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Emission of electrons from clean and modified Ru„0001… surfaces by
low-energy Na¿ bombardment
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Kinetic electron emission~KEE! arising from low-energy~120–1620 eV! Na1 impact on clean Ru~0001!
and Ru~0001! 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 the Na1 impact velocityv and on the
surface work functionf. The interaction is characterized byg, the inverse value of the interaction length. It is
possible to quantitatively reproduce the dependence of the electron yield onv andf with a single value ofg,
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 Cl/Ru quite well. For
Cl/Ru and I/Ru, small contributions of a low-energy Auger emission process have also been identified.

DOI: 10.1103/PhysRevB.65.205412 PACS number~s!: 73.20.Hb, 34.50.Dy, 79.20.Rf
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I. INTRODUCTION

Whereas potential electron emission~PEE! from solid
substrates bombarded by ions is understood fairly well,1 vari-
ous aspects of kinetic electron emission~KEE! are still a
matter of controversy. Direct electron-particle collisions2,3

promotion effects,4 and the recently reported surface-assis
electron emission5,6 are assumed to all be relevant mech
nisms of KEE. It is often difficult to experimentally distin
guish between these processes, however. This study invo
a detailed analysis of a system for which surface-assi
KEE is the primary mechanism. Ru~0001! is used for this
purpose as it is a metal which can be thoroughly cleane
vacuum, particularly of oxygen which can greatly effect t
electron yield. The use of Na1 as the projectile excludes an
PEE because of its small ionization energy of 5.1 eV, th
making the interpretation of electron emission straightf
ward in terms of some form of KEE.

A topic of both fundamental and practical importance
the strong influence of surface adsorbates on the intensit
KEE. In particular, a large increase in the KEE yield is o
served if clean metal surfaces are covered by a submono
of oxygen.7–9 The physical mechanism that leads to such
enhancement has not yet been unambiguously identi
Note that a new process of ion-induced electron emiss
from metal-oxygen bonds has been suggested as a pos
source of the intense KEE from oxidized surfaces.10 In con-
trast, however, the analysis in this paper does not introd
any new mechanisms to describe electron emission in
presence of adsorbates.

The experimental data collected from Ru covered by N
I, Cl, and O are interpreted within the same concept
framework as for clean Ru. The only parameter employed
the analysis is the inverse value of the particle-surface in
action distance, which is denoted byg.5,6 In this approach,
0163-1829/2002/65~20!/205412~9!/$20.00 65 2054
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the value ofg is deduced by fitting experimental data to th
model. In order to provide a strong physical justification f
the model, the data are fit using a minimal number of adju
able parameters. The key parameterg is kept the same for al
surface compositions, and the effects due to adsorbates
described only by changes of the work functionf. Because
the work function is measured by independent means,f is
not itself a new parameter. For clean Ru and for Ru w
small Na and I coverages, the data are reproduced by
model to within better than a factor of 2. This is in spite
the fact that the yield changes by almost 4 orders of mag
tude over the range of ion energies employed. However,
Cl and particularly for O, the measured yields differ cons
erably from the predictions based on the model in wh
only f is changed. The spectra themselves indicate that
electron distributions for O/Ru and Cl/Ru are slight
broader. If a correction for broadening is included explici
in the model, the fitting of the O/Ru and Cl/Ru data c
again be made nearly perfect. The degree of the broaden
its physical origin, and its justification are discussed belo

II. EXPERIMENTAL PROCEDURE

The experiments were performed in an ultrahigh-vacu
~UHV! chamber that has a base pressure below 10210 Torr.
The chamber is equipped with a cylindrical mirror analyz
~Perkin-Elmer! for Auger electron spectroscopy~AES!, low-
energy electron diffraction~LEED! optics~Princeton!, and a
low-energy electron gun, which is used to generate seco
aries for work function measurements. An alkali ion g
~Kimball Physics! mounted on a rotatable turntable was us
to produce the Na1 ions for these experiments. The emitte
electrons were collected by a Comstock electrostatic a
lyzer ~ESA! mounted in the same plane as the electron a
alkali ion guns. The ESA employs double-focusing 16
©2002 The American Physical Society12-1
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spherical sectors and contains an Einzel lens at the entr
for focusing.

The details of the sample cleaning procedure are
scribed elsewhere.11 Briefly, the Ru~0001! crystal was
cleaned with several cycles of 1-keV Ar1 bombardment and
annealing at 1400 K. The sample was further cleaned
heating in 1027 Torr of O2 at 1100 K, which removes C an
S. Prior to each measurement, a final anneal was perfor
for 1 min at 1600 K. During the final heating, the base pr
sure did not exceed 5310210 Torr.

The cleanliness and ordering of the surface were chec
with AES and LEED. After the cleaning procedure was co
plete, AES showed no detectable contamination and a s
(131) LEED pattern was obtained. It is difficult, howeve
to ensure that the surface is completely free of C and
which are the major impurities, because the C and Ru A
lines overlap. To overcome this difficulty, the peak ratios
the AES Ru1/Ru2 at 273 and 150 eV were monitored, a
described in Ref. 12.

Iodine and chlorine were deposited from solid-state el
trochemical cells, which are based on Ag halide pellets.13 For
Na deposition, a well-outgassed dispenser source~SAES get-
ter! was used. During halogen and Na deposition, the p
sure did not exceed 2310210 Torr. Oxygen was deposite
by backfilling the chamber with O2 through a sapphire leak
valve.

The Na1 ion beam was incident onto the sample at
angle of 15° with respect to the surface normal. Negat
particles produced by the ion impact were collected by
ESA at normal emission. In order to reduce the effect of st
magnetic fields, a bias of220 V was applied to the sample
This accelerates the electrons with zero kinetic energy—
those right at the vacuum level of the sample—to 20 eV. T
energy is sufficiently high that the electrons are unaffec
by the stray fields, as determined empirically. Because of
bias voltage, all of the cutoffs in the figures occur at appro
mately 20 eV. The work function of the clean surface w
taken from the literature to be 5.3 eV.14 Movements of the
electron cutoff position were used to determine the w
function changes that occurred as the surface was mod
by adsorption. Examples of the measured energy distr
tions for different Na1 projectile energies are shown by sym
bols for different adsorbates in Fig. 1~clean Ru!, Fig. 3
~I/Ru!, Fig. 5 ~Cl/Ru!, and Fig. 7~O/Ru!.

III. DESCRIPTION OF THE MODEL AND ANALYSIS
OF THE DATA

A. Clean Ru„0001…

Figure 1 shows the data collected from clean Ru~0001!
for various Na1 incident energies. The gray dots show t
raw experimental data, while the solid line shows a theo
ical fit to the data, which is discussed below. When the in
dent ion energy is increased, the electron yield increases
the distributions broaden, while the positions of the cuto
are unchanged.

The mechanism proposed for the observed electron e
sion is the surface-assisted KEE process that was ident
for Al bombarded by Li1 Ref. 5 and for other systems.6 The
20541
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model is based on the fact that the interaction of the impi
ing particle with the substrate changes rapidly with time
the particle approaches the surface. In Ref. 5 the relevant
of the interaction was assumed to be due to electron tran
from the localized orbital of the projectile to the continuu
of states of the solid. Such an approach allows the magnit
of the interaction to be deduced from charge exchange
periments, particularly from data on ion scattering.15 How-
ever, in many systems this may not be the only process le
ing to electron excitation and the direct interaction of t
particle potential with solid-state electrons must also
taken into account. Currently, there is no theoretical expr
sion available to describe this general interaction, howe
so we have to resort to semiempirical estimates. Inside
solid the interaction of the particle with electrons leads to
well-known stopping power,16,17 while outside the sample
the stopping power is zero. Thus we may schematica
model the matrix element of the potential between the p
ticle and the electron states of the solid by

V~ t !5Ve2gvt for 0.t.2`,

V~ t !5V for t.0, ~1!

whereg is the inverse value of the interaction distance fro
the surface,v is the perpendicular component of the veloc
of the bombarding particle, andt50 is the impact time. The
change ofV(t) at t50 ~i.e., at the surface! must be smooth
in real systems, which is not the case in the simplified sc
matic expressions~1!. The value ofV can be approximately
adjusted by fittingV to the stopping power of the particle i
the solid.17 In Eqs. ~1! the matrix element is constant fo
t.0, while in reality it changes in time with the periodicit

FIG. 1. Kinetic energy distributions of electrons emitted duri
bombardment of clean Ru~0001! by Na1 ions of the indicated en-
ergy. The solid circles show the raw experimental data, while
solid lines show calculated results~see text!. The sample was biase
at 220 V, so the secondary-electron cutoff appears near 20 eV.
spectra are offset from each other for display purposes.
2-2
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EMISSION OF ELECTRONS FROM CLEAN AND . . . PHYSICAL REVIEW B65 205412
of the electron wave functions in the solid. It should
stressed that excitation and emission are basically ma
electron processes and are described by Eqs.~1! only sche-
matically.

The Fourier transform of a properly smootheduV(t)u2
leads to the following physically appealing approxima
form for the energy distributionf («) of electrons excited to
energies« above the Fermi energy«F of the solid6 @note that
atomic units~a.u.! are used throughout this paper#:

f ~«!5
A

gv
1

expS p

2gv
~«2«F! D11

. ~2!

Note thatA contains the square ofV. In actual experiments
however, the value ofA cannot be easily deduced becau
this would require a precise knowledge of the collection
ficiency of the apparatus. ThusA has a rather arbitrary value
but this value is kept fixed in analyzing all of the data c
lected. Of particular interest in our analysis is the value og,
which can be deduced rather precisely by fitting Eq.~2! to
the experimental data. Because the value ofg determines the
width of the energy distribution of the emitted electrons,
also very strongly influences the intensity of electron em
sion, particularly for substrates with large work function
The value ofg turns out to be consistently larger, especia
for heavier projectiles, than would be expected from a o
electron theory. The discrepancy may be due to the negle
role of inner, more spatially confined electron orbitals or p
sibly due to other, not-yet-determined many-electron p
cesses. The way thatg of a given substrate is influenced b
the adsorbates and by the bombarding particle is thus
special interest.

The exponent in Eq.~2! in this case is always negativ
and substantially larger than 1. Thus Eq.~2! can be rewritten
as

f ~E!5
A

gv
expS 2

p

2gv
~E1f! D , ~3!

where E5«2«F2f, and f is the work function of the
solid. This is a more convenient form for comparison to e
periment.

The actual measured kinetic energy distributions, ho
ever, are deformed by the refraction of electrons at the
face barrier and by the energy-dependent transport of e
trons from the sample to the entrance of the ESA. We w
now discuss modifications off (E) that can be used to ac
count for these effects.

The surface refraction can be easily taken into accoun
we assume that the angular distribution of electrons is
tropic inside the solid. In the configuration employed, t
detected electrons are those emitted normal to the surfac
a very narrow angle. Then, according to Ref. 18, the dis
bution of emitted electrons inside the solid, given by Eq.~3!,
must be multiplied by a functionD(E), which is equal to

D~E!5
E

E1f
. ~4!
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The transfer of electrons from the sample to the entra
of the ESA spectrometer would be energy independent if
space between the sample and spectrometer were field
However, we used a negative biasu on the sample in order to
increase the sensitivity and to suppress the effects of s
magnetic fields. Another consequence of the field is that
emitted electrons are accelerated so that the lowest-en
electrons are preferentially focused into the spectrometer
their intensity is effectively enhanced. The transfer can
easily modeled, however, if we assume a slightly simplifi
configuration of the sample and of the entrance to the E
The sample is represented by an infinite plane separated
the ESA by the distancel and set at the potentialu with
respect to the spectrometer. The spectrometer is represe
by an infinite plane with an opening of the radiusd. If d
! l , it can be shown that the number of detected electr
remaining from a total ofN electrons emitted isotropically
from the sample in front of the opening is equal to

N
1

2 S d

l D
2

T~E,u!5
N

2 S d

l D
2S u

2ED 2SA11
u

E
21D 22

,

~5!

where 1/2 (d/ l )2 is the relative fraction of detected electron
when the bias voltageu is equal to zero@for a given experi-
mental setup, it is a constant that is included in the preex
nential factor A in Eq. ~3!#, and T(E,u) is the energy-
dependent transfer function.T(E,u), as given by Eq.~5!, is
invalid for very smallE. For example, foru520 V, it is not
correct for aboutE,0.5 eV ~it is constant rather than pro
portional toE21 below 0.5 eV!.

After these corrections are taken into account, the num
of detected electrons,n(E), within the energy intervalE and
E1dE, i.e., the energy spectrum, would be given by

n~E!5 f ~E!D~E!T~E,u!. ~6!

However, to directly compare calculated energy spectra w
the measured ones, we still need to take into account
broadening due to the finite resolution of the ESA. To do
we convoluten(E) with the normalized convolution function

R~E8!5
1

Ap DE
expS 2

~E2E8!2

~DE!2 D , ~7!

whereDE is the bandpass energy width of the ESA, which
a known quantity. The calculated spectra that are shown
this paper were thus obtained by convolution of Eq.~6! with
Eq. ~7!.

It also useful to study the total number of emitted ele
trons, G, as a function of the impact particle velocity an
adsorbate coverage.G is given by the integral

G5E
0

`

n~E!dE. ~8!

It should be noted that for electron energiesE smaller than
the biasu and the work functionf, the functionD(E) is
proportional toE andT(E,u) is proportional toE21, so that
2-3
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the productD(E)T(E,u) is independent ofE and very close
to 1. In this approximation, we obtain from Eqs.~3! and ~9!
that

G5
2A

p
expS 2

p

2gv
f D . ~9!

The physically interesting parameters in the energy dis
bution functionf (E) of electrons emitted from clean Ru su
faces can be deduced directly from comparison of the m
sured energy distributionsn(E) in Fig. 1 with Eq.~6!. The
analysis is simpler, however, if we first compare the in
grated electron yieldG, rather thann(E), with the theoretical
predictions.

The measuredG’s were obtained from the energy distr
butionsn(E), such as those shown by the gray dots in Fig
via numerical integration, according to Eq.~8!. These experi-
mentalG’s are shown as a function of 1/v for clean Ru~0001!
by the solid circles~d! in Fig. 2. The calculated values ofG
are determined by integration of Eq.~6! and are shown as
solid lines in Fig. 2. Using a work function off55.3 eV for
clean Ru, the best fit of the model with experiment is o
tained withg51.8 ~in a.u.! andA51650. It is obvious from
this semilogarithmic plot thatG depends exponentially o
1/v in the whole range of the Na1 primary energies used
here. Note that the extreme values of 1/v are equal to 73 and
18.3 ~in a.u.!, which correspond to incident Na1 kinetic en-
ergies of 100 and 1600 eV, respectively. As discussed ab
the total yieldG can also be well approximated by a simp
analytical expression given by Eq.~9!. This approximate
yield also depends exponentially on 1/v, and we can deduce
the value ofg with sufficient precision by comparing th
experimental data to Eq.~9!, as well. It should be noted tha
G in Fig. 2 does not show any deviation from linearity

FIG. 2. Total yield of electrons emitted from clean and N
covered Ru~0001! plotted as a function of the inverse of the pe
pendicular component of the velocity of the incident Na1 ions. The
symbols show the experimental data, while the solid lines show
expected behavior based upon the nonadiabatic model assumin
indicated work function values.
20541
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small v; thus, any ‘‘hot spots,’’ such as those noticed f
heavy projectiles in Ref. 6, are absent here. The constanA,
as has already been mentioned, includes the experime
collection efficiency. In this sense, it has an arbitrary val
but this value should be the same for all of the experime
performed with this apparatus. Therefore, a value ofA
51650 is used throughout this study.

To test the consistency of the model, we also calcula
the electron energy distributionn(E) using Eqs.~3!, ~6!, and
~7! and the same parametersg51.8 andA51650. The cal-
culated n(E) are shown for different impact energies b
solid lines in Fig. 1. The theoretical and experimentaln(E)
are very close to each other, despite the fact that the num
of emitted electrons changes by several orders of magni
as the incident energy is varied. Such good agreement at
to the consistency and validity of the model employed he
The values of the parameters used to interpret the data
lected from clean and adsorbate-covered Ru~0001! are all
summarized in Table I.

B. NaÕRu„0001…

In the next experiment, a small amount of Na was dep
ited on the Ru surface, which lowered the work function
f54.6 eV. This work function change implies a surfa
coverage of about 0.03 monolayers~ML !.19 The correspond-
ing experimental values ofG are shown by solid squares~j!
in Fig. 2 as a function of 1/v. The calculatedG, again with
g51.8 andA51650, is shown by a line in Fig. 2. The lin
matches the experimental data rather well and reproduces
only the slope, but also the increase in intensity from tha
clean Ru.

Also shown in Fig. 2 are the total yield experimental da
@solid triangles~.!# and the theoretical predictions~the line
near the top of the figure! for a larger Na coverage. For thi
sample, the work function was lowered tof52.0 eV, which
implies a coverage of at least 0.25 ML.19 The agreement
between the theory and experiment is less satisfying in
case, however, as the theory predicts more emission tha
actually observed, particularly at low impact energies. We
not know if this disagreement points to some fundamen
flaw in the model or if it is due to physical conditions on th
surface of Ru covered by a large amount of Na. For exam
at these coverages Na may form heterogeneous island
that there are large patches with different work functio
across the sample surface. The cutoff used to measuf
actually represents the value of the region with the low

e
the

TABLE I. Parameters used to interpret the experimental d
~see text!.

System Work functionf ~eV! g ~a.u.! k

Clean Ru 5.3 1.8 1
Ru1Na 5.1–2.0 1.8 1
Cl/Ru 5.7 1.8 1
I/Ru 4.6 1.8 1

O/Ru ~0.1 ML! 5.7 1.8 1.32
O/Ru ~0.3 ML! 6.2 1.8 1.60
2-4
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EMISSION OF ELECTRONS FROM CLEAN AND . . . PHYSICAL REVIEW B65 205412
work function, and the theory is based on this number. T
the average work function of the sample may actually
larger than 2.0 eV, so that the measured yield is reduced f
that predicted.

C. IÕRu„0001…

Figure 3 shows electron kinetic energy distributions c
lected from I-covered Ru~0001!. The adsorption of iodine
lowered to work function to 4.6 eV, which is the same val
as the low-coverage Na-adsorbed surface discussed ab
As with clean Ru, the yield increases as the incident
energy is raised. In this case, however, the spectral sh
changes dramatically with incident energy, as there is an
tra feature apparent, particularly in the high-impact-ene
spectra.

This new feature, which is located about 2 eV above
cutoff, is presumably due to low-energy Auger transitio
associated with the iodine adsorbate. The most likely s
nario for the production of such an Auger feature is tha
hole is initially created in the 5s state of iodine. The hole in
the I 5s state can then be filled by an electron from the Ip
state, while a second electron is emitted by an Auger proc
from occupied states just below the Fermi energy«F . The
data of Ref. 20 indicate that the I 5s state is located about
eV below the I 5p state. The peak in the density of fille

FIG. 3. Kinetic energy distributions of electrons emitted duri
bombardment of iodine-covered Ru~0001! by Na1 ions of the indi-
cated kinetic energy. The solid circles show the raw experime
data, while the solid lines show calculated results~see text!. The
spectra are offset from each other for display purposes. The i
shows a schematic diagram of the energy levels involved in
production of the Auger feature.
20541
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states for Ru occurs at about 2 eV below«F .21 If it is thus
assumed that most of the electrons are emitted from abo
eV below «F and because the work function of I/Ru is 4
eV, the Auger electron yield would peak at about 1.4
above the cutoff, which is consistent with what is experime
tally observed. Note that we can exclude a scheme in wh
a hole is initially created in the I 5p level and filled by
electrons from below the Fermi level, since the 5p binding
energy is only 5.7 eV.20 The relevant energy levels for thi
process are shown in the inset to Fig. 3.

The fact that the feature is observed only at the high
incident ion energies is consistent with the notion that th
is a minimum amount of ion kinetic energy required to pr
duce the energy level promotion and to create the hole fr
which the Auger decay is initiated. It is not impossible, ho
ever, that the holes are created by ion-induced secon
electrons rather than by ion-induced level promotion. In fa
the I 5s states are, according to the Fano-Lichten diagra
not promoted in ion collisions and thus direct hole creat
by an energetic electron impact is more likely.

Also shown in Fig. 3 are the theoretical predictions
n(E) obtained from Eqs.~6! and~7!. It is seen that the gen
eral behavior of the yield is correctly predicted, but in th
case the Auger feature alters the shape of the distributio
that the agreement is not nearly as good as for cl
Ru~0001! in Fig. 1.

Because of the presence of the Auger feature, a test o
quantitative agreement between experiment and theory
be better achieved by comparing the total integrated yieldG.
In Fig. 4, total yields are shown for the clean surface~same

al

et
e

FIG. 4. Total yield of electrons emitted from clean and I- a
Cl-covered Ru~0001! plotted as a function of the inverse of th
perpendicular component of the velocity of the incident Na1 ions.
The symbols show the experimental data, while the solid lines sh
the expected behavior based upon the nonadiabatic model assu
the indicated work function values. The dashed line shows the
sults of a modification of the theory applied to the Cl-covered s
face ~see text!.
2-5



.
e
e
is
t

to
ed
w

tr
t

a
s

s
C

l
,

t is
are

n
a

are

ted
i-

the
h

n
ow
o-

s a
fe-
own
s

be

a is
he
a

d

r
n

as
pec-
one
ast,
y-

ng

en

ns
th
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data as in Fig. 2! and for the iodine- and chlorine-~discussed
below! covered surfaces. The solid diamonds~l! show the
experimentally determined values ofG as a function of 1/v
for Ru covered by iodine. The values ofG were obtained by
integration of then(E) shown in Fig. 3. The theoreticalG,
with g51.8, A51650, andf54.6 eV, are indicated in Fig
4 by a solid line. The theoretical prediction is in good agre
ment with experiment, except at high impact energies wh
the measured yield is slightly higher. This slight deviation
presumably due to the contribution of the Auger feature
the total yield.

D. ClÕRu

Chlorine adsorption raised the surface work function
5.7 eV. The electron kinetic energy distributions collect
from the Cl-covered surface are shown in Fig. 5. Also sho
in Fig. 5 are the theoretical predictions based on Eqs.~6! and
~7!. Similar to I/Ru, the shapes of the experimental spec
are obscured by a peak, located at about 3 eV above
cutoff, which also becomes prominent at the highest N1

impact energies. This is again likely due to an Auger proce
The Auger feature may have the same explanation a

the case of iodine. The likely mechanism is the filling of a
3s hole with an electron from the Cl 3p level. Ultraviolet
photoemission spectroscopy~UPS! spectra collected from C
adsorbed onto Ru~Ref. 21! show a peak at about 6.5 eV
which is presumably related to the Cl 3p level. The UPS
spectra of CrCl3 and RuCl3 ~Ref. 22! show that the Cl 3p

FIG. 5. Kinetic energy distributions of electrons emitted duri
bombardment of chlorine-covered Ru~0001! by Na1 ions of the
indicated kinetic energy. The solid circles show the raw experim
tal data, while the solid lines show calculated results~see text!. The
spectra are offset from each other for display purposes. The i
shows a schematic diagram of the energy levels involved in
production of the Auger feature.
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and Cl 3s features are separated by about 10–11 eV. If i
assumed, as was done for I/Ru, that most of the electrons
emitted from 2 eV below«F and because the work functio
of Cl/Ru is 5.7 eV, the Auger electrons would then have
kinetic energy of;3 eV, which is in agreement with the
experimental results. The relevant energy levels of Cl/Ru
shown in the inset to Fig. 5.

The integrated measured intensity of electrons emit
from Ru covered by Cl is shown in Fig. 4 by the solid tr
angles~m!. The calculatedG with g51.8, A51650, andf
55.7 eV is shown in the same figure as a function of 1/v by
a solid line that is nearly straight. In this case, however,
experimental yield does not follow the straight line, whic
indicates that it does not depend exponentially on 1/v over
the whole range of Na1 primary energies used. The deviatio
from the theoretical predictions is most pronounced at l
impact velocities where the contribution of the Auger pr
cess is negligible.

A possible source of the discrepancy at low energy i
broadening of the distribution due to shortening of the li
time of the electronic states in the substrate. It can be sh
that if the lifetime of the electronic states in the substrate it,
then Eq.~3! can be written in a more general form as

f ~E!5
At2

gvS t2
p

2gv D S e~2p/2gv !~E1f!

t1
p

2gv

2
1

2t
e2t~E1f!D .

~10!

For t→`, Eq.~10! becomes equal to Eq.~3!. Using Eq.~10!
to determine the total yield of emitted electrons, it can
shown that

G5
2A

p

t2

t22S p

2gv D 2 e~2p/2gv !f2
A

2gvS t2
p

2gv D e2tf,

~11!

where the same approximation is used as for Eq.~9!, i.e.,
D(E)T(E,u)51. The resulting theoreticalG, calculated
from Eq. ~11! with the standard parameters ofg51.8, A
51650, andf55.7 eV and by setting the broadeningt
554.4~in a.u.!, is shown as a function of 1/v in Fig. 4 by the
dashed line. The agreement with the experimental dat
now very good over the whole range of impact energies. T
value of t554.4 corresponds to a level broadening with
half-width of about 0.5 eV.

E. OÕRu„0001…

In Fig. 6, solid triangles~m, .! show the total measure
electron yields, obtained by integrating then(E) spectra, as a
function of 1/v for oxygen coverages of 0.3 and 0.5 ML. Fo
comparison, the 1/v dependence of the total yield for clea
Ru~0001! is also shown@as solid circles~d!# in the figure.
The work function increases with adsorbed oxygen and w
measured to be 5.7 and 6.2 eV for the two coverages, res
tively. Because the surface work function increases,
would expect a decrease of the electron yield. In contr
however, the electron yield increases significantly with ox

-

et
e
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gen adsorption, as can be seen directly by the experime
data shown in the figure. By keepingg51.8 andA51650,
the total calculated yields, which are plotted as solid lines
Fig. 6, are indeed much lower than for the clean surface, a
expected from the unmodified theory. The discrepancy
tween the calculated and the measured dependence is o
eral orders of magnitude at lower impact velocities.

Adsorbed oxygen ions provide three times more mu
electron semilocalized configurations within a few eV fro
the ground state, as compared to chlorine ions. Thus oxy
may not only decrease the lifetimet of one-electron states
as assumed in the case of Cl/Ru, but can also broaden
energy distribution of excited electrons by many-electr
processes. To allow for such a broadening of the distribut
it is assumed that the form of the distribution would be sim
lar to that given by Eq.~3! for the clean surface, but withg
multiplied by a coefficientk, which is greater than 1, an
with a different preexponential factorB instead ofA. If the
cause of the broadening is electron-electron interactions
may further assume that the energy deposited in the pro
would be independent of the broadening and thus indep
dent ofk. This assumption would determine the preexpon
tial factor B of the new distribution in terms ofA. Using the
expression for the deposited energyDE,

DE~deposited!52E
«F

`

f ~«2«F!~«2«F!d«. ~12!

The assumed independence ofDE ~deposited! on k gives

FIG. 6. Total yield of electrons emitted from clean and oxyge
covered Ru~0001! plotted as a function of the inverse of the pe
pendicular component of the velocity of the incident Na1 ions. The
solid circles~d! show the experimental data collected from cle
Ru~0001!, while the solid triangles show the experimental data
Ru with 0.3 ML~m! and 0.5 ML~.! of adsorbed oxygen. The soli
lines show the expected behavior based upon Eq.~9! assuming the
indicated work function values. The thicker lines show the expec
behavior when broadening due to electron-electron interaction
included in the model by fitting with Eq.~15!.
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E
«F

` A

gv
e2p~«2«F!/2gv~«2«F!d«

5E
«F

` B

kgv
e2p~«2«F!/2kgv~«2«F!d«. ~13!

From Eq.~13! we obtain the relationship between the pree
ponential factorsA and B as B5A/k. The generalized ex-
pression forf (E) is then given by

f ~E!5
A

k2gv
expF2

p

2kgv
~E1f!G . ~14!

The approximate expression for the total yield, analogou
Eq. ~9!, can then be shown to be

G5
2A

pk
expS 2

p

2kgv
f D . ~15!

Note that a value ofk51 reduces Eqs.~14! and~15! to Eqs.
~3! and ~9!, respectively.

Relations~14! and ~15!, with k.1, can be used to inter
pret the data collected from O/Ru quantitatively. If we ta
k51.32 for 0.3 ML andk51.60 for for 0.5 ML~keepingA
51650 andg51.8, as for clean Ru!, we can fit the experi-
mental total electron yields rather well, as seen in Fig. 6. T
dashed lines, representing the calculated dependences,
directly through the experimental points at lower impact e
ergies ~high 1/v!, but at higher energies the experimen
data points are slightly larger than the calculated yields.
Fig. 7, the actual measured electron energy distributions
0.5 ML of oxygen on Ru~0001! are themselves shown~solid

-

r

d
is

FIG. 7. Kinetic energy distributions of electrons emitted duri
bombardment of the 0.5 ML oxygen-covered Ru~0001! surface by
Na1 ions of the indicated kinetic energy. The solid circles show
raw experimental data, while the solid lines show calculated res
~see text!. The spectra are offset from each other for display p
poses.
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circles!, together with the energy distributions~solid lines!
calculated from Eqs.~14!, ~6!, and ~7! with A51650, g
51.8, f56.2 eV, andk51.60. The fit is reasonably good
except again at the highest energies. A possible explana
of this discrepancy is that another mechanism that has
energy threshold, such as promotion of O 2s electrons,
makes a small contribution to the electron emission in
presence of adsorbed oxygen.

A broadening of one-electron states due to a shortening
their lifetimet, as suggested for Cl/Ru, probably also occu
on O/Ru, However, as can be shown from Eq.~11!, if t is the
same for both O/Ru and Cl/Ru, the effect would manife
itself in O/Ru at a value of 1/v that isk times higher than for
Cl/Ru. At such a higher 1/v, the electron emission itself is
weak so that deviations from the straight lines cannot
discerned in Fig. 6.

IV. CONCLUSIONS

The paper presents a study of the kinetic electron em
sion produced by low-energy Na1 bombardment of
Ru~0001! and Ru~0001! covered by Na, I, Cl, and O adsor
bates. It is shown that the measured total electron yield
electron energy distributions can be well explained in ter
of a mechanism based on nonadiabatic rapid passage o
bombarding particle through the surface interaction regi
The mechanism is characterized by one parameterg, which
is the inverse value of the particle-surface effective inter
tion distance. A detailed microscopic description of th
mechanism and ofg is not yet available, so thatg is treated
as an empirical parameter and the value is deduced f
experiments. As suggested by other studies,g is less sensi-
tive to the substrate used, but it increases with the mas
the projectile.6 Typically, 1/g is much smaller than the
atomic radius. In fitting our experimental results, we used
same value ofg51.8 ~in a.u.! in all cases, and we change
only the work functionf to model changes in the electro
yield that occur with surface adsorbates. The values of
were obtained independently from emission thresholds, ho
ever, so thatf is not itself a fitting parameter.

The almost perfect agreement between the prediction
the model and the experimental data collected from cle
Ru~0001! and from Ru covered with small amounts of N
and I gives credibility to the model. For very large Na co
erages (f52.0 eV), the agreement is, however, more qua
tative than quantitative, and the reasons for this discrepa
are not yet understood. When Ru is covered by Cl and by
the experimental data differ from the theoretical predictio
in a systematic way which cannot be accounted for, ev
qualitatively, by simply using the observed changes off.
s
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Both adsorbates, particularly oxygen, introduce considera
change of the surface electronic structure because the w
functions of adsorbates are more localized and less meta
We expect that the localization of excitations may facilita
higher-order excitation processes at the surface which c
broadening of the energy distributions. Indeed, we obtai
very good agreement with experiments by a slight broad
ing of the distribution using the same parameters as of c
Ru and the values off which correspond to O/Ru and Cl/Ru
The broadening for O/Ru increases the emission by 2 or
of magnitude at low impact Na1 energies, in agreement wit
experiments.

We may deduce what kind of adsorbates could make
surface less metallic and thus for which adsorbatesk may
differ from 1. The surface electronic structure should devi
more from a metallic structure if the adsorbate provide
larger number of many-electron configurations, energetic
accessible~within a few eV! in the experiments and if thes
configurations are made by localized electrons. If the s
degeneracy is neglected, the Na adsorbate provides only
configuration with very delocalized 3s electrons and we thu
do not expect any nonmetallic behavior. Iodine provid
three I0(2P) and one I2(1S) configurations of 5p electrons,
chlorine the same four configurations with 3p electrons. Fi-
nally, oxygen provides nine configurations O0(3P,1D,1S)
and three configurations O2(2P) with 2p electrons. Chlorine
and iodine should behave similarly, but because chlorinep
wave functions are more localized than iodine 5p functions,
slight deviations are observed only for chlorine. The effec
surface localization is expected to be strongest, as obse
experimentally, in the case of adsorbed oxygen~12 acces-
sible configurations of 2p electrons! where a substantial re
distribution of the electrons by higher-order electron inter
tion processes may occur.

The surface electron localization and many-electron
pect of the kinetic electron emission process can also exp
the generally larger values ofg observed for heavier projec
tiles ~from one-electron theory, the value ofg for Na should
only be about 1 or less!. For heavier projectiles, more inne
shell wave functions are mixed into the metal wave functio
on the surface. The localized inner shells increase the de
of localization around the projectile at the surface and he
the electron-electron interactions, which effectively increa
the value ofg.
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