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Coincidence measurements of highly charged ions interacting with a clean Alill) surface
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We have measured electron number statistics of highly charged ions interacting with a clean single crystal
Au(111) surface under various angles of incidence in the range from 45° to almost 0° with respect to the
surface. For small angles of incidenggpically about 3} we have also measured the scattering distribution of
the reflected projectiles on a position-sensitive detector in coincidence with the number of emitted electrons.
Our results allow a clear separation of above- and below-surface electron emission. By comparison with
electron emission yields for very slow projectiles under normal incidence conditions, we are able to determine
the number of electrons produced by potential and kinetic emission processes. Simulations of the kinetic
electron emission along specific trajectoriesy., projectiles reflected from ideally flat surface areas as opposed
to those entering the crystal at target imperfectisi®ow good agreement with our experimental results.

PACS numbeps): 79.20.Rf, 61.85tp, 79.60.Bm

[. INTRODUCTION scattered projectiles on a two-dimensiori@aD) position-
sensitive detector in concidence with the number of emitted

Since the 1950s, when Hagstrum first performed experielectrons. The main purpose of these studies is to connect
ments on ion-surface interaction using low-charge state jondifferent electron-emission characteristics with specific
[]_], new powerfu| ion sources as well as improved experi.dasses of trajectories. In a further step, we want to relate the
mental techniques have strongly developed this field of renumber of electrons to the energy loss of the primary par-
search. Nowadays, various secondary partidgsotons, ticle.
electrons, sputtered target atorpsoduced in highly charged Section Il gives a short description of our experimental
ion (HCI) surface interactions are detected with dramaticallysetup followed by the experimental results in Sec. Ill. The
improved resolutior(for an extensive review see, e.{2], presentation of a theoretical model aimed at describing our
and references therginAvailable projectile charge states ~ findings concludes our papéBec. IV). First results have
range from 1 to 92bare U ion3, as target materials solids already been presented in REZ0].
from low work function metalge.g., C$ to large band-gap

insulators(e.g., LiP are used. Il EXPERIMENTAL SETUP
These experiments support the picture of the so-called
“hollow-atom” formation, a highly excited transient projec-  Our experimental setup is served by the 5-GHz ECR-ion

tile state that decays to the ground state via emission of elesource at TU Wier{21], which provides multiply charged
trons and photonE3,4]. Until now, most of the experiments ions (for this series of experiments &f, q<9; 0", q
dealt with just one aspect of the interactidesy., total elec- <7; N*, g=6) with kinetic energies between 1 and
tron yields[5,6], x-ray emission 7], energy distribution of 10q keV. The extracted ions are mass-to-charge separated,
emitted electron$8—10], target sputtering11-13, image- collimated, and transported to a UHV scattering chamber
charge acceleratiofl4—16). Recently, Morosowet al. per-  (base pressurp=10"1° mbar).
formed an experiment measuring the charge state and distri- The ion beam is directed onto a Aii1) surface that has
bution of scattered projectiles in coincidence with thebeen prepared by cycles of sputtering and anned#&j.
angular, energy, and number distribution of electrons emitted’he angle of incidence/ can be varied between 0 ° and
into the half-sphere above the target using a multicoinci90 °. Under grazing-incidence conditions the angular distri-
dence techniqu¢l7]. Such coincidence experiment&ex- bution of scattered particles, as well as parts of the beam
periments of the second generatigrtiave the potential to passing above the target without interaction, are recorded on
allow deeper insight into the processes involved in ion-a 2D position-sensitive detect@PSD). Electrons produced
surface interaction. during ion-surface interaction are extracted by a weak elec-
In recent years we have developed a sophisticated expettric field and focused onto a surface barrier detector biased at
mental technique to measure the electron-emission statistice25 kV. The number of electrons emitted in a particular
(EES for HCI impinging vertically on clean polycrystalline scattering event is determined from the pulse height of the
metal [6,18] and insulator surfacefl9]. In this paper we electron detector. The electron yielde., the mean number
primarily investigate grazing-incidence angles at a monocef electrons emitted per ion impads determined from the
rystalline target surface and record the impact position oklectron-emission statisti¢48]. The influence of the electric
extraction field on the ion trajectories has been taken into
account in our data evaluation procedure. Signals from both
* Author to whom correspondence should be addressed. Electronietectors are recorded either in coincidetsyachronized in
address: lemell@concord.itp.tuwien.ac.at time and stored as-tuples or in noncoincidence modgor
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FIG. 1. Angular-dependent measurement pffor 18-keV FIG. 2. Angular-dependent measurementyofor 8-, 18-, 24-,
Ar?*(q=6,8,9) on A111). and 40-keV AP on Au(111).

incidence angleg=10° when measuring electron emission {hree data sets show the expected increasey itoward
only). A detailed description also containing a schematicsmalier angles of incidence. Although %r has anL-shell
drawing of this experimental setup can be found in R23].  oje that could give rise to increased subsurface potential
electron emissiolPE) and, accordingly, to a different angu-
Ill. EXPERIMENTAL RESULTS lar dependence, the curves are almost parallel over the whole
range ofy. We therefore conclude that KE dominates the
In the first part of this section we present results Ofimpact-angle-dependent part gffor all charge states.
angular—;iependent electron-yield measurements and describeThis interpretation is further supported by results on the
information that can be extracted from these data. In th%mgular dependence of the electron yield for a single charge
second subsection we concentrate on results of coincidencgate (AB™) with kinetic energies ranging from 8 to 40 keV
measurements between scattered ions and emitted electro(rpf,g_ 2). While for E;,=8 keV (~2x 10° m/s) we observe
ip glancing-angle-scattering geometry and their interpretabmy a 40% increase iny relative to the value for large
tion. angles, the amount of emitted electrons is three times larger
for Exjn,=40 keV (~4.4x10° m/s). In order to determine
A. Angular-dependent electron yield an approximate value of the threshold velocity for KE, we
plot the electron vyield for different values af over the
velocity of the projectilegFig. 3). All four lines intersect at
8.5 /ion and a velocity of about 1%610° m/s
(~5.4 keV), which is in reasonable agreement with previ-

It is well known that above the threshold velocity for
kinetic electron emissiofKE) the electron yieldy shows a
strong dependence on the projectile angle of incidesice
[24]. For smaller angles of incidence the bulk of electrons
emitted along the trajectory within the solid has a compara-
bly larger escape probability. To first approximation a 1{sin L

- . 1 y=1.8°
dependence of can be expected. In our experiment we find ] Ar8+ — Au(111)
deviations from a 1/sig fit only for small and large angles
of incidence. The latter can be explained by our experimentai=
setup that has been optimized for smaland does not have
a 100% electron collection efficiency faf>45°, whereas
the reason for the deviation fap<<10° is the increasing
number of reflected projectiles. Such projectiles produce les:
electrons along their trajectorisee Sec. IlIB and conse-
quently show a reduced mean electron yigldsee also be-
low). Lines connecting data points in Figs. 1 and 2 are there-
fore not 1/siny fits but only meant to guide the eye.

In Fig. 1 we show results of impact-angle-dependent mea- e
surements ofy for different charge states of Ar directed onto 0 10 20 30 40 50 60
a clean A111) surface. The experiments have been per- v_(10* mis)
formed for AP* (E,o=310 eV), AP" (E,=580 eV), 0
and AP* (Epor=975 eV), each with a kinetic energy of 18  FIG. 3. Electron yieldy as a function of the ion velocity for
keV, for which the velocity of the projectiles is about twice specific angles of incidencg. The linear fits cross in one point
the threshold velocity for KE25]. It can be seen that all defining an approximate value for the threshold velocity of KE.
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ous results on KE from clean polycrystalline gold by Eder S S Y B

et al. [25]. A = Au (111) g
B. Coincidence measurements _ E=18 keV, ¥ =5° "

To perform coincidence measurements, the signals fromr
the EES and PSD detectors were amplified, delayed in time
and fed into a multiparameter analog-to-digital converter. % ]
The gate signal was provided either by the EES or the PSCS
branch of these electronics to allow measurement of bott ]
coincident as well as noncoincident events. With the help of
this additional information a separation of the contributions
from PE and KE from above and below the target surface
could be achieved. As one example for a whole series of
measurements with Ar, N9, and 07 ions, we discuss ]
data for 18-keV A?¥' ions impinging on a clean Aa11) ]

surface at an angle of incidenge=5° (E, =136 eV, v, _ _
~2.5x10* m/s). Apart from the signature of the direct ] L .
beam that is recorded on the PSD only due to random coin- ] e E

cidences with field-emission electrons, we observe a broac ] 0]
structure (FWHM=5 °) with its maximum at a scattering ]
angle #=10° (specular reflection Scattered projectiles ]
were detected up to the edge of our PSD. The comparabl 7
large width of the scattering distribution indicates that our E V
target is not perfectly fla26]. Due to the coincident detec- ] @
tion of electrons and ions, the imperfections do not provide a

major obstacle as different trajectories can be analyzed sep: ] ! -
tel 0 5 10 15 20 25 30 35 40

ratety. . . . electrons

At the same position as the maximum of the scattering

distribution (specularly reflected projectilesve observe a FIG. 4. Electron emission statistics spectra for 18-ke\?*Ar
local minimum of the electron yielgt [see inset in Fig. @)]. ions impinging on a clean A@l1l) surface.(a) total and coinci-
In the outer area of the distributidedges of PSDy is by at  dence EES spectréb) spectra from specific regions of the PSD.
least a factor 2 higher than in the center. This will be dis-
cussed in more detail with the coincident EES spectra foundergone multiple scattering below the topmost atomic
different regions of the PSD. In Fig.(@ we compare the layer, causing exit angles slightly different fragn trajectory
total ES spectrum(electron signals measured noncoinci- 2 in Fig. 4a)]. The long tail of the distribution appearing
dently) with its coincidence parts. The total spectrum con-towards higher electron multiplicities in spectrum 1 can be
sists of at least three contributions. The first one at smaléxplained by projectiles with trajectories of type 2 that end
electron numbers £3e /ion) results mainly from field up “accidentally” (due to multiple scatteringn the central
emission and can be easily subtracted. The second part peak®a of the scattering distribution. Further justification of our
at about & /ion and also appears in the coincidence specseparation procedure comes from projectile time-of-flight
trum. The third group has a broad maximum at aboutspectra recorded in coincidence with the signals from EES
20e~/ion and is strongly reduced for measurements in coinand PSD detectori23] that show an increased energy loss
cidence with scattered particles. This missing part of ouffor projectiles of type 2 as compared to those scattered
total EES spectrurpdifference spectrum in Fig.(d)] can be  specularly(type 1).
attributed to electron production along projectile trajectories The difference between ES spectra 1 and 2 can be attrib-
of type 3[see inset in Fig. @)] which end inside the bulk or uted to processes taking place below the topmost atomic
at scattering angles too large to be detected by our PSD. layer. To determine the contributions of PE and KE to the
With the help of EES spectra measured in coincidenceibove-surface yield we compare spectrum 1 with results of
with projectiles hitting specific areas of the PSD, we canearlier experiments by Kuret al. [27], which have been
separate different parts of the coincidence spectféiig.  conducted for a polycrystalline Au surface under normal in-
4(b)]. The ES spectrum labeled 1 has been taken for theidence conditions with a similar total projectile energy as
central area of the projectile scattering distributisee in- our energy component normal to the surfdd80 eV as
sed, spectrum 2 for its outer parts. Spectrum 1 can be ass@ompared to 136 eV including image-charge acceleration
ciated with projectiles that have been specularly scattered &tor such slow projectiles penetration below the first target
the surfacdtrajectory 1 in Fig. 4a)], whereas projectile tra- layer and kinetic electron emission can be ruled out. We find
jectories ending up in the outer regions of the PSD enteredlmost identical EES spectra with a slightly higher electron
the target at surface imperfections and left it after havingyield (Ay=1e~ from KE) for the grazingly incident A"
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g 1 o F Electrons can be produced either by direct-impact ionizatlgror
L .51 ® () C via holes created in the Arg8level (full circles) that can be trans-
5 1 5 ferred to lower-lying states at crossings 2 and 3 and filled by Auger-
.1; 20 o) - type processes.
c ] o :
% 15 - all cases the velocity component normal to the surface was
2 ] E v, =3x10* m/s. The curve at the bottom shows agaisk
5 9\ 7. (Kurzetal) ry o - as fitted by Kurzet al. The difference between full and open
t K E symbols denoting the yield associated with trajectories of
Sl C types 1 and 2, respectively, can be attributed to below-
o b) - surface KE. It increases from aboutelOion for 18-keV
o 10 20 30 40 s0 &0 particles to almost 28 /ion in the case of 72-keV projec-
v_(10° mis) tiles. The origin of these additional electrons will be ex-
0

plained in the following section.
FIG. 5. (a) Comparison of electron yieldg measured for fast-
grazing and slow normal-incident &r ions on Au plotted v/ . IV. THEORETICAL DESCRIPTION

Full symbols correspond to 18-keV projectiles, open symbols to . . .
data from Kurzet al. [27]. (b) Electron yields for trajectories of In order to explain the large difference jnfor specularly

type 1 and 2(see insetvs v, (all projectiles have identicat,)  reflected projectiles and those entering the target, we per-
compared to PE as measured by Ketzl. [27]. formed Monte Carlo calculations for the kinetic emission for

these classes of trajectories. It is assumed that in all cases the

projectiles. For 136-eV Ar ions impinging on a Au surface above-surface electron emission part due to potential emis-
we performed calculations based on the classical-over-theion (~7e~/ion; see discussion of our experimental results
barrier (COB) model (only PE[3]) and weighted the result in Sec. Il B) is the same and has to be added to our calcu-
with theoretical detection probabilities for emitted electronslated KE electron yields to fit the data presented in Fig. 4.
[28]. The simulation gives a yield of 65/ion, which is  We started our calculations with projectiles in their ground
very close to the experimental value f7.1e"/ion. This  state. As can be seen from Fig. 1 different initial projectile-
supports our identification of spectrum 1 as predominantharge states do not lead to changes in the angular depen-
above surface PE with almost negligible KE contributions. dence of the total electron yield indicating that the neutral-

For different projectile/target combinations and differentization sequence is finished within a few a.u. after impact on
projectile energies similar results were found. Figufe)5 the target surface. Since our calculati¢sse belowindicate
shows electron yields of At ions scattered under specular path lengths of more than 100 a.u. within the solid for tra-
reflection conditions off a A{111) surface with an energy of jectories of type 2 we do not expect the initial projectile-
18 keV as a function of the velocity component normal to thecharge state to be of major importance for the kinetic elec-
surfacev, . Full symbols denote our experimental results,tron emission.
open symbols represent data of Ketzal.[27] together with Two different processes entered our simulatioh Fig.
a fitting curve (ypg=c;+C,/\v), which defines the lower 6). In the first one, target electrons are emitted by “direct”
bound for our electron yields. Since Kuet al. used nor- impact ionization in close projectile-target collisions. Impact
mally incident ions with a velocity far too small to cause KE, ionization is expected to take place in collisions with impact
the difference between their data and our results most likelparameterd=<1.4 (indicated by the arrow labeled 1 in Fig.
comes from KE above the topmost atomic layer. 6), which is close to the mean radius of the State in Au. In

In Fig. 5(b) we plot measured yields for trajectories 1 andthe second one, holes in projectile levels are created and
2 (cf. insed as a function of the initial projectile velocity. In refilled by Auger decay with both active electrons coming
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Ar — Au(111)
E = 18 keV

@ (y=0.53 elion) \<g :_
@

@ (y=8.7 elion)

from the conduction band of the target. The sequence endint o6
with Auger emission from the conduction band starts with

the creation of a hole in a bound state of the projectile. As o5
the distance to the nearest target atom changes repeated
along the trajectory, the hole can be transferred to deeperg ¢4
lying levels when it passes avoided crossings appearing ir§
the molecular-orbitalMO) diagram of Ar on Au[29]. For
our simulations energy levels of Ar in the diagram have beeng
corrected to fit results of density-functional calculations for
Ar in Au. Electron-hole pair production in the conduction
band of Au could be ruled out as an additional source of
electron emissiofn30].

To determine the total kinetic emission yield due to these
processes we summed their contributions over trajectorie:
resulting from molecular-dynamics simulatiof81]. The
Ziegler-Biersack-Littmark potentidl32] was used to calcu-
late projectile-target atom scattering, interatomic interaction FIG. 7. Calculated kinetic electron-emission statistics. Black
in the crystal was simulated using a tight-binding potentialbars show KE for specular reflection, gray bars for projectiles en-
with a cutoff length of 6 A. The target crystal had an initial tering the targetsee insets
temperature of 300 K. 18-keV Ar atoms were directed on a
Au(11]) target with different surface structurésleal sur-  atomic for densities>1.5 a.u. For close collisions with
face, steps, defeotsinder grazing angles of incidence and target atoms where the local electron density is enhanced
randomly varying impact positions. We approximated impactreduced ) it is immersed into the conduction band because

pro

0.3

02

emissi

o
;

0 5 10 15 20
electrons

ionization per scattering event by of increased screening. Since the impact-angle-dependent
part of the total electron yield does not depend on the initial
Y(b)=Yoexp —b/b). (1) charge state of the projectilsee Fig. 1 and calculations of

highly charged ions interacting with metal targets showed an

Yo describes the probability for an electron to escape thalmost immediate relaxation of the projectile upon close im-
solid, b, is the range of the interaction. In our calculations pact on the surfack83], we start the collision sequence with
we usedY,=0.4 andb.=1.3 a.u. Both parameters can be the projectile in its ground state. Following each close en-
estimated as follows: In every close projectile-target atoncounter with an Au core we assigned thp Rvel a prob-
collision typically one electron is emitted in a binary- ability to have “captured” a hole when becoming atomic
encounter-type process. This electron liberated close to thafter a collision. This probability was calculated from the
first atomic layer has an escape probability into vacuunresonant transfer rates used in the COB m¢agl
close to 50%. From calculations of detection rates for low- Based on MO diagrams we calculated the probability for
energy electrons emitted at the surf&28], it is known that  hole transfer to lower-lying states of the projectile. Candi-
an escape probability and, hen¥g between 0.3 and 0.4 dates for such level-crossing regions of the Landau-Zener-
depending on the energy of the electron, would be correciStickelberg- and Rosen-Zener-type can be found in Fig. 6
Since we did not simulate the energy distribution of the emit-near 3 a.u(marked by 2 and near 1.4 a.Umarked by 3,
ted electrons we chose a constant valu¥ gf 0.4 assuming respectively. A hole in a bound state of the projectile could
an initial kinetic energy of some 10 eV. The value foy  be filled by an Auger process with both active electrons com-
=1.3 a.u. has been chosen to be slightly smaller than thiag from the top of the conduction ban@df. Fig. 6. The
mean radius of thed-state of Au (r)sq=1.4 a.u.) based on rates for this process have been taken from Rig#§,35.
the assumption that mainly electrons from this level are in-The number of holes in a projectile was constrained to one at
volved in the emission. Moreover, molecular-orbital calcula-any time. The escape probability of the ejected electron was
tions for gas-phase collisions show an avoided crossing dfet to 0.4 E,;,=10 eV) as for electrons emitted via impact
Au and Ar levels(cf. also Fig. 6 at an internuclear distance ionization.
of 1.2 a.u. indicating that, apart from direct excitation in  Our results show dramatic differences in width and mean
projectile-electron interactions, also MO-promotion pro-value between the two distributions for trajectories of type 1
cesses could contribute to KE. From our calculations we findand 2(Fig. 7). Projectiles scattered specularly off the surface
that the simple collisional KE process alone does not sufficéfull bars) produce about & /ion. Projectiles that have en-
to explain the high number of kinetically emitted electrons. tered the target at a step and undergo channdfimaginly

In our simulation additional electrons come from hole for- between the first and second atomic layers, shaded leacs
mation and filling at and below the surface. Based on théo the emission of a larger number of electrongyg
observation that for effective electron densities used to simu=9e~/ion). These findings are in good agreement with our
late Au in a local density-functional approachrg( experimental resulfsf. difference between ES spectra 1 and
=1.5 a.u.) the B level of Ar lies close to the lower edge of 2 in Fig. 4b)]. The impact-ionization process contributes to
the conduction band, we simulated a scenario for densityykg with about seven electrons, while Auger decays produce
dependent hole creation. Thep 3evel was assumed to be only a minor fraction of KE /a,qe~2€"/ion). The main
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source of uncertainty in our calculation is the only moder-target at surface imperfections even for relatively low veloci-
ately adaptedslightly shifted binding energie$O diagram ties. With a simple model we were able to reproduce the
used to simulate hole creation in projectile-target interactiondifference between kinetic emission for surface channeled
It has been calculated for atomic collisions and could changerojectiles and those entering the target and undergoing mul-
considerably for the case of a crystal. However, since théiple scattering with target atoms. It is shown that the main
contribution from the hole-creation- and filling process iscontribution to the kinetic emission yield comes from ioniz-
comparably small, we do not expect improved MO diagramsng collisions with an impact parameter range-1.3 a.u.,

to change our results significantly. which is close to the mean radius of thd State of Au. As
an additional yet less important source of electrons we iden-
V. CONCLUSION tified hole creation and filling in the projectile near the target

) ) o _ surface. These two contributions together account for an

We have presented experimental investigations that givgjectron-emission statistics similar in mean value and width
the possibility to separate above- and below-surface contrig, those measured in our experiment.
butions to the total electron yield resulting from highly
charged ions mteractmg. WIFh a single-crystal target. For ACKNOWLEDGMENTS
specularly reflected projectiles we could determine the
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