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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 charge~;Q4–Q6! for moderately high charge states~Q&10!, in
agreement with the experiment. It furthermore predicts the saturation of theQ dependence for even higher
charge states.@S1050-2947~96!06510-9#

PACS number~s!: 34.50.Dy

I. INTRODUCTION

The impact of a charged particle with a surface leads to
the emission of secondary ions and neutral particles from the
surface. Two basic mechanisms for sputtering of target at-
oms can be distinguished: ‘‘kinetic’’ sputtering, which re-
sults from the transfer of kinetic energy from the projectile to
target atoms in the surface in a binary collision sequence,
and ‘‘potential’’ sputtering, which results from the dissipa-
tion of the potential energy carried into the collision by the
projectile and the subsequent conversion into the kinetic en-
ergy of target atoms. For the surface interaction involving
very slow highly charged ions, available from electron cy-
clotron resonance and electron beam ion sources, with sur-
faces, the second mechanism is generally believed to be
dominant.

Pioneering experimental studies of the charge (Q) depen-
dence of the secondary-ion yield were performed by Arifov
et al. @1# and Bitenskii, Murakhmetov, and Parilis@2#. They
found the yield to display a significant charge (Q) depen-
dence for nonmetals in contrast to metals. An intriguing
Coulomb explosion model to explain these findings was put
forth by Parilis@3#. According to this model, multiple charge
transfer to the projectile leads to a strong local charging of
the impact region. As ‘‘rushing in’’ of the screening charge
and reneutralization is suppressed in insulators, ionized tar-
get atoms are ejected due to the mutual Coulomb repulsion.
This model has been used to fit several more recent experi-
mental data@4–8#, most of them taken in an energy regime
where kinetic sputtering significantly contributes.

Very recent measurements at low energies performed on
LiF as a prototype insulator have sharpened and, to some
extent, modified this picture@9,10#: It was found that the
overwhelming fraction of sputtered particles is neutral rather
than charged, thereby ruling out the Coulomb explosion as
the dominant mechanism. The dominance of neutral particles
has been previously observed also for semiconductors@4#.

Furthermore, the yield of neutral particles was found to be
proportional to the potential energy of the incident ion~or
approximately proportional toQ2!. These observations were
interpreted in terms of multiple electronic defect production
~‘‘color centers’’! induced by sequential resonant charge
transfer to the projectile in close analogy to electron and
photon stimulated desorption~ESD and PSD! @11,12#. At the
same time, a very small component of ionized sputtered par-
ticles was identified, the yield of which displayed a stronger
Q dependence. The latter could possibly be interpreted in
terms of a Coulomb explosion, however, as a subdominant
process.

Studies of sputtering of protons originating from impuri-
ties or the deposition of hydrocarbons at the surface display
a remarkably strongQ dependence, ranging from;Q3 in the
kinetic sputtering regime@5,8# to ;Q5–Q6 in the pure
potential-energy regime@13,14#. Equally remarkable is the
high absolute yield of the order of one proton per incident
highly charged ion withQ.20, which surpasses correspond-
ing yields of other ionized fragments~e.g., F1 or Li1 for
LiF! by orders of magnitude. The extreme sensitivity of the
proton sputtering to the charge state of the projectile could
be of importance for surface diagnostics of ‘‘real’’~i.e.,
dirty! surfaces for technological applications@13,14# as well
as for organic and biological materials since this sputtering
mechanism appears to be rather insensitive to specific prop-
erties of the insulator surface.

In the following, we present a simple model analyzing
sputtering of protons from an insulator surface consisting of
a deposited layer of hydrocarbons of sufficient thickness
such that the properties of the substrate are not important.
The model employs the classical over-barrier model for reso-
nant neutralization of highly charged ions@15,16#. It can be
viewed as a variant of the Coulomb explosion model, which
focuses, however, on the above-surface Coulomb interaction
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-
tive description and focus on the exploration of the surpris-
ingly strong and heretofore unexplainedQ dependence in the
potential sputtering regime.

*Permanent address: Department of Physics, University of Ten-
nessee, Knoxville, Tennessee 37996-1200 and Oak Ridge National
Laboratory, Oak Ridge, TN 37831-6377.

PHYSICAL REVIEW A NOVEMBER 1996VOLUME 54, NUMBER 5

541050-2947/96/54~5!/4140~5!/$10.00 4140 © 1996 The American Physical Society



II. THEORY

The theoretical description of proton sputtering is based
on the following experimental observations@14,17#:

~a! The sputtering yield and itsQ dependence is largely
independent of the substrate as long as the surface is covered
by a few monolayers of hydrocarbons. The approximate sto-
ichiometric composition for deposited hydrocarbons is typi-
cally CnH2n for large molecules.

~b! The energy distribution of sputtered protons is highly
nonthermal with a peak atEk'10 eV after correction of the
projected distribution for the angular distribution relative to
surface normal. This energy is consistent with the Coulomb
explosion energy after breaking of the covalent C—H bond
between the C and H atoms,

Ek.1/d0 , ~1!

whered0.2 a.u. is the bond length prior to breakup. Because
of the asymmetric mass ratiomH!mC, 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.

~c! The observedQ dependence is largely uncorrelated
with the potential energy. For example, the gap in potential
energy betweenQ58 and 9 of Arq1 projectiles, where the
first L-shell hole appears~;400 eV!, is not at all mirrored in
a jump in the proton yield. This finding strongly argues for a
mechanism that involves directly the effect of the strong
Coulomb field of the projectile far away from equilibration
as opposed to an energy dissipation and equilibration pro-
cess.

The currently accepted scenario for neutralization of
highly charged ions involves two stages@16,18#. The first
stage consists of the formation of hollow atoms above the
surface by multiple resonant over-barrier charge transfer.
The buildup of this diffuse charge cloud provides transient
screening and determines the energy gain due to image ac-
celeration. The above surface interaction time is insufficient
for a significant relaxation of potential energy. As the pro-
jectile reaches the surface this diffuse charge cloud is re-
placed~‘‘peeled off’’ ! by a more compact screening cloud
having the size of the bulk screening length@19# ~second-
generation hollow atom!, which is formed by quasiresonant
and Auger capture into theL and/orM shell @20,21#. Only in
this second stage does energy dissipation mostly by Auger
decay lead to the relaxation to the ground state. The validity
of this scenario for insulators is currently under intense in-
vestigation@22–24#. Initial theoretical simulations for multi-
ply charged ions interaction with a LiF@25# surface indicate
that the hollow-atom formation above the surface takes
place, however, with a significantly reduced charge transfer
rate and a corresponding slower buildup of the diffuse charge
cloud.

It is intuitively clear that a strongQ dependence of the
proton sputtering yield originates most likely from the Cou-
lomb interaction between hydrocarbons and the highly
charged ions in the above-surface phase prior to the forma-
tion of the compact screening cloud. Moreover, because of
the light mass of the proton, the dissociation energy@Eq. ~1!#

is sufficient for the proton to escape from the surface, while
the projectile is still above or near the surface. It is under-
stood that additional sputtering events may result from the
second stage of the neutralization and relaxation process.
The latter is expected, however, to result in a weakerQ
dependence and smaller absolute yields and will not be con-
sidered in the following.

Within this framework, proton sputtering requires the
breaking of the covalent bond between two neighboring C
and H atoms due to resonant charge transfer of two electrons
to the projectile leaving behind a C1 and a H1 ion. In addi-
tion, the ionic charge state of the sputter fragments must be
maintained for a characteristic correlation timet such that
dissociation occurs. The latter is determined by the require-
ment that the gain in kinetic energy is sufficient to overcome
the surface binding energy. Furthermore,t must be suffi-
ciently long such that the proton escapes to distances from
the surface where reneutralization becomes unlikely. Ac-
cordingly, we determine the sputtering rate per unit time as

gH5
K1

t
NHS2~C

1,H1,t,t!, ~2!

whereNH is the number of H atoms in the surface area with
radius r situated ‘‘below’’ the HCI from which resonant
over-barrier charge transfer to the projectile is possible.K1 is
a geometric constant that determines the fraction of dissoci-
ating protons emitted into vacuum. Only if the direction of
the C-H bond is such that the H1 ion escapes towards the
vacuum does proton sputtering take place.S2~C

1,H1,t,t! de-
notes the two-particle autocorrelation function for the forma-
tion of ion pairs of C1 and H1. This correlation function
describes the probability for finding at timet ion pairs of C1

and H1 belonging to the same bond and whose charge states
remain frozen at timet1t ~i.e., correlated to their initial
values at a timet! during the correlation timet. The sputter-
ing process is governed by two disparate time scalest!t I ,
where t I is the effective interaction time between the HCI
and the surface layer

t I5Rc /v'.
2AQG
Wv'

, ~3!

with Rc the critical distance from the surface where over-
barrier charge-transfer processes set in. A detailed determi-
nation of the correction factorG that accounts for the surface
dielectric constants near insulator surfaces is given in Ref.
@25#. For the following discussion it is sufficient to note that
G.1, which we will use for surfaces with hydrocarbon de-
posits. In the potential-energy sputtering regimev' is typi-
cally of the order ofv'*531023 delimited by both the ini-
tial impact velocity and the additional image acceleration for
very slow, highly charged ions. Note that this acceleration
can be partially compensated by the deceleration of the ion
due to the repulsive interaction with the charged-up surface
@25#. We therefore treat in the followingv' to be a charge-
independent constant. The interaction time is of the order of
t i.AQ3103 for a typical ionization potential~work func-
tion! W.0.4 a.u., whilet can be estimated to be of the order
&300 a.u., as discussed below.
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We approximate now the two-particle correlation function
by the product of single-particle correlation functions

S2~C
1,H1,t,t!.K2S~C1,t,t!S~H1,t,t!, ~4!

whereS(x1,t,t) ~x5C or H! denotes the single-particle au-
tocorrelation function for thex ion describing the probability
for remaining ionized during the time intervalt, thereby ne-
glecting pair-correlation beyond the geometric correlation.
K2 gives the geometric probability that the C1 and H1 ions
belong to the same pair and is therefore given by

K2.d0
2/r2. ~5!

In our numerical results, only the product of the constants
K5K1K2 will enter. The autocorrelation functionS(x

1,t,t)
can now be determined from the coupled rate equations for
the time-dependent probabilitiesp(x1,t) for each constitu-
ent ~x5C,H!,

d

dt
p~x1,t !5wc~x,t !p~x,t !2r ~x,t !p~x1,t !,

~6!
d

dt
p~x,t !5r ~x,t !p~x1,t !2wc~x,t !p~x,t !,

with 0<t<t I and initial conditions p(x,0)51 and
p(x1,0)50. In Eq.~6!, wc(x,t) determines the rate for elec-
tron capture by the highly charged ion, which can be esti-
mated from the classical over-barrier model, whiler denotes
the reneutralization rate due to charge transfer from neigh-
boring target atoms. In Eq.~6! we have omitted for simplic-
ity terms describing the net loss due to sputtering since in the
present case the total sputtering probability per surface atom
remains small.

Our estimate forwc relies on the observation that for met-
als the staircase model of stepwise neutralization describes
the charge state evolution reasonably well@26,27#. Its valid-
ity for insulators is still under investigation@22–25#. We use

wc~ t !.cIF2v'

Q

Rc
SR~ t !

Rc
D G , ~7!

wherewc is the total capture rate and

wc~x,t !5 f xwc~ t !, ~8!

where f x is the stoichiometric fraction of the speciesx. We
note that the differences in the ionization potentials can also
be included inf x sincewc is proportional toW

2. The pref-
actor cI takes into account the fact that the experimental
@20,22# and theoretical evidence from simulations@25# sug-
gests that the capture rates from insulator surfaces are re-
duced compared to a metal. Numerical values will be dis-
cussed below. The estimate for the reneutralization rate in an
insulator is more difficult. Clearly,r is expected to be con-
siderably smaller than the characteristic screening rate in a
metal~of the order of the plasmon frequency.0.5!. We will
use the neutralization rate in the absence of the perturbation
by the highly charged ionr 0 as a free parameter, however,

with its order of magnitude delimited by the nearest-
neighbor hopping matrix element~or, equivalently, the width
of a narrow band! r 0&1021.

The modification of the reneutralization rate due to the
presence of a highly charged ion can be easily estimated
from the over-barrier model. Because the ionized surface
atom and the highly charged ion form a single, quasimolecu-
lar potential well, the electron transferred from nearby atoms
is shared by the phase space of the surface atom and the
projectile. Following similar considerations for ion-atom col-
lisions @28#, we use

r ~x,t !5
r 0~x!

11np
2~ t !

, ~9!

wherenp denotes the principal action~quantum number! of
the projectile level, in resonance with the target, which is
given bynp(t).q(t)/A2W in terms of the time-dependent
chargeq(t) with q(t50)5Q. Sincenp(t) is approximately
proportional toQ for large Q, reneutralization of ionized
surface atoms to be sputtered is strongly suppressed as the
charge flow is diverted to the projectile.

The numerical solution of Eq.~6! gives the single-particle
probability for ionizationp(x,t). Using the fact thatt!t I ,
the single-particle autocorrelation function for ionization can
be approximated in terms of a Poisson process, i.e.,

S~x1,t,t!5p~x1,t !exp@2tr ~x,t !#. ~10!

In Eq. ~10! the probability for finding speciesx ionized at
time t is given byp(x1,t). The probability that it remains
ionized during the interval~t,t1t! is accounted for by the
exponential factor;exp[2tr (x,t)], thereby assuming that
the ratesvc andr show little variation during the correlation
time t. Finally, the sputter yield induced by a highly charged
ion above the surface follows from Eqs.~2!, ~3!, and~7! as

Y~H1!5
NHK

t E
0

t I
dt S~H1,t,t!S~C1,t,t!

5
NHK

t E
0

t I
dt p~H1,t !p~C1,t !

3exp@2t„r ~H,t…1r „C,t !…#. ~11!

III. NUMERICAL RESULTS AND DISCUSSION

Obviously, the theoretical description presented in the
preceding section depends on a number of poorly known
parameters whose judicious choice is a prerequisite for the
model to have predictive power, even on a semiquantitative
level. The ‘‘hot’’ surface area from which charge electron
capture to the projectile takes place is given within the over-
barrier model by a disk with radius ofr.5 a.u. It should be
noted that within the classical over-barrier model this size is
only weakly dependent onQ, i.e., the strongQ dependence
is not due to an effective increase of the number of available
hydrogen atoms. Assuming a deposition density of hydrocar-
bons of.0.1 C–H pairs per unit area~in a.u.!, NH;16.
Simulations for proton emission as a function of the launch-
ing angleu relative to the surface normal, as determined by
the initial C-H bond orientation, indicate that the protons can
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escape only for intermediate launching angles~35°&u&55°!.
For smaller angles, scattering at the projectile reflects the
proton back to the surface. At large angles, the combined
fields of the projectile image and of the local charge-up of
the surface lead to trajectories with long dwell times near the
surface, which favors reneutralization. The constantK1 can
therefore be estimated asK1.0.125. Accordingly,
K5K1K2.231022. BothK1 andK2 may contain weak de-
pendences onQ, which we will neglect in the following. All
multiplicative constants entering Eq.~11! do not carry anyQ
dependence.

Due to the exponential dependence of Eq.~11! on the
correlation timet, the absolute yield depends strongly ont.
We have determinedt by solving the equation of motion for
the C1-H1 Coulomb explosion, requiring that the kinetic en-
ergy exceed typical molecular binding energies~EB;0.1
a.u.! and that the distance exceeds the critical distance for
over-barrier recapture~often referred to as freezing distance!
.4 a.u. and findt.200 a.u. We allow the ionization poten-
tials for the first and second electron of the C-H bond to be
different and chooseW150.37 a.u. andW250.55 a.u. Be-
cause of the symmetry of the expression Eq.~11! in H1 and
C1 we can associateW1 with H1 andW2 with C1 ~or vice
versa! without loss of generality.

The resultingQ dependence is primarily influenced by the
choice ofr 0 andcI . Values ofcI!1 have been found@25# in
over-barrier simulations for insulators~LiF!. We have varied
r 0 between 0.008~.3.331014 sec21! and 0.05~.231015

sec21!, which are comparable to rates used in the Coulomb
explosion model@7# and are also of the order of typical Au-
ger neutralization rates. We note that, according to Eq.~6!,
p(x,t) displays, over a limited range, an approximate scaling
in r 0/cI so that the extrapolation of the results to other pa-
rameters is possible.

Figure 1 shows the approach of the ionization probability
p~H1! toward ionization equilibrium as a function of the
scaled distanceR/Rc from the solid forQ53 and 25 and

r 050.05, cI50.2. The equilibrium ionization probability
peq5vc/(vc1r ) is defined throughdp/dt50 in Eq. ~6!. As
the projectile reaches the critical distanceRc for over-barrier
charge transfer~R/Rc51!, p~H1! rises from zero toward the
equilibrium ionization. We observe characteristic changes as
a function of Q. For smallQ the equilibrium is rapidly
reached as the ion approaches the surface (R,Rc), but the
equilibrium lies at low levels of ionization, i.e., the over-
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. TheQ depen-
dence of the ionization dynamics considerably influences the
Q dependence ofY~H1!.

The sputtering yieldY as a function of the charge stateQ
of a structureless projectile for two different sets of param-
eters~c050.2, r 050.05 andcI50.1, r 050.008! is displayed
in Fig. 2. For a wide range of values of the parametersr 0 and
cI consistent with the limits discussed above, we find a re-
markably steep increase withQ. For smallQ&10, the in-
crease is consistent with a power lawQb ~4&b&6!, in agree-
ment with experimental data@13,14#. 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 theQ depen-
dence of the sputtering yield with a further increase ofQ.
This onset of saturation is not only due to the exhaustion of
the supply of hydrogen in the hot area. In fact, the number of
sputtered protons remains relatively small compared to the
number of available H atoms. The predicted weakQ depen-
dence asQ→` is primarily due to the delayed approach of
ionization equilibrium as a function ofR. Equilibration be-
comes increasingly difficult to establish within the limited
above-surface interaction time as the latter is intrinsically
limited by the image acceleration of the projectile@26,29#.

Our present results may also shed some light on related

FIG. 1. Ionization probability of hydrogenp~H1,R/Rc! as a
function of the scaled distanceR/Rc from the surface of the highly
charged ion with the initial charge statesQ525 and 3~cI50.2,
r 050.05!. Solid line, numerical solution of Eq.~6!; dashed line,
equilibrium solution of Eq.~6! assuming instantaneous equilibrium
at a given distanceR.

FIG. 2. Typical charge stateQ dependence of the proton sput-
tering yieldY~H1! from a hydrocarbon surface for different param-
eters~cI50.2, r 050.05 andcI50.1, r 050.008! ~see the text!. Ex-
perimental data:d, Arq1 at 500 eV;s, Arq1 4.8 keV @17#.
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experiments of sputtering of ions from LiF surfaces in the
potential-energy regime@9,10#. Yields of F1 and Li1 also
display a strongQ dependence~;Qb, b'3!, however, with
absolute yields orders of magnitude below the ones for
Y~H1! in the potential sputtering regime while exhibiting
different impact velocity dependences in the kinetic regime.
In view of Eq. ~11!, these findings can be at least qualita-
tively explained. The Coulomb repulsion resulting from the
ionic cage of an alkali-halide crystal is weaker than the one
resulting from a broken covalent bond because the larger
atomic separation and because the forces exerted by the ionic
cage are largely directed in the surface plane rather than
along the surface normal. Since, furthermore, the mass of the
sputtered particle is much larger, this translates into a con-
siderably larger dissociation~or correlation! time t resulting
in an exponential suppression of the ionic sputtering yield. In
addition, recent experimental evidence@24# suggests a strong
influence of occupied electronic surface states on the neutral-
ization of projectile ions in front of alkali-halide surfaces.
The presence of weakly bound surface electrons would in-
crease the reneutralization ratesr 0 compared to the estimate
for insulators and further reduce the sputter yield of ionized
fragments.

IV. CONCLUSION

In conclusion, we have presented a simple theoretical
framework for the description of proton sputtering induced
by highly charged ions above the surface. We find a steep
rise of the yield as a function of the charge state, in agree-
ment with experiments, which is predicted to saturate for
largeQ. We stress that the total sputtering yield will also
contain a contribution from at or below the surface. The
latter is, however, expected to have a much weakerQ depen-
dence. A comparison with experiments with better character-
ized surfaces for which a microscopic determination of rel-
evant parameters is feasible would be very desirable.
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