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Above-surface potential sputtering of protons by highly charged ions
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Institute of Physics, University of Tokyo, Komaba, Tokyo 153, Japan
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We present a description for potential-energy-induced sputtering of protons by slow, highly charged ions in
front of insulator surfaces, based on the classical over-barrier model. Proton emission results from the localized
Coulomb explosion after breaking the covalent C-H bond in hydrocarbons at the surface. The model describes
the very steep dependence on the projectile charg@*—Q®) for moderately high charge staté®<10), in
agreement with the experiment. It furthermore predicts the saturation dD thependence for even higher
charge state$S1050-29476)06510-9

PACS numbd(s): 34.50.Dy

[. INTRODUCTION Furthermore, the yield of neutral particles was found to be
proportional to the potential energy of the incident ia@m
The impact of a charged particle with a surface leads t@pproximately proportional t®?). These observations were
the emission of secondary ions and neutral particles from thimterpreted in terms of multiple electronic defect production
surface. Two basic mechanisms for sputtering of target at¢‘color centers”) induced by sequential resonant charge
oms can be distinguished: “kinetic” sputtering, which re- transfer to the projectile in close analogy to electron and
sults from the transfer of kinetic energy from the projectile tophoton stimulated desorptigESD and PSIP[11,17. At the
target atoms in the surface in a binary collision sequencesame time, a very small component of ionized sputtered par-
and “potential” sputtering, which results from the dissipa- ticles was identified, the yield of which displayed a stronger
tion of the potential energy carried into the collision by the 3 gependence. The latter could possibly be interpreted in

projectile and the subsequent conversion into the kinetic €Ny rms of a Coulomb explosion, however, as a subdominant
ergy of target atoms. For the surface interaction inVOIVingprocess.

very slow highly charged ions, available from electron cy-" gy,gieg of sputtering of protons originating from impuri-

]E:Iotron resonance and elec'gron peam lon sources, with SUies or the deposition of hydrocarbons at the surface display
aces, the second mechanism is generally believed to bgremarkably stron@ dependence, ranging fromQ? in the
dominant. Kineti tteri img5.8] to ~Q5—Q° in th
Pioneering experimental studies of the char@@ (lepen- INEtic _Sputienng regime,of 1o Q"-Q” in the pure
dence of the secondary-ion yield were performed by Arifovpptentlal-energy regimgl3,14. Equally remarkable IS t'he
et al. [1] and Bitenskii, Murakhmetov, and Parifig]. They h!gh absolute y_leld c_Jf the order _of one proton per incident
found the yield to display a significant charg®)( depen-  Nighly charged ion witlQ=20, which surpasses Cor_r+esp0nd-
dence for nonmetals in contrast to metals. An intriguingi"d Yields of other ionized fragmente.g., F or Li* for
Coulomb explosion model to explain these findings was putiF) by orders of magnitude. The extreme sensitivity of the
forth by Parilis[3]. According to this model, multiple charge Proton sputtering to the charge state of the projectile could
transfer to the projectile leads to a strong local charging obe of importance for surface diagnostics of “reali.e.,
the impact region. As “rushing in” of the screening charge dirty) surfaces for technological applicatiofs3, 14 as well
and reneutralization is suppressed in insulators, ionized tags for organic and biological materials since this sputtering
get atoms are ejected due to the mutual Coulomb repulsiormechanism appears to be rather insensitive to specific prop-
This model has been used to fit several more recent experérties of the insulator surface.
mental datd4—8], most of them taken in an energy regime In the following, we present a simple model analyzing
where kinetic sputtering significantly contributes. sputtering of protons from an insulator surface consisting of
Very recent measurements at low energies performed oa deposited layer of hydrocarbons of sufficient thickness
LiF as a prototype insulator have sharpened and, to somsuch that the properties of the substrate are not important.
extent, modified this picturg9,10]: It was found that the The model employs the classical over-barrier model for reso-
overwhelming fraction of sputtered particles is neutral rathenant neutralization of highly charged iofiE5,16. It can be
than charged, thereby ruling out the Coulomb explosion asiewed as a variant of the Coulomb explosion model, which
the dominant mechanism. The dominance of neutral particlefocuses, however, on the above-surface Coulomb interaction
has been previously observed also for semicondudiks of the highly charged ion rather than its energy deposition in
the surface. As there are no detailed data available on the
properties of these surfaces, we aim here at a semiquantita-
*Permanent address: Department of Physics, University of Tentive description and focus on the exploration of the surpris-
nessee, Knoxville, Tennessee 37996-1200 and Oak Ridge Nationiigly strong and heretofore unexplain@ddependence in the
Laboratory, Oak Ridge, TN 37831-6377. potential sputtering regime.
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Il. THEORY is sufficient for the proton to escape from the surface, while

The theoretical description of proton sputtering is base he projectile is_ .stiII above or near the surface. It is under-

on the following experimental observatiofs,17]: tood that additional sputtering events may res_ult from the
T second stage of the neutralization and relaxation process.

ndependent of e Substrato a5 long a6 the surface 5 cover§jS,|2UET 13 expected, however, to result in a weaer
P 9 | pendence and smaller absolute yields and will not be con-

by a few monolayers of hydrocarbons. The approximate St0%idered in the following.

ichiometric composition for deposited hydrocarbons is typi- Within this framework, proton sputtering requires the
cally CyHa, for large molecules. breaking of the covalent bond between two neighboring C

nor(m?%;rrfa?\r/]v?t?édl:ngglz]l%f ssu;tf?erfioﬁrrgg%sn'tht'ﬁglyand H atoms due to resonant charge transfer of two electrons
P K to the projectile leaving behind a'Cand a H ion. In addi-

projected d|str|but|qn for the _angular_ d|str|bqt|on relative to tion, the ionic charge state of the sputter fragments must be
surface normal. This energy is consistent with the Coulomb

explosion enerav after breaking of the covalert-8 bond maintained for a characteristic correlation timesuch that
P gy 9 dissociation occurs. The latter is determined by the require-
between the C and H atoms,

ment that the gain in kinetic energy is sufficient to overcome
E.~1/d (1) the surface binding energy. Furthermonemust_be suffi-

k o ciently long such that the proton escapes to distances from
éhe surface where reneutralization becomes unlikely. Ac-

wheredy=2 a.u. is the bond length prior to breakup. Becaus ; ) ) o
cordingly, we determine the sputtering rate per unit time as

of the asymmetric mass rat@g,<uc, almost all of the Cou-
lomb explosion energy is carried away by the proton. Con-
sequently, proton sputtering after covalent bond breaking is a
comparatively fast, energetic process compared to the emis-
sion of heavier ions from a charged-up lattice, which may

explain in part its high efficiency. whereN,, is the number of H atoms in the surface area with

(c) The observedQ dependence is largely uncorrelated radius p situated “below” the HCI from which resonant
with the potential energy. For example, the gap in potentiabver-barrier charge transfer to the projectile is possileis
energy betwee®=8 and 9 of AP" projectiles, where the 4 geometric constant that determines the fraction of dissoci-
first L-shell hole appears-400 eV), is not at all mirrored in  ating protons emitted into vacuum. Only if the direction of
a jump in the proton yield. This finding strongly argues for athe C-H bond is such that the ‘Hion escapes towards the
mechanism that involves directly the effect of the strongyacuum does proton sputtering take plaBgC™ H t,7) de-
Coulomb field of the projectile far away from equilibration notes the two-particle autocorrelation function for the forma-
as opposed to an energy dissipation and equilibration prajon of ion pairs of C and H'. This correlation function
cess. describes the probability for finding at timiéon pairs of C"

The currently accepted scenario for neutralization Ofand H" be|onging to the same bond and whose Charge states
highly charged ions involves two staggk6,18. The first remain frozen at time+7 (i.e., correlated to their initial
stage consists of the formation of hollow atoms above the/alues at a time) during the correlation time. The sputter-
surface by multiple resonant over-barrier charge transfeling process is governed by two disparate time scates,

The buildup of this diffuse charge cloud provides transientyheret, is the effective interaction time between the HCI
screening and determines the energy gain due to image agnd the surface layer

celeration. The above surface interaction time is insufficient

K1 + gt
yH:T NHSZ(C vH !th)! (2)

for a significant relaxation of potential energy. As the pro- 2./QG
jectile reaches the surface this diffuse charge cloud is re- t,=R./v, = , ©)
placed(“peeled off’) by a more compact screening cloud Wo

having the size of the bulk screening lengdft®] (second-
generation hollow atojn which is formed by quasiresonant with R, the critical distance from the surface where over-
and Auger capture into the and/orM shell[20,21]. Only in  barrier charge-transfer processes set in. A detailed determi-
this second stage does energy dissipation mostly by Augdration of the correction factd® that accounts for the surface
decay lead to the relaxation to the ground state. The validitglielectric constants near insulator surfaces is given in Ref.
of this scenario for insulators is currently under intense in{25]. For the following discussion it is sufficient to note that
vestigation[22—24. Initial theoretical simulations for multi- G=1, which we will use for surfaces with hydrocarbon de-
ply charged ions interaction with a Li25] surface indicate posits. In the potential-energy sputtering regimeis typi-
that the hollow-atom formation above the surface takesally of the order ofv, =5x10 2 delimited by both the ini-
place, however, with a significantly reduced charge transfetial impact velocity and the additional image acceleration for
rate and a corresponding slower buildup of the diffuse charggery slow, highly charged ions. Note that this acceleration
cloud. can be partially compensated by the deceleration of the ion
It is intuitively clear that a stron@) dependence of the due to the repulsive interaction with the charged-up surface
proton sputtering yield originates most likely from the Cou-[25]. We therefore treat in the following, to be a charge-
lomb interaction between hydrocarbons and the highlyindependent constant. The interaction time is of the order of
charged ions in the above-surface phase prior to the forma;=\/Qx 10° for a typical ionization potentiajwork func-
tion of the compact screening cloud. Moreover, because dion) W=0.4 a.u., whiler can be estimated to be of the order
the light mass of the proton, the dissociation endigy. (1)] =300 a.u., as discussed below.
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We approximate now the two-particle correlation functionwith its order of magnitude delimited by the nearest-

by the product of single-particle correlation functions neighbor hopping matrix elemeftr, equivalently, the width
of a narrow bangr,<10"1.
S,(CT, HY t,7)=K,S(C*t,71)S(H* t,7), (4) The modification of the reneutralization rate due to the

presence of a highly charged ion can be easily estimated
whereS(x",t,7) (x=C or H) denotes the single-particle au- from the over-barrier model. Because the ionized surface
tocorrelation function for the& ion describing the probability atom and the highly charged ion form a single, quasimolecu-
for remaining ionized during the time interval thereby ne- lar potential well, the electron transferred from nearby atoms
glecting pair-correlation beyond the geometric correlationis shared by the phase space of the surface atom and the
K, gives the geometric probability that the"@nd H" ions  projectile. Following similar considerations for ion-atom col-

belong to the same pair and is therefore given by lisions[28], we use
Ko=dg/p?. (5) _ To¥)
2 0 r(x,t) mﬁm, 9

In our numerical results, only the product of the constants I :
K =K,K, will enter. The autocorrelation functio®(x*,t,7) wheren, denotes the principal actidguantum numbgrof

can now be determined from the coupled rate equations fotrhe projectile level, in resonance with the target, which is

the time-dependent probabilitiggx " ,t) for each constitu- given bynp(t):q(t)/\/ﬁv In terms of th_e t|me-de_pendent
ent (x=C,H), chargeq(t) with q(t=0)=Q. Slncenp(t)'|s gpproxma?ely
proportional toQ for large Q, reneutralization of ionized

d surface atoms to be sputtered is strongly suppressed as the

— p(xT 1) =w(x,t)p(x,t) = r(x,t)p(x*,t), charge flow is diverted to the projectile.

dt The numerical solution of Eq6) gives the single-particle

(6)  probability for ionizationp(x,t). Using the fact that<t, ,
. the single-particle autocorrelation function for ionization can
gt PO =T HPXT, 1) =We(X,D)P(X,1), be approximated in terms of a Poisson process, i.e.,

+ _ +

with O<ts<t, and initial conditions p(x,0)=1 and S =p Dexd — T (XU (10
p(x*,0)=0. In Eq.(6), w(x,t) determines the rate for elec- In Eq. (10) the probability for finding species ionized at
tron capture by the highly charged ion, which can be estitime t is given byp(x",t). The probability that it remains
mated from the classical over-barrier model, whildenotes ionized during the intervalt,t+7) is accounted for by the
the reneutralization rate due to charge transfer from neighexponential factor~exp[— 7r(x,t)], thereby assuming that
boring target atoms. In E¢6) we have omitted for simplic- the ratesw, andr show little variation during the correlation
ity terms describing the net loss due to sputtering since in théme 7. Finally, the sputter yield induced by a highly charged
present case the total sputtering probability per surface atorion above the surface follows from Eq®), (3), and(7) as
remains small.

Our estimate fow, relies on the observation that for met- Y(H")= NuK ftldt S(H* t,7)S(C*,t,7)
als the staircase model of stepwise neutralization describes T Jo w w
the charge state evolution reasonably 28,27 Its valid-
ity for insulators is still under investigatidr22—25. We use

NpK [t
- fldt P(H",0P(C*.1)
0

we(t)=c,

Q (R(1)
ZULR_C ol 7 xexf — 7(r (H,t)+r(C,t))]. (1D

wherew is the total capture rate and IIl. NUMERICAL RESULTS AND DISCUSSION

we(X,t) = fLw(t), (8 Obviously, the theoretical description presented in the
preceding section depends on a number of poorly known

wheref, is the stoichiometric fraction of the speciesWe  parameters whose judicious choice is a prerequisite for the
note that the differences in the ionization potentials can alsoodel to have predictive power, even on a semiquantitative
be included inf, sincew, is proportional toWw?. The pref- level. The “hot” surface area from which charge electron
actor ¢, takes into account the fact that the experimentalcapture to the projectile takes place is given within the over-
[20,22 and theoretical evidence from simulatioi5] sug-  barrier model by a disk with radius @&5 a.u. It should be
gests that the capture rates from insulator surfaces are reoted that within the classical over-barrier model this size is
duced compared to a metal. Numerical values will be dis-only weakly dependent 0@, i.e., the strondQ dependence
cussed below. The estimate for the reneutralization rate in ais not due to an effective increase of the number of available
insulator is more difficult. Clearlyr, is expected to be con- hydrogen atoms. Assuming a deposition density of hydrocar-
siderably smaller than the characteristic screening rate in bons of =0.1 C—H pairs per unit areén a.u), Ny~16.
metal(of the order of the plasmon frequeney0.5). We will Simulations for proton emission as a function of the launch-
use the neutralization rate in the absence of the perturbatidang angled relative to the surface normal, as determined by
by the highly charged iom, as a free parameter, however, the initial C-H bond orientation, indicate that the protons can
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FIG. 1. lonization probability of hydrogep(H" ,R/R.) as a
function of the scaled distand® R, from the surface of the highly
charged ion with the initial charge stat€=25 and 3(c,;=0.2,
ro=>0.09. Solid line, numerical solution of Eq6); dashed line,
equilibrium solution of Eq(6) assuming instantaneous equilibrium
at a given distanc®.

escape only for intermediate launching and@s°< #<55°).
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FIG. 2. Typical charge stat® dependence of the proton sput-
tering yieldY(H™) from a hydrocarbon surface for different param-
eters(c,;=0.2,ry=0.05 andc,=0.1,r,=0.008 (see the text Ex-
perimental data®, Ar?" at 500 eV;O, Ar9" 4.8 keV[17].

ro=0.05, ¢,=0.2. The equilibrium ionization probability
Peg= @/ (wc+T1) is defined throughip/dt=0 in Eq.(6). As
the projectile reaches the critical distariRgfor over-barrier
charge transfefR/R.=1), p(H™) rises from zero toward the

For smaller angles, scattering at the projectile reflects thequilibrium ionization. We observe characteristic changes as
proton back to the surface. At large angles, the combined function of Q. For small Q the equilibrium is rapidly
fields of the projectile image and of the local charge-up ofreached as the ion approaches the surf&€R,), but the

the surface lead to trajectories with long dwell times near theequilibrium lies at low levels of ionization, i.e., the over-

surface, which favors reneutralization. The constaptcan
therefore be estimated asK;=0.125. Accordingly,
K=K;K,=2x10" 2. BothK; andK, may contain weak de-
pendences o, which we will neglect in the following. All
multiplicative constants entering E@.1) do not carry anyQ
dependence.

Due to the exponential dependence of Efjl) on the
correlation timer, the absolute yield depends strongly an
We have determined by solving the equation of motion for
the C"-H™ Coulomb explosion, requiring that the kinetic en-
ergy exceed typical molecular binding energi@s;~0.1

whelming fraction of surface atoms in the hot surface are
neutral. By contrast, for highly charged ions the ionization
equilibrium is dramatically shifted toward ionization of sur-
face atoms. However, this equilibrium is only slowly reached
at smallerR. At small distances the charge state of the pro-
jectile is reduced by hollow-atom formation, thereby reduc-
ing the equilibrium ionization probability. Th€ depen-
dence of the ionization dynamics considerably influences the
Q dependence of (H").

The sputtering yield’ as a function of the charge stafe
of a structureless projectile for two different sets of param-

a.u) and that the distance exceeds the critical distance foeters(c,=0.2,r,=0.05 andc,=0.1,r,=0.008 is displayed

over-barrier recapturéften referred to as freezing distafce
=4 a.u. and find=200 a.u. We allow the ionization poten-

in Fig. 2. For a wide range of values of the parametgand
¢, consistent with the limits discussed above, we find a re-

tials for the first and second electron of the C-H bond to bemarkably steep increase wit). For smallQ=10, the in-

different and choos&V,=0.37 a.u. andV,=0.55 a.u. Be-
cause of the symmetry of the expression Bd) in H™ and
C* we can associaté/; with H* and W, with C* (or vice
versa without loss of generality.

The resultingQ dependence is primarily influenced by the
choice ofry andc, . Values ofc,<1 have been founf5] in
over-barrier simulations for insulato(kiF). We have varied
ro between 0.008=3.3x10" sec'!) and 0.05(=2x10"

crease is consistent with a power |&¢ (4<3<6), in agree-
ment with experimental da{d 3,14). Moreover, the order of
magnitude of the absolute sputtering yield is reasonably well
reproduced, given the uncertainties in the parameter values.
The present model not only reproduces the major trends in
available data but also predicts weakening of @elepen-
dence of the sputtering yield with a further increaseQof
This onset of saturation is not only due to the exhaustion of

sec 1), which are comparable to rates used in the Coulomhhe supply of hydrogen in the hot area. In fact, the number of

explosion mode[7] and are also of the order of typical Au-
ger neutralization rates. We note that, according to (Bg.

sputtered protons remains relatively small compared to the
number of available H atoms. The predicted wé€aklepen-

p(x,t) displays, over a limited range, an approximate scalinglence aQ—x is primarily due to the delayed approach of
in ro/c, so that the extrapolation of the results to other padonization equilibrium as a function dR. Equilibration be-

rameters is possible.

comes increasingly difficult to establish within the limited

Figure 1 shows the approach of the ionization probabilityabove-surface interaction time as the latter is intrinsically
p(H*) toward ionization equilibrium as a function of the limited by the image acceleration of the projec{is,29.

scaled distanc&/R; from the solid forQ=3 and 25 and

Our present results may also shed some light on related
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experiments of sputtering of ions from LiF surfaces in the IV. CONCLUSION
potential-energy regimg9,10]. Yields of F and Li" also

display a strong) dependencé~Q¥”, B~3), however, with In conclusion, we have presented a simple theoretical

absolute yields orders of magnitude below the ones fogamgwork for the Qescription of proton sputterin_g induced
Y(H") in the potential sputtering regime while exhibiting PY Nighly charged ions above the surface. We find a steep
different impact velocity dependences in the kinetic regimeise of the yield as a function of the charge state, in agree-
In view of Eq. (11), these findings can be at least qualita- Ment with experiments, which is predicted to saturate for
tively explained. The Coulomb repulsion resulting from thelarge Q. We stress that the total sputtering yield will also
ionic cage of an alkali-halide crystal is weaker than the one&sontain a contribution from at or below the surface. The
resulting from a broken covalent bond because the largdgtter is, however, expected to have a much wegkelepen-
atomic separation and because the forces exerted by the iorfience. A comparison with experiments with better character-
cage are largely directed in the surface plane rather thatzed surfaces for which a microscopic determination of rel-
along the surface normal. Since, furthermore, the mass of thevant parameters is feasible would be very desirable.
sputtered particle is much larger, this translates into a con-

siderably larger dissociatiofor correlation time 7 resulting

in an exponential suppression of the ionic sputtering yield. In ACKNOWLEDGMENTS
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