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First principles resonance widths for Li near an Al (001) surface:
Predictions of scattered ion neutralization probabilities
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By combining a first-principles periodic density functional theory calculation of adsorbate
resonance widths with a many-body dynamical theory of charge transfer, we assess charge-transfer
rates for ions scattering off metal surfaces. This goes beyond previous approaches, which have been
limited to modeling the surfaces with either static potentials or finite clusters. Here we consider Li
scattering from an ADO1) surface. We show how the Li2orbital hybridizes with metal valence
bands, near the surface, increasing the width of teeeBergy level. This in turn affects the
charge-transfer rates between the ion and the metal surface. Our predictions’ {&i(00D1)
scattering yield the correct angular dependence of the fraction of neutral Li atoms formed when
compared to experiment. @004 American Institute of Physic§DOI: 10.1063/1.1777218

I. INTRODUCTION culations of the lifetimes of the atomic resonance states as a

unction of distance, we then calculate the charge-transfer

Investigations of atomic species scattering from surfaceé havi ) ilibri time-d dent Hamil
have advanced our understanding of charge-transfer pr ehavior using a nonequiliorium time-dependent Hamil-

cesses. In the hyperthermal scattering energy regime, wheP%”'a”- This Anderson Hamiltonian, whose parameters are

charge transfer between the atom and the surface occurs tg{(en as much as possible from our periodic DFT calcula-

relatively large distances, it is sufficient to represent the surlons, is then used to extract charge-transfer and neutraliza-

face with a jellium descriptioh because atomically resolved tion A[\)robabllmes from scrz]ittermg trfaject(_)trlb?s. levels shift
chemical interactions between the atom and the surface are /S @n alom approaches a surtace, Its energy levels shi

negligible. In this case, the electron potential barrier betweeﬁ"?d broaden. Our postelectronic structure method to deter-

the atom and the surface can be constructed by superposin(\i;’v}:lm?j enertg)]y ItiveIDv'\g_?_thslls ﬁi.scr'b?dtr']n iec. (ljl' "." Secf. tl:]l
classical image contribution from the surface with the effec-l__e2 (lascnl € ¢ % th ngllj a |ofn 0 Ae r0<|a innfgtho €
tive electronic potential for the atom. Several nonperturba- 125 level outside the ADOJ) surface. An analysis of these

tive methods have been developed for the calculation of th&NEr9Y level widths is presented in Sec. IV. Section V de-

tunneling rates between atoms and surfaces using a jeIIiuﬁlCrlbes the dynamical method we use to relate the postcolli-

model?~* By contrast, in the low-energy ion scattering re- sion population to the precollision population. In Sec. VI we

gime in which charge transfer occurs close to the surface, th(éa!CUIate thg LT_ neutralization probab|l!ty asa fgnctlon of
jellium representation begins to fail due to the need to exit _angle, flnd|5ng good agree_ment with experinférand
incorporate a fully atomistic model of the surface. previous theory” We conclude in Sec. VII.
Recent work has moved beyond the conventional jeIIiumII ATOMIC ENERGY LEVEL WIDTHS
approaches. The coupled angular mode methws been
modified to successfully incorporate arbitrary static poten-  The Taylor-Nordlandér method for calculating the
tials for the metal surfacéNew methods that formally cal- Wwidths of atomic energy levels near metal clusters is adapted
culate short-ranged chemical interactions between the scdgere to periodically infinite solids. This is accomplished by
tering species and the surface atoms have beegalculating the projected density of statd3DOS for an
implemented:'° Here we improve upon finite cluster local atom near the extended metal surface.
density approximation(LDA) (Ref. 9 and tight bindind®
models by using a periodic slab density functional theory PDOSLE):ZW% (bl B1)|?S(E—Epp). D
(DFT) (Refs. 11 and 1Rdescription. This method explicitly This PDOS is a function of the enerdy and the orbital
accounts for short-ranged chemical interactions, while avoidbmo which we are projecting. The interacting systEfor
ing cluster size effects. example, Li/A[00]) described in Sec. l]lis composed ofm
Here we study the effects of one-electron resonant tunKohn-Sham(KS) orbitals calculated from DFT. In Eq1)
neling events, i.e., resonant ionization and resonant neutraly getermine the overlap between the KS orbital of the in-
ization. When the scattering species is near the S“rfac‘?eracting system ¢,) and the KS orbital of the isolated

specieg—surface electron tunneling_ can occur repea}tedly in &attering species onto which we are projectitg) ( E,,, are
dynamical exchange of charge. Using our first-principles caly, o energy levels of the interacting system. For a periodic

system, we expanad,, and ¢, in Eqg. (1) in a plane wave
3E|ectronic mail: eac@chem.ucla.edu basis, obtaining
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Here the plane wave expansion requires a summationlover
specialk-points in the first Brillouin zonew, is the frac- 0 1 2 3 4
tional weight ofk-point k. ¢ is the plane wave expansion
coefficient. The plane wave coefficients for all orbitals cell size (multiples of unit cell)

C(é+wy mandcg. ) are calculated using DFG andG' are . ) i
(l(G“‘)'m b G_") f h bitad gdl velvi FIG. 1. Cell size effect on broadening. Absorbate level width converges
plane wave basis sets for the orbiteisandl, respectivelyr rapidly with lateral cell size. The Al(001§{2Xx 2) surface unit cell is suf-

is a position vector within the periodic unit cell. EQuati@ ficiently converged to determine the widths.
simplifies to Eq.(3) (below) when we impose the orthonor-

mality condition on the plane waves. For simplicity, we use

the same plane wave basis sets for both the interacting arb%rrelation.

. = = Trouiller-Martins norm-conserving nonlocal
isolated systems{G}={G'}):

pseudopotentiat§ are used to replace the effect of the nuclei

5 N 2 and core electrons in both Al and Li. Use of a pseudopoten-
PDOSI,E)=8m §m: Ek: wy > C(G+K).mCG+KI tial for Li allows the Li2s electron to be treated within the
P one-orbital PDOS formalism described in Sec. Il. The local
X S(E—Emy)- (3)  (p) ands channels of the Li pseudopotential both utilize a

pseudization radius of 2.432 bohrs, with a nonlinear core
correction radius of 1.294 bohrs. For aluminum, the Id¢dal

s, andp channels, all utilize a pseudization radius of 2.276
bohrs, with a nonlinear core correction radius of 1.110 bohrs.

For an atomic level interacting with a continuum of surface
levels, the PDOS is a Lorentzian with widkh To extract the
width I' from Eq. (3), we self-convolute Eq(3) with a
Lorentzian of widthB. The effect is simply to approximate

. ; : . This pseudopotential for Al, when used with a converged
the 5function in Eq.(3) with a Lorentzian Eq. (4)): basis, yields a lattice constant of 7.532 bohrs and a bulk
SE—E.) B2 @ modulus of 73 GPa for bulk Al. Experimental results, ex-
— = . 217 .
™ E—E)%+(BI2)? trapolated to zero kelvil, deviate from these values by

~1% for the lattice constant and5% for the bulk modulus.
The resulting PDOS is now a Lorentzian of widif(8) A kinetic energy cutoff of 500 eV for the plane wave basis
=I'+B. The atomic level width is obtained from expansion is used to attain accuracy in the total energy of
I'=I'(B)—pB. Since the PDOS is only sampled at discrete~0.002 eV/atom. Our method for predicting the level widths
energiesk,,, our calculated PDOS will not be perfectly is extremely sensitive td-point density; ak-point lateral
Lorentzian. Thereforel” depends on the choice of the arbi- spacing of 0.0237 bohr$ properly converges our calcula-
trary B parameter. In practicd, depends only weakly o tions.
and we find the optimaB, B, by choosing the value where The semi-infinite A{001) metal surface is approximated
I" is stationary and continuous, i.e., whet€/dg=0. The by a periodic unit cell consisting of 19 bohrs of vacuum and
optimal value of gamma; (), is the energy level width containing a sufficient number of atomic layers to properly
associated with the orbital onto which we project in ED. mimic the crystalline surface. In order to model an isolated
By repeating this process for different atom-metal surfaceatom-surface scattering event, we also systematically in-
distances, we determine the energy level width as a functioorease the lateral unit cell from the four-atom fcc surface unit
of distance. cell until convergence of the Li2level width is achieved.
For the time-independent case, the broadeding in-  Figure 1 displays how the widths change as the Li-Li dis-
versely related to the instantaneous lifetimd’ash/7. If the  tance in neighboring cells is increased for a Li atom 7 bohrs
atom was stationary, then this instantaneous lifetia@uld  above the Al001) surface represented by a thin three-layer
be directly proportional to the charge-transfer rate. Howeverslab. We see that the Li atom is effectively isolated from its
since the atom is moving, this relationsHig=#/7 no longer  periodic images by the point at which they are 15 bohrs apart
correctly accounts for the charge transfer. Instead, a dynamin the c(2x 2) cell containing eight atoms per layer. Slight
cal Hamiltonian must be used to relate the broadenlhg)  differences in widths between th§2x 2) and thec(3x 3)

to the charge-transfer probability, as described later. cells appear to be due to higher Li-induced surface polariza-
tion in thec(2x2) cell, as seen in the Al local density of
IIl. DET CALCULATIONAL DETAILS states(not shown. In addition to requiring at least eight

atoms per surface layer, we found that convergence of the
To model the periodically infinite metal crystal surface, energy level widths requires at least seven layers of atoms in
we use the plane wave pseudopotential DFT cosleTER'?  the slab(see Fig. 2 We also found that relaxation of the
The LDA is employed to account for electron exchange andulk-terminated Al001) slab results in<1% change in the
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10 rier model(dashed gray lineof the surface, which neglects
— g e the image forcé® The image potential reduces the potential

: barrier between the surface and the atom, consequently in-
creasing the atomic energy level widtf{sAs a result, the
finite barrier predictions are one to two orders of magnitude
lower than the complex scaling theory predictions. The error
- iagers bars illustrate the estimat(_ad maxiQO plane wave _basis error
0.0001 {— — o oglayers of 0.002 eV. Note that finite numerical error associated with
------ image (CS) ~ the plane wave DFT methoec. Ill) only becomes prob-
0.00001 1+ — — _no image (CS) \‘ lematic at larger distances where the magnitudes of the en-
— — — ergy level widths themselves approach the numerical error of
01 283 456 678 9 10101213 141516 the calculation. For the purpose of the application to low-

Pistance;(bohr) energy Li" scattering, these numerical errors have a negli-

FIG. 2. Convergence of Li®level widths as a function of ADO1) slab gible effect _On the neutralization pmbabl.“ty due to th(_—)lr
thickness. The widthd™ of the Li 2s level are essentially converged by SMall magnitude. The accuracy of our widths can be im-
seven layers. The complex scalingS) predictions with and without the proved by increasing the DFT kinetic energy cutoff and
image potential bound the DFT results. The error bars shown represeié-point sampling, but at an exorbitant computational cost.
+/—0.002 eV estimates of residual numerical error in the DFT calculations.FOr distances closer to the surface, our results are markedly
different from the complex scaling predictions, undoubtedly
due to the improved description of the atomistic chemical
interaction between the atom and the surface not accounted
for within the jellium potential used in the complex scaling

1
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0.001 —-o - -5 layers

Li 2s Level Width

0.000001

interlayer spacing. In all calculations reported below, the un
relaxed Al(001)e(2X2) nine-layer slab was employed.
Last, the work functionP of Al was calculated within DFT,

via the relationd = e, €;, the difference in energies be- calculations. _ o _ _
tween the vacuum and Fermi levels. The vacuum energy Further analysis of the chemical mteracnons provides an
level was calculated directly from the KS electrostatic poten&XPlanation for the short-range deviations from complex
tial of the Al slab at long range. sg:almg theory. At_c_lose L_|—A(DOJ) distances, the Li& or-
bital strongly hybridizes with the Al metal valence electrons,
broadening the 2 energy level. A qualitative measure of the
Li-Al (001) hybridization (py,y1,) as a function of distance can
The calculated energy level widtksolid gray ling fora  be estimated from the difference between the density of the
nine-layer slab are shown in Fig. 2. For comparison we alsinteracting Li/A001) system p™) and the sum of the den-
show results obtained using the complex scaling méthodsities of the isolated Al surface,) and the Li atom 7,),
(dotted black ling based on a jellium description of the Al phyb=p‘”‘—p2|—pfi. Figure 3 shows this hybridization esti-

surface. We also include results calculated using a finite bamate as a function of Li-AD01) distance for both the on-top

IV. ANALYSIS OF ENERGY LEVEL WIDTHS

]

n

B 0.006 |

Change in Il Ontop Site

Electron
Distribution

i [ il I

\ 4

Distance from metal surface (a.u.)

FIG. 3. (Color Hybridization as a function of Li-AD0Y) distance. The hybridizationghanges in electron distributipdecrease as the Li-A01) distance
increases. These hybridizations are directly related to theslerergy level widths.
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and the hollow sites of AD01). The purple color indicates a tively. This Hamiltonian is solved using the noncrossing
maximum increase in electron density and red indicates approximatiod> via a nonequilibrium Green’s function
maximum decrease. As expected, the strength of the hybridnethod®
ization decreases as the Li{@D1) distance increases. These The input parameters in this approach are the atomic
results corroborate Fig. 2 by showing at small distances thdevel energy shifts and width$ec. I, the work function of
hybridization is quite significant, leading to nontrivial devia- the metal, the trajectory of the atom, the surface temperature
tions from complex scaling predictions. However, at larger(300 K), and the half width of the surface conduction band
Li-Al (001 distances, the hybridization effects are minute,[11.7 eV for AK001)]. The trajectory of the atom is deter-
resulting in asymptotic convergence to jellium-based commined by the exit velocity (670 eV kinetic energy) and
plex scaling predictions for both sites. the scattering angl€30°-909. The initial position of the
At large distances, the image potential is not accuratelatom is 2.5 bohrs above the surface, a position at which the
modeled by the LDA. The effect of the image potential onLiZ2s level is fully above the Al Fermi level and hence the Li
the width of the atomic levels outside a metal surface ismay be considered fully ionized. The shifts of the kil2vel
somewhat complicated. There are two contributions to there not easily extracted from the periodic DFT calculations
image potential for a valence electron of an alkali metal atondue to the hybridization effects at short distances that spread
outside a metallic surface: the attraction of the electron to itshe energy level and make it hard to define the shifts unam-
own surface image and the repulsion of the electron to théiguously. Instead, here we employ the same shifts calcu-
image of its atomic core. lated in the complex scaling theory, which essentially follow
The attractive interaction, which lowers the barrier tothe classical image potential and can be calculated accurately
neutralization, is not well described by the LDA exchange-using first-order perturbation theory. The Al work function is
correlation potential, which vanishes exponentially rathemsed in the calculation of the energy level shifts to establish
than as—1/4z. LDA therefore overestimates the potential a common baseline for the Fermi level of Al. The DFT cal-
barrier for resonant neutralization, resulting in smallerculated work function of 4.26 eV for a clean Al(00t)2
widths. An extreme limit is given by the finite barrier model X2) nine-layer slab is similar to the experimental result of
(see Fig. 2 of Ref. 18 which severely overestimates the 4.41 e\?3 However, we find that the DFT work function is
potential barrier for resonant neutralization. The consesensitive to the thickness of the slab chosen to represent the
guences of this are shown in Fig. 2, where the energy levdbulk crystal, decreasing by 0.09 eV as the thickness goes
widths obtained using the finite barrier are orders of magnifrom seven to nine layers. As we will see, small changes in
tude too low. the work function can shift the Li neutralization fractions
The repulsive interaction between the electron and theignificantly.
negative image of the Li core increases the potential energy
barrier for resonant neutralization. Underestimating this ef\/I. NEUTRALIZATION OF Li ¥ SCATTERING
fect as LDA does leads to an increased resonant neutraliz&GAINST Al (001)
tion rate:? Therefore, the LDA errors in treating the two In order to simulate the scattering event, we first equili-

effects compensate for each other. In the application Prerate the Li atom close to the surface using &. As men-
sented below, charge transfer occurs at relatively small Ligi o above, we find that at 2.5 bohrs, after equilibration,

Al (.00.1) d|stances_ where LDA may provide a rea_so_nable defhe Li atom is fully ionized, so this distance is used as the
scription of the image eﬁect;. F“‘We work will improve tarting point for the trajectory. The results do not depend on
upon the present LDA'PFT py including e>§act exchange an he starting point as long as the initial population of the 2
more accurate correlation via an embedding thédfy. level is relatively small. Then the Liion is allowed to move

linearly away from the surface at a given effective exit angle
V. DYNAMICAL THEORY ©. Only the perpendicular component of the exit velocity,
vsin© enters the charge-transfer model. The charge-transfer
The charge transfer in an atom-surface scattering evenhte peaks when the Li2level crosses the AD01) Fermi
can be described using the time-dependent Anderson Hamilevel at ~8 bohrs from the surface and the charge transfer

tonian ceases-14 bohrs away from the surface. In other words, at
. distances of at least 14 bohrs, the energy level widths are too
H(t)= Z e(RItD)n+ > Uy ninp + Ek: €Nk small to allow noticeable charge transfer for the 30°-90° exit
11’

angle trajectories investigated here.
- - We compare now our DFT-based method and complex
+% Vlk(R[t])Cer+% Vi(RItDegc, (5 scaling theory to experimental data from Weare and
Yarmoff* Figure 4 shows the predicted fractions of 670 eV
wheree are the energy levels of the impinging atom(n,)  Li* ions that neutralized after scattering off an(@01) sur-
are the energy levels of the atameta), R[t] is the trajec- face, as a function of exit angle from the surface plane. We
tory of the atom,U,;, are the gaseous atom'’s intra-atomic show predictions from{a) complex scaling widthgdashed
Coulomb energiese, are the energy levels of the metal sur- lines) using the measured work function of 4.41E\(b) our
face, V|, are the hopping matrix elements between the atonDFT-based widthgsolid lineg using the experimental work
statel and metal stat, and c,” and ¢, are the electron function, the DFT work function, as well as one adjusted to
creation and annihilation operator for statesndk, respec- give the best agreement to experiment. The energy level
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described by the conventional jellium approaches. Our
method directly calculates the atomic energy level widths
from a periodic density functional theory description of the
metal surface. Then, neutralization fractions are predicted via
an Anderson Hamiltonian using our energy level widths to
define charge-transfer rates between the ion and the metal
surface. This combined periodic DFT/dynamics approach
yields the correct dependence of neutralization fractions on

0.6

0.5

0.4

0.3

Neutral Fraction

0.2 ion exit angles for this systeff,while jellium-based models
80 =0 7 20, do not. Not surprisingly, the absolute magnitude of the neu-
ExitAvale (relative Jo mirface-plane) tralization fractions is found to depend very sensitively on
FIG. 4. Fraction of neutralized ions as a function of exit angle, for 670 thhFj' metal work function and hence 0':] the ac-tual energy level
7Li* scattering from clean A001). Complex scalingdashed lines; ¥,” shifts employed. The next stage of this work is to develop the

®=4.41 eV and *+,” ®=4.26 eV fails to describe the dependence on exit means to calculate reliable energy level shifts from first prin-
angle, whereas the DFT widtlsolid lines; square®=4.18 eV, triangles ciples so that the Scattering problem can be defined com-

$=4.26 eV, and diamond®=4.41 e\} yield the correct exit angle trend. I . . . .
Experimental datdopen circles are from Weare and YarmofiRef. 14, pletely within anab initio model via both widths and shifts

Note the sensitivity of the results to the choice of the work functiothat ~ Of atomic energy levels near metal surfaces calculated from

sets the position of the metal Fermi level. first principles.
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