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Influence of adsorbates, crystal structure, and target temperature on the sputtering yield
and kinetic-energy distribution of excited Ni atoms
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We present results for the emission of secondary Ni atoms in the electronic ground state and some excited
metastable states under ion bombardment. In particular, we address some of the most urgent questions resulting
from previous measurements of the Ni system: the influence of adsorbates, in particular oxygen, on the
excitation, the influence of the crystal structure and orientation, and possible temperature effects. A direct
comparison between sputtering under identical experimental conditions from polycrystalline and single crystal
targets has been performed. Inelastic processes have been found to play an important role in determining the
population of the different electronic levels of sputtered atoms. The density of states of the solid and the
overlap of the electronic wave functions of the atom and the $blitk or surfacg determine the efficiency of
the population of individual atomic levels and the energy distribution of the atoms in these electronic states.
Analyzing the experimental data, the contribution of inelastic processes to elastic cascade sputtering for clean,
oxidized, and carbonized surfaces, at room temperature and up to 800 °C as well as for various azimuthal
angles could be determined and has finally led to a coherent description of the sputtering-excitation process for
low-lying excited Ni atoms: the emission of an ionic core and subsequent electron capture into excited states.
[S0163-182899)07823-9

[. INTRODUCTION The existence of excited atoms and molecules as a conse-
quence of ion bombardment of solids is a well known phe-
Inelastic mechanisms involved in sputtering of metals as @#omenon and has been studied for a long time; one of the
consequence of ion bombardment in the keV range are stilnost remarkable results obtained from the measurements of
not completely understood. While it is believed that elasticsputtered excited metastable Ni atoms, from both polycrys-
processes, which often dominate the sputtering process, caglline and single crystal targets, is the pronounced popula-
simulations’ inelastic processes can be of quite considerabldation energies, W|t_hl4respect to the electronic ground state.
importance in specific situations. Other experimentd~1* have established the general under-
In particular, the emission of secondary excited particlesStandlng that oxygen or other electronegative adsorbates on

is a typical situation where inelastic and electronic processeSIeﬂ;igi??nﬁzggse%?:gsrﬂg% r(;caet)e«r:li?(le dha\z;iigecsr:?tlsrl if)l:d
are involved. Experimental results obtained in the past feVY?c?mbar dment512.14.16 y P
yearS ! have considerably broadened the understanding o '

the processes leading to emission of secondary excited P&

ticles, but the present knowledge still can be regarded agy o hicture of the excitation process was modified consider-
rather rudimentary in many aspects. ably with the availability of laser induced fluorescefice
Sputtering of excited metastable Ni atoms has been thg £y experiment$2-2* They modified our picture insofar
focus of several investigations in the past few years sincengat it was believed that atoms sputtered in excited meta-
due to its specific electronic structure, this system allows ongigple states with a few eV excitation energy are character-
to test many of the models proposed over the years. In thiged by kinetic energies above those typically found for
paper we will present results for the emission of Ni atoms inground state atoms. Atoms in states belonging to the ground
the electronic ground state and some excited metastablgate multiplet have been observed to have energies very
states under ion bombardment. In particular, we will addresslose or identical to those predicted by the Sigmund-
some of the most urgent questions resulting from previoudhompson distributior;?® while atoms in levels with a few
measurements of the Ni system: the influence of adsorbatesyY potential energy typically have higher emission veloci-
in particular oxygen, on the excitation, the influence of theties. This was explained by means of a selective, nonradia-
crystal structure and orientation, and possible temperaturéve deexcitation of excited atoms near the surface.
effects. Concerning the role played by the target crystalline In the past few years, however, the sensitive method of
structure, most experiments reported in the literature haveesonant ionization spectroscdp$?’ (RIS) has shown that
been performed on either polycrystalline or single crystalour previous understanding was rather crude and the descrip-
targets, but no direct comparison between sputtering undeion of the physics of the excitation process has to be modi-
identical experimental conditions from polycrystalline andfied in many ways: ! In addition, the influence of oxygen
single crystal target has been performed so far; this will béurned out to be rather puzzling and different from previous
discussed in the present paper. knowledge.

Early measurements investigated the light emission vs
tance from the target and lead to controversial res(ittS.
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TABLE I. Used Ni transitions.

Initial state (cm') Intermediate state (cht) Photon energy (cm) g; gk A (10® Hz) Final energy above the g.s. (¢

a 3F,(0.0) z 3GY(30979.7) 30979.7 9 9 0.0023 61960
a 3D;(204.8) z 3G)(30979.7) 30775.2 7 9 0.0047 61766
a 3D, (880) SE9* (33112) 32232 5 7 0.63 65344

There is now strong evidence that the electronic configuis in fact valid only for an atom in the ground state. This
ration of the emitted particle and the electronic band strucgives rise to a set of discrete states embedded in the con-
ture of the solid are decisive elements in determining théinuum above the first ionization energy; these states are
emission probability in a specific state and also its velocityproperly called Rydberg states or autoionizing states.
distribution. In other words, inelastic processes, such as The existence of autoionizing states for Ni has been ex-
velocity- and state-dependent energy transfer, come intperimentally proved by measureméfitsealized with a two-
play 811 step, two-color ionization experiment, where the photoion

This statement can also be made in the reverse way: Thgeld was recorded vs the ionizing laser wavelength.
velocity of the emitted particle will influence the electron  Very strong lines with the typical Fano profile have been
capture probability in a specific level, thus the excitationobserved; some of them were found out to be coincident with
probability. The velocity distribution, together with measure- Rydberg states lying above the first ionization limit, while
ments of the state-specific yield, can be used as a very senthers were interpreted as a result of a two-electron excita-
sitive tool to probe excitation models and obtain informationtion and subsequent ionization. In other words, if the final
about electronic processes involved in the excitation processtate is an autoionizing level, a quasiresonant ionization

takes place and the corresponding transition efficiency is two
Il. SPECTROSCOPY OF THE Ni | SYSTEM fto three.orders of magnitude hig'her than for a.tran.sitio'n end-
ing up in an unstructured continuum. The situation is the

Nickel has been chosen as an experimental sample for itsame as the one described for the excitation step.
interesting energy level arrangement at low energies: Levels For the measurements presented in this paper, only one
belonging to the first excited multipl@; and to the ground tunable laser source was available. However, in the case of
stateF ; multiplet are energetically nearly identical, but their Ni one can select the wavelength of the first resonant exci-
electronic configuration is different. This makes Ni one oftation step in such a manner that it also coincides in some
the few elements where analogies and differences in the exases with a transition to an autoionizing state for the second
citation probability for levels with different electronic con- photon. The spectroscopic properties of photoionization tran-
figurations but similar excitation energy can easily be experisitions used in our experiment are listed in Table [; the en-
mentally investigated. The continuum level for Ni lies 7.635ergetic states involved are indicated together with the exci-
eV above the ground state, thus two photons in the visibleation energy and multiplicity for each level and the Einstein
range are needed to ionize ground state atoms: We realizedefficients A,; for spontaneous emission between bound
two-step resonant photoionization of sputtered atoms using states. Note that for nickel the first ionization potential lies at
tunable Dye Laser FL3002 from Lambda Physik. The lases1 600 cm'!; the autoionizing states lie, as expected, just
was operated with rhodamine B and DCM dye, whose operabove the first ionization limit.
ating regime ranges from 588 to 644 nm and from 632 to 690
nm, respectively, making it necessary to double the funda- IIl. EXPERIMENT
mental wavelength with a KDP frequency doubler.

At this point, we should distinguish between resonant Polycrystal and single crystal Ni targets were bombarded
(RIS) and nonresonar(iNRIS) postionization, in which only under a polar angle of incidence of 45°M/J with*Aions of
the excitation step of the two-photon transition is resonant 0B.0 keV energy and 1.5¢A current from a cold-cathode ion
nonresonant. While operating in the RIS mode a narrowsource; the primary ion flux density was around
band dye laser pulse with an average power of approximatel§0'® Ar*ions/s cmi. The base pressure in the UHV cham-
10® Wi/cn? is used. The laser resonantly excites atoms fronber was approximately I8 mbar.
the initial state to an intermediate state, a discrete bound Since the yield of atoms sputtered in excited states might
state, and then photons with the same color ionize the atonsirongly depend on the presence of impurities, in particular
from the intermediate to a state above the first ionizatioroxygen, on the surface, it was necessary to clean the sample.
limit. This was achieveth situ by sputtering with a continuous ion

When operating in the NRIS mode, on the other hand, wdeam, which was rastered across a surface area of about
used an excimer laser operated with XeCl. It produces a@x2 mn? for a few minutes before the measurement. Sec-
intense but relatively broadband pulse at 308 nm; the res@ndary ion mass spectroscog®IMS) could be used to
nance condition is generally not satisfied for most elementscheck the surface composition with respect to impurities, in
The second photon transition, which transfers the electroparticular oxides. Within the sensitivity of SIMS no measur-
from the excited bound state above the ionization limit, isable surface contaminations have been detected. Therefore,
generally nonresonant. However, it is well known that thefor measurements with a continuous dc primary ion beam,
continuum above the first ionization limit is not a real con-the influence of oxygen or other impurities can be assumed
tinuum, but rather a quasicontinuum; the first ionization limitto be minimal. For measurements of the velocity distribu-
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TABLE Il. Population partition on clean Ni. with similar results mentioned abov&!'*°we also found a
= population inversion between states belonging to the open-
Initial state shell 3D, multiplet and the closed-sheflF; ground state
(cm™) Population relative to the ground state myltiplet.
3 To evaluate the reliability of these results, it is important
a °F,(0.0) 1 hat diff T h h b d:
a °D, (880) 0.96 to state that different postionization schemes have been used:

(a) two-photon one-color ionization to the continuuiip)
two-photon two-color ionization to autoionizing states, and
(c) two-photon one-color ionization to autoionizing states. In
tions, where the ion beam has to be pulsed, regular dc sputt@fdition, various intermediate levels have been used.
cleaning also ensured clean surfaces. In our measurements we have used schefaeand (c).
lonization of secondary neutral atoms was achieved witH" (&), where the ionization cross sections differ by orders of
the focused laser beam whose center axis runs parallel to tfBagnitude for different lines, the signals have been cali-
sample at a distanakof approximately 2-4 mm. The laser brated using a thermal Ni beam. It is particularly noteworthy

a 3D;(204.8) 1.19

focus was approximately 0.2 mm in diameter. that all methods yield basically the same results as far as the
After postionization the particles were accelerated and®©Pulation inversion is concerned. _
mass analyzed in a time-of-fligiTOF) spectrometer. Mea- A reasonable explanation for the population enhancement

surements were performed with two different geometriesi the °D; multiplet might be the fact that the Ni bulk con-
One geometry with an ion mirror was used to reflect thefiguration is mored-like thans- or p-like. As a consequence,
photoions onto the channel-plate detector. This operatin{1® Overlap and the cross section for electron exchange be-
mode yields high mass resolution and suppresses seconddfyeen d states is considerably larger than for tbdike

ions created at the target surface. This operating mode wadound state of Ni. The experimental evidence of the popu-
generally used for yield measurements, while for velocitylat'on inversion proves that evidently the electron exchange
measurements a straight line TOF geometry was used in of/0SS section is much more of a determining factor than the

der to avoid velocity dependent transmission effects of th&nergy of the level itself. ,
TOF spectrometer. It is also interesting to compare the influence of the crys-

The (TOP) of secondary neutral atoms from the Samp|etallographic structure on these res_ults. We have performed
surface to the ionization volumed&2—4 mm) is deter- the measurements for polycrystalline and d1€0] single
mined by setting a certain deldybetween the primary ion crystal and_found_ in k_)oth cases the same result as far as _the
pulse and the laser pulse. Thus only particles with a ﬂighpopulatmn inversion is concerne_d. In a later section we will
time t from the target to the laser are ionized. Measuring thePesent data on the angle of incidence dependence.
exact distance allows determination of the particle velocity
v. B. Temperature dependence

In order to obtain a high time resolution, it was necessary
to use very short ion pulses with a half width of less than 100
ns. This is much shorter than the characteristic drift times, Since the population of a level with a particular energy in
except for very high particle velocities. the absence of electronic interactions is determined by the

Only particles emitted within a narrow angle around thetemperature, it seems to be interesting to study the influence
surface normal were detected with the TOF spectrometerf the target temperature during ion sputtering on the popu-
Therefore, all secondary neutral atoms have nearly the santation of the metastable levels. If the interaction of the par-
drift length d from the surface to the ionization volume. A ticle (ion in this casg leaving the surface with the valence
more detailed description of the experimental details hadand electrons is the determining factor for the population of

1. State-selective resonant detection

been previously presentéd® the level, the direct influence of the target temperature is
expected to be low.
IV. POPULATION OF EXCITED METASTABLE STATES In this context we will exclusively explain our results by
this model since most of the other models fail to explain at
A. Room temperature least some of the experimental findings. For the models sug-

The measurement of the population of particles in excitedyested by Kelly’* Yu,3? Craiget al,* and others a tempera-
states emitted in a sputter event has been a challenging tatike influence might be considerably larger. According to the
especially as far as absolute yields or even the relative popuandom energy transfer model, the excitation and kinetic en-
lation of levels are concerned. One of the most astonishingrgy are transferred to the emitted atofnet ionic coregin
findings recently obtained from measurements for severahe last collision: A temperature effect, such as a modifica-
low-lying levels of Ni and Co(Refs. 10, 11, and 30s that  tion in the population partition or even to some extent in the
the ground state is not necessarily the state with the higheginetic energy transmitted in the last collision, could be
population. This population inversion implies electronic ex-imaginable in this scenario.
citation processes, which is the main subject of the present To examine in more detail the role played by the bulk and
paper. Since only very few experiments have addressed thi&urface electronic configuratiqne., the density of states of
issue, we have started our investigations, which will be pres-, p-, andd-like electron$ we performed measurements of
sented here, with a verification of these findings. the population densities for different target temperatures on a

Experimental population densities for Ni atoms sputteredNi[100] single crystal. The amount of neutral atoms sput-
in metastable states are shown in Table II. In good agreemetered in the Nil ground state an@ 3D, excited state as a
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FIG. 1. Photoion signal as a function of the target temperature

for sputtered Ni atoms in the ground state andD; metastable FIG. 2. Neutral secondary mass spectrNSMS) of neutral
state. The target was sputter cleaned at every temperature befgsgticles emitted from the Ni target at different temperatures. Al
taking the data. The signals are normalized to one at room temperg;zss spectra were measured in a NRIS laser TOF spectrometer in
ture. the reflectron mode.

function of the target temperature is shown in Fig. 1. The _'Ne total sputtering yield after ion bombardment com-
yield for both levelgin the figure the signals are normalized PTiS€S all emlttfad species, guch as neutral atoms, in either the
and therefore the population inversion is not directly visjble ground or excited states, ions, clusters, and molecules; the
remains practically constant up to about 500 °C. From thig"@ss Spectrum canbbe meazgﬁted by NRT®F) sper(]:trqs-_
we can conclude that the temperature induced population §foPY discriminates between II erﬁnt r_nasTis. AS the ||on|za-
the levels is negligible as compared to the electronic effectdon takgs place nonresonantly, the signal for each element
during the sputtering process. isotope includes atoms in all electronic states. Furthermore,

The strong drop of the yield for atoms in either of the two the different ionization cross sections for the various elec-
electronic configurations measured here between 500 °C arH']onic states will determine how far each level will contribute
600 °C is remarkable and has no straightforward explanatiorf© the total signal. - _ _ o
Above 700 °C the signal has dropped at least by a factor of In o_ther words, interpreting the signals o_btalned in this
100. One might speculate about the reasons for this drop, bﬁ’Per?t'n.g moie IS not a? easy taskbanqt might ob.scurfe the
the most plausible hypothesis to explain the drastic decrea nclusions. An even stronger ambiguity can arise from
of the Ni signal is the diffusion of carbon from the bulk to P oto_-fragmentatlon of molecules containing Ni atoms. _In
the target surface, modifying its physical properties, such a Ct_’t_'t <I:an r?appznl\:hatt one o;‘]_tr;]e_fr%grpe?tzd_ sriﬁues IS a
the structure or surface electron density. In particular, C WiIIp?SI Ively ¢ arge : atom, th'c (|js etecleN. mf m?j same
lead to a carbonization of the surface. The surface binding'CMIC Mass channel as a sputtéred neutral NI dfomde-

energy of a Ni atom to a carbonized surface is generall a"; sefe Ref. 3b ts of stat lective RIS q
higher than to a metallic surface. This results in a lower 0 far, measurements of state selective -secondary

sputtering yield of Ni atoms. Together with the reduced surneutral mass spectroscopy from the ground state and one

face concentration of Ni, a reduction of the Ni signal by alow-lymg Ni level were presented: We have seen that the
factor up to 5 could be explained in this manner. HoweverpOpmamn of low-lying metastable states vanishes between

this is not sufficient to understand the experimentally 0ph800°C and 700 °C. Measuring the total yield in the nonreso-

served decrease of Ni atoms in the low-lying electronic?@nt mode <_jescribed above, we observe a totally d_ifferent
states picture. In Fig. 2 mass spectra of neutral atoms at different
Since the signal in Fig. 1 corresponds to atoms in low

temperatures are shown. The Ni peaks decrease in height to
lying metastable states, one might speculate that at highé’\bom 30%. The presence of a NiC peak in the mass spec-
temperatures higher-lying states are increasingly populate

um is an indication that carbon is present at the surface.
This possibility has to be taken into account and will be he quant|_f|cat|on_ of the.N'C 1S, however, difficult since
discussed later. Another possibility would be the predomi_fragm_ent.atlo_n dunng the ionization cap_totqll_y obscure the
nant emission of moleculéd3i.e., NiC*. quantitative qurmauon. Furthermore, it is difficult to relate
the NiC peak directly to the C concentration on the surface.
Sputtered ions can to some extent be regarded as a limit
case of sputtered excited atoms. It is therefore interesting to
In order to address these two questions in more detail onmeasure the temperature dependence of the ionic species.
obvious approach is to measure, with NRIS, the total neutralVe have measured the secondary ion mass spectrum at dif-
sputtering yield as a function of the target temperature. Théerent temperature&ee Fig. 3.
measurement of the velocities of the sputtered Ni atoms, to- At high temperatures we can clearly observe that the Ni
gether with the recording of the mass spectrum of the spution emission is suppressed by more than 50% and that other
tered particles, is a sensitive tool to probe modifications irfow masses such as carbon, sodium, potassium, and alumi-
the surface structure and electron density. This can in faatum show up. This partially confirms the expectation that
help to identify the physical processes that lead to the deearbon migrates to the surface building carbides, thus reduc-
crease of the yield. ing the pure Ni surface; this could then explain the decrease

2. Nonresonant detection of total yield



PRB 59 INFLUENCE OF ADSORBATES, CRYSTAL STRUCTURE. . 15 499

7 TABLE lll. Populaiton partition on oxidized Ni.
Ni
6 Temperature Dependence of
S SIMS Signal from Ni Initial state (cm'%) Population relative to the clean Ni surface
4 Room Temp. a 3[:4 (OO) 0.27
s a 3D;(204.8) 0.58

Secondary lon Yield [arb.units]

used calculations of the average bulk density of stdd&€3S)
for NiO and Ni, which have been obtained with theeNg7
10 14 18 22 26 30 34 38 42 46 50 54 58 62 program, based on the linear plane wave approximafion.
Mass [amu] The electronic density of states is calculated in a sphere
around each atom of a crystal separately $dike, p-like,
andd-like electrons; the sum of all these functions is equal to
e total density of states in the sphere around the Ni core.
Furthermore, the density of states in the interstitial space is
determined; the weighted sum of the latter two quantities is
the total average density of states. This argument is a rather
: . delicate one; we should, in fact, consider that on an oxidized
in the emission of a factor 23 th_at has been found_ for _the surface the electrons might be concentrated close to the elec-
neutral Ni atoms by NRIsee F'g‘.?‘ Howe_ver, this stil tronegative element and consequently the region in the sur-
cannot explain t_he strong population density decrease o ounding of the escaping metallic core will be depleted.
served for Iovy-lymg states. . In the case of a Ni solid, the local and the average density
In conclusion, the experimental data could be explameq)]c

ither with an altered lation partition at increasing tem- states are practically the same, while this is not the case
eihe an ajtered popuiation partition at Increasing t€Mx, . 5 \ig solid. In both cases trblike electrons are by far

; . : e predominant electrons in the sofmlt of every ten elec-
the electronic tunneling processes. Another possible reSpo?r_ons, 9.6 are in the-like configuration. For this reason we

sible factor could be the presence of other elements, such %%mpared for Ni and NiO the local density of statestead

C, on the surface. These elements could modify the electrogf the average DOSlor d-like electrons in the same sphere
density at the surface in such a way that the tunneling prob  J v or 0o CoreFig. 4)

ability into high-lying states is much more favorable than We focused our attention on the region approximately 2.7

|nt<'):.lovxlll-ly|rt1r? Sf\?.tes'd i sianal ob di N eV below the Fermi energy of Ni. This corresponds to the
inally, the Ni and Nj signal observed in nonresonan round state for a Ni free atom. It is evident that the local

measurements can also originate from photodissociation ike DOS is higher for a NiO sample than the correspond-

Ni clusters or molecules containing Ni that end up in thei g density of states for a Ni solidClearly, also the average

same mass channel as neutral Ni atoms emitted as mdmdua nsity of states for a NiO is higher than the one for pure Ni,
atoms. caused by the electronegativity of)O.
The locald-like DOS is hence the crucial parameter that
V. INFLUENCE OF SURFACE OXIDATION will determine the overall probability for capture of an elec-
ON THE POPULATION PARTITION tron from the bulk into a specific state of the sputtered par-

_ ) ) ticle. From velocity measurements presented in a following
We measured the Ni photoion yield dependence on the

oxygen coverage on the surface. The target was exposed to

an increasing @partial pressure. The partial pressure in the Eqnio] | BFINi
chamber was varied from the residual partial pressure in the 2
chamber under normal conditions<(0~1° torr) to a maxi-

mal value of 104 torr. Since the ion beam pulse was ap-
proximately 100 ns long, the erosion rate was minimal and
the oxygen pressure range mentioned above covers the
equivalent from a clean to a fully oxidized surface.

Previous experiments, performed with Doppler LIF spec-
troscopy, showed a distinctive increase of light emission for
higher excited states and relatively little change for levels of 9 7 5 3 -1 1 3 5
the ground state multiplet. Our yield vs pressure measure- Elbetonianoigy [5¥]

ments of partlcle_s in the ground a_nd the metast;aié)lﬁDg FIG. 4. Local density of states faf-like electrons for Ni100]
Sh?‘f’ that the yield decreases slightly between 1@nd 5,4 NjO, respectively. The comparison is made between the DOS
10" torr (Table Il). The decrease is stronger for atomsjy the same sphere around the Ni core in both cases. The DOS
belonging to thea °F, ground state. Similar data reported around the Ni atom is more energy dependent for NiO: in particular,
by other RIS experiment$show the same trend. in the energy window we are interested (23 eV below the Ni

The presence of oxygen atoms on the surface induces stgermi energythe local DOS is higher. This is clearly valid also for
ichiometric modifications but also alterations of the elec-the average DOS within the bulinot shown, as electrons stay
tronic configuration.To interpret the experimental results, wepreferably close to oxygen atoms.

FIG. 3. Mass spectrum of ionic particles emitted from the Ni
target at different temperatures. All mass spectra were measured
a NRIS laser TOF spectrometén the SIMS modg C as well as
Na, K, and Al impurities increase with the temperature; Ni atom
emission decreases with increasing temperature.
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section we must conclude that the net effect is an increaseehhancement of the electron capture cross section for the
capture cross section. In order to explain the reduction of thearticular parameter change. It is, however, very important to
total yield in spite of the increased capture cross section, wbe able to relate the spectra under various conditions to a
must consider that the sputtering yield of Ni atoms fromwell known reference velocity distribution in order to be able
oxidized surfaces will be lower than for clean surfaces. Thigo distinguish between scenarids) and (ii) mentioned
will reduce the total yield of sputtered Ni atoms. above. To make this more clear, let us assume that we know

It should be mentioned that a strong population reductiorthe velocity spectrum for a situation where inelastic pro-
for some high-lying states has been previously obséfved cesses are absent and the entire sputter process is due to
and can be interpreted within the resonant electron transfeglastic collisions. Then the well known Sigmund-Thompson
picture. The presence of an oxide layer is known to increasérmula(1) applies wherd ., (v) describes the particle den-
the work function by approximately 1 eV. This is sufficient sity. The parameter,, is the velocity corresponding to the
to shift the Fermi energy level energetically below high- surface binding energy
lying excited states, around 1.5 eV above the atomic ground
state, thus reducing the probability for tunneling into these 3
states. R —

feon(v) (UZ+U§)3 1

VI. STATE-SELECTIVE VELOCITY DISTRIBUTIONS

OF METASTABLE Ni ATOMS Equation(1) has to be modified for cases where inelastic

processes come into play. Scenafio described above
A. Interpretation of velocity spectra would result in an adjusted distributidiy,e| 1(v),

Velocity distributions of sputtered atoms contain detailed
information about the mechanisms involved in the emission
process. This kind of information is especially helpful to finer,a(v)
identify viable inelastic processes.

We will disregard the possibility that the excitation takes For scenario(ii) we would expect a distributiof;, o, 5(v),

place during the development of the collision cascade in thg\lhiCh is shifted in the opposite directighigh energieson
bulk; this is a generally accepted assumption, supported b, e axis

the consideration that excited atoms have very short lifetimes
in the bulk (10 *? s), mainly due to their large size. This is
definitely true for highly excited states; for low-lying states,
this might not be necessarily true.

A plausible scenaridi) can be described as follows. The
emission of an ionic core is followed by electron capture into
one of the electronic states of the ion at a distance from th(fLl

smt_Jrfa_ce that :CS d?_termlqid by t?e <_3tve:]Icap_”0(1; the zu”( ‘t"lhn ional to the density of states in the solig soji4 at the par-
atomic wave functions. 1he overiap 1tselt will depend on ey, ;) energy of the atomié¢ionic) level and the electron

velocity of the escaping particle and hence determine th . , *
capture cross section. ?unnellng cross sectiorf ¢/5,igHexcifion atom- It Can be

Clearly, the electron transferred to the atom still has awrltten in the form

nonzero probability to tunnel back to the solid and eventually
back again to the atom, until the free atom reaches a distance ac<n ) f o H " ' @)
large enough to avoid further interaction between the emitted esolid | Fsolid™exchion,atom
particle and the solid. However, since this situation involves
the transfer of multiple electrons, the total probability will be  For the results, which we will present in the following, we
very low. will evaluate the spectra in relation to the reference spectrum
In another scenaridii) one might start with an inelastic (1) and with the assumption that the parametgris well
energy transfer in the last collision of the cascade followedlescribed by the surface binding energy of Ni of 4.2 eV.
by a nonradiative deexcitation process during the escape. For the analysis of the measured velocity distributions
Again the velocity of the atom and the overlap of the wavethey have been compared with simulated spectra produced
functions will be crucial for thdin this case electron tun- by a Monte Carlo computer program reproducing the experi-
neling cross section from the atom into the solid. ment by assuming tah®) the ejected particles are purely
An emphasis of atoms with low velocities can be ex-collisional and can be described by a velocity distribution
pected for the first scenario, while atoms with high velocities(1), (b) atoms are emitted randomly and independently from
will more probably survive in the other case. Hence the meaeach other, andc) the specific geometry and other param-
surement of the velocity spectra will enable us to distinguisteters of the experiment. From the best fit of the computer
between the two cases. generated to the experimental data the free paramgtbas
At this point a comment on experimental velocity spectrabeen obtained: is directly related tdJg, the surface bind-
is useful. In many cases it is already helpful and informativeing energy of the emitted atoms if the process is purely col-
to measure changes of the velocity spectrum as a function disional. A deviation ofUg from the expected surface bind-
a particular parameter variation, such as the surface oxidang energygenerally set equal to the heat of sublimati
tion. Thus we can easily obtain information about, e.g., aran indication that electronic processes are involved.

3

e e T = el @

3
fine|,2(v)°<me_m:fcone_m- (3

The parameten in Egs. (1)—(3) represents the electron
nneling probability, which can be assumed to be propor-
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A comparison with the spectra simulated according to the
= ! n clodH siifface aarEL g%?ef/\él) Sigmund-Thomson distribution has also been made to quan-
Sos partially oxidized surface ’ tify the deviation from the case in which each emitted ionic
2 % core is neutralizedneutralization probability equal to ophe
2 @ e By fitting the experimental data and leaving the parameter

)
E’M S .. Ug as the only free one, the values 2.6 and 4 eV for the
£ - ? .2 ground state and the low-lying metastable state have been
& °,.° deduced. These values are lower than the Ni sublimation
@ o I — H H

b : ’10 . = 2 energy of 4.2 eV that we would expect for a neutralization

(a) Ni particle velocity (km/s) probability equal to one in both cases.
When comparing distributions obtained for the same

1 w metastable state with clean and oxidized surfaces, respec-
2 e S fo clean surface aaDel(gv-gf ev) tively, we can clearly observe that the velocity distributions
f:( ' 8& ® T — for both levels shift to higher values for particles emitted
Z os %? o  surfage from an oxidized surface. Disregarding effects due to differ-
.. © / ent binding energies under surface oxidation, one of the most
N 04 . . . .
5 $ * plausible hypotheses is that the shift observed is due to a
Soef $ higher tunneling probability for valence electrons from NiO
c : Y < . .

* & than from metallic Ni.

%0 5 10 15 20 By fitting the distributions obtained with oxidized surface,

(b) Ni particle velocity (km/s)

the best fitting value for the parametdg are 3 and 4.2 eV

FIG. 5. Velocity distributions of sputtered Ni atoms in tfe for the ground state and 3D3’ re_Sp,eCt'Vely' Th?se values
ground state antb) a 3D, metastable state for a clean as well as a@€ Much closer or even equal, within the experimental error,
partially oxidized Ni surface. The signals are normalized to one in® the Ni sublimation energy than those corresponding to the
the maxima of the distributions. If only elastic collisions were con-¢lean Ni surface; the neutralization process during emission
tributing, a fit according to formuldl) should yield the surface from an oxidized surface seems thus to be favored. This
binding energy of Ni of 4.2 eV. Values deviating from this number behavior can be explained qualitatively when we recall the
[for details see Eq2)] indicate the influence of inelastic processes. meaning of the parameterin the exponential law for the
tunneling probability.

At this point we should look once more at the electronic
properties of a Ni solid and compare them with those for a

From the considerations made in the preceding subsectioRiO sample, as previously made concerning the effect of the
it follows that the measurement of experimental velocity dis-oxygen coverage on the velocity distrubutions. We will in
tributions of emitted atoms is of great importance. To sim-this context consider the region at approximately 2.7 eV be-
plify the rather complex situation described, we will initially low the Fermi energy of Ni and take into account, for the
compare distributions for atoms emitted in different meta-reasons outlined in Sec. VI B, the locadllike DOS for Ni
stable states and then for the same state for different surfa@®d NiO, respectively.
conditions. As noticed before, the local-like DOS is higher for a

First of all, velocity distributions for the ground state NiO sample than the corresponding density of states for a Ni
a 3F, and thea 3D, state, both measured for a clean Ni Solid. The velocity spectra presented above can therefore be

surface and at room temperature, will be discussed. LatefXplained by an increased electron tunneling probability as a

these spectra will be compared with those obtained for th&onsequence of the surface oxidation.
same states after oxygen exposure of the target.

By making the assumption, as discussed in Sec. VI A, that
velocity distributions are described by a convolution of the
Sigmund-Thomson distribution and an exponential function Let us recall that the yield of neutral emitted atoms,
describing the neutralization probability, a deviation of theshown in Fig. 1, stays practically constant up to approxi-
velocity distributions from the Sigmund-Thomson distribu- mately 600 °C, while it decreases abruptly above that value.
tion with a parametetg=4.2 eV is hence attributed to the It is interesting to look at the corresponding velocity distri-
second term in Eq.2) or (3). butions in these regions.

Thus differences observed for various electronic configu- For this reason, we measured velocity distributions of Ni
rations or for different experimental parameters reflect modiatoms sputtered in the ground and metastable states from a
fications of the contribution of electronic processes. As far asarget at room temperature, 400 °C and 725 °C. The spectra
clean metals at room temperature are concerned, the obsettroom temperature and 400 °C are, within the experimental
vation that velocity distributions measured for the metastablerror, identical. The distributions corresponding to 400°C
D, stategFig. 5 are broader than those corresponding to theand 725 °C are shown in Figs. 6 and 7.
ground state can be explained with a higher electron tunnel- It is clearly visible that the state-specific kinetic energy
ing probability in aD; state rather than in afR; level. Re-  spectra for neutral Ni atoms shift to lower velocities for
calling Eq. (2), the shift observed for the low-lying excited temperatures above 600 °C, which corresponds to the re-
a 3D, state is described by a largamparameter. gion where we observed the strong signal decrease.

B. Influence of oxygen

C. Influence of target temperature
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FIG. 6. Velocity distributions of sputtered Ni atoms in the FIG. 8. Azimuthal angular dependence of neutral Ni atoms
ground state for a clean Ni surface at different temperatures. Thgitted in the ground state aral 3D, metastable state, respec-

signals are normalized to one in the maxima of the distributions. 'ftively. The curves are normalized to the maximum of the ground
only elastic collisions were contributing, a ffull lines in the fig- 540 gistribution. Thé110] direction corresponds to an azimuthal
ure) according to formulg1) should yield the surface binding en- angle of 0° (primary minimum and the[111] direction to an azi-
ergy of Ni of 4.2 eV. Values deviating from this number indicate muthal angle of+ 45° (secondary smaller minimum

the increasing influence of inelastic processes at high temperatures.
Furthermore, the fit becomes worse for increasing deviations from

Eq. (1). VIl. ANGLE OF INCIDENCE DEPENDENCE

OF STATE-SPECIFIC EMISSION YIELD

A. Sputter yield
The parametesg at temperatures above 600 °C obtained | grder to study in more detail possible influences of the

from the comparison with the simulation program is slightly crystallography, we have studied for a[Nd0] single crystal
lower than for atoms emitted up to 600 °C, where we believahe azimuthal angle of incidence dependence of sputtered
that the surface is partially covered with carbon. In othemeutral Ni atoms emitted in thee F, anda °D; metastable
words, Ni atoms are either less tightly bound to the crystal attates. In a single crystal the density of atoms along a spe-
carbonized surfacghis seems to be in contradiction with the cific direction varies with the incidence direction. This vari-
fact that the sputter yield of metal carbides is generallyable atomic density will introduce nonrandom effects in the
lower than for the metalor the electronic configuration due collision sequence; therefore, we expect that both the sput-
to carbon on the surface is changed in such a way that thiering yield and emission velocity will be sensitive to
electron tunneling into tha 3F, anda 3D, states becomes changes of the projectile angle of incidence. Whether also
less probable. According to E¢gd), this again can be caused the electronic processes are influenced by the crystallography
by either a decreasediysoiq (DOS) or a decreased represents an issue worth studying in greater detail.

[ ¥ giaHexciibion atom Wave function overlap for the low-  AS discussed previously, excitation processes taking place
lying levels. The question is now if the tunneling probability N the collisional cascade can be excluded. We are thus al-
decreases for all levels, thus producing a higher emission pred to describe the cascade assuming that all collisions are

secondary ions, or if higher-lying levels are favorably emit-eIaSt'C' If this is the case, the_ incidence angle_ Sh.OUId not
ted by increasing target temperature. affect the electronic configuration of atoms or ionic cores

involved in the cascade and we expect that the population
density of ionic cores set in motion does not show direction-

ality effects.
; This is still far from excluding that directionality effects
1 oD, (003 2V) can show up. Actually, direction- or position-dependent bulk

08 or surface propertie§i.e., the DO$ can come into play in

the last steps of the process, either in the last collision or in
the emission process, the one that leads to excitation. If we
recall that the bulk and the surface density of states generally
show different trends for different electronic statealence
s-like, p-like, or d-like electrons generally here different am-
0 5 10 15 20 plitudes, directionality effects in the population density of
N particle velocity (km/s) emitted atoms could be attributed to these properties.

FIG. 7. Velocity distributions of sputtered Ni atoms in the We bombarded NILOO] with 8 keV Ar" at 45° to t,he
a °D, metastable state for a clean Ni surface at different temperat2fget normal and rotated the crystal around [th@0] axis.
tures. The signals are normalized to one in the maxima of the diso0Me €xperiments in the past two decades have focused on
tributions. If only elastic collisions were contributing, a fiull  this subject, where the yield dependence on the incidence
lines in the figurg according to formuld1) should yield the surface  Polar anglé’ was studied. Otherwise, most documented ex-
binding energy of Ni of 4.2 eV. Values deviating from this number periments were devoted to the detection of angular distribu-
indicate the increasing influence of inelastic processes at high tentions of emitted atoms at a constant incidence affyle.
peratures. Furthermore, the fit becomes worse for increasing devia- In Fig. 8 the state-selective yield dependence on the azi-
tions from Eq.(1). muthal incidence angle is shown. The levels observed are

0,6

0,4

0,2

normalized Ni flux &(v}
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FIG. 9. Comparison of measured azimuthal angular dependence FIG. 10. Velocity dlstrl_butlons of sput_tered ’\.“ atoms in the
of neutral Ni atoms emitted in the 3D, metastable state with a ground state for a clean Ni surface for various azimuthal angles of

MARLOWE computer simulation. The curves are normalized to thethe i_on beam in(_:idgncg. The Sigf‘a's are normalizec_i to one in the

maximum of the experimental data. Th@10] direction corre- ][naan_a of the dlstr_lbutlons. The inset shows the ammqthal angles

sponds to an azimuthal angle of Gprimary minimun and the or which the velocity spectra have been takeee also Fig. P

[111] direction to an azimuthal angle of 45° (secondary smaller

minimum). the cascade, in fact, the crystalline structure is locally de-
stroyed in the cascade volume and it is consequently impos-

again the ground state and one low-lyibg level. The be-  sjple to apply the concept of the density of states to this

havior of the curves is very similar for the two states and will system. In particular, the local density of states can undergo

be qualitatively discussed in the following sections. A slightgiyong variations, due to the aperiodicity introduced. Despite

difference in the maximum and minimum ratios can be 0byhe \ajidity of these considerations, the data reported above

served and, if significative, can actually be explained only bydistinctively show that a strong remembrance of the crystal-

assuming that the sputtering pro_bablllty' Into a p""rt'(:l“'l""rline structure is still observable in the sputtering process.
level is related to the electronic configuration and to If we consider the typical developing time of the colli-

direction-dependent properties of the matter. . . . .
P prop sional cascaddpicoseconds and the time difference be-

The mARLOWE®® program[based on the binary collision i th ectile incid d th - f the first
approximation(BCA)] was used to simulate collision events Ween the projeclile inciaence an € emission of the nrs

in a crystalline medium for different incidence azimuthal sputtered particle€0.1 ps, it follows that the sputtered par-

angles. Results are shown in Fig. 9 together with the experit-'CleS are emitted before the ordered structure becomes amor-

mental data corresponding to the initial stae3Ds. As phous. In this cases, the emitted particles interact with a

seen in Fig. 9, the agreement between the experimental da%gu(cature that has not yet been strongly altered by the cas-

and the computer simulation is rather good. cade. . . . o
P 9 The aim of the present work is to find qualitatively an

explanation for the origin of excited sputtered atoms. Thus,
applying to the sputtering site physical properties, such as
the density of states, which are rigorously valid only for a
We have hence observed that directionality effects in therystalline structure must be done with care.
sputtering yield show up and the characteristic trend ob- Within the aim to identify effects that can be related to the
served is also reproduced byarLOWE.2® Concerning this  original electronic configuration of the crystal, we measured
method, we should notice that the binary collision approxi-also the emission velocities for atoms detected in different
mation is a method that describes the trajectories of movingpw-lying metastable states. The velocity distributions corre-
particles within a crystalline structure, by implementing sponding to the ground and low-lying metastable states are
atom-atom collisions. The good agreement between expershown in Figs. 10 and 11. It can be seen that when the ion
mental points and simulated curves is hence, by itself, prodincidence is close to a crystallographic open direction, for
of the predominant role of elastic processes during the casnstance, alon110] (corresponding to an azimuthal, angle
cade. However, we see only the final result of cascade andf 0° in Figs. 8—1] and [111] (corresponding to an azi-
emission; for instance, the slight difference between thenuthal angle of+45° in Figs. 8—1}, particles show in gen-
trend shown by the ground state and the excite?D, state  eral higher emission energies than when the incidence is
can only be explained, in this context, by making the hypoth-aligned with close-packed crystallographic orientati¢ot-
esis that mechanisms other than the elastic collisions deesponding to an azimuthal angle ©f30° in Figs. 8—11
scribed by the BCA come into play, presumably during the According to the model outlined in the present paper, we
emission process. This inelastic energy mechanism couldxpect to observe in the velocity distributions deviations
hence favor the tunneling in a specific configuration, relatedrom the Sigmund-Thompson distribution in the case in
to the corresponding density of states. which inelastic processes take place. For this reason, the dis-
The strong dependence of the yield from the incidencdributions were fitted with the simulation program based on
direction and the state-specific trends have additional mearthe Sigmund-Thompson distribution and the best-fitting val-
ing. It has often been argued that, after the projectile inci-ues for the binding energy compared with the expected value
dence, the sputtering site should be described as an amarf 4.2 eV (heat of sublimation Furthermore, these values
phous rather than as a crystalline ordered structure. Duringiere compared for the same state and for the case in which a

B. Emission kinetic energy from N{100]
and from Ni polycrystal
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VIIl. CONCLUSIONS

In the present work, results concerning the emission of
neutral atoms in different low-lying metastable states have
been presented. In particular, we have focused attention on
the population partition and emission velocities of atoms de-

tected, 2-4 mm away from the emission spot, in different
. f 7N N electronic states. The influence of adsorbates, crystallo-
a % hd graphic direction, and target temperature on the emission ve-
locity and on the energetic spectrum of emitted neutral were
a crucial point in the discussion above.

FIG. 11. Velocity distributions of sputtered Ni atoms in the The motlva}tlon of t'he.preS(.ent WO.I’k is the deS|re to |der.1-
a ®D, metastable state for a clean Ni surface for various azimuthalify @nd describe qualitatively inelastic processes involved in
angles of the ion beam incidence. The signals are normalized to orf@€ sputtering, such as an energy transfer mechanism that
in the maxima of the distributions. The inset shows the azimuthafould explain the astonishingly high amount of atoms emit-
angles for which the velocity spectra have been talee also Fig. ted in excited states. The measurements realized were aimed
9). at identifying the cases in which inelastic mechanisms have

been involved. A model, originally suggested by Veje, where
polycrystalline target and a single crystal at different inci-an electron tunneling process can take place between an
dence were used. This comparison is schematically summamitted ionic core and the solid has been used as the basis to

0.8

0.6

0.4

normalized Ni flux ®(v)

Ni particle velocity (km/s)

rized in Fig. 12. explain the data.
For this purpose the energy spectrum of emitted atoms

7 was compared with results obtained with a simulation model
> 6 that assumes exclusively collisional processes. Inelastic pro-
= ° Sitie Erostai 1150 cesses were identified by deviations of the data from these
5 ° [Single Gryat=ll100] | fits. This picture relies strongly on the hypothesis that a re-
W s o é ot > lation between surface and solid properties, such as the den-
£, A N sity of states, and the efficiency of inelastic transfer energy
& 2 exists.
227 Ayeseine)  ©
K Polycrystallline
5 1 3
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