, ion desorption is easier to observe thagaryed rate of chargings (the charging coefficientcan be

that for neutral species, since desorbed charged particles c@gnyerted into a charging cross sectiegy as follows:
be immediately mass analyzed. Figure 1 illustrates schemati-

cally an experimental system for ion desorption studies of A =dAV/(t)/dt|;_o=(Lluo/emr?)ocT, (6)

large organic/biomolecular targets. Note the load-lock sec-

tion for the introduction of sample slides and/or the degasingvhereL and e are the spacer layer thickness and dielectric
of organic molecules within an oven prior to their introduc- constant, respectively, angl, is the surface density of mo-
tion into the analysis chamber. In this instrumt@rein elec-  lecular targets} andr are the total current and radius of the
tron gun produces an electron beam of variable energy havacident electron beam, respectively. Analysis of errors, in-
ing a current of between 5 and 300 nA with an energycluding those associated with the preparation of the target
resolution of ~250 meV full width at half maximum film, suggest a total error af 50% on the absolute values of
(FWHM). The electron beam is incident on the cryogenicallythe measured cross sections. Combined with the mass spec-
cooled solid target. The electron energy scale is calibrated tsometric measurements of anion ESBz; cross sections
within =300 meV with respect to the vacuum le\ig),. by  can on occasion allow absolute cross sections for DEA to be
measuring the onset of the current transmitted through thebtained.

film. lons desorbed during electron impact enter an ion lens  Electron-induced changes in film chemistry can also be
(containing a set of retardation grijdshich precedes a quad- observed using surface-sensitive techniques such as high-
rupole mass spectrometer. So-called yield functionsare  resolution electron energy lo$8iREEL) spectroscop$ An
obtained by recording a particular ion signal as a function oHREELS spectrometer allows the energy losses of electrons
incident energyE. In another ESD instrument, the electron scattered near the surface of thin films and their dependence
gun is replaced by an electrostatic monochromator whiclon incident electron energy to be measured. In addition to the
produces an electron beam of 2 nA at a resolution of 8@ryogenically cooled substratésuch an instrument includes
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an electron monochromator and an energy analyzer, both of «

which employ hemispherical electrostatic deflectors to g 225 25+
achieve optimal resolutio~5 to 30 meV FWHM. Typi- o 1.0 "2 0. Gas v
cally, the monochromator produces a focused electron beam & g5} 2 2 U

that strikes the film surface at an anglg from the film 5 ook

normal. Electrons scattered in a narrow pencil about an angle &

0, relative to the surface normal are energy analyzed with © 5 / W
the second hemispherical deflector. Energy loss processes in- b 0, Solid

clude vibrational and electronic excitations of target atoms -
and molecules. Energy loss spectra are recorded by sweeping B

the potential of the monochromator or analyzer relative to c Oy /Kr
the grounded target. The energy dependence of the magni- -
tude of a given loss processe., the excitation functionis
obtained by sweeping the energy of both deflectors, with the
potential difference between them corresponding to the
probed energy.

X-ray photoelectron spectroscoflyallows quantitative
elemental analysis of thin films and provides information on
the chemical states of atoms in molecules. It uses the fact
that the kinetic energi(E of a photoelectron emitted from a
film under x-ray bombardmeniat hv=1254 eV) is related
to its binding energy in the atom from which it cantg; , by
the relationEg=hv—KE. The kinetic energy, measured
with an electrostatic hemispherical analyzer, thus identifies
the source atongand electronic transitiorof the photoelec- [ ) . . N
tron. Since the binding energies of inner shell electrons are 0 5 10 15 20
perturbed by chemical bonding, accurate measurements of Electron energy, eV
KE allow the chemical state of an atom to be determined
(e.g.,Eg of a C (1s) electron in CQ differs from thatofa C  FIG. 2. O yield functions for electron impact on gaseous @), 4 mono-

(1s) electron in CN. The relative intensities of elemental '2Yérs (ML) of O, (b), and 0.15 ML of Q condensed on 4 ML of the

. . . .indicated substratéc—g). The dashed lines and bars indicate the known
XPS signals relate directly to the elemental concentrations IlBositions of the @ resonances. The gain factor over each curve is relative
the sample. to curve(c), and the shifted baselines correspond to the zero anion intensity

Both HREELS and XPS can thus be used to determindevels. Figure based on the data of Ref. 19.
cross sections for the production of particular atomic and
molecular species within a film, following electron bombard- )
ment. Effective cross sections may then be obtained by meaProadening” of the lower energy structure and the appear-
suring how the amplitude of a signal associated with a par&nce of the 13 eV .structure are attributed to a rela>.<at|(.)n of
ticular product varies with the integrated electron current athe2 "~ <X " selection rule that occurs when the cylindrical
specific electron energies. symmetry of the molecular wave function is broken by adja-
cent molecules. The new structures thus correspond to DEA
via 3 ' states between 8 and 10 eV and at 13.5%V.

Also shown in Fig. 2c—g are the anion yield functions

Below 20 eV, the electron stimulated desorpti@SD) for sub-monolayer quantities of Qdeposited onto various
of anions from condensed systems is attributed to DEAmultilayer atomic and molecular solids. The data represent
which produces oscillatory structures in the anion yield func-part of a study’ on the environmental factors involved in the
tions, and to dipolar dissociatididD), which produces both DEA process. As can be seen, the yield of desorbed ions can
anionic and cationic fragments. Typically, DD produces as avary greatly with substrate composition. These variations
featureless signal which increases linearly with electron enwere largely attributed to so-calleextrinsic factorsthat
ergy from a threshold lying between 10 and 20 eV. Anionmodify the ESD process at times before attachment and after
desorption data is often dominated by the DEA process. Thdissociation, for example electron energy loss processes in
first observations of DEA in a solid were made from the ESDthe substrate and post-dissociation interacti@i3l) of ions
of O~ from multilayer G films.3! Subsequently, the Onol-  with the surrounding medium. Such processes can be con-
ecule has served as a model target for studying factors afrasted withintrinsic factors which modify the properties of
fecting the physics of DEA in condensed phase sysfems. the resonancée.qg., lifetime, energy, decay channels gen-

The yield of O from electron impact on gas-phase anderal, the O yields per Q molecule are higher for Odepos-
multilayer condensed s shown in Fig. 2a and 2b, respec- ited on the rare-gas solids Kr and XEig. 2c and 2d,—see
tively. In the gas phase, the Gsignal is dominated by DEA Ref. 34 for a detailed comparison of Odesorption from
via the?Il,, state of Q at~6.7 eV(Ref. 32. In contrast, the rare-gas solidsthan on molecular solids, where extrinsic ef-
anion yield function from multilayer @shows, in addition to  fects such as electron energy loss processes and PDI are
DD above~15 eV, a much broader resonance feature bemore likely. The weakest Osignal was observed from;O
tween 5 and 10 eV, and a further structure at 13 eV. Both then H,O (Fig. 2g), which, like the other substrate films, was

d Op/Xe

Oyield, 200 cps/div

g 0,/H0

b i

4. ELECTRON-INDUCED DISSOCIATION
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FIG. 4. Variation of maximum oé 1 with Kr film thickness for low-energy
electrons incident on 0.1 ML of C}I deposited on the surface of Kr films.
—t B The solid line drawn from the data represents the results of an R-matrix
12 34 56 7 8 910 calculation to describe electron—QEl/Kr scattering. Variation in energy
Electron energy, eV E max Of the maximum ino¢1 with Kr film thickness. The dashed line is a

parametric fit tdE 5 USing the image-charge model of Ref. 43 Experimental
FIG. 3. Charging cross section and anion yields induced by 0-10 eV elecdata taken from Ref. 39.
tron impact on CHCI. (a) Absolute surface charging cross section for 0.1
ML methyl chloride condensed on a 15 ML Kr filnib) H™ and CI" de-

sorption yields from Ref. 41(c) Total anion yield from gaseous methyl 41 . .
chloride from Ref. 42. Figure taken from Ref. 40. film.”* No ESD signal was detected below 5 eV. Cu(dgin

Fig. 3 is the total anion yield from the gas phase as measured
by Pearl and Burrof? and was obtained by subtracting a
condensed at a temperature of 20 K. The figure shows thdtackground signal at 0 eV arising from GCIThe 0.8 eV
while the DD signal is reduced by approximately a factor ofpeak in this curve represents a cross section of£.@)
100 relative to @ on Kr, the O ESD signal over the energy X 10 2! cn? for anion production, much smaller than the
range associated with DEA is almost entirely absent. Initiallyvalue (13-2)x 10 8 cn? for the 0.5 eV peak in Fig. 3a.
this dramatic effect(termed quenching was attributed to Moreover, the origin of this gas-phase structure has been
some interaction of the transient, Gstates with the dipole questioned, as the variation of its magnitude with increasing
moment of the adjacent water molecules. However, latetemperature is consistent with the DEA of HEI.
work®>3®has shown that amorphous water films formed at 20 ~ The variation with Kr film thickness of the amplitude
K can be highly porous. When Qs deposited onto porous (full square$ and energy at maximurfopen squargsof the
ice at 20 K(close to the sublimation temperature of oxygen lowest energy charge-trapping cross section feature is shown
it diffuses rapidly over the film's extended surface, so thatin Fig. 4. It is apparent that both these quantities are strongly
the effective density of ©at the film—vacuum interface is dependent on Kr film thickness. The thickness dependence of
lowered considerably from that obtained when the samé¢he feature’s energy is reminiscent of that observed by
quantity is deposited onto a nonporous film. Oxygen ionsMichaud and Sancl&in the energy of thé"Hg resonance of
formed inside the film have a much lower probability of N, on Ar, which was successfully described in terms of the
desorption than those generated at the flm—vacuum interfagmlarizability of the Ar film and the image charge induced in
since they are more likely to scatter and lose kinetic en&rgy. the metal substrate. The lower dashed curve fit to the data
Thus the signal of desorbed ions derives primarily from DEAuses the same type of function used by Michaud and Sanche
to O, adsorbed at the film—vacuum interface, and since théo describe the thickness-dependent changes in polarization
number of these latter has been reduced, the desorption signergyV, (Ref. 43.
nal drops accordingly. Nevertheless, comparisons oidhs The structure near 0.5 eV in Fig. 3a has been
from O, on porous water and benzene fiffhslemonstrate interpreted®*° as being due to the formation of CTlanions
that diffusion effects alone are insufficient to explain the starvia DEA to the ?A; state of CHCI~ and the subsequent
tling diminution of signal evidence in Fig. 2g which must dissociation of CI and CH along the strongly antibonding
therefore derive from a combination of other factors. C—CI™ o* orbital. Since no ESD signal is observed in Fig.
The incident-electron energy dependence of the surfacg8b and 3c below 5 eV, the charge-trapping cross section rep-
charging cross sectiosict for 0.1 ML of CH;Cl condensed resents an absolute DEA cross section at these low energies.
onto a 15-ML Kr filn?®4° is shown in Fig. 3a. The two The value reported for C4€I on a 5-ML thick Kr film (Fig.
curves(b) and(c) show the H and CI" ESD yield functions 4) thus represents an enhancement over the gas-phase
for a similar quantity of CHCI deposited onto a 7-ML Kr experimentdf and theoretical valué$ of between 4 and 6
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FIG. 5. (a) Effect of polarization energy/, on the potential energy curves of transient {CHstate, (b) vibration excitation function andc) DEA yield
function. See text for details.

orders of magnitude, respectively. This remarkable enhancewvidenced by changes in the DEA yield of Cions from
ment has been attributed to image-charge-induced polarizgms-phase chloroalkane molecufes.

tion energy which lowers the potential energy curve of the A more quantitative understanding of the effecMfon

intermediate transient anidn. Similarly, when charging electron attachment to Gi&l adsorbed on KfRefs. 39 and
m.eiszrimtents W; r? perfor;neq f%rl 5?: T(oleculesﬁ;apd- 40) and within its bulk® has been attempted using a modified
wiched between Kr fayers of vanable Tickness, WHEESS - v ersion of the R-matrix scattering motftlised with success

larger, a further increase of approximately a factor 10 in thetO describe low-energy electron—GEl scattering in the gas

DEA cross section was reportéd. hase” Essentially th el dified 1o include th
The process can be qualitatively understood by referencBN@s€- Essentially the model was modified 1o inciude the

to Fig. 5, which shows idealized potential enefff curves effects ofV, at short electron—molecule distances. The solid

for ground-state CKCl and the?A, state of CHCI~ along  line in Fig. 4 represents the results of the R-matrix calcula-
the G—Cl coordinate. In the gas phase, th®, anion state tion. However, to obtain this result it was also necessary to
(the dash-dotted curve in Fig. Bles at a resonance energy model in semi-empirical fashion the electron’s interaction
Er=3.45 eV above the neutral ground state in the Franckwith the metal substrate. The discontinuity represented by
Condon region, represented in the figure by the extent othe film’'s surface complicates considerably this type of cal-
Gaussian-like nuclear wave function. The lifetime is consid-culation, which is more straightforward for GBI embedded
ered too short to allow dissociation of the molec(itee extra  within bulk Kr. In this casé?® good agreement between
electron autodetaches at separatioRg, the crossing point  theory and experiment is possible by adjustiig alone.
of the anion and neutral curvebut is sufficient to initiate  However, it must be noted that the values\f required to
vibrational excitation(panel b f:entered_aER. Upon con- i the data for CHCI condensed on and within Kr are ap-
dgns?rtllolr;,Ethe |solfate(t:ihan|on|s Cllmle |?hlovliered\?yﬂzo proximately 50% larger than those measured elsewhere for
give the PE curve for the molecule on the Kr surfa¢te g 43¢ b oo atter values are used, the calculated cross
dashed curve in pane).ar'he energy of vibrational excitation . ; .

. , sections are about one order of magnitude too small. This
also shifts byv,,, to a new resonance energy;,. Now the ) o . e .

disparity is not the case when comparing similar charging

new crossing poinR. of the anion and neutral curves is ¢ | ¢ ith . lculatiod®
much closer to the Franck—Condon region, thus reducing thg""t"’l or CRCI (Ref. 4§ with an R-matrix calculatiof.

time (and distancerequired to dissociate. Some anions thusComparison of the CkCl and CRCl data and gglcu.latmﬁ%
survive autodetachment to achieve dissociation, but since ti9gest that the G4~ PE curve may be modified in the Kr
process will still favor anions formed at internuclear separa€nvironment due to a change of symmetry and/or screening
tions close tR., the maximum in the DEA yield and charge Of the CH; and CI" interaction by the Kr medium at inter-
trapping cross section appear Bf,<Ej (panel ¢. The  mediate internuclear separations. Alternatively, Aflatooni and

DEA yield is further enhanced by an increase in anion life-Burrow*® have suggested that the effective polarization en-
time that accompanies any decrease in resonance energy &gy seen by CECI on Kr could indeed be larger than that
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S function of the incident electron energy. The dashed line is the intrinsic
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B T e . -
I minimum rate of CO production due to the measurement at an incident
electron energy of 14 e\Ref. 50.

tional progression in the lowest electronic statél of con-
densed CO, shown as recorded for a 10 ML film of pure

. ' . condensgd QO in Fig. 6b. .

55 6.0 6.5 70 75 In their first paper® Lepage, Michaud, and Sanche dem-
onstrated that the appearance of the CO electronic state de-
rives exclusively from the electron-induced fragmentation of
FIG. 6. Electron-energy-loss spectra with 14-eV electrons incidentapma: condensed methanol molecules. Assuming a uniform elec-
5-layer film of methanol_condensed on an Ar spacer after exposure to smalkon current density within the electron beam, it can also be
(lower curve and largehigher curvé electron doses, anth) a 10-layer film shown that for induced CO concentrations below 2% the

of CO condensed on a platinum substrate. AH excited state of CO is . . ]
characterized by a vibrational progression having a spacing of about 0.21 e@ffective cross section for CO productian,, can be calcu-

Electron energy, eV

(Ref. 50. lated via the formula
__NcoSo
o= , )
Nol ot
measured for ) on Kr due to the larger static dipole mo- wherel is the incident electron beam current a8glis its
ment of this molecule. area;ny andngg are, respectively, the initial number density
) ) of target molecules and the number density of CO molecules
High-resolution electron energy loss measurements at timet
In two recent papers Lepage, Michaud, and Satfcte Figure 7 exhipits the incident electron energy depen-

have demonstrated the use of HREELS to measuséuthe  dence of ther, and CO production rate as a function of the
neutral dissociation products arising from the impact of low-incident electron energy. The horizontal dashed line repre-
energy electrons on thin physisorbed multilayer films. Thesents the intrinsic minimum rate of CO production due to the
technique is similar to that developed earlier by Martelmeasurement of the energy loss spectra at 14 eV.

et al,>” since a single electron beam is used for both the  The CO production rate was found to increase linearly
production and detection of the neutral fragments. Howevelith the quantity of deposited methanol, indicating that the
in the experiments of Lepag al, the neutrals are detected CO is generated by the interaction of an electron at a single
via their electronic excitations, rather than by the spectrosmolecular site, rather than through reactions of fragment spe-
copy of their vibrational levels. This is particularly advanta- cies with surrounding(intach molecules. Processes that
geous in the study of hydrocarbon targets, which often haveould produce CO thus include the followingalculated
many strong vibrational losses that can obscure those of théermodynamic thresholds for each process are given in pa-
products. Figure 6a shows HREEL spectra of multilayerrentheses

methanol (CHOH) for energy losses in the range 5.5to 7.5 _ _

eV. The incident electron energy was 14 eV. The lower curveCH30HJre —CH;OH" +2e

in Fig. 6a was taken after 5 mins of electron bombardment of —H'+CO+H,+H+2e, (18.87 eV (8a
the CH,OH film. Weak structure is visible in the spectrum at . B
energies below 6.7 eV. The upper curve was recorded after —Hz +CO+Hy+2e”, (16.22 eVf (8b)

20 min of exposure to the 14 eV electron beam and shows
the evolution of the weak structures into a series of sharp
peaks. These peaks correspond almost exactly to the vibra- CH;OH* —CO+4H, (9.77 eV (8d)

CH30H+ ei—>CH3OH7—>CH30H* +e7, (SC)
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FIG. 8. Electron scattering cross sectiop and rate for the production of
CO within a four-layer film of acetone condensed on an Ar spacer as a
function of the incident electron energy. The dashed line is the intrinsic
minimum rate of CO production due to the measurement at an incident
electron energy of 14 eV. The solid line is a guide to the ®ye.

Electron energy , eV

FIG. 9. Comparisons of H- ESD yields produced by impact of 0 to 40-eV
electrons on 6-ML-thick films of the DNA backbone sugarlike analog tet-
rahydrofuran(l), 3-hydroxytetrahydrofuragl), anda-tetrahydrofurfuryl al-

—CO+H,+2H, (5.30 eV (8¢ cohol (111). The smooth solid lines serve as guides to the%ye.
—CO+2H,, (0.80 eV (8f)
CH3OH+e” —CH,OH™—H™+CO+3H, (8.97 (g\g;)) Dissociation of biomolecular targets

_ Considerable effort has been directed to understanding

—H +COTH,+H. (450 eV (8h) the genotoxic effects of low-energy electrons in DNA. For
lonization processe&a) and (8b) are not expected to con- example, recent experimefitshave shown that electrons
tribute to the CO yield at incident electron energies belowwith energies<5 eV are capable of inducing both single and
~19 eV, while excitation of neutral repulsive states shoulddouble strand breaks in super-coiled plasmid DNA. Accu-
produce a CO yield that increases linearly from thresholdately identifying the mechanisms responsible for this dam-
with E. Consequently, the shape of the CO yield function,age requires complementary measurements on simpler mo-
visible in Fig. 7, was attributed to the formation of multiple lecular targets. The DNA molecule can be considered a
transient anions at these low incident energies. In addition tanolecular assembly consisting of two helical sugar-
DEA via long-lived resonanceg3g) and(8h), molecular dis- phosphate backbones, linked together by hydrogen-bonded
sociation is possible via shorter-lived states that decay tbase pair§adenine A and thymine T, cytosine Cy and gua-
neutral repulsive states of GAH. By comparison with the nine G and covered by water molecules. Consequently, un-
H~ ESD yield functiond® and vibrational excitation derstanding can be gained by electron-impact experiments
functions” for condensed CyDH, Lepage and coauthors with these individual subunits. Of these, condensed water
ascribed the shoulder at 11.5 eV and broad maximum cerhas received the widest attention and our work in this area
tered at 14.5 eV in Fig. 7 to the..(6a’)'(3sa’)?, 2A, can be found in Ref. 56 together with references to earlier
...(1a")*(38sa’)?, ?A”, and ...(®')Y(3sa’)? 2A’ core- work. Here we briefly describe recent studies of electron
excited electron resonances, which decay into their parerimpact on condensed dioxyribose anafolf and DNA
repulsive states. The rising signal above 19 eV was attributedases®
to direct ionization of CHOH. Figure 9 shows the H ESD yield functions from

The same experimental techniques were applied to meanultilayer tetrahydrofurail), 3-hydroxytetrahydrofurail)
sure effective cross sections for the electron-induced produ@nd «-tetrahydrofurfuryl alcohol(lll), together with the
tion of CO from condensed acetorfethe results are shown chemical identities of these three compounds. These latter
in Fig. 8. The energy dependence of the cross section hasveere selected for study because of structural similarities with
threshold at 8 eV and a strong rise to 14 eV, a broad maxithe sugarlike elements of the DNA backbone. For each com-
mum of o,~6.8x10 " cn? at 16 eV, followed by a pound, only H was found to desorb under electron
gradual and monotonic decrease t#x10 ' cn? at an  impact®”°® Similarly, the H yield functions for each mol-
energy of 25 eV. Again these measurements indicate that C&cule show a broad peak at 10 eV, which arises from selec-
is generated by the fragmentation of single molecules byive dissociation of the €-H bonds and is typical of DEA to
transient anion formation and decay via DEA and/or parenhydrocarbon molecules. A second lower-energy resonance
neutral repulsive states of acetone. Definitive statements amear 7.3 eV in ll(just visible in the figurg correlated well
the anionic neutral states involved in this process await furwith a Feshbach resonance observed in solid metAHol
ther experimental measurements. and so was attributed to the DEA to the OH substituent.
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FIG. 11. Electron energy dependence of the idn yield desorbed from
adenineg(@) and thymine(b), for different film thicknesses or exposure. The
rrow indicates the shoulder observed at 1415 eV incident electron energy.
he yield functions of adening) and thymine(d) are obtained by subtract-

ing a linear background frorta) and (b), respectively?®

FIG. 10. Masses of stable anions desorbing from 8-monol@yién thick
films of adening(a), thymine (b), guanine(c), and cytosingd) bombarded
by a 500 nA beam current of 20 eV electrons. The chemical structure of eac$
molecule is also giver?

However, no similar Feshbach resonance was observed in tlmeation at 8—9 eV and at 14—15 eV in thymine and adenine
H™ ESD yield from IlI. can be attributed to electron capture by the positive electron
Also apparent in the yield functions of Fig. 9 are broadaffinity of excited states involving excitation of the lone pair
structures near 23 eV. Measurements of thedignal at this n—#*, 77— a* and/oroc— o*. Formation of H at these
energy as a function of coverage of I, Il, and Il on Ar spacerenergies is likely to occur via dissociation of a core-excited
films®® show that the 23 eV structure can not be attributed taesonance. Furthermore, comparison with gas-phase
multiple scattering by incident electrons, but rather to theexperiment®’ indicates that H production near 10 eV arises
formation of a resonance lying above the DD threshold. Thisrom C—H bond cleavage. As with tetrahydrofuran and its
latter thus decays into an electronic staie statesthat dis-  derivatives:*8the features at 20 eV are ascribed to the for-
sociates into H and the corresponding positive ion radical. mation of a transient anion and its decay into a dissociative
Electron impact experiments have also been performedeutral state.
on condensed DNA bas¥sand Fig. 10 presents the ESD As is seen in Fig. 10, an incident electron currents of 500
signal of stable anions desorbed fren8 ML thick films of  nA, weak desorbed signals of heavier anion fragments are
adenine, thymine, guanine, and cytosine by a 500 nA bearabservable. Anion yield functions for each fragment were
of 20 eV electrons. Also shown are the chemical identities ofneasured, and, as an example of such data, the various CN
these four molecules. The figure demonstrates that in addiseld functions obtained for the four DNA bases are shown
tion to H™ (which is by far the strongest anion sighalec- in Fig. 12. Once more the curves display large irregular
tron bombardment produces CNO™, and OH (except for  variations which at energies belowl5 eV can be attributed
adenine, which does not contain,@&nd CH , and OCN  to molecular fragmentation via DEA.
(only in the case of thymine Figure 11 presents Hyield Sharp resonance features in the Theld functions at
functions for varying quantities of condensed aderf@end 9-10 eV (depending on the molecylare degenerate with
thymine (b) obtained usig a 6 nAelectron beam. Curves) similar structures in the appropriate GHOCN~, O™, and
and (d) were obtained by subtracting a background that in-OH™ yield functions, suggesting that they arise from the
creases linearly with energy above a threshold at 10 eMormation of the same excited isocyanic anion intermediate
Readily apparent in both yield functions are two structures a(OCNH)* ~, via close-lying but distinct resonances; i.e.,
10 and 20 eV. These are more clearly seen once the back&™, Cy, or T )—R+(OCNH)* ", where (OCNHJ ~
ground has been subtracted, as is a weak shoulder at 15 erther undergoes fragmentation into different possible dis-
The anion yield functions can be effectively fit using threesociative channels: CN+(O+H), OH +CN or O
Gaussian functions of widths 3-5 eV at energies close to 10+ (CNH). Alternatively, the coincidence of the peak at 9.0
15, and 20 eV. and 10 eV in the yield function of CN OH™, and O ions
According toab initio calculationS? transient anion for-  from Cy or G and T, respectively, may indicate that they are
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to associative electron attachment reactions of DEAfag-
ments with matrix D molecules, i.e., O+D,—D,0*~
—D,0+e" (Ref. 71). Measurements of electron stimulated
O3 production in condensed,Gilms were attributed to post-
dissociation reactions of neutral €, or 'D) with adjacent
molecules’? The threshold energy for this process, being
near 3.5 eV, allowed DEA to be identified as the source of
O(®P) at low incident electron energies. Similarly, Azria and
co-workerg® in their measurements of Fand CI” desorp-
tion from condensed GEIl, have observed the appearance
of new features in the Clyield function at long bombard-
ment times. These changes were attributed to the synthesis of
Cl, in the condensed phase by an as yet unidentified reaction
pathway having DEA to CJCl, as its initial step. More re-
cently, Tegeder and lllenburgémhave shown by comparison
of anion ESD data and infrared absorption—reflection spec-
troscopy that DEA is the initial step in the production of
N,F, molecules within Nk films under bombardment with O
to 5 eV electrons.

In our initial studies of anion desorption from solid
O,/hydrocarbon mixture®’ several observations were made

Electron energy, eV concerning the desorbed signal of OH1) The OH yield
functions resembled more closely the yield functions 6f O
with E,=1.5 eV from pure @ films than the H signal as-
sociated with DEA to the hydrocarbon molecul@) The
OH™ signal from an @ film increases linearly with alkane
. . ) ) _ surface coverage below 1 ML, arf@) the threshold in en-
!nduced via a single predissociative resonance, as su_ggestgfby for OH™ desorption coincided with that for Odesorp-
in the case of gas-phase b_romourﬁ&Buch a mechanism i, \yhich is at least 2 eV below the onset of ldesorption.
would then involve a crossing or saddle point in the multi- £ hase reasons, and the fact that © the only charged
dimensional potential energy surface of the electronically ex'product observed in the gas-phase collisions ofwith O,
cited state of cytosine, guanine, or thymine anions, along thﬂqef_ 75, the OH™ desorption signal was attributed to hy-
OCN -(radica), O -(radica), and CN -(radica) coordi- drogen abstraction reactions of the type

nates. However, irrespective of the detailed dissociation

mechanisms, the desorption of these heavier anions demon- O~ + C,H,,— C,H,0* " —OH +C Hy_1.

strates that, apart from exocyclic rupture of-E1 bonds,
low-energy electrons can initiate complex multibond ring
dissociation.

FIG. 12. Incident electron energy dependence of Gbh yields desorbed
under 500 nA electron bombardment of 8-ML-thick films of adeniag
thymine (b), guanine(c), and cytosingd).>®

The existence of such a,8,,0* ~ intermediate anion
collision complex had previously been suggested by Comer
and SchulZ® who measured the energies of electrons emit-
ted during gas-phase collisions of Qwith C,H,. Further
evidence for complex anion formation and reactive scattering
in the gas phase can be seen in the studies of Paraad

Reactive scattering by DEA fragment ions in condensed.indinger.®
media was first noted in the form of OH electron- More-recent measuremefitseproduced in Fig. 13 show
stimulated desorption yields fromy@mbedded in multilayer an enhanced H signal atlow E from the G /C,H;o mixed
alkane film&® and subsequently for aniline physisorbed onfilms, which varies greatly with film composition. Two
top of O, solids® The O™ anion produced following DEAto trends can be observed in Fig. 13a with increasipgcén-
N,O has also been observed to react with othe©Nnol-  centration. First, there is a decrease in the yield ofat 10
ecules within an Ar/NO matrix, to generate a desorbed yield eV, the peak energy of Hproduction via direct DEA to the
of NO~ and NG, , among other products. Part of the H alkane molecule. Second, there is the appearance and devel-
ESD vyield observed from multilayer films of J at incident opment of a second HESD structure at lower energies,
electron energies below 10 eV has also been attributed tsuch that at an ©concentration of 20% a substantial fraction
proton abstraction by DEA H fragments, viz., H+H,O  of the H yield occursat incident electron energies signifi-
—{H3;0}* "—H,+OH  (Ref. 68, and has thus been asso- cantly below those required for DEA ©,H,,. In Fig. 13b
ciated with part of the unscavengeablg eld formed in  the H™ yield function from an-butane film containing 10%
water radiolysi€® Another (post-DEA ion—molecule reac- O, by volume(curve 1) is resolved into two separate com-
tion directly observed in the condensed phase for ion kinetiponents. One, located at 10 eV, is assumed identical in form
energies well below 5 eV is isotope exchange measured ito that of H desorption from pure ;5. The other(bold
180,/C*%0  mixed  solids? ie., O +C*0  curve?) is obtained from curvd when the H signal from a
—{Ct®!%0}* - -0~ +C®0. Formation of DO in  pure film normalized to curvd at 10 eV (dotted ling is
synchrotron-irradiated films of )JO has also been attributed removed. This procedure yields a second quasi-Gaussian-

5. REACTIONS INITIATED FOLLOWING DISSOCIATION

Reactive scattering
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FIG. 13.(a) The H yield function from 4-ML-thick films of a @/C4Hyo FIG. 14. Experimental cross sections for the electron induced oxidation of
mixture of increasing percentage volume concentration of @) The H- the a-H:Sf111) surface as a function of incident electron energy as obtained
signal from a 4-ML-thick mixture of 10% ©in C,4H,, can be resolved into i Refs. 80 and 81. The solid line is drawn to guide the eye.

two components: one centered at 10 eV, associated witlpidduction via

DEA to the alkane(dotted ling and another at 7.8 eV, associated with

reactive scattering of Osi;ons(bold ling). Also shown is the yield of OH

fons from the same firf over an ared of the samplel () is the(saturategisignal at

high doses, and ¢, is the cross section for the chemisorp-

shaped structure centered at 7.8 eV, close to the energy §Pn reaction. - _ _ _
maximum production of O via DEA and with a threshold at The effective cross section for electron-induced chemi-
5.5 eV, identical to that observed for Otproduction. From ~ SOTPtion of oxygen from a 4O bilayer onto a hydrogen-
these observations, the increase in production at incident Passivated $111) surface is shown in Fig. 14 as a function

electron energies below the threshold for DEA tgHg, was ~ ©f incident electron e.nerg%9:81 The data were obtained by
attributed to reactive scattering of “Oion and atom- monitoring the evolution of chemisorbed G In the XPS

exchange reactions of the type spectra and a subsequent fitting tq E9). The low yalue of
- - B the energy threshold for the chemisorption prodgss, 5.2
O™ +C4H19—C4H100* " —H™ + C4H,O, eV) has been interpreted as being due to the formation of OH

involving the same or similar transient anions as those revi@ the DEA process

sponsible for OH production. Evidence for additional chan- H,O[X]—e «—H,0 [%B;,A;]—=H [2S,]+OH[?II]
nels in the decay of such,8,,0* ~ anions was apparent in ) ) ) )

the anion yield functions of CHand CH; from thin films of ~ @nd its subsequent reaction with the surface, viz,,
C;H,/0, mixtures® as a sub-direct DEA threshold compo-  gj, — Si— H+ OH— Sig— Si— OH+ H.

nent to the anion signals. . ) ) )
The chemisorption process has its maximum cross sec-

tion at ~11 eV, in contrast with the cross sections for the
radiolysis of bulk ice. This difference was understood as be-
X-ray photoelectron spectroscopy has been used to anéig dependent on the selective quenching of dissociative
lyze modifications induced by 2 to 20 eV electrons incidentelectronic states of water due to the resonant charge ex-
on a hydrogen-passivated and sputteréd3) surface, onto change between the substrate and adsorbate and the absence
which thin films of H,O (Refs. 80 and 8land(Ref. 83 CF,  of multiple inelastic scattering in the J@ bilayer on
had beerphysisorbedIn both cases, following the electron- Si(111).2%8*
induced dissociation of the molecular adsorbate a new XPS A similar XPS study has been performed fed ML of
signal associated with thenemisorptionof either O or F CF, deposited onto the same hydrogen-passivated Si
onto the Si surface was observed. Cross sections for thisubstraté? the results of which are shown in Fig. 15. Com-
process can be obtained from the relation, parli;g)ns with gas-phase resfiftand with g?i%surements of
ESD™ and the charge-trapping cross se his latter is
H(@)=1()[1~exp(—ocy®/A)]. O included in Fig. 15 clearly demonstrate that for this mol-
Here, | (®) represents the energy-integrated intensity of theecule the chemisorption of Fcontaining species is depen-
XPS chemisorption feature following a dose ®dfelectrons dent on the DEA reactions

Electron-induced reactions of adsorbates and substrates
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tions in space and so to investigate radiation-induced chem-
istry occurring at the surfaces of various heavenly boffles.

In the future, electron-impact measurements will be ex-
tended to solid targets of progressively greater molecular
complexity(i.e., large polymeric materials such as protgins
or compositional complexityi.e., solids containing more
than one or two chemical component§&reater emphasis
will also likely be placed on following the reactive steps
succeeding electron-induced dissociation, using techniques
such as HREELS, and thus tracing the relationship between
the initial products of electron impacor irradiation, etc),

and those observed at long times.
6 8 10 12 14 We gratefully acknowledge the cooperation and contri-
Electron energy , eV butions of many colleagues in Sherbrooke and elsewhere,
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FIG. 15. Experimental cross section for the electron-induced reaction of the . .
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Electron-stimulated desorption ion angular distributi@SDIAD) and temperature-programmed
desorption(TPD) techniques have been employed to study radiation-induced decomposition
of fractional monolayer Sffilms physisorbed on R0002) at 25 K. Our focus is on the origin of
F* and F ions, which dominate ESD from fractional monolayers.iBns escape only in off-
normal directions and originate from undissociated molecules. The originé s

are more complicated. The'Fons from electron-stimulated desorption of molecularly adsorbed
SF; desorb in off-normal directions, in symmetric ESDIAD patterns. Electron beam
exposure leads to formation of SEx=0-5) fragments, which become the source of positive
ions in normal and off-normal directions. Electron exposu®0t® cm™2 results in
decomposition of the entire adsorbed;3&yer. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1542442

1. INTRODUCTION tion sites and some degree of ordering of the molecule are
highly probable.

As part of a program to study radiation-induced pro- ESD of adsorbed molecules implies desorption of neu-
cesses in adsorbed fluorine and chlorine-containingral fragmentgatoms and moleculg¢ss well as both positive
molecules;™* we are examining electron stimulated desorp-and negative ions. Electron-stimulated desorption ion angu-
tion (ESD) of SF; adsorbed on a single crystal metal surface.lar distribution(ESDIAD) is a very useful technique for de-
This program of study has several components, including: 1termining the bonding structure of molecules adsorbed on
the study of the structure and reactivity of $Fn a clean single-crystal surfaces,since the trajectory of the desorbing
Ru(0001) surface; 2 the influence of coadsorbed atoms andparticle is determined mainly by the orientation of the bond
molecules in ESD of SF(including a search for enhance- that is broken. ESDIAD also has a great utility for providing
ment of the F ESD signal™):; 3) electron beam damage insights into the structure and dynamics of decomposition of
processes in the adsorbed layer. The present paper focusesasisorbed molecules under electron bombardrifedistinct
the last: the effects of electron bombardment on the structurglectron-induced changes in the ESDIAD patterns and inten-
and bonding of SE, as revealed by changes if fand F sities of specific ions can be monitored and analyzed. In this
ESD vyields and angular distributions. paper we concentrate on boti and F ions produced by

Sulfur hexafluoride SFis a highly symmetric, inor- ESD of a fractional S layer (0.25 ML) adsorbed on a
ganic, chemically inert, man-made molecule. The sulfurRu(0001 substrate(because of the high electron affinity of
atom resides at the center of a regular octahedron, whodbe F atom, we expect a strong iignal in ESD.
corners are occupied by the six fluorine atomsg 8Bs a In the gas phase, the low-energy dissociative electron
positive electron affinity, whose presently accepted value i§tachmentDEA) resonance that leads to Formation is
~1.06+0.06 eV® Based upon studies of low-energy elec- dué to the reaction
tron interactions with gaseous §Ft is known that gaseous
SF; attaches thermal and near-thermal electrons, with a very e (2.7 eV)+Sk—F +SF;.
large cross section, to becomeSFThis ability to capture

thermal electrons makes §popular for technical applica- The thermodynamic threshold is 0.65 &\ the condensed
tions as an electron scavenger in high-voltage electricghhase, the F signal is dominated by two resonant features,
devices! SF; is also used as a dry-etching gas in plasmayith maxima at 5.8 eV and-11 eV. A very weak signal is
processin@] and is known to be a greenhouse gas. also detected between 1 and 3 &Ref. 7).

Previous experiments with §Fadsorbed on R0001) In the gas phase, electron-induced dissociation of SF
(Ref. 9 and Ni111) (Ref. 10 indicate that Sk is phys- leading to the formation of positive ions becomes significant
isorbed on the metal surface. Based upon the structureof SRbove~16 eV, producing SF (x=1,3,4,5) and F (Ref. 6.
and of RY0001Y), it was argued that the molecule should be Measurements of electron impact dissociative ionization of
oriented so that one set of three F atoms is in contact with thgaseous SF give the threshold energy for ‘Fformation
substrate and the other set of three F atoms lies in a plar®mewhere in the range of 3050 ¥\}*very different from
parallel to the surface facing the vacuum. Since the threefol&~. The comparison of ESDIAD images for*Fand F
symmetry of Sk coincides to such a large degree with the should provide insights into the mechanisms of ion forma-
symmetry of the(0001) plane of hcp Ru, preferred adsorp- tion.

1063-777X/2003/29(3)/8/$24.00 215 © 2003 American Institute of Physics
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In order to understand better the behavior of adsorbetton beam,~1 mn? in area. Typically, the energy of the
SF; on RU000Y under electron irradiation, we utilize sev- incident electrons is 200 eV and the sample is helé 20 V.
eral surface-sensitive techniques, mainly temperature- The ESDIAD detector allows us to perform angle-
programmed desorptiofTPD) and ESDIAD. The major resolved ESD studies of both negative and positive ions.
findings of this work include establishing the dissociationTime-of-flight (TOF) mass separation of desorbing species is
dynamics of fractional monolayers of $Fadsorbed on accomplished by pulsing the primary electron beam and gat-
Ru(0001), insights into the origins of F and F ions, and ing a retarding grid with a repetition rate of 10 kHz and
the difference in sensitivity to electron exposure of fractionalduration of 200 ns. Unless otherwise specified, angular dis-
monolayer and multilayer coverages of¢SRVe find that the tributions of desorbing F have been measured for incident
F~ ions originate primarily from undissociated Sfolecu-  electron kinetic energies of 350 ef250 eV electron gun
lar adsorbates, while the"Fons have a high yield from both energy and sample bias 6f100 e\). Measurements for F
molecular Sk and adsorbed dissociation fragments. ions were made for incident electron energies of 257350
Section 2 outlines the experimental procedures, Sec. 8V electron gun energy and sample bias—df00 eV). The
focuses on the results obtained, and Sec. 4 provides a discusample bias is applied in order to accelerate escaping ions
sion of the results presented and offers possible explanationand achieve a wider collection angle. The total electron beam
exposure used to obtain the ESDIAD images is
~10"-10cm 2. The details of the experimental tech-
2. EXPERIMENTAL PROCEDURES nique have been reported elsewh&re’
) ] ) ) All ESDIAD measurements reported in this paper are
Experiments have been carried out in an ultrahighnagde with the sample cooled te25 K. Thermally induced
vacuum(UHV) chamber equipped with apparatus for Auger changes in ESDIAD patterns were “frozen” after annealing
electron spectroscopAES), low-energy electron diffraction by cooling to~25 K before measurements were made.
(LEED) and temperature-programmed desorptioFPD). For experiments involving TPD associated with electron
The chamber houses two detectors for ESD experiments: geam damage of the adsorbed layer, the sample is held at
quadrupole mass spectrometéMS) and an electron- 0 v potential and 90-eV electrons from the QMS filament
stimulated desorption ion angular distribution detector. Then ~1.5uA, E~70 eV) bombard the sample. The QMS fila-
chamber is ion pumped, reaching a base pressure-®f ment provides a defocused electron beam that allows for ir-
X 10" torr after system bakeout. radiation of the whole sample, in contrast to the electron gun
The substrate is a R000Y) single crystal mounted on & yith a focused electron beam that irradiate$ mn?. of the
copper sample holder connected to a manipulator and agyyget sample.
tached to a closed-cycle helium refrigerator, which cools the Tpp measuremeritsndicate that the SFmolecules are
sample t0~25 K. The sample can be heated to 1600 K byprimarily physisorbed on the Ru substrate. We estimate a
electron bombardment of its back side. Substrate temperatug@nstant sticking probability~1) for SF; at 25 K° Based on
is measured by a Chromel-Alumel thermocouple attacheghe packing density of the basal plane of ruthenium (1.58
directly to the sample. The crystal surface is cleaned by sputx 1015 atoms/crf) and the molecular size of $Fwe iden-

tering using 1 keV AT ions, heating in oxygen, followed by tify the saturation coverage of S the first adsorbed layer
annealing in vacuum. The procedure ensures effective cleaz —0 33 ML (5.3x 104 molecules/crf).

ing of the surface, which demonstrates a distingtllLEED

pattern. The absence of contaminants is monitored by AES

and work function measurements. 3. RESULTS
High-purity (99.95% sulfur hexafluoride (S§ Mathe- 31 ESD

son is deposited onto the clean surface at 25 K via a direc=" mass spectra

tional capillary array gas doser. Gas purity is checked by Figure 1 shows typical ESD mass spectra measured for

QMS (residual-gas analysis modas it is introduced into the positive ions at fractional monolay€éFig. 18 and multilayer

chamber. Coverages are determined by temperaturéFig. 1b coverages of SFon RU000)). Data are obtained

programmed desorption measurements. For TPD studies, thusing the QMS(ESD modg with incident electron energies

Ru sample is heated by radiation from a hot W filamentof 200 eV and a sample bias &f20 V. Figure 1c shows the

approximately~1 mm from its back side. A negative bias is gas phase spectrum for comparison.

applied to the sample to prevent electron bombardment from In the fractional monolayer regime, the condensed-phase

either the heating filament or QMS filament, as the temperaspectrum(Fig. 13 exhibits a strong F ion signal. The yield

ture is increased. of other fragments is suppressed. Increasing the coverage
A Kimball Physics series electron gun, providing a fo- leads to changes in desorption yields of positive ions. As the

cused beam of electrons in the energy range of 20—1000 e¥pverage growsFig. 1b, 2.5 ML SE), we detect a consid-

is the source of electron irradiation in the electron-stimulatecerable increase in desorption of singly charged fragments:

desorption experiments. The incidence angle of primary elecs” and SE ions (x=1,...,5). SK species are not ob-

trons is 55° with respect to the sample normal. served. Note the extremely low yield of SHragments,
ESD mass spectra of positive ions are obtained using thehich are barely detected in the spectrum.

QMS to detect ions produced upon electron bombardment of The gas-phase spectrum for positive ions shown in Fig.

adsorbed SE In this mode of operation, the ESD mode, the 1c agrees with the NIST Chemistry WebBoSkexcept that

ion-source filament of the QMS is turned off, and the elec-we detect higher relative yields of'Fand S ions, which

tron gun is used to bombard the sample with a focused eleenay be due, in part, to the contribution of ESD from species
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w SF 4 sample to—90 K results in hexagonal patterns for both F) and F (d)
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FIG. 1. Mass-spectra for ESD of positive ions fromgSfh RU0002) for
coverages: 0.25 Mla) and 2.5 ML (b). Sample bias is+20 V. Incident
electron energy is 220 eV. Gas-phase spectrum for positive@pslibrium
pressure of SFin chamber is X 1077 Torr) (c).

moving fluorine ions can easily escape from the substfate.

3.2. Structure and bonding of SF ¢; thermal effects

Experiments performed using ESDIAD reveal that after
deposition of fractional monolayer covera¢@25 ML) of
SF;, strong off-normal emission of both*Fand F ions are
observed. Typical “halo” patterns for Fand F ions are
shown in Fig. 2a and Fig. 3a, respectively.

Heating the adsorbed ghayer results in a transforma-
of the ESDIAD patterns for both'Fand F ions. As the
0tfemperature approaches90 K, the initial “halos” are re-
placed by distinct sixfold symmetry patterns for both ions

adsorbed on parts of the QMS. In contrast to thick Blyers
(Fig. 1b), the gas-phase SFsignal (although smaller than
the SK and SE signal$ is comparable to yields detected
for the other ions. As in the case of the multilayerg Sifm

on Ru(Fig. 1b, no SK is detected in the gas phase. It is
believed that this ion is unstable both in its ground state an(fi
its excited electronic statés. on

The spectrum in Fig. 1c also reveals the presence
doubly charged fragments: $F (x=1,...,4). The intensi-
ties of these fragments are related to the intensities of the
corresponding singly charged ions, and are dependemt on
For even values of (2, 4), the observed intensities of singly-
and doubly charged ions are approximately equal, whereas
for odd values ok (1, 3) the doubly ionized fragment signals
are smaller by about one order of magnitude. This observa-
tion is consistent with the partial electron-impact ionization
cross sections reported elsewh®re.

In spite of the fact that the cracking pattern of ESD for b
negative ions contains only a few fragments, we observe the
same tendendyas for positive ions. For fractional monolayer
coverages, the Fion is the main fragment escaping from
the surface. A small fraction of,Fions is also observed, in
accordance with previous ESD studies repdttédor other
halogenated molecules on ®001). Increasing deposition
of SF; leads to changes in the spectrum, mainly the emer-
gence of the SF ion. The yield of this ion gradually in-
creases and eventually even surpasses fhsidnal.

A more comprehensive treatment of the ESD mass spec-
tra will be presented elsewheft. FIG. 3. ESDIAD patterns for Fand F ions illustrating effects of electron

In general, one can conclude that forgSfiolecules in  jrradiation on adsorbed SEF~ ions after deposition of 0.25 ML of $fon
the first adsorbed molecular layer, which are in contact withRu at 25 K(a); F~ ions after electron exposure of #&m~2 (b); possible
the ruthenium surface, desorption of the relatively massivéources of F ion emission along surface norma, F* ions after deposi-
SF, ions under electron bombardment is suppressed; thf" Of 0-25 ML of Sk (d); P ions after electron exposure of fem

. . - A ®); F' ions after electron exposure of #@m~2 (f). The patterngd—f) are
ESD signals are dominated by"Fand F . This may be

- X i T measured for 350 eV primary electrons; imagesh) are detected for 250
attributed, in part, to higher reneutralization rates for moreeV electrons.

m

E
|

S F
11

n

massive, slow-moving ions, whereas the less massive, fast-
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(F*: Fig. 2b and F: Fig. 2d. This temperature corresponds 10°F moamo along normal |
to the maximum rate of desorption of molecules from the 0 ‘%@@@— ':‘?’:::: ---- e-
first adsorbed laye. 5 W i x1/6 T T H-
Deposition of Sg coverages higher than 0.33 Mkatu- 3 ﬁq(p ons off-normal
ration coverageleads to changes in the angular distributions @ $
for both ions. The patterns become quite broad and feature- -2, i..
less, with intensity centered on the surface normal, represent- & 102 : ¥ a off-normal
ing a random spatial orientation of molecules in the succes- g 1 'l.._. )
sive adsorbed molecular layers. £ J ! T m~
The “halo” patterns in Fig. 2a and Fig. 3a indicate a _S :=,' Fions ¥
random azimuthal orientation of ifnolecules adsorbed on b ]
Ru(0001) by 3 fluorine atoms with the other 3 pointing away 10" 0 5 1'0 1'5 2'0

(Fig. 20;>° no S—F bonds are oriented along the surface
normal. Heating the sample induces a rearrangement and or-
dering of th.e mplecules, which reSUItS. in the hexa_-gonal patFIG. 4. Emission of fluorine ions from 0.25 ML of gkn two directions:
terns seen in Figs. 2b and 2d. The existence of six beams #long the surface normal, and off the surface northakagonal beamsas
Figs. 2b and 2d is attributed to the adsorption of 8Ftwo a function of electron exposure. The data are derived from ESDIAD patterns
azimuthally oriented domains on R00J), rotated by 60° (cf. Fig. 3. The incident electron energy is 350 eV fof fons and 250 eV

. ’ for F~ ions.
with respect to each other.

-2
Electron exposure, 10" cm

3.3. Electron beam-induced changes in adsorbed SF ion signals change rapidly for electron beam expose#&s

3.3.1. ESDIAD patterns X 10" cm™2? and change more slowly for exposures2

X 10* cm™2. (An exposure of~2X 10" cm™2 corresponds
approximately to one incident electron per two surface mol-
ecules) In the initial region(at lower exposurgsve observe

an increase of the 'Fion yield in the off-normal direction
and the appearance of thé Bignal along the surface normall
direction. Under the same conditions the desorption signal
for F~ ions in the off-normal direction decreases very rap-
idly. The rate of the F ion drop decreases at higher expo-
sures, where theFion yield also changes: in the off-normal

tern) of this fragment; only heating of the surface causes th irection, the curve goes through a maximum and then ex-

F~ ESDIAD pattern to change from a “halo” to a hexagon. ibits exponential decay. Along the surface normal, the F
E yield saturates and appears to decrease very slowly.

In contrast to F ions, the angular distributions for Thus duri lectron b b dif
ions change under electron bombardment. Figure 3e shows us during €lectron beéam exposures we observe a dit-

that exposure of 0.25 ML of adsorbed SRolecules to erent ESD vyield of F and F" ions in off-normal directions
~10% cm2 results in the transformation of the initial (@) and of F~ ions along the surface normal and off-normal

“halo” (Fig. 3d into six off-normal beams and a prominent directions(b). This implies that F and F ions are escaping

central peak. The angular positions of these beams are sir'nff:Orn different species.
lar to those observed after heatifigig. 2b. The most no-
ticeable difference between the hexagonaldatterns in Fig.  3.3.3. influence of electron irradiation on TPD spectra

2b and Fig. 3e is in the width of the beams. Further electron | der t in further insiaht into the di iati
bombardment £ 10*® cm™2) results in the disappearance of h order 1o gain further insight Into the dissociation pro-

the off-normal beams and the gradual growth and saturatiofi>> of SEQ” R.L(O.OOD’ we have also studied the influence
of the central peakFig. 3f). of electron irradiation on TPD spectra. Electron beam expo-

The observed changes in the ESDIAD patterns lead us tgure leads to a faster decrease of m_o'eC“'asr iSFihe_first .
believe that F ions originate primarily from undissociated adsorbed layer as compared to that in the succeeding multi-

molecularly adsorbed $F while the F ions originate from Ia;]yers. Asf LLI]UStrﬁted mf l;:g > |rra|1d|at|ofn a:lso resultsl:n a
SE, dissociation fragments. change of the shape of the monolayer feature, as well as a

shift of the maximum desorption rate to higher temperatures.
Exposure of 0.25 ML of SFto ~10% cm™ 2 leads to an
almost complete disappearance of adsorbed moleculgr SF

The behavior of F and F ion desorption along normal on the surface. An even more surprising result is that the
and off-normal directions as a function of electron exposurdransformation of the fractional monolayer just described
is illustrated in Fig. 4. Each data point represents the intealso occurs in the presence of succeeding adsorbed layers of
grated signal intensity for the indicated region of the ES-SF;, which are not affected as strongly by electron beam
DIAD patterns. For clarity, the data corresponding to theirradiation (data not shown In contrast, electron irradiation
off-normal desorption of F ions are divided by a factor of 6. appears to affect only the amplitude of the multilayer peak in

There is evidence for correlated behavior of the curvegshe TPD spectrum, while preserving the peak shape and po-
in Fig. 4. Each data set demonstrates two distinct regions: thgition.

Typical transformations of the FESDIAD patterns ob-
served under electron bombardment of 0.25 ML of &Fe
illustrated in Figs. 3a and 3b. Dynamics of the angular dis
tribution of the F ions are as follows: during electron bom-
bardment the initial “halo” patterriFig. 39 loses its contrast
very quickly (Fig. 3b and then virtually disappears for elec-
tron exposures-10*° cm™2. Thus, increasing electron expo-
sure leads to a decrease of the total yield ofiéns but does
not induce a change in the angular distributi®halo” pat-

3.3.2. Correlation between F*t and F~ ion desorption
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The behavior of F ions during heating to desorption
temperatureg<90 K) is virtually identical to that of F
10 Electron ions. The initial “halo” pattern transforms into a hexagon
£ exposure and the total F ion intensity remains constant. The fon
3 A hexagon differs slightly from the Fhexagon, in that a cen-
mg pom tral beam is observed.
- initial —_ Both F" and F ions are believed to escape from undis-
T 51 sociated Sk molecules, which have two preferential azi-
2 ~10™ muthal orientationggiving six ion beams, rather than the 3
* s beams expected for a single molecular orientatidhe cen-
& ~10 tral beam in Fig. 2b is due to ESD from a thermal decompo-
~10' sition product of SE, either chemisorbed F or another frag-
ment with an S—F bond perpendicular to the surface.
0

- . , Dissociation of a small fraction of $Hs supported by the
70 80 %0 100 110 120 persistence of anFsignal at temperatures120 K, when
T.K desorption of the molecular $is complete.

FIG. 5. Evolution of TPD spectra caused by electron irradiation of 0.25 ML We attribute the temperature-induced Changes .Of the ES-

of SK; on Ru at 25 K. The electron source is the QMS filamegy, DIAD patterns to the rearrangement of Und|550C|ateq SF

=90eV. molecules, as they move to occupy energetically preferential
adsorption sites. The rearrangement of the patterns for both
F* and F ions from initial “halos” to hexagons indicates

Thus it appears that molecules in contact with the Ruordering of the first adsorbed layer.

surface are more sensitive to dissociation than the molecules The orientation of SEmolecules after heating te 90 K

from upper adsorbed layers, which are isolated from the>n RU000J is established by comparison of ESDIAD pat-

metal substrate. terns(Figs. 2b and 2pdand LEED images for the clean sub-

strate. We identity the axis defined by the S—F bond in the

SF, molecule to coincide with thé1010) direction of ruthe-
nium. A detailed analysis of the adsorption properties and

4.1. Structure and bonding of SF ¢; thermal effects surface geometry of S§F on RuU000) is presented

. . elsewher€. In this paper we focus primarily on electron
The primary issues that we address are the processes tht?éam—induced changes in the adsorbed layer

take place in fractional monolayers of SRdsorbed on
.RU(OO(.):D upon _eIeCtron bombardmerjt. As already mentione%l.z. Electron beam-induced changes in adsorbed SF 4
in the introduction, a number of studies of the adsorption an
ion emission properties of Grdsorbed on various surfaces 42-1. ESDIAD patterns
have been reported®?-2®However, a gap in the under- Electron bombardment causes significant changes’in F
standing of the results still exists. and F ESDIAD patterns. For exposures10* cm™?, the
Our data indicate that QF molecules dosed onto “halo” pattern due to F ions(Fig. 39 loses its contrast very
Ru(0001) at 25 K are primarily physisorbed, based upon ourquickly and then virtually disappeak&ig. 3b. The initial
TPD and ESDIAD results, and previous studie$ adsorp-  “halo” pattern does not rearrange into a hexagon under elec-
tion of SRy on RU000). Physisorption is indicated by the tron irradiation. Electron bombardment leads to a decrease in
closeness of the temperature at which the maximum rate dhe total ion yield, but the angular distribution of the fons
desorption of fractional monolayers of §Bccurs(~90 K) remains the same. This observation leads to the suggestion
and the desorption temperature of condenseg (S0 K). that F ions originate primarily from molecularly adsorbed
Physisorption of molecular $Fhas also been established on SF;.
Ni(111)?? and graphitgHOPG). In contrast to the F data, the angular distributions for
The “halo” patterns in Figs. 2a and 3a indicate a randomF" ions do undergo significant changes under electron irra-
azimuthal orientation of SF molecules adsorbed on diation. As already mentioned, for exposures of
Ru(0001) by 3 fluorine atoms with the other 3 pointing ~10' cm™2, the initial “halo” pattern (Fig. 3d transforms
away>° The “halo” pattern represents all the possible azi- into six off-normal beams in the shape of a hexagon and a
muthal orientations of S—F bonds, since ESDIAD providesprominent central bear(Fig. 3@, very similar to the trans-
us with information averaged over a surface area determinefrmation that we observe upon heating*80 K (Fig. 2b).
by the electron beam size-1 mn?). More precisely, the azimuthal angles for the thermal- and
Heating to desorption temperatures90 K) leads to a electron beam-induced hexagon patterns are identical, and
redistribution of the F ion intensity from an initial “halo”  the polar angles are very similar. More extensive irradiation
to a hexagon. Integration of ESDIAD patterns for Fions (10 cm™2), however, results in the disappearance of the
(Fig. 2) reveals that the total ion intensity is essentially un-off-normal beams and growth and saturation of the central
changed; upon redistribution of the intensity prior to the on-beam(Fig. 3f). In contrast to the F intensity, the F ion
set of desorptioriffrom “halo” to hexagon the integral sig- intensity increases with increasing electron exposure. These
nal remains nearly constant. As theSfesorbs thermally, behaviors suggest that"Fons originate also from SFdis-
the F signals decrease. sociation fragments.

4. DISCUSSION
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4.2.2. Ordering of dissociation fragments 1000

The similarity of the transformation of the"FESDIAD
patterns from a “halo” to a hexagon upon both heating and
electron exposure makes it tempting to suggest that electron
beam exposure of disorderedg3foleculeg“halo” pattern)
leads to electron-induced orderiflgexagon pattepn similar
to thermally induced ordering. Electron-stimulated mobility
of adsorbed species at low temperatures is well kndvif.
However, the differences between thé Bnd F ESDIAD
patterns during electron irradiation strongly suggest that
electron bombardment causes dissociation of the adsorbed
molecular Sk rather than ordering of the adsorbed layer, and 10 ! L
that F~ ions escape from undissociatedsSRolecules. This 1 10
is supported by the observation that the ‘falo” (Figs. 3a Electron exposure, 10" ¢cm™
a”q 3b simply disappears as th,e EIe(f\trc.m exposure mcreaseél'G. 6. A comparison of negative fluorine ion yiel@terived from ESDIAD
This is a consequence of the dissociation of 8fder elec- patterns, e.g., Fig. 3 and plotted in Fig. B;=250 eV) and relative con-
tron bombardment: upon dissociation of&SEhe F signal  centration of undissociated $Folecules(derived from TPD spectra, Fig.

is reduced, while new features in thé ESDIAD patterns  5; E.=90 eV) as a function of electron exposure. The data are measured for
emerge. 0.25 ML of Sk, on Ru.

100+ Bﬂ%&%

F~ionyield

intensity, rel. units

4.2.3. Origins of F~, F* ions; nature of molecular fragments served an increase of one order of magnitude in the yield of
In the following paragraphs we discuss the nature of the=" ions after electron irradiation. He suggested that the F
molecular species and fragments that contribute to the oliens arise from chemisorbed F adatoms or dissociation frag-
served F and F ESDIAD patterns. As previously men- ments (SE). This observation is in agreement with the in-
tioned, the excitations leading to Fand F ions are very crease in the F ion yields with electron exposure seen in
different: F is a product of DEA excited by low-energy Fig. 4.(See Sec. 4.2 for a discussion of Fig. Zhe angular
secondary electrons from the substrate, resolution of our ESDIAD images allows us to distinguish
_ _ - between ions that escape normal to the surface, i.e., fram SF
e +SFR—(SR)” —SR+F species with an S—F bond perpendicular to the surface or
with two resonant features at electron energies of 5.8 eV anfluorine atoms bound directly to the surfaf€ig. 39, and
~11 eV for the condensed phase; dipolar dissociation alsthose that escape from Skx=2-5) with S—F bonds di-

contributes at higher energies. rected in off-normal directions.
In contrast, F ions are due to core excitatioffgrobably The hexagoriFig. 36 that is clearly seen after exposures
F 2s) of ~10'° cm™? is formed by F ions from dissociation frag-

_ n n _ ments (SE), which desorb from the surface along an off-
e +SR—(SR) "~ SR +F' +2e normal direction. The F beams observed in the pattern after
with a threshold energy of30 eV. irradiation (Fig. 3@ look broader and more asymmetric than
Our TPD spectrgFig. 5 support the proposal that' F the beams of the hexagon detected after hedfiig. 2b),
ions originate from undissociated §FThe area under a TPD suggesting that several SBpecies with S—F bonds in off-
curve is known to be proportional to the number of mol-normal directions could be contributing to the six Beams.
ecules desorbed thermally and, in our case, undissociatdtlis most interesting that these fragments tend to be ordered
Sk and/or Sk that forms by recombination upon heating on the surfacéwe observe a hexagon instead of a “halp”
the surface. Damage kinetics of SHue to electron bom- in a manner very similar to the results obtained during
bardment(derived from TPD measurements, Fig.&hd the irradiation-induced decomposition of PFmolecules ad-
dependence of the Fion yield on electron exposur@le-  sorbed on R(0001).2"?80n the basis of the theoretical equi-
rived from ESDIAD signals are compared in Fig. 6. The librium structures of SF(x=1-6) (Ref. 29 and simple
data are normalized for clarity and presented in relative unitsbonding symmetry considerations similar to those for do-
The drop in F ion yield is correlated with the decay of the mains of Pk (Ref. 12, it is possible that the hexagon origi-
concentration of undissociated gSfolecules on the surface. nates, for example, from 3 domains of ,SBpecies, or
The quantitative differences in the two data sets of Fig. 6 aréridge-bonded SfFspecies, azimuthally rotated by 120° as
attributed to errors in determining the electron beam exposhown in Fig. 7. Other fragments, including inclined SF,
sure in the two experimentfocused beam for ESDIAD ver- could also contribute to the off-normal”Fon yields.
sus defocused electron source for TRIDd to the difference The central beam, caused by Fons desorbing normal
in incident electron energ{0 eV for TPD and 250 eV for to the surface, most probably contains contributions from
ESDIAD). chemisorbed F adatoms. However, fragments such as SF,
The change in the angular distribution of thé fons  SF;, and SE might also contribute to the central bedm.
indicates that after electron irradiation, thé #ns do not At present the identity of the dissociation fragments is an
escape from undissociated molecularg SbBut rather from open issue, as we lack direct knowledge about the stoichi-
dissociation fragments SF Recently Soud& in a study of  ometry and the structure of SFragments adsorbed on the
secondary-ion emission from §Rdsorbed on Pil1l), ob- Ru substrate. Additional experiments.g., high-resolution
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diation. As described elsewhetethe exposure-dependent

a
surface coverag® can be roughly expressed by the expo-
. nential law:
0= 6pexp(— oesfe),
where o4 is the total cross sectiofen?) of molecular Sk
b for electron-stimulated desorption and/or dissociation, and

F. is the electron exposurem ?).

Recent measuremefisndicate that the F signal is di-
rectly proportional tofsrg, and we approximate the total
cross-section for electron-induced dissociation of a fractional
monolayer(0.25 ML) of Sk, on RU000)) from the F in-
tensity curve in Fig. 4. We find that for 250 eV incident
electron energypgesqis ~(6+2)x10 5 cn? for electron
FIG. 7. Schematic representation of bridge-bondes 8fdl S species on ~ €XPOSUres<2x 10" cm 2 and ~(8+2)x10 *®cn? for
ruthenium surfacéon the lefi and corresponding simulated ESDIAD pat- electron exposures 2x 10”4 cm™2, an order of magnitude
tern (on the right (a); illustrates formation of hexagonal ESDIAD pattern  difference. A qualitatively similar result has been derived
;S”';“:‘C')f‘;f: d”l;‘;gl‘;(')f(sohr;wf;?ngq‘e;(gfmams of SFspecies, azimuth-  from damage kinetics of molecular §Ehown in 1If_)ig. 6(pri-

mary electron energy-90 e\): ~(2+1)x 10 cn? for

exposures<2x 10" cm 2 and ~(4+1)x10 ®cn? for

higher electron exposures. As already indicated in the previ-
soft x-ray photoemission spectroscofly and theoretical ous Sectiong.gis expected to be greater at initial electron
guidance are needed to resolve these issues. exposures, since there are many adsorption sites available to

Figure 4 is a plot of ESDIAD intensity as a function of the dissociation fragments, allowing them to interact with the
electron exposure. Both the “along normal” and “off- Ru substrate and increase their reactivity.
normal” F* curves grow rapidly at low electron exposures. Our rough calculations ofrosq indicate that the total
The rapid initial rise is probably due to very efficient disso- dissociation/desorption cross section for fractional &H-
ciation in the initial stages of the decomposition of molecularsorbed on Ru for low electron exposures is about 1 order of
SF;. In the initial stageqat low electron exposurgshere  magnitude greater than for gaseoug Sk the case of DEA
are many adsorption sites available for the dissociation fragit has been shown that the cross-section is often greater for
ments of Sk on the R000)) surface. Being in contact with molecules condensed on a substrate than for the gas-phase
the metal surface enhances the reactivity of fragments ananalog. The increase is explained in terms of the induced
makes them more prone to dissociate. As the dissociatiopolarization energy due to the substrate, which stabilizes a
process continues at higher electron exposures, th@0Rl)  negative ion against autodetachmént.
surface becomes “filled”, and the rate of further dissociation  In our experiments there are two sources of electrons,
is greatly reduced. This suggests that low coverages gf SFHrimary and secondary, that can cause dissociatipenér-
have a higher dissociation rate than higher coverages. getic primary electrons can initiate dissociative ionization

In concluding this part of the discussion, we note thatand/or dipolar dissociation, and) 2ow-energy secondary
there is previous evidence from ESD studies of; Riad electrons(originating from the Ru substrgtecan lead to
(CR;),CO to support the contention that negative ion de-DEA, and to a lesser extent, dissociative ionization. Second-
sorption arises mainly from molecularly intact adsorbatesary electrons have a maximum yield at 0-2 eV with a high
while positive ion desorption can be dominated also by disenergy tail extending to 20—30 eV.
sociative fragments, when they are presémle suggest that There have been several measurements of electron im-
the temporary negative ion states formed during DEA ofpact ionization cross sections for gaseoug.SPissociative
molecules such as $Fetc., are more weakly coupled to the ionization(which results in the formation of positive ionsf
surface than similar states associated with more stronglgaseous SFbecomes significant for electron energied6
chemisorbed fragments. Thus the lifetime for DEA of intacteV, and exhibits a maximum cross section of7
molecules is expected to be longer than for possible DEA of< 10~ 6 cn? for electron energies of-100 eV (Ref. 6.
chemisorbed dissociation fragments, making the probability DEA (which results in the formation of neutral frag-
of F~ desorption from molecules higher than that from frag-ments and negative iong appreciable only for low-energy
ments. electrons, 0-15 eV. The maximum cross section of 2
X 1076 cn? occurs for electron energies 6f0.1-0.5 eV,
and is due mainly to the formation of SKRef. 6).

The different behavior of the monolayer and multilayer
features in TPD spectra during electron irradiatisee the
explanation of Fig. 5 in the previous Sectjpteads us to

In the discussion of the origin of the"Hon, we made believe that the average cross section for electron-induced
reference to Fig. 6, which clearly shows a correlation be-dissociation of S fractional monolayer coverages is ap-
tween the drop in F ion yield with a decrease in the number proximately one order of magnitude greater than for multi-
of undissociated Sfmolecules left on the surface after irra- layers. The higher rate of dissociation of gSfolecules in

l/

Ru(0001)

4.2.4. Estimation of cross sections for desorption and
dissociation
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contact with the R(D00Y) surface provides indirect evidence x10* cm™2 (which is about 1 order of magnitude greater
of the important contribution of DEA to the total dissociation than for gaseous SF, and~ (8+2)x 10 ¢ cn? for higher
process of SEon RU000). Low-energy secondary elec- electron exposures.

trons are known to play a major role in DEAyhich is an We acknowledge valuable discussions with Professor
extremely efficient process in collisions of low-energy elec-E. Carter. This work has been supported in part by the US
trons with gas-and condensed-phase halogenated molecul&ational Science Foundation, Grant No. CHE 0075995.

In addition, an electronically excited species in contact with

the metal tends to react more easily than when it is isolated

from the metal.

*E-mail: madey@physics.rutgers.edu
4.3. ESD mass spectra

The interaction of adsorbed gHmolecules with the
Ru(0001) substrate is responsible for the substantial differ-
ences in the ESD mass spectfag. 1) between fractional )
monolayer and multilayer coverages. As mentioned in the,Q-B- Luand T. E. Madey, Phys. Rev. Lef2, 4122(1999.
description of Fig. 1, the ESD mass spectra for fractional,2 5 -4 and T. E. Madey, Surf. Sci51, 238 (2000,
p g- L s p . 3Q.-B. Lu and T. E. Madey, J. Phys. Chem.1B5, 2779(2001).

monolayer coverages exhibits only a strong #in signal; 4S. S. Solovev, D. Kusmierek, and T. E. Madgy preparatiof
the yield of other fragments is suppressed. However, the’N. S. Faradzhev, D. O. Kusmierek, B. V. Yakshinskiy, S. S. Solovev, and
spectrum for 2.5 ML of Sgdisplays a variety of desorbing - E- Madey(submitted to Surf. Sgi

. Lo . °L. G. Christophorou and J. K. Olthoff, J. Phys. Chem. Ref. 282267
species. A very similar effect was observed for the adsorption (2000.
of CgHy, on RUO00D: ESD of a GH,, monolayer was ob-  7F. weik, E. lllenberger, J. Chem. Phyk09, 6079(1998.
served to yield only H, while multilayer coverages yielded 2"' Siller, N. Vanter, and R. E. Palmer, Surf. S465 76 (2000. _
many more ionic fragment$. 1t was suggested that for the SioB(ig;Sgen N. E. Erickson, T. E. Madey, and J. T. Yates, Surf. &&i.
monolayer species in direct contact with the substrate, the Klekamp"E. Umbach, Chem. Phys. LetZ1, 233 (1990.
probability of electron-induced dissociation is high, but thatT. E. Madey, Scienc&34, 316 (1986.
de-excitation processes involving electron tunneling from thé“T. hE Madey, H. Sd. Tao, L. Nasi:;_U. Diebold, S. fhf/I Sgir\:alg()ra_sad, A.dL.

. . o : Johnson, A. Poradzisz, N. D. Shinn, J. A. Yarmoff, V. akarian, and D.

SUbStrate also OCCUI’. with hlgh probaplllty. This _Iead_s to sup- Shuh,Desorption Induced by Electron Transitions DIET(2093), p. 182.
pression of desgrpt|on_ of slow-moving, massive ion frag-131, stanski and B. Adamczyk, Int. J. Mass Spectrom. lon PHgs.31
ments(see the discussion of mass effects in ESD by Madey (1983.
et a|_34) Our ESD mass Spectra are Consistent W|th these COﬁLfD' Margreiter, G. Walder, H. Deutsch, H. U. Poll, C. Winkler, K. Stephan,

; ; . ; and T. D. Mak, Int. J. Mass Spectrom. lon Procesd@€, 143(1990.
siderations: for fractional monolayer coverages we obserng._B. Lu, Z. Ma, and T. E. Madey, Phys. Rev.3B, 16446(1998.

only a strong F vyield, while multilayer coverages yield 1y akbulut, T. E. Madey, L. Patenteau, and L. Sanche, J. Chem. Phys.

more ionic fragments. 105, 6043(1996.
7Q.-B. Lu and T. E. Madey, J. Chem. Phyid1, 2861(1999.
18|R and Mass Spectran NIST Chemistry WebBook, NIST Standard Refer-
ence Databasevol. 69, P. J. Linstrom and W. G. Mallard&ds), National
5. CONCLUSION Institute of Standards and Technology, Gaithersburg (2001); (http:/
webbook.nist.gox

. . . 19 H
We have studied ESD of'Fand F ions from fractional ~~ N- J- Sack, M. Akbulut, T. E. Madey, P. Klein, H. M. Urbassek, and
M. Vicanek, Phys. Rev. B4, 5130(1996.

monolayers of Sfon RU000D at 25 K as a function of 2oy’s Faradzhev, D. O. Kusmierek, B. V. Yakshinskiy, and T. E. Maitey
electron irradiation. The origin of these ions appears to be preparation

strongly dependent on the electron exposure. 2; i-l ’\ﬁadey anéi EJ LTJ \ﬁltezy 2urff- zg'iz 2%%(11%2'0-

_ For exposures less than10” cm # both F* and F ;5 B0 00 o 0S80 T Sdr 5555(1925.

ions observed in off-normal directions arise from undissoci-2«s_ jekamp and E. Umbach, Surf. S@84 291 (1993.

ated Sk molecules. Higher electron exposures#R. Souda, J. Chem. Physl4, 1823(2001); ibid. 114, 3293(2001).
(=10 cm ?) lead to stepwise decomposition of the paremzeA. G. Fedorus, E. V. Klimenko, A. G. Naumovets, E. M. Zasimovich, and
SFs molecule, with the £ and F ions escaping from dif- 27IA NL' ZJ%SA?S%";C“S' '\/';ch'o'”Csér“;a'v}etgoﬁazzys'Pﬁezlgévzoéégg%
ferent species: whereas the on is still emitted by undis-  (19gg. It o Yo s e
sociated SE molecules, the F ions escape in off-normal 2s. A. Joyce, A. L. Johnson, and T. E. Madey, J. Vac. Sci. Techndl, A
directions from Sk (x=2-5) fragments. That §Ffrag- 292221((1:?]89- 3 Chen C. Y. Na. SeeWing Chit. and WaiKee Li
ments are ordered on the surface is indicated by the observed > =22 "% (- - 9e7r;5(1'9§5). g, see-iing Lhiu, and Warkee L,
hexagonal ESDIAD patterns for‘Fafter irradiation. Along 304 _s. Tao, U. Diebold, V. Chakarian, D. K. Schu, J. A. Yarmoff, N. D.
directions normal to the surface, the” Fons arise most  Shinn, and T. E. Madey, J. Vac. Sci. Technol1&(5), 2553(1995.

likely from dissociation fragments with an S—F bond normalzil- o !‘lfage?’”a”g ). 1 vates, J ac. Sgi-LT‘;Ch'ﬁ%BZ? (llaiwbhem 5
to the surface, and chemically bonded F adatoms. Adsorbed8'24fl'9§8'. enberger, K. Nagesha, and L. sanche, J. Fhys. 2
SF; molecules and SFfragments decompose almost com- 231, g Madey and J. T. Yates, Surf. S@6, 397 (1978.

pletely after electron exposures of 10" cm™2. The total  3*T. E. Madey, J. T. Yates, Jr., D. A. King, and C. J. Uhlaner, J. Chem. Phys.
cross section for electron-impact dissociation of molecular 52 5215(1970.

SFs on Ru(incident electron energy 250 eV) is found to be  This article was published in English in the original Russian journal. Repro-
~(6+2)x10 ¥ cn? for electron exposures <2  duced here with stylistic changes by AIP.
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Soft landing of mass-selected clusters in rare gas matrices is a technique used to preserve mass
selection in cluster deposition. To prevent fragmentation upon deposition, the substrate is
covered with rare gas matrices to dissipate the cluster kinetic energy upon impact. Theoretical
and experimental studies demonstrate the power of this technique. Besides STM, optical
absorption, excitation, and fluorescence experiments, x-ray absorption at core levels can be used
as a tool to study soft landing conditions, as will be shown here. X-ray absorption

spectroscopy is also well suited to follow diffusion and agglomeration of clusters on surfaces via
energy shifts in core level absorption. @003 American Institute of Physics.

[DOI: 10.1063/1.1542443

INTRODUCTION In cluster deposition experiments, however, not only size

o . selection of the incoming cluster beam but also the preserva-
Clusters of atoms or molecules are fascinating objects 0ﬂon of the preselected cluster size upon and after deposition
which to study the evolution of electrontc® magnetic,*~’ P P P

or chemical-° properties from isolated atoms to bulk mat- of the clusters is crucial. The incoming cluster beam of uni-

14 form size should not be transformed into a distribution of
ter. Many types of cluster sourdés**have been developed . .
) . . —__different cluster sizes on the substrate surface. Therefore,
and adapted to investigate a wide range of physica

phenomené?’lﬁA cluster experiment typically consists of a cluster deposition conditions have to be chosen under which

cluster production stage with mass selection and of a stage {(')O fragmentation, implantation, or agglomeration of the clus-

; : . : . ers occurs. For this purpose, the soft landing technique has
probe the clusters’ physical properties, either in free cluste . o

" een developed by several groups, both experimeftaffy
beams or after cluster deposition.

; 6-32 ; ; ;
To study the size dependence of any physical property O:flnd theoretically®~32As a result, this technique is now well

. S . established. The principal idea of soft landing is to put the
clusters, size selection is a prerequisite. In gas-phase expefi:

! ! . clusters down onto substrates as gently as possible. This in-
ments on cluster beams, cluster ions can simply be size s€;

lected in electridquadrupole or magneticdipole) fields. To Cludes deposition at low kinetic energy as well as deposition

: i o . into soft matrices or buffer layers preadsorbed on the sub-
illustrate this, a mass spectrum of positively charged iron

X o o strate. In most cases, these buffer layers will be rare gas
clusters mass separated in a magnetic dipole field is shown in . .

. : o multilayers adsorbed on the substrate material at low tem-
Fig. 1. These iron clusters were generated by sputter eratures. After cluster deposition, the buffer layer will be
a high purity iron target with a 28 keV Xebeam®’8As P : P ’ Y

can be seen in Fig. 1, size-selected cluster current densitigsesorbed from the sample surface by heating to above the

typically range from some pA to a few nA per rAndepend- monolayer desorption temperature. This allows one to inves-
typically range 1 PA | P P tigate the clusters directly on the substrate surface. Alterna-
ing on cluster size and material.

tively, the properties of mass-selected clusters can be studied
inside the rare gas matrfX.In Fig. 2, the idea of soft landing
15 £ is illustrated schematically.

THE SOFT LANDING PROCESS

—
o
T

The purpose of soft landing is to gently dissipate the
clusters’ kinetic energy in the deposition process. In soft
landing of size-selected clusters, clusters are size selected in
the gas phase, decelerated to a few eV per cluster atom, and
deposited into chemically inert buffer layers which have
been prepared on the substrate. Bond energies in metal
clusters®**are typically on the order of a few eV. By depos-
iting a decelerated cluster beam with kinetic energies typi-
cally of some few eV per cluster atom into rare gas multi-

FIG. 1. Mass spectrum of positively charged iron clusters produced with d2Yers, the surplus kinetic energy W”_' be dissipated by
sputter source and measured on a detector area of 3 mm energy transfer into the matrix and ultimately by rare gas

Intensity, nA

o

5 10 15 20
Cluster size, atoms/cluster
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clusters tend to form two-dimensional structures on a

surface?>%’
Au(001) - | Even though soft landing can be used to preserve size in
Ar adsorption cluster deposition Ar desorption cluster deposition experiments, the geometry of deposited

clusters will differ from the geometry of gas phase clusters
FIG. 2. Schematic representation of the soft landing process: Adsorption offue to the interaction with the substrate® In the present
rare gas multilayers as a buffer layer on the substilafe, cluster deposi- study, two-dimensional structures can be assumed for the

tion at low kinetic energy into the rare gas buffeentey, cluster sample . . .
after rare gas desorptinight). deposited clusters because of their small size.

X-RAY ABSORPTION EXPERIMENTS ON SOFT-LANDED
METAL CLUSTERS

desorption. This process has been studied in detail Soft landing can not only be studied in STW? or
experimentally’~2°and theoretically®3’Molecular dynam-  fluorescenc®-?* experiments, but also in x-ray absorption
ics (MD) simulationg®?” of the energy dissipation processes (XAS) studies. In x-ray absorption, electrons from a core
provide insight into the different stages of slowing down thelevel are promoted into unoccupied states above the Fermi
impinging clusters and redistributing their initial kinetic en- level. XAS is sensitive to the local electronic order and the
ergy. chemical environment of the excited atom: Different species
On collision with the matrix or rare gas buffer the kinetic yield discernible fingerprints. Furthermore, XAS is an
energy of the clusters is converted to vibrational energy, reelement-specific probe, and it is sensitive to submonolayer
sulting in a rapid heating of the clusters. Heating rates are oguantities of adatoms and clusters on surfaces.
the order of 1€° K/s and lead to superheated clusters. In the  The experimental setfip’*°used for cluster deposition
MD simulations?®?” the cluster temperature roughly doubles consists of a sputter source with mass selection and ultra-
when argon is used for soft landing instead of neon, andhigh vacuum(UHV) cluster deposition under soft landing
again when xenon is used instead of argon. The clusters coobnditions. The UHV chamber is equipped with all the stan-
down via heat transport into the surrounding matrix and viadard tools necessary for substrate surface preparation. A
desorption of rare gas atoms. Cooling rates are lower thaRu(001) single crystal surface precovered with ax(2)O
heating rates and are on the order of*t010* K/s. superstructure was used as a substrate for cluster deposition
As has been shown in thorough experimentalto reduce the cluster—substrate interaction. Other than for
investigations>~?22*the fragmentation rate of small metal chromium clusters on (2 1)O/Ru(001), that are highly sen-
clusters can be reduced to about 10% by using proper sofitive to oxidatiori’, no indication of oxidation was found for
landing conditions. From optical absorption and excitationiron clusters. Fom situ sample preparation the Ra01) sur-
experiment®?1?*on clusters soft landed in rare gas matri- face was cleaned after sputtering by repeated cycles of heat-
ces it is known that the efficiency of the soft landing processng to 1450 K in UHV and oxygen dosing during cool-down
and the fragmentation rate of the clusters depends on thaf the sample. The (2 1)O/Ru(001) layer was prepared just
nature of the rare gas matrix. As discussed above, this is aldmefore cluster deposition by heating the sample to 1450 K
known from theoretical predictiorf§:?” The lighter the ad- and cooling it down while dosing oxygen onto the (B0d)
sorbed rare gas, the softer the buffer 1&4’&t which in turn  surface. Surface quality was checked with XAS, low-energy
leads to a more efficient suppression of cluster fragmenteelectron diffraction (LEED), and Xe thermal desorption
tion. Since adsorption temperatures decrease with decreasisgectroscopyTDS). The x-ray absorption experiments were
mass of the rare gas atoms, cooling the sample down to aarried out at the synchrotron radiation sources BESSY |
least 15 K is desirable for adsorption of argon buffer layers(HE-PGM3 and BESSY 11(U49/1-PGM. The photon en-
Low temperatures are also desirable for minimizing clustelergy scales are calibrated relative to each other with the ab-
diffusion and agglomeration on the substrate suffatéaf-  sorption spectra of stainless steel used as a reference.
ter cluster deposition. Soft landing and fragmentation were studied for small
It has also been demonstratédhat the fragmentation clusters, since for a given kinetic energy the kinetic energy
rate depends on the initial kinetic energy of the clusters anger cluster atom is larger the smaller the cluster. The binding
on the binding energy of the cluster atoms. The higher thenergy per atom, on the other hand, depends on but does not
binding energy, the lower the fragmentation rate for otherdecrease significantly with cluster siz=* Therefore, frag-
wise identical conditiond? However, even after cluster mentation upon deposition is expected most likely to be for
deposition into rare gas matrices at a kinetic energy of 50 e\émall rather than for large clusters, and soft landing condi-
per atom there is a non-negligible fraction of clusters thations are crucial for deposition of small clusters.
have not fragmentetf. MD simulation$? explain this in Small iron cluster XAS is shown in Fig. 3, whergz,
terms of recombination: While clusters will gain vibrational —3d (L3) absorption spectra of mass selected iron clusters
energy and may break up upon impact, they are also mobilen (2x1)O/Ru(001) are given for different soft landing
and can recombine while the clusters and the surroundingonditions?! In the lower panel of Fig. 3, Fe Fe,, and Fg
matrix are still hot. clusters were deposited into approximately 10 layers of ar-
STM studie4® on soft-landed clusters also have showngon, which was adsorbed on theX2)O/Ru(001) surface at
the power of the soft landing technique. Furthermore, theyess than 20 K prior to cluster deposition. Acceleration and
reveal that most of the soft-landed clusters form highly sym+etardation voltages were set to decelerate the cluster ions to
metric equilibrium structures on the substrate surface. Smaless than 1-2 eV per atom. Since the energy distribution of
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energy of the clusters is successfully dissipated by the argon
buffer layers.

For comparison, the upper panel of Fig. 3 shows x-ray
absorption spectra of E@and Fg clusters which were depos-
ited onto a (2 1)O/Ru(001) substrate that was covered
with only one monolayer of argon atoms. The kinetic energy
of the clusters again was 1-2 eV per cluster atom. After
cluster deposition, the argon layer was desorbed from the
(2X1)O/Ru(001) surface by heating to 100 K. The spectra
were taken at 20 K. Two main features distinguish these
spectra from the ones shown in the lower panel of Fig. 3.
Both spectra in the upper panel look very similar and, in
contrast to the clusters deposited into argon multilayers, ex-
hibit one peak with a shoulder at the low-energy tail. From
the structure and energy position of the absorption line it can
be inferred that not just one but at least two different cluster
species exist on the surface. Under these conditions, soft
landing clearly fails. Fgand Fg clusters are fragmented or
implanted if just one a monolayer of argon is used as a buffer
layer for cluster deposition.

CLUSTER DIFFUSION AND AGGLOMERATION

To further test our finding that soft landing in argon mul-
tilayers preserves the initial cluster size, iron adatoms,
dimers, and trimers deposited under soft landing conditions

.
+P8000natenvesst®

were annealed stepwise to room temperature. After anneal-
ing, the sample was cooled down again to 20 K for the mea-
surements. Again, the size selected clusters were deposited
into approximately 10 layers of argon preadsorbed on the
(2Xx1)0O/Ru(001) surface. These argon multilayers were de-
sorbed from the sample surface after heating to 100 K. For
every cluster deposited, there are also spectra taken prior to
argon desorption.

In Fig. 4, x-ray absorption spectra of iron adatoms on
clusters produced in a sputter sodf® is centered about (2x1)O/Ru(001) taken at 20 K with argon still present, and
5-10 eV, with a width of approximately 5—10 eV, the poten-after successive annealing steps to 100, 150, 200, and 300 K
tial applied to the sample was set to 11 V higher than theare shown.
acceleration voltage. This allows only clusters with an initial ~ Annealing to 100 K does not significantly change the
kinetic energy of more than 11 eV to reach the sample, an&XAS line shape and position, although the line is broad-
leads to a kinetic energy of less than 1-2 eV per atom eveaned slightly. After annealing to 150 K, however, a double
for small clusters. The equivalent coverage of iron atoms orstructure evolves in the; line that is even more pronounced
the (2x1)O/Ru(001) surface is approximately 0.05 mono-after annealing to 200 K. At 300 K, the first peak at approxi-
layers in all three cases. mately 707 eV is already stronger than the second peak at

The L5 absorption edges of iron clusters in the lower approximately 709 eV. This first peak corresponds nicely to
panel of Fig. 3 clearly show different absorption energiesthe L5 line of a bulk iron sample, also given in Fig. 4.

702 704 706 708 710 712 714

Photon energy, eV

FIG. 3. X-ray absorption at the; edge of mass-selected iron clusters on
(2X1)O/Ru(001) for different soft landing conditions.

There is an energy shift in the; edge absorption of about
0.5 eV to higher energy in going from Féo Fe, and of
about 0.8 eV to lower energy in going from F® Fe;. The
absorption spectra of these clusters were taken as depositeirface is iron atoms. Soft landing conditions are sufficient
at 20 K with the argon layer still present on the sample.
This energy shift in ironL; x-ray absorption hints at

This evolution of the irorL; line can be interpreted in
terms of diffusion and agglomeration of the iron adatoms.
After deposition, the only species on theX2)0O/Ru(001)

to inhibit implantation, and the coverage is low enough to
rule out agglomeration. Obviously, fragmentation cannot oc-

different electronic structures of the cluster species that caour for single atoms. Upon annealing to 150 K, adatom dif-
be observed on the surface after the clusters have been desion leads to agglomeration and formation of iron islands
posited into argon multilayers with a kinetic energy of lesson the (2<1)O/Ru(001) surface, as can be deduced from
than 1-2 eV per cluster atom. Different cluster species witithe evolution of a double peak at thg absorption line.
different electronic structure yield differeht x-ray absorp-  Since the low energy peak around 707 eV corresponds with
tion spectra. From the difference in the absorption spectra itheL; line of bulk iron, it can be ascribed to larger islands of
can be deduced that soft landing conditions are fulfilled iniron atoms that have formed. After annealing to 300 K, most
this case and no cluster fragmentation occurs. The kinetiof the iron atoms on the (21)O/Ru(001) surface form
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these islands. Iron atoms on X2)O/Ru(001) seem to be
highly mobile even at 150 K.

A similar evolution of thel 5 line is shown in Fig. 5 for
iron dimers on (Z1)O/Ru(001). Again, a series of x-ray
absorption spectra is shown after stepwise annealing from 20
to 400 K. In this case, iron dimers seem to be less mobile
than iron adatoms. As observed in Fig. 4 for iron adatoms, a
double structure also evolves in Fig. 5 for dimers at lthe
line after annealing to 150 K, and is more pronounced after
annealing to 200 K. At both annealing temperatures, how-
ever, it is less pronounced than in the corresponding iron
adatom spectra in Fig. 4. After annealing to 300 and 400 K,
the double structure even seems to disappear again. At 600 K
(not shown herg only one very weak peak is visible, which
has shifted further towards the position of the bulk iron line
but has not reached it in energy.

Again, it can be inferred that only iron dimers are
present on the (& 1) O/Ru(001) surface after deposition un-
der soft landing conditions. However, iron dimers on (2
X 1)O/Ru(001) do not seem to form large islands easily.
Even after annealing to 400 and 600 K, the iron dirhgr
line is at 1 eV higher photon energy than the corresponding
bulk iron line*

Iron trimers on (2 1)O/Ru(001) are even more stable
against diffusion than iron adatoms and dimers. This can be

FIG. 4. L,; xray absorption spectra of iron adatoms on (2 Seenin Fig. 6, where a serieslof ; x-ray absorption spectra

x1)0O/Ru(001) for different annealing temperatures. A step edge has beepf jron trimers on (2<1)O/Ru(001) is shown. Again, soft
subtracted from all the spectth.

X-ray absorption, arb. units

FIG. 5. L, 3 x-ray absorption spectra of iron dimers on>2)0O/Ru(001)
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landing conditions with argon buffer layers and deceleration
of the clusters were used for trimer deposition. Upon step-
wise annealing to 400 K there is only very little change in
the iron x-ray absorption spectra. This clearly shows that
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Element-specific and site-specific ion desorption from adsorbed molecules by deep
core-level photoexcitation at the  K-edges
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This article reviews our recent work on the ion desorption from adsorbed and condensed
molecules at low temperature following the core-level photoexcitations using synchrotron soft
x-rays. The systems investigated here are adsorbed molecules with relatively heavy

molecular weight, containing third-row elements such as Si, P, S, and Cl. Compared with
molecules composed of second-row elements, the highly element-specific and site-specific
fragment-ion desorptions are observed when we tune the photon energy at the
dipole-allowed 5— o* (3p*) resonance. On the basis of the resonance Auger decay spectra
around the & ionization thresholds, the observed highly specific ion desorption is interpreted in
terms of the localization of the excited electrghgre called “spectator electronsin the
antibondings™ orbital. In order to separate the direct photo-induced process from the indirect
processes triggered by the secondary electrons, the photon-stimulated ion desorption was
also investigated in well-controlled mono- and multilayer molecules. The results confirmed that
the resonant photoexcitation not in the substrate but in the thin films of adsorbates plays a
significant role in the realization of the highly specific ion desorption. 2@D3 American Institute

of Physics. [DOI: 10.1063/1.1542444

1. INTRODUCTION tion edges. The absorption-edge jumps ofkhedge in all of

. . trgje elements are higher than those of thand M edges in
Photo-induced processes at solid surfaces have attract?he respective elemenisSecond, the element specificity

much attention not only as fundamental science but also aslearl Shows ith increasing difference in the atomic
technological applications, because we can possibly synthe- y WS up with 1 ing di : !

size new materials through nonthermal reactions. Amon ulmble:c:;‘thel two efletrk?entﬁ. ;I'hIS IS S|mp(ljy estlrorlwated byfﬂ:ﬁ
various photo-induced processes, those induced by energ alculated values of the photon-energy dependences ot the

tunable synchrotron soft x rays have been the focus of co bhotoionization cross sectiofis.A typi_cal example is ob-
siderable attention because the x-ray-induced reaction hg@rve'd for the deep cor.e-le\{el'exutatlon of a heavy element
the excellent properties known as “element specificity” andn @ Ilght-element matrix. Slmllarly, the shallow Core-lgve_l
“site specificity”. An x-ray-induced chemical reaction is excitation pf a light glement in a heavy-element matrix is
triggered by the excitation and ionization of core-level elec-also effective. The third factor is the resonance effect. If the

trons which are localized at the atomic site even in a multi"éSonance excitation from the core to valence unoccupied

element material. Thus we can possibly excite a specific eloPitals ina compound is a dipole-allowed transition, and the
ement or specific chemical bond by tuning the energy of xaPSorption-edge jump dramatically increases, which may re-
rays at the inner-shell ionization threshold of the specificSult in highly specific fragmentation.
element. Using this characteristic, there exists a possibility ~©On the basis of the above speculations, this article deals
that we can control a chemical reaction at a solid surface. Fgnainly with the results for ion desorption following the reso-
example, we can cut a specific chemical bond around a sp&ant photoexcitations at thi¢ edges for the adsorbed mol-
cific element as if we were using scissors or a knife. Recerecules. Especially, we concentrate on the ion desorption from
progresses in this approach is reviewed in some of the afelatively heavy molecules containing third-row elements
ticles cited as Refs. 1-4. such as Si, P, S, and Cl, because we found that the element
One might want to know, in what case can we cut aspecificity and site specificity clearly show up in the 1
specific chemical bond? or, in other words, is there any gen—>3p* (c*) resonant photoexcitation in the third-row ele-
eral theory or general rule for realizing a specific bond scissments. Next, we shall discuss the mechanism of the observed
ion? As to these questions, | would like to stress the follow-highly specific ion desorption from condensed molecules on
ing three general principles for realizing the highly specificthe basis of the photon-energy dependences of the desorption
chemical bond scission by core-level photoexcitation. Firstyields and the Auger decay spectra. In the adsorbed systems,
the photoexcitation at thi€ edge is more efficient than those the chemical reaction by the core-level excitation is caused
at theLy, L,3, andM edges. This is simply understood by by two processes, i.e., direct process triggered by the core-
the absorption-edge jump, which is defined as the ratio of théevel photoexcitation and indirect processes which are in-
photoionization cross sectioms /o, whereL andH refer,  duced by the secondary electrons. Therefore | finally present
respectively, to the low- and high-energy sides of the absorpthe results for the stimulated ion desorption from well-

1063-777X/2003/29(3)/15/$24.00 228 © 2003 American Institute of Physics
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patterns shown in Fig. 1. The first is the “element-specific”
reaction depicted in Fig.(1). This is the most principal char-
acteristic of core-level photo-excitation. In this simplified
model, the photon energy is tuned at the core level of the
element C. The element C is selectively excited leading to
the breaking of only the B—C bond but not the A—B bond.
For solid surfaces, the desorption of the element C is ex-
pected. The second case is the “site-specific” reaction. This
is further divided into two cases. In the upper mo@®| the
core levels of the elements B have two energy levelsdid

B,) depending on the chemical environment. This energy
shift is called a chemical shift. If we tune the x-ray energy at
the core level of B, only the B, atom is excited without
exciting the B atom. Consequently, the,BC or B,—B;
bond would be broken without cutting the A-Bond. In the
lower model(b), the element B has only a single core-level
state, but the valence unoccupied state is divided into two
levels localized at the B—C and A—B bond. In this figure, the
core electrons in the element B are resonantly excited into
the unoccupied state which is localized at the B—C bond. If
this state has an antibonding character, the B—C bond would
be broken but not the A—B bond.

FIG. 1. Schematics of specific chemical reactions induced by inner-shell
electron excitation using energy-tunable synchrotron soft x rays. The photon
energies are tuned at the resonance excitation from core levels to the valenge

: . EXPERIMENTAL DETAILS
unoccupied orbitals.

A schematic diagram of the equipment around the
controlled mono- and multilayers in order to elucidate thesample IS shown_m Fig. 2 The samples |nvest|gateq here are
mechanism more clearly by separating these two processeg?OIe.CUIes .contlalnmg third-row elements such as silane de-

rivatives, disulfide, and chloromethane. Most of the samples
are liquid at room temperature. The samples were purified
and degassed through several freeze—pump—thaw cycles in
the gas-dosing vacuum system connected with the analyzer

The specific fragmentation and desorption initiated bychamber. Then the samples are dosed onto the clean surface

2. GENERAL DESCRIPTIONS FOR ELEMENT-SPECIFIC AND
SITE-SPECIFIC BOND SCISSIONS

core-level photoexcitation is characterized by the differenof a metal or semiconductor single crystal cooled at 80 K.
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FIG. 2. Schematic diagram of the apparatus used for the experiments in this review.
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Most of the experiments were conducted at the beam
line (BL, 27A) station of the Photon Factory of the High
Energy Accelerator Research Organizatit¢(EK-PF). The
detailed performance of this beam line has been described
elsewheré.The energy range of this beam line is 1.8—6 keV,
which covers thé&K edges of third-row elements such as sili-
con, phosphorus, sulfur, and chlorine. For comparison, the
resonance experiments at theedges for second-row ele- , '
ments such as carbon and oxygen were also carried out at the 0 - 2 3
beam line(BL, 7A) station of the KEK-PF. Photon energy, 10%eV

The ultrahigh-vacuum system used in this work con-
sisted of a cryomanipulator which can rotate around the ver- SiK - edge Si ts—-c" XANES
tical axis, an electron back bombardment system for sample (hv =1844.7 eV) i
heating, a temperature control system, quadrupole mass
spectrometefQ-mas$, hemispherical electron energy ana- ’J\\A’A
lyzer, low-energy electron diffractiofLEED), sputter ion ot 1845 1850 1855
gun, low-energy electron gun, and gas doser. The x-ray ab- sic|t  Photonenergy, eV
sorption spectra were taken by plotting the sample drain cur-
rent as a function of the photon energy. This method is called
the “total electron yield” mode. The x-ray absorption spec-
trum around the core-level threshold is termed the “x-ray

pr—- ) ClK-edge

—-— G;(Cl)

—_ cloml(SiCl‘t)
Si K-edge
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section, 10°b
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absorption near-edge structuréXANES) or “near edge CIK - edge " XANES
~al-ef v Cl 1s—oc*(8a,)

x-ray absorption fine structureNEXAFS). The desorbed (hv = 2823.0 eV)

ions were detected by the Q-mass operating in a pulse count- f—é |

ing mode. The photon flux was always normalized by the _g

drain current of the copper mesh located in front of the S o

sample. = S R
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4. ELEMENT-SPECIFIC DESORPTION FROM CONDENSED =

MOLECULES
4.1. Condensed SiCl 4

0 20 40 60 80 100 120 140 160

The most essential question concerning the x-ray- Mass number, M/e

induced processes in solid is: Are there any differences when
the core levels in the different elements are excited in @IG. 3. Comparison of the mass spectral patterns of the desorbed ions from
multi-element solid? However, a clear answer to this Simp|e:ondens_ed Si(;lmolc_ecules irradiated by two kinds of photon energies, cor-
question has ot yet been given. For the photon-stimulatefFF°7n% 0 e & 316 € eoses, The ooy asoron neaecge s,
desorption from condensed light molecules, the fragment-iofass spectrum. The photon energy for the mass spectral measurements was
desorption from solid CO and NO following th€ edge ex- tuned at the respective resonance maximum ®f-* indicated in the
citations have been investigated by Rosenbe'rgtl.g For XANES spectra. The photo_n—energy dependences of the_ionization cross
solid CO they have observed enhancement of thea sections of silicon and chlorifi@re shown at the top of the figure.
ratios of about 30% under I edge photoexcitation. It is
obvious that the element specificity of the desorption de-
pends primarily on the ratio of the photoionization cross sec-
tions, o; / oo, Whereo; and o, are the inner-shell photo-  (SiCI*,SiCL) but also atomic ions ($iCI™) are desorbed
ionization cross sections of the elementand the total in comparable intensity, while most of the desorbed species
molecule, respectively. Based on this simple speculation, ifollowing the CIK-edge excitation are atomic Clons. This
can be deduced, that the element specificity more clearlis quite surprising because the core-level excitation is prima-
shows up in a heavy element rather than a light element. rily followed by Auger decay, whose time scale is of the
Atypical example for a heavy molecule containing third- order of 10 *°s, which is faster by about three orders of
row elements is shown in Fig.8.This figure compares the magnitude than the time scale of the chemical bond-
mass spectral patterns of the desorbed ions from condensedeaking. If the delocalization of the excitation happens be-
SiCl, molecules irradiated by two kinds of photon energiesfore the chemical bond scission, the Auger electrons and the
corresponding to the ®i edge (upper spectrumand the succeeding secondary electrons are the main trigger of the
CIK edge(lower spectrum The photon-energy dependencesbond-breaking and ion desorption. This means that the same
of the ionization cross sections of silicon and chlorine aremass patterns should be observed even if the different core
shown at the top of the figure. The x-ray absorption nearlevels are excited. The present results suggest that the time
edge structure spectrum is displayed in the small inset iscale of the Si—Cl bond scission and"Qiesorption is com-
each mass spectrum. The photon energies are tuned at tharable to or faster than that of the delocalization of the
respective resonance maxima of the-10*(3p*) excita- excited states. Such highly element-specific desorption has
tions. For SK-edge excitation, not only molecular ions been also observed for simple condensed molecules com-
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SiK-edge stooHy a CHa edges. For comparison, the mass spectrum of fragment ions
) 0 for gas-phase 8DCH;), excited by 70-eV electrongthe
) SHOCHaT, § - sitocHs); CH3-0-5i-0-CHs so-called cracking patterms displayed in Fig. 4d. Since the
P Ve o electron energy for the gas-phase spectrum is lower than the
S {cK-edge ' ©b g>< Si2p, C1s, and O X thresholds, the gas-phase spectrum
g o3 CHq exhibits an ionic fragmentation pattern following not inner-
z siocHs? sioctials ‘ shell excitation but valence excitation. The desorption spec-
5 SRy  StocHsl C K-edge ) trum at the SK-edge excitation resembles the gas-phase
Elewi " OKeedge  © o3 one. For the C and ®-edge excitations, on the other hand,
- the most intense peatexcept for H') is located around
soon O £ M/e=15. The long-time measurements with higher mass-
hsbign s A3 | DGR |2 resolution shown in Figs. 4e and 4f reveal that the most
90 s an%%er,tcAE}g 200; OK-edge o f intensg peaks originate from the §2an§ (M/gz 15), but
€ Gase™:70ev  d| G no O" ions (M/e=16) are observed. This indicates that the
g £ oH2 C-0 bonds are selectively cut off following both carbon and
2z s.(OCHg)S»'(OCHZ).fOCHJ)» oxygen K-edge excitations, but the Sl—O bonds mo_stl_y_ re-
g N ,: . ! A main l_mbroken. These _res_ults_ shed light on th_e p035|_bll|ty of
=X Msa%s nu%ob%r’M}go 200 Mass number  M/e selective C—O bond scission in condense@@&H;), using

monochromatized synchrotron radiation.

FIG. 4. Mass spectra for desorbed ions from condensgaC3,), follow-

ing silicon K-edge(a), carbonK-edge(b), and oxygerk-edge photoexcita- 5. SITE-SPECIFIC DESORPTION

tions (c). The photon energy of each spectrum is tuned just at the &*

resonance maximum of the respective absorption edge. The mass spectr@ri. General descriptions

of fragment ions for gas-phase(SiCH;), excited by 70-eV electron&o

called cracking patteris in panel(d). Mass spectra in narrow regions with Next we consider examples of the site-specific desorp-

higher mass-resolution for K-edge () and OK-edge excitations are tijon shown in Fig_ 12). If the molecule has the same
shown at right(f). elements but inequivalent chemical environments, we can
selectively excite each atom shown in Fig24d. Such an
] ) example was first found for a gas-phase molecule by Eber-
posed of two kinds of third-row elements, such as £Cl pargtet all” They selectively excited two kinds of carbon

S,Cl; (Refs. 11 and 1P atoms in acetone, which has inequivalent carbon atoms, and
succeeded in observing the different ionic photofragmenta-
4.2. Condensed silicon alkoxides tion patterns depending on the atomic site being excited. Al-

though some controversy still remains as to their results, this

The element specificity of the core-level excitation hasyigneering work stimulated the site-specific fragmentation in
potential for future applications in photochemical processeggjecules following inner-shell photoexcitation. Clear ex-

at semiconductor surfaces. In silicon technology, for ex-ymnjes of site-specific fragmentation using chemical shifts

ample, one of the key techniques is the deposition and etchyq e recently reported by Nagaoke al. for condensed

ing of semiconductor surfaces without heating and damaging, ,jacule<®® Even for an equivalent molecule like ,N

the substrate. The photochemical process is one of the Cafomberget al. recently demonstrated that one of the two

didate methods for this purpose. For metal-oxide—jrogen atoms in an adsorbed, Molecule can be selec-

semiconductokMOS) devices, it is required to fabricate an tively excited using a high-resolution synchrotron bed

ultrathin and homogeneous oxide overlayer in a controlledl—hey observed different desorption patterns depending on
small area on the semiconductor substrate. Silicon aIkoxideﬁe atomic site being excited.

such as tetramethoxysilan@MOS) and tetraethoxysilane In what follows we shall concentrate on the second case

(TEOS are excellent source materials for $ideposition on i, rig 1(2b) The site-specific ion desorption from a solid

Si surface' because 'of the conformal step coverage 0f SiOy face represented by Fig2b) has been reported in many
layer and its nontoxic property. Niwaret al. have demon-

e e aer systems, such as organic polynféré’ and adsorbed
strated the potentiality of synchrotron-radiation-inducedy,jeculed8—4° following K-edge excitation in second-row
CVD for the fabrication of _S'Q_lfélms on Si using silicon  glements. Here | shall give examples of highly site-specific
alkoxides as source materiafs!® In their works, broad-

HaREl > ion desorption from adsorbed molecules following the 1
band synchrotron radiation in the vacuum ultravid®tV) — _ 35+ regonance in the third-row elements, because the site

region emerging from the bending magnet has been usedeificity clearly shows up in deep-core excitations, as de-
and therefore the photon-energy dependences of the reactiQ@ipeq previously.

remain unclear.

Our results using monochromatized synchrotron beam _
are shown in Fig. 4% The left figures show the mass spectra >2 Adsorbed Si (CH3)sF
of desorbed ions from condensed&CH;), following (a) Figure 5 shows the mass spectra of trimethyfluorosilane
silicon K-edge,(b) carbonK-edge, andc) oxygenK-edge (Si(CHs)sF, TMFS). The upper figure displays the mass pat-
excitations. The thickness of the adsorbates was 300 layertern of desorbed ions from TMFS adsorbed on the(Cli)
The photon energy of each spectrum was tuned just at theurface® The thickness of the adsorbed layer was just one
1s—o* resonance maximum of the respective absorptiormonolayer, which was precisely calibrated. Due to the highly
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PSD (Photon Stimulated Desorption) a double structurémarkedA) and a broad peakmarkedB)
ol g+ Si(CHy),F on Cu(111)] are observed in this energy region. In comparison with many
=l S Is—»o"Si-F of the gas-phase XANES spectra for alkylated divalent sulfur
- oodl /*w-f""* 1 compound$l~*3the first intense pealk can be assigned as
21 0,02 XANES ’
o a0 the S Is— ¢* (S 3p*) excitation, and the second broad peak
}._ﬁ - Gas Phase Fragmentation B is ascribed to the shape resonance corresponding to the
o e” Impact (70 eV) - excitation into higher-energy unoccupied orbitals such as
é i Si’ SHCH. ! S3d* and S5*. It is noticeable that the peak is further
& 33 4 split into two components. Figure 6b shows the same spectra
i SiFéi(CH e but in an expanded energy scale. The energy separation of
; , . , the two components in the XANES spectrum is 1.2 eV. Such
0 20M 40 b60 y %0 100 peak splitting in the S4— ¢* is never seen in divalent sul-
ass number, M/ _. fur compounds containing a single S atom, such as dimethyl
Selective Si—F bond-scission induced|| 37~ 35% %II:(F: sulfide*® The occupied valence shell of the ground state of
by Si 1s -0 *Si—F resonance A DMDS is (9a)?(10a)?(9b)?(10b)?(11b)?(11a)?(12a)?

(13a)?(12b)2 (Ref. 44. The outermost 12 and 12 orbitals

are almost nonbonding, and their main components aneg S 3
orbitals® The 12 orbital consists ofr(S—9 and the 14

and 1D orbitals haveor(S—Q charactef® The energy levels

of the o(S—9 and o(S—Q orbitals for gas-phase DMDS
have been measured by ultraviolet photoelectron spectros-
copy (UPS.*® The energy separation between thea Jnd

12a orbitals in the UPS spectrum is close to the present value
FIG. 5. Mass spectrum for desorbed ions from adsorbé&adt8) ;F follow- of the energy splitting of the Ssk>o* peak. It has been

ing the Si Is resonance photoexcitatidnpper figurg. The mass spectrum  €stablished that the relative energy levels of molecular orbit-
qf fragment jons produced by 70 eV electron impact is shown in the |OW8I’a|S Scarce|y Change from the gas phase to the van der Waa's
figure. molecular condensate. This is indeed the case for DMDS
adsorbed on the C(1.11) surface at various temperatuf@s.

electronegative character of the fluorine atom, the unoccuConsidering a mirror-like structure between occupied and
pied valence orbitals of TMFS are split into two states. Onelnoccupied levels in the valence region, we assign the lower-
consists of thes* orbitals localized at the Si—C borde-  and higher-energy components as the excitations from the
noted asrjg_c)), and the other of those localized at the Si—FS 15 to the o™ localized at the S—S bonithereafter referred
bond(denoted ass;_g). Here the photon energy was tuned t0 aso(s_s) and to thes™ localized at the S—C bonghere-

at the resonance maximum from the Sifo unoccupied after referred to asr(s_), respectively. This is consistent
U?Si—F) orbitals. For comparison, the mass spectrum of fragwith the simple assignment of the XANES spectrum of gas-
ment ions in gas-phase TMFS following 70-eV electron im-phase DMDS by Hitchcockt al*’ Similar energy splittings
pact is also shown in the lower figure. Electron impact pro-in the S Is— o* resonance peaks have also been observed in
duces many fragment ions containing silicon, which exhibitscondensed layers of the S—S-containing compounds such as
the mass cracking pattern following valence excitation. Ordichlorodisulfide (CI-S—S-Cl and dibutyldisulfide

the other hand, the Skk>o{g_r resonance excitation in (C4Hg—S—S—GHy).*®

adsorbed TMFS results in the desorption of only ©ns The desorbed species following th&KSdge excitation
other than hydrogen ions, which are the most abundant ionare mainly $ and CH, ions. The photon-energy depen-
The difference of the two mass patterns clearly indicates thaiences of the S and CH; -ion yields are presented in Fig.
resonant excitation from the Sglinto the antibonding 6a as dotted curves. They are also shown in Fig. 6b in an
o (si_p Selectively breaks the Si—F bond without cutting theexpanded energy scale. Two different features are seen be-

Si—C bond. tween the electron yield and desorption yield curves. First,
excitation at the shape resonaripeakB in Fig. 63 yields
5.3. Condensed (CHsS), scarcely any ion desorption. Second, the iBns are des-

. . )
The data presented second is the fragment-ion desor@'Ped mainly at the Ss— o s_g) resonance w*h||e the GH

tion from condensed (Ci$), (dimethyl-disulfide, ons are desorbed predominantly at thesS-dos_c, excita-
DMDS).% The sulfur atoms in this molecule are coordinatedtion (Fig. 6b. The latter feature clearly shows that the site-
to two different kinds of atoms, i.e., sulfur and carbon.SPecific desorption apparently happens by photoexcitation
DMDS is chosen because this molecule is the simplest profom the same core orbital to different unoccupied valence
totype of amino acid containing an S—S bond, such as Cycorbitals. If the excited electrons are localized at the respec-
tine, and the primary process of the x-ray-induced fragmentive chemical bonds until the fragmentation happens, the ob-
tation is quite important in the fields of radiation biology. ~served tendency that the $% o7s_g resonance yields 'S
The XANES spectrum taken by the total electron yield desorption and the S5t~ os_c, resonance induces GHle-
mode for multilayered DMDS is displayed in Fig. 6a as thesorption is quite natural because both of tHeorbitals are
top most spectrunisolid line). A sharp resonance peak with strongly antibonding. The localized nature of the primary
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FIG. 6. Photon-energy dependences of the total electron {geldl line) and ion desorption yiel@dotted line$ for multilayered dimethyldisulfid¢éDMDS)
around the sulfuK-edge photoexcitation. Total electron yield curve corresponds to the x-ray absorption speedNES). The number indicated in the total
electron-yield curve represents the photon energy used for the measuréRignga of the Auger decay spectf@a). Same as Fig. 6a but in an expanded

energy scale around the S4 ¢o* resonancéb).

photoexcitations will be discussed on the basis of the Auger

decay spectra in the next Section.

6. AUGER DECAY AND MECHANISM OF ION DESORPTION
6.1. Patterns of Auger decay

In the previous Sections,

element-specific and site-specific ion desorptions. The dat
for the element-specific desorption show that localization o
the core-electrons is the main cause of the specific ion d
sorption. Also the results for the site-specific desorption in
dicate that localization of the excited electrons in the anti-
bonding state plays an important role in the specific io

desorption. Since the core-level excitation in |dwelements

Figure 7 shows the three types of Auger transitions
which happen around the ionization threshold. The excitation
into the continuum is followed by thKL; 4L, 3 normal Au-

ger decay(a) resulting in two holes in thé , ; levels. This

state is further followed by th&, 3VV Auger decay, which
results in the final electronic configuration \6f 4, whereV
denotes the valence states and the superscript indicates the

I haye presented SOME EX3umber of electrons taken away. The kinetic energy of the
amples where the core-level excitations induce highly

normal Auger electron is constant. For the core-to-valence
sonant excitations, two other decay channels have to be
taken into account. First is the participant Auger de@ay

e_

where the excited electron participates the Auger decay pro-

cess. The excited electron itself decays into the core hole,
and another electron is emitted from thehell. This process

is virtually identical to photoemission of theshell electron.

is primarily followed by Auger decaf | shall next present Thus the kinetic energy of the participant Auger electrons are

the Auger decay spectra in the present systems.

the same as that of photoelectron from thg; shell directly

Let us first explain the Auger decay patterns in the€xcited by photons at the same energy. The second is the
present systems. For the third-row elements, the main decapectator Auger decafe). In this case, the excited electron

channel following the ionization of th&-shell electron is
primarily theKL, 4L, ; Auger transitionradiative decay, i.e.,

remains in the unoccupied orbital as a spectator, and another
electron decays into the core hole. Then another second elec-

fluorescence x-ray emission plays a minor role in the preseriton is emitted. The kinetic energy of the spectator Auger

system and is therefore not considered here

electron is close to that of the normal Auger electron. Re-
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FIG. 7. Three types of the Auger transitions which happen around the inner-shell ionization threshold. The normal Auger decay following issization i

in (a); for the core-to-valence resonant excitations, two decay channels @yis; the participant Auger decay, where the excited electron participates the
Auger decayjc) is the spectator Auger decay, where the excited electron remains in the unoccupied orbital as a spectator, and another electron decays into
the core hole. Then another second electron is emitted. The remaining electron is called a “spectator” electron.

garding the energy of the spectator Auger electrons, we hav§imilarity between electron yield and Clyield curves is
observed that the kinetic energy of thekiL Spectator Au- seen. The C] y|e|d curve has 0n|y one maximum, corre-
ger electrons in SiQ after SiK-edge excitation shifts lin-  sponding to the peak 2.

early with the incident photon ener>" This phenomenon The electron energy spectra taken at various photon en-
is observed in dgep-core excitations for many adsorbed, CORsgies are displayed in Figs. 8a,b. Figure 8a includes the
densed and solid systems, and the cause of the energy disyk | participant and OKLV normal and CKLV spectator
persion is ascribed to the Auger resonant Raman effett. Auger decays. Figure 8b covers the KIL normal and
Therefore we can easily distinguish the spectator Auger peaéﬁ)ectator Auger decays. In Fig. 8a a slight enhancement of

frlom lther?ormal one. Thde Auggr reslonalnt Rafg?” eflfet_ct morEe Cl2p photoelectron peak around the-€6* resonance
clearly SNows up in condensed molecules and insulaling Sog, ;. m hv=2823.0eV) is observed. In colum(c) the

ids than in metals and monolayer adsorbates. In the followi—ntensities of the CI& and Cl2 photoelectron peaks are

ing discussion, it should be noted that the important point in . S .
i . . plotted as a function of the incident photon energy. The in-
the spectator Auger decay is that the excited electron remains

. : oo 0
in the unoccupied orbitals until the Auger decay. We will Ca”creafeS in the Cl@ |nten3|ty IS al?rohqt 25? at the tCi;l
the remaining electron a “spectator electrofsee Fig. 7. — o™ (8a,) resonance maximum. This enhancement corre-

sponds to the QKL , 3 participant Auger decay. In Fig. 8b we

can clearly see the ®lL, sl 3 spectator Auger linegpeak

B), which shift linearly to higher energy with increase in the
6.2. Condensed SiCl , photon energy. The lower kinetic-energy pedks, which

Concerning the element-specific desorption, let us gér® observed at high photon energies, are due to the
back to the SiGJ case(Fig. 3). For ClK-edge excitation, ClKLz3d 23 normal Auger electrons. The intensities of the
most of the desorbed species aré @ns. The electron and Cl KLz 3L, 3 spectator and normal Auger peaks are plotted in
CI* ion yields around the G{-edge are displayed in Fig. column(d) as a function of the photon energy. The plots of
8e5% The XANES spectrum is basically in good agreementthe intensity of the three types of the Auger peaks reveal that
with those reporteéd for gas-phase Si¢l Mainly three  more than 98% of the Cld— o (8a;) resonance excitation
peaks are observg@umbered 2, 4, and)gwhich originate is followed by spectator Auger decayisicluding KLL and
from Cl1s—o*(8a;), Cl1s—o*(9t,), and double excita- KLV), while the contribution of the CI@-derived partici-
tion (shake-up satellije respectively. However, a clear dis- pant decay is less than 2%. It is also seen that the excitation



Low Temp. Phys. 29 (3), March 2003 Y. Baba 235

Cl K-edge
C
Participant
Aedee e b or P A 125
al + I
Cl2s cIKLvtlllzp Si2s hy ey —.___/%\__ hv, eV w o Pt a Cl2p
: ' (1)2821.7 a
2] 1 ] I ;’Hi\ L 1 ! ! |
IS o AR < L CIKLL
E a N (2)2823.0 z Spectator d
> & ; S 100-
-g ﬁ - _;\\\ (3)28237 2 [
= L
a ~ - _Normal
% % :"""“A“/ \\- (4)2824.3 | ~o-
S < | 0 '
g g ’~""'.|»-w.»\‘N (5)2825.0 e
‘@ =T 7, %)
q’ q’ 4 - —
% % :"""f \\—-—- (6)2828.0 5 T 7 .
8 @ Q ectron
& & H (7128324 = ‘ ol
2 - >_; .
K Z
|' \1\/““_1“"\ (n2psas -—/\——l——— 3084.4 2 ‘
C..l i
2550 2650 2380 2390 2l e c:||+
i i - . ‘l
Kinetic energy, eV Kinetic energy, eV - L

Photon energy, eV

FIG. 8. Auger decay spectra of multilayered Sittl Cl KL, ; participant(a) and CIKL, 4, 3 spectatofb) regions excited by various photon energies around
the CIK edge. In the figure on the right, the intensities of the resonance peaks and the total electron yieldyieldl @fe plotted as a function of the photon
energy.

at peak 6 is followed only by normal Auger decay. The most6.3. Condensed (CHsS),
essential difference between normal and spectator Auger de- Again, we go back to the site-specific desorption in con-
cays is whether or not the excited electron remains in th%ensed DMDSFig. 6). In this case, the most intense Auger
unoccupied orbitals in the course of the Auger electron emis: . '

sion (see Fig. 7. For excitation at peak 6, therefore, the lines after the S&—o* excitation would be the sulfur
9. P ' ' KL, 4, 3 spectator Auger lines and the sulfiit_, 5 partici-

excited electron is immediately delocalized before the move- ant Auger line. The former appears near the stilis . » 5

ment of the Cl atom. Thus it is concluded that the existencé) . .
. y - " S . normal Auger line and the latter is observed as enhancement
of a “spectator electron” in the™ orbital is essential for the

fragmentation which results in €ldesorption. of the sulfurL,(S2p) photoelectron. The Auger decay

When we compare twa* resonances with different spectra around the sulfiKL, 4l , 5 region taken at various

symmetry, i.e., 8; (peak 3 and &, (peak 4, the CI ions photon energies around the §% ¢* resonance are shown
y Gy 1 2 )

desorb mainly at peak 2 rather than at peak 4, although bothl Fig. 9a. The number indicated in each spectrum corre-

excitations result in spectator Auger decay. Coulregml.  SPONdS to the photon energy shown in the electron yield
have found that the desorption of Hons from a multilayer ~ €Urve in Fig. 6a. The normal Auger peak with fixed kinetic
of H,O after O s excitation is extremely enhanced by the €"€rdy apparently begins to appear from spectrum 11. The
0 1s—4a, excitation®“®2They have ascribed this phenom- h|gher kinetic-energy peaks observed in the'spectrg 2.—11
enon to the strong antibonding character of tteg érbital. ~ ©rginate from the spectator Auger decay. A linear kinetic-

The present results for SiCtan be interpreted in a similar €N€rdy shift with photon energy is also observed for the
manner. The CIB* orbital content is higher in thes than spectator Auger peaks. In Fig. 9b the kinetic energies of the

in the &, (Ref. 63, and consequently the spectator electronSUlfur KLz a5 3 Auger peaks are plotted as a function of
in the 8, is more effective for dissociation of the Si—Cl |nC|d.ent photon energy. Atwol-step linear kinetic-energy dis-
bond than the spectator electron in thg 9This speculation Persion is clearly observed in the spectator Auger peaks.
supports the above conclusion that the spectator electron fuch two-step linear dispersion was explained by a fact that
an antibonding orbital is essential for ‘CHesorption. The tWo kinds of the resonant excitations induce respective Au-
high desorption yield by the Clst—o* (8a,) resonance in- 9er resonant Raman effect. When the photon energy regions
dicates that the nuclear motion of the Si—Cl bond is equivaOf linear dispersions are compared with those of the double
lent to or faster than the core life time. This means that thétructures in XANES spectruitFig. 63, the first linear line
Franck—Condon transition cannot be applied to the bond digharked as spectatdf) corresponds to the sulfufL, 4l 3
sociation process. As described above, such ultrafast nospectator Auger peak following $1- os_g, excitation, and
Franck—Condon-like dissociation was reported fof He-  the second one marked as specta®roriginates from that
sorption by core excitation from condensed molecules sucfollowing S 1s— a5_c, excitation. Therefore it is important

as H,0 (Refs. 61 and 6Rand benzenéRef. 64. The present that both the S§— U?S—S) and S b— UZ‘S_C) excitations are
results reveal that such a non-Franck—Condon-like procegwimarily followed by the respective spectator Auger decays.
exists even for the desorption of heavier atoms like chlorineThis finding suggests that the spectator electrons are local-
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FIG. 9. Auger decay spectra of multilayered DMDS in the suKir, 3l , 5 region excited by various photon energies around the siflfedge. The number
indicated in each spectrum corresponds to the photon energy shown in the total electron yield curve irtarigRéation between incident photon energy
and the kinetic energy of the sulfitl, 3, 3 Auger line for multilayered DMDS around the sulfidredge excitatior{b). Intensities of the Auger peaks as a
function of photon energyc).

ized at the respective chemical bonds in the course of thaance, S $—0}s_c) resonance, shape resonance, and S 1
Auger decay. Figure 9c summarizes the photon-energy dggnization. In this tableg™  represents the spectator electron
pendences of the peak intensities of various Auger lines. Wgnq,, denotes the valence orbital. The positive and negative
have measured the other possible primary decay Channqlﬁdices marked in the orbital show the number of electrons
such as sulfuKL;L,3, KLy, KL; gV, andKL,V specta- holes, respectively. The primafy, oL , 5 transitions are

tor decays and sulfuKL, participant decays, but it turned followed by thel, V'V Auger decays, wher¥ represents
out that the contributions of these decay channels are 'eﬁﬁ o ' 1
e valence orbital. It was shown that thg¢ Zo*?! state

than 10% of theKL, 4l , 3 decay. When we compare Fig. 9¢ . o
with the XANES spectrum in Fig. 6a, it is revealed that theCreated b}’ thekLodl 25 spec_tqtpr Auger decay in a sm_nlar
S1s—o* resonant excitation is mostly followed by the sul- Molecule is followed by the initial , 3v'V Auger decay with

fur KL, 4, 5 Spectator Auger decay but the participant decayPn® 2° hole, which yields two valence holes, and succeeding
channels play a minor role. Also it is seen that the shapé23VV decay without a @ hole, which yields four valence

resonance is essentially followed by the sukur, 4, snor-  holes. Although we could not distinguish between spectator
mal Auger decay. and normal Auger decays in the 3VV Auger decay spectra

The main decay channels and possible sequences of tltkie to the broad peak structures, we tentatively conclude that
electronic configurations are summarized in Table | for thethe spectator Auger decay would be predominant by taking
four primary excitation modes, i.e., the St o{s_g reso- theKLL results into consideration. Thus the final electronic
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TABLE I. The main Auger decay channels and possible sequences of the electronic configuratemesents one of the valence orbitals,
and the index shown in each orbital denotes the number of elecwdisand 0%’ are the spectator electrons localized in the S-S and

S—C bonds. respectiy

lv,

Excitation mode Electronic configuration Desorption
) [1s_1c§1_s] - [2p_20§1_5] - [2p_1v_2c§1_s] - [v—4c§1_S] . .
S1s >of_g KLy 3lp 3 (spectator) Ly 3VV IsvV — §7,CHg
. slogl o1 - 2p2etlcl » 72 (1 - gl ) .
S1s>05-C KLy 3L 3 (spectator) Ly3vVv I5%\4% - mostly, CHg
ts~l3a*! 50 2p7Y S Y 5
S 1s — 3d*(55*) KLy 3L 3 (normal) Ly3vVv Lp3vVv - few
-1 -2 -1 -
S 1s —> ionization is™l i 7 IR a0 I = few

KLy 3Ly 3 (normal)

1H%144 15%144

configuration at the Sd—o¢* resonance is shown as higher-energy resonances such as €-13d* and 5* in-
v %c*1in Table I. duce scarcely any Cl desorption. In both the sulfur and

It has been established that the positive-ion desorptioghlorine cases the primary decay channels at the higher-
following the inner-shell ionization is in many cases well energy resonances are complet&ly., sl , 3 normal Auger
explained on the basis of the localization of two or moredecay. This fact implies that the final electronic configuration
positive holes in valence orbitals which are created by theike V~* does not contribute very much to the fragmentation
sequence of Auger decaykF mode).®® The Coulomb in-  and ion desorption. It is the spectator electron in te
teraction between the two holes in an Auger final state leadgrhital that is essential for the fragmentation.
tﬁ |006;]|izat§i0nd0fdthhis Sftart-]e if the Coulgmb Enlergy is Iargher The second point of dissimilarity between electron and

n ndwi rr ndin . T i i i i i *
Llfilma;[teely f?agmenttat%ntaidcgeseosr%t)ion d?Je g)ethsetactiulonfgsb risy|eld*curves " th? intensty ratio of the S o7s ) and

' ‘ : DHOH S — 0(s_c)Peaks(Fig. 6b. The Auger decay spectra show

repulsion will happen. This scenario is indeed the case fOf ¢ poth resonances are predominantly followed by the sul-

the ads_orbed moleculésondensatewith a relatively narrow ¢, KL, 4, 5 Spectator Auger decay. As discussed above, the
bandwidth of the one-hole state, except for monolayer adsois;,n, désofption yield of Cl ions at the Cl3—a* reso-

bates on a metal substrate, where the valence holes are wg nce in adsorbed SiCis due to the excited electraspec-
screened by the electrons in the metal substdiseussed in .. electroi in the highly antibondings* orbital. Simi-

the following section Also in. the present case, the KF pro- larly, the high desorption yields of the GHand S ions at
cess would be predominant in the photon energy range Wher[ e Sko* resonances in comparison with those at

r]”‘ﬁgher—energy excitation is interpreted in terms of the spec-

core-to-valence resonant excitation where the spectator AL{- : . : . .
- . ator electrons in the highly antibonding orbital. The spe-
ger decay happens, the effect of the remaining electron in the gnly g P

N . : . Cial point in the present case is that the spectator electrons in
o orbital on the desorption process must also be taken int e o - and o™ bonds are localized at the respective
account. If the KF model can be applied not only to the core (5-9) (S-C) P

ionization but also to the resonant core excitation, thes'tes’ as is confirmed by the two-step linear kinetic-energy

photon-energy dependence curve of the ion desorption yielgispersion(Fig. 9b). Therefore the spectator electrons Iogal-
would be identical to that of the total electron yield, becausd?€d at the‘_T(S—C) Orb'tfl WOUId, break the S-C bond, while
the total electrons are mostly composed of inelastically scatl0S€ localized at the(s_g, orbital would cut the S-S bond.
tered low-energy electrons irrespective of the primary Auger! N€ cleavage of the S—C bond will mainly produce LH
decay processes. However, this is not the case for the presdf'S (nigher charged ions such as E€Hwere not separated
results (Fig. 6. Therefore, the observed dissimilarity be- IN the present experimentOn the other hand, breaking the
tween the XANES spectrum and ion yield curve suggest$—S bond may produce GH' ions. However, the intensity
that there exists a process other than the KF process in tif the CHS™ ions at the S&—o{s_g) resonance is ex-
S* and CH desorption. tremely low, and only CHl and S ions are observed in
The first point of dissimilarity is the disappearance of thecomparable intensity. Concerning the desorption of molecu-
shape resonance peak in the desorption yield cufies lar ions, we have observed that the desorption of the rela-
6a). This result implies that the desorption of some fragmentively light atomic CI" ions from solid CCJ is induced by
ion is enhanced by a special core-to-valence photoexcitatiofie spectator electron in the" orbital, but the desorption of

mode. Similar results have been reported for condensé€x H
(Refs. 61 and 6RbenzengRef. 64 at theK-edge photoex-
citation. Also the present authors have obsef¥ede en-
hancement of the atomic Cldesorption from multilayered
CCl, and SiC} at the CIK-edge excitation, where the
Cl1s—o* resonant excitation yields Cldesorption, but

heavier molecular CGl ions is not specially caused by the
Clls—o™* resonance due to the slow movement of such
heavier molecular specié8.This explanation holds for the
absence of the C{$" desorption at the Ssl-o(s_g, reso-
nance. We consider that the comparable yields of thg CH
and S ions in mass spectrum are ascribed to the dissociation
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FIG. 10. Schematic of the direct and indirect processes in photofragmentg g 11 Temperature-programmed-desorption spectra foy AT 100).
tion and desorption induced by inner-shell electron excitation. The pressure of the gas-dosing vacuum line was kept at 0.01 Torr, and the
surface was dosed at the respective time indicated in each spectrum.

of the CH;S" in the course of the desorption process.
of the secondary electrons are emitted into vacuum, so we

7. DIRECT AND INDIRECT PROCESSES IN X-RAY INDUCED can ple up Only the direct process. For this purpose it is
ION DESORPTION essential to prepare a pure physisorbed monolayer, because

an island structure containing a multilayer region would se-
Up to here, we have presented some examples where tr\‘%rely affect the desorption features.

core-to-valence resonance excitations in condensed and solid Figure 11 shows the examples of the temperature-
molecules induce element-specific and site-specific ion def)rogrammed-desorptiomTPD) spectra for CGJ/Cu(100)
sorpt_ic_m. The _remaining question is, in what case does such@yen at various dosing timé5The intensity of the lower-
specific reac.'u.on happen? and, the other way, in what Cast%mperature peald) around 145 K increases proportionally
does a specific reaction not happen? To answer these qU&gin the dosing time, while that of the higher-temperature
tions, it is important to separate two processes. The first is Beak (B) around 180 K is constant. Therefore we assigned
“direct” process. This is the reaction directly induced by 4 peaksA andB as the desorption signals from the phys-

core excitation. If this process is predominant in the frag+gqrheq multilayer and monolayer, respectively. The number
mentation and desorption, a specific excitation of core-level

electrons would be followed by specific fragmentation and
desorption. The second is an “indirect” process or “second-

12}
o L ; Z 30 F 2
ary” process. This is the reaction induced mainly by the sec- o a m % . 8|0|§ d
ondary electrons, such as photoelectrons, Auger electrons, gzo I .
and inelastically scattered low-energy electrons. Even if the =101 °
direct process at the core-to-valence resonance induces a spe- @i x5 % [(fe T
cific reaction, the secondary electrons would also induce a §| ot o2 0 5 10 300
T . S R . > ClI b 3L Number of layer
nonspecific reaction. This situation is illustrated schemati- g o)
cally in Fig. 10. One of the approaches used to separate the z ccl} @,@@
two processes in adsorbed systems is the coincidence tech- 5 M. Jawss A ,x.2. ©)
nique, in which the desorbed ions are detected in coincidence & ot ¢ 300L| 8d.4sete > JUnqccupied
. . € G'(3p', 367 orbitals
with the photoelectrons and Auger electrons. This approach =| 2+ +
. . . 67—-70 Cl CCl3 G (3p,3s) Valence band
was reviewed in detail elsewhere by Masteal. Another Cizp
approach is to prepare well-controlled mono- and multilayer 0 50 100 1‘5(; Cizs JCore
- orbitals
films of molecules on a substrate, and compare the desorp- Mass number, M/e Gits

tion features between adsorbate excitation and substrate ex-
citation. The main idea is as follows. For the multilayer, theFIG. 12. Mass spectra of desorbed ions from adsorbed &Glarious film

core excitation in the molecules takes place inside the layefhickness following the Cld—o* resonant photoexcitation h¢
=2824.8 eV). The number of layers indicated in each column was precisely

So the effect of secondary electrons on the reaction cannot ba%termined by TPD measuremertisb,Q. Relative intensities of the €I

?gnored. On the other han_d, if we prepare a precise physsng CC} ions desorbed by the Ckl-¢* resonance as a function of the
isorbed monolayer and excite only adsorbed molecules, mostimber of layergd).
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of the layer was precisely determined by the calibration
curve for the intensity ratio of the peak to peakB as a
function of dosing time. For preparation of the pure mono- cI
layer we dose several layers at 80 K and then heat the sub-
strate up to 165 K. This procedure results in the formation of
a pure homogeneous monolayer.

Figure 12a,b,c shows the mass spectra of the
desorbed ions from CEICu(100) at various thicknesses
following the Clis—o¢* resonant photo-excitation
(hv=2824.8eV)’? For the multilayer, both atomic Cland
molecular CCJ ions are desorbed in almost comparable in-
tensity. In contrast, only Cl ions are desorbed from the
monolayer. In Fig. 12d the desorption intensities of these two
species are plotted as a function of the film thickness. Pre-
dominance of the Clions over the CGJ ions is observed in 7 T . . . T .
films thinner than 3 layers. The intensities of both ions are crt c CCl,/Sio,
almost saturated at 4 layers. We consider that this phenom-
enon is due to the difference in the mass of the desorbed
species. The desorption of the'dbns is ascribed to the fast
bond-breaking process due to the spectator electron ion'the
orbital, as previously discussed. This means that the move-
ment of the Cl atom in the highly repulsive C—CI potential
curve begins already during the Auger transition, overcom- 0 20 40 60 80 100 120 140 160
ing the screening by the copper substrate. This may induce Mass number, M/e
the CCL desorption as a counterpart. But due to the relag,g 13 Mass spectra of desorbed ions from QCu(100) (a),
tively slow movement of the heavier CQCions, thev ~4o* CCl,/Si(100) (b), and CC}/SiO, (c) following the CIK-edge excitation.
state is quenched by the screening before the desorption &fie number of layers in each sample was precisely adjusted to be one
the CCY ions happens. This means that for muliayered T2/ 2455 00 e 120 ressuenane, Toe oro of e
adsorbategsmolecular condensateshe screening effect on o
the top surface layer is reduced as compared with that for the
monolayer, because the adsorbates themselves behave as a

spacer layer which hinders the charge transfer screeningat only atomic CI ions are desorbed from monolayer GCl
from the metal substrate. It has been reported that when gn c100) and S{100) surfaces, while both atomic Cland
rare-gas spacer layer is introduced between the moleculgfglecular CCJ ions are desorbed from C@ISiO,. The
adsorbate and metal substrate, the features of electrogifference in the mass spectral pattern suggests that excited
stimulated desorption are not identical to those without &states leading to the CLldesorption are quenched in the
spacer layer, due to the weakening of the charge-transfefirong- and medium-coupling systems, while they survive in
screening? this is well consistent with the present results. weak-coupling system.

As to the photon-energy dependence of the desorption  Figure 14 displays the photon-energy dependences of the
yield, CI" desorption from the monolayer is observed onlytotal electron yield§TEY) and desorption yields around the
when the photon energy is tuned at the €Hlo* resonance (| K-edge excitation for (a) CCl,/Cu(100) and (b)
in adsorbates. Note that the excitation of the substrate do&scCl|,/SiO,. The peak positions and relative intensities of the
not induce any ion desorption. This was clearly confirmed inTEY curve are almost the same as those reported for gas-
similar systems where the core-to-valence resonant excitghase CG| and condensed Cgl The most intense peaks
tion in adsorbed thin films dominates the ion desorption ovearound 2824.2 eV originate from the resonant excitation
the secondary-electron-induced ion desorption following thgrom the Clis to unoccupieds™ orbital, and the higher-
substrate excitatioff:" energy peaks centered around 2832 eV are attributed to ex-

More-direct evidence for the screening effect of the sub<itations to a mixture of § and 3d* orbitals. For
strate on the ion desorption can be obtained when we con€Cl,/Cu(100), the C! desorption happens only at the
pare the ion desorption following the core excitation in phy-Cl1s—o* resonance. The desorption peak at the <I1
sisorbed molecules by changing the electronic property of-5s*, 3d* resonance is missing. On the other hand, for
the substrate. The systems investigated are the photoGCl,/SiO, a small maximum of the Cl desorption is seen
stimulated ion desorption by ®-edge excitation for a at the Cls—5s*, 3d* resonance.
monolayer of CCJ on metallic Cy100 (strong coupling, In the bottom panels in Fig. 14 the kinetic energies of the
semiconducting $100) (medium coupling and insulating CIKL, 4l ,3 Auger peaks are plotted as a function of the
SiO, with a wide band gagweak coupling.”* Figure 13 incident photon energy. The kinetic energy of the spectator
shows the mass spectra of the desorbed ions following thAuger peaks shifts linearly with increase in the photon en-
ClK-edge excitation ffr=2824.2 eV) for monolayer C¢l ergy. This phenomenon is characteristic to the spectator Au-
on three different substrates. The thickness of the layers wager electron and was interpreted in terms of the Auger reso-
precisely adjusted by the TPD spectrum. It is clearly seemant Raman effec?~>8 as previously discussed. Note that

ja)]
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FIG. 14. Photon energy dependences of the total electron YERBRNES) and ion desorption yields for CEICu(100)(a) and CC}/SiO, (b). In the bottom
panels, the kinetic energies of the KL, 4L, 3 Auger electrons are plotted as a function of the photon energy.

the discontinuity of the OKL, 4,3 energy is observed fragment and XANES spectrum is a rather ordinary phenom-
around the Cl$ threshold,hv=2826¢eV, for CCJ/SiO,, enon in a condensed lay@enultilayen, and this is interpreted
while the spectator Auger peak changes continuously into they the effect of the inelastically scattered low-energy second-
normal Auger peak for CG/Cu(100). It was revealed that ary electrons which are emitted following the Auger transi-
for strongly bound molecular adsorbates the Auger decayion regardless of the Auger decay types. In a weakly screen-
starts from a fully relaxed neutral core excited state, indepening substrate such as an insulator, such relatively slow
dently of the primary excitatiorineutral or ioni¢. Actually ~ processes as the sec_ondary-electron effect survive until the
the continuous energy shiftfrom spectator to normplas  Molecular-ion desorptlon occurs, even in a monolayer mo-
observed in monolayer adsorbates but not in multilayetecular adsorbate. It is found that such slow processes play a
adsorbates® The observed discontinuity in CQISiO, sug-  key role in photochemical reactions on insulator surfaces.
gests that the Auger decay below the €lthreshold starts For the CI ion desorption from CGISiO,, the contribu-
from not relaxed core excited state but fully localizedtion of the spectator-electron-induced fast bond-breaking
1s 'o* state, resulting in the different final electronic con- would be included at the Clsl-o* resonance. However,
figuration from that of the normal Auger decay. the weakly observed Cldesorption at the Cl4—5s*, 3d*

On the basis of the results, the possible desorptioiesonancefig. 14h cannot be interpreted in terms of the
mechanisms are as follows. For G@OTu(100) and effect of the spectator electron because this excitation is ap-
CCl,/Si(100), the CI desorption happens only at the parently followed by normal Auger decay, whose final elec-
Cl1s—o* resonance by the fast bond-breaking Sur\/i\/ingtronic configuration iV~ 4. This slight enhancement would
the screening effect due to the remaining e|ecf[be “spec- be attributed to the Coulomb repulsive force among the mul-
tator” electron in the highly antibondings® orbital. The tivalence holes as a final state of the normal Auger decay.
missing of the CGJ desorption can be again interpreted by

i -4 %
the qugnchlng of the/ o states by the charge-transfer 8. CONCLUDING REMARKS
screening due to the relatively slow movement of molecular
species. For the C&ISiO, system, on the other hand, the This article summarizes recent work on ion desorption
existence of the CGlions indicates that even heavy molecu- from adsorbed molecules following irradiation by soft x rays.
lar species survive because the screening effect is negligibl&@he data presented here are focused on the positive
The CCE yield curve fairly resembles the TEY curyEig.  fragment-ion desorption from adsorbed and condensed mol-
14b). Such similarity between desorption yield curve of ionic ecules containing third-row elements following tKeedge
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This article reviews our recent work on photostimulated ion desorgi&iD) from molecules
condensed at low temperature. We have used electron—ion coincidefc®)

spectroscopy combined with synchrotron radiation. The history and present status of the EICO
apparatus is described, as well as our recent investigations of condes@edNH;,

CH5CN, and CECHj;. Auger electron photon coinciden€éBEPICO) spectra of condensed,B

at the O:X ionization showed that H desorption was stimulated by O:KVV Auger

processes leading to two-hole statesrmal-Auger stimulated ion desorptigASID) mechanism

The driving forces for H desorption were attributed to the electron missing in the O—H
bonding orbitals and the effective hole—hole Coulomb repulsion. The normal ASID mechanism
was also demonstrated for condensed;NAhe H" desorption at the @« O(N):1s

resonance of both condensed@and condensed NHwvas found to be greatly enhanced. Based
on the AEPICO spectra the following four-step mechanism was propoésethe 4a;«<1s
transition,(2) extension of the HO—H (JN—H) distance within the lifetime of the € (4a,)*
state,(3) spectator Auger transitions leading to (valencdg}a,)* states, and4) H*

desorption. The enhancement of thé Hesorption yield was attributed to the repulsive potential
surface of the (%) '(4a,)? state. At the p«—O:1s resonance of condenseg®, on the

other hand, the H yield was found to be decreased. The AEPICO spectra showed that'the H
desorption was stimulated by spectator Auger transitions leading to (val€ii8e)*

states. The decrease in thé Klield was attributed to a reduction in the effective hole—hole
Coulomb repulsion due to shielding by thep lectron. Photoelectron photon coincidence
(PEPICQ spectra of condensed,B showed that the core level of the surfacgH

responsible for the H desorption was shifted by 0.7 eV from that of the bulkQd The H
desorption from condensed GEN was also investigated. In a study of condensed

CF;CHj; using PEPICO spectroscopy, site-specific ion desorption was directly verified; that is,
H* and CH desorption was predominant for the G:fhotoionization at the -Ckisite,

while C,H., CFCH,, and CE desorption was predominantly induced by the €:1
photoionization at the -GFsite. These investigations demonstrate that EICO spectroscopy
combined with synchrotron radiation is a powerful tool for studying PSID of molecules condensed
at low temperature. €2003 American Institute of Physic§DOI: 10.1063/1.1542445

1. INTRODUCTION gations of this topic have been very valuable for the follow-
ing areas{1) vacuum technology to suppress ion desorption
Photo-stimulated ion desorptidRSID) induced by core- induced by electron impact2) chemical reactions induced
electron excitations of atoms and molecules on surfaces is gy high-energy particles on the inner walls of accelerators
active research field in surface sciefc@ Detailed investi- and fusion reactors, an¢B) radiation damage of biomol-

1063-777X/2003/29(3)/16/$24.00 243 © 2003 American Institute of Physics
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ecules and x-ray optics. In addition, PSID at low temperatureadiation?* Synchrotron radiation is more advantageous than
seems to play important roles in the solar sysfefor ex-  an electron beam because the resonant excitations are acces-
ample, in production of @on icy satellite$ as a substantial sible and the secondary electrons are drastically reduced.
source of sodium in the lunar atmosph&and in the forma-  Since then, K.M. and his collaborators have constructed a
tion of interstellar molecular hydrogen on the surfaces oftotal of four EICO analyzef$=2® and are now testing the
cosmic dust grain¥>! performance of their latest mod@?® EICO spectroscopy
In studies of PSID, the electron—ion coincidefE¢CO) has now been widely applied for studies of ion desorption
method is a very powerful tool because it can be used tdrom condensed molecules such agCH(Refs. 23,27-3R
measure ion desorption yields for core excitation and subseNH; (Refs. 33—35 CH;CN (Refs. 36—-38 Si(CHs;), (Ref.
guent Auger transitions. Although excitations of surfaces by39), and GHg (Ref. 40, and for molecules showing site-
x-ray-induced electrongphotoelectrons, Auger electrons, specific fragmentationRefs. 23,41-456 This method has
and secondary electrondead to ion desorptionx-ray- also been applied for polymethyl methacrylate thin
induced electron-stimulated desorptidh the EICO spec- film,346-%83 S(100) surface terminated by fluorirfé,H,O
trum exhibits a peak only for the ion desorption initiated bydissociatively chemisorbed on a (80 surface
the emission of a selected primary electron. lonic fragment§H,0/Si(100)],34**% a Cak(111) film epitaxially grown
formed by x-ray-induced electron-stimulated desorption, a®n Si111),?>**and a TiQ(110) surfacé? The ion desorp-
well as false counts due to the coincidence of a primargtion mechanisms that have been elucidated by EICO spec-
electron emitted from one molecule and an ion dissociatetkoscopy so far have been described in detail in previous
from another molecule, contribute only to a flat backgroundoverviews>3->°
noise. Although reneutralization by electron transfer from the  In this article we describe the present status of the EICO
substrate is efficient, and far fewer ions than neutrals arapparatugSec. 2 and discuss six recent investigations for
desorbed from the surfac&;*®by using the EICO method to H,O (Secs. 3.1.1 and 3.1,2NH; (Secs. 3.2.1 and 3.2,2
detect the surviving ionic fragments we can possibly obtairCH;CN (Sec. 3.3, and CRCH; (site-specific fragmentation,
information about the process initiating the desorption. Sec. 3.4 condensed at low temperature. In Sec. 4, we sum-
Electron—ion coincidence spectroscopy combined withmarize our conclusions and discuss the future direction of
synchrotron radiation has traditionally been developed into &ICO spectroscopy in surface science.
very powerful tool for investigating the fragmentation dy-
namics of molecules in the vapor phd8eveasurements of
energy-selected EICO in the vapor phase, however, are not
easy. The coincidence count rate is low even under experi-
mental conditions in which strong irradiation is produced by2. ELECTRON-ION COINCIDENCE APPARATUS
an undulator beamline, and long data collection times are
thus necessary. In contrast, the coincidence count rate is  Figure 1 shows pictures of the first and second EICO
high on a surface because the sample density there is muéalyzers, together with a schematic diagram of the first
higher than that in a vapor. Furthermore, in the vapor phas&!lCO apparatus implemented with synchrotron radiation.
an electric-field gradient applied across a wide ionization reThe first analyzér consisted of an electron gun, a coaxial
gion (typically 1 mm greatly smears the energy distribution cylindrical mirror analyzefCMA), a time-of-flight ion mass
of photoelectrons and Auger electrafisAn electric-field ~ spectrometefTOF-MS), a power supply, and an electronic
gradient of 10 V/mm, for example, lowers the energy reso-System for measurements. The CMA consisted of a magnetic
lution of the photoelectrons and Auger electrons to more thashield, semi-cylinders 58 and 120 mm in diametsolid
10 eV. In contrast, the electric-field gradient applied acrosg&ngle=0.24 sj, three sets of compensation electrodes to
the ionization region on a surface is low, and an electric fieldnaintain a radial electric field, retarding grids, a cylindrical
applied for the purpose of detecting ions does not smear thgit, and tandem microchannel plat¢dCPs. The CMA had
energy distribution of the photoelectrons and Auger eleca resolving power ofE/AE=80 without a retarding field.
trons. This makes it easy to use EICO spectroscopy to detedihe TOF-MS consisted of an electric field shield, a drift tube
a fragment ion and an energy-selected photoelectron or Auwith an ion-extraction grid T1), a 96-mm drift tube T2
ger electron from a surface. and T3), a deflector, a focusing system, and MCPs. The
Thus, in 1985 Knotek and Rabalais developed an EICQleflector was added to prevent scattered synchrotron radia-
apparatus combined with an electron beam for surfacéion and emitted soft x rays from impinging on the MCPs.
studiest® They applied it to investigate 'Fdesorption from a  The distances between the sample ag and betweeiT 1
fluorinated, oxidized TiL0OO) surface. The coincidence spec- and T2, were 13 and 1 mm, respectively. A pair of conical
tra, however, were not clear enough to determine the iomlectrodes was spotwelded to the shield arid as a lens
desorption mechanism. After that pioneering work, howeversystem to collect ions desorbed into all solid angles. The
EICO spectroscopy was not applied for surface studies at atransmittance of the three meshes inserted perpendicular to
until 1996, because of several problems characteristic to suthe axis of the TOF tube was 0.47, and the ion detection
faces, such as the abundance of secondary electrons and #féiciency of the MCPs was 0.60. The angle between the axes
high probability of recapture or neutralization of ions. of the CMA and the electron gun was 5 deg, and that be-
In 1996, two of the authoréK.M. and M.N) and their tween the CMA and the TOF-MS was 30 deg. Most of the
collaborators developed an improved EICO appardtus. metallic parts of the CMA were made of SS 316L, whose
was implemented with an electron beédmand synchrotron residual magnetism was diminished by annealing. The CMA,
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FIG. 1. Pictures of the first and second EICO analyzers and a schematic diagram of the first model implemented with synchrotron radiation. Tlemabbreviat
used are defined as follows: PA, preamplifier; Disc, discriminator; T1, drift tube with an extraction grid; T2 and T3, 95-mm drift tube; F, foclesmdsyst
deflector; G, retarding grids; UHV, ultrahigh vacuum; MCP, microchannel plate; TOF-MS, time-of-flight ion mass spectrometer; CMA, cylindiacal mirr
analyzer; MCS, multichannel scaler.

the TOF-MS, and a 75-mm retraction mechanism were Figure 2 shows a schematic diagram and picture of the
mounted on a 203-mm-diameter conflat flange. third EICO analyzef>?* To achieve a decent signal-to-
The sample surface was excited by synchrotron radiabackground ratio within a reasonable data collection time,
tion, and the energy of the emitted electrons was analyzethe solid angle of the CMA was designed to be 1.1cst-
with the CMA, while the desorbed ions were acceleratednders 54.0 and 133.0 mm in diameter and six sets of com-
towards the TOF-MS. The surface normal was set coaxial tpensation electrodesThe TOF-MS without a deflector was
the TOF-MS. The angle between the surface normal and theositioned coaxially with the CMA, and the desorbed ions
synchrotron radiation was 60 deg. The voltage supplies foflew straight ahead to the MCPs. With these improvements
the CMA were controlled with a personal computer via athe signal-to-background ratio was improved by a factor of 5
D—A converter board. The electron and ion signals werecompared to the second model. The designed resolving
transformed to negative NIM pulses by using preamplifiergpower of the CMA was limited t&/AE= 100 because of the
and discriminators. The ion counts were recorded, as a fundarge solid angle. The actual resolving power, however, was
tion of the TOF difference between the energy-selected eledegraded taE/AE=80 due to the ion extraction fieldl7
trons and the ions, with a multichannel scalCS) by  V/mm) and the relatively large spot size of the monochroma-
taking the electron signal as the starting trigger. The MCSized synchrotron radiation usgdx1 mm). The resolving
was also controlled from the computer via an interface boardpower was not impressive but was still effective for various
lons desorbed in coincidence with the detected electrons givien desorption studies.
a coincidence signal at a specific TOF, while ions irrelevant  Figure 3 shows a typical EICO spectrum for condensed
to the electrons increase the background level. As the datd,O (see Sec. 3.1)Imeasured with the third EICO analyzer.
accumulation time, increases, the ratio of the coincidence The influence of the scattered synchrotron radiation and
signal to the background level improves in proportion’f, emitted soft x rays was found to be negligible. The third
because the background is derived from statistical fluctuaElCO apparatus is currently active at the BL2B1 beamline
tions. Since the selected electron kinetic energy correspondsstalled with a 2-m grasshopper monochromator at the UV-
to a particular photoelectron or Auger-electron emission, th&OR synchrotron-radiation facility in Okazaki, Japan. The
coincidence signal intensity represents the vyield of the iortypical photon intensity is £8-1C° photons/s at an energy
desorption induced by the photoelectron emission or Augeresolving power o/ AE=500. The third EICO apparatus is
process. also used at the BL13 beamline at the HISOR synchrotron-
The second mod& did not contain an electron gun and radiation facility in Higashi-Hiroshima, Japan.
consisted of a CMA, a TOF-MS, and a 50-mm retraction K. M. and his collaborators are now testing the perfor-
mechanism. The CMA had a solid angle of 1.0(semi- mance of the latestfourth) model at the PF synchrotron-
cylinders 56.0 and 132.0 mm in diameter and six sets ofadiation facility in Tsukuba, Japa(fFig. 4).2>%° The advan-
compensation electrodesnd a resolving power oE/AE  tage of this model is that instead of a conventional CMA, a
=80. The metallic parts of the analyzer were made of nonnew coaxially symmetric mirror analyzer developed by Sieg-
magnetic SS 310. bahnet al®® is employed as the electron energy analyzer.
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FIG. 2. Schematic diagram and picture of the third EICO analyzer imple-

mented with synchrotron radiation.

The analyzer consists of an inner electrode, an outer elec- ‘f'
trode, three sets of compensation electrodes, and a magnetic
shield. The solid angle of this analyzer is designed to be 1.2
sr, while the designed and actual resolving powers are
E/AE=300 and 120, respectively. A short TOF-MS is in-
stalled coaxially inside the electron energy analyzer.
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FIG. 4. (a) Schematic diagram of the latest EICO analyzer implemented
with synchrotron radiationb) Isoelectric lines simulated with SIMION 3D
version 7.0(Idaho National Engineering and Environmental Laborgtory
under the conditions that the voltages of the inner electrode and the mag-
netic shield are 0 V, that of the outer electrode-i00 V, and that of the
ion-extraction grid of the TOF-MS is-30 V. Electron and ion trajectory
lines simulated with SIMION 3D are also shown in Fig. 4a, under the
conditions that the electron kinetic energy is 182.75 eV and the electron
emission angles are 52—67 dég). Picture of the latest EICO analyzer.

The first, second, and third EICO apparatus were used
for the investigations described in Sec. 3.2, Secs. 3.3 and 3.4,
and Sec. 3.1, respectively. Unless otherwise noted, in the
investigations described in Secs. 3.1, 3.2.1, and 3.3, the sub-
strate was cooled by liquid nitrogen to about 100 K. In the
investigation described in Secs. 3.2.2 and 3.4, the substrate
was cooled by flowing cold helium gas to about 50 K. Then,
the sample surface was prepared by exposing the substrate to
a sample gas or by spraying a sample gas onto the substrate
with a pulsed valve.
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FIG. 5. Three-step H desorption mechanism for the s lonization of condensed 0 (normal ASID: (1) formation of a core-hole by an Osl
photoelectron emissiofr0.1 f9), (2) formation of a two-hole state by an O:KVV transiti¢h—10 f9, and(3) H" desorption induced by Coulomb repulsion
between two holes and by electrons missing from O—H bonding orl§it@ls100 f3.

3. PHOTOSTIMULATED ION DESORPTION FROM In this Section we describe a study of thé esorption
CONDENSED MOLECULES STUDIED WITH EICO mechanism for the O« ionizatiorf327:2931.53-55 19 reso-
SPECTROSCOPY nant excitation&?8:30:315455f condensed kD by using
3.1. H,0 AEPICO spectroscopy. Since the nature of the surface of

condensed KD is critically important for many fields, exten-
sive studies have been carried 8tit®®lon desorption stimu-
Nated by electronic transitions from the & Tore level in
condensed kD has been investigated theoreticafiyy us-
ing an electron beaf, and by using synchrotron
radiation®8:5°

Figure 6 shows the total ion yieldlY, solid line), Au-
ger electron yieldAEY, dashed ling and TIY/AEY spectra
(solid circles in the range of the O:4 excitation of con-

densed HO. The TIY spectrum shows the *Hdesorption

3.1.1. PSID mechanism studied with AEPICi®e most
probable model of ion desorption is the Auger-stimulated io
desorption(ASID) mechanism(Fig. 5), which is simply de-
scribed as a sequence of three stépsa core-electron tran-
sition leaving a core holé~0.1 fg), (2) an Auger transition
leaving multiple valence hole€l-10 f9, and (3) decay of
the multi-hole state, causing ion desorptid@®—-100 f$. The
ASID mechanism was initially proposed by Knotek and Fei-
belman for O desorption induced by Tiy3 ionization at a

TiO, surface, where the driving force was attributed to the™! g )
Coulomb repulsion between2li and O created by an in- yield, as will be described later. The AEY spectrum repre-

teratomic Auger proce<<. Later, the ASID model was ex- Sents t-he photoabsorption spectrum ir-1 the range of ths O:1
tended for covalently bonded systeffisSeveral theoretical excitation, and the TIY/AEY intensity is proportional to the
groups reported that two holes are localized on one moleculBUmber of H' ions desorbed per photon absorbed. The TIY/
in Auger final stateS® which are sufficiently long lived to AEY spectrum shows a characteristic threshold peak at the
stimulate ion desorptiof?~%2 However, the details of the 4a;<0O:1s resonance l{r=533.6eV) and a suppression
ASID mechanism, the factors that influence desorption probat the 3 0O:1s resonancel{r=535.4eV). The spectrum
ability, and the decay processes competing with desorptiol$ nhearly constant above the G lionization threshold
have hardly been explored, because there have been no to¢lzv>547.6 eV).

for investigating the intermediate Auger transitions respon-  Figure 7a shows the Oslnormal Auger-electron spec-
sible for ion desorption. In addition, ion desorption by x-ray-trum (AES) of condensed kD taken at a photon energy of
induced electron impact often dominates the primary547.6 eV. The electronic configuration of,8 is given by
processe’ Recently, however, we have found that Auger (1a;)?(2a;)%(1b,)?(3a;)%(1b,)?, where I, is approxi-
electron photon coincidenc@EPICO) spectroscopy is an mately characterized as Gs12a,; and 1b, as O—H bonding
ideal tool for investigating the ASID mechanism, because itvalence orbitalsVg, and 3; and 1b; as nonbonding lone
provides the yield for the ion desorption channel caused byair orbitals of oxygenVyg (Ref. 66. Accordingly, the
selected Auger transitions. Auger final states with two holes are as follows:
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FIG. 6. TIY (solid line), AEY (electron kinetic energy490 eV, dashed
line), and TIY/AEY spectra(solid circle3 of condensed kD. The TIY
spectrum shows aa}«— O:1s peak at 533.6 eV, but the peak energy of the
TIY/AEY spectrum(532.6 eV is lower by 1 eV. The reason for this would
be that the 4, O:1s peak energy of surface @, from which ion desorp-
tion takes place, is lower than that of bulk® (Ref. 75 and that excitations
by x-ray-induced electrons coming from bulk,® induce ion desorption
from surface HO at 533.6 eV.

(2a1)72, (2ay) Y(1by) ™%, (1by) % (2a;) *(3ay) %,
(2a1) " (1by) ™t (1by) Y(3ay) "t (1by) H(1by) Y,
(3a;) 2, (3a;) }(1by) "%, and (1b;) 2. The peak assign-
ments according to previous repdfté! are also shown in
Fig. 7a. The O:% Auger intensity is proportional to the Au-
ger transition probability leading to the individual Auger fi-
nal states with two holes.

Mase et al.

and OH are negligible due to the lower desorption
efficiencies?®

Figure 7b shows the HAEPICO yield spectrunfAEPI-
COYS), in which the integrated AEPICO count for His
plotted as a function of the Auger-electron kinetic energy.
The AEPICO yield is proportional to the product of the Au-
ger transition probability(the formation probability of the
Auger final state with two holesand the ion desorption
probability from the Auger final state. By comparing Fig. 7a
with Fig. 7b, we can obtain information about the ion de-
sorption probability from the individual Auger final states.

The two-hole states of condensegare classified into
three categories:\g) 2, (Vyg) 2, and Vg) *(Vne) *.
The order of decreasing Auger electron yield ¥yg) 2
>(Vg) (Vng) *>(Vp) 2 (Fig. 78, while the order of de-
creasing H AEPICO vyield is /g) 2>(Vg) (V) *
>(Vyg) 2 (Fig. 7b). Since the number of Hions desorbed
per photon absorbed is proportional to the quantity” (H
AEPICO yield/Auger electron yield these results show that
the order of decreasing number of"Hons desorbed per
photon absorbed isMg) ~2>(Vg) “1(Vng) “1>(Vng) 2. As
the number of holes iV increases, the number of'Hons
desorbed per photon absorbed increases. Thus, the normal
ASID mechanism is reasonable, and the cause of the H
desorption is the Coulomb repulsion between the two holes
formed in Vg (Fig. 5. As H' ions are released into the
vacuum due to the Coulomb repulsion betweefi Hnd
OH*, the OH" ions are pushed toward the substrate and
neutralized or recaptured.

Next we describe a study of the*Hdesorption mecha-
nism for the 4, 0:1s resonant excitation of condensed

Figure 3 shows an example of an AEPICO spectrum oH,0.2328:30:31545% g shown in Fig. 6, the H desorption

condensed kD. One can see that a great portion of the H

yield has a characteristic threshold peak at tlg<4O:1s

ions are desorbed coincidentally. Other species such*as Oresonance. The H desorption mechanism for thea4

®
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FIG. 7. (8) O:1s normal AES of condensed @. (b) H* AEPICOYS for
the O:1s normal Auger transitions of condensed® The spectra in panels
a and b were taken at a photon energy of 547.6 eV.

«—0O:1s resonance thus seems very different from that in the
0:1s ionization. The subject of the Hdesorption mecha-
nism for the 4;+ 0:1s resonant excitation is interesting
from the viewpoint of ultrafast photodissociation, i.e., bond-
breaking during the lifetime of the core-excited state. Ul-
trafast photodissociation was, for the first time, found in the
4po* —Br:3d resonance of HBF Evidence for the ultra-
fast photodissociation of neutral H has also been shown for
the 4a;—0O:1s resonance of isolated .”>"* The neutral
H yields from condensed ¥ and condensed NK how-
ever, show no enhancement by ultrafast dissociation in the
4a,1s resonancé®

Figure 8a shows thea}« O:1s resonant AES of con-
densed HO taken at a photon energy of 533.6 &s6lid
line), together with the normal AES taken at a photon energy
of 547.6 eV(dashed ling The spectator Auger transition, in
which the excited electron does not participate, occurs pri-
marily in the resonant Auger transitiéhWhen the resonant
tunneling of the excited electron to a neighboring molecule
accelerates the delocalization of the electron, the normal Au-
ger transition is seen, in addition to the spectator Auger tran-
sition, in the AES’®~"8Thus, for the solid line in Fig. 8a, the
normal AES is likely to be superimposed on the spectator
AES. In the AES the peak of the spectator Auger transition is
located a few electron-volts above that of the corresponding
normal Auger transition, because the excited electron shields
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a AES to the spectator Auger final states with characters
of (0:2p)~?(4a)t, (2a;)"1(0:2p) ‘(4ay)?!, and
(2a;) ?(4a;)*, respectively®’t Here, O: denotes a

hv =533.6 eV—>

4001 .
2 1b,, 3a;, or 1b; orbital.
S Figure 8b shows the H AEPICOYS for the 4,
& 200r hv 547.6 eV «—0:1s spectator Auger transition®pen circley together
© Difference AES~ ¢ 2\ with the difference AESsolid circles, the same data as in
o I N .-.)\ Fig. 83. Since the three peaks of the" HAEPICOYS are at
2 O o 400, the same positions as the peaks of the difference AES and the
b H*AEPICOYS (1by)2(4an] o imi éd tion i
S 2500 (34 240 )". (30 16y 4ay)! 2 two spectra are similar to each other, thé Hesorption is
= & ; . ~ considered to be caused by the spectator Auger transition.
22001 (1bg) (4a1)l £ The spectator Auger intensity is proportional to the Auger
2 150_(261)‘1(331 or 1b)'(4ay)] 1200 3 transition probability leading to the individual Auger final
°§> (ap™ (1b2>' (4a1)l é — | © states with two holes in some valence orbitals and an excited
I 100F (2a9) 4a1) l <=y 8 electron in the 4, orbital. The H AEPICOYS intensity is
8 o 7 o proportional to the product of the spectator Auger transition
50r Qcc’p}q ."cxg R ﬂ probability and the H desorption probability from the Au-
o ; AT 2k S ger final state. Therefore, the *Hdesorption probability
440 460 480 500 520 T seems to be independent of the valence orbitals occupied by
Electron kinetic energy , eV holes in the spectator Auger final state.
FIG. 8. (a) 4a,—0:1s spectator AES(solid line), O:1s normal AES In addition to these results, we must take two facts into

(dashed ling and difference AESsolid circleg of condensed kD; (b) H* account to understand the"Hlesorption mechanism for the

AEPI(_:OYS for the 41150':15 spectator Auger transition®pen circleg 4a,+0:1s resonance. One is that the potential surface of

and difference AESsolid circles of condensed bD. the (0:1s) %(4a,)* state is repulsive with respect to the
O-—H direction, because thea4 orbital is an antibonding

the hole—hole Coulomb repulsion and stabilizes the spectatditbital of the O—H bond. The other is that the period of the
Auger final state. To obtain the pure spectator AES, we subO—H stretching vibration is comparable to the lifetime of the
tracted the dashed line from the solid line in Fig.(@éfer-  O:1s hole. On the basis of the experimental results and these
ence AES. The pure spectator AES thus obtainésblid  two facts, we propose a four-step" Hlesorption mechanism
circles in Figs. 8a and 8tshows three peaks at 502.5, 482.5, for the 4a,«—0O:1s resonanceFig. 9): (1) the 4a;+0O:1s

and 462.5 eV. Since the peak of the spectator Auger transt¥ansition, (2) extension of the HO-H distance in the
tion is, as described above, located a few electron-volt§O:1s) 1(4a,)® state(ultrafast OH extension(3) a specta-
above that of the normal Auger transitiofFig. 73, tor Auger transition leading to a two-hole state with an ex-
these three peaks at 502.5, 482.5, and 462.5 eV are assigneited electron in the &, orbital, and(4) H" desorption tak-

Resonant core O-H bond Spectator lon )
excitation extension Auger process desorption
~0.1fs +0fs 110 fs ~10 fs
@ Spectator
Synchrotron Auger

radiation electron

H-0
molecule

4a, level -o—

Valence N

orbitals . N
O:1s core level | -O— -@

FIG. 9. Four-step H desorption mechanism for theagk—O:1s resonance of condensed®t (1) the 4a,« O:1s transition,(2) extension of the HO-H
distance in the (0:4) "!(4a,;) state,(3) a spectator Auger transition leading to a two-hole state with an excited electron iratherlital, and(4) H*
desorption. The H desorption is driven mainly by the O—H repulsive potential surface of the0{4a,)?* state.
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1000k (open circles At the 3p resonance {y=535.4¢eV), the
@ a AhES_5354 Vs AEPICOYS displays major, medium, and minor peaks at
< v Eoeeae electron kinetic energies of 460, 475, and 490 eV, respec-
5 \ tively. According to previous reportS;*these peaks are as-
% 5001 Y e ~ \ signed to the (2,) 2(3p)!, (2a;) (1b,) (3p)!, and
) 2T hv =5476eV N (1b,) ~2(3p)? spectator Auger final states. The difference
2 D'ﬁer?”ce AE_S\:"‘-.” » AES obtained by subtracting the AES at the ©idnization
c l--.-'--";--",-.-';"-'-'-‘;'-"""':""-'-.‘_." [ e (hv=>547.6eV) from that at the (3—0O:1s resonance (v
%600 o HTAEPICOYS < =535.4¢eV) is also shown in Fig. 1®olid circles. The
3] (221 (162 (3p)" (1b2)72(3p)" 1500 *2 difference AES is expected to correspond to the pure specta-
® 400k (2a1)2(3p)" 2 tor Auger component, as described above. The remarkable
g i % l [ '_'_> e difference in spectral shape between the difference AES and
> <0 Qé R i o) the AEPICOYS shows that the 'Hdesorption probability
2001 3 & Q- ﬁ% 5.5 ° 100 E varies with the spectator Auger final state. In contrast to the
| 58,9 -+ ""‘éi% §§§ Qﬁd w 4a,+0:1s spectator Auger transition, the *Hdesorption
T vl - +< probability depends on the valence orbitals occupied by
0440 460 480 500 5200 = holes in the $«— O:1s spectator Auger final state. This re-

Electron kinetic energy, eV sult indicates that the pure spectator ASID mechanism is
responsible for the 83— O:1s resonance; that is, the repul-

iv ntial surf f the (valence orbital 1
(dashed ling and difference AESsolid circles of condensed kD. (b) H* sive potential surface of the ( alenceo bta%:%p) state

AEPICOYS for the $«+0O:1s spectator Auger transition®@pen circley 1S reSponSIbIe f.or the H desorptlon.
and difference AESsolid circles of condensed kD. On the basis of these results, we propose a three-step H

desorption mechanism for thep3-0:1s resonance(Fig.

11): (1) the 3p«O:1s transition,(2) a spectator Auger tran-
ing place in turn. The increase in the TIY/AES spectrum atsition, and(3) H desorption taking place in turn. In contrast
the 4a;<—0O:1s resonanceFig. 6) is driven mainly by the to the 4a,< O:1s resonance, the HO—H distance is not ex-
O-H repulsive potential surface of the (@)I'(4a,)! tended before the Auger process. This is because the poten-
state. tial surface of the (0:4) (3p)! state is expected to be

Next we describe a study of theHdesorption mecha- similar to that of the ground state, because the<Cand 3p
nism for the 3+« 0:1s resonant excitation of condensed orbitals are irrelevant to the O—H bonding. The decrease in
H,0.23303L% Figyre 10a shows the 3—0:1s spectator the TIY/AES spectrum at the3—0O:1s resonancéFig. 6)
AES of condensed $O taken at a photon energy of 535.4 eV is attributed to the reduction in the hole—hole Coulomb re-
(solid ling), together with the normal AES taken at a photon pulsion due to shielding by thep3electron.
energy of 547.6 e\(dashed ling Figure 10b shows the H 3.1.2. Determination 00:1s level ofH,O from which
AEPICOYS in the < O:1s spectator Auger transitions H" is desorbed in PSID of condenskEgdO. Core-level pho-

FIG. 10. () 3p«<0O:1s spectator AES(solid ling), O:1s normal AES

l Resonant core excitation | Spectator Auger lon desorption

~0.1fs 1-10 fs 10-100 fs

Synphrotron Ld Spectator
radiation Auger electron

Hs0
Molecule

0

7SS

Surface /////

0:3plevel |-

Valence
orbitals |_ &

O:1scorelevel | O @ @

FIG. 11. Three-step Hdesorption mechanism for thg3-0:1s resonance of condensed®t (1) the 30« O:1s transition,(2) a spectator Auger transition,
and(3) H* desorption. The H desorption is suppressed by the reduction in the hole—hole Coulomb repulsion due to shielding pyeteet@n.



Low Temp. Phys. 29 (3), March 2003 Mase et al. 251

Binding energy, eV
542 540 538 536 534 532 530 528 526 52

T i I i U ¥ T 1 1

= HPEPICOYS
o PES

Relative intensity

1 i 1 1 1 " 1 " Il i 1 L 1 X 1 1 [l

130 132 134 136 138 140 142 144 146 148 150
Electron kinetic energy, eV

FIG. 12. A series of PEPICO spectra fop®l condensed on a Ti0110) FIG. 13. H" PEPICOYS(solid squaresand PES(open circles for H,O

surface. These spectra were taken, at intervals of 0.5 eV in electron kineticondensed on a TiP110) surface lfr=680eV). The Gaussian curves

energy, at a photon energy of 680 eV. drawn with linear background&solid lineg were calculated by the least-
squares fitting method.

toelectron spectroscopy, also called x-ray photoelectron
spectroscopyXPS), has been used to investigate solids andfor H™ in Fig. 12 is plotted as a function of the electron
their surface$? This technique is surface sensitive due to thekinetic energy. The figure also shows the photoelectron spec-
small escape depth of photoelectrons. As described in Setum (PES obtained under the same conditioriepen
3.1.1, by using EICO spectroscopy it is possible to obtain theircles. The Gaussian curves drawn with linear backgrounds
kinetic energy spectrum of the electron that coincides with dsolid lineg were calculated by the least-squares fitting
specific ion desorptiorifor example, see Figs. 7b, 8b, and method. The small peak at 144 eV in the PES is due tosO: 1
10b). Therefore, because ions have an even shorter escapbotoelectron emission from the substrate. The peak of the
depth than electrons, EICO spectroscopy can be used as &1 PEPICOYS is not located at the same energy as the peak
extremely surface-sensitive form of XB%That is, although of the PES, but rather is shifted to a lower kinetic energy by
conventional XPS detects core-level photoelectron emissioabout 0.7 eV.
from the bulk of a solid(within the escape depth of the The reason for the peak shift between thé REPI-
photoelectrojy EICO spectroscopy selectively detects photo-COYS and the PES is that the & binding energy of HO
electron emissions from the upper molecular lay@spe- from which H' is desorbed in PSID is different from the
cially the uppermost molecular layeof a surface. As a re- 0:1s binding energies of the other types of® molecules.
sult, the so-called surface core-level shift can easily bdn the upper molecular layers at the surface of condensed
observed. In this section, we apply the EICO technique to &,0, some of the hydrogen bonds between molecules are
surface of condensed,B to detect the surface core-level broken, forming dangling hydrogens. It seems reasonable to
shift of the O:3s level >3 thus demonstrating the advan- assume that the Hions are desorbed from the molecules
tages and possibilities of EICO spectroscopy for surfacevith the dangling hydrogengrobably two-coordinated mol-
analysis. ecule$, because these hydrogens are easily desorbed. Thus,
Since the nature of the surface of condense®ltik of  the PEPICOYS only reflects the binding energy of an oxygen
critical importance in many field¢éas mentioned in Sec. atom bonded to a dangling hydrogen atontanlocated very
3.1.1), this topic has been studied extensiV&y’° Accord-  close t9 the uppermost molecular layer. Meanwhile, since
ing to one previous stud the surface of condensed,®  the O:1s photoelectron is emitted from all the oxygen atoms
contains several types of,® molecules, including two- or within the escape depth of the photoelectron, the observed
three-coordinated molecules with a dangling hydrogen, twopeak in the PES is a convolution of many peaks for the
or three-coordinated molecules with a dangling oxygen cophotoelectrons emitted from all the bulk species located
ordination, and four-coordinated molecules with a distortedwithin the escape depth.
tetrahedron. Although condensed® has been studied by Previously, it was reported that the G binding energy
XPS88210 the best of our knowledge no study has exam-observed in the XPS spectrum of bulk® was shifted by
ined the surface core-level shift of the G:level at the —7.1 eV (Ref. 81), (without a correction in the work func-
surface of condensed,B. tion) or —2.3 eV (Ref. 82, (with a correction in the work
Figure 12 shows a series of Gs photoelectron—photon function from that of H,O vapor. The O:§& binding energy
coincidence (PEPICQ spectra for HO condensed on a of the less coordinated molecules, which contain dangling
TiO,(110) surface. These spectra were taken, at intervals dfydrogens in(or very close td the uppermost molecular
0.5 eV in electron kinetic energy, at a photon energy of 68dayer, is expected to fall within the range between that of the
eV. The H  desorption intensity reaches its maximum bulk and that of the vapor phase, because the properties of
around an electron kinetic energy of 139 eV. the less-coordinated molecules are expected to be some-
Figure 13 shows the HPEPICO-yield spectrurPEPI-  where between those of fully coordinated molecules in bulk
COYS, solid squargsin which the integrated PEPICO count H,O and those of KO molecules in the vapor phase. In fact,
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FIG. 14. AEPICO spectra for the N:KVV normal Auger transitions of con-
densed NH (&) and condensed NXb). The spectra were taken at a photon 258 ns for NH (Fig. 143 is assigned to the true coincidence
energy of 429 ev. signal of H", while a peak between 366-382 ns for ND
(Fig. 14D is assigned to D. The normal AEPICO spectra of
§ondensed Nkland ND; exhibit only H" and D, respec-
ively.

Figure 15 shows the normal AEPICOYS fof Hand D
in condensed NKl (solid circles and ND; (open circle
together with the AESsolid line). The AEPICO yields of
both H" and D' are enhanced at the electron kinetic energy
of the N:KVV Auger transition. These results show that the
photoions are produced through normal ASID, in which the

the same experimental conditions. It is known thgOHs N:KVV Auger decay stimulates cleavage of an N—H or N-D

dissociatively chemisorbed to form Si—OH and Si—H specie?ond(':ig' 9. The fine structures of these AEPICOYS, how-

on the S{100) surface at room temperatl#The H* PEPI- ever, are different from those of the AES. Accordingly, we

COYS and PES exhibit peaks at similar electron kinetic en_conclude that the probability of normal ASID depends on the
uger final state, as in condensed®(Fig. 7).

ergies in HO/Si(100) because all the oxygen atoms at the,A h | i f . f .
Si(100 surface are present as an OH species. There is n 2e Ejec”fn'c 2 con |gurayon of NH s
reason to expect a peak shift between the PEPICOYS 1a,)°(2a,)*(1e)*(3a,)". The Ia, |s_character|zed_ as the
and the O:% PES for HO/Si(100) because each method core .Ievel (N:B)’ the 2a, and e or.bltals.are classified as
depends on the same OH species, in contrast to the case g)?ndmg orbitalsVg, and the &, orbital with the character

condensed kD. However, for HO condensed on Gi00) a nitrogen lone pair is classified as a weak bonding orbital
the 0.7-eV shift shown in Fig. 13 was also observed, in (:on-VWB because it is spread (_)Ut somewhat toward _the N-H
trast to the case of }D/Si(100). bond. Based on a previous report by Larkins and

83 . .
To the best of our knowledge, this is the first observationL!Jbenfeld' the energy positions of the Auger final states are

of the surface core-level shift of condensegOH This dem- given in Fig. 15. The Auger final states with characters of
o ' (2a;)"? (2a,) *(le)"*, and (I) 2 correspond to the
onstrates the advantages and possibilities of EICO spectros=“1 | ’A 1 ' KV 2V il h f
copy for surface analysis. EICO spectroscopy can thus bg’rm&fl 3ug§rl proczjess 1e0*1 3? BLIW e 1 osed or
used as a form of extremely surface-sensitive and site \";‘12/ (3a,) dth anf 31( ,)2 ( ;3 V correspond - to
specific XPS. Moreover, EICO spectroscopy can be used tg BThWBAgglctht'old( 1]2 I—*I, tod WWB WB* h d at th
investigate the chemical conditions of surfaces, because io € ylelds ot 1 an are ennhanced at the

desorption is strongly affected by the surface chemical bond ectron kinetic energy _assqma_lt_ed witheJ 17, while _the
and the relaxation process of the excited state. uger electron vyield is significantly enhanced in the
(1e)"*(3a;) ! and (3a,) "2 Auger final states. As in the

32 NH case of condensed,B, these results indicate thEtV/gVy
s leads to normal ASID more efficiently thakV,,gVg or
3.2.1. PSID mechanism studied with AEPICI@ this KVgVws-
Section we describe a study using EICO spectroscopy to The AEPICO vyield of D is one-third to one-half that of
examine the H desorption mechanism for the Ns1 H™ over the whole electron kinetic energy range studied
ionization>>® and the resonant excitatihof condensed (Fig. 15. This result indicates that Hhas a high yieldbe-
NH;. Figure 14 shows a series of AEPICO spectra for thecause of its low mass and fast exit velogjtyeducing the
N:KVV normal Auger transitions of condensed Nig) and  effectiveness of reneutralization relative to” BRefs. 84—
ND; (b). A peak located in a TOF difference range of 246—86).

this assumption is consistent with the result that the bindin
energy of the less-coordinated,® molecules is shifted by
+0.7 eV from that of bulk HO (Fig. 13. The peaks caused
by the less coordinated @ molecules are negligible in the
PES(Fig. 13 because those # molecules are a very small
fraction of the bulk HO.%®

Our view is supported by comparing the results for
H,O/Si(100) and HO condensed on &i00) at 100 K under
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FIG. 17. H" AEPICOYS for the 4, N:1s spectator Auger transitions
(hv=400 eV, solid circlesand difference AESsolid line, pure spectator
AES) of NH/Xe.

FIG. 16. TIY of NH;/Xe, which shows the H desorption yield.

We also studied the H desorption at the @+ N:1s 3.3. CH,CN
resonant excitation of condensed NKRef. 34. The TIY/
AEY spectrum showed a characteristic threshold peak at the N this Section we describe a study using EICO spectros-
4a,+N:1s resonance. The peak position of thé AEPI-  COpY to investigate the H desorption mechanism for the
COYS was found to be the same as that of the resonant AES:: 1S resonant excitatioti~* of condensed CECN (aceto-
These results suggest that™Hs desorbed by a four-step nitrile). The valence electronic configuration of gEN is
mechanism similar to that of condensedHat the 4,  (6a:1)’(1e)*(7a;)*(2e)* (Ref. 89. The characters of the
«0:1s resonance; that is, the mechanism consistdpfhe 621, 1€, 7a;, and 2 orbitals are theoc_c (including the
4a,—N:1s transition,(2) extension of the BN—H distance ~ C:2s charactex, mcy3 (pseudom), ocy, and ey bonding
in the (N:1s) ~(4a,)! state,(3) a spectator Auger transition Orbitals, respectively.
leaving the (valence)?(4a;)* state, and4) H™ desorption. Figure 18 shows the AEYa, solid ling, TIY (b, solid
This was difficult to conclude, however, because the elecline), and TIY/AEY (b, dashed linespectra in the range of
trons emitted from bulk Nk dominated those emitted from the C:1s excitation of condensed GEN. The AEY spec-
the upper molecular layers from which™Hcould be des- trum is close to the carbon-K near-edge spectrum of con-
orbed. densed CHCN reported by Steveret al?® The most intense

3.2.2. Submonolayer adsorbed on Xe fifis suggested Peak corresponds to thegy«—C:1s resonance. The assign-
in Sec. 3.2.1, to clarify the Hdesorption mechanism for the ments of the structures in the AEY spectrum are shown in
4a,« N:1s resonant excitation of NHit is necessary to Fig. 18a. The TIY spectrum in Fig. 18b shows the Ide-
investigate an Nk submonolayer adsorbed on a chemically
inactive substance. Accordingly, we studied thé Besorp-

tion of an isolated NK submonolayer adsorbed on a Xe film 12000k ”gN a

(NH3/Xe).*® The NHy/Xe sample was prepared by expos-

ing a gold foil to 300 L (11=1x10 ®Torr-s) of Xe fol-

lowed by exposure to 1 L of N§f and the coverage of NH @ 8000~ CoH*

is less than 1 ML(unity sticking factor, monolayeysFigure < »

16 shows the TIY spectrum in the range of the Blgixcita- = 4000r | o O

tion of NH;/Xe. This spectrum is similar to that reported for © W\_&

condensed NKlby Menzelet al®” and displays a character- - 0 J F ! ; ;

istic threshold peak at a photon energy of 400 eV. The peak *E | b

is assigned to the resonant excitation from 8ltt the 4a; pC_,J 300- %

orbital with an N—H antibonding charact&r. £ 10.08 =
Figure 17 shows the H AEPICOYS for the 4 200k v g

«—N:1s spectator Auger transitionsolid circles, together -

with the difference AES(solid line, pure spectator ABS 100k E

Three peaks in the AEPICQOYS are assigned to the spectator =

Auger final states with characters of gg %(4a;)%, 0 o . ! ! =

(2a;) "Y(N:2p) Y(4a;)!, and (N:) 2(4a;)'. Here, 290 300 310 320

N:2p denotes the & or 3a, orbital. Since the shape of the Photon energy , eV

AEPICOYS roughly looks like that of the spectator AES, the o o )
FIG. 18. AEY (a, solid line, electron kinetic energy255 e\), TIY (b, solid

four-step H desorptlon mechanlsmFlg. 9 is the most line), and TIY/AEY (b, dashed lingin the range of the C:4 excitation of

plaPSible mechanism for theag4<N:1s resonance of Nki condensed CECN. The hatching in(@ shows the ionization limit taken
as in the 4,<—0:1s resonance of condensed®l from Ref. 90.
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FIG. 19. A series of spectator AEPICO spectra taken at the'G—B8:1s
resonancel{r=288.1 eV) of condensed GEN. FIG. 20. H" AEPICOYS (solid circle3 and AES (solid line§ for the

C:KVV spectator and normal Auger transitions of condensed @\

sorption yield, as will be described later. The TIY/AEY spec- bonding and unrelated to the Glgroup. Thewg, electron

trum shows a large peak at the C:HC:1s resonance reduces the hole—hole repulsion on account of the shielding

(288.1 eV, Fig. 18p This fact indicates that the desorption effect, so that H desorption is suppressed. At thef.

efficiency increases substantially at the C<HC:1s reso- < C:1s resonanceFig. 200, in comparison with the spec-

nance. tator AES, the AEPICQOYS is enhanced near 250 eV, which
We made AEPICO measurements at thg«—C:1s,  corresponds to the energy of the e)I%(c&)* and

C—H*—C:1s, oki—C:1s, and oky«—C:1s resonances of (1e) Y(6a;) (ot spectator Auger final staté8.The

condensed CECN. Figure 19 shows a series of spectatorH™ desorption from the Auger final states with one or two

AEPICO spectra taken at the Cx*H-C:1s resonancel{r  holes in the & orbital is enhanced. This effect is attributed to

=288.1eV). The dominant peak at 528 ns was assigned tthe removal of electrons from the C—H bond. At the C—H

the H' signal. lonic species other than'Hvere negligible in <~ C:1s resonance(Fig. 200, the AEPICOYS is also en-

the AEPICO spectra. We also made AEPICO measurementtanced at the (8) ~?(C-H*)* and (1) “*(6a;) ~*(C-H*)*

at other photon energies in the C:KVV Auger-electron tran-states. This is because in these states the excited electron is

sition, but ions other than Hwere also negligible in this in the antibonding C—H orbital and one or two holes are

case. We consider the reneutralization of heavier ionic spesccupied by the pseudsc; 1e orbital.

cies to be more effective than for'H because of these spe- In summary, the electron excitation to the C-knti-

cies’ large mass and slow exit velocff. % bonding orbital and the removal of the electron from the
Figure 20 shows a series of THAEPICOYS (solid  pseudoscys orbital (1€) both enhance H ion desorption.

circles together with the AES(solid lineg. At the wg,  On the other hand, electron excitation to an orbital irrelevant

~C:1s resonancéFig. 203, in comparison with the spec- to the C—H bonding suppresses Hlesorption. Further in-

tator AES, the H desorption is suppressed at the peak lo-vestigation is needed to determine the predominahtde-

cated at 262 eV. This peak corresponds to the spectator Agorption mechanism.

ger final state in which two holes are formed in the Za,,

or 1e orbitals®® The 2 and 7a; electrons do not contribute

to the C—H bonding. The initially excited electron occupies  The core electrons of atoms in molecules are localized at

the m¢y orbital, which is mainly distributed over the CN their atoms of origin, and the chemical shift shown by an

3.4. Site-specific fragmentation of CF 3CHj4
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atom depends on the chemical environment of that atom.
Like atoms in different chemical environments thus show
different chemical shifts. For almost 20 years these proper-
ties have been used to study @ site-specific
fragmentationt>#291-%®which is potentially useful for con-
trolling chemical reactions through selective bond dissocia-
tion. Site-specific fragmentation also offers the possibility of
analyzing the structures and properties of molecules, mo- | , ,
lecular assemblies, and nanoscale devices by controlling 0 100 200 300 400
matter at the level of individual atoms. To develop these Binding energy, eV

exciting prospects, we need to understand what controls be-
havior at the atomic level. FIG. 21. PES of condensed TFEt, taken at a photon energy of 393.4 eV. The

. . . . . inset shows the range of the G &lectron emission with an enlarged hori-
Since the chemical shifts of like atoms in a molecule ,gnta scale.

differ site-by-site when the atoms are in different chemical
environments, the photoelectron spectrum of the core elec-
trons of those atoms is expected to show a number of peakevel photoionization of TFEt can be observed by using the
equal to the number of different kinds of sites in which thePEPICO technique. Figure 22 shows PEPICO spectra ob-
atoms are found. The normal Auger transition caused by phdained with emission of the [El]: 1s and {F]:1s electrons.
toelectron emission produces two valence holes in moleculaFhe intensity of the PEPICO signal is proportional to the ion
orbitals that have a large probability density on the core-desorption yield measured for a selected electron emission.
ionized atomic sitdthat is, the Auger transition is localized H*, CH; , and CE ions are desorbed coincidentally with
and these holes weaken the chemical bonds to which thide H]:1s electrons(Fig. 223, and GH, and CFCIﬂ;
molecular orbitals are related. Since these molecular orbitalions are additionally desorbed with thgRJ:1s electrons
with valence holes have a large probability density on thelFig. 22b. These PEPICO spectra are very different from the
core-ionized atom, the valence holes weaken the bonds to thgass spectrum obtained by electron impact in the vapor
core-ionized atom. As a result, site-specific fragmentatiorphase"*® It should be noted that the[E]: 1s ionization in-
occurs at the core-ionized atomic site. The molecule thugluces the desorption of €, and CFCHj,, both of which
“memorizes” the site of the initial energy depositiShTo  contain a C—C bond, but that its desorption is negligible in
observe a site-specific fragmentation process, we should sthe GH]:1s ionization. In contrast, M, CH; , and Ck,
lectively detect fragments produced by an energy-selecte@hich do not contain a C—C bond, are desorbed with not
photoelectron emission that corresponds to one of the peallly the GF]:1s electrons but also the[8]:1s electrons.
in the photoelectron spectrum of the core electrons. The intensity ratios of the coincidental desorption with the
S.N. and his collaborators have studied the site-specifi€lH]:1s electron to that with the [F]:1s electron are 1.1
fragmentation caused by core-level photoionization of vaporfor H", 1.2 for CH; , and 0.8 for CE . The predominant

ized molecule®%"-*%and molecules condensed or adsorbedroduction of CH caused by the [&]:1s photoionization
on surfaceg®41-4553They found that this fragmentation is S also observed in the normal AEPICO spectrtim.

e
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280 290
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often better studied on a surface than in a vépot: The Although the site-specificity for H, CHz , and CF i
advantages of EICO experiments on surfaces were explained™Et is_less remarkable than expected from results
in Sec. 1. obtained" for condensed §SiCH,CH,Si(CHz);, the pre-

In this Section we explain the site-specific fragmenta-
tion caused by the Cslphotoionization of CECH5 (1,1,1-
trifluoroethane, TFBtcondensed on a Au surfaleTFEt is 9000
the simplest organic molecule with two carbon sites in dif-
ferent chemical environments; one of the carbon atoms is
bonded to three hydrogen ator(§[H]), while the other is 8000
bonded to three fluorine atont€[F]). Accordingly, TFEt is
suitable for such a study because it is a prototypical example
of a molecule exhibiting site-specific fragmentation.

Figure 21 shows the PES of TFEt condensed on a Au
surface. The peak assignments in the figure were inferred by
comparison with the PES and AES of C and Rt The
PES has two peaks in the range of the €&lectron emis-
sion. The low-energy and high-energy peaks were, respec-
tively, assigned to the [El]:1s and (F]:1s electron emis- 7000
sions based on comparison with the zero-kinetic-energy
photoelectron-yield spectrithand the PE®? of TFEt va-
por. The PES of condensed TFEt thus clearly shows that the
chemical shiftgbinding energiesat the two carbons are dif-

ferent. _ - _ FIG. 22. PEPICO spectra of condensed TFEt, taken at a photon energy of
The site-specific fragmentation caused by thesdre-  393.4 eV.(a) C[H]:1s electron emission(b) C[F]:1s electron emission.

9000

8000

PEPICO, counts

TOF difference, us
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dominant fragmentation processes caused by t[‘lé] ‘Ts TABLE I. Site-specific fragmentation products of TFEt.

and F]:1s photoionizations are as follows. '
C[H]: 1s ionization: Condensed TFEt (this work) TFEt vapor (Ref. 96)
TFEt+ hy— TFER* + 2 (1a S CFHJ, CF,CH; " CEf
(photoionization and normal Auger procgss C[Fl:ts | CHy," CFCHjp,” CFy | C7, CF*
H* +n D (1b) Note: ®Fragment with a C—C bond.
— .Pp.,
—CHy +n.p. (10 surface in the present work is consistent with that obtained

for the vapor phas&:°® However, the site-specific fragmen-
tation products of TFEt on the surface and in the vapor phase
TFEt+ hy—TFEEZ" + 2e (2a) are very different from each othéifable ). In the vapor
phase, the ionic fragments CEH CF,CH, , CF; , C*, and
CF" were the most sensitive to the site of the initial energy

C[F]:1s ionization:

(photoionization and normal Auger procgss

CE' + 2 deposition®® the H]:1s ionization led to much higher

CFj +n.p., (2b) -
counts of CFH and CRCH; than did the ¢F]:1s ioniza-

—CFCH.,+n.p., (20)  tion. The GH]:1s ionization or excitation enhanced the pro-

duction of CE , whereas the [F]:1s ionization or excita-
—CoHY +n.p. (n=m=3) (2d) - - n
2tTn ' tion enhanced the production offCand CF. The C-C

where n.p. stands for “neutral product”. It is assumed thatoond of the TFEt vapor was more easily broken Q¥IC1s
the normal ASID mechanism also plays an important role fofonization or excitation than by [€]:1s ionization or exci-
TEEL. tation. The fragmentation products of condensed TFEt, in
The QH]:1s ionization induces the breaking of the contrast, show that £, and CFCH, are the most sensitive
C—-H bond{reaction(lb)] and the C-C bonﬁ*eaction(lc)]' to the site of the initial energy depOSItIC(ﬁlg 22 Of the
while the GF]:1s ionization induces the breaking of the fragments whose signals are evident in the spectra of Fig. 22,
C—C bond[reaction(2b)] and the C—F bondgeactiong2c) ~ only C;H, and CFCH, have a C—C bond, and those ions
and (2d)]. Thus, site-specific fragmentation occurs around@re desorbed site-specifically after théF1s ionization.
the carbon atom where the photoionization has taken placd.he C—C bond in TFEt on the surface is thus more easily
The KVV normal Auger transition is localized, and energy broken by CHJ:1s ionization than by @F]:1s ionization. In
randomization destroying the memory of the ionization pro-contrast to what was observed for the vapor phaseg, BF
cess does not take place extensively before fragmentatioff?€ predominant product of desorption induced H¥|CLs
TFEt moderately memorizes the site of the initial energyionization on the surfacgeaction(2b)].
deposition, exhibiting the chemical memory effétt. We do not know exactly why the site-specific fragmen-
A|though a strong effect from the site of the initial en- tation of TFEt on the surface differs from that of TFEt in the
ergy deposition is observed for the fragmentsH{> and  Vvapor phase, but we can suggest a possible explanation. Ti-
CFCH!, released from TFEt, the site-specificity for'H noneet al1% previously noted that the reneutralization path
CHy , and CE is, as mentioned above, less remarkable thars 1€ss probable in the vapor phase, all the ions produced are
that previously showH for condensed collected by the ion detection apparatus, and the resulting
F53SiCH,CH,Si(CHs)5. We cannot yet explain the fragmen- SPectrum is an average of all fragmen_tation paths. For exci-
tation processes for GFin the QH]:1s ionization and for tation on a solid surfac_e, however, the ions produce_d through
H* and CH in the (fF]:1s ionization, but the lesser degree the fast anpl energetic path are detected_ selectively. The
of site-specificity for H, CH; , and CF in TFEt is thought above-mentioned difference in fragmentation process be-
to be caused by the proximity of the two carbon sites to eacfiveéen TFEt vapor and condensed TFEt may also originate
other. In fact, we previously showed that site-specificity infrom the difference suggested by Tinoetal.
X3Si(CH,),Si(CHg); (X=F or Cl,n=0-2) decreases with
decreasing distance between the two silicon $itase pre-
viously mentioned that site-specific fragmentation is poten-  In this article we have described the present status of the
tially useful for controlling chemical reactions through selec-EICO apparatus and six recent investigations of condensed
tive bond dissociation. The present results, however, as wel,0O, NH;, CH;CN, and CKECH; (site-specific fragmenta-
as those for XSi(CH,),Si(CHz)3 (X=F or Cl;n=0-2)  tion) at low temperature. The EICO method is thus a very
show that for this process to work well, the atomic site ofpowerful tool for studies of PSID.
interest must be far from any atomic site at which bond dis-  Although condensed molecules are important targets in
sociation is undesirable. low-temperature physics, a monolayer of a molecule ad-
Muller-Dethlefs and his collaborators investigated site-sorbed on a well-defined surface is more advantageous as a
specific fragmentation by studying the ionic fragmentationtarget of EICO studie&34>4°-51From this standpoint, a
processes caused by the G:dhotoionization of TFEt in the half monolayer of HO or NH; adsorbed on KD/Si(100)
vapor phasé®%The experimental results on the site-specificwould be interesting. Since 4@ is dissociatively chemi-
fragmentation of TFEt were compared with theoreticalsorbed to form Si—-OH and Si—H species 0f180),%* H,0O
predictions'® The presence of different chemical shiftdf-  and NH, are expected to be adsorbed on the Si—OH sites
ferent binding energieghat were obtained for TFEt on the through an intermolecular hydrogen bond, forming a good

4. CONCLUSIONS AND FUTURE PERSPECTIVE
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Absolute yields of the photo-induced desorption at the surface of solid rare gases are studied in
the excitonic excitation region. Both metastable and total desorption yields depend strongly

on excitation energy and film thickness of rare gas solids. The absolute desorption yields and their
dependence on film thickness are quantitatively reproduced by a simulation based on the
diffusion of excitons in the bulk and the kinetic energy release by a cavity ejection mechanism
and an excimer dissociation mechanism followed by internal sputtering20@3
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1. Introduction atoms. The metastables desorbed through the CE process

When the surface of a solid rare gas is irradiated withvere observed for solids whose electron affinitles are
negative, namely, solid NeE,=—1.4¢eV) and Ar(—-0.4

vacuum ultraviolet light, it can eject atoms and clusters me\/), but not for solid Kr(0.3 eV) and Xe (0.5 eV The

round, electronically and vibrationally excited, or ionized ~."”" .
g y y A@lnetlc energyE, of the metastable desorbed through the CE

states. A variety of desorption mechanisms have been pr 2 . ; :
posed for each desorbed species and for the excitation enerﬁ?ocess originates from the lattice distortion energy around
e exciton, which can be estimated roughly from the differ-

region. Two types of mechanisms are known to play an es-

sential role in the desorption induced by the excitonic exci-SNce between the excitation enefgyof the exciton and the

tation: a cavity ejectioliCE) mechanism due to the repulsive excitation energ¥, of the corresponding state of an isolated

interaction between an excited atom with an inflated electro@io™M in the gas phaseThe energy differencet,—Eq, is

cloud and a matrix with negative electron affinity, and andivided among three term&,, the kinetic energy of a des-
excimer dissociatiofED) mechanism, the dissociation of an ©'Ping particleEco, the cohesive energy of an atom on the
excimer in the vicinity of the surface. The investigation of SUrface; andy, the energy absorbed in the Iat_tﬁ:dat. has
the desorption phenomena initiated by the excitonic excitaP®en revealed that 30-70% of the lattice distortion energy is
tion is one of the most powerful tools for revealing the dy- transferred into the klnetlc_ energy of the desorbing meta-
namical character of the exciton in rare gas solidie de-  Stable from the surface exciton S1 of Ne and'Arhas been
sorption of excited neutral particles of Ne and Ar has beerf!SC St_“d'fd experimentally by a molecular dynamics
investigated extensively for two decadetiie close relation- ~ c@lculation: In the case of Ne, for examplg, of the meta-
ship between exciton formatidrand the details of the de- stable which is desorbed by t.he.flrsjt—order ;urface exciton is
sorption mechanisfishas been almost fully elucidated. On 0.18 eV at the peak of the distribution, while the excitation
the other hand, the desorption mechanism of the ground staf1€r9YEx is (17.17-0.03 eV and the, of the correspond-
neutral and its desorption yield have not been clarified yeting 2p°3s states are 16.619-16.848 &Vhe excitation en-
though it can safely be said that such atoms are the mai@rgy Ex of the bulk exciton B1 of Ne ig17.57-0.03 eV.
component in the desorbed species. Considering the low cohesion energy, 0.019 eV, of Ne, the
We report the measured results on absolute yields of thittice distortion energyE,—E,, of 0.9-0.7 eV is large
metastable and total desorption induced by excitonic excitaenough to squeeze the excited atom out of a second or third
tion from the surfaces of solid Ne, Ar, and Kr. We also showunderlying layer to the vacuum. The squeezed excited atom
that the experimental results for Ne and Kr are satisfactorilynay push overlying atoms forward. This internal sputtering
reproduced by a simple model simulation of the desorptiorprocess can result in a large total desorption yield of Ne. In
process. solid Ar, though the lattice distortion energy is estimated at
about 0.7-0.4 eV, the internal sputtering process must be less
efficient because of its larger cohesion energy of 0.068 eV.
Dissociative relaxation of a rare gas excimer in the gas
Negative electron affinity of the matrix is known to be phase yields a kinetic energy of about 1%i¥is known that
essential for the CE process to have a repulsive interactiothe ED process in a solid produces crystal defétis ED
between the excited atom and the surrounding ground stateccurs in the vicinity of the surface of a rare gas solid, a

2. Desorption mechanism

1063-777X/2003/29(3)/7/$24.00 259 © 2003 American Institute of Physics



260 Low Temp. Phys. 29 (3), March 2003 Arakawa et al.

large number of atoms in the surface layer will be released S1
into vacuum by the internal sputtering process.

3. Experimental

The experimental apparatus for the photostimulated de-
sorption(PSD study was installed at the BL5B beamline in
the UVSOR facilities of the Institute for Molecular Science,
Okazaki, Japaf~13A solid rare gas film was prepared on a
platinum substrate at a temperature of about 6 K, which was
attached to a liquid helium cryostat in an ultrahigh-vacuum
chamber with a base pressure below 4Pa. The amount of .
the gas condensed on the substrate, the film thickness, was 55 60 65 70 75
calculated from the exposure, which was the product of the Wavelength, nm
pressure and the duration of deposition, assuming the co
densation coefficient to be unity.

The wavelength resolution\/A\, of the vacuum ultra-
violet light source was about 568200 in the range ok

EetV\tlﬁen 2hO tan(il 1?0 nm. Theth%ht |nten5|tylc\i/vzlist n;onltorehdand a Baratron pressure gauge as a reference. A small rise of
tr?/ eh P ho' %e ?hc rol_n h(t:ukr)ren rom 'atg(c)i p::lje tmez; the partial pressure during irradiation was detected by a
rough whic € 19 eam was Introduced onto the uadrupole mass spectrometer, which was calibrated against

sample surface. We adopted the value of 0.07 eIectronﬁ e extractor gauge. It should be noted that the uncertainty of

fhheogé;Sg;h\?a?::ﬁfggﬂgﬁgﬁf dagaatlagtc))l/d Ss;ﬁgfﬁiwggi;h e relative sensitivity of the extractor gauge was cancelled
. . in the present method of determining the desorption rate.
52 and 100 nm of wavelength. The intensity of the photon P g P

flux ranged between #band 132 photons/s in the continu-
ous mode and between °l@nd 1§ photons/pulse in pulsed 3 3. Accuracy of measurements
mode within a diameter of 3 mm at the sample.

Ne* Intensity, arb. units

rI]—'_IG. 1. The desorption yields of the Ne metastable in the excitonic excita-
tion region as a function of incident wavelength.

In the metastable yield determination, the uncertainty of
3.1. Metastable desorption measurement the results was estimated to t80% by a quadrature sum of

The monochromatized photon beam is pulsed by a meallls.ources of error; light i_ntgnsity measurement, dete_ction
chanical chopper in order to measure the time-of-flightefficiency of .the photomultiplier, geometrical conﬂgurauo_n,
(TOF) spectra of the desorbed metastable atoms. The widtBtC- The main part of the error came fr_om the estimation
and the interval of the pulsed beam are 4§ and 2.5 ms, ©f the amouznlts of higher-order light from the
respectively. The photon beam is incident at 20 deg to th&onochromatot™
normal direction of the sample surface. The uncertainty in determining the absolute yield of the

The desorbed metastable atoms are detected by an opkHal desorption was estimated to be as large-a#3 of an
electron multiplier tube(EMT, Hamamatsu, R595with a ~ order of magnitude; an error bar ranging fromb0% to
CuBe dynode as a first electrode. The EMT is fixed at at100% of the obtained value should be added to the values
distance of 360 mm from the sample in the normal directiorPbtained. In addition to the uncertainty in the intensity mea-
of the sample. The diameter of the entrance of EMT is 8 mmSurement of the incident photon, it was caused by difficulties
which corresponds to a detection solid angle of 3.1in determining the sensitivity of the mass spectrometer and
.10 %sr. The lifetimes of the metastabléRj ) rare gas the pumping speed for the desorbed species.
atoms are known to be much longer than the flight time of ~ Noticeable changes in the desorption yields were ob-
the detected atoms, which is less than 1 ms in our expergerved after a few hours exposure of the sample in the cham-
mental system. The charged particles are rejected by applRer at a pressure in the |0W€f_1qpa range, where the main
ing suitable voltages to the grid mesh in front of the detectofOmMponent was the rare gas itself. It was probably due to the
and the 1st dynode of EMT. In order to calculate the overalRdsorption of thegc;gmmon residual gases, H,O, CO, in
metastable yields, which were integrated for all direction inthe UHV systent>*° The uncertainty caused by this impu-
half space, we utilized the angular distributions of the deJity effect is \{Vlthln the above-mentioned error bar in the
sorbed metastables, which have been reported previously Ff€sent experiment.

our group*>~’

3.2. Total desorption measurement 4. Desorption of Ne

The total desorption rate was calculated from the pumpfl'l' Experimental resilts

ing speed and the rise of the partial pressure in the vacuum The desorption yields of metastable Ne in the excitonic
chamber during irradiation of the sample. The pumpingexcitation region is shown in Fig. 1 as a function of incident
speed of the turbomolecular pump and cold surfaces for devavelength. Most of the observed peaks in the figure can be
sorbed rare gas was determined from the pressure measurassigned to a series of bullB) and surface(S) excitons

by an extractor gauge installed in the chamber and from theeported by Saile and Koctwhere the peak'Ss caused by
flow rate calibrated volumetrically using a reference volumethe exciton in the p°3p state, which is allowed at the sur-
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4.2. Schematic model of the desorption process

Photon
c The operative mechanism in each desorption process and
o /\ the branching ratio of the relaxation cascade which leads to
2 81 . o
= the desorption can be deduced from a careful examination of
3 the TOF spectra of the metastables and the absolute yields of
s /\ D B1 the metastable and total desorption. The operative mecha-
Fa nisms in the desorption process are also listed in Table I.
g M\\ &) The higher kinetic energy peak(E,=(1.4=0.1) eVy3
E LJL B2 in Fig. 2, which is only observed by the excitation of the
higher-order exciton$S’ and B2, is caused by the excimer
—, P , , . . . dissociation of the highly excited dimer: Kfe— Ne+ Ne*
0 200 400 600 800 +Ey. This is also the case for Af.The lower kinetic energy
Flight time, ps peak, that is, the CE peak, is obviously composed of two

FIG. 2. The time-of-flight spectra of the metastable Ne desorbed by thecomponents»izB (Ex=(0.210.02) eV) and C (E,=(0.18
excitation of the four types of excitons. +0.02) eV):“ The metastables which compose the peks
and C are ejected directly from the surface excitorisad
S1, respectively? The difference in the kinetic energy is
caused by the difference in the magnitude of the repulsive
interaction. The low-energy taD is only observed by the
tra of the metastable Ne in Fig. 2 were obtained by the ex-bunf eXC|tat|ons(31 and B2 an.d s likely -caused by a bulk
exciton trapped in the underlying layer just below the sur-

citations at the S1, B1,’Sand B2 excitons. . . . ST
. face. They are ejected into the vacuum, losing their kinetic
The wavelength dependence of the absolute yield of the - : .
S .energy by collision with atoms in the overlayer. These TOF
total photodesorption in the range between 52 and 77 nm is ! ) : : .
Co . : . Spectra can be used as a fingerprint to identify each exciton.
shown in Fig. 3 for a film thickness of 73 atomic layers, .
: . These spectra also show clearly the relaxation channel of the
where the peaks caused by the exciton excitation are also . . ]
o excitons from the higher-energy state to the lower one; from
clearly seen. The absolute value of the desorption yield in th 110 S1 from Sto S1 and excimer. and from B2 16 1
figure represents the average number of the Ne atoms de- do - 110 0 5% and excimer, a ° T
sorbed by one incident photon. The large and continuou&"d_EXcImer.

background was due to the desorption induced by ionization .The quantum efficiency of th? excnon. great|on can be
by the second- or higher-order light from the monochro-€stimated from the photo-absorption coefficient of solid Ne

mator. The peaks caused by the bulk excitons, B1 and A the wavelength corresponding to the bulk exciten)

develop at a film thickness of a few tens of atomic layers excitation. We assume here that the excitation probability of
and the absolute yields seem to saturate at around 1.6 and>t 'S the same asAthat of B1 in Eachdlayer aht th;lr ovl\;n
atoms/photon, respectively, for films thicker than 100 atomicexztat'%n er|12esrri:1y. q n ers]tlmaltlon fgsle on t /eh ata_ y
layers. The peak heights due to the surface excitons seem ?dj ﬁ‘?" etal”™leads to the value of 0.1 excitons/photon in
remain constant at values of about 0.3 and 0.1 atoms/photo?faC ayer. i i )
for S1 and &, respectively, over the entire thickness range The relaxation cascade of the first order surface exciton
as expected for surface excitations. The absolute yields of thgt Of solid Ne is shown schematically in Fig. 4. Incident

metastable and total desorption by the four different excilight of wavelength 72.2 nm will excite surface excitons with
tonic excitations are summarized in Table | a probability of 0.1 excitons/photon in the first layer. 90% of

the incident photons pass through the solid Ne film and will
be scattered or absorbed at the substrate. The surface exciton
may decay radiatively or may be desorbed by the CE mecha-
nism as a metastable in tﬁé’zvo state or as an excited atom
in the 3P, or P, state, which decay into the ground state
B1 with a short lifetime of 1-10 ns. In our study, we have de-
| termined the absolute yields of the metastable desorption,
0.0023 Né/photon, and of the total desorption, 0.3 Ne/
photon. Considering the absolute total desorption yield of 0.3
atoms/photon at S1 excitation, the value 0.1 excitons/photon
| for the initial excitation probability must be underestimated,
since it is likely that a surface exciton can lead to desorption
of only a single excited atom in the CE process. The larger
desorption yield may be explained by other desorption pro-
cesses: the desorption of a dimer by the CE process and an
L . . L ED process which yields two or more desorbed atoms. How-
60 65 70 7 ever, the branching ratio to these two processes must be far
Wavelength, nm smaller than that to the single atom desorption by the CE

FIG. 3. The absolute yields of the total desorption of the Ne in the excitonid?fOCeSS. Another pOSSibi”t)_’ i$ excitation by "g.h.t_reﬂeCt_ed .at
excitation region as a function of incident wavelength. the substrate surface. If this is the case, the initial excitation

face because of the reduced symmétijhe four TOF spec-
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TABLE |._The absolute vields of the metastable and the total desorption from solid Ne. Ar. and Kr.
Initial
Rare gases cxciltnltion Desorbed specics Yield, atoms . photon Desorption mechanisms
si metastable (2307107 CE
) total 0.3 CE + S/CE(?%) + S /ED(?%
o metastable (7.8 +2.3)-10™" CE + ED(< 1%)
N ) total 0.1 CE + S, CE(Q%) + S/ED(?%)
Ne -
B1 metastable (1.4 = 0.4)-107 CE + S,/ CE(a few %)
) total 1.6 =0.3 S/CE + CE(~ 10%) + S /ED(a few %)
5 metastable = 1107 CE + S/ CE(a few %) = ED{(< 1%)
total 1+0.2 S,/ CE + CE(~ 10%) + S,/ED(a few %)
S1 metastable ~ 11070 CE
total 0.1 CE
& metastable not determined CE + ED
) total 0.1 CE
Ar
B metastable not. determined CE
total 0.23 CE + S/ED
B metastable not determined Cl+ ED
2
total 0.16 CE +S,/ED
S1(3,/2) total 0.015 S/ED
St(1,2) total 0.01 S/ED
metastable not determined ED
S2(3,2) -
total < 10 S/ED
Kr
B1(3,/2) total 0.03 S/ED
B1(1,/2) total 0.02 S/ED
metastable " not determined ED
B2(3,2) s
total < 10- S/ED

probability doubles at most. In any case, it can be concluded The above-mentioned scheme cannot be applied to the
that almost all the surface excitons yield the desorption ofinalysis of the desorption yield caused byeXcitation be-
one Ne atom or, in other words, that the desorption probabileause the quantum efficiency fof &reation cannot be esti-

ity of the surface excitons S1 is almost unity. A comparisonmated in the same manner; the excitation of tpé3p state
between the metastable and the total desorption yields shovis allowed only at the surface of the solid. It can be said from
that about 1% of the desorbed Ne atoms are in the metastalbdecomparison between the total desorption yields bwargl
state. by S1, if we assume that the desorption probability 6f S

photon 72.2 nm radiative decay

S1 exciton

QO O
OOOOOOOCQ

Y META v
=~ 0.0023 Ne*/photon

TOTAL
~ 0.3 Ne/photon

FIG. 4. Schematic chart of the relaxation cascade of the first-order surface exciton S1 in solid Ne.
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photon 7o,{5 nm B1 exciton
ﬁ ~0.1x0.9 ~0.1x0.9 "2
QOO0
0000 9% S858&S
OO0 —~ QO8O0
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migration in solid

3 1
Poto - P1OO | \ radiative decay

FIG. 5. Schematic chart of the relaxation cascade of the first-order bulk exciton B1 in solid Ne.

exciton is also unity, that the excitation cross section’ofsS sputtering mechanism by excited atoms in the second and
one-third of that of S1. The metastable TOF spectrum by Sdeeper layers beneath the surface.
excitation shows that almost two thirds of thé &xciton The TOF spectrum of metastables desorbed by the exci-
decays into the S1 state at the surface before the desorptidation of the B2 exciton is quite similar to that fof 8xcept
and that a few % of Sforms excimers in a higher excited for the signal caused by a long-lifetinfgeveral hundreg.s)
state. It is also worth noting that the ratio of the number ofluminescence. The relaxation of B2 into S1, 8nd the ex-
the metastable species to the total number of desorptiocimer is clearly distinguished from the spectrum. Though the
events is about 1% in the case of &citation also. total number of excitons excited by B2 excitation is essen-
The relaxation cascade of the first-order bulk exciton Bltially the same as that by B1 excitation, there is an obvious
of solid Ne are shown schematically in Fig. 5. When soliddifference between the total desorption yields by B1 and B2
Ne is irradiated by 70.5-nm photons, the probability for bulk excitations. This is probably because of the difference in the
exciton creation in the second underlying layer is estimatedlistribution of the initial excitation in the Ne film and be-
as 0.1 excitons/photon, as 0.09 in the third layer, and asause of the relaxation channel of B2, which yields the lu-
0.1(1-0.1)"~?) in thenth layer. Radiative decay may occur minescence stated above.
immediately or in the course of migration in the bulk. Some
of these excitons may reach the surface and convert into the Desorption of Kr
surface exciton S1, which will follow the scenario in Fig. 4. 5 1 petastable desorption
The experimentally determined value of the metastable yield, _ ) _
0.0014 Né&/photon, via the S1 state suggests that the total 1€ desorption of metastable species from solid Kr,
desorption yields via S1 excitons are about 0.2 atoms/photoffhich has been observed by electron and high-energy ion
considering the ratio of the total yield to the metastable on@0mbardment, is attributed to the ED mechanism. However,
in the case of S1 excitation. This means that the conversiofi Nas been reported that adsorption of a small amount of
rate from B1 exciton to S1 exciton is 0.2. The excited atomydrogen makes it possible to desorb metastables by the CE
in the second or third layers can be squeezed out because BEChanism by changing the electron affinity to negaffve.
the large lattice distortion and can blow a number of atoms irfB&cause of this phenomenon, it is difficult to determine the
the surface layer away. The desorption of metastable N@PSolute desorption yields of a metastable via a process in-
from the underlying layers, which loses kinetic energy bytrinsic to pure solid Kr. This is also the case for solid Xe.
collisions with neutral atoms in the overlayers, was experi- )
mentally identified in the TOF spectra of Fig. 2 as a fail 5.2. Total desorption
The large desorption yields of the order of unity brought  The wavelength dependence of the photo-desorption in-
about by the bulk exciton can be attributed to this internaltensities from solid Kr for three different film thicknesses is
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1200 atomic layers

B2(1/2)
B2(3/2) B1(1/2) B1(3/2)

\% \%

150 atomic layers

A A JAN
10 atomic layers S52(3/2) S1(1/2) Y‘”}{/m‘ i) iii)
- | I ! o !

FIG. 7. The model of sequential steps of the excimer dissociation process in
105 110 115 120 125 colid Kr a P P

Wavelength, nm

Desorption yields, arb. units

FIG. 6. The total desorption yields as a function of incident wavelength foraﬁect the depth profile of the distribution of the trapped ex-
three different thicknesses of Kr films. . . . .
cimer and, therefore, determine the film thickness depen-
dence of the total desorption yield. The initial distribution of
onjihe excited bulk excitons is estimated from the photo-

the mass spectrometer with no compensation applied foz?lbsorlption coefficierft” The only unknO\_/vn parameter is the
higher-order light. The arrows show the wavelength corre-d!ffuslon lengthl of the free exciton, which is expected to be
sponding to the excitation of the series of excitons in solidMghly aﬂectgd by the ponQ|t|on of the crystal and by tem-
Kr. The coincidence between the exciton excitation energieQeratu,re' As is shown in Fig. 8, bOth, the abisolute value and
and the peaks or the shoulders in the figure clearly show e thl_ckness dependence were satisfactorily repr_oduced by
that the excitons induce the desorption. The desorption yieldsh0Sing the parametérbetween 5 and 10 nm. This value
were estimated by the peak height above the continuou@OWS good agreement with the estimate of between 1 and
background which was due to the bulk ionization caused b)&\? nm by Schwent_nmt a_l. from the pho_toem|s_5|on studg.

the higher-order light from the monochromator. The desorp~'c have a[so applied th|§ methoq of simulation to the ESD
tion yield at S13/2) excitation has apparently no thickness case of solid Kr and obtained satisfactory resﬁﬂts.
dependence and is about 0.015 atoms/photon. The desorption Though we assume that the CE mecha}msm dc_)e§ not
by bulk exciton creation becomes detectable at a few tens york at t_he §urfgce of solid Kr, sqrface gxcnon excitation
atomic layers under our experimental conditions. The delesulted in significant total desorption. This may be caused

sorption yields at B@/2) and BY1/2) excitation increase by excimer dissociation on the surface._ Howeyer, we cannot

with the film thickness and reach saturated values of 0.05*clude the effect of hydrogen adsorption, which makes the

and 0.02 atoms/photon, respectively, at a thickness of aboltE Process efficient.

100 atomic layers. The absolute yields of the total desorption _

by the five different excitonic excitations are summarized in8- Desorption of Ar

Table I. The desorption of metastables from solid Ar by both the
CE and ED mechanisms has been reported by many

5.3. Desorption model and simulation of total researcher&"*%3'However, there are some experimental dif-

desorption yields ficulties in determining the absolute yields of metastable Ar;

) ] . .. the unknown angular distribution of desorbed Ar, the low
The desorption process caused by excimer dissociation

and internal sputtering after bulk exciton excitation is con-

shown in Fig. 6, where the curves are the direct output fr

sidered as sequential processes, as shown schematically in . 0.08F

Fig. 7: i) creation of a free exciton, )imigration of the ex- 3 Diffusion length L
citon, iii) formation of an excimer, ivdissociation of the g 0.06 ‘
excimer, and ¥ collision cascade followed by internal sput- 5 § U Tnm
tering. In order to calculate the desorption yields, each step §.§_ /

must be evaluated quantitatively. The details of the calcula- %E 0.04 - 5am
tion will be published elsewhere. Though the behavior of 8 % “ [ ] n
the exciton at a vacuum interface and metal substrate is not 35 © 0.02 10nm
well understood, the photoemission data of Kr were well §

described by assuming that the metal surface is a perfect sink < S0nm
and that the vacuum interface is a perfect reflector for the 0.00 b_ . el
exciton?® The final process )y which is one of the most 10 100 1000
important factors in giving the theoretical desorption yields, Thickness of Kr film, atomic layers

has been studied eXtenSlvely by a classical molecular dyIEIG. 8. Thickness dependence of the total desorption yield of solid Kr; the

namic SimUIa_tiOH-The di_Strib_Ution of the_initial eX_Citati_on 'n experimental resultgsolid squaresand the simulated resultéines), with
the process)iand the diffusion length in the migration)ii the diffusion length as a parameter.
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We study the creation of biexcitons in neon films on a metal substrate by one-photon processes.
We demonstrate that photon-stimulated desorption of ions is a perfect tool for the

investigation of these excitation processes, which possess very low cross sections. We show that
the principle of the equivalent-core approximation which is well known from inner shell
experiments can also be applied to the neon biexciton case. Comparing the equivalent-core
molecules N§* and Na, we find that neon biexcitons can be described well in a Frenkel

picture. © 2003 American Institute of Physic§DOI: 10.1063/1.1542447

INTRODUCTION Photon-stimulated ion desorptid®SID) is such a pro-
jection tool. The solids of the light rare gases Ar and Ne

Biexcitons or excitonic molecules have been known : - :
show negative electron affinity. The edges of their conduc-

since 1958:% They arise from nonzero interaction energies®> _ _ _ _
of two excitons. They have been studied extensively in ex{ion bands lie above the vacuum level, i.e., the interaction
periment as well as in theorsee, e.g., Ref.)3 Recently between an additional electron and the closed shell of the Ar

they have attracted interest as objects for Bose—Einsteif Ne atoms forming the matrix is repulsive. This repulsive
condensation, for nonlinear optical proces&esand for interaction is not only encountered by free electrons, but also
quantum computing. by the extended wave functions of excitons. As a result, ex-
Most previous investigations focus on narrow gap insu-Citons are trapped in atomic centers by the creation of cavi-
lators and on semiconductot$,with a rapidly increasing ties around them. If this self-trapping occurs at the surface,
interest in nanocrystals, microcavities, and quantunthe repulsive forces are unbalanced and the excited particles
structure<;” and also in organic materidisBiexciton bind-  are ejected into the vacuutt* This process stimulates de-
ing energies in quantum structures can be very larfee  sorption of electronically excited atom;*® dimers!® and
main signatures of biexcitons or excitonic molecules in theseloubly excited dimers which correspond to the trapped form
experiments are three different optical processes, namely ths biexcitons>° Singly excited atoms or dimers de-excited
luminescence occurring when a biexciton decays into ay photon emission yield neutral products. For doubly ex-
single exciton, the inverse process wherein a biexciton igited dimers enough energy is available for autoionization.
formed from a single exciton by photoabsorption, and thepepending on whether the autoionization process leads to
biexciton creation in a two-photon process with increasegyound or dissociative states of the final ionomer state, atomic
cross section, the so-called giant two-photon absorﬁtio_n. or dimer ions are detectdd® By evaluation of the depen-
More than a decade ago our group showed that biexCigence of the signal amplitude on the layer thickness, surface
tons e>§|st in solid argon as well, an_d that Fhese blex0|t9ns calng bulk processes can be discrimindtéi Because the
be excneod n aoqe—step process 9|therW|th elec?:ror?snth competitive photoabsorption processes in the same energy
photons:? In particular, the creation of two excitations on range do not create ions, the biexcitonic processes can be

. ) .gseparated in the experiment. We note that PSID is also help-
process. As has been shown by Dexter in the theoretical Ir‘1‘ul for the discrimination of multi-electron excitations with

terpretation of experiments by Varsanyi and Dieke, the tw . . ) I '
o . oW cross sections in the inner-shell excitation redion.
excitations need to be coupled in order to enable a nonzero ) .
In this paper we extend our previous study of argon to

transition probability(see Ref. 11 and references thejein . o .
This is the case for excitons forming excitonic molecules,soIId neon, the other rare gas solid with negative electron

and in particular for the argon case, where the interactior‘?‘ffi”ity' Our goal is threefold: First, we want to demonstrate
energy is in the range of 10 to 20% of the one-exciton bind-the potential of PSID for the discrimination of exotic excita-

ing energy'® Although the transition matrix element for one- tions with low cross sections using another system as a typi-
photon biexciton excitation is nonzero on account of thiscal example. Second, we show that biexcitons exist in solid
interaction, it is much smaller than matrix elements for one-N€0n as in solid argofthey probably also exist in the heavier
electron excitations, or even for two-electron transitionsfare gas solids, in which access via PSID by cavity ejection
where both electrons belong to the same atbfiin normal s not possible due to their positive electron affinitié&hird,
photoabsorption experiments these biexcitonic one-photowe compare our biexciton results with theoretical data on
absorption processes remain invisible against the large backia molecules and show that their electronic properties are
ground of competitive transitions. In order to investigatevery similar. From this we conclude that biexcitons in solid
them, we need a physical process which selectively projectseon can be well described in a Frenkel, i.e., in a localized,
them out. molecular picture.

1063-777X/2003/29(3)/4/$24.00 266 © 2003 American Institute of Physics
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EXPERIMENT Y T H T i T
EEXbulk I I

All of the experiments were performed in a UHV cham- 2x[2p]3s  [2p]3s + [2p]4s
ber with base pressure better thanl8 ° Pa. For enhanced TEx
surface sensitivity, grazing incidence of the synchrotron light surf | I
at 7 degrees with respect to the surface was used. We con- 2x[2p13s  [2p]3s + [2p]3p
densed the neon layers onto #®1) surface éa 7 K cold
ruthenium single crystal. Before dosing, we cleaned the sub-
strate by sputtering with Ar ions, repeated heating to 1450
K in 10 *Pa of oxygen, and final flashing to 1570 K. We
checked the cleanliness of the substrate by x-ray photoelec-
tron spectroscopy and by thermal desorption spectroscopy of
physisorbed xenon. The saturated Xe monolayer shows a de-
sorption maximum associated with a 2D phase transition that
is strongly suppressed by even very small amounts of
impurities'® We note that a clean substrate is important for
the perfect growth of Ne layers with minimum contamina-
tion. Reproducible amounts of nedcdleanliness better than
102 %) were dosed through a microcapillary doser onto the
substrate. We calibrated the thickness of our films by com-
paring the relative areas of their thermal desorption peaks to
those of well-defined monolayet$. 32 34 36 38

For TEY (total electron yieldl excitation spectra, we hv, ev
used a simple PEY(partlaI electron yielgl detector a.s_. FIG. 1. TEY and photon stimulated desorption of;Nend Ne ions from a
sembled from two grids and a large-area electron multipliery tim more than 100 layers thick. The sums of the bul(3s, [ 2p]4s:
The grid assembly, which in the PEY mode served as a higRef. 20 and surface [2p]3s, [2p]3p; Refs. 20-22 exciton excitation
pass for the emitted electrons, was grounded for the TEYenergies are indicated for comparis@the multiplet structures have been
Desorbing ions were mass selected and recorded with @/eraged
guadrupole mass spectrometer.

All measurement were done at TGM dipole beamlines of
BESSY, Berlin. The photon energy scale was recorded byhat the normally dipole-forbiddef2p]3p excitation is ex-
taking gas phase photoabsorption spectra at elevated pressgfgsively seen at the surface, with its reduced symni&td.
(typically 10~°Pay) in situ, and by comparison with energy \we therefore conclude that the maxima seen in PSID in this
values from the literature. energy range must be due to excitations of excitonic mol-
ecules in a one-photon process because no other channels for
a resonant process exist. The deviation of the peak positions
from the sums of one-exciton excitation energies reflect the

Figure 1 shows Né& and Ng PSID spectra from a neon redshift due to the binding of the excitonic molecules. These
film more than 100 layers thick. Both signals show maximaresults to a large extent resemble those obtained for argon.
at 33.5, 34.19, 35.6, 36.1, 36.85, and 37.8 eV. The maxima &s there, PSID is brought about by cavity ejection of local-
33.5 and 35.6 eV persist for films which are only 3 layersized biexcitons and by subsequent autoionization and even-
thick, for which the other structures vanish. We thereforetual (in the Ne" case dissociation. Comparing the shapes of
assign them to surface excitations. The other features grow ithe N&” and N¢ signals, we find that nondissociative auto-
with increasing thickness and saturate at about 100 layergonization is enhanced for the surface contributions. We be-
All of these features can be assigned neither to resonant onkeve that these excitations exist for the heavier rare gases as
electron nor to multi-electron states ofsagle neon atom. well, although PSID by cavity ejection is not possible, mak-
For condensed neon, no resonant one-electron states exisy their detection much more difficult.
between thé 2p] ionization edge at 21.55 efRef. 20 and In the TEY we found small features in this energy range
the lowest 2s]np exciton around 47 e\{Refs. 23 and 24  which were not well reproducible. For thin layers and for
The lowest two-electron excitation of a single neon atomreduced photon exposure, i.e., under conditions where charg-
occurs at 45.5 eV{Ne2p*(®P)3s(?*P)3p(*P)} at the ing and beam damage was minimized, they were below the
surface?* which is also well above the energy range of Fig. detection limit. We therefore believe that these TEY struc-
1. The PSID peaks are, however, very close to the sums dfires were most likely due to secondary effects, i.e., accumu-
two one-exciton excitation energies, as is indicated in Fig. 1lated lattice defects created by cavity formation and stimu-
although not exactly at those positions. In particular, thdated desorption. Lattice defects will affect the electron
maximum at 33.5 eV is below the value which is obtained bytransport and charging, and this can cause modulations of the
doubling the energy of the lowest resonant excitation, i.e.TEY as observed.
the[2p,]3s surface statéwe use the Frenkel notation here We have shown that biexcitons exist in solid neon and
which we believe to be justified for the excitons with a low that PSID is a very powerful method for their detection. In
principal quantum number of nedhand we have averaged the next step we try to analyze the main features of these
the energy positions of individual multiplet lines; we note excitations, namely their binding energy. We assume that we

Solid Neon A/'\

Signals, arb. units

bt 4y,
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FIG. 2. Equivalent-core picture: Assuming a small spatial extension of the )

[2p] ionized N€ ion core, a[2p]3s excited neon atom corresponds to a
sodium atom, and g Ne2p]3s), excitonic molecule to a Namolecule.

B g,

can describe them as localized excitons, i.e., in a Frenkel
picture. The Frenkel, i.e., atomic picture, has been shown to
be an appropriate description for the=1(=[2p]3s) bulk
exciton of solid neor’® We note, however, that for the exci-

tons with higher quantum number and for the heavier rare 32 24 éG 38
gases the Mott—Wannier description is more appropriate. We
further assume that we can apply the equivalent-core ap-
proximation, which is a very powerful principle for the in- FiG. 3. Vertical bars: An estimate of biexciton energies obtained from the
terpretation of inner-shell excitation phenomena: A hole in arequivalent core picturéFig. 2. The vertical bars denote energy positions
inner shell is small; its positive charge has nearly the sama@btained by adding Na—Na interaction energies from calculatedoliten-

hv, eV

ffect on th ter orbitals which aovern the chemistr th tial curveg’ to the sums of exciton energies. All values are for the next
efiect o € outer orbnals ch gove e chemistry as ?‘learest-neighbor distance of solid neon. The positions in particular of the

addition of a positive charge in the nucleus, i.e., the coresyrface peaks of the experimental data are well reproduced.
excited atom behaves chemically likeZza-1 ground-state
atom. Holes in valence orbitals commonly are not small and
are usually not restricted to a single atom; so the equivalent- |n summary, we have shown that biexcitons also exist
core approximation can normally not been applied to themfor solid Ne, as had been found before for solid Ar. Their
However, valence-excited rare gases are a special case hghe-photon excitation cross sections are low, requiring sen-
cause of their small ion radii. The interaction between twositive experimental tools for their investigation. PSID is an
rare gas ions deviates from the Coulomb law only for smallideal probe. Application of th&+1 approximation repro-
distances. This can be seen, e.g., from calculated potentiglices the binding energies of the lowest bulk and surface
curves for AE* (Ref. 26; unfortunately, similar data for pjexcitons very well.
Ne; © do not seem to exist The potential curves of the We thank the staff of BESSY and R. Scheuerer and H.
singlet states dissociating into two A(?P) atoms are very U. Ehrke for help during the experiments. Support by the
close to I/ for r>5 bohr, which is much less than the Deutsche Forschungsgemeinschgitojects SFB 338 and
nearest-neighbor distance of solid Ar which is 7.1 bde#e  Me 266/21-2 and by the German Israeli Foundati6BIF;
Fig. 1 of Ref. 26. For Ne, we expect similar relations. We project 1-557-217.05/97s gratefully acknowledged.
therefore try to obtain the binding energies of the Ne biexci-
tons from itsZ+ 1 analog which is a Namolecule; see Fig.
2. We take Na—Na interaction energies from calculateg Na E-mail: Feulner@e20.physik.tu-muenchen.de
potential curves for the nearest-neighbor distance of the Ne
solid (5.97 bohy?® and add them to those sums of exciton
energies which show the co_rrect asymptotic behavior. Figura g , Moskalenko, Zh. Opt. Spekiroks, 147 (1958.
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aligned to sums of surface exciton energies. The peak afExcitonic Processes in SolidSpringer, Berlin(1986. . .
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lowest bulk biexciton. The maximum at 36.1 eV can also be 5T H. Stiefvater, Xiaogin Li, D. G. Steel, D. Gammon, D. S. Katzer, and
described by surface contributions, although combinations of6 D. Park, Phys. Rev. B5, 205319(2002.
bulk and surface states fit as wétlot shown. The maxi- A L. lvanov, H. Haug, and L. V. Keldysh, Phys. Rezb 237 (1998;

. . . ... Young-Nam Hwang, Koo-Chul Je, Dongho Kim, and Seung-Han Park,
mum at 37.8 eV could be due to bonding states dissociatingppys” rev. B 64, 04130%R) (2001; P. Bormi, W. Langbein,
into 3s and 4s bulk excitons; we admit, however, that the u.woggon, J. R. Jensen, and J. M. Hvam, Phys. Reé2,lR7763(2000.
Frenkel picture may be not adequate for them because ofU.Woggon, K. Hild, F. Gindele, W. Langbein, M. Hetterich, M. @rand
t_heir larger radii. Without straining the analogy too m.UCh.’ we Sg: glhenugilsnhlrlir’]hypshySe\?%/l2512(285(()20;% references therein.
find that the Na analogy reproduces the lowest biexciton oy gana, G. bujardin, P. Feulner, and D. Menzel, Phys. Rev. B6/3269
states of Ne surprisingly well. (199).



Low Temp. Phys. 29 (3), March 2003 Wiethoff et al. 269

10T, Schwabenthan, R. Scheuerer, E. Hudel, and P. Feulner, Solid StaféT. Kloiber and G. Zimmerer, Radiation Effects and Defects in Sdlidg

Commun.80, 773(199)). 219(1989.
ED- L. Dexter, Phys. Rev126, 1962(1962. 22B_ Kassihlke, R. Romberg, P. Averkamp, and P. Feulner, J. Low Temp.
K. Codling, R. P. Madden, and D. L. Ederer, Phys. RES5, 26 (1967). Phys.111, 723(1998.

M. Runne and G. Zimmerer, Nucl. Instrum. Methods Phys. Re$0B 23 . . .
156/(1995:; I. Ya. Fugol, Adv. Phys27, 1 (1978: ibid. 37, 1 (1988. R. Haensel, G. Keitel, N. Kosuch, U. Nielsen, and P. Schreiber, J. Phys.

L. Coletti, J. M. Debever, and G. Zimmerer, J. Phys. Ldf, L467 (Parig, Collog. 32, C4-236(1971), and references therein.

(1984: E. |. Rashba and E. Ya. Sherman, Sov. J. Low Temp. PIy/618 24B. Kassinlke, Ph.D. thesis, Technische Universiklinchen, 1998, Utz-
(1986; M. Runne and G. Zimmerer, Nucl. Instrum. Methods Phys. Res. B Verlag, Minchen(1998.

101, 156(1995, and references therein. 25E. Boursey, M.-C. Castex, and V. Chandrasekharan, Phys. REs;. 2858
153, Cui, R. E. Johnson, and P. T. Cummings, Phys. R&8,B580(1989; (1977; V. Chandrasekharan and E. Boursey, Phys. Revi9 3299
I. Ya. Fugol, A. G. Belov, V. N. Samovarov, V. N. Svishcheyv, and V. M. (1979.
Zhuravlev, JETP Lett46, 308(1987. %G, Cachoncinlle, J. M. Pouvesle, G. Durand, and F. Spiegelmann,

'°S. T. Cui, R. E. Johnson, C. T. Reimann, and J. W. Boring, Phys. ReV. B 3 cpem Phys96, 6085 (1992
39, 12345(1989; W. T. Buller and R. E. Johnson, Phys. Rev4B 6118 27G' Jeuné 3 Phy’s 6 4289(i983

1997). . ) . . .

1753_ Fe]ijlner M. Ecker, R. Romberg, R. Weimar, and Aalgzh, Surf. Rev. G, Zimmerer, inExcited-State Spectroscopy in Solidéorth Holland,
and Lett.9, 759 (2002. Amsterdam(1987), p. 37.

18H. Schlichting and D. Menzel, Surf. S@72, 27 (1992.

19H. Schlichting and D. Menzel, Surf. S&85 209 (1993. This article was published in English in the original Russian journal. Repro-

20y, Saile and E. E. Koch, Phys. Rev. B, 784(1979. duced here with stylistic changes by AlP.



LOW TEMPERATURE PHYSICS VOLUME 29, NUMBER 3 MARCH 2003

Exciton-induced lattice defect formation
E. V. Savchenko* and A. N. Ogurtsov

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Science
of Ukraine, 47 Lenin Ave., Kharkov 61103, Ukraine

G. Zimmerer

Institut fur Experimentalphysik der Universit&ddamburg, Hamburg 22761, Germany
(Submitted December 25, 2002
Fiz. Nizk. Temp.29, 356—-360(March 2003

The lattice defect formation induced by electronic excitation in solid Ne is studied using the
selective vacuum ultraviolet spectroscopy method. The samples are excited with synchrotron
radiation in the range of excitonic absorptios 2I'(3/2). The dose dependence of the

intensity distribution in the band of atomic-type self-trapped exciton luminescence is analyzed.
Direct evidence of the formation and accumulation of point lattice defects in solid Ne via

the excitonic mechanism is obtained for the first time. A model of permanent lattice defect
formation is discussed. @003 American Institute of Physic$DOI: 10.1063/1.1542448

INTRODUCTION been showh that the emissions observed arise from the
transitions!P;—1S,, *P;—1S,, and®P,—1S,. The spec-

The mechanisms of matgrlal mod_mcatlon g ele(_:'tral features related to the surface and to the bulk were dis-
tronic subsystem are of considerable interest from the pon}t . ) .
. . . . inguished by their dependence on sample thickness and ex-

of view of the fundamental solid-state physics, and their un—Citin electron energy? The narrow emission lines were
derstanding is an important prerequisite for many novel tech- 9 Y o stem f 9 .th d bi i in the stif
nological applications in material and surface sciences‘,issusme o stem from the desorbing atoms In the Stateg
d°P;. The wider bulk emissions matched to the transi-

micro- and nanoelectronics, and photochemistry. The basid" 3 1 f 1
for the physics of electronically induced lattice rearrange-1oNs P1—3> Sp and*P,—"S, were found to be of a doublet
ment is a concentration of the excitation energy in the relaxstructure:® The similar features observed in Ref. 14 were

ation process within a volume about that of a unit cell, fol-interpreted in the framework of the coexistence of exciton

lowed by energy transfer to the crystal surroundings. Aself-trapping in a regular lattice and trapping in the vicinity
variety of inelastic processes induced by excitation of theof initial nonequilibrium defects of structure, e.g., trapping
electronic subsystem have been studied in wide-gapear a vacancy. Note that the transformation of defects in-
insulator$~® and more recently have even been found involving A-STE and mobile thermal vacancies at a “high”
narrow-gap materials The main phenomena under investi- temperature of 19 K, close to the melting point, was consid-
gation are atomic processes such as lattice defect formatiasred in Ref. 15.
or annealing of existing defects, mass diffusion, and the de- |n order to elucidate the internal structure of A-STE
sorption of atoms, ions, and molecules from surfaces. emission bands, special experiments on low-temperature ir-
Considerable progress has been made towards an insigh{diation by high- and low-energy electron beams were
into their mechanisms. However, many details of the elecperformed-®17In the first case the electrons of superthresh-
trqnlcally induced processes underlying these ph_enomt_ana alfy energyE.>E,, (Eq=1keV) produced point defects
still not deeply understood. Rare gas SOBES with their  zra1al pairs during excitation via the knock-on mecha-
simple !att|ce an(_j weII-.deﬂ.ned electronic structure are €XCelicm. Based on the dose dependence, the defect-related spec-
lent objects for investigation of the electronically Inducedtral features were clearly identified. For comparison purposes

phenomena. Small binding energies in conjunction with . . .
. . i : . he same luminescence spectra and their dose behavior were
strong exciton—phonon interaction result in a high quantum

yield of electronically induced defect formation and desorp-StUdIGd under irradiation by an electron beam of subthresh-

tion that makes RGS especially suitable for experimentaPId energyE.<Eqy, i.e., by electrons of energy deficient for

study. Moreover, study of electronically induced atomic pro_m.o.ving a Iat.tice atom from the substit.utional sitg .to an inter-
cesses in the above solids offers a unique possibility for eluStitial one via the knock-on mechanism. A striking resem-
cidating the role of acoustic phonons in these processes. THaance found in the dose behavior—the increase in the inten-
pronounced effects of exciton self-trapping observed in RGSity of the defect-related components, has given conclusive
are essential for efficient energy localization and transfer t@Vvidence of the formation of electronically induced point de-
induce a lattice modification. It is well knowrs8that in  fects and their accumulation in the lattice of Ne! It has
solid Ne the excitons are self-trapped predominantly intd>een suggested that the self-trapping of excitons into A-STE
atomic-type state$A-STE). A rich structure of the atomic states is a stimulating factor. However, direct proof of the
transitions has already been found in the early high-excitonic mechanism requires state-selective experiments.
resolution studies of luminescence from solid ¥e'®It has  Synchrotron radiation providing intense vacuum ultraviolet

1063-777X/2003/29(3)/4/$24.00 270 © 2003 American Institute of Physics
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(VUV) light tunable through the exciton absorption range is
best suited to this kind of experiments.

The paper reports the results of a synchrotron radiation
study of permanent lattice defect formation in solid Ne via
the excitonic mechanism. The experimental findings are
compared with the results of recent molecular dynamics
studies of the evolution of the self-trapped excitons into per-
manent lattice defect$:1°

EXPERIMENTAL

The selective excitation experiments were carried out at
the SUPERLUMI station at the Hamburger Synchrotron-

Luminescence intensity, arb. units

strahlungslabor HASYLAB. Since we are interested in con- w

trol of the lattice permanent defect creation induced by exci-

tation of the electronic subsystem the quality of the samples 0 . .

under study(the concentration of initial defects and impuri- 16.0 16.5 17.0
ties) is of critical importance. The samples were grown in a Photon energy, eV

special closed cell mounted on a He-flow cryostat holder in

an ultrahioh vacuum(UHV) environment (10°mbar). FIG. 1. STE luminescence of solid Ne excited by ZQ(eVrvg ) and with _
9 ( ) ( ) 22 eV (curve 2 photons. Curve 2 was recorded with a higher resolution

High-purity Ne gas(99,998% was used, and the gas han- (MAN=1500. The spectra were measuredTat 5 K.
dling system was operated under UHV conditions. The

samples were condensed from the vapor phase at elevated

temperatures under isobaric conditioi®<(10 Pa). The ini-  structure with components of different origin. The narrow
tial temperature of 18 K was fixed, whereupon the sampleQ” peaks coinciding in energy with the transitionsP,

was cooled downa 5 K at aconstant rate of 0.1 K/s. After 15, and 3P;—!S, in the gas phase were identified as
the sample preparation the cell was removed and the freemissions from the desorbing atoms in the excited stétes.
standing crystal was studied. The high-quality optically The components labeled 1 and 2 which fall into pairs with a
transparent polycrystalline sample of 1 mm thickness wasplitting close to the spin—orbit splitting, stem from the
then subjected to a long-duration exposure to the VUV light A-STE centers in the bulk. The 1 components were found to
Selective photon excitation was performed with a band paspe related to the lattice defects, whereas the 2 components
of AN=0.25 nm. The excitation energy of 20 eV was chosenyere associated with the A-STE in the regular latlit&’

in the range of then=2 term of the excitonic series. The Several features were assigned to the A-STE at the surface.
luminescence analysis was carried out gsin 1 mnear- |n experiment$ performed with tunable synchrotron radia-
normal incidence monochromator equipped with a positiontion the authors were able to isolate some of the peaks by
sensitive detector. The spectra were recorded with spectrghoosing the appropriate excitation energy and time gating.
resolution(A/AN) of 750 and 1500. The resonance lines of The relevant peak positions and their assignments are listed
gaseous Ne were used for the energy calibration. The dosg Table I.

dependence of the luminescence intensity spectral distribu- The intention of the present study was to measure the
tion was measured, and the influence of the annealing at 11ose dependence of the intensity distribution in the lumines-

K on the spectral features was examined. cence spectra of solid Ne under selective excitation in the
range of free excitons. We tuned the excitation energy to the
RESULTS AND DISCUSSION band of exciton absorption=2I"'(3/2). Due to the low ab-

The typical photoemission spectra of self-trapped exci-
tons in solid Ne taken with different resolution are presentedABLE |. Positions atT=5 K, FWHM, and assignments of the A-STE
in Fig. 1. Spectrum 2 recorded with the spectral resolutiofuminescence components in the range of resonance transitions.

of 1500, shows a number of overlapping spectral peaks. The FWHM,

weak, wide bandV on the low-energy side is known to be Band | Position, eV | Assignment
vibrationally hot luminescence of M-STE in solid Nsee, S '

e.g., Refs. 11 and 14The contributions to th&/ band from b 16.671 - P, (desorbing atom)
M-STE in the bulk and at the surface were discriminated in b, | 16746 <0002 | 4825 |°P, (defect related A-STE)
Ref. 20. It is very likely that the desorption of Kll@bserved C - !

in Refs. 21 and 22 also contributes tiéband. However, b," | 16.807 £ 0.002 | 48=6 | °P  (A-STE in the bulk)
this presumption needs a special check. The most intens

struc?ured cgmposite of ban(;)s is the A-STE emission in the 16848 - P (desorbing atom)
range 16.6—17 eV. Experiments with highly effective excita- a, " | 16.931 £ 0.005 | 50 =5 |'P, (defect related A-STE)
tion of solid Ne by an electron beaim®*161made it pos- )

sible to observe the luminescence from the three atomic 4 | 16.992+0.01 | 45+5 'P, (A-STE in the bulk)

3 3 H
Stgteslel, Pl, and°P,—the &, b, andc bands in th_e NO-  commentPosition and in full width at half maximurtFWHM) are given
tation given in Ref. 16. All of the bands have an internalby the data in Refs. 28°) and 14(**).
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FIG. 2. Photoluminescence of solid Ne in the range offfag— S, transition(b band: (a) and(c)—the evolution of thé band upon irradiation with 20 eV
photons,(b)—the dose dependence of the andb, components(d)—the spectrum recorded after annealing of the sample=at1.5 K. The spectra were
recorded aff =5 K.

sorption coefficient the exciting light penetrated deep insiddines as emissions from the surface centers in’fg state

the sample and the A-STE centers were efficiently formed irseems to be very unlikely. The efficient excitation of this
the bulk. The temporal behavior of the luminescence wagmission in the range below the lowest bulk exciton band
monitored &5 K to rule out thermally stimulated processes. may also be due to excitation of some centers at defect sites,
The sequence of spectra was measured during exposure hlecause the defect levels could be expected to occur quite
VUV light. The most intensd band was analyzed. The ini- close to the surface exciton band. Note thatdlemponent

tial intensity distribution is shown in Fig. 2a and the final onehas an analog in the matrix-isolated center spectra in the
in Fig. 2c. The positions and the widths of the componentsange of low concentratiorié. The width narrowing and the
were obtained from a numerical fit of the band contour asdecrease in intensity observed for tdecomponent upon
suming a Gaussian shape of the components. The fitting wasnealing(see Fig. 2§l seems to support the assignment of
done taking into account the overlapping of the A-STE emisthe d component as being related to the defect sites.

sion with a high-energy tail of the M-STE luminescence, In order to get direct proof of the permanent lattice de-
shown in Fig. 2. The result of this treatment for theandb, fect formation in the initially perfect lattice via the excitonic
components is shown in Fig. 2b as the corresponding pointsiechanism, let us consider the features in the range of the
of the curves. Despite the fact that the= 2I'(3/2) excitons resonance transitiotP;—1S,. This is just a transformation
are formed predominantly deep in the bulk, they reach thef the most intens® band on exposure to VUV photons in
surface and are then trapped into the A-STE configuratiothe range of the second term of the excitonic series well
with a subsequent desorption of the excited atom. The aphelow the band gap energy. The shape oftitband after the
pearance of thd, component in the A-STE emission is in cycle of irradiation is shown in Fig. 2c. A pronounced en-
line with the results on the partial yield of the Ne atoms inhancement of the defect-related compondntsand d was

the 3P, state®® The desorption is due to the formation of a found. As for theb, component associated with the A-STE
microcavity (bubble around the A-STE as a result of the centers in the regular lattice, it remained unchanged. Figure
prevailing repulsive interaction between the excited electror2b depicts the dose dependence ofltheindb, component

and surrounding atoms because of the negative electron afitensity. The exposure time uncorrected for the synchrotron
finity of solid Nel This so-called “cavity ejection” mecha- radiation pulse duration is in fact the real time of the mea-
nism was studied in detaisee Ref. 2 and references thejein surements. The radiation-induced enhancement of the defect
The width of theb, component related to the desorbing at- components clearly indicates the formation and accumula-
oms is resolution limited. The positions and the widths of thetion of permanent lattice defects in solid Ne generated by the
b, andb, components are in perfect agreement with the dataelf-trapping of excitons into the A-STE states. A 30-min
given in Ref. 23. These bulk components have analogs in thannealing of the samples at=11.5K caused a decrease in
matrix-isolated Ar center specttAThed component may be the intensity of the defect-related components. The intensi-
tentatively assigned to the transition from the metast3Ble ties of theb, andb, components were restored. The results
state at defect sites or near the surface. Note that the transibtained in the present experiments with selective excitation
tion from this state is strictly forbidden in a regular lattice. accord well with the results of experiments performed with
To the best of our knowledge the geometrical configuratiorelectron beam¥’ Note that in these experiments a similar
of the centers that emit the peaks in the range of%¢ dose dependence was observed for the components of the
—15, transition has not been fully ascertained. Because ofransitions'P;—'S, and®P;—!S, (see Table), which are

the long lifetime of this state and the negative electron affin-dipole allowed in a cubic lattice. The similar dose depen-
ity, the chance for the atom to desorb prior the radiation isddences of the A-STE luminescence components found in the
very high?® For this reason the assignment of some emissiorases of superthreshold and subthreshold excitation by elec-
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tron beams as well as selective excitation into excitonic E-mail: savchenko@ilt.kharkov.ua
states provide convincing proof of the excitonic mechanism
of the point lattice defect formation.
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