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Surface trapping during hyperthermal energy scattering
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We present the results of a detailed investigation of surface trapping during the scattering of hyperthermal
(=600 eV) energy ions from metallic surfaces. Recent experiments have revealed that trends in surface
trapping probabilities are highly dependent on factors such as incident ion energy, species, and angle. By
comparing the results of classical trajectory simulations to experimental data, we show thatféoe cor-
rugation seen by the incident ions plays a key role in determining surface trapping trends for ions incident at
hyperthermal energies.

[. INTRODUCTION creased continuously with increasing energy, which qualita-
tively agrees with the observations made by Goods&tin
The fate of a hyperthermal energy ion scattering from aal.>* for Na" incident on C¢001). Furthermore, Hurkmans
metallic surface is determined by many factors, including theand co-workers found that the trapping probability was
incident ion energy and species, the surface structure argmaller for more grazing incidence scattering geometries.
composition, and the incident angle. If an incident ion losediowever, the energy range of the measurements performed
sufficient energy during inelastic collisions with surface at-by Hurkmanset al. is significantly lower 20 eV) than
oms it may become trapped in the attractive potential well athat used in either the Naor 0" measurements discussed in
the surface. Alternatively, the incident ion may become im-this paper:* Finally, there have also been a number of mea-
planted below the top layer of surface atoms or simply scatSurements of subsurface implantation during the scattering of

ter from the surface, retaining some fraction of its initial nc_)ble—g?s iorls. For efample, the bombardment of grg\phite
energy with He™, Ne™, and Ar" has been studied by Martaat al.

. . 110
There have been a series of recent measurements of tﬁé'.r:jc'd?nt ene_rg|efs froT()l? t(E)SO1050\3vsaggebx£)?:-alésaatﬁoms
trapping probabilities for alkali and reactive ions scatteringmCI ent energies from 0 ev. Sl 9

from metallic surfaces The focus of the work presented do not trap on the surface at room temperature, these studies
. ' P . focused on measuring the energy dependence of subsurface
here is to compare these measurements to results obtain

. lassical trai imulati | icul plantation. It was found that subsurface implantation in-
using classical trajectory simulations. In particular, we com-, 4564 as the incident ion energy was increased, which is in

pare the measured trapping probabilities of hyperthermal ereneral agreement with the results discussed here. For a
ergy O' and Na ions scattering from Q001) to classical  mgre complete survey of previous trapping measurements at
trajectory simulation results. The aim of this work is to 0b- hyperthermal energies, see Ref. 11. In addition, there is a
tain a detailed, microscopic understanding of the factors thadjgnificant body of literature that addresses surface trapping
determine whether or not an incident ion becomes trappeglt thermal energies. For a comprehensive review see Ref. 12
above the top layer of surface atoms. Ultimately, we showand references therein.
that although the trends in the trapping probabilities 6f O In this work, an ion is considered trapped at the surface if
and N& are very different, the measured and calculatedts final location is above the top layer of surface atoms. The
trends can be easily understood by consideringstindace  probability of this occurring will be referred to as the surface
corrugationseen by the incident ions. trapping probability,P5. We distinguish amondPs, the
There are few previous measurements of trapping probsubsurface trapping probabilitPss, (also referred to as im-
abilities for reactive species scattering from metallic surfaceglantation, and the total trapping probability2, which is
in the hyperthermal energy regiméKanget al® measured the combined probability of trapping on the surface and sub-
the trapping probability of 5-300 eV Q C*, and CO  surface Pt=Pgs+ PgJ. At low incident ion energies, where
incident on N{111) along the surface normal, using Auger most of the trapped atoms are expected to be on the surface,
electron spectroscopy. The results obtained in their study arég and P are equivalent. In general, it is expected tRat
similar to those obtained in our recent wdrfqr O incident  will decrease as the incident ion energy is increased since it
on CU001) along the surface normal. However, in our mea-becomes more difficult for the incident ions to lose sufficient
surements the angular dependence of the trapping probabilignergy to become surface-trapped. On the other HRgglis
has also been investigated. In contrast, there have been saxpected to increase with increasing incident ion energy
eral investigations of the trapping of hyperthermal energysince the ions have more energy to penetrate below the sur-
alkali ions at metallic surfaces"”®Hurkmanset al.”® have  face. Thus, as the incident ion energy is increasdgand
measured the trapping probabilities forNand K" incident P will diverge. The exact trends iRg and P will be com-
on W(110 at energies below 20 eV and for a range of inci- plex functions of factors such as the interaction potential and
dent angles from 10° to 70°, measured from the surfacéhe incident angle. As will be seen, these parameters also
normal. It was observed that the trapping probability de-determine the surface corrugation.
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The classical trajectory simulation cddeused in this elsewheré/*®Only the features relevant to the present work
study to identify the factors that determiRg andP+ for the  are summarized here, with greater emphasis given to the
Na® and O" systems has been applied previously to a widemore recent oxygen measurement.
variety of scattering data and to the trapping measurements The O' ions were extracted from a Colutron ion source
for the Na-Cu systemi.It was possible to make predictions using a source gas mixture of 15%-685% Ne, which was
about trapping probabilities for the Na-Cu system using traenriched with pure @when it was necessary to increase the
jectory simulations because a well-known interaction poten©O* ion yield. The solid state source for producing Na
tial was available. The Na-Cu interaction potential used inbeams is described in Ref. 20.
the simulations has been thoroughly tested by comparison of The Cy001) single crystal was prepared by standard sput-
the simulation results to scattered energy and angular distrter and anneal cycles. Surface cleanliness and long-range or-
butions for 10-400 eV Na incident on C001) and der were monitored using Auger electron spectroscopy
Cu(110.141-1%pye to the success of this interaction poten-(AES) and low-energy electron diffractiofl EED), respec-
tial in reproducing such a broad array of measurements, wively. The base pressure wa30 ! Torr and operating
consider the Na-Cu system to bemedelsystem for com-  pressures were belowx210 1° Torr. All beam depositions
parison to the O-Cu system. Before the trajectory simulatiorwere performed with the sample at 100° C.
could be used to model trapping probabilities in the O-Cu Prior to each beam deposition, the incident ion beams
system, it was necessary to calculate an O-Cu interactiowere focused into the 1 mm entrance aperture of a Faraday
potential, the results of which are presented here. It will becup located directly below the sample. Each trapping mea-
seen that by using this potential in the simulation, we carsurement was then performed by exposing the(0OGl)
qualitatively reproduce the O data. Typically, scattered ionsample to the Na or O beam, incident along {460y azi-
distributions are used to test calculated ion-surface interagnuth, for a well-defined amount of time, In the low-
tion potentials. However, in some systems, such as the O-Ceoverage limit, the resulting spatial distribution on the
system, obtaining scattered spectra is experimentally chakample is given by
lenging, and it is important to find an alternative way to test
interaction potentials. An important result of this study is
that it demonstrates that trapping measurements can provide
a sensitive test of hyperthermal energy ion-surface interac-

tion potentials. The macroscopic surface coordinate, was measured
The organization of this paper is as follows. In Sec. Il wefrom the center of the profile on the sam.and 6, are the
describe the experimental apparatus used to acquire both thi&ident beam energy and angimeasured from the surface
O (Refs. 1 and Pand Na(Refs. 3 and #data. In Sec. lllwe  normal, andj(r) is the incident ion current density. Cross-
present the experimental results from Refs. 1-4. The classkectional profiles of the incident beam currents were mea-
cal trajectory simulation code is described in Sec. IV. In SeC5ured by Samp"ng the current in the Faraday cup at many
IV A, the details of the calculation of the O-Cu interaction positions over a uniform gndj_(r) was obtained from the
potential are presented, while the results of the simulation fOfneasured beam current using a numerical deconvolution pro-
Ps andP+ for the O-Cu and Na-Cu systems are presented itedure with Wiener optimized filtering to remove the effect
Sec. IV B. The sensitivity of the trapping to variation of the of the finite size of the Faraday cup aperture. The deconvo-
parameters in the interaction potential is given in Sec. IV Cjytion procedure was necessary since the width of the inci-
FinaIIy, the failure of an alternative interaction potential, thedent ion beam was rough|y the same as the size of the Far-
ZiegIer—Biersack—LittmarI(ZBL) interaction potential, to re- aday cup aperture. Typ|ca| beams were rough]y Gaussian in
produce either the O or the Na results is illustrated in SecCshape with~0.5 mm half-width€=22Oncej(r) had been
IV D. In the diSCUSSiO.n SeCtion, Sec. V, we show ﬁrSt, SeCevajuated, it was necessary to meagal(e,t) to determine
VA, that the mass difference between Na and O does naghe trapping probability using Eql). For incident Na and O

explain the differences observed or calculated in the trappingeams @ (r,t) was determined using two different methods,
trends. In Sec. V B, we show that it is necessary, instead, tgescribed in detail below.

consider the surface corrugation experienced by the incident
ions to understand the trapping trends. A microscopic analy-
sis of typical trapping trajectories for the Na-Cu and O-Cu A. Na-Cu

systems is presented along with a demonstration of the ef- The trapping probabilities measured by Goodsial >4
fects of modifying the surface corrugation through adjust-o; the Na-Cu system were obtained using a technique that
ments in the surface lattice constant. Predictions for _futurqe“ed on charge transfer properties specific to this system.
measurements are presented in Sec. VI, and the work is sUfhe measurements exploited the fact that the neutralization
marized in Sec. VII. of scattered Na is highly sensitive to the amount of Na
trapped on the top layer of surface atoms. As Na becomes
trapped on the surface, the work function decreases rapidly,
and, as a result, the neutralization probability increases. By
Both the O-Cu and Na-Cu trapping measurements wereionitoring the intensity of scattered Naons during the
performed in the same ultrahigh vacuuitdHV) chamber, exposure of the sample to the incident™N@eam and obtain-
equipped with a beamline for producing monoenergeticjng the slope of the linearly decreasing intensity, the surface
mass-selected, hyperthermal energy beams in the energpverage®(r,t), could be calculated. Since this technique
range from 5 eV to 600 eV. This system has been describeid extremely surface sensitive, it is the surface trappihg,

O(r,t)=Pr(E;,6)j(r)tcog 6). 1)

Il. EXPERIMENTAL TECHNIQUES
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and not the total trapping probabilitf?, that is measured. Ocatl [ RoedO0r)
Pswas measured fof, =8° (i.e., close to normal incidenge Pr(E;,6)= - ~ . 2
Rsat/ | 1(0)tcog 6;)
and 6,=45°.
P+ for the O-Cu system was measured fe=0° and 6;

=45°,

In contrast to the Na-Cu system, measured trapping prob-

For oxygen, the coverage could not be obtained with theabilities for the O-Cu system more accurately represent
same technique that was used for Na, since the neutralizatiahan Pg, due to typical probing depths of AE$10-
of hyperthermal energy ©on CY00Y) is very higH* and 30 A).Z’ The interpretation of the O data at energies where
neutral oxygen is difficult to detect. Furthermore, unlike insubsurface trapping occurs is complicated by the depth-
the Na-Cu system, the work function change associated witdependent sensitivity of the Auger signal. The Auger signal
the deposition of oxygen on @01) is small, approximately is more sensitive to surface than to subsurface O since the
200 mV at 100°C, as well as being a complex function ofAuger electrons emitted from the subsurface O are attenuated
dose?>?® Instead, a technique based on AES was developeds they escape the samplelhus, the conversion ®g ey to
for measuring® (r,t) for the O-Cu system. To simplify the absolute coverage is not quantitative once subsurface pen-
experimental procedure and minimize the exposure time oétration has become significant.
the sample to the Auger electron bea®y, was only evalu-
ated at the center of the oxygen profile on the sample. By
performing vertical and horizontal scans across the sample
with the Auger spectrometer tuned to the energy of the prin- Figure 1 compares the measured trapping probabilities for
cipal 0503 e\) Auger peak, the center of the profile on the O and N& scattering from C(001). For the O-Cu system,
sample was located. The ratiRy,c,, of the peak-to-peak Fig. 1(a), there is little difference betweeR(E;,0°) and
heights of the @03 eV) and C920 eV) Auger signals was P+(E;,45°), although there is a significant dependence on
then measured at this position. A full Auger scan from 55 eVE, . P; decreases by almost a factor of two between 5 and 50
to 1000 eV was also performed to verify that there was naeV, while above 50 eV there is a general upward trend. In
contamination from other sources. In addition, a second fultontrast, for the Na-Cu system, Figgbjland 1c), Pg is
scan was performed far from the centerZ.5 mm) of the  strongly dependent o6 andE;. Pg(E;,8°) decreases mono-
oxygen profile to ensure no measurable level of trappingonically with increasing energy whilBg(E;,45°) is strongly
from background oxyger®(r,t) was obtained by convert- nonmonotonic with a deep minimum at 20—25 eV. This fea-
ing Roscy t0 an absolute coverage in monolay€ksl ). To  ture is clearly absent in the O data.
make this conversion, a separate measurement was per- The slow increase i+ above approximately 50 eV, for
formed, in which Q was thermally deposited on the @01)  the O-Cu system, is probably due to the finite probing depth
sample up to the known saturation coveradg®s,;  of AES. Although some subsurface penetration is expected
=0.5 ML. At saturation coverageRgoci—Rsat=0.19.  to occur below this energy, the results of the classical trajec-
Thus, for the O-Cu systen® is given by tory simulations indicate that it is not significant at low en-

B. O-Cu

Ill. RESULTS
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ergies. Consequently, we are justified in comparing the mea- The repulsive part of the interaction potential typically
surements oPg for the Na-Cu system to the measurementsused in trajectory simulations is a sum of individual ion—
of P+ for the O-Cu system, at energies below approximatelysurface-atom pair potentials that model the strong Pauli re-
50 eV. pulsion that occurs at small separations due to the wave-
function overlap of the incident ion and surface atom
electrons. Many studiés4-16:29-334have also found that to
IV. CLASSICAL TRAJECTORY SIMULATIONS accurately reproduce scattered energy and angular spectra,

The classical trajectory simulation code used to model th&SPecially at very low energies, it is necessary to include a
results for the O and Na trapping probabilities has been de®Ng-range attractive term in the interaction potential that
scribed elsewher® and has successfully reproduced energyM0dels the image charge induced in the metal by the incident
and angular spectra for tj Na*, and K* scattering from 1o Clearly, an attractive term must be mt_:luded in the inter-
Cu(001) and Cy110).1+14-162°Qyajitative agreement was gct|on potential for there to be any trapping of the [nC|dent
also achieved between the results of this simulation and thions above the top layer of surface atoms. Otherwise, sub-

measurements oPs performed by Goodsteirt al®* for surface implantation is the only mechanism by which inci-
Na* trapping on C(00Y). dent ions can become trapped. Furthermore, this attractive

The classical trajectory simulation code integrates HamildlMageterm also serves as a rough model of the chemisorp-

ton’s equations of motion for ions interacting with a surface.lon _potent|al experienced by an incident ion while in the
Use of this sophisticated code is necessary since the incideficinity of the surface. . .

ions interact with many surface atoms simultaneously, result- T_hroughout this study, the full s'urfacel Interaction poten-
ing in complex trajectories that cannot be described by dial is mo'deled as a sum of repulsive pair potentials, Wh.ere
simple binary collision approximation. Determination of the SP”‘ includes thg S,'X Cu surface até)ms nearest the inci-
trapping probabilities using this code is achieved by calcudent ion at each point in the trajector¥;Vpai(ri)], to-
lating the trajectories of a large number of incident ions withdether with an attractive image term. The repulsive part of
impact parameters that are randomly chosen to sample 4Rhe Na-Cu interaction ﬂotentlal h:_;ls been calculated previ-
entire unit cell. Typically, for each incident energy and ously by Goodsteiret aI._ and consists of a sum of Hartree-
angle, 10000 trajectories were calculated, resulting in scafock (HF) [Na-Cu™ pair potentials. . .
tering and surface and subsurface trapping. By summing the We have calculated the repulsi/®-Cu]~ pair potential
number of trajectories that lead to these different outcomeg!Sing the Hartree-Fock code in the quantum chemistry pack-
and knowing the number of impact parameters samyitggl, ~2JEGAUSSIAN 94 Spemﬂcally, the repulswe pair potential,
Pss, andP+, can be calculated. Furthermore, individual tra- Vpair("), was obtained by calculating the energy of the
jectories with particular impact parameters can be analyzed O-Cul~ triplet (°P) pair as a function of distance, be-
resulting in a microscopic understanding of the trajectoryiween the O and Cu atom. The energies of the isolated O
types that lead to trapping. ion and C_u atom were subtracted from the energy of the

In these simulations, the criteria used to determine if arffiplet pair so that Vp,;(r)=E([O-Cu]",r)—E(O")
incident ion has become trapped on the surface are that the E(Cu). The parameterization of this pair potential used in
total energy of the ion is negative, the kinetic energy is smalfhe classical trajectory simulation ¥/, (r)=A;e™ 51"

(<1 eV), and the particle is above the top layer of surface™ A€ °2". Figure 2 shows the results of this calculation.
atoms. An incident ion is considered trapped subsurface, dror clarity, we will refer to a specific pair potential using the
implanted, if the total energy is negative and the particle ilimer notation from above, e.g., the-Cu]~ repulsive pair
below the top layer of surface atoms. potential.

The simulations were performed assuming a perfect The form of the attractive image potential chosen to
single crystal C(D01) surface at zero temperature, in which model the O-Cu trapping data has also been used in a num-
seven layers of Cu atoms were included. It has been beder of other studie,+4~**313334nd is given by
found previously that calculated trapping probabilities, at the

energies we are studying here, are relatively insensitive to —e? .

the binding forces between the surface atoms or to the effects or 7>z,

of thermal vibrations:* Vawr(2)=1 V16(z—20)2— €IV, 3
—Vhin for z=z,,

A. Interaction potentials wherez is the perpendicular distance from the top layer of

A critical component of the classical trajectory simulation surface atomsV,y, is saturated t&/,,;, close to the surface
code is the ion-surface interaction potential, which hasand smoothly tends to 1z4or large values of. Vi, andz,
been the subject of many theoretical and experimentafletermine the depth of the image well and are the only ad-
investigations114-16:29-421n ‘much of this previous work, justable parameters.
emphasis has been given to calculating interaction potentials The sensitivity of scattered energy and angular spectra to
for alkali ions incident on metallic surfaces. There are manythe image potential parameteks,,;, andz,, has been inves-
reasons for this, including the relative simplicity of detectingtigated for 10—100 eV Nascattering from C(001).* It was
scattered alkali ions, the comparatively well understoodound that the values df ,,;, andz, that best reproduced the
charge transfer properties, and the noble-gas electronic strudata wereV,,;,,=2.6 eV andz,=0.8 A, resulting in a well
ture of positive alkali ions, which simplifies the calculation depth of 1.5 eV. However, well depths in the range from 1.3
of ion-surface interaction potentials. eV to 2.6 eV also adequately reproduced the scattered energy



16 130 A. C. LAVERY, C. E. SOSOLIK, AND B. H. COOPER PRB 62

100 =~
355 55 ®
i [0—Cu]~ Pair Potential S >
£45F D45 |
80 5 -
[o] 4
a 35 *g 35
60 kS o
> g25 _ 25 |
= s 2
=~ 40 Sis f 015 |
< e 3
Q I} S
> “g 5 o 5
20 n o —
S s I
0 0 1 2 3 4 5
0 r (&)
- 0—-Cu
— — — Na—-Cu
—20 | | | | | | | | N K—Cu
0 1 2 3 4 5 .
r (-&) FIG. 3. (a) Full surface O-Cusolid), Na-Cu(dashegland K-Cu

(dashed-dottednteraction potentials. The Na-Cu interaction poten-

FIG. 2. HF[O-CU]~ repulsive pair potential. The solid line is tial was taken from Ref. 11, anc_i the K-_Cu interac_tiorl pqter_n_ial was
the best fit 0V, (r) t0 Aje™ Bir 4 A,eB2'. The best fit values are taken from Ref. 13. T_he K-Cu interaction pote_ntlal is ;lgnlflcant_ly
given byA,=2798.2 eV,B,;=5.1878 A, A,=2449.5 eV, and more repuls_lve than either the O:Cu or Na-Cu interaction potential.
B,=5.1770 AL This potential, together with an image potential (®) Comparison of the HEO-Cul™, [Na-Cu", and[K-Cu]" re-
given by Eq.(3) with V,,;,=2.6 eV andz,=0.8 A, was used in Pulsive pair potentials.
the classical trajectory simulation to model the trapping of i@-
cident on C¢00D. difficulties in detecting low-energy neutral particles. Thus,

testing an O-Cu interaction potential by comparison of scat-
and angular distributions. The values f,;, and z, we tered energy and angular distributions to the results of clas-
chose for the O-Cu interaction potential are the same best-fitical trajectory simulations is challenging. The trapping mea-
values obtained by DiRubiet al'* for the Na-Cu interaction surements obtained here provide an alternative method for
potential. This corresponds to a well depth of 1.8 eV. As willtesting interaction potentials.
be seen in the next section, the trapping probabilities for the
O-Cu system are not particularly sensitive to the choice of
parameters for the image well, within the range of well depth B. Results of the classical trajectory simulations
values suggested in Ref. 11.

The full-surface interaction potential for the O-Cu system, . . o e
obtained by combining the HFO-Cu]~ repulsive pair po- S|mulat|ons for O incident on C@001) at #;=0° and 6,
tential and the attractive image term given by E@), is 42 - The results foPy compare favorably to the data
shown in Fig. 8a). For comparison, Fig. (@) also includes presented in Fig.(&), which also showed little var_|at|on vx_nth
the full-surface interaction potential for the Na-Cu system.fi but a large dependence &. Ps also shows little varia-
Figure 3b) compares th¢O-Cu]~ and[Na-Cu* pair po- tion with 6, decregsmg mo_notomcally wnh_mgr_easmg en-
tentials, from which it can be seen that th@-Cu]~ pair ~ €r9y. Subsurface implantation becomes significant at ap-
potential is significantly less repulsive than tpa-Cuj*  Proximately 40 eV for both incident angles.
pair potential. The calculated values d?5 and P for Na* incident on

The[O-Cu]~ repulsive pair potential was used instead of Cu(001) at §,=0° and #=45° are shown in Fig. &). The
the [O-Cu]® or [O-Cu]* pair potentials because the most trends inPg qualitatively reproduce the measurements per-
energetically favorable charge state of the O-Cu system dormed by Goodsteiret al®>“ [Figs. 4b) and Xc)]. In par-
small ion-surface separations involves & However, this ticular, Pg(E;,0°) decreases monotonically with increasing
distinction is relatively unimportant since we have found thatenergy whilePg(E;,45°) is strongly nonmonotonic, decreas-
the different charge states of the O-Cu dimer result in relaing rapidly from large values at 5 eV to close to zero at
tively similar pair potential$? An important point about the 20-25 eV, before increasing again to a local maximum at
classical trajectory simulation code is that the effects ofapproximately 100 eV.P+(E;,0°) diverges quickly from
charge transfer are not incorporated into the simulationPg(E;,0°) for energies above approximately 40-50 eV due
Thus, there is no way to include the effectscbingesn the  to the onset of subsurface implantation. The onset of subsur-
incident ion charge state. face implantation a¥;=45° occurs at a higher energy, ap-

Finally, in contrast to hyperthermal energy alkali ion scat-proximately 75 eV, than at normal incidence. The nhonmono-
tering from Cy001), the dominant charge state of the scat-tonic trend inPg(E;,45°) seen in the Na-Cu system is not
tered oxygen far from the surface is neutral. Consequentlypbserved in either the data or the simulations in the O-Cu
obtaining energy and angular distributions is complicated bysystem.

Figure 4a) shows the results of the classical trajectory
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(V) FIG. 5. (a) The full surface O-Cu interaction potential for values

FIG. 4. (a) Pt (dashed linesand Pg (solid lineg for O" inci- of Vmin andz, that vary the well depth from 1.3 eV to 2.5 eV. For
dent on C@001) at 0° (O) and 45° (A). (b) Pt (dashed lines  comparison, the O-Cu interaction potential without the image po-

and Pg (solid lineg for Na* incident on C@001) at 0° (O) and tential is also shown(b) Pg(E;,45°) andP+(E;,45°) for O inci-
45° (A). dent on C(00Y) for the different image parameterizations shown in
(a). There is no surface trapping if the image potential is not in-
C. Sensitivity to image parameters cluded(not shown in figurg

The sensitivity ofPg and P to the parameterization of
the image potentia' was determined by Varymlgin and ZO use here. HOWeVer, we will show that Ourlsimulations .Using
so as to keep the total depth of the potential well within the2 ZBL potential do not reproduce the qualitative behavior of
range of 1.3 eV to 2.6 eV, as suggested in Ref. 11. Figur®r for 5-600 eV O trapping on C(001). Similarly, though
5(a) shows the O-Cu interaction potential for various combi-the results are not presented here, we have found that the
nations ofV,,;, andz, that span this range of well depths. Na-Cu ZBL potential does not reprodulg or Py for 5-600
P<(E;,45°) andP+(E;,45°), calculated using the different €V Na" trapping on C(00D). . o
combinations Of\/min and Zy, are shown in F|g &) and do Figure (i’a) illustrates that the ZBL O-Cu pair pOtentIal IS
not change significantly for the range of well depths probedconsiderably more repulsive than the-Cu]~ HF pair po-
For the shallowest well depth, approximately 1.3 eV, corretential. This leads to large differences in the trapping prob-
sponding toV,;,=2.0 eV andz,=0.4 A, a slightly non- abilities for O" scattering from C(001) as can be seen in
monotonic trend irPg(E;,45°) has developed. However, the Fig. 6(b). When the ZBL interaction potential is used there is
differences betweeR(E;,45°) andP;(E;,45°) for the dif- NO surface trapping or implantation for the range of incident

ferent image potential parameterizations are small, and in alP" energies from 15 eV to approximately 85 eV. Further-
cases the agreement with the data is reasonable. more, subsurface implantation occurs at a much higher inci-

dent ion energy, at approximately 115 eV. Both these obser-
vations are a direct consequence of the fact that the ZBL
interaction potential is more repulsive, leading to a less cor-
To illustrate that the results of the simulation are sensitiverugated surface and hence to lower surface trapjiges
to the choice of repulsive pair potential, we also used theSec. \j as well as more energy being required to penetrate
universal Ziegler-Biersack-LittmariZBL) pair potentiai®to  below the surface and implant.
model the repulsive part of the O-Cu interaction potential. The image parametersVf,,=3.2 eV, z,=1.3 A)
The ZBL pair potential depends only on the atomic numbersised to obtain the full O-Cu ZBL interaction potential were
of the projectile and target atoms and not on the charge odidjusted so as to give a well depth similar to that used in the
the projectile-target dimer. ZBL potentials have been used téull O-Cu HF interaction potential. The motivation for this
successfully describe the scattering of LiNa", and K*  was that adding the same image potential to dissimilar repul-
from Mo(001) in the much higher energy regifftérom 500  sive pair potentials results in attractive wells of different
eV to 2500 eV and are consequently a possible choice fodepths, which is expected to affect the overall amount of

D. Comparison of HF and ZBL interaction potentials
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FIG. 7. () Comparison ofP{(E;,45°) (O) andP4(E;,45°) (A)
for O" incident on Cii001), calculated using the O-Cu HF interac-
gion potential with the correct mass for@ashed lingand with the

trapping. However, different values of the image parametermasS of Na(solid line). (b) Comparison ofP+(E,.45°) (O) and

were tested and none of the conclusions drawn is 3|gn|f|bS(Ei,45°) (A) for Na* incident on C(001), calculated using the

cantly affec_ted. Shalloy\_/e_r image wells simply resulted MNa-Cu HF interaction potential with the correct mass for Na
lower trapping probabilities, while the general trends r€-(dashed lingand with the mass of @solid line).
mained unchanged.

7(a), and it is clear that the values obtained are very similar.
One difference, however, is that the trapping probabilities are

In this section we develop a general understanding of thélightly larger when the mass of Na is used. This is reason-
microscopic parameters important in determining trappingable since the larger Na mass results in a larger energy loss
trends and discuss the factors that must be considered &nd, consequently, a higher probability of being trapped.
explain the differences observed in the Na-Cu and O-Cu sysSimilarly, using the Na-Cu interaction potenti&lg(E;,45°)
tems. We will pay particular attention to tl#g=45° scatter- andP(E;,45°) have been calculated using both the Na and
ing geometry, since this is where the differences between the masses. Once again, the calculated trendiand Pt are

V. DISCUSSION

two systems are most evident. very similar. In particular, the nonmonotonic trendRg is
reproduced. However, the rise Ry above 20—-25 eV is di-
A. Mass difference between Na and O minished in magnitude when the mass of O is used. This is

One obvious consideration when comparing the Na_cdmderstandable, since the smaller O mass leads to a smaller

and O-Cu systems is the mass difference between Na and Ghergy loss and a lower probability of being trapped in the
since the energy transfer that occurs in collisions will bedttractive well close to the surface. ,
different due to the dissimilar masses. By interchanging the !t S clear from these results that the trapping trends are
Na and O masses in the trajectory simulation, we can dendot significantly altered when the masses are interchanged.
onstrate that this change in energy transfer is not the sourdgstead, the masses merely have a slight affect on the overall
of the dissimilar trapping probabilities shown in Fig. 1. magnitude of the trapping. The general trends in the trapping
This is illustrated in Fig. 7 wherePg(E;,45°) and appear to be more dependent on the choice of interaction
P+(E;,45°) have been calculated with the masses of O an@otential. This dependence, which is intrinsically related to
Na interchanged. First, using the O-Cu interaction potentialthe choice of incident and surface species, can be incorpo-
we have calculated®s(E;,45°) andP1(E;,45°) using both rated into the concept of surface corrugation, discussed in the
the Na and O masses. These results are compared in Figext section.



PRB 62 SURFACE TRAPPING DURING HYPERTHERMAL ENERGY ... 16 133

’0 (a) 5 eV Surface Corrugation ion. In fact, the surface is more corrugated at all incident
R K—Cu energies for O than Na  since thg O-Cu|~ pair potential is
16 F o~ -~ Ng:gﬂ - less repulsive than thgNa-Cu]* pair potential[see Fig.

3(b)]. Figure &b) shows equipotential surfaces for 25 eV
Na" and O ions incident on C(001) along the(100) azi-
muth. It is clear that for a given incident ion the surface
corrugation increases as the incident energy of the ion is
increased.

Incorporating the effect of incident angle on the surface
corrugation is a more complex problem. However, a qualita-
tive understanding of the effects of incident angle can be
obtained by considering a fixed incident ion energy and equi-

—
N

o
o0

©
»

o
o

Height above the surface (&)
5
-

—0.8 ' ' ' ' ' potential surface. As the incident angle is made to be more
0.0 0.6 1.2 1.8 2.4 3.0 3.6 . . .
Distance along the (100) azimuth (&) grazing, a Iarger fra}ctpn of the.surface will be blocked from
direct collisions by incident particles. In other words, at scat-
’0 (b) 25 eV Surface Corrugation tering geometries with a more grazing angle of incidence, the
’ surface appears “flatter” or less corrugated. In the limit that
=< 16 6; approaches 90°, the apparent surface corrugation com-
g 1.2 pletely disappears. Similarly, the surface appears more open
€ o8 at the most normal incident angles.
a In order to demonstrate the importance of the surface cor-
£ 0.4 rugation in determining the trapping trends in the Na-Cu and
g 00 O-Cu systems, we have performed a detailed trajectory
2 o4 analysis. This analysis, described below, has revealed dis-
2 tinct trajectory types that can be classified according to the
_‘g»_o‘a surface corrugation. Furthermore, we have studied the de-
T-12 pendence of the trapping probabilities on changes in the lat-
-1.6 . . . : - tice constant.
0.0 0.6 1.2 1.8 2.4 3.0 3.6

Distance along the {100} azimuth (&) 1 Traiect vsi
. Trajectory analysis

FIG. 8. (a) Comparison of the surface corrugation seen by 5 eV
O™ (solid line), Na" (dashed ling and K" (dashed-dotted line

incident on C(001) along the(100) azimuth.(b) Comparison of . ) : - :
the surface corrugation seen by 25 eV ®olid line), Na" (dashed eral types: low-corrugatiofL.C) and high-corrugatioriHC)

line), and K" (dashed-dotted lineincident on C@001) along the t.raje?tory types. LC trajectpry types occur.When. the. Com!ga'
(100 azimuth. tion is small and are relatively simple trajectories in which

the incident ions do not penetrate very deeply below the first
layer of surface atoms. These trajectories typically involve
collisions in which the incident ions do not lose a very large
The surface corrugation can be thought of as the combifraction of their incident energy. HC trajectory types occur
nation of the many factors that affect the trajectory followedwhen the surface corrugation is larger. For these trajectories,
by an incident ion with a given impact parameter. Thesdncident ions penetrate deeper below the surface, typically
factors include the incident ion species, the surface specidselow the first layer of surface atoms, and are involved in
and structure, and the incident ion energy and angle. For amultiple large-angle collisions where a larger fraction of the
ion incident at a particular energy, the surface corrugatiorincident energy is lost.
can be represented by an equipotential surface of the same Figure 9 shows representative trajectories that lead to sur-
energy as that of the incident ion. This equipotential surfacéace trapping for Na and O incident at 5 eV and 50 eV.
is theinitial corrugation seen by the incident ion. However, This figure illustrates the differences between archetypal LC
at angles other than normal incidence, it is an overestimatioand HC trajectory types. For clarity, the trajectories shown in
of the surface corrugation since the effect of the incidentrig. 9 were chosen with impact parameters on a row of sur-
angle has not been taken into account. Furthermore, once tifi@ce Cu atoms along th€l00) azimuth. This choice con-
incident ion interacts with the surface, it loses some fractiorstrains the trajectories to lie on the plane containing the sur-
of its initial energy, and the equipotential surface it is prob-face normal and thé100) azimuth. Trajectories with impact
ing changes. As we will proceed to show, though, the differ-parameters that are not along this high-symmetry chain are
ences in the initial corrugation without accounting fully for found to have the same general properties as those shown in
the incident angle, are sufficient to explain the observed trapFig. 9.
ping trends. By categorizing trajectories as either LC or HC, we can
Figure 8a) shows slices through 5 eV equipotential sur- explain many of the trapping trends observed in the Na-Cu
faces for Nd and O ions incident on C(001) along the and O-Cu systems. Our basic approach involves determining
(100 azimuth. It can be seen that the surface corrugation fothe energy ranges, for a given incident angle, over which the
a5eV O ion is significantly larger than thatfa 5 eV Na’ different trajectory types occur.

Trajectory analysis has shown that the trajectory types
that lead tosurfacetrapping can be classified into two gen-

B. Surface corrugation
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5 energy range at;=0°. This leads to the constant decrease
observed inPg(E;,0°) with increasing incident ion energy.

Turning now to the O-Cu system, we recall that there was
little angular dependence observed in the trapping probabili-
ties (Figs. 1 and 4 Furthermore, since the surface corruga-
tion seen by incident Oions is significantly larger than that
seen by incident Na ions (Fig. 8), it is not surprising that
trajectory analysis reveals that the HC trajectory types occur
over the entire energy range studied. This is true for O
incident atf;=0° and atf,=45° and is very similar to the
case of N& incident at 9;=0° described above. Conse-
-2 : : : : : : : ' quently, Pg decreases monotonically with incident ion en-
ergy for O" incident at both 0° and at 45°, much liR for
5 normal incidence N&. The turn-on of subsurface implanta-
tion observed in the O-Cu system occurs since a more cor-
rugated surface is more open, and the incident ions can pen-
etrate below the surface at lower incident ion energies.

In summary, our results have revealed that the surface
corrugation determines which trajectory types will contribute
to Pgat a given incident ion energy and angle. As a result of
the large surface corrugation in the O-Cu system, the HC
trajectory type contributes tBg over the entire energy range
studied at bothg;=0° and §;=45°. This is similar to N&
-1t ﬁ;"'ﬁci_ (b) 50ev incident at#;=0°, where the surface corrugation is suffi-
_ - , , , , , , , ciently large such that HC trajectory types also occur over
3 -2 1 o 1 2 3 4 5 6 the entire energy range. For Nancident atd;=45°, how-

Distance along the {100) azimuth (&) ever, the surface corrugation at low incident ion energies is
not large enough to allow HC trajectory types to occur, and
only LC trajectory types contribute t85. The surface cor-
rugation increases as the incident ion energy is increased
above 25 eV, and HC trajectory types begin to contribute to
Ps. Therefore, we see that for the case of Nacident on
Cu(001) at #,=45°, the parameters that determine the sur-
face corrugation combine in a unique way such that there is
a distinct separation between the LC and HC trajectory types
at 20—-25 eV, which gives rise to the observed minimum in
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FIG. 9. Typical trapping trajectories fd¢a) 5 eV and(b) 50 eV
O* (solid lineg and N& (dashed lingsincident on C(001) along
the (100) azimuth até,=45°.

For Na" scattering from C(001), trajectory analysis has
revealed that below 25 eV, most of the trajectories contrib
uting to P<(E;,45°) are of the LC typ¢Fig. 9a)]. Recalling
that Pg(E;,45°) is highly nonmonotonic with a deep mini-
mum at 20—25 e\(Figs. 1 and 4 we can see that the initial
decrease irPg(E;,45°) between 5 eV and 25 eV follows a ' S°
trend that is consistent with a simple energy transfer argu-
ment. Specifically, since the LC trajectory type is dominant 2. Adjusting the lattice constant
'enng:'s energy rangéePbs(Ei 45 )_tdscreases as the d_lfr;qdﬁnft To investigate the importance of the (©01) surface
energy Is Increased because 1t becomes more ditmcu 0étructure in determining the corrugation seen by the incident
incident ions to lose enough energy to become trapped. At 2 . : ) .
eV, the surface corrugation has increased sufficiently to allons, we have varied the lattice constant In our trajectory
low the HC trajectory type to turn-offig. Ab)], and as the S|mulat|on§. Clearly, the face-centered-cubic structure of
incident ion energy is increased above 25 eV, the HC trajec-cu(opl)' with a, Igttlce constant of 3.61 A} plays a cr|t|c§1I
tory type dominates. Since this trajectory type transfers mor&°l€ in determining the surface corrugation. We have in-
energy to the surface, more of the incident ions lose enc)ugﬁreas_ed the surface Iatt-|ce. constant such that. 'Fhe surface cor-
energy to become trapped, aRd(E;,45°) increases above fugation seen by Na incident on the modified surface
25 eV. AsE; is increased above 100 eW(E;,45°) de- closely resembles the surface corrugation seen byidds
creases due to the onset of subsurface implantation. Extenticident on the real G001) surface. This was done by in-
ing these arguments to thi=0° geometry, we recall that creasing the lattice constant to 4.0 A.
the surface corrugation will increase as the incident angle Figure 1@a) compares the 5 eV equipotential surface seen
becomes more normal. Therefore, the surface corrugation &y O" incident on the C(001) surface with the correct lat-
6;=0° is larger than ab,=45°, and the HC trajectory types tice constant to that seen by Nancident on the modified
appear at lower energies. In fact, trajectory analysis reveal€u(001) surface. It is clear that this increase in the lattice
that at#,=0° HC trajectories occur at incident ion energiesconstant has made the surface corrugation seen by the inci-
as low as 5 eV. So, in contrast &y=45°, where there was dent O° and N& ions very similar. Figure 1®) shows
a relatively sharp transition at 25 eV from the LC to the HC P4(E;,45°) andP+(E;,45°) for Na  incident on the modi-
trajectory type, HC trajectory types occur over the entirefied Cu001) surface. For comparisonPg(E;,45°) and



PRB 62 SURFACE TRAPPING DURING HYPERTHERMAL ENERGY . .. 16 135

1.0

(a) 5 eV Surface Corrugation
—~ 2 K* Incident on Cu(001)
= a=4.00%, Na—Cum
° | — — — a=3.61%, 0-Cu 208 H
: z
5 g
a ! Sos6 |
P
:C: e o PT§E1,45°)
® 2oa | a Ps(Ey,45°)
> —
£ 0 a d
o
o —
- —02
ey
2
[}
I -1 L 1 N 1 ) 1 1 0.0 |

0.0 0.9 1.8 2.7 3.6
Distance Along (100} Azimuth (&)

200
E (eV)

300 400

FIG. 11. P(E;,45°) (/) andP+(E;,45°) (O) for K" incident
on Cu001).

(b) Effects of Surface Corrugation

o
[+

Cu(001). The K-Cu interaction potential used in these simu-
lations has been successfully tested against scattered energy
and angular spectra for 100-400 eV Kncident on C(110).

The repulsive part of the interaction potential consists of a
sum of HF[K-Cu]* pair potentials, and the attractive image
potential parameters were set to Wg,;,=3.0 eV andz,
=1.7 A. It is clear from Fig. 3 that theK-Cu]* pair po-
tential is significantly more repulsive than either the
[O-Cu]~ or [Na-Cu" pair potentials. Thus, for a given in-
cident energy and angle, Kions will experience a smaller
surface corrugation than incident Naor O" ions. This is
illustrated in Fig. 8, where slices through the
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FIG. 10. (a) Cross section through 5 eV equipotential surfaces
for O and Na incident on C¢001) with lattice constant values of

Cu(001Y100) 5 eV equipotential surfaces for K-Cu, Na-
Cu, and O-Cu are compared.

Figure 11 shows the predicted trendsHg(E;,45°) and
P+(E;,45°) for K" incident on C@001). It can be seen that

3.61 A and 4.0 A, respectivelyb) Comparison ofPg(E;,45°)
(A) and P1(E;,45°) (O) for O and N& incident on C001)
with lattice constant values of 3.61 Adashed lingand 4.0 A
(solid line), respectively. Cy refers to the modified G001 sur-
face with the larger lattice constant of 4.0 A.

Ps is highly nonmonotonic, with a deep minimum in which
Ps and P+ fall to zero for the range of energies from 30—40
eV. The rise inPg above 40 eV is very pronounced, aRd
reaches a sizable maximum before decreasing again due to
an increase in subsurface implantation. Furtherm@ejoes

. o inci ) not diverge fromPg until approximately 150 eV. Trajectory
P+(E;,45°%) for O" incident on the C(001) surface with the  5a\vsis has shown that below the minimunPigall trajec-

correct lattice constant are also included in this figure. Thggries are of the LC type, while above the minimumPg,
trends in bothPs and Py are now very similar, and in par- Hc trajectory types dominate. Thus, as in the Na-Cu system
ticular, the nonmonotonic trend iRs(E;,45%) for the inCi- gt g,=45°, there is a distinct separation in the range of en-
dent Na' ions has completely vanished. In other words, byergies over which the HC and LC trajectory types occur.
increasing the surface lattice constant we have destroyed th@easurement of a deep minimum in the surface trapping
unique cor’r?bmatlon of parameters that gave rise to th®robability for the K-Cu system would provide additional
trademark™ nonmonotonic behavior inPg(E;,45°) for  evidence of the importance of surface corrugation in deter-

Na'. mining trapping probabilities in the hyperthermal energy re-
This result, which shows that the simulated trends in thejime.

surface trapping probabilities are sensitive to 20% changes in
the lattice constant of ¢Q01), also provides further evi-
dence that the surface corrugation is critical in determining VII. CONCLUSIONS

the trapping trends. With this sensitivity, measurements of Cjassical trajectory simulations have been used to model
trapping probabilities may provide a stringent test of ion-the trapping probabilities of hyperthermal energy @nd
surface interaction potentials. Na* ions scattering from a GQ01) surface. Excellent quali-
tative agreement between the results of these simulations and
measured trapping probabilities for'Cand N& scattering
from Cu001) have been found:* Through careful analysis

Using the classical trajectory simulation and the K-Cuof the different trajectory types that lead to surface trapping,
interaction potential determined in Ref. 13 predictions can bave have been able to develop a microscopic understanding
made about the trapping probability of “Kincident on  of trapping mechanisms.

VI. PREDICTIONS
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We have found that, in general, trapping probabilities aradifferences between the Na-Cu and O-Cu systeméat
highly sensitive to the surface corrugation seen by the inci=45°, can be explained by the trajectory types allowed by
dent ions, which is determined by the ion-surface interactionthe surface corrugation.
potential and the incident ion energy and angle. Trajectory To further establish the importance of the surface corru-
analysis of the O-Cu and Na-Cu systems has shown thajation in determining trapping trends, the surface corruga-
there are two general types of trajectories, dependent on tht#n was modified in the simulation by adjusting the lattice
surface corrugation, that lead to surface trapping. Highconstant of the surface. By increasing the(@i) lattice
corrugation trajectory types dominate when the surface coreonstant, the surface corrugation was increased, and the non-
rugation is large and low-corrugation trajectory types domi-monotonic trend in the surface trapping for Nacident on
nate when the surface corrugation is small. Trends in the&€u(001) at §,=45° was eliminated.
trapping probabilities can be explained in terms of the range From these results, we can conclude that for systems with
of energies over which these different trajectory types occurow surface corrugation, changes in the incident angle can
For incident O ions it has been determined that the surfacenave very large effects on the surface trapping probability.
corrugation seen at a given incident ion energy is signifi-This was the case for the Na-Cu system. When the surface
cantly higher than that seen by incident™Nmns. This dif-  corrugation is sufficiently high, changes in the incident angle
ference can be attributed to th®-Cu] ™~ pair potential being do not have a large effect on the surface trapping probability,
less repulsive than theNa-Cul" pair potential. As a result, as was observed in the O-Cu system.
high-corrugation trajectory types occur over the entire range
of incident ion energies for Oions scattering from QE01)
at both9;=0° and#;=45°. In contrast, for the Na-Cu sys-
tem at#,=45°, there is a sharp separation at approximately The authors would like to thank G.V. Chester for assisting
25 eV between the low-corrugation and high-corrugation trawith the preparation of this manuscript. This work was sup-
jectory types. For the Na-Cu system &t=0°, the high- ported by the National Science Foundati@NSF-DMR-
corrugation trajectory types occur over the entire range 0072277}, C.E.S. was supported individually by the NSF,
incident ion energies. Thus the angular dependence of thend this research was conducted using the resources of the
trapping probabilities for the Na-Cu system, as well as theCornell Theory Center.
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