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Resonant neutralization of H near Cu surfaces: Effects of the surface symmetry
and ion trajectory
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A comparative study of the resonant charge-transfer process @i Hont of plane-model Cu surfaces of
symmetrieg111) and(100) is performed using a two-dimensional Crank-Nicholson wave-packet propagation
approach. Very different electron evolutions near the two surfaces are related to different structures of the
respective band gaps and allow for the visualization of electronic interaction mechanisms. It is shown that
electrons get localized near the @WL1) surface due to the reflectivity imposed by the band gap. This enables
considerable recapture by the ion. In contrast,i$ineutralized more efficiently near Cu00), for which the
surface state is embedded in the bulk valence band. Image states are found to be important intermediaries for
charge transfer at smaller ion-surface distances. As a consequence of all these effects, the dynamics of ion
neutralization neaf111) and(100) surfaces vastly differ to yield quite dissimilar ion-survival probabilities. It
is found that while the ion-surface interaction time becomes important at normal incidence, for near-grazing
incidences, the point of closest approach to the surface is a crucial determinant of the ion survival.
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I. INTRODUCTION the surface, which is the direction favored by RCT. On the
other hand, a variation in the crystallographic symmetry of

The investigation of electron transfer and associated Ofthe surface can alter the substrate electronic structure signifi-

bital hybridization processes during the interaction of a pro'cantly while the band gap may still exist. This may consid-

jectilg atom or ion with a metal s_urface s of fund_amental ar‘derably influence the transfer dynamics. However, although a
practical importance. The ensuing knowledge finds valuablgy 4y of cy111) is already published16], no comparative

US€ In various applied fields of.phyS|cs,' such as thg devgloghvestigation has yet been made to examine the relative ef-
ment of ion sources, control of ion-wall interactions in fusion ¢, + o the altering surface symmetry on the charge-transfer
plasma, surface chemistry and analysis, secondary-ion mags,amics with possible measurable consequences on re-
spectroscopy, reactive ion etching, and semiconductor MiMacted ion fractions

laturization via thin-film depositiond,2]. The interaction of H with Cu surfaces of symmetries

In order to understand the effect of band structures on th 11) and(100) is of interest for a number of reasor&; as
charge transfer near a metal surface, a diverse range of prgl;e ion approaches the surface, the affinity level ofsHifts

jectiles and target surfaces has been considered for expellross and “explores” the band qaid) these surfaces serve
mental studies within the past decade. This includes the Al P gap)

T e Uis prototype targets that, respectivalgn and cannotlocal-
ger neutralization of Heunder grazing incidences on a flat ize a surface state within the band gap; 4iid the image
,)A(g(lngbsurface[S], t'he'(tjransfer and turlnellnfg dyrllamlﬁs of states are structurally so dissimilar for these two surfaces that
€ ~ydberg atomg Incident onto a ALY sur ace[ ], t, € hey are capable of triggering very different decay patterns
nonresonant localized charge-exchange mechanism in H,

. . . uring the neutralization of H
and F and their anions in front of a Mg surface[S], We carry out a theoretical investigation of hbns im-

the_ effec_t of stepped structyres on the Pt surface ir_1 its_ imerf)inging on Cg111) and CY100). Our calculation is based on
action with fast N* an_d N'™ ions 6], and the dglocahza_ﬂon a two-dimensional model that limits the motion of the active
of ?he so-called dangllpg-bond surface states in fasstat- electron to the scattering plane of the projectile. Besides
tering fror_n govered .S' surfac@']._ . . quantifying the effect of surface reflectivity and associated
Of basic interest in our work is the detailed and micro- yoqity of states on the electron transfer dynamics, we also
scopic description of the single-electron transfer leading Qiscuss the importance of image states at close ion-surface
gith_er ioni_zation or neutralization of a surface-scattered PrOgistances—an aspect that has not been addressed before. Fur-
jectile. This process of resonant charge ransRCT) has ther, the projectile’s distance of closest approach to the sur-
been the focus of a number of_experlmental_stuﬁies.ég. '_t face is determined by the initial velocity of the ion normal to
has been observe_[cB,_g], followmg a theo_ret|cz_;1| Pfed'c“oﬁ the surface and the ion-surface repulsive interaction. The
[15,18, that RCT in ion-surface interactions is strongly in- ;e ctile decelerates near the surface and the effective inter-
fluenced by the prOJected band gap of the m<_ata|. This i ction time depends sensitively on the trajectory. In contrast
because the gap impedes the electron penetration normal lt8previous work[16], where the influence of the ion-surface
interaction on the projectile motion was omitted by restrict-
ing the ion to move along a straight-line segment of the
*Electronic address: himadri@phys.ksu.edu incident trajectory, our calculations extend over the full tra-
"Electronic address: thumm@phys.ksu.edu jectory of the surface-scattered projectile.
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A fundamental aspect of the microscopic description ofconstructed from pseudopotential local density calculations
RCT dynamics is the understanding of the formation of tran{31],
sient electronic states of adsorbates and how these excited
states couple to inelastic decay channels. For example, an
enhancement of the cross section for excited resonance fofshere
mation caused by the coupling of adsorbed molecular states 5
to the resonant image states of(Afjl) was predicted17]. _ £
Also, it has been observed that the inelastic decay time of Vi@ —A10+Alcos< asz>’ [ <di2, (23)
photoexcited Cs adsorbed on @L1) (15+6 f9 [18,27 is
longer than that for GuL00) (6+4 f9) [18]. A theoretical in- Vy(2) = — Ayp+ Aco§ B(z—dI2)], di2<|Z <z,
terpretation of this result has already been given on the basis (2b)
of Cu-surface electronic structur¢$9]. Further, unusually
strong normal binding energies of Xe on (P
(320+£10 meV [21] and on P11l) (260+15 meV [22]
have been found very recently and attributed to, respectively,
the unoccupied and partially occupied Shockley surface v,z =27.21 e\,?xd_ Mz-2zp)]-1 2 < 2.

Vsurl(2) = V1(2) + V5(2) +V3(2) +Va(2), 1)

Vi(2) =Agexd-a(z-2)], z<|Z<zn (20

state. In a different process, it has been speculated that the Az~ 2zm) ’

so-called anticorrugation effects, which arise in the He scat- (2d)
tering off Ni(110) and Cy110), are related to localized sur-

face state$23). To find an optimum size of our grid for a good representation

Theoretically, RCT has been addressed by employing sew2f the bulk, surface, and vacuum, we proceed as follows. We
eral nonperturbative methods, including single-center basisconsider a Cu slab of 200 Cu atoms separated by the lattice
set expansiori24], complex coordinates rotatiof25], two- ~ constant as [=3.94(&, for Cu(11l) and =3.41%, for
center expansior26], multicenter expansion techniques CW100)] with d in the above equations being the width of
[27], and the direct numerical integration of the effectivethe Cu slab, which is symmetric abozit 0. Inside the bulk
single-electron Schrodinger equation by Crank-Nicholsorf€gion Vs,(2) is periodic [Eq. (2a)]. Across the metal-
wave-packet propagatiotCNP) [15,16,28. Among these surface interfaceV,{2) transforms through Eqg2b) and
methods, CNHA29] is the most flexible in the sense that it (2¢) to a screened Coulomb potential, EQd), that goes
can readily be applied to any parametrized effective potentiadver to a pure hydrogenic form at large distances from the
that may be used to represent the electronic structure of sulsurface on the vacuum side. Following RE81], the set of
strate and projectile. In contrast to expansion methods, whicfour independent parameters in E8) for both surfaces is
usually simplify the target to a free-electrgellium) metal,

-1
CNP allows for a significantly more detailed representation ApEV)  A(eV)  A(eV)  Blag)
of the substrate electronic structure, including the effect of _
band gap$8,15), surface statefl 6], and image states on the Cully 11.895 >.14 4.3279 2.9416
RCT dynamics. Cu(100 -11.480 6.10 3.7820 2.5390

So far, the vast majority cdib initio charge-transfer stud- h . . : forci
ies for particle-surface scattering were restricted to one aclN€ remaining six parameters are determined by enforcing

tive electron. For CNP calculations, in particular, the demandontinuity of the logarithmic derivative of the potential ev-
on available computing resources increases rapidly with th€Tywhere in space. The parametgy, which defines the im-
dimensionality of the model system, and many-electron ef2ge plane position, is (#/2+2.10&,) for Cu(11l) and
fects have not yet been included from the outset. For thig(d/2+2.27%,) for Cu(100. Including a 20@y-wide
reason, the appealing flexibility of CNP with regard to thevacuum on either side of the slab, we diagonalize the poten-
choice of parametrized electronic potentials is in part offsetial with a grid spacing of 0.2 a.u. The diagonalization on
by the exclusion of quantum statistical effects, such as theuch a grid reproduces the projected band gap, surface-state
Pauli principle. energy, and image-state energies known from first-principles
In the following section, we detail the model potentials calculations and/or experimental da&@n account of these
and highlight some important aspects of our CNP methodolknown results is given in Ref31]).
ogy. Section Ill presents a discussion of our results. We sum- The potentials and the relevant wave functions and ener-
marize the results and make relevant remarks in the conclugjies (relative to the vacuuinobtained are shown in Fig. 1.
ing section. Unless indicated otherwise we use atomic unitowing to two surface layers at=+d/2 of our slab, the
diagonalization yields wave functions of gerade and unger-
ade symmetry. We show in Fig. 1 the states appearing near
[l. ESSENTIAL THEORETICAL DETAILS the surface plane a=d/2. Cyl1ll) and Cy100) exhibit
very different electronic structures. For @al) [Fig. 1(a)], a
projected L-band gap exists betweek;=-0.70 eV and
We model the C(111) and Cy100) surface by a one- E,=-5.93 eV. A surface state &=-5.33 eV occurs inside
dimensional(1D) [in the coordinate(z) along the surface this gap which indicates a strong surface localization by an
normal semiempirical single-electron effective potential, exponentially decaying oscillation into the bulk and very

A. Potentials
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rapid decrease on the vacuum side. The first image state #te requirement of continuity of the potential.

E;=-0.82 eV lies barely in the band gap while higher ones The H ion is described by a spherically symmetric effec-

are degenerate with the conduction band. tive single-electron potential that models the interaction of
In contrast, the C@00) surface[Fig. 1(b)] has theX-band the active electron with a polarizable cdi]:

gap bottom aE,=-3.16 eV, but the gap extends beyond the

vacuum energy. While no surface state occurs in the band ~ U(r) == (1 + 1h)exp(- 2r) - (a/2r*)exp(- b/r?).  (5)

gap, a surface state is found degenerate with the valence _ .
band. On the numerical grid considered here, th¢100) In order to ensure good numerical accuracy for small radial

effective potential can support five image states out of whictFe0rdinates, we regularize this potential accordinfl 33
the energies(E;=-0.58 eVE,=-0.18 eV E3=-0.084 eV

and the wave functionfFig. 1(b)] of the first three states in Vign = % (6)
our diagonalization agree with Ref31]. The valence and vpuUus+1

conduction bands of Gu11) and C¢100) are reproduced in

our diagonalization in terms of a large number of bound R : .

(discret?zed bulk stateg32] 9 polarizability a is 4.53. The parameteb is set to 2.54&3.
i — 2 2 52 — — i

We construct a jellium potential to represent the ideal©n @ 3D grid(r=1x"+y*+z%), u=0.1156 andy=1.107 yield

free-electron surface, with the same long-range behavior &N €lectron affinity of 0.76 eV. To suit our reduced-

Herer denotes the distance from the hydrogen core, whose

Eq. (1), according to dimensionality calculations, we reparametrizedand y for
the 2D (u=0.1417,=0.3923 and 1D (u=0.1417,
Vie(2) = Vo(2) + V3(2) + V4(2), (3)  y=0.0888 H™ ions in order to ensure the same electron af-
where finity.
A . .
Vo(2) 10 |z| <z, (4) B. Electronic propagation

1+AexiB(z-2)] We employ the CNR28,29 of the initial free H wave
is of the form given by Jenningat al. [33]; V5 andV, are the  function ¢;,,(F) over a 2D numerical grid in which the metal
same as befor¢Egs. (2c) and (2d)]. For consistency, we continuum is approximated by free electronic motion inxhe
chose the average of 11.895 gA;, for Cu111)] and 11.480 direction, parallel to the surface. The time-dependent elec-
eV [A;o for Cu100)] to be the value ofA, in our jellium  tronic wave function®(r,t) is a solution of the time-
calculations. The parametefsand B are determined from dependent Schrddinger equation with Hamiltonian
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H=H’"+ Hfee, (7) the absorber. Moving into the bulk along,-the wave packet
gradually spreads over available bulk states, which decay
freely in the parallel direction. Hence, a small amount of

1 d? electrons with a fairly large velocity, due to their steep de-
H'==5g2 * Vion ™ Vsur: (83  scent to the mean positiofy,, of the corrugated potential,
can finally reach the grid edge. We used a culpic 3) ab-
1 sorber of a width of 15 and=5x 10" in the -z direction.

Hiee=—275- (8b)  However, when image states and/or conduction-band states

2dx* interact with the ion, electrons move rather slowly along the

Since the topmost layer of lattice points defize, we set *+Z direction. Further, since the minimum possible energy dif-
d=0 in Eq. (2). For fixed ion-surface distances, the nu- ferences between the ion level and the surface state and be-

where

merical propagation over timeyields tween the surface state and the top of the valence band are
- _ . rather small, electrons that propagate parallel to the surface
®(F,t+ At; D) = ex{ - iH(D)At]d(F,t; D), (9 may have very small velocities. Hence, quadratic absorbers

with the initial wave packe®(f,t=0;D)= ¢y(7;D). The (n=2) at t_he grid edges along thezagd # directi_ons with
time-evolution operator is approximated by the usual split-2 1arge width of 100 and=4.93x10™ were required.

operator technique as The propggation over a 1D grid alog-i.e., neglecting_
_ _ . the electronic motion parallel to the surface—does not yield
exp(— iHAY) = exp(— iHgeAt/2)exp(—iH"At) converged amplitudea(t). This is because, in the absence of

X exp(— iHyeAt/2). (100  decay continua, both the affinity level a(tll) surface state

are degenerate with the band gap and become stationary
The unitary and unconditionally stable Cayley schel@@  (with zero width. In practice, however, the FT of the 1D
is used to evaluate the exponential operators in(&Q. ~ amplitude always shows a very small and artificial width for
For sufficient numerical accuracy, we construct a gridthese states owing to absorptions at grid boundaries. For the
which includes 100 layers on the bulne-half the size of (100 surface state embedded in the valence band, on the
the previously diagonalized symmetric sjand extends to  other hand, decay in thedirection is possible and, therefore,
z=200 on the vacuum side. We use the same grid spacingyen the 1D propagation shows a finite width of the corre-
Az=0.2, as before. The grid extends from=-160 to  sponding resonance. With these in mind, we calculated the
x=160 in the parallel direction witihx being equal to 0.3. 1D PDOS in order to provide the energies of all states, while

The operators are discretized over this grid using a threeattributing physical meaning to the width of surface state
point differentiation formula and the Crank-Nicholson resonance for Ga00 only.

scheme is applied by diagonalization of a tridiagonal matrix
in order to obtaind(r,t) at every time step29].
The ionic survival amplitudéautocorrelatiopis thus cal-
culated as In Sec. Il A (below), we keep the Hion at a fixed dis-
— (7 tanceD from the surface and ignore the short-range repul-
A = (P (. 1)| bion(F)- (19 sion between the projectile core and the surface. We include
The real part of the Fourier transforRT) of this amplitude this interaction in our calculations for the moving i¢8ec.
yields the projected density of stat @09, which exhibits 11l B). Sufficiently close to the surface the ion gradually de-
resonance structures corresponding to various localizedelerates in the normal direction along its incoming trajec-
states. The position, widtlifull width at half maximum tory, owing to the repulsive interaction between its core and
(FWHM)], and amplitude of these resonances provide, resurface atoms. As a result, the normal velogity,,) of the
spectively, the energy, lifetime, and population of the statesion becomes zero at the point of closest apprdéxh). For
The FT of A(t) is performed by propagating over a period specular reflection, the ion regains its original normal veloc-
long enough to ensure “complete neutralization.” In this con4ty. For a given initial asymptotic kinetic energy and angle of
text, “long enough” means that the wave function is propa-incidence, we simulate the classical ion trajectory by model-
gated untilA(t) becomes practically zero, implying a total ing the core-surface interaction via a plane-averaged
departure of the electron from the ion. For smaller “Biersack-Ziegler’ interatomic potentialB4(z) [36]. This
(=<10), the ionization is relatively fast, requiring a propaga- defines a distance of closest approach as a function of the
tion time of <16 000. For largeD, however, proportionately initial normal velocityvp,. (We have verified that the ion-
longer propagation times were needed. The resonance enaurface image interaction does not have any significant effect
gies and widths are found converged for time stAps0.1.  on the trajectory. For translationally invariant surfaces, the
In order to avoid unphysical reflections of outgoing elec-parallel velocity of the ion along the trajectory remains con-
tron flux from grid boundaries and thereby imposing anstant and equal to its asymptotic valwgr This invariance
outgoing-wave behavior for the wave packet, we employ abensures that the dynamics is free of any parallel velocity
sorbers at the grid edg¢30]. At each time step we multiply effect. The ionic motion is then incorporated in the electronic
the wave packet inside an absorber by a masking function gfropagation by adding the translational phase corresponding
the form exg—s|p—po|"At), wherep is the coordinate, angy,  to v, This is done by multiplying the initial wave packet by
ands are, respectively, the starting edge and the strength axf —i(vnoz+v3,t/2)]. We find the ionic survival probability

C. Projectile trajectory
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long after the ion's scattering from the surface as s e - -2 -= =2
lim,_..|A(t)|?. The initial ion position is taken as 50 a.u. from T S

the surface where the ion can be considered as free. Simi__
larly, when the reflected ion reaches a distance of 50 a.us
from the surface, we assume that charge transfer has stoppeg

-]

Ko

Ill. RESULTS AND DISCUSSIONS

A. Results for propagation with a fixed ion

-
]
»
—
QO
=

The positions and widths of resonances in the PDOS, ob D=11a.u.
tained via propagation at fixed ion-surface distances, facili-8 10° — gljiﬁ:g_d
tate the explanation of charge transfer from a moving ion.

This is true not only for very slowadiabati¢ incident ions,

but also for ions with higher energies, since the projectile
normal velocity at close ion-surface distances becomes sc '°©
small that the transfer dynamics practically approximates
adiabatic conditions. Hence, we begin this section by de-§ 10
scribing, in fixed-ion approximation, the differences in
PDOS spectra that are due to different surface symmetries.

Proiecie

———— (111) 1—d
—-— Jellium 2—d

Projected
-
(]

1. Projected density of states 10°

Figure 2 shows the PDOS for the three typical values of
D=11, 5, and 1 for C{111). At D=11 [Fig. 2a)], our 2D 10
results(solid curvg with and our 1D resultgdashed curve
without the parallel electronic motion included show dis-
cretized structures corresponding to the valence- ancs
conduction-band(bulk) states. The positions of the band 10 esaaen s
edges are very well reproduced. By including the free elec- -7 - - ) T4 o
tronic motion in the surface plane, each of the local surface Energy (eV)
and image states from Egdl) and(2) becomes the bottom _ ]
of a continuum. While these bottoms do not shift as a result F!G- 2. (Color onling Top panel: schematic of the Cii1) band
of the localized perturbation exerted by the d®,37, new structure(relative to the vacuum enerpgs a function ok, show-
resonances emerge from them which we denote as surfacg‘g a surface state at —5.33 eV and the first image state at —-0.82 eV
state” and “image-state” resonances. within the gap separating the valence and conduction ban@s:

In Fig. 2a), the affinity-level resonana@lenoted as AL in  2OS for b=11a.u, (b) D=5a.u., and(c) D=1a.u. The

. affinity-level, surface-state, antth image-state resonances are de-
the figurg at —1.56 eV and the surface-state resonai&® noted as AL, SS, and I8 respectively
in the figure at —5.33 eV are present in both 1D and 2D T '
calculations, although the affinity level is shifted downward  Going fromD=11 to D=1, while we note alterations in
from the unperturbed asymptotic affinity of —0.76 eV due tothe decay width of various resonances in the 2D calculation,
the characteristic image interaction. As expected, the PDOfhe grid-edge-absorption-induced 1D widths are extremely
[dash-dotted curve in Fig(8)] for the interaction with free- small and largely unchanged as a functionDof This indi-
electron(jellium) Cu only shows the affinity level resonance. cates that the Ga11) surface with arnL-band gap can effi-

For D=5 [Fig. 2(b)], the affinity level and the surface- ciently reflect electrons that try to tunnel in along the surface
state resonance are present in both results, with and withoubrmal. The populated states can only decay if the electron is
parallel motion, at -1.65 eV and —5.42 eV, respectively. Theallowed to have a parallel degree of freedom.
width of the affinity level resonance, when including the par-  To illustrate how the change in surface symmetry can alter
allel motion, is much larger than that in the caseDof11l.  resulting PDOS features, we now look at Fig. 3, which de-
The surface-state resonances from both 1D and 2D propaghneates our results for the interaction of Mith a Cy100)
tion move slightly closer to the valence band, while the 2Dsurface. At an ion-surface separation of [Hig. 3a)], all
result clearly shows larger widths. The peak for the jelliumthree curves exhibit affinity-level resonances around
case widens significantly at this position of the ion. -1.56 eV, with jellium prediction being largest in width. The

For very close ion-surface distance,@t1 [Fig. 2c)], 1D propagation result produces the lowest three image-state
the 2D surface-state resonance becomes wider. The affinityesonancegagain denoted as 8n the figures. For the 2D
level resonance narrows and moves very close to the condugesult, these image-state resonances are a little broader and
tion band. Small resonance structu&Sn in the figurg at  shift slightly from their positions in the 1D calculation.

-0.77 eV,-0.22 eV, and -0.08 eV are due to the population Moving closer to the surface, &=5 [Fig. 3b)], the 2D

of, respectively, the first image statearely in the band ggp  affinity-level resonance is much wider and shifted energeti-
and the second and third image states, degenerate with tleally upward compared with its 1D counterpart. The 2D
conduction band31]. image-state resonances also get relatively broader. Interest-

(111) 2—-d
-——== (111) 1—d
—=— Jellium 2—-d

Projected DOS
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e e e 2 ° face state, whose energy, therefore, falls inside the band gap
Cu(100) and whose wave function overlaps weakly with bulk states
— Ist Image state -~ along the surface normfFig. 1(a)]. The Cy100) gap, on the
£ E Zrd image Siate 4‘9,' other hand, can certainly reflect electrons to build up the
£ ° = L — A population of its surface state, bc&nnotlocalize the state.
= s R 5_’:_?,‘1‘;{‘//( \{ The surface state becomes embedded in the valence band of
= —0.0g8ev ™ Cu(100) [31] and, therefore, decays along the normal direc-
a tion through its strong coupling with the bulk. This qualita-
) ST ISEISE ] tive difference in the surface reflectivity generates an extra
- 107 5 ooy 2=a D=11awu. } \. 3 propensity for the C{@.11) surface to confine electrons along
8 4021 |[=-Z Setium 2-a I\ zin its interaction with the ion as opposed to(C0O).
2 . JF Figure 4 illustrates the propagated 2D electron probability
§ g densities |®(r,t)]2 for D=5 for both surfaces. After an

elapsed time of 7QFig. 4@)], two distinct and symmetric
: - nodes are formed at~ +10 just outside the Gd11) surface
R - (upper pane| while the formation of such nodes is very
—-— detiumi-d],,,,.. T A weak for C100) (lower pane). For Cy111l), this effect is a

f i direct consequence of the band-gap reflection. As soon as the
ion-surface interaction begins, the ion first populates the sur-
face state, which is free in the parallel direction. The parallel
momentum of the electroky;, from this direct population is
- determined by the excess enerBy, —~Egg For D=5 [see

(700) 2—a _u. .i F|g 2(b)], EAL=_1'65 eV and E3§_542 eV y|e|d

T S S £\ k>er~0.53. Due to the surface-state interaction with the bulk,

/ some of the electrons leave the surface state to move further
towards the bulk. However, due to the localizing reflectivity
of the (111) band gap, these electrons cannot penetrate far
into the bulk and stay close to the surface with a parallel
momenturrk"b ~0.19 resulting from the difference between

Essand the %ottom of the band gapBi=-5.93 eV. There-

FIG. 3. (Color onling Top panel: schematic of the C100) band fore, after a finite time, the parallel component of the wave
structure(relative to the vacuum energgs a function okp,, sShow- packet near th€l11) surface can be approximated as a linear
ing first, second, and third image states at, respectivelySUperposition of two momentum components of roughly
-0.58 eV,-0.18 eV, and -0.084 eV within the gap separating theequal strength:
valence and conduction bandsia) PDOS for D=11 a.u., (b)

D=5 a.u., andc) D=1 a.u. The affinity-level andth image-state D(x,1) = yt)expliksaX) + 1,//(t)exmk‘[;g,x). (12
resonances are denoted as AL and, I@spectively.

Projected DOS

Projected DOS

Energy (eV)

Quantum interference produces an oscillation with wave

ingly, both our 1D and 2D calculations yield a wide bump NumberAk/2=[kz2 ~ kjal/2=0.17 in the resulting density:
across the valence band with its peak position at —-4.2 eV.

This_resonance is dL_le to the population of the s_urfac_e state D(x,1)[2= 4 ¢(t)|2co§£(x. (13)

that is degenerate with the valence band. The similarity be- 2

tween the widths of this resonance for 1D and 2D propaga-

tion clearly indicates a predominant decay of this state alonghe corresponding de Broglie half-wavelength2=m/Ak

the surface normal through the valence band into the=18.5 compares well with the distance between two nodes in
Cu(100 bulk. the upper panel of Fig.(4).

In Fig. 3c), at D=1 a.u., the embedded surface-state The ripples seen in both panels of Figagjalong the
resonance becomes too wide to be identified, the 2D affinitynormal direction inside the bulk are due to the population of
level resonance becomes a lot narrower, and the image-stalk states. While for Cid11) the wave front has traveled up
resonances in both the 1D and 2D calculations are seen vet§ aboutz=-40 in the normal direction, for GuOO) it has
clearly but with different widths. moved further inward up to aboat-55, indicating a lesser
resistance against bulk penetration for @0). A semicircu-
lar and faint blob beyond=10 for Cy111) represents a

The existence of a band gap in the direction normal to theveak population of the image states. Since the second and
surface implies an electron reflectivity of the surface in thishigher image states are embedded in the conduction band of
direction. This feature is in stark contrast with the jellium Cu(111), they decay into the bulk, forming a weakly decay-
surface where the electron is capable of free penetration intmg density flow whose tail is seen at-40. For C¢100),
the bulk along the surface normal. This reflecting ability ofelectron transfer to the first and second image states is seen
the Cuy111) band gap is so strong thatdan localize a sur-  occurring with decreasing levels of population.

2. Surface confinement and electronic density profiles
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The difference between Clll) and C100) becomes circleg is solely governed by the image interaction

more pronounced dt=255[Fig. 4(b)]. A profound localiza- ~-1/(4D) [Eq. (2d)], leading to good agreement with cor-
tion of the density at the Gi11) surface with the formation responding jellium resultéopaque circles However, mov-

of several nodes symmetrically along the surface is evidening below D=8, the situation drastically alters. While the
Again, the typical distance between two successive nodes jg|lium result keeps moving lower in energy, the affinity-
in good agreement with our previous estimation of 18.5/eve| resonance deviates strongly and shifts upwards. An
Each stack of nodes extends into the bulk upzte—=30,  5ygided crossing between the affinity-level and surface-state
which is roughly the penetration depth of the surface_stat%sond squaregresonance develops at ab@st 6. As a result,
[see_Flg. (a)]. For CL(lO_O), on the othe_r hand, the high at smaller values oD the affinity-level resonance moves
density Of. the wave front "?S'de the bulk S due_ o the SronGyose to the image statgsot shown and the conduction
dec"?‘y of its surface statel in the normal direction. The Iocu%and, while the surface-state resonance shifts towards the
pf either gdgg of the moving central wave.fron_t for(Cn0) valence band. The same adiabatic repulsion of the two inter-
IS more mc_:lln_ed towards th_e normal d|rect|on_ than foracting states occurs in our 1D propagation res(deshed
Cu11l). This is due to the higher normal velocity of the and dash-dotted lingsFor comparison we also display in

decaylng_electron in GA00. . . Fig. 5a) the affinity-level and surface-state resonance ener-
To estimate the mean position of the wave packet in thegies of Ref.[16]: the qualitative agreement is good.

normal direction, we present the expectation value,ofz), A strong interaction between the distance-dependent
as a function of the elapsed time in the bottom panel of Figyigths of the affinity-level and surface-state resonances of
4. This figure quantifies the localization character of 1) Cu(11)) is evident atD<8 when the electron has parallel
by showing far less bulk penetration of t.he center of graVityfreedom[Fig. 5b)]. This is the consequence of an indirect
of the electron cloud. At=70 corresponding to Fig.(& for .4 njing between the corresponding discrete quasistationary
Cu11l), (2=-3.5, while(z)=-12 for CU100). At t=255  qaeq through the surface-state continuumDAL3, this in-

[Fig. 4b)], it is ~18 for Cu11l) and -69.5 for C(100). teraction weakens and the decay via the image states into the
metal conduction band becomes important, as Fig. Sug-
gests. The affinity-level resonance widths for(CLl) are
smaller than the jellium predictions at large distances, since
in the jellium case no band gap exists and electrons can
decay in the normal direction.

3. Resonance energies and widths

Figure 5 for C111) depicts the energy and width of vari-
ous resonances as a function f At large distances, the
energy[Fig. 5a)] of the 2D affinity-level resonancesolid
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Regarding the comparison of our calculated widths withstate resonance width for the 1D and 2D propagation in Fig.
those in Ref[16], a few comments are necessary. The reab(b) imply that the overlap of this state with valence-band
decay continuum parallel to the surface is Partesianx  states in the normal direction determines its lifetime. Be-
and y directions in the surface plapeln Ref. [16] a 2D  cause of its strong decay in tlzedirection, the width of the
continuum in the parallel direction is employed by adoptingCu(100) surface-state resonance is much larger than that of
a cylindrical coordinate frame. Since we use a 1D paralleCu(111) [Fig. 5b)]. The increase in the width of the affinity-
continuum instead, for appropriate comparison with our callevel resonance with decreasifgindicates its strong inter-
culated widths, we take one-half of the widths obtained inaction with the embedded surface state. Both 1D and 2D
Ref. [16]. This means that we assume equal decay rateesults for the image-state resonance energies show little
along the two continuum directions such that the added movariation inD, although the 2D resonances are repelled much
bility of the active electron along thedirection will double  less strongly in energiFig. 6a)].
the present width to yield a full 3D result. We then find that In the following subsection we shall demonstrate that
the width of our affinity-level resonance near(Cid) is in  these fixed-ion propagation results for resonant energies and
good agreement with Ref16] for D=6 [Fig. 5b)]. How-  widths as a function of the ion-surface separation offer a
ever, the dynamics at smallBr is sensitive to the details of useful guideline to diagnose the results for ions moving
the potentials. Since the shape of the potential used in Reélong a classical trajectory.

[16] is somewhat different at the surface region than the one
considered herfgFig. 1(a)], the agreement belo® =6 wors-

ens for the affinity level. Stronger disagreement for the
surface-state resonance may also be attributed to the differ- As mentioned in the Introduction, our one-electron calcu-
ence between the potentials in this work and R&6], since  lations do not enforce the Pauli exclusion principle. It
the structure of the surface state is far more delicately depershould, therefore, be borne in mind that all electronic states
dent on the form of the potential at the interface. of the two Cu surfaces energetically below the respective

In Fig. 6(@), the D-dependent energy of the affinity-level Fermi energy are occupied in reality and are not available as
and embedded surface-state resonances f@ualso ex- final states for the charge transfer. Two-electron mechanisms
hibits a mutual repulsion below=8, both in 1D and 2D that could allow for the simultaneous capture into and deple-
calculations. Similar predictions for the embedded surfacetion of an originally occupied substrate state are not included

B. Results for propagation with a moving ion
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in our model. This limitation may not critically affect inter- larly from the surface. At each angle of inciden€, with
actions with C@100), whose surface state lies well above therespect to the surface plane, the survival probability of the
Fermi energy(—5.62 e\j. The fact that our simulations allow ion is calculated.

for neutralization into the surface state of(Cii), which lies Over the whole range o® considered, the Hsurvival
below the Fermi energy-4.95 eV}, is an artifact of the ne- Probability for the C¢lll surface exhibits an emphatic
glect of the “Pauli blocking.” Nevertheless, due to the strongMinimum at abou® y;,=15° (0.05% survival (Fig. 7). Be-
ion-surface coupling at close distances, the electron recaptuf@V this angle, the ion survival tends to show a sharp rise

by the moving ion from the Q1) surface state is of course Wit decreasingd. However, moving abové®,,, the sur
a real effect and is included in the present formalism. AIsoV'VaI probability gradually increases, reaching about 7.5% at

. . . . normal incidence(®=90°). Similarly, for Cy 100 too,
in general, the neglect of Pauli blocking tends to increase the | . : S —ano

) gy : ) : : While the survival probability is 2.8% & =90°, a very weak
neutralization of incident Hions. Since this overneutraliza-

tion will induce further recapture, this deficiency in our cal- indication  of a minimum oceurs  at abou@)min:10°
L ' 0.0003%. In general, the Hsurvival for Cy111) is always
culation is in part compensated. We thus expect that oUfiher than for C(@00). This difference increases on either
time-resolved studies contribute to the improved understandsije of@ .
ing of charge transfer in surface interactions with negative e now explain the dominant neutralization mechanism
Ions. above and belov®,;, for both surfaces. For a given initial
kinetic energy of the projectileyy,, increases with the in-
crease ofd. This has two direct consequencés:a decrease
We consider H ions with an initial kinetic energy of 50 in D and(ii) a reduction of the ion-surface effective inter-
eV approaching the surface at various angles from amction time(see Table I, where we define this quantity as the
asymptotic distance of 50 a.u. At this distance, the initiallytotal time the ion spends &= 10). The former enables the
occupied H level overlaps with image states. Owing to the ionic affinity level to move energetically closer to the metal
improper initial conditions at the start of the propagation, theconduction band and/or the image states, leading to their
initial wave packet artificially populates these states. How-ncreased population by the ion. Our fixed-ion resi#se
ever, we found by visualizing the wave-packet probabilityFigs. 5a) and a)] support this, since for the surface-
density, that this loss is very small. The ions reflect specurepelled slowly moving ion the adiabatic condition holds.

1. lon-survival probabilities
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Incidence Angle © with the Surface (degrees)
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) . - FIG. 8. (Color onling Survival probability of H scattered from
FIG. 7. (Color onling Survival probability of H scattered from w6 cy111) surface as a function of the incidence angle with re-
Cu111) and Cy100 surfaces as a function of the incidence angle ghect 1o the surface plane. Along with the result for Biersack-
with respect to the s_qrfaciﬁ plane. The initial energy ofi$150 eV.  Ziegier potentiatas in Fig. 7, results for a scaled-up and a scaled-
Initial normal velocitiesv,,,, and distances of closest approach

. . ' down Biersack-Ziegler potentials are also shown. The initial energy
D.s are given along the upperaxis. of H- is 50 eV.

The second consequence, on the other hand, decreases TﬁémﬂngDcls for 6= 15°fand 10° inci(;ignce, re;p(Tctiye!y, jus-
ion’s effective electron loss to the substrate states. For highdlY the occurrence of corresponding survival minima at
values of @ the interaction-time effect becomes progres-1€S€ angles. As is also seen in Fig)3and &b), the re-
sively dominant. This is because the change in ensDigg duction of thiscombinedwidth with increasingD explains
becomes so slow with increasing that its effect on the t(gerr:rc])(\:/fsazillcr)]vxtge survival probability with increasing, as
i i min-
?Syen : mlgsuggg]xag]xsisl?nrglfig %nz_all_lﬁ]eerg?ol;gr tlr?(ragIZr;:%Jef: f The surface-localizing reflectivity of Q11 retains sig-
shorter is the interaction time, and consequently the higher iglflcant _e_lectronlc probability den_5|ty close to the sy_rface
the H survival. This mechanism describes the monotoni-and facilitates recapture by the ion. The comparability of
. - . o S : ion-surface interaction timeglable ) with adiabatic life-

cally increasing survival probability with increasitabove times of the surface-state resonanccbe ranging from a few hun-
Omin for both (111) and (100) surfaces. Conversely, below dreds to 2500 points to the importance of this mechanism
Omin, While the ion-surface interaction time increag@able i recapture effect is responsible for the higher ion sur-
), the consequent increase My, is so rapid that the latter vival, in general, and the dramatic increase in the survival
becomes dominating. eIO\;v ) in a,rticular for the C.11) surface(Fig. 7). In

We apply the time-energy uncertainty relation to ascertairp separr;lFé caplculation' we found that for morgé eﬁergetic
that the character of the main interactions is predominanth_kev ions. the shorter interaction time enhances the imoor-
adiabatic[39]. The interaction times listed in Table | are éance of this effecfaq] P
much longer than the inverse of the energy gap at th ; ’ . — .

. : e Our modeling of the classical projectile trajectory based
avoided crossings of su_rface-state and afflnlty-level resoy i eratomic gBiersack—ZiegIer p%tejnti alsec. J” o iz an
Ei(r:e%e-iso];oEa%?;rt;g%lrl)es[ﬁ;%,5’&2;] r:fr:)(: ec,:mplrg(\?i d[?%' sgm?u)l].i n- approximation and introducgs uncertainties in determ.ini.ng
sights into understandiqg features of the-sdirvival process. \?Vgséérr]nggzriﬁ:%ssge :rm\?allnglrlf)igﬁlig;str}gfzzg)cfﬁgr?:mlesy
It can be noted from Figs.(B) and &b) that thecombined caled potentials(é) UBZ'=1.2x UBZ and (b) UP%=0.8
decay width of the affinity-level and surface-state resonances’ jez i unscaled results of Fig. 7. Table 11 lisi, as
. _ . 7. s
{:nt(;] %{?{ggft%[;beo\lgluisa nksl e?ﬁS’ ;esf);gﬂ\]/aetlgi f%r qu];ﬁ)o th edetermined by the trajectories. Quantitative differences be-

' ' gapp yeq tween predictions of the trajectories are prominent at lower

) o ) ) angles. As expected, the position of survival minim@my;,
TABLE 1. lon-surface interaction times, as defined by the time  gpifts to larger angles with the increase of interaction

Ijhe ior(l)Spe“dS ab<10a.u., as a function of the angle of inci- gy ength at close distances. This confirms our conclusion that
ence Dgs is the major determinant of the mechanism be®yy,,.
For larger angles, the ion-survival probability is rather insen-

sitive to the +20% changes in the strengthWt?. This is
502 509 533 578 645 759 930 1244 1855 because the interaction time, which determines the survival

in this range, changes very little from one trajectory to an-

®(deg 90 80 70 60 50 40 30 20
T(a.u)
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TABLE II. Distances of closest approaddgs, for unscaled and  Note that from either edgex= £ 15) of the central bead ema-

scaled Biersack-Ziegler interaction potentials ver@us nate several overlapping jets of slightly different parallel ve-
locity, forming a broad structure. The tangent of the average
O(deg 90 80 70 60 50 40 30 20 10 angle, which each of these symmetric structures makes with

57 the surface, provides an estimate of the rakig/Kya
Dgs(@.u) 0.16 0.18 0.26 0.42 0.67 1.07 1.75 3.00 5.69 _q g2, wherek,,, is the electron normal velocity. In the
DgS'(a.u) 0.32 0.35 0.44 0.60 0.87 1.31 2.03 3.33 6.08 Cu100) panel of the same figure the formation of nodal
DEZ(a.u) 0.00 0.01 0.08 0.21 0.44 0.81 1.44 2.61 5.22 structures is insignificant while very strong decay into the
valence band is dominant. A rather diffused distribution of
electrons appears inside the bulk on two symmetric decay

other for such slow ions. In general, the shape of the curvesails. This hints at the decay of the embedded surface state
being identical implies that the same physics of interactiorof Cu(100) where the main decay trails appear closer to the
can be expected for a more accurate trajectory. surface normal. The correspondikg,/K,o~ 1.25 roughly

In order to visualize in further detail the mechanisms re-indicates a normal decay velocityelative to the parallel
sponsible for different ion survivals in collisions with the decay velocity twice as large as for Gil11).
Cu(111) and Cy100) surface, we now examine some typical In Fig. 9b), the ion arrives roughly at the distance of
“snapshots” of the wave-packet propagation. closest approach, 0.5. Here the adiabatic energy position of
the affinity-level resonance moves very close to the conduc-
tion band of Cylll) [Fig. 5@)]. The shape of the wave-

Results for 60° ion incidence are displayed in Fig. 9. Inpacket density is dominated by a strong decay into the con-
Fig. Qa), for D=2.76, strong surface localization is evident duction band as well as by the subsequent population of the
for Cu(111). The wave-packet spreads and clear nodal strucimage stategthe bulging central structure on the vacuum
tures from the quantum interferen¢8ec. Ill A2) emerge side of the projectilg For Cy100), on the other hand, since
symmetrically along the parallel direction outside the sur-the affinity level decays only through image stafésg.
face. Since the populated surface state at this distance €a)], a stronger diffusion towards the vacuum occurs. The
energetically close to the valence baflig. Xa)], the  remnants of the density from earlier decay into the bulk are
“beads” decay into the valence band by forming “jets.” Elec-seen being absorbed at the grid edges while virtually no new
trons in the central jet have small parallel velocity. A steadydecay in the valence band is seen.
increase of the parallel velocity is evidenced going sym- Figure 9c) presents the electronic probability density at
metrically away from the center in the parallel direction. D=6.59 on the outward excursion of the ion. For(ClLL), a

2. Wave-packet diagnosis

o -

FIG. 9. (Color onling Wave-
packet densities(in logarithmic
scalg for Cu(11l) (upper panel
and Cy100 (lower panel at
times -110 a.u(a), 20 a.u.(b),
and 180 a.u(c), relative to the
time at which the point of closest
approach is reached. The ion ap-
proaches the surface at an angle of
60° with respect to the surface and
with an energy of 50 eV. Positions
(X,D) are given in parentheses,
with X being relative to the point
of closest approach. Bottom
panel: the expectation value af
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pronounced tendency of retaining density near the surfackand, for C¢l00) they cause the charge density to move
results in the reformation of the nodes along the surfaceaway from the surface on the vacuum side. Consequently,
forming decay jets in the valence band. Subsequently, erclear differences are seen between the neutralization rates of
hanced recapture by the projectile, leading to a high probH™ scattered from Qu11) and C{100) surfaces. The com-
ability density near the projectile nucleus, occurs. The previpeting influence of the ion-surface interaction time and the
ously populated first image staigeen as a high-density distance of closest approach leads to a minimum in the ion-
region up toz~ 15 in the vacuumhas spread in the surface survival probability as a function of the incidence angle.
plane and is seen decaying via the conduction band into the We have restricted the active electron to move in the scat-
bulk. Higher image states appear as a faint outgoing bloltering plane of the ion, thereby reducing the dimensionality
farther away from the surface as a result of their relativelyof the model surface from two to one. Nevertheless, we ex-
rapid decay into the degenerate conduction band. In contragtect that the main characteristics of the charge-transfer pro-
for Cu(100), the strongly populated firgup to z~15 a.u) cesses analyzed in this work are not affected by the reduction
and second image state evolve into the vacuum. This moves dimensionality. In a full 3D calculation, we expect the ion
the charge density away from the surface considerably reduaeutralization rate to increase roughly by a factor of 2. In
ing the recapture probability. recent 2D calculations for the neutralization of Hear
The bottom panel of Fig. 9 provides the normal positionAg(111), we found good agreement with experimental ion-
(2) of the center of gravity of the wave packet as the ionsurvival probabilities by including 3D effects merely through
approaches the surface. At very large distances it roughlgn extra factor of 2 ig2D) transition rateg39]. Further, we
coincides with the position of the ion, as expected. In thedo not expect the inclusion of surface corrugations to alter
interaction region the penetration into @00) is much  our main conclusions, since RCT is predominantly mediated
higher, reaching about —30 neBx, as opposed to —4 for by transfer along the surface normal. However, such a real
Cu(112). 3D potential will provide a more complete account of the
process by, for example, including the parallel velocity ef-
IV. CONCLUDING REMARKS fects for grazing ion-surface scatterif@ 38].
A more severe limitation of the present calculation is the
To conclude, we have demonstrated significant accumulgack of a consistent inclusion of quantum statistical effects in
tion of charge density near the surface during resonant nehe one-electron frame. Proper accounting of level occupa-
tralization of H near a model Gu11) surface by directly tions and implementation of the Pauli exclusion principal
analyzing the evolution of the active electron’s wave packetwere beyond the scope of this work and constitute a formi-
In contradistinction, C(L00) exhibits a very efficient elec- dable future challenge.
tron decay channel through the metal valence band. The key
to this difference, as shown, isl@calizing reflectivity of the
(111) band gap along the surface normal. The image states
for both surfaces are populated by the ion at close distances. This work is supported by NSHGrant No. PHY-
However, the evolution and decay of these states are found @071035 and the Division of Chemical Sciences, Office of
be very different for C(l1l) and Cy100. While for  Basic Energy Sciences, Office of Energy Research, U.S.
Cu(111) the image states decay through the metal conductioDOE.
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