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Emission of electrons from clean and modified R(0001) surfaces by
low-energy Na" bombardment
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Kinetic electron emissiottKEE) arising from low-energy(120-1620 eV Na* impact on clean R@®001)
and Ry0001) covered with submonolayers of Na, I, Cl, and O is investigated. The observed KEE can be
consistently explained by a nonadiabatic electron emission process. As the projectile approaches the surface,
electrons in the surface bands are excited by the time variation of the interaction between the projectile and
surface. The electron emission mechanism is strongly dependent on tharigact velocityv and on the
surface work functionp. The interaction is characterized hythe inverse value of the interaction length. It is
possible to quantitatively reproduce the dependence of the electron yieldiond ¢ with a single value ofy,
even in the presence of adsorbates. For oxygen adsorption and, to a lesser extent, for Cl adsorption, however,
the electron energy spectra are broadened. This broadening, tentatively ascribed to electron-electron interac-
tions, has been included in the model and explains the specific features of O/Ru and CI/Ru quite well. For
Cl/Ru and I/Ru, small contributions of a low-energy Auger emission process have also been identified.
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[. INTRODUCTION the value ofy is deduced by fitting experimental data to the
model. In order to provide a strong physical justification for
Whereas potential electron emissiéREE) from solid  the model, the data are fit using a minimal number of adjust-
substrates bombarded by ions is understood fairly iwedlri- ~ able parameters. The key paramegés kept the same for all
ous aspects of kinetic electron emissiti¢EE) are still a  surface compositions, and the effects due to adsorbates are
matter of controversy. Direct electron-particle collisidris, described only by changes of the work functignBecause
promotion effectd,and the recently reported surface-assistedhe work function is measured by independent meanis
electron emissiot® are assumed to all be relevant mecha-not itself a new parameter. For clean Ru and for Ru with
nisms of KEE. It is often difficult to experimentally distin- small Na and | coverages, the data are reproduced by the
guish between these processes, however. This study involvasodel to within better than a factor of 2. This is in spite of
a detailed analysis of a system for which surface-assistethe fact that the yield changes by almost 4 orders of magni-
KEE is the primary mechanism. R200)) is used for this tude over the range of ion energies employed. However, for
purpose as it is a metal which can be thoroughly cleaned Sl and particularly for O, the measured yields differ consid-
vacuum, particularly of oxygen which can greatly effect theerably from the predictions based on the model in which
electron yield. The use of Naas the projectile excludes any only ¢ is changed. The spectra themselves indicate that the
PEE because of its small ionization energy of 5.1 eV, thuslectron distributions for O/Ru and CI/Ru are slightly
making the interpretation of electron emission straightfor-broader. If a correction for broadening is included explicitly
ward in terms of some form of KEE. in the model, the fitting of the O/Ru and CI/Ru data can
A topic of both fundamental and practical importance isagain be made nearly perfect. The degree of the broadening,
the strong influence of surface adsorbates on the intensity dfs physical origin, and its justification are discussed below.
KEE. In particular, a large increase in the KEE yield is ob-
served if clean metal sgrfaces are qovered by a submonolayer Il. EXPERIMENTAL PROCEDURE
of oxygen’~® The physical mechanism that leads to such an
enhancement has not yet been unambiguously identified. The experiments were performed in an ultrahigh-vacuum
Note that a new process of ion-induced electron emissioftUHV) chamber that has a base pressure below'4Torr.
from metal-oxygen bonds has been suggested as a possidlee chamber is equipped with a cylindrical mirror analyzer
source of the intense KEE from oxidized surfat®m con-  (Perkin-Elme) for Auger electron spectroscoppES), low-
trast, however, the analysis in this paper does not introducenergy electron diffractiofLEED) optics (Princeton, and a
any new mechanisms to describe electron emission in thiew-energy electron gun, which is used to generate second-
presence of adsorbates. aries for work function measurements. An alkali ion gun
The experimental data collected from Ru covered by Na(Kimball Physic$ mounted on a rotatable turntable was used
I, Cl, and O are interpreted within the same conceptuafo produce the Naions for these experiments. The emitted
framework as for clean Ru. The only parameter employed irelectrons were collected by a Comstock electrostatic ana-
the analysis is the inverse value of the particle-surface intedyzer (ESA) mounted in the same plane as the electron and
action distance, which is denoted by In this approach, alkali ion guns. The ESA employs double-focusing 160°
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spherical sectors and contains an Einzel lens at the entrance
for focusing.

The details of the sample cleaning procedure are de-
scribed elsewherg. Briefly, the RY0001) crystal was
cleaned with several cycles of 1-keV Abombardment and
annealing at 1400 K. The sample was further cleaned by
heating in 107 Torr of O, at 1100 K, which removes C and
S. Prior to each measurement, a final anneal was performed
for 1 min at 1600 K. During the final heating, the base pres-
sure did not exceed>$10 *° Torr.

The cleanliness and ordering of the surface were checked
with AES and LEED. After the cleaning procedure was com- .
plete, AES showed no detectable contamination and a sharp _,?\. 23
(1x 1) LEED pattern was obtained. It is difficult, however, S 220 eV
to ensure that the surface is completely free of C and S, _—: x 50 170 6V
which are the major impurities, because the C and Ru AES gome X 100 120 eV
lines overlap. To overcome this difficulty, the peak ratios of
the AES Ru/Ru_ at 273 and 150 eV were monitored, as 20 22 24 26 28
described in Ref. 12. Kinetic energy (eV)

lodine and chlorine were deposited from solid-state elec- FIG. 1. Kinetic energy distributions of electrons emitted during
trochemical cells, which are based on Ag halide pefféfor bombardment of clean RB00D by Na' ions of the indicated en-

Na deposition, a well-outgassed dispenser so(B2&S get- ergy. The solid circles show the raw experimental data, while the

ter) was used. During halogen and Na deposition, the pres: >°- . ;
. T lid | h lcul Th I
sure did not exceed 210 10 Torr. Oxygen was deposited solid lines show calculated resultee text The sample was biased

- . . at —20 V, so the secondary-electron cutoff appears near 20 eV. The
bylbaCkf'"'ng the chamber with Othrough a sapphire leak- spectra are offset from each other for display purposes.
valve.

The Na”_ion beam was incident onto the sample at any,qqe| is based on the fact that the interaction of the imping-
angle of 15° with respect to the surface normal. Negative,y particle with the substrate changes rapidly with time as
particles produced by the ion impact were collected by thgne particle approaches the surface. In Ref. 5 the relevant part
ESA at normal emission. In order to reduce the effect of strayyt ihe interaction was assumed to be due to electron transfer
magnetic fields, a bias of 20 V was applied to the sample. rom the localized orbital of the projectile to the continuum
This accelerates the electrons with zero kinetic energy—i.eyf states of the solid. Such an approach allows the magnitude
those right at the vacuum level of the sample—to 20 eV. Thigy¢ the interaction to be deduced from charge exchange ex-
energy is sufficiently high that the electrons are “”aﬁeCte(beriments, particularly from data on ion scatterfigdow-

by the stray fields, as determined empirically. Because of th%ver, in many systems this may not be the only process lead-
bias voltage, all of the cutoffs in the figures occur at approxi-ing 1o electron excitation and the direct interaction of the
mately 20 eV. The work function of the clean surface wasparticle potential with solid-state electrons must also be
taken from the literature to be 5.3 éVMovements of the (ayan into account. Currently, there is no theoretical expres-

electron cutoff position were used to determine the worksion available to describe this general interaction, however,
function changes that occurred as the surface was modifiedt) \ye have to resort to semiempirical estimates. Inside the

by adsorption. Examples of the measured energy distribusq|iq the interaction of the particle with electrons leads to the

tions for dlfferent N& prOJectlle_ene(gles are shown py SYM- \vell-known stopping powe?l” while outside the sample

bols for different adsorbates in Fig. (tlean Ry, Fig. 3 the stopping power is zero. Thus we may schematically

(VRu), Fig. 5(Cl/Ru), and Fig. 7(O/Ru. model the matrix element of the potential between the par-
ticle and the electron states of the solid by

Na" — Ru(0001)

1620 eV

Electron yield (arb. units)

Ill. DESCRIPTION OF THE MODEL AND ANALYSIS
OF THE DATA V(t)=Ve?™! for 0>t>—o,

A. Clean Ru(0001)

Figure 1 shows the data collected from clean(@0J)
for various Nd incident energies. The gray dots show thewherey is the inverse value of the interaction distance from
raw experimental data, while the solid line shows a theoretthe surfacey is the perpendicular component of the velocity
ical fit to the data, which is discussed below. When the inci-of the bombarding particle, arté=0 is the impact time. The
dent ion energy is increased, the electron yield increases arahange ofV(t) att=0 (i.e., at the surfagemust be smooth
the distributions broaden, while the positions of the cutoffsin real systems, which is not the case in the simplified sche-
are unchanged. matic expressiongl). The value ofV can be approximately

The mechanism proposed for the observed electron emisdjusted by fittingv to the stopping power of the particle in
sion is the surface-assisted KEE process that was identifiettie solid!” In Egs. (1) the matrix element is constant for
for Al bombarded by Lt Ref. 5 and for other systenisThe  t>0, while in reality it changes in time with the periodicity

V(t)=V for t>0, (1)
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of the electron wave functions in the solid. It should be The transfer of electrons from the sample to the entrance
stressed that excitation and emission are basically manyf the ESA spectrometer would be energy independent if the
electron processes and are described by Bqsonly sche- space between the sample and spectrometer were field free.
matically. However, we used a negative biasn the sample in order to
The Fourier transform of a properly smooth@d(t)|? increase the sensitivity and to suppress the effects of stray
leads to the following physically appealing approximatemagnetic fields. Another consequence of the field is that the
form for the energy distributiorfi(¢) of electrons excited to emitted electrons are accelerated so that the lowest-energy
energies: above the Fermi energs of the solif [note that  electrons are preferentially focused into the spectrometer and

atomic units(a.u) are used throughout this pager their intensity is effectively enhanced. The transfer can be
easily modeled, however, if we assume a slightly simplified
A 1 configuration of the sample and of the entrance to the ESA.
fle)= y_v o : 2 The sample is represented by an infinite plane separated from
exp{m(e—sp) +1 the ESA by the distanceé and set at the potential with

respect to the spectrometer. The spectrometer is represented

Note thatA contains the square &f. In actual experiments, Dy an infinite plane with an opening of the radids|f d
however, the value oA cannot be easily deduced because<!, it can be shown that the number of detected electrons
this would require a precise knowledge of the collection ef-remaining from a total oN electrons emitted isotropically
ficiency of the apparatus. Théshas a rather arbitrary value, from the sample in front of the opening is equal to
but this value is kept fixed in analyzing all of the data col-
lected. Of particular interest in our analysis is the value,of d\? N(d\?/u\? [ u 2
which can be deduced rather precisely by fitting E2).to N§ T T(Eu)= 211/ \2E 1+ E_l '
the experimental data. Because the valug determines the (5)
width of the energy distribution of the emitted electrons, it _ ) )
also very strongly influences the intensity of electron emis\Where 1/2 (i/1)? is the relative fraction of detected electrons
sion, particularly for substrates with large work functions. When the bias voltage is equal to zergfor a given experi-
The value ofy turns out to be consistently larger, especially Mental setup, it is a constant that is included in the preexpo-
for heavier projectiles, than would be expected from a onenential factorA in Eq. (3)], and T(E,u) is the energy-
electron theory. The discrepancy may be due to the neglectedgpendent transfer functiofi(E,u), as given by Eq(5), is
role of inner, more spatially confined electron orbitals or posinvalid for very smallE. For example, fou=20V, it is not
sibly due to other, not-yet-determined many-electron procorrect for abouE<0.5 eV (it is constant rather than pro-
cesses. The way thatof a given substrate is influenced by portional toE™* below 0.5 eV.
the adsorbates and by the bombarding particle is thus of After these corrections are taken into account, the number
special interest. of detected electrons(E), within the energy intervaE and

The exponent in Eq(2) in this case is always negative E+dE, i.e., the energy spectrum, would be given by

and substantially larger than 1. Thus E2). can be rewritten
as n(E)=f(E)D(E)T(E,u). (6)

A - However, to directly compare calculated energy spectra with
f(E)= —exp( -—(E+ ¢)), (3 the measured ones, we still need to take into account the
v 2yv broadening due to the finite resolution of the ESA. To do so,
where E=e—er— ¢, and ¢ is the work function of the W€ convoluten(E) with the normalized convolution function

solid. This is a more convenient form for comparison to ex-
periment. 1 (E-E’)?

The actual measured kinetic energy distributions, how- \/;AEex - (AE)?
ever, are deformed by the refraction of electrons at the sur-
face barrier and by the energy-dependent transport of eleavhereAE is the bandpass energy width of the ESA, which is
trons from the sample to the entrance of the ESA. We willa known quantity. The calculated spectra that are shown in
now discuss modifications df(E) that can be used to ac- this paper were thus obtained by convolution of Ej.with
count for these effects. Eq. (7).

The surface refraction can be easily taken into account if It also useful to study the total number of emitted elec-
we assume that the angular distribution of electrons is isotrons, I', as a function of the impact particle velocity and
tropic inside the solid. In the configuration employed, theadsorbate coveragg.is given by the integral
detected electrons are those emitted normal to the surface in
a very narrow angle. Then, according to Ref. 18, the distri- jw

R(E')= ) )

bution of emitted electrons inside the solid, given by 8), I'=
must be multiplied by a functio® (E), which is equal to

n(E)dE. 8
0

It should be noted that for electron energiesmaller than
D(E)= E 4) the biasu and the work functiong, the functionD(E) is
E+¢° proportional toE andT(E,u) is proportional toE 1, so that
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TABLE |. Parameters used to interpret the experimental data
Na* — Na/Ru(0001) (see text

L

_ System Work functionp (eV) v (a.u) k

=

2L Clean Ru 5.3 1.8 1
g Ru+Na 5.1-2.0 1.8 1
§ i CI/Ru 5.7 1.8 1
< I/Ru 4.6 1.8 1
£t O/Ru (0.1 ML) 5.7 1.8 1.32
L O/Ru (0.3 ML) 6.2 1.8 1.60
& E e cleanRu,0=53¢eV

= [ m NaRu,¢=46eV

v Na/Ru,¢p=20eV .
small v; thus, any “hot spots,” such as those noticed for

E — Unmodified theory heavy projectiles in Ref. 6, are absent here. The congtant
e as has already been mentioned, includes the experimental
20 30 40 50 60 70 collection efficiency. In this sense, it has an arbitrary value,

1/v, (atomic units) but this value should be the same for all of the experiments

performed with this apparatus. Therefore, a value Aof
=1650 is used throughout this study.

To test the consistency of the model, we also calculated
the electron energy distributianE) using Eqgs(3), (6), and
Q and the same parameteys-1.8 andA=1650. The cal-
culatedn(E) are shown for different impact energies by
solid lines in Fig. 1. The theoretical and experimemét)
are very close to each other, despite the fact that the number
of emitted electrons changes by several orders of magnitude
as the incident energy is varied. Such good agreement attests
to the consistency and validity of the model employed here.
oA % - ) The values of the parameters used to interpret the data col-

FIG. 2. Total yield of electrons emitted from clean and Na-
covered R(000) plotted as a function of the inverse of the per-
pendicular component of the velocity of the incident'Nans. The
symbols show the experimental data, while the solid lines show th
expected behavior based upon the nonadiabatic model assuming t
indicated work function values.

the productD (E) T(E,u) is independent oE and very close
to 1. In this approximation, we obtain from Ed8) and(9)
that

I'= —ex 9) lected from clean and adsorbate-covered(R01 are all

m 2yv summarized in Table I.

The physically interesting parameters in the energy distri-
bution functionf(E) of electrons emitted from clean Ru sur- B. Na/Ru(0003)
faces can be deduced directly from comparison of the mea- In the next experiment, a small amount of Na was depos-
sured energy distributions(E) in Fig. 1 with Eq.(6). The ited on the Ru surface, which lowered the work function to
analysis is simpler, however, if we first compare the inte-$p=4.6 eV. This work function change implies a surface
grated electron yieldl, rather tham(E), with the theoretical coverage of about 0.03 monolayé&ML ).X° The correspond-
predictions. ing experimental values df are shown by solid squar¢ll)

The measured”s were obtained from the energy distri- in Fig. 2 as a function of 1/. The calculated’, again with
butionsn(E), such as those shown by the gray dots in Fig. 1,y=1.8 andA= 1650, is shown by a line in Fig. 2. The line
via numerical integration, according to H8). These experi- matches the experimental data rather well and reproduces not
mentalls are shown as a function ofidfor clean R0001)  only the slope, but also the increase in intensity from that of
by the solid circle®) in Fig. 2. The calculated values bf  clean Ru.
are determined by integration of E() and are shown as Also shown in Fig. 2 are the total yield experimental data
solid lines in Fig. 2. Using a work function @f=5.3 eV for  [solid triangles(¥)] and the theoretical predictiorithe line
clean Ru, the best fit of the model with experiment is ob-near the top of the figujdor a larger Na coverage. For this
tained withy=1.8 (in a.u) andA=1650. It is obvious from sample, the work function was lowereddc=2.0 eV, which
this semilogarithmic plot thaf' depends exponentially on implies a coverage of at least 0.25 MY The agreement
1k in the whole range of the Naprimary energies used between the theory and experiment is less satisfying in this
here. Note that the extreme values of &fe equal to 73 and case, however, as the theory predicts more emission than is
18.3(in a.u), which correspond to incident Nakinetic en-  actually observed, particularly at low impact energies. We do
ergies of 100 and 1600 eV, respectively. As discussed abovept know if this disagreement points to some fundamental
the total yieldI" can also be well approximated by a simple flaw in the model or if it is due to physical conditions on the
analytical expression given by E@9). This approximate surface of Ru covered by a large amount of Na. For example,
yield also depends exponentially orv 1/and we can deduce at these coverages Na may form heterogeneous islands so
the value ofy with sufficient precision by comparing the that there are large patches with different work functions
experimental data to Eq9), as well. It should be noted that across the sample surface. The cutoff used to meagure
I' in Fig. 2 does not show any deviation from linearity at actually represents the value of the region with the lowest
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~15eVh

8VaC

Na* — I/Ru(0001) =

¢ =
4.6eV
~2 eV}

Na* — CI,/Ru(0001)

€p

valence
Eband
I5p

PISS

__1620eV

Auger

e /Ru (p=46eV)
eRu (p=53eV)
4 CURu ($=5.7¢eV)

Log,, (total electron yield)

Electron yield (arb. units)

T
e
n
[
w
)
<

Unmodified theory
— Modified for Cl/Ru

20 30 40 50 60 70 80
1/v, (atomic units)

FIG. 4. Total yield of electrons emitted from clean and I- and
Cl-covered R(000Y) plotted as a function of the inverse of the
perpendicular component of the velocity of the incident Nans.

The symbols show the experimental data, while the solid lines show
the expected behavior based upon the nonadiabatic model assuming
the indicated work function values. The dashed line shows the re-
sults of a modification of the theory applied to the Cl-covered sur-
ace (see text

18 20 22 24 26
Kinetic energy (eV)

FIG. 3. Kinetic energy distributions of electrons emitted during
bombardment of iodine-covered R®01) by Na“ ions of the indi-
cated kinetic energy. The solid circles show the raw experimentaﬁ
data, while the solid lines show calculated resiiise text The
spectra are offset from each other for display purposes. The insattates for Ru occurs at about 2 eV belew.?! If it is thus
shows a schematic diagram of the energy levels involved in theassumed that most of the electrons are emitted from about 2
production of the Auger feature. eV below e and because the work function of I/Ru is 4.6

eV, the Auger electron yield would peak at about 1.4 eV

work function, and the theory is based on this number. Thusibove the cutoff, which is consistent with what is experimen-
the average work function of the sample may actually bdally observed. Note that we can exclude a scheme in which
larger than 2.0 eV, so that the measured yield is reduced frora hole is initially created in the | level and filled by
that predicted. electrons from below the Fermi level, since thp binding
energy is only 5.7 e¥P The relevant energy levels for this
process are shown in the inset to Fig. 3.

C. /Ru(000y The fact that the feature is observed only at the highest

Figure 3 shows electron kinetic energy distributions col-incident ion energies is consistent with the notion that there
lected from I-covered R000J). The adsorption of iodine is a minimum amount of ion kinetic energy required to pro-
lowered to work function to 4.6 eV, which is the same valueduce the energy level promotion and to create the hole from
as the low-coverage Na-adsorbed surface discussed abowghich the Auger decay is initiated. It is not impossible, how-
As with clean Ru, the yield increases as the incident iorever, that the holes are created by ion-induced secondary
energy is raised. In this case, however, the spectral shaggectrons rather than by ion-induced level promotion. In fact,
changes dramatically with incident energy, as there is an exhe | 5s states are, according to the Fano-Lichten diagrams,
tra feature apparent, particularly in the high-impact-energyhot promoted in ion collisions and thus direct hole creation
spectra. by an energetic electron impact is more likely.

This new feature, which is located about 2 eV above the Also shown in Fig. 3 are the theoretical predictions of
cutoff, is presumably due to low-energy Auger transitionsn(E) obtained from Eqs(6) and (7). It is seen that the gen-
associated with the iodine adsorbate. The most likely sceeral behavior of the yield is correctly predicted, but in this
nario for the production of such an Auger feature is that acase the Auger feature alters the shape of the distribution so
hole is initially created in the $state of iodine. The hole in that the agreement is not nearly as good as for clean
the | 5s state can then be filled by an electron from thepl 5 Ru(0001) in Fig. 1.
state, while a second electron is emitted by an Auger process Because of the presence of the Auger feature, a test of the
from occupied states just below the Fermi enesgy The  quantitative agreement between experiment and theory can
data of Ref. 20 indicate that the E5tate is located about 8 be better achieved by comparing the total integrated yiElds
eV below the | P state. The peak in the density of filled In Fig. 4, total yields are shown for the clean surfasame
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— and Cl 3 features are separated by about 10-11 eV. If it is
~2.5 eV
Na* — CI/Ru(0001) Evac assumed, as was done for I/Ru, that most of the electrons are
P L emitted from 2 eV belower and because the work function
er of Cl/Ru is 5.7 eV, the Auger electrons would then have a

[E?fé‘“ kinetic energy of~3 eV, which is in agreement with the

~2 eV’
6.5eV

experimental results. The relevant energy levels of CI/Ru are
shown in the inset to Fig. 5.
eV The integrated measured intensity of electrons emitted
from Ru covered by Cl is shown in Fig. 4 by the solid tri-
b s angles(A). The calculated™ with y=1.8, A=1650, and¢
=5.7 eV is shown in the same figure as a function of Ay
ey a solid line that is nearly straight. In this case, however, the
experimental yield does not follow the straight line, which
indicates that it does not depend exponentially an dver
t—— the whole range of Naprimary energies used. The deviation
¢ 420 eV from the theoretical predictions is most pronounced at low
= impact velocities where the contribution of the Auger pro-
cess is negligible.
- X5 20V, A possible source of the discrepancy at low energy is a
W broadening of the Qistributio_n due to shortening of the life-
Kinetic energy (eV) tlme_of the_ ek_ectronlc states in the substr_ate. It can be shown
that if the lifetime of the electronic states in the substrate is

FIG. 5. Kinetic energy distributions of electrons emitted during then Eq.(3) can be written in a more general form as
bombardment of chlorine-covered ®001) by Na' ions of the

Cl3p

Electron yield (arb. units)
% oo,

- - . . A2 e(—m2y)(Et+¢)  q

indicated kinetic energy. The solid circles show the raw experimen- f(E)= — g r(E+9)

tal data, while the solid lines show calculated res(dee text The T T 27

spectra are offset from each other for display purposes. The inset W( T m) T+ m

shows a schematic diagram of the energy levels involved in the (10)

production of the Auger feature. )
For 7— o, EQ.(10) becomes equal to E@3). Using Eq.(10)

data as in Fig. Pand for the iodine- and chlorinédiscussed to determine the total yield of emitted electrons, it can be

below) covered surfaces. The solid diamor(ds) show the shown that

experimentally determined values Bfas a function of &/ 2A 2 A

for Ru covered by iodine. The values Bfwere obtained by r=— sel= T e "¢
integration of then(E) shown in Fig. 3. The theoreticdl, ™ Tz_(i 2y0| 7— T

with y=1.8,A=1650, and$=4.6 eV, are indicated in Fig. 2y 2yv

4 by a solid line. The theoretical prediction is in good agree- (13)

ment with experiment, except at high impact energies whergnere the same approximation is used as for @, i.e.,
the measured yield is slightly higher. This slight deviation iSD(E)T(E,u)=1. The resulting theoretical’, calculated
presumab!y due to the contribution of the Auger feature tofq Eq. (11) with the standard parameters ¢f=1.8, A
the total yield. =1650, and¢=5.7 eV and by setting the broadening
=54.4(in a.u), is shown as a function of d/in Fig. 4 by the

D. Cl/Ru dashed line. The agreement with the experimental data is

. . . . now very good over the whole range of impact energies. The
Chlorine adsorption raised the surface work function to, y4d d P d

L AT value of r=54.4 corresponds to a level broadening with a
5.7 eV. The electron kinetic energy distributions COHeCtedhalf-widtrT of about 0.5 g\/. 9

from the Cl-covered surface are shown in Fig. 5. Also shown

in Fig. 5 are the theoretical predictions based on Egsand

(7). Similar to I/Ru, the shapes of the experimental spectra E. O/Ru(0009

are obscured by a peak, located at about 3 eV above the In Fig. 6, solid trianglesA, ¥) show the total measured

cutoff, which also becomes prominent at the highest Na electron yields, obtained by integrating th€E) spectra, as a

impact energies. This is again likely due to an Auger processunction of 16 for oxygen coverages of 0.3 and 0.5 ML. For
The Auger feature may have the same explanation as inomparison, the 1/ dependence of the total yield for clean

the case of iodine. The likely mechanism is the filling of a CIRu(000)) is also showr{as solid circleS®)] in the figure.

3s hole with an electron from the Cl@Blevel. Ultraviolet  The work function increases with adsorbed oxygen and was

photoemission spectroscoyPS spectra collected from CI measured to be 5.7 and 6.2 eV for the two coverages, respec-

adsorbed onto R¢Ref. 21 show a peak at about 6.5 eV, tively. Because the surface work function increases, one

which is presumably related to the Cp3evel. The UPS would expect a decrease of the electron yield. In contrast,

spectra of CrG and RuC} (Ref. 22 show that the CI however, the electron yield increases significantly with oxy-
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Na* — O/Ru(0001) & R
N Na* — O/Ru (0.5 ML)

1620 eV

Log,, (total electron yield)
Electron yield (arb. units)

| e Ru

£ 4 O/Ru(0.3ML) =53eV
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FIG. 6. Total yield of electrons emitted from clean and oxygen- Kinetic energy (eV)

covered R(000) plotted as a function of the inverse of the per-
pendicular component of the velocity of the incident'Nans. The FIG. 7. Kinetic energy distributions of electrons emitted during

solid circles(®) show the experimental data collected from cleanbombardment of the 0.5 ML oxygen-covered(B20]) surface by
Ru(0003), while the solid triangles show the experimental data forNa" ions of the indicated kinetic energy. The solid circles show the
Ru with 0.3 ML(A) and 0.5 ML(V) of adsorbed oxygen. The solid raw experimental data, while the solid lines show calculated results
lines show the expected behavior based upon(8cassuming the (see text The spectra are offset from each other for display pur-
indicated work function values. The thicker lines show the expectedPOSes.

behavior when broadening due to electron-electron interactions is

included in the model by fitting with Eq15). © A
_efﬂ'(87s,:)/27v(8_8':)d8

. . . yv

gen adsorption, as can be seen directly by the experimental °F

data shown in the figure. By keeping=1.8 andA= 1650, © B (o ep) 2Ky
the total calculated yields, which are plotted as solid lines in = L me F (e—ep)de. (13
Fig. 6, are indeed much lower than for the clean surface, as is F
expected from the unmodified theory. The discrepancy beFrom Eq.(13) we obtain the relationship between the preex-
tween the calculated and the measured dependence is of sg@gnential factorsA and B as B=A/k. The generalized ex-
eral orders of magnitude at lower impact velocities. pression forf (E) is then given by

Adsorbed oxygen ions provide three times more multi-
electron semilocalized configurations within a few eV from
the ground state, as compared to chlorine ions. Thus oxygen
may not only decrease the lifetimeof one-electron states,
as assumed in the case of CI/Ru, but can also broaden tH
energy distribution of excited electrons by many-electron

. (14)

A T
f(E): kz’)/U ex% - 2k’)’l) (E+¢)

e approximate expression for the total yield, analogous to
g. (9), can then be shown to be

processes. To allow for such a broadening of the distribution, 2A -
it is assumed that the form of the distribution would be simi- = —exp( — ¢> . (15)
lar to that given by Eq(3) for the clean surface, but with 7K 2kyv

multiplied by a coefficienk, which is greater than 1, and Nte that a value ok=1 reduces Eqg14) and(15) to Egs.
with a different preexponential fact® instead ofA. If the (3) and (9), respectively.

cause of the broadening is electron-electron interactions, We Re|ations(14) and (15), with k>1, can be used to inter-

may further assume that the energy deposited in the procegget the data collected from O/Ru quantitatively. If we take
would be independent of the broadening and thus indeperi— 1 32 for 0.3 ML andk=1.60 for for 0.5 ML (keepingA
dent ofk. This assumption would determine the preexponen— 1g50 andy=1.8, as for clean Rywe can fit the experi-
tial factor B of the new distribution in terms ok Using the  ena) total electron yields rather well, as seen in Fig. 6. The
expression for the deposited enedyiz, dashed lines, representing the calculated dependences, pass
directly through the experimental points at lower impact en-
O _ ergies (high 1b), but at higher energies the experimental
AE(deposited Zstf(s er)(e—ep)de. (12) data points are slightly larger than the calculated yields. In
Fig. 7, the actual measured electron energy distributions for
The assumed independenceAdfE (deposited on k gives 0.5 ML of oxygen on R(D00)) are themselves showsolid
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circles, together with the energy distributiorisolid lineg Both adsorbates, particularly oxygen, introduce considerable
calculated from Eqgs(14), (6), and (7) with A=1650, y  change of the surface electronic structure because the wave
=1.8, $=6.2 eV, andk=1.60. The fit is reasonably good, functions of adsorbates are more localized and less metallic.
except again at the highest energies. A possible explanatioVe expect that the localization of excitations may facilitate
of this discrepancy is that another mechanism that has anigher-order excitation processes at the surface which cause
energy threshold, such as promotion of @ 2lectrons, broadening of the energy distributions. Indeed, we obtain a
makes a small contribution to the electron emission in thevery good agreement with experiments by a slight broaden-
presence of adsorbed oxygen. ing of the distribution using the same parameters as of clean
A broadening of one-electron states due to a shortening dRu and the values ap which correspond to O/Ru and CI/Ru.
their lifetime 7, as suggested for CI/Ru, probably also occursThe broadening for O/Ru increases the emission by 2 orders
on O/Ru, However, as can be shown from Ed), if risthe  of magnitude at low impact Naenergies, in agreement with
same for both O/Ru and CI/Ru, the effect would manifestexperiments.
itself in O/Ru at a value of 1/that isk times higher than for We may deduce what kind of adsorbates could make the
Cl/Ru. At such a higher 1/ the electron emission itself is surface less metallic and thus for which adsorb&tesay
weak so that deviations from the straight lines cannot baliffer from 1. The surface electronic structure should deviate
discerned in Fig. 6. more from a metallic structure if the adsorbate provides a
larger number of many-electron configurations, energetically
IV. CONCLUSIONS accessibléwithin a few eV} in the experiments and if these
configurations are made by localized electrons. If the spin
~ The paper presents a study of the kinetic electron emisdegeneracy is neglected, the Na adsorbate provides only one
sion produced by low-energy Na bombardment of configuration with very delocalizeds¥lectrons and we thus
Ru(0001) and RU0001) covered by Na, I, Cl, and O adsor- do not expect any nonmetallic behavior. lodine provides
bates. It is shown that the measured total electron yield anghree P(2P) and one T(!S) configurations of $ electrons,
electron energy distributions can be well explained in termghjorine the same four configurations witip @lectrons. Fi-
of a mechanism based on nonadiabatic rapid passage of ter,g“y, oxygen provides nine configurations’(@P,'D,1S)
bombarding parti_cle through_the surface interaction _regionand three configurations @?P) with 2p electrons. Chlorine
The mechanism is characterized by one paramgtevhich 514 jodine should behave similarly, but because chloripe 3
is the inverse value of the particle-surface effective interacy,aye functions are more localized than iodine finctions,
tion distance. A detailed microscopic description of thegignt deviations are observed only for chlorine. The effect of
mechanism and of is not yet available, so thatis treated gy face localization is expected to be strongest, as observed
as an empirical parameter and the valug is deduced_fror@xperimema”y, in the case of adsorbed oxydé@ acces-
experiments. As suggested by other studies less sensi-  gjpje configurations of @ electrong where a substantial re-
tive to the gug)stratg used, but it increases with the mass Qfistribution of the electrons by higher-order electron interac-
the projectile’ Typically, 1/y is much smaller than the o, processes may occur.
atomic radius. In fitting our experimental results, we used the The surface electron localization and many-electron as-
same value ofy=1.8 (in a.u) in all cases, and we changed pect of the kinetic electron emission process can also explain
o.nly the work func.t|on¢ to model changes in the electron i, generally larger values afobserved for heavier projec-
yield that occur with surface adsorbates. The values)of jjes (from one-electron theory, the value gffor Na should
were obtalned_lndep(_endently from emission thresholds, hOWOnIy be about 1 or legsFor heavier projectiles, more inner-
ever, so thai is not itself a fitting parameter. o shell wave functions are mixed into the metal wave functions
The almost perfect agreement between the predictions Qfy, the surface. The localized inner shells increase the degree
the model and the experimental data collected from cleagy |ocalization around the projectile at the surface and hence

Ru(0001 and from Ru covered with small amounts of Na he glectron-electron interactions, which effectively increases
and | gives credibility to the model. For very large Na cov- the value ofy.

erages $=2.0 eV), the agreement is, however, more quali-
tative than quantitative, and the reasons for this discrepancy
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