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Charge transfer in hyperthermal energy collisions of Li* with alkali-metal-covered Cu(001).
[I. Dynamics of excited-state formation
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We have measured the relative probability of excited dtait€(2p)] formation versus the work-function
change induced by alkali-metal adsorbates when hyperthermal enefgipms are incident on alkali-metal-
covered C(001). This probability is broadly peaked as the work functigndecreases, and decreases by
approximately an order of magnitude when the velocity of the ions in the incident beam is decreased from
1.05x10° to 0.52x10° ms™ 1, and the incident angle i%,=65° as measured from the surface normal.
Theoretical calculations based on a many-body solution to the time-dependent Anderson-Newns model of
charge transfefdiscussed in the preceding papgualitatively reproduce the observed trends. These calcula-
tions suggest that the peak in the excited-state probability results mainly from two effects: first, the decreasing
difference between the energy of the’(2p) state and the Fermi level as the work function decreases, which
tends to increase the excited-state probability; and second, the competition of°(i2g)Listate with the
Li~(2s?) negative ion state at low work functions, which tends to decrease the excited-state probability.
Differences between the 42s) and Li°2p) lifetimes also play a role in the formation of the peak, as does
electron-hole pair productionS0163-182606)08244-9

[. INTRODUCTION In this paper, we present measurements of the relative
probability of formation of LP(2p) when hyperthermal en-
Charge transfer makes possible a number of outcomesrgy Li™ ions collide with alkali-metal-covered @@01).”2
when a positively charged ion collides with a surface, e.g.We then use these data to perform a detailed comparison
neutralization into ground or excited states, or the formatiorwith predictions obtained with the resonant charge transfer
of negative ions. Thus, in an ion-scattering experiment, dheory of Marstoret al® With the aid of the theoretical cal-
variety of charge state species may be present in the scatteredlations, we can explain the trends in the data presented
flux. In the preceding papkfreferred to hereafter as paper here and in the data of Kempter and co-workers. In particu-
), we saw that the dependence of the measured charge std@g, we develop a detailed explanation for the existence of the
fractions in the scattered flux could be qualitatively repro-nonmonotonic dependence of the excited-state yield on sur-
duced using a many-body model of resonant charge transfei@ce work function that is seen in the alkali ion-surface sys-
and we used the model to examine the detailed dynamics ¢¢MS- This dependence can only be explained using a
the resonant charge-transfer process. We found that the djtultiple-state theory of charge transfer. _
namics were sensitive to the state of the ion-surface system " S€C. Il. we describe the experimental techniques for

when the ion is at its distance of closest approach to th%easuring the relative £{2p) yield. We present the data in

surface, the energies of the atomic states relative to the Fer ec. lll, and briefly describe the_appllcatlon of the theory in
- ec. IV. We compare the predictions of the theory to the data
level of the metal surface and to each other, and the lifetimes

. in Sec. V, and conclude with a summary in Sec. VI.
of the atomic states.

We can gain still more insight into charge-transfer dy-
namics by measuring other branching ratios, e.g., for
excited-state formation. A thorough series of experiments by
Kempter and co-workefs® has shown that excited states of ~ Our data were obtained in a versatile, two-tiered, ultra-
Li are formed during collisions of Li ions with cesiated high vacuum (UHV) chamber that has been described
surfaces of tungsten. In these experiments the probability aflsewhere;'® we provide relevant details here. The upper
Li °(2p) formation was found to have a broad peak as thdier is devoted to preparing and monitoring the sample sur-
surface work function was varied and a peak value of 0.10 oface, and the lower tier is used for performing the ion-
less. Such measurements of the work function and velocitgcattering measurements. The upper tier is equipped with a
dependence of the excited-state formation probability proset of reverse-view optics for low energy electron diffraction,
vide further tests for multiple-state charge-transfer modelsa set of optics for Auger electron spectrosco\ES), a
and we will see that the observed dependences have thdfelvin probe, three alkali getter sources, and a sputter gun.
origins in the presence of multiple atomic states betweer he lower tier of the chamber contains the final electrostatic
which transitions can be made via the metal. lens for focusing the ion beam onto the sample, a neutral

Il. EXPERIMENTAL TECHNIQUE
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particle detectofNPD) for alkalis!**2and a light collection To measure the relative yield of $(2p), we used the
system’'13 following experimental sequence. The sample was prepared
in the upper tier of the chamber by cleaning it and then
A. Sample preparation depositing varying amounts of alkali; the resulting work

function changeA ¢ was then measured. The beam current

Before the measurements of the relativé(2p) forma- .
tion probability were performed, both the orientation and thewaszzthen measured on the faceplate of a shielded Faraday
After blocking the ion beam, the sample was moved to

condition of the C(001) sample were checked as described®UP: | )
elsewheré. Our crystal cleaning procedure consists ofthe lower tier of the vacuum chamber and placed into the

Ar*-ion sputtering and annealifgThe resulting surface path of thg ion beam. The collection optics were then moved
was found to be clean to within the sensitivity of AES. into position. The prepared sample was subsequently ex-
To change the work function of the surface, varying posed to the bear_n, and photon countmg_would begln. After
amounts of alkali were deposited with an outgassed commefV0 Sets of counting samples were obtained, the ion beam
cially available getter sourdé.The procedure was discussed Was prevented from entering the chamber and another
previously’ The work-function change\ ¢ of the sample (“background”) set of samples was obtained. Finally, the
surface was measured with the Kelvin probe. The uniformityP&am current was measured again in order to check the sta-
and cleanliness of the alkali overlayers were checked witiility of the ion beam; the beam current varied no more than
AES by preparing an overlayer, and then acquiring Auger5% during Qata acquisition. The entire sequence was re-
spectra from different locations on the sample. The Augepeated for dlffergnt values_of the w_ork—funcnqn shift in order
spectra indicated a uniform coverage at all locations for bot#i® Produce the figures which are discussed in Sec. |II.
K and Cs overlayers, and that the overlayers were clean. The OUr detection scheme does not collect all of the photons
coverages achieved were<®,<0.12 and 6<0..<0.14, emlttgd \_/vh_lle t_he sample is exposed_to the ion beam, nor
where 8, (6c) is the K (C9 coverage, andlk or Oc=1 doe_s it distinguish among the trajectories o_f the.atoms yvhu_:h
corresponds to having one alkali adsorbate for every metdiMmit detected photons. Therefore, a relative yield which is

atom in the first layer of the surface. These coverages corré’-nIy a rough measure of .the gbsol_ute yield'is obtained. .The
sponded to work function changed ¢=p— b, of interpretation of the relative yield is complicated by using

0.0>A¢>—2.8 eV for K and 0.0-A¢>—3.3 eV for Cs alkali atom adsorption to change the surface work function
whered; (&) is the final(initial) work function of the sur- and by the scattering geometry we employ. In particular, as

face. We note that the geometric structures of the K and chore alkali adsorbates are added to the surface to lower the
overlayers in the respective coverage ranges given above a\f‘é?rk function, th_e cross section for scattering increases. This
expected to be randofi:® During the measurements pre- IS because the incident Liions can now strike adsorbates

sented here, the pressure inside the UHV chamber was in tIWJhiCh may block those portipns of the gnit.ce!l WhiCh would
low 10~ *-torr range. This corresponds to a monolayer for—OtherWIse lead to implantation of the impinging iolff. an

mation time of approximatgl7 h if oneassumes a sticking extremely graiing' scattering geometry can be .utilized, as by
coefficient of unity. Thus we expect no significant residual<€MPteret al,” this effect is greatly reduced since most of
gas adsorption to occur during our data acquisition, Whicﬁhe particles are reflected. For the experiments presented in

takes no more than 30 min when measuring excited-stat Is paper, we chose the ir_mident angle to reduce.the range of
yields. inal velocities of the particles as much as possible without

producing a false signal from collisions with other surfaces
such as the tantalum retaining ring holding the sample in
place. If the number of reflected ions increases and the prob-
The NPD is mounted on a rotating table whose axis ofability for producing excited states remains constant, the ob-
rotation coincides with the axis of the sample manipulator, aserved photon count rate would increase. It would be incor-
determined by an alignment procedure similar to that defect to interpret such an increase as an increased probability
scribed by McEacheret al’® The operation and character- for forming excited states.
istics of the NPD have been described previod8ly. To avoid the possibility of incorrectly interpreting
The light detection systeft® consists of the collection changes in the photon count rate, we have used the neutral
optics, a set of filters, and a photomultiplier tube that wasparticle detector to measure intensity changes in the flux
selected for its low dark count rattWe checked for photon scattered intad; =65° relative to the surface normal to esti-
counts that may be due to the light emitted from the ionmate the effect of alkali adsorbates on the scattering cross
source or from fluorescence due to the chamber or othesection. We found that the flux scattered from a surface with
sources. We found none within the sensitivity of the lightCs adsorbates increased by approximately 15% with respect
collection system. Finally, we found that greater than 90% oto scattering from the clean surface wheg=0.14. By as-
the detected light was due to the®(®p)— Li°(2s) transi-  suming that this same increase is achieved by the deposition
tion for an incident beam energy of 400 eV. When K adsor-of a K overlayer, that the increase is linear wil®, and that
bates were used to change the surface work function, lighhis increase is the same for scattering into any final angle,
due to the K(4p) — KO(4s) transition contributed a few we can crudely correct the data presented in Sec. Ill. There
percent or less of the detected light. We assume that there will see that this correction produces only small changes
remainder of the detected light is due to transitions of highein the work-function dependence of the relative yield. Thus
excited states of Li. This assumption is supported by meawe can interpret the overall qualitative work-function depen-
surements of Anderssdh,and also by the measurements of dence of the relative yield to be the same as the relative
Schallet al? probability of excited-state formation. We emphasize that the

B. Detectors
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FIG. 1. The measured relative yield of %Rp) vs the work-
function shiftA ¢ induced by depositing varying amounts of potas-
sium.E;=400 eV and¥,=65°. Open squares: data corrected by the
increase in the fraction of scattered particles. Solid triangles: unco
rected data.

conclusions drawn in this paper do not depend on the smal["Pinge on the Cs/Q00Y) surface with an incident angle

changes in the scattered intensity due to adsorbate scatterirfy = 62" and along thg100 azimuth. As the work function
ecreases, the relative yields for both incident energies in-

crease, pass through a maximum, and then decrease. This
behavior is similar to that obtained using K overlayers, and is
We measured the relative yield of atoms in th@(Zp)  similar to the behavior observed by Kempter and co-workers
state in the scattered flux versus the work-function changér Li *— Cs/W(110.*° We estimate that the peak values of
induced by the deposition of potassium when 400-eV Li the relative yields correspond to absolute yields of 0.004
jons impinge on K/C(0D01) with #,=65° and along the Li 9(2p) atom per incident ion wheR; =400 eV, and 0.0003
(100) azimuth; the results are shown as solid triangles in FigLi °(2p) atom per incident ion wheE; =100 eV.
1. Two data points are shown at each valueAgé which By changing the incident energy fror; =400 eV to
correspond to the two consecutive sets of measurements =100 eV, we change the time that the ion spends in the
taken as described in Sec. Il B, and demonstrates that thécinity of the surface. Thus we change the time scale asso-
effect of sample damage or adsorbate sputtering is small. Bgiated with the motion of the ion. This produces two effects
calculating the throughput of the collection optics, eati-  as the incident energy is decreased: first, the yield of atoms
matethat the peak value of the relative yield corresponds tdn the Li°(2p) state decreases by approximately an order of
an absolute yield of 0.004 £{2p) atom per incident ion. magnitude; second, the peak in the yield shifts to larger
We emphasize that this calculated yield is an estimate Tnly. work-function values. We also note that the data for
As expected from the one-electron picture, the yield ofEj=100 eV show a small increase at the lowest work func-
Li °(2p) in the scattered flux increases/g decreasef.e.,  tions. We will discuss how these observations can be ex-
as the work function decreases from the clean surface kalueplained in the following sections.
However, the vyield achieves a maximum value at
Ap~—2.0 eV (¢p=2.59 eV}, and then decreases asp
further decreases. The observed nonmonotonic behavior can-
not be explained with the one-electron picture of charge To interpret the data presented in Sec. Il in detail, we use
transfer for a single state, which was useful for understandthe model of Marstoret al® as described in paper I. Briefly,
ing the trends in the positive and negative ion survivalthe model consists of an atom interacting with a metal as
probabilities' To understand the behavior of the%®p)  described by a generalized version of the Anderson-Newns
yield, one must consider multiple-state charge transfer modHamiltonian®* Transitions can be made between the atomic
els. states via the metal, and the corresponding transition rates
As mentioned in Sec. Il, we can correct the data in Fig. 1decrease as the distarew®etween the metal and the atom is
for the effect of the increasing scattering cross section. Wéncreased. The rate of decrease withs different for the
see that the dependence of the corrected data, shown as ogdifierent atomic states; the states with more spatially ex-
squares, has essentially the saelependence seen in the tended orbitals have transition rates that decrease relatively
raw data. Because of this, and the crude nature of the coslowly with distance. For example, the transistion rate be-
rection, the data presented hereafter are not corrected for titeeen the LP(2p) state and the metal decreases witnore
increase in the scattering cross section. slowly than that between the £42s) state and the metal.
The relative yield of LP(2p) versus the work-function Since the transition rates are similar wheris small®® the
change induced by the deposition of cesium is shown in Figtransition rate for L?(2p) is always larger than that for
2 for incident energies of 400 and 100 eV. Here thé ions  Li °(2s). Input to the calculation of the charge state fractions

FIG. 2. The measured relative yield of {Pp) vs the work-
function shift induced by depositing varying amounts of cesium.
rI_Ei =400 and 100 eV, and,=65°. Note the change of scale for the
two different sets of data. Units for the vertical scales are arbitrary.

Ill. DATA

IV. THEORY
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are the energies and lifetimes of the participating atomic
states, the normal velocity of the particle, the density of
states of the metal, and the work function of the surface. We
will use the same values for these quantities as in paper .
All of the calculations begin with the atom a1 A with
the ion-surface system in its ground state. Because the cou-
plings between the atomic states and the metal are quite large
for that value ofz, the ground state is a hybrid of the basis
stated used to solve the Schiinger equation. Thus basis
states of higher energy than the lowest-energy basis state can
have appreciable occupancieszatl A [e.g., the occupancy
of the Li°(2p) state can be appreciable, even though the
Li 9(2s) state is always of lower energjy

Here we explain how we have applied the model to de-
scribe the data. Recall that the measurement of the relative
Li °(2p) yield (i.e., the photon count rateloes not identify
the trajectory of the atom that emitted the detected photon _ N )
corresponding to the I°(2p)—Li °(2s) transition. Thus at- _OFIG. 3. Comparison of the_calculated _probablllty for for_mlng
oms scattered int@ny final angle can emit photons that Li“(2p) to the measured relative %2p) yield for 400-eV Li"
reach the detector. In principle, it is therefore necessary t§cident on K/C¢001). The calculated curve is normalized to the
measure the energy and angular distributiginem which d%ta. Solid triangles: r_neasured relativé’(dp) yield. _Solld Ilm_e:
one can derive the velocity distributionsf the scattered F (2P). calculated using the four-parameter functions to fit the
atoms and use these together with the calculated veIocitS’asonance widths calculated by Nordlander.

dependence of the excited-state formation probability to ob-

tain vields that can be compared to the measured vields xcited-state yields. Comparison of the calculated trends to
havey measured  the ir?—plane energy andy ang.u\llzﬁ.'e measured trends, together with careful examination of the
distributions2® and have derived the corresponding normalcalcum’ted _trends, helps us obtain a more detailed picture of
velocity distribution?’ By using the model to calculate the thev\(/jgnnir\?vlc;rigfﬂd}z:/gij:v\t/rzgzgrbf the findinas obtained b
excited-state probability as a function of normal exit veloc- Y 9 y

ity, we found that lithium particles scattered into a final angle:(;?:;'?r?eas li'[(gar?n whrggi:]gfio%ailglg%;hg ”t‘;té tshue |n|t|a|1|I
of 6;~0° (which have the greatest normal velogityave a Y e

probability of surviving the ion-surface collision in the Li that every calculation in this paper_starts W'th t_he atom _close
. to the surface plays a large role in determining the final

0 i ok ;
(2p) excited state which is roughly three orders of magni occupations. Second, energies of the atomic states relative to

tude greattir 2‘?""” for particles scattere.d mtq the ra|nbov¥he Fermi level of the metal are important; it is often true that
ﬁ\rt]glih(: igi%bov\\//vear?lfg figugglthgt tr;gxlirr]r:i\?esllty tzzat:i?rz Z‘ia significant amount of charge is exchanged between the
9 y app y metal and an atomic state in the vicinity of the Fermi-level

gLerageSretg?nm;E‘?nt SCS;tlietl;g/emf;:Oa}is-gmirei];c};eéJf?ircig‘ri tocrossing for that state. Third, the relationship between the
purp 94 . par ’ . time scales set by the resonance widiites., the many-body
assume that only those particles leaving the surface with th

. . ; e Souplings and the velocity of the scattered particle partly
Q'QOhne dsi;nor?;'()\r/]e][ﬁﬁt¥h;?nx;zutﬁ;;2Efé%antly;(lé%eec\(/)rre'determines the amount of charge transferred during a scatter-
pgrticlesg sF():attere d in plane and info— 0°.h§()1| a normz;\I ing event. It is necessary to keap three of the above find-

: . . ings in mind wh laining the trends in th d
velocity of v,=0.89x10° ms™! (v,=0.04 a.u), while for ings i mMing When explaining the trends in the measure

E;=100 eV, the final normal velocity was,=0.44x 10° branching ratios.
ms ! (v,=0.02 a.u.
It is therefore possible to compare the theoretical results
obtained by assuming a single velocigorresponding to the In Fig. 3, the calculated work function dependence of the
largest final normal velocity attained by particles in the scatprobability for scattering into the C{2p) state,P°(2p), is
tered fluy to the data. This is why we did not weight the shown and compared to the measured relati2p) yield
theoretical calculations by measured velocity distributionsfrom Fig. 1. We see that the model predicts a peak in
before comparing the theory to the data. P°(2p) atA¢~—1.9 eV, which is approximately the same
as that for the measured peak {-2.0 eV). The peak value
of the calculated probability is normalized to the peak value
of the measured yield. We note that the peak value of the
The measured excited-state yields provide further informeasured yield is estimated to be 0.004, while the calculated
mation against which charge-transfer theories must be testedalue is 0.021.
The observations of excited states in the scattered flux are An explanation of the origin of this peak is as follows.
particularly interesting since they cannot be explained by &irst, we consider how the initial state of the ion-surface
theory which considers only a single state; these observaystem(i.e., the system in its lowest-energy state with the
tions require that we consider multiple states. In this sectionparticle at its distance of closest approach to the surface
we give explanations for the trends seen in the calculatedhanges as the work function decreases. As can be seen in

400eV Li* ——) K/Cu(001), (100), 6;=65°
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appropriate experimental curves. The ratio of these measured
peak values is 0.075. However, it is likely that the scattering
cross section folE;=100 eV is somewhat larger than for

E; =400 eV, which would reduce the value of this ratio. For
comparison, the ratio of the calculated peak values is 0.080.
A simple explanation for the decrease in the magnitude is
that, for a given work function, the adiabatic charge state
[i.e., the L°(2s) statd occupancy increases as the exit ve-
locity of the particle is decreased since the system has more
time to evolve into the adiabatic state.

As noted above, the peaks in the measured relative yields
for E;=400 and 100 eV, shown in Fig. 2, are shifted with
respect to one another. FBf=400 eV, the calculated peak
in Fig. 4 occurs at\ ¢~ —1.9 eV, which closely matches the
observed peak a ¢~ —2.0 eV. ForE;=100 eV, the calcu-

FIG. 4. Comparison of the calculated probability for forming lated peak occurs ak¢~—1.7 eV,.cIos',e to the observed
Li%2p) to the measured relative %2p) yield for 400- and v%lue ofA¢~—_1.§ eV. Thus the direction of th_e observed
100-eV Li* incident on Cs/C(001). Each calculated curve was P (2P) peak shift is reproduced by the calculations.
normalized to the relevant data set. The calculations were done The shift of the calculated peak iR°(2p) is due to a
using the four-parameter functions to fit the resonance widths calcombination of effects: the work-function dependence of the
culated by Nordlander. Note the change in the vertical scale for thénitial occupancy of the Li(2p) state(recall Fig. 7 of paper
two sets of data. 1), the change in the velocity, and the decrease in the Fermi-

level crossing distance for the 4(i2p) state with decreasing
Fig. 7 of paper |, the calculated initial occupancy of thework function. Consider the following: the higher the veloc-
Li%(2p) state is about 0.10 a=1 A for ¢=4.59 eV ity, the more one expects that the peakPi(2p) will occur
(A $=0.00 eV; this increases to 0.14 as the work function isat the same work-function value as the peak in the initial
decreased t¢=2.79 (A o= —1.8 eV). As the work function ~ occupancy ¢$=2.79 eV, orA ¢=—1.8 eV), which approxi-
decreases further, the initial occupancy of th8(Rip) state  mately occurs when the Fermi level and thé'(dp) state
decreases rapidly due to the fact that the negative ion stare degenerate at the surfage=( A). As the velocity de-
becomes the lowest energy state near the suffitmy we  creases, however, the occupancy of thé(Rp) state has
consider the charge transfer dynamics on the outgoing trajeenore time to decay while the atom is pulled away from the
tory. For high work functions, the I°(2p) state does not surface, and thus the final occupancy will more strongly re-
cross the Fermi level; therefore its initial occupancy decaydlect the occupancy that is recovered upon crossing the Fermi
essentially to the 19(2s) state via the metal as the atom level. To ensure that the largestd(Pp) occupancy is recov-
moves away from the surface. As the work function is de-ered, the Fermi-level crossing for the %Pp) state must
creased, eventually the $(2p) state just crosses the Fermi occur at a distance a little beyond that at which transitions
level (at largez); therefore, although the initial occupancy between the metal and the 4Ps) state have essentially
again decays as the atom moves away from the surface, ¢easedthis prevents the decay of the Y2p) occupancy
recovers some occupancy after crossing the Fermi level. Osda transistions to the metal and subsequently to the
cupancy remains in the P(2p) state if it was obtained far Li°(2s) statd. For high and intermediate work-function val-
enough from the surface that the °%(Ps) state is only ues, this distance is roughly=4-5 A. This range of dis-
weakly coupled via the metal to the {(2p) state. As the tances correspondsia the energy of the L%2p) statd to a
work function is decreased further, the®(2p) state loses range of work functions betweep=2.7 and 2.9 eV. Thus
occupancy even more rapidly on the outgoing trajectory dusve see that, at higher velocity, the peakRA(2p) occurs
to the increasing importance of the negative ion state. Thusear the work function value for which the maximum initial
P°(2p) achieves a maximum at intermediate work-functionoccupancy of the L9(2p) state is attained; at lower velocity,
values. the peak occurs at a work function value corresponding to a

Another feature to note in Fig. 3 is that the measuredarger Fermi level crossing distance for thé’(2p). This is
curve is much more broad than the theoretical curve. Wavhy the calculated peak iR°(2p) is shifted to higher work
attribute this to the effect of variations in the local electro-function as the final normal velocity is decreased from
static potential induced by the K adsorbates, as has bean=0.04 tov,=0.02 a.u.
discussed previousty>°and in paper I. We investigated whether the trends in the calculated

Recall from Fig. 2 and the associated discussion that therB®(2p) (i.e., the existence of a peak in the work function
is roughly an order-of-magnitude difference between thedependence, the decrease in the peak values with velocity,
peak values of the relative £{2p) yields measured for and the shift of the peak valugary with the magnitudes of
E; =100 and 400 eV. In Fig. 4, we present a comparison othe resonance widths, the rates at which the resonance widths
calculated LP(2p) yields to the measured relative 4(2p) change with distance, the relative magnitudes of the reso-
yields obtained when using cesium adsorbdthe theoreti- nance widths, and the initial occupancies of the different
cal curve forE;=400 eV is identical to that in Fig.)3The  basis states. We found that the qualitative trends in the cal-
theoretical curves are normalized to the peak values of theulated LP°(2p) yield shown in Figs. 3 and 4 are robust if

Li* ——) Cs/Cu(001), (100), 8=65°
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these quantities are varied within reasonable limits. By in-

creasing or decreasing the magnitude of all of the resonance All channels included

— - Li~(2s?) excluded

widths by a factor of 2, a peak in the work function depen- — — Pairs excluded
dence of P°(2p) is still obtained. The work function at - E:gsz; and Pairs excluded
. 0 . . s?) and Pairs excluded,
which the peak value oP"(2p) occurs shifts slightly, and and Aze(2) = Azp(z)
the peak values increase as the resonance widths are all in-
creased. Having established that the trends in the calculated A AR RN RRRA AN AR LR LA
trends are robust, we now turn to the details of the charge - .
transfer dynamics and the origins of the peak in the work @ _
function dependence of the excited state yield. SN
~~ B ' \_ '\ B
. . &z L / NN ]
B. Details of the dynamics s i N
A - N\ ~ 4
In the previous subsection, we discussed how the peak in Q / T
the excited-state yield exists in large part due to the changing e r ! LT
energetics of the system as the work function is changed. - //-:\ .
That the initial occupancy of 1%2p) decreased in part due S Luvwiliiiily 2T !
to the increasing occupancy of the negative ion state for low 0.0 1.0 —20 3.0
work-function values suggests that other states of the system Do (eV)

may also play a role in determining the work function de-

O . .
pendence oP®(2p). To increase our understanding of the FIG. 5. Calculated dependence®}(2p) on A when exclud-

P 2 -
rple Pf the Li™(2s7) sta.t(.a an.d of the other statésie posi- ing different channels. Here the four-parameter functions are used
tive ion state, the positive ion state with an electron-hole it the resonance widths calculated by Nordlander.

pair, and the neutral ground state and excited atom $tistes
producing the peak i°(2p), we examined the predictions

of the model in detail. We systematically removed differenttlve lon state does not destroy the pealP(2p), its pres-

) ) ence is not necessary to form the peak, i.e., it is not necessary
states from the model to see if the peakif(2p) persists to include the negative ion state in the calculation to produce

after their removal, thereby checking if their presence plays & maximum in the work function dependence R(2p)

role in the peak formation. Since we expect the relative €NHowever, the negative ion state does play a role in the dy-
ergies and lifetimes of these states to play an important ro'ﬁamics. The fact that the peak value R?(2p) increases

Idn the fo;;noatzlon of t?ﬁ peak, we a![so investigated the depenL]pon removing the negative ion state is consistent with the
ence ofP"( P) on these parameters. . idea that the negative ion state competes with th¥2p)
. By performing g_number of calculations, we found condi- tate for electrons in the metal. The increas®®§2p) can
tions that are sufficient to produce the peak in the calculate e traced, in part, back to the. increase of the initial occu-

work function dependence d#°(2p). For example, as de- PN

. I~ , . pancy of the LP(2p) state that results from the elimination
scrlbgd a}bove, competition c_>f the Ci(_Qp) state W't.h the of the negative ion state. The initial value BP(2p) with
negative ion state plays a major role in the production of the

70 ) ) . =259 eV, and the negative ion state removed, is in-
peak inP(2p). Also, the production of electron-hole pairs creased by an amount 0.04kith respect to the calculation

influences the work function dependencePd{2p). We also which all states are includgdwhich is larger than the

! ) i
found that the difference between the resonance widths af; _ : . 0
the Li°(2p) state and L9(2s) state can, under certain con- (Elfference (0.052:0.021=0.031) in the finalP*(2p) peak

diti d KiR%(2p). We di th it values; this shows that the evolutions of the occupancies are
ditions, produce a peax | .( p). We IScuss these resufts changed by the absence of the negative ion state.
in more detail in the following subsections.

We conclude that the negative ion state provides an addi-
tional channel which can take occupancy away from the
Li °(2p) state when the particle is close to the surface. The

() Removal of the Li(2s?) state.We checked the idea presence of the negative ion state not only affects the initial
that the Li~ (2s?) state competes with the 2(2p) state by  value of P°(2p) but also changes the dynamiashich de-
effectively removing the negative ion state from the calculappend on the instantaneous occupangiespecially for the
tion (we do this by making it energetically very unfavorable low work functions at which negative ions are formed. Thus
for the negative ion to forpn The resulting dependence of the negative ion state is important in determining the yield of
P%(2p) on A¢ is shown in Fig. 5 as the dashed—double-atoms which scatter from the surface in excited electronic
dotted line(compare to the calculation in which all states arestates.
included, shown as the solid linegNVe see that removing the (b) Removal of the pair stat&Ve similarly investigated
negative ion state does not destroy the peaRi(2p), and the effects on the dynamics of removing the electron-hole
slightly changes the surface work function value at whichpair state from the calculation; this prevents transitions be-
P9(2p) achieves its maximum. tween the LP(2s) state and the 1%(2p) state via the forma-

The main differences are that the magnitude of the fination of an electron-hole pair. In this case, which is illustrated
peak value ofP°(2p) has increased to 0.05&om 0.021, by the dashed line in Fig. 5, the peak®d(2p) persists and
when all states are includgdand that the dependence on is slightly shifted toward higher work-function values. The
A ¢ has change@specifically, at the lowest work functions, peak value is 0.009, less than half that obtained when all
PY(2p) does not approach zdrdSince removing the nega- states are included in the calculation. The peak shape does

1. Explanation of the nonmonotonic behavior of ®#2p)
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not change appreciably. These results show that the pair state

is not necessary for the formation of the peakRR(2p)
versus work function, but it does affect the calculated final
yields. Examining the evolution of the occupancies for sev-
eral different work functions, we find that the exclusion of
the pair state results in very little difference at the highest A . . , ) 6 = 120 oV
work functions[corresponding to the clean @01) surface, AN \ ) : o = 150 oV
i.e., »=4.59 eV]. However, at intermediate and low work W . . . - 1‘59 w
functions, the exclusion of the pair state leads to an increased A . . . e o 1'79 o
occupation of the negative ion state. This is because there is W\ . . . e 1‘99 o
no longer any occupancy in the pair state that can flow to the BN . : : Y 2'19 o
Li %(2p) state[simply put, we reduced the number of ways & —~\ L
in which the Li°(2p) state can obtain occupancy by remov- ;:’ \ ' ' ' 10 = 239V
. . - . e ¢ = 2.59 eV
ing the pair statk Therefore, probability which would have RN
flowed to the LP(2p) state effectively goes to the negative : : : )¢ =270 eV
ion state. ' ' : 1o =299 eV
(c) Removal of the Li(2s?) and pair statesFor com- ~ ¢ =319 eV
pleteness, it is interesting to look at the behavior of the oc- ~_ ' 1o =339 eV
cupancies when both the negative ion state and the electron- \ : : 1 = 359 eV
hole pair state are removed from the calculation. As shown ~ S : : 10 =379 eV
in Fig. 5, removing these states from the calculation does not NS : : 1 ¢ =399 eV
destroy the peak, and the peak is shifted to slightly lower NS : . 14 = 419 eV
work functions. The peak value d?°(2p) is more than _ . . 1 & = 436 eV
twice as largg0.056 compared to 0.021 when all states are ‘ . : 1 & = 459 eV
included in the calculationand the peak shape differs at the 0.0 4.0 8.0 120 180 200

lower work functions. This shows that the combined pres- z (§)
ence of the negative ion state and the pair state is not neces-
sary to produce the peak P°(2p). The increase in the final FIG. 6. Calculated dependence Bf(2p) when excluding the
peak value, the shift of the peak and its change of shape &gegative ion and pair states, using the four-parameter functions to
low work functions is mainly due to the exclusion of the fit the resonance widths calculated by Nordlander, for different
negative ion state. work functions. Hered,,(2) # A(2).

(d) Removal of the Li(2s?) and pair states, with
Aop(2)=A,4(2). Clearly, attributing the existence of the #A,(2). This increase is much reduced when
peak solely to competition with either the negative ion stateA,p(2) =A5¢(2).
the pair state, or the combination of the two is incorrect We now give an intuitive explanation for the behavior
although these statésspecially the negative ion stateer-  described immediately above for the case in which(2z)
tainly affect the dynamics of the charge transfer. We are# A,4(z). First, recall that each calculation of the occupan-
therefore led to hypothesize that the energies and lifetimes afies begins az=1 A, with the ion-surface system in its
the Li%2s) and Li°(2p) states alone can be enough to pro-ground statehybrid of basis statesAt the highest work-
duce the peak. To test this hypothesis, we performed a cafunction values, the L9(2p) state lies essentially above the
culation for which the L?(2p) resonance width is set equal Fermi level, and so it will not be occupied far from the
to the wusual LP(2s) resonance width [i.e., surface. As the work function decreases, th&(Rp) state
A5p(2) =A,4(2)] when both the negative ion and pair stateseventually just crosses the Fermi levet largez). As the
are removed from the calculation. The result, shown in Fig. 3vork function decreases a bit more, the Fermi-level crossing
as the double-dash—dotted line, is that the peaR%®p) is  distance for the Li(2p) state decreases, but is still greater
destroyed by setting the resonance widths equal to one athan the distance at which electron hopping between the
other. states of the metal and the 4(Rs) state has essentially

We investigated this result by comparing the evolution ofceased. Thus, during the outgoing trajectory, th&(2p)
the Li°%(2p) occupancy at different work-function values. In state can fill without losing occupancy to the energetically
Fig. 6, we show howP?(2p) varies with distance for a num- favored Li°(2s) state. This leads to the increaseRH(2p)
ber of work-function values when the negative ion and pairat moderate values o for intermediate work-function val-
states are removed anh,(z) # A,5(z). We show the cor- ues in Fig. 6. As the work function is decreased still further,
responding series of curves for the case in which the negativine Fermi-level crossing for the £§2p) state occurs az
ion and pair states are removed alig,(z) =A,4(2) in Fig.  values for which electron hopping to and from the’(2s)
7. We see that whef,,(2) # A ,¢(2), P%(2p) decreases less state still occurs. Therefore the 4(2p) state can now lose
rapidly with z than whenA,,(z) =A,4(2). [Recall that, as occupancy to the 19(2s) state, and the final occupancy of
the system evolves in time, it strives for the ground stateli °(2p) is decreased. According to this simple picture, we
which, even fairly close to the surface, is essentially theexpect that the peak in the %(2p) yield will occur at a
Li°(2s) state, soP°(2p) decrease$.Additionally, we find ~ work function value for which the Fermi-level crossing of
that P°(2p) passes through a minimum and increases somehe Li°(2p) state is just beyond the distance at which hop-
what for intermediate work-function values whey(2) ping from the LP°(2s) state ceases, or abort=6 A. This
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W—— . . Lo = 159 ev
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N\ — : : L ¢ = 1.99 eV
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2, : : . . L & = 259 eV
N L & = 279 eV
N b = 2.99 eV
AN . L6 = 3.19 eV
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Q . . . . L6 = 419 eV
h L ! 1 ) ¢ = 4.39 eV
N . . ¢ = 459 eV
0.0 4.0 8.0 12.0 18.0 20.0
z (4)

FIG. 7. Calculated dependence Bf(2p) when excluding the
negative ion and pair states, using the four-parameter functions
fit the resonance widths calculated by Nordlander, for differen
work functions andd ,,(2) =A,¢(2).

corresponds to a work-function value of about 3 eV, or

A¢p=—1.6 eV, which is to be compared to the measure
value of A¢p=—2.0 eV. Although the above explanation
(based solely omnergeticswithin a one-electron pictuyas

useful for aqualitative understanding of the existence of the
peak, it cannot be used to make quantitative prediction
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—— All channels included

- Li~(8s?) excluded

— — Pairs excluded

- - 1.1“5252; and Pairs excluded

- —-- Li~(2s®) and Pairs excluded,
and Ass(z) = Azp(z)
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FIG. 8. Calculated dependenceR?(2p) on A ¢» when exclud-
ing different channels. Here the resonance widths used to generate
Fig. 5 have been halved.

sary that therates at which the LP(2s) and Li°(2p) reso-
nance widths decay with distance from the surface be
different. These rates are different because thea@d 2p
torbitals of Li have different spatial extents. Thus, for the
tgpecial case in which the negative ion and electron-hole pair
states are excluded, the existence of the peak is intimately
related to the spatial extents of the®(2s) and Li°(2p)
orbitals. We note that the above condition is not always suf-
icient to remove the peak seen RP(2p). For example, if
Ays(2)=A,,(2) but the negative ion state is included, the
peak inP%(2p) is recovered.

(e) Dependence on the magnitudes of the atomic state

lifetimes.We performed further simulations to determine if

She above conclusions are sensitive to changing all of the

since the dynamics of the system also depend on the veloCifygnance widths by factors of 2. The results are shown in

of the scattered patrticle.
For the case in whicl,,(z) = A,¢(2), electron hopping
between the states of the metal apoth the Li°(2s) and

Li°(2p) states ceases simultaneously. Therefore, the L
9(2p) state does not gain much occupancy when passin

through the Fermi level, and henB&8(2p) does not recover
at moderate as much as whe,(z) # A,4(2), as seen in
Fig. 7.

What is the property of the ’(2p) resonance width that
causes the existence of the peakPf(2p)? Is it sufficient
for the Li°(2p) resonance width to have a different magni-
tude than the L9(2s) resonance width, or is it necessary to

Figs. 8 and 9 for the cases in which the resonance widths are
decreased by a factor of 2 and increased by a factor of 2,
respectively. We find that when the resonance widths are
ecreased by a factor of 2, we obtain behavior different from
that shown in Fig. 5 when excluding various channels from
the calculation. This is due to the fact that the resonance
widths are now small enough that transitions between the
states(via the metal are significantly hindered. It may be
that using resonance widths this narrow prevents memory
loss, since the results become even more dependent on the
initial state. When the resonance widths are increased by a
factor of 2, however, similar effects due to eliminating the

have a different distance dependence? To find the answer, Wfferent states are seen. We remind the reader that the single

used the model to calculate the effect of changipgwhen
the parametew (see paper |, Table)lwas set to be the same
for A,,(2) andAy4(2). We found that, when both the nega-

particle widths are merelguggestednput for the theory of
Marston et al. We note that Sulston, Amos, and Davison
used narrow widths which have the same rate of décay

tive ion and pair states had been eliminated from the calcuthe same value of) and found no peak iP°(2p).%

lation, the peak iP°(2p) is destroyed as long as is the
same for the LY(2s) state and the 1%(2p) state. We con-
clude that in order for the peak iR°(2p) to survive in the
special case where the negative ion and pair states are
moved, it is necessary far to be different; i.e., it is neces-

2. Sensitivity of calculated trends to atomic state lifetimes

re- We investigated trends in the calculated excited-state
yields and how these trends depend on a number of quanti-
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—— All channels included 4 parameter fits
— - Li"(2s?) excluded NT
— — Pairs excluded — — TG Li~(Rs?)

—-— Li~(2s?) and Pairs excluded
— —-- Li~(2s®) and Pairs excluded,
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by (V) FIG. 11. CalculatedP®(2p) vs A ¢ using the negative ion state

resonance widths calculated by Nordlander and by Teillet-Billy and

FIG. 9. Calculated dependenceRt(2p) on A ¢» when exclud- eauyacq.

ing different channels. Here the resonance widths used to genera
Fig. 5 have been doubled.

creasing the resonance widths by a factor of 2. We also
found that the magnitude of the peak valueRi{2p) de-
ties which are input to the model. We began by varying thecreases with decreasing velocity when decreasing or increas-
magnitudes of all of the resonance widths., the lifetime$  ing the resonance widths by a factor of 2. Also, the ratio of
of the atomic states. the peak values obtained far,=0.02 andv,=0.04 a.u.
The value ofA¢ at which the peak value oP°(2p)  range between 0.07 and 0.12 when decreasing or increasing
occurs changes somewhat if we change the resonance widttise resonance widths by a factor of(call that the mea-
of all of the atomic states. We illustrate this in Fig. 10, which sured value is 0.075
is a plot of P°(2p) versusA¢ using different resonance  We also varied the relative magnitudes of the resonance
widths. We see that, in changing the widths by a factor of 4widths by using the negative ion state resonance width cal-
the position of the peak changes by approximately 0.1 eVeculated by Teillet-Billy and Gauyac(this width is larger
Also, the peak value increases when all of the resonancghan that calculated by Nordlander and Tully, because polar-
widths are increased. ization of the atom by the surface potential is includétle
We also checked the dependence of other trends in theompare this to the result obtained by using the negative ion
calculated excited yields on the magnitude of the resonancstate resonance width calculated by Nordlander in Fig. 11.
widths. We found that the direction of the peak shift with \We see that the peak value 63|0(2p) has decreased by
decreasing ion velocity is insensitive to decreasing or inabout a factor of 2, and that the peak has hardly shifted. The
decrease in the peak value is due to the increased coupling
(via the metal of the Li~(2s?) state to the LY(2s) state.
T T poubled widths The increased coupling serves to increase the negative ion
— — Halved widths state occupancy in the vicinity of the surface for high and
LA R s e e intermediate work functionsg=4.59-3.22 e\} since the
negative ion state is not the lowest energy-basis state. The
increased coupling also essentially increases the rate at
which occupancy can be drained away from thé(Rp)
state[via the metal to the L9(2s) statd. This leads to the
more rapid decrease in occupancy of thé(Rip) state over
the same spatial range, which results in smaller final values
of P(2p). It is important to note that changing the relative
magnitudes of the resonance widths by a moderate amount
, does not destroy the peak seen in Bf§2p) dependence.
T I P A I I S To conclude our discussion, we ask which occupied states
00" -1.0 —20 3.0 of the metal are most likely to transfer an electron into the
by (eV) Li %(2p) state. To answer this question, in Fig. 12 we plot the
calculated probability of creating a hole in the metal which is
FIG. 10. Calculated®(2p) vs A ¢ using resonance widths that associated with producing a {(2p) atom versus both the
differ by factors of 2. Here, the four-parameter functions are used t€nergy of the hole and the distanzeof the lithium atom
fit the resonance widths calculated by Nordlander. from the surface. In this figurep=2.79 eV Ap=-1.8

0.02 0.03

P°(2p)
0.01
N —

1 1 1 1 l 1 L 1 1 l 1 1 1 1

.00
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Thus, Kempter and co-workers suggested that the peak in
their data is due to the changing relative importance of Au-
ger deexcitation and resonant ionization as the work function
of the surface is altered. That Auger deexcitation occurs in
this system has been verified by measurements of electron
energy spectrd® which have intensity peaks that can be
attributed to the deexcitation of the following excited states
of lithium: Li°(2p), Li%3s), Li°%3p), and Li°3d). The

s

i,
//777////,;;;;;;;;01111

‘ b I[I lithium n=3 states may deexcite to either the®(2s)
‘3;) - “:‘:’:%%%%I;IIIII;I grovli/r(]ad hsatsfae S(,)er;r? te:]t?osgéfgaftﬁties. not necessary to invoke
’% : ‘ “O/’//?/////llllllllllllllllllll Auger deexcitation during theutgoingtrajectory in order to
?& ""’//////////llllllllllll IIII ® obtain a peak in the relative probability of 4(2p) forma-
2 " ////////////// IIIIIII o tion versus the work-function changeg. It is possible to
”'///////// ///IIIIIIII S account for most of the measuremef(itsat is, the measure-
s //////// //// I IIII 3 ; ments presented in this paper and those re,por_ted_ by Kempter
IIII ‘ E and co-workersby assuming that Auger deexcitation occurs

during the incoming trajectory and that the resonant mecha-

nism is the dominant charge-transfer process during the out-

going trajectory. It is important to note that we are assuming

19, (on the basis of theoreticdl and experimentaf®*! evi-

dence that memory of the incident charge state is lost near

the surface. By using the theory of Marstenal., we devel-

metal in order to make 1%2p), vs the energy of the hole and vs oped the above .detalle(_j.plcture of the dynamics of regonqnt

z. The four-parameter functions are used to fit the resonance width%harg.’e transfer in alkali ion-metal surface systems which is

calculated by Nordlander, ani=2.79 eV (A= — 1.8 e\). Here, consistent with a large number of known0 observ_anons.

the zero of energy is the vacuum, and the Fermi level is2{79 Finally, we nOt.e that the measur.ed t2p) yield for

eV. In the numerical solution of Marstoet al, the highest occu- Ei=100 eV(see Fig. 4shows a small increase at the lowest

pied state of the metal is at2.81 eV; the next nine lower states WOrK functions. This feature is not reproduced by the present

(each separated from the previous one 9.04 e\} are also implementation of the theory of Onufriev and MarsfGrAt

shown. present, we do not have an explanation for this increase.
However, we can say that it is highly unlikely that the scat-
tering cross section increases rapidly enough to account for

eV), and only the first ten states of the metal below the Ferm{€ observed increase in the signal. Also, autoionization pro-

level (they are separated by 0.04 e¥re shown. We find €€sses, which might produce ions during the hard collision

that, close to the surface€1 A), the states near the Fermi With the surface, followed by the neutralization of these ions

’ ’ S ; 0 . .
level have about the same occupancy. Their initial occupanMto the Li"(2p) state on the outgoing trajectory, are less
. ; e _ 37

continues to increase, a few states closest to the Fermi levEi=400 V.

are mostly responsible for the final population of the

Li°(2p) state. This is simply because the transition rate is

largest at the Fermi level.

FIG. 12. Calculated probability for leaving a hole behind in the

VI. SUMMARY

) ) ) ) In this paper, we presented measurements of the relative
3. Alternative explanation c())f the nonmonotonic behavior probability of Li°(2p) formation as a function of the
of P(2p) adsorbate-induced work-function change when hyperthermal

Kempter and co-workers previously observed a peak irenergy Li" ions are incident on K/Q001) and Cs/C(001),
the Li°(2p) formation probability for 1-keV Li" incident on  along the(100) azimuth. The probability is broadly peaked
Cs/W(110 at grazing incident anglés®’ The mechanism with decreasing work function. A theoretical model which
proposed for the peak observed in that system is asolves the time-dependent Anderson-Newns Hamiltonian
follows**" First, an electron from the surface is resonantlyand allows for the formation of positive ions, electron-hole
transferred into the L%(2p) state of the atom during the pairs, neutral ground-state atoms, neutral excited-state atoms,
approach of the incoming ion to the surface. The resultanand negative ions has been used to interpret the data. The
excited atom then makes a transition to the ground stateodel suggests that the origins of the peak in the excited-
through the mechanism of Auger deexcitation. The neutra$tate yield are the decreasing difference between the energy
atom then makes a hard collision with the surface, duringf the Li°(2p) state and the Fermi level, and the competition
which the Li°(2p) state is again populated due to the hy-between the excited state and the negative ion state. Also,
bridization of the atomic orbitals. Finally, the resulting ex- differences between the £42s) and Li°(2p) lifetimes play
cited atom must then survive both Auger deexcitation and role in the peak formation as does electron-hole pair for-
resonant ionization in order to emit a photon that is detectednation.
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