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Layer-KKR theory of negative-ion formation in adsorbed molecules
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We present a computational approach for the calculation of the lifetime, energy, and cross sections for
negative-ion formation in adsorbed molecules that is based upon a layer-Kohn-Korringa-Rostoker theory. This
calculation employs a multiple scattering theory of resonance electron scattering at surfaces in which the
substrate scattering is fully incorporated. This method allows the proper treatment of the unoccupied electronic
structure of the substrate and its effect upon the lifetime and energy of adsorbate negative ions.

I. INTRODUCTION ecules. The distinction between a true change in the intrinsic
lifetime of the negative ion and a change in the width reso-
An important type of resonant electronic excitation at sur-nance profile caused by experimental broadening is of criti-
faces is the formation of molecular negative idridegative-  cal importance: A change in the trapping time of the probe
ion formation is strongly coupled to a variety of dynamical electron(the intrinsic lifetime) would strongly alter the dy-
processes at the gas-solid interfaéeand is known to be namical properties of the adsorbed molecule while resolution
responsible for the resonant enhancement of vibrational exsroadening is a consequence of the experimental measure-
citation observed in high-resolution electron energy-losanent has no such dynamical implications.
spectroscopy(HREELS,>~12 dissociative attachmenitand It is within this context that the development of a quanti-
electron-stimulated desorptidf.More recent studies have tatively useful theory of resonance formation assumes a par-
revealed the importance of electron-molecule interactions iticular importance. Until recently, all theoretical models of
surface photochemistry; 1’molecular beam scattering®!®  resonance electron scattering, which treated explicitly the is-
and dissociative molecular adsorptiti?! where the elec- sue of the resonance lifetime and energy, employed simple
trons originate in the substrate. models of the surface potential and parametrization of the
The formation of a molecular negative ion via electronmolecular scattering. The work of Gerber and HerzerfSerg
impact can be considered as the temporary occupation byand, more recently, Teillet-Billy and co-workéf€® and
probe electron of an empty or partially occupied molecularRoug® have considered only the screening of the molecular
orbital of the host molecul&:?3Alternatively, one may view ion by a structureless metallic substrate. These theories rely
the formation of a negative ion as an electron scattering res@xclusively upon models of the surface in which theacor-
nance in which the incident electron is temporarily trappedugated substrate potential is represented as a region of con-
by the molecule. In the case of a shape resonance, the negaant potential matched onto a classical image potential. The
tive ion is formed by, and decays by, tunneling through thecrystalline nature of the substrate was neglected. Neverthe-
centrifugal barrier. From this scattering viewpoint, the fun-less, these models qualitatively reproduced the observed life-
damental properties of resonant states in molecules may biegne and energy of théHg shape resonance in,Nohys-
considered to be the lifetime of the negative ion, its energysorbed on Ag and predict a monotonic reduction of the
relative to the vacuum level, the symmetry of the resonanenergy and lifetime of the negative ion as the molecule ap-
state, and its elastic and inelastic cross sections. proaches the surface. This has led to the adoption of a simple
A key issue in the fundamental understanding of negativephysical picture of the distortion of resonant states by ad-
ion formation at surfaces is how these resonance propertiesorption, originally put forward by Gerber and Herzenb®rg.
of the free molecule are changed when the molecule is adFhe induced image charge shifts the resonance energy down-
sorbed at a surface. In principle, the lifetime, energy, crossvards relative to the vacuum level. The breaking of the mo-
sections, and symmetry of the molecular negative ion can bkecular symmetry by the substrate causes the reduction of the
altered by the interaction of the resonant state with the sulbresonance lifetime by enabling the pure resonant state to
strate. While each of these resonance properties is, in prircouple into otherwise forbidden partial waves through which
ciple, accessible experimentally to HREELS, they cannot b¢he trapped electron escapes through a lower centrifugal bar-
measured directly. Of particular note is the determination ofier.
the resonance lifetime from experimental HREELS data, The ingredient absent from prior theories of resonance
since there is no direct method which allows extraction ofelectron scattering at surfaces is a quantitative treatment of
the lifetime from the measured resonance profile. For the frethe interaction of the resonant state with the unoccupied elec-
molecule, the width of the resonance peak may be related twonic structure of the substrate. Prior theories have consid-
the inverse of the intrinsic resonance lifetime. While the ab-ered only the screening of the negative ion by the metallic
sence of fine structure in the resonance profile of adsorbatesibstrate, and neglected the alteration of the electronic states
is often taken as an indication of reduced lifetifié®inelas-  in the vicinity of the molecule by multiple electron scattering
tic processes occurring at the surface may also significantlin the substrate. In this paper, we describe the theory and
broaden the observed resonance width of adsorbed motomputational implementation of a layer-Kohn-Korringa-
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Rostoker(LKKR) calculation of negative-ion formation at substrate potential, Vg(r), and an additional term,
surfaces which incorporates, explicitly, the interaction of theAV(r,R,Ry,), which describes both the distortion of the
probe electron with the unoccupied electronic structure oklectron-surface potential by the molecule and the distortion
the substrate. of the electron-molecule potential by the surface molecule,
In this paper, we confine our presentation to the theoreti-
cal and computational details of the layer-KKR method. Ap-  V(r,R,Ry)=Vu(r,R,Ry) +Vs(r)+AV(r,R,Ry). (3)
plications of this method to the calculation of the resonance
properties of specific surface-molecule systems can be found If the electron-molecule interaction time is short com-
elsewheré®=3* The organization of the paper is as follows: pared with the time scale of any nuclear or center-of-mass
In Sec. Il we discuss the theoretical and computational basigotion of the molecule then, according to the Born-
of the layer-KKR theory of resonance scattering in weaklyOppenheimer approximatiod/(r,R) can be separated into a
bound adsorbates. In Sec. Il A we introduce the scatteringroduct of the vibrational wave function of the target mol-
matrix T(E). Section 1B describes our model of the ecule,y,(R), the wave function of the probe electropy),
electron-molecule interaction potential and in Sec. Il C weand a wave function describing the vibrational and libra-
discuss the multiple scattering representation of the prob&onal motion of the molecule against the substrgjgR),),
electron wave function. In Sec. Il D we present the theory of
electron scattering by adsorbates and describe our treatment w(r,R)=x,(R)¥(r,R.Rw){.(Ru). (4)
of the surface barrier potentidl E) and the substratél F). _ ) ) o )
In Sec. Il G we discuss and compare several numerical meth- This adiabatic approximation is assumed to hold in all of
ods for the location of the resonance poles. Section Il H dethe calculations described in this paper, although the method
scribes the numerical treatment of the substrate Brilluoin€an be generalized to include nuclear motion at additional
zone integrals. The general nature of the substrate scatterig@mputational cost. Consequently, in its present form, our
matrix S and its relationship to the lifetime and energy of @PProach is most appropriate for the description of electron-
adsorbates is discussed in Sec. Ill. Concluding remarks, ifholecule scattering processes where substantial nuclear mo-

cluding a brief discussion of the limitations of the presenttion does not occur during the lifetime of the intermediate
implementation of the layer-KKR theory, are made in SecState. For the main focus of this work, the resonance lifetime

V. for vibrational excitation via the formation of shape reso-
nanceg 7r~1 fs), the adoption of this approximation is not a
serious limitation of the method. Further, for simplicity we
assume that the motion of the molecule against the surface
A. The surface-molecule scattering matrix occurs on a time scale~100 fg that is much longer than

Our approach to the calculation of the resonance propel120th the intr.am.olecular vibrational motidr-10 f¢ and the
ties of adsorbates is to compute the energy-resolved scattdSonance lifetimet~1 fs). Consequently, we assume that

ing matrix T(E) of the surface-molecule system. The reso-RMm IS fixed during the lifetime of the resonance. However,
nances of the adsorbed molecule correspond to the poles ofWe note that the Born-Oppenheimer approximation may be

that occur in the lower half of the complex energy planei”ad‘?quate for the desc_ript!on of dynam[cal events that. are
E=E,—i(T'/2). ThenE, is the energy of the resonance and sensitive to those negative ions that survive for substantially
r " r

I' is the resonance width.T" is related to the inverse of the longer than the mean IifgtimeR. An gxample of such a .
resonance lifetimer, process is resonance-assisted desorption, as has been pointed

out by both Harris, Holloway, and Darlihgand Gadzuk®

II. THEORY AND COMPUTATIONAL APPROACH

1
RTT (1) B. The electron-molecule potential

When expressed m an angulr?lr momentum basis, Fhe scatt%—ewri;;ncﬂg apzf:;i?arfd:gg\;?; d(st\)/)\// 'XDaa)Wde?]SpCor:?t'?_anOfan q

ing matrix T(E,) yields the(differentia) cross section for Schrieffef®  from  the ' original  work  of Dili aﬁd

resonance formation. 738 ; : T .
The scattering matrix is obtained by solving the Sehro co-workers,"* in which the molecular potential is parti-

dinger equation in which the probe electron and target moI:“(t)neFj 'mﬁ three.regl)lonsd ?)S shoc\i/vtr;] In Ft'g' 1.hInS|dg each
ecule are represented by a wave functibrthat is an eigen- atomic spheréregion ) and beyond the outer sphefegion

function of the full Hamiltonian7 for nuclear coordinateR :” ), th?hpot%ntigl s S'Ehgri;:al'lty aver[‘tagc.ed. EﬁCh a(?gior: th
and the molecular center of mass locatRy , ) can then be described by its scattering phase shifts. In the

interstitial region(region lI), the potential is volume aver-

%/=—%V,2+Hm(R)+V(r,R,RM). ) aged to a constam. Inside _the outer molecular sphere, the
exchange-correlation potential can be modeled by a local po-

Here, .77 is written in terms of the kinetic energy of the tential of Xa form,

probe electron, the Hamiltonian of the target molectig,,

and the full potentialV, experienced by the scattering elec- 3n(r)\?®

tron at positionr due to both the electron-molecule and ch(r)=—3a( 8 ) '

electron-substrate interactions. When the molecule is ad-

sorbed at a solid surface the potential experienced by theheren is the electron density andis an adjustable param-

probe electron may be represented as the sum of three termeger of order 0.Za=1. For the free molecule, théax poten-

the electron-molecule potentialyy(r,R), the electron- tial is matched onto the classical polarization potential,

®
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I l//Jr(r): 2 % (Tlv,vm,’lmA|m)h|(})(K’r)Y|/m/(F), (8)
1"'m’
wherex’ is the wave vector of the scattered electron,

k' =\Vk’—(v' =)o, (9

S
and w is the fundamental frequency of the molecular vibra-
tion excited by the electron scattering. In calculations of im-
pact scattering in HREELS, it is commonly assumed that
k'=k. This is a reasonable assumption when the incident
electron energy is much greater than the vibrational level

spacing(fw), but is a poor approximation for low-energy
resonances such as tﬁég shape resonance in,Mhich lies
FIG. 1. A schematic illustration of the partitioning of the model at 2.3 eV. In this case, electrons which excite high_order
electron-molecule interaction potential employed in the layer-KKRintramolecular vibration§hw~0.28 e\} detach very close to
calculation for a homonuclear diatomic molecule. Each atoMiGne threshold where the scattering properties of the substrate

sphere(region ) has a radius equal to the atomic muffin-tin radius .5 yery rapidly with electron enerd§.Consequently the
(Rny and the potential inside is spherically averaged and can b ssumption thaic’ =« is not made in the calculation de-
described by a set of atomic phase shifts. In the interstitial region

(region 1), bounded by the outer-sphere radit, and R, the scribed in this paper.

potential is volume averaged to a constant. Beyond the outer sphe{e ]n anf angullar tmorr}entum bast!slsﬁtdiscrlbtes the St.cellt'
(region Il), the potential is a spherically averaged classical polar-erlng of an electron from a partial wave,if) to a partia

A / L
ization potential(see text. r is the position vector of the probe Wave ( ',m ), by the adsorbe,d moIepuIe Wh'Ch \,Nas initially
electron. in the vibrational statey, but is left in the vibrational state

!

V. T is obtained by integrating over the nuclear coordi-
natesR corresponding to the two vibrational eigenstates

Vin(r) = — 2 £ Ve 2 6
m(r) opa T Vol (6)

T im™= f f f Xo(R) Ty im(R)X, (R)AR, - (10)
at the outer molecular sphereV, parametrizes the expo-

nential cutoff of theXa potential, and is fitted by matching Where T(R) indicates that the molecular scattering is com-

the interior and exterior potentials at the outer moleculaPUted for a fixed set of nuclear coordinated. is the full
sphere. scattering matrix of the adsorbed molecule and therefore de-

In more sophisticatedR-matrix calculations for free scribes thgmultiple) scattering of the probe electron by the
molecules®#it is known that the calculated resonance en-Tolecule surface system represented, at fikeghdRy , by
ergies and cross sections are sensitive to the truncation of tfi8€ PotentiaV(r,R,Ry) [see Eq(3)].
polarization potential at the outer sphere. Consequently, oyr When the molecule is far from the surfacey—0, andT
approach is to parametrize the eigenphase shifts of the rests- €qual to the molecular scattering matfix, which de-
nant channel and fit them to either the experimentally deterSC'ibes the(inelastio scattering of (incoming spherical
mined, or calculated, resonance energy and width of the fre@/@ves by the free molecule,
molecule(see Sec. Il €& The eigenphase shifts of the non-

resonant channels are computed by the standardX@Ww- (KDY m(F) =1 (kD) Yim(F)+ Ml”’:n |mh|(,l)(Kr)

method®*~*®For the?I1, shape resonance in AgL1-N,, we I'm’ '

have demonstrated good agreement between this description XY, (F) (11)
!m! .

of the molecular scattering and a coupled angular mode
(CAM) calculation in which the long-range polarization po- The poles ofM are the scattering resonances of the free
tential is included explicitly** molecule. M reflects the symmetry of the molecule. For
example, for a diatomic molecule with its axis oriented par-
allel to thez axis, cylindrical symmetry demands thit is
diagonal inm,

In an angular momentum representation, the probe elec-
tron wave function on the molecular sphere of the adsorbed Mim,17m' =My Sy - (12
molecule can be expanded as a set of spherical partial wav
about the center of mass of the molecule. Theoming
spherical wave field can be written as

C. Multiple scattering representation of the probe electron

% usual, diagonalization dfl yields the eigenphase shifts
of the moleculé'?
Using the model potential described in Sec. Il B, the ele-
ments ofM corresponding to the nonresonant 3(;3h3<';71nnels are
- : o calculated using a standard SX¢ calculation?®°’ The
v (r)—% A (€7 Yim (1), @ eigenphase shi?ts of the resonant cha(geare fitted to
R-matrix calculation® or fitted to the experimentally deter-
wherex is the electron wave vector. If the electron excites amined resonance energy and width. Thus it is assumed that
vibrational transitionrv—1', then the outgoing wave field of M is transferable between the free and adsorbed molecule,
the scattered electron is an approximation that is justified in the limit whefd/—0.
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tion has been discussed by NordlantfeFurther, in the
present theory, a one-electron description is employed. This
approximation is justified for the treatment of one-electron
processes, such as resonance electron scattering by a molecu-

lar ion/*® but cannot describe many-electron processes such \[\ /\ /\ [\
as Auger deexcitation, which may be important when the

molecule is very close to the surfatfe. A

region III
(substrate)

Such an approximation is reasonable if it is assumed that the 7=2 =z
change in the surface potential due to the presence of the y ! o "
molecule may be neglected. This is a reasonable assumption I .
for the main focus of this work which is resonance scattering L R (:: e — O
by physisorbed molecules. The validity of this approxima- _ r*

i -

]

)

]

region II region I

W

SO mmmmms e

T
3
T

D. Electron scattering by the adsorbed molecule

Y

To describe the electron scattering by the adsorbed mol-
ecule, we need to calculate how the scattering of the isolated
(free) molecule is modified by the presence of the substrate. FIG. 2. A schematic illustration of the model electron-substrate

'tl;o do th'i we slumlthe r;url;tlple slectronTshgatterlng p_ath%nteraction potential employed in the layer-KKR calculation. Re-
etween the molecule and the substrate. This summation H'fons I and Il consist of an uncorrugated surface barrier, param-

achieved by first representing the probe electron wave funGsyi,eq and fitted to the binding energy of image states. Region Ill
tion in an angular momentum basis. Then the molecular scakontains the substrate which consists of a stack of atomic planes
tering is described byl and the effect of the substrate and paraliel to the surface. The substrate plaze £, lies one-half of
barrier scattering can be represented, quite generally, asz interplanar spacing outside the last atomic plane of the substrate.
scattering matrixS that couples outgoing spherical waves The molecular planez=z,,) cuts through the molecular center of
originating from the molecule at the origin to incoming mass. Atz=z, andz=z,,, the electron wave function is expanded
spherical waves centered upon the molecular center of mass, a plane-wave basis.

gv-----

(1) 2 (1) °
hi (K1) Yim (1) — A7 (kT) Yim(T) (R) half spaces relative to a plan®;), parallel to the sub-

strate, that passes through the molecular center of (tlaess
+ E Sirmeami (KDY (F). (13) z axis is normal to the substrate and poimi® the substrate;
I'm’ see Fig. 2 At Py, a plane wave with parallel momentum
Here we consider only elastic electron scattering by the subk;+g, initially traveling in the +z direction, is reflected by
strate so thak=«". the left half-space as follows:
The scattering of the probe electron by the substrate can
be described in a plane-wave basis. Since the substrate poséi<kn+9>-fue“KJz(Z*Zm)_)ei(ku+9>-fue“KgZ(Z*Zm)
sesses two-dimensional periodicity parallel to the surface,
the substrate and each atomic plane within the substrate

L i 7. K, (z—
couple together only those plane waves whose parallel mo- +2 Ry e/ 179) Mgl gz 2m
mentum differs by a two-dimensioné2D) reciprocal lattice g
vectorg. The parallel wave vector in the first surface Bril- (19

louin zone is labeled,. Using this notation, the probe elec-
tron scattering in the substrate can be obtained by computinghereR' is the reflection matrix of the left half-spaagis a
the k,-resolved reflection matrices of the leftX and right reciprocal lattice vector of the substrate, and

Kg=*V2[E—V(z)]- [k +9[? (15)

is the component of the electron wave vector normal to the substrate. The reflection matrix of the right halR8pixe,
defined in a similar fashion.

OnceRR andR" have been determined from a multiple scattering calculation for the subgtesteSecs. Il E and I)ES
is obtained by projection from a plane wave to an angular momentum basis. Fdf &arhponent of the electron wave field,

T.m,wmf(ku,a:Zg 2 AingkDLL=RRRY) TIRR] g A 1 (K + Agry o(kDLTRS (L= RRRY) "1 A o (k) + Ay oK)
g!

X[R(1— RRRL)_lRR]ggrAg,J s (K + X;w(ku)[(l— RRRL)_lRRRL]gg,A;J v (K- (16)
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The operatorA projects outgoing spherical waves into a _ _
plane-wave basis, Y= 2 Bg+(ku)e'(k”+g)'r”e'KgZ(zfz"‘)
ki g

i

_cm < +B; (ke kit ngkgzmzm gt p,, . (23
Ax|Kgl Yim(Kg). a9 o )

Afm oK)=
At Pg, the scattering by the substrate alone is described

by thek -resolved reflection matrix of the substrdrg, (not

to be confused with the vectd®, defined earlier, that de-

scribes the internuclear coordinateBhen, in the absence of

any scattering in the regior<z,,

whereA is the area of the surface unit cell of the substrate
The inverse operatok (Ref. 44 projects plane waves into
an angular momentum basis,

Agim(k) =4mi' Y (K3). (18)
The full scattering matrix of the surface is obtained by inte- AZ (K ):E Ro (k)AL (K), 2=2.. (24
gration of 7 over the two-dimensional Brillioun zong@rea g o 99"t I g AR s

Q) containingk, (see Sec. Il Hi . ) ) ) )
As is described in Sec. Il F, the reflection matiRy, is

1 determined from a layer-KKR calculation for a stack of

Sim,1rm (B)= ¢ f f Timirm (K E)A%K . (19)  atomic planes that represent the bulk termination of the solid.
@ At P, the substrate scattering in the right half space is

determined by the barrier potential that lies beyond the mo-

lecular plane. Then, in the absence of any scattering in the

regionz=z,,, the matching condition &, can be written

in terms of ak-resolved barrier reflection matrixg (not to

be confused with the probe electron position veatode-

fined earliey,

Having obtainedvl andS, the full scattering matrix of the
molecule-surface system is obtained by summing the mul
tiple scattering series,

T(E)=M+MSM+MSMSM#---=M(1—-SM)~ 1.
(20)

Explicitly, _
plicitly Bg(ku)zz Fog (KBg (K,  2=2n. (25)
T im(ELRRu) =[M(R)[ 1= S(RuIM(R)T v im ’
(21)  As is described in Sec. Il E, the barrier reflection matrix

] i ) . rge is determined by numerical integration of the Sehro
whereM is evaluated for fixed nuclear coordinates &%  ginger equation fronz=— to z=1z,,.

evaluated for a fixed position of the molecule relative to the The plane-wave amplitudes B, (Ag) andP, (Bgi) are

substrate. ) ) . linked together by the transmission and reflection matrices of
Our basic approach to the computation of the reflection o parrier slice between this pair of planes, denatéd,

matrices of the left and right half spaces, relativé{p, is to r=*,t**, andt~~ (see Fig. 2 Then, in the absence of any

partition the molecule-substrate potential into distinct re- cattering in the regions=z, andz<z,,, the matching con-

gions where the multiple scattering problem can be solvedjiions across the barrier sSIice are m

separately. Then the probe electron scattering can be con-

structed by summing the multiple electron scattering path-

ways between these regions. Specifically, the interaction po- Ag(k”)=2 t;“gf(k”)B;(kH)vLr;rg,_(kH)A&(k”), (26)

tential experienced by the probe electron is separated into g’

three regions by two planes parallel to the surfésee Fig.

2). The first plane,P,,, was defined earlier and passes B- (K _E (KA (K OB (K 5

through the center of mass of the moleculezatz,,. The g ()= - tag (kAg (K +T gy (K)Bg (k). (27)

second planeRg, is positioned a distance of one-half of the 9

bulk interplanar spacing above the top layer of substrate at- Fina|ly, reflection matrices of the left and right half

oms atz=z;. The regionz=z, contains the crystalline sub- spacesR" ,, andRY, , respectively, are obtained by sum-
strate that consists of a stack of atomic planes parallel to the 99 99

surface. The regiorz=z, contains a superposition of the Ming the multiple scattering paths betweey) andPs,
local molecular potential and the surface barrier potential R_
. L R™=r,
that asymptotically matches onto the classical image poten-
tial for z— —oo. o - (28)
i : R-=r""+t (1-Rr* )" Rt*"
At each matching plane, the probe electron wave function :

may be expressed as a sum over plane waves such that o i
Combination of Eqs(28) and (16) permits the computa-

_ . tion of the substrate scattering mat@from the reflection
lﬁ(r):; > A (kpeltkr o nigikg(z-z) matrix of the substrat&Ryy , the barrier reflection matrix
9

rqg » and the reflection and transmission matrices of the bar-
: e ; : +- -+ ++ —— .
+Ag*(kH)el(kHJrg)~rHe|KgZ(zfzS) at Pg (22 ner slice, gy, gy o tgy » @ndty, . The computational

methods used to calculate these six matrices are described in
and the next three sections.
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E. Electron scattering by the surface barrier spectively, for the electron wave function and its derivative
The simplest approximation to the barrier scattering_(With respect t@) atz=z,,, then the barrier reflection matrix

would be to neglect it completely, as is done in the standardf

theory of low-energy electron diffractiof. EED).*® This ap- e )

proximation is adequate when the kinetic energy of the probe o (K)) = ' g2y Zm) + thy(Zm) 2K Zms (32)

electron, i.e.,E>50 eV, is large compared to the surface 9 iK g g Zm) = ¥g(Zm) %

barrier height(the sum of the Fermi energy and the work ) o )

function, Ex+¢~10-15 eV). Clearly, this approximation is In th_e present work, the barrier potential is pargmetrlzed

inadequate for the description of resonance scattering by adccording to the model proposed by Jennings and

. 8,46

sorbed molecules, where the electron energy is usually belofo-workers;

20 eV and often only a few electronvolts above the vacuum 1

level. Consequently, for resonance scattering, the barrier po- _ _ _ -

tential must be included explicitly. V(@ 2(z—12o) f1=exir(z=2)]h 2=z (39
The electron scattering by the substrate barrier potential

for z<z, is obtained by numerically integrating the Schro and

dinger equation through the barrier region. In general, the Y

barrier potential is corrugated with a 2D periodicity com- V(z)= 0 ,

mensurate with that of the substrdta the case of an iso- a exg —B(z—zy)]+1

lated adsorbed molecyler that of the molecular overlayer

(for an ordered overlayer of molecu)jeslowever, in all ap-

plications to date, we have employed an uncorrugated su

face barrier potentiaV,(r)=V,(z). V,(z) is obtained by

=7, (34

wherea and B are constants determined by matching) at
Zy (B=Uy/A, a=2Uy\—1). Inside the substrate, s+,
the potential approaches a constant valubl gfwhich is the

o X . -Y inner potential of the substrate. This model has an asymp-
fitting a parametrized surface barrier shape to the blndln%tic form, z——c, similar to a shifted image potential

energy of image states, and gives an adequate description ghere; is the effective image plane locationis a measure
electron scattering in very Iow-gnergy electron dlffraqnonof the “saturation” of the barrier; for many metal surfaces
(VLEED) (Refs. 46 and 4yrfor which the electron energies  _5\;  This model potential has a similar shape to the cal-

are comparable to those considered here. In the absence Qfjated effective potential for a jellium surface and repro-

furthera priori information.about t_he other. Fourier COMPO- q;ces very closely the effective barrier potential obtained
nents of the barrier potential, the introduction of corrugationg o 1, gensity-functional calculations of transition-metal sur-
into the model potential would simply increase the numbek, s sych as \200).%8

of free parameters in the calculation. Consequently, corruga- ., many single-crystal substrates the valuesJgf \

tion is neglected in the present implementation of the LKKR 4 2, (relative to the first atomic plajehave been deter-

method, falthough it could be easily incorporated into themined from the binding energy of image stat&ve note
computanc_mal method. . that in the LKKR calculation the barrier potential must be
Fpr a g!venkH, the pr_obe electron wave functl_on in the matched to the constant interstitial potential at the substrate
barner_reglon may be written as a Fourier expansion over thﬁlanePs, z=z,. This is done by setting the muffin tin zero
2D reciprocal lattice vectors of the substraie for the substrate atoms equal to the value/éz=z) from
Eqgs.(33) and (34).
= ikytg)-ry
vlka.r) % wg(z)e ' @9 F. Calculation of the reflection matrix of the substrate
The substrate reflection matrRy, [Eq. (24)] describes
the reflection of plane waves defined with an origin in the
substrate plan®, (see Fig. 2 With minor modifications, the
1 d%yy2) computational approach used to evaluBtg is closely re-
_Z 9 +Vo(2) g(2) =EL ig(2), (30) lated to the methods employed in LEED theory to evaluate
2 d7 IV spectra from single-crystal substrafésThese methods
have also been used as the foundation of a layer-KKR ap-
whereE, is the “normal” component of the electron en- proach to the calculation of bulk and interface properties,

In atomic units, the Schrdinger equation satisfied by the
wave function is

ergy, developed more recently by Maclaren, Crampin, and
Vvedensky**
E, =E—3|k,+g (31 The substrate is modeled as a stack of monatomic planes

parallel to the surface and, consistent with other layer-KKR-
For eachk, and g, a four-point Runge-Kutta algorithm is based theorie¥*°the atomic potentials of the substrate are
used to numerically integrate E@30) betweenz,, and a  of muffin-tin form with the interstitial potential volume av-
plane far away from the crystat, .., and betweerz,, and eraged to a constant. The atomic phase shifts for the sub-
the substrate plang,. The logarithmic derivative ofj(2) strate atoms are determined from a self-consistent bulk layer-
at the matching planes allows the calculation of the reflectioiKKR calculatiorf* starting from the free atomic potentials.
and transmission matrices —, r~ ", t™ ", andt™~ (see Fig. For a substrate with a single atom in the surface unit cell,
2). For example, if numerical integration of EBO) from  the reflection and transmission matrices of a single atomic
Z,..—Zp results in values ofj(z=z,) andyy(z=2,), re-  layer,Q™~, may be expressed as
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++ + ~+ Number of Layers
Qg (k)= —% %1:' Ao (K Qim,1rme (K Ags o (K, s 4 s 16 32
(35) T T T Ty f
where the projection operatofs™ and A * were defined ear- 107 PR E
lier [Egs.(17) and (18)] and
qlm,l'm’:[(1_tG)_1t]lm,l’m’ . (36) ]

107
G is the lattice Green'’s function which may be expressed in E
terms of a real-space sum over the position vectors of all
atoms within the layek; ,

Relative Error In Reflection Coefficient

107 £ 4
P [ —e— Voi=0.05eV )
. n 1 - PR -
G|my|/mr(kH):_87T|K2 2 |I Clm,l'm’,l"m”hfrr)(KXj) f —8 -Voi=0.125eV [ \
1"m" ] 10_7 '_ — & -Vo0i=0.25eV \ \ %o i
ik X: E|--m--Voi=0.5eV "-_ ¢ \
XV 7%, @ Bdiestontl IR N
3 : L3 E
whereCy,, |'m’ I'm IS @ Gaunt coefficient, E | Vois1.0eV '
! ! 10-9 PR S RN ST S S R W'Y | 1
1 2 3 4 5 6
~ A ~
Clm,l’m’,l”m”:J J J Y|*m(X)Y|rmr(X)Yl,,m,,(X)de. Number of Layer Doublings

L . 8 FIG. 3. The relative error in the calculated reflectivity of a

The complete _derlvatlon leading to Eq85) throu_gh (37 Ag(11D) substrate for normal incidence electrons with an energy of
may be found in the book by Pend!yThe scattering paths 7 eV [|Rqo(k))=0[?]. The error is plotted as a function of the number
within one atomic layer were summed in reciprocal spacef layer doublings and the magnitude of the imaginary part of the
using the procedure described by Kanfbé’to generatéS  electron energy/,; . The relative error is defined as the fractional
[Eq. (37)]. difference between the modulus of the reflectivity for a given num-

The atomic planes are assembled into the semi-infinitder of layer doublingsN) and the value obtained fdd=7 (128
termination of the crystal surface using the layer-doublinglayers. Note that the reflectivity converges more rapidly\4s is
algorithnf® to sum the interlayer multiple scattering paths. increased and the electron penetration into the substrate is reduced.
The layer-doubling algorithm is based upon the formula for
combining two atomic planes into a single scattering unit,duced. This behavior is typical of the convergence of the
described by reflection and transmission matrices for theeflection matrix which is achieved for a stack of between 16

paired layerQ; . Symbolically, to 32 atomic planes that represent the termination of the
crystal. Typically, the smallest value ¥f;; employed in the
Q; "=Q""(1-Q* Q" HQ*t, calculation is 0.25 eV, which corresponds to a mean-free
path of approximately 20 A for &eal) electron energy of 2
Q, =Q " (1-Q Q") @, eV and approximately 50 A for an electron energy of 10 eV.
(39 Given that the interlayer spacing for Adll), d=2.36 A,
Q,"=Q"+Q Q f(1-Q" Q") o', convergence of the reflection matrix is expected for a stack
of between 8 and 20 atomic planes, in agreement with the
Q, =Q" +QT QT (1-Q Q") Q. empirical results presented in Fig. 3.

Equation(39) is applied recursively to successively double
the number of atomic layers in the stadk=2,4,8,16,... .
Upon convergence, the reflection matrix of the substrate is
obtained,R=Q/ ... The rate of convergence of the layer- Having constructed a computational procedure which en-
doubling algorithm is a function of the mean-free path of theables the calculation off (E), it remains to establish a
electron in the substrate which, in the present calculation, isnethod for locating the resonance poles of the adsorbed mol-
modeled by an imaginary component of the electron energyecule. Formally, the resonance poles for scattering by the
Vi - adsorbed molecule occur at complex energies in the lower
As an illustration of the rate of convergence of the layer-half of the complextE plane,
doubling algorithm, and its dependence on the imaginary
part of the electron energy, we display in Fig. 3 the relative
error in the calculated reflectivity of A§11) for normal in-
cidence[Ryy(k;=0), E=7 eV], plotted as a function of the
number of layer doublings. It is apparent that, in all of theThe poles of T(E) cannot be located directly by, for ex-
cases considered, the layer-doubling algorithm rapidly conample, computindgl' for complexE and then performing a
verges until within five doublinggi.e., a slab of 232  numerical search for the poles. Such a procedure would re-
atomic layers the relative error is smaller than 10 Note  quire the calculation of the substrate and molecular scatter-
that the reflectivity converges more rapidly ¥g; is in-  ing matrices in the lower half of the compl&plane where
creased and the electron penetration into the substrate is rte negative imaginary part of the energy would cause the

G. Location of the resonance poles:
The resonance lifetime and energy

. r
E=E,—i

5 (40)
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FIG. 4. A schematic diagram the scatteriignatrix T(E) in the Electron Energy (V)
complexE plane. The LKKR calculation is performed slightly off
the real axis in the upper half plane where the positive imaginary
part of the electron energy ensures convergence of the multiple
scattering summations. The poles BfE), corresponding to the
resonances of the adsorbed molecule, are located in the lower half
plane.

divergence of the layer-doubling algorithm used to compute
S. In fact, the surface scattering mat$(E) can only be

evaluated numerically for energies in the upper half plane s
where a smalpositiveimaginary part of the energy damps 04 F
the electron wave function and ensures convergence of nu-

Im(SIO,lO)

merical summation over multiple scattering paths within the [
substratgsee Fig. 4. 0.6 b . . .
A practical method for determining the width and energy 8.0 9.0 100 110
of an isolated resonance is to comp@E) for a range of Electron Energy (eV)
electron energies along the real axis that incluBesClose o _
to the resonance, one expects to find a pedR ()| atE, . FIG. 5. The real and imaginary parts 8fo1{E+iV¢;), calcu-

The lifetime, or scattering time delay, can be extracted fronfated as a functionVq; for a poirt 3 A above the top site of a

the variation of the resonant eigenphase shift evaluated at tHe@(111) substrate. The variation &,o1{E) on the reak axis
resonance energf}g (solid curve was determined by extrapolation 1dy=0 from

S(E+iV¢;) computed for three values of the imaginary part of the
1dé electron energy: Vy;=0.25 eV (dashed curve 0.50 eV (dot-

=5 4E" (41 dashed curve and 1.00 eMdotted curve
This is essentially the procedure adopted by Teillet-Billy, S(E)N%[16S(E+Vgi)_128(E+V8i)+28(E+V8i)]-
Djamo, and Gauyacq within the context of the calculation of (42)

resonance properties by the CAM mett8d.

In the present case, this procedure must be modified b
causeS(E) can only be computed slightly off the real axis.
We introduce a positive imaginary part to the potentig},,

é:_or V(i<0.25 eV, the layer-doubling algorithm does not
converge for the A@L11) substrate.
From Fig. 5 it is apparent that the extrapolation procedure
i provides a reasonably convergent and stable approach to the
and computeS(E) for a range of electron energies just off computation ofS on the real axis. We note that the magni-

the real axis,S(E+iVy;), EminSE<E . (see Fig. 4 To . . L
obtainS(E) on the real axis we use numerical extrapolation:tUde Of this element O.f the surface scattering matrix increases
Vi is reduced. This is expected because a finite value of

the substrate calculation is repeated for decreasing values damps the electron wave field in th of nd red
Vi and polynomial extrapolation is used to estimate the limit, 0 amps the electron wave ne € surtace and reduces
the overall reflectivity of the substrate.

asVy—0. For all substrates we have examined to date, qua- : .
An alternative procedure for locating the resonance en-

g;ag(cj:gltjgzolanon OB(E) onto the real axis was found to ergy and lifetime is based upon the method employed by
As an illustration of this procedure, Fig. 5 shows the reaIGerber and Herzenpe?@.From Eq.(20), itis apparent that
the problem of locating the resonance poles is equivalent to

and imaginary parts o, ;{ E+iV,;), plotted as a function .
V,,; for a poirt 3 A above the top site of a Ag11) substrate. Sg;ermmmg the complex energy roots of the secular equa-

Also shown is the variation 08,5,4E) on the realE axis
which was numerically determined by computiBgE) for 11— S(E)M(E)|=0. (43)
three values of the imaginary part of the electron energy,

V2=0.25 eV, V3 =0.50 eV, andV=1.00 eV and then The roots of Eq(43) are obtained by analytic continuation of
using quadratic extrapolation ¥, =0, S and M into the lower half of the complele plane. We
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proceed by fitting the determinant of E@3), evaluated on
the realE axis, to a polynomial from which the roots may be
obtained directly. Polynomial fitting is a numerically ill-
conditioned problem. Therefore, it was necessary to exercise
considerable numerical care in this part of the calculation.
The polynomial fitting was performed in the least-squares
sense using singular value decomposition to determine the
coefficients of the lowest-order polynomial that adequately
fitted the energy variation of the determinant. Using this pro-
cedure, the location of the resonance poles was stabilized for
the majority of the applications we have considered to date.
Finally, we note that the simplest procedure for obtaining
an estimate of the resonance energy and width is to least-
squares fit| T(E)|? for the adsorbed molecule to a Breit-
Wigner form,

(T'12)?

20(
ITE) (E—E,)?+(I'/2)*

(44)

While this procedure has the virtue of being numerically
simple and, more importantly, stable, it cannot correctly treat
cases where the resonance profile of the adsorbed molecule
is highly asymmetric, or when the resonance profile of the
free molecule is not that of the prototypical single-channel
resonance. Consequently, we employ this method only as a
“cross check” of the resonance energy and width obtained
using the two approaches described previously. Substantial

Resonance Energy (eV)

Resonance Width (eV)

10

3

Adsorption height (A)

4

5

1

3

4

5

Adsorption height A)

differences between the results of this fitting procedure and
the root-finding algorithm described above signal an instabil-

o . . . FIG. 6. Th idth of thg sh -
ity in the fit of the determinant of Eq43) to a polynomial. G. 6. The resonance energy and width of fig: shape reso

. ; ; nance of Q located above the top site of AbLl), plotted as a
In this case, the order of the polynomial used to fit the de'fun(:tion of the molecular adsorption height. The resonance energy

terminant must be either increased or decreased. and width were determined frofi(E) using the three methods

In Fig. 6 we illustrate the relative accuracy of these thregjiscyssed in the text: Solid curve, from the roots of the secular
approaches to the extraction of the resonance energy anfuation[Eq. (43)]; dashed curve, the energy dependence of the
width from the calculated energy dependence of the full scatresonant eigenphase shift; dotted curve, by least-squares fitting of
tering matrixT(E). Figure 6 shows the resonance energy and|T(E)|? to a Breit-Wigner form.
width of the®s. | shape resonance of,(ocated above the
top site of Ag111), plotted as a function of the adsorption
height. The resonance energy and width were determined by
computing T(E) on the reaE axis for
—1.5<(E-E,)<+1.5eV(E,=9.5 eV for free Q). The en-
ergy grid spacing was 0.1 eV so thB¢E) was computed for
a total of 33 energy points. Shown in Fig. 6 &e andT’
calculated from(a) the time-delay matrixdashed curve (b)

th ts of th I tipaq. (43 lid , and ; . . . _
(C)e L?/Of?ttci)ng fhzeﬁgségnz(?]%i 'Eﬁgﬁf@&g% tgugléB?er;t_ lowed by integration of- over the two-dimensional Brillouin

Wigner form (dotted curvi zone(arfaaQ) containingk; [Eq. (1_9)]. .

From Fig. 6, it is apparent that the resonance energies and "€ integral over the Brillouin zone is performed by
widths determined from the time-delay matrix and the rootsduadrature using the method of “special poiritsto sample
of the secular equation agree within=0.1 eV. This repre- the irreducible wedge of the surface Brillouin zone. In Fig. 7
sents a difference of less thaa+2% in the computed life- Wwe display the real and imaginary parts of one calculated
time relative to that of the free moleculE=3.4 eV). Fitting ~ €lement ofS, S;, ,d E), computed as a function of the num-
the resonance profile to a pure Breit-Wigner fofdotted  ber of special pointsN) included in the irreducible wedge
curve yields resonance energies and widths that are less aof the Brillouin zone.S was evaluated at a pdi A above
curate than the other two methods, because the profile of thbe top site of a AgL11) substrate fol/;;=0.25 eV. Clearly,
adsorbed molecule is slightly asymmetric. Nevertheless, théor this substrate, a reasonable representatid@isfbtained
error in the determined values &, andT is smaller than for N=45, while N=135 gives results which are almost in-
~=*0.2 eV. distinguishable fromN=400.

H. The Brillouin-zone integral

Having determined thé-resolved reflection and trans-
mission matrices of the left and right half spaces relative to
the molecular plan®,, , S is obtained by projection from a
plane-wave to an angular momentum bdéis. (16)], fol-
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sorbed perpendicular to a surface, the coupling by the sub-
strate between thpo partial waves and between tpe and
s partial waves is particularly importaff.

In Figs. 8 and 9, two elements & computed at a point
3.0 A above the top8(a) and 9a)] and fcc-hollow{8(b) and
9(b)] sites of Ad111) are displayed as a function of the
probe electron energy. The elementsSoforrespond to the
reflection of (outgoing po and d# partial waves into an
incoming wave of the same symmetry. These elements are
relevant to the modification of the lifetime and energy of
molecular resonances that decay predominantly viapthe
andd partial waves: théS | shape resonance of,@hich

0.3 L L L - is formed at 9.5 eV in the gas phase and ﬂﬁPg shape
8.0 90 100 110 resonance of at 2.3 eV. These elements $fare plotted as
Electron Energy (V) a function of the electron energy relative to the vacuum level
(Eyac=0) and are computed with and without the inclusion of
0.4 pr=r———r ' ™ multiple electron scattering by the substrate. Specifically, the
0.3 - sl I,f"‘\, E solid curves in Figs. 8 and 9 displ& computed using the
| n=132 R full LKKR calculation, while the dashed curves were com-
02f / LT puted by neglecting multiple scattering by the substrate. The
~ o1k v latter calculation corresponds to an empty crystal approxima-
S s : y tion, where the substrate reflection matRx0 and the only
©w 0 substrate scattering is due to the barrier potential. Conse-
E 0.1k guently, the empty-crystal results are directly comparable to
N calculations performed using the CAM method, where only
02¢ the image screening of the probe electron by the substrate is
03k considered.
Although the variation of the substrate scattering matrix
4= T T e oo 1io elements as a function of the probe electron energy seems
Electron Energy (eV) complex, some general trends may be extracted from Figs. 8

and 9. First we consider the matrix elements calculated in-
FIG. 7. The real and imaginary parts of one calculated eIemen?IUdmg only the barrier scatteririge., the empty-crystal Ca.l' .

of the substrate scattering matrBy (), computed at a point 3 culation shown as the das_hed.curves in F|g_s. 8 and 9. Within
A above the top site of a A§11) substrate. The value & ;4 E), the empty-crystal approximation, tf& matrices computed
as a function of the probe electron energy, is shown as a function JPT the distinct adsorption sites are identical since the crys-
the number of special pointdNj included in the irreducible wedge talline substrate is not mcluded. in the calculation. From Figs.
of the Brillouin-zone integralN=1, 11, 45, 135, and 400. Note the 8 and 9 we see that th®-matrix elements for the empty-
close correspondence betwesncomputed forN=135 and 400, ~crystal calculation display a rather simple structure as the
indicating thatN =135 special points are adequate for a convergenrobe electron energy is varied. As the electron energy is

description of the substrate scattering magix reduced, the magnitude of the matrix elements increases
monotonically. This behavior follows from the energy de-

. THE NATURE OF THE SURFACE SCATTERING pendence of reflectivity of the barrier, which is represented

MATRIX as a smooth step potential in the calculation. As the electron

energy drops relative to the vacuum level, the reflectivity of

In this section, we discuss the general features of the cathe barrier increases and, consequently, the coupling between
culated surface scattering mat® and how these features the incoming and outgoing partial waves centered on the
are related qualitatively to the variation of the resonance lifemolecule is enhanced.
time as a function of the adsorption height, site, and reso- By comparison, the calculated matrix elements including
nance energy. We consider resonance scattering froen@®  substrate scattering.e., by the full LKKR calculation, solid
N, physisorbed on A@11). Although S is independent of curves exhibit qualitatively different behavior as the probe
the identity of the adsorbatésince S describes only the electron energy is increased above approximately 2 eV. For
probe electron scattering by the substratee symmetry of low electron energieg=<2 eV, theS-matrix elements com-
the molecular resonance determines which elemen&asé  puted by the full LKKR calculation are quite similar to those
important in changing the resonance behavior of a particulacomputed without the inclusion of substrate scattering. Fur-
adsorbed molecule. Th%i'[g (2.3 eV) shape resonance of ther, in this energy region, th&matrix elements calculated
free N, decays via thel 7 partial wave. Consequently, when for the top and fcc-hollow sites are similar, even though the
the molecule is adsorbed perpendicular to a surface, the cosubstrate scattering is fully incorporated. The similarity of
pling by the substrate between tlder partial waves and the matrix elements calculated with and without the inclu-
between thedw and pm partial waves is particularly sion of substrate scattering and for different adsorption sites
important?® The S (9.5 eV) shape resonance of free, O suggests that the electron scattering by the bafiier, the
decays via theo partial wave. Therefore, when,Os ad-  electrostatic screening of the negative)idominates the be-



11 086 P. J. ROUS 53

8r C—pO ] 8F C—po ]
po—p ey po—p
6 ] 6F ]
~ 4 ~ 4
2 2
3 3
~ of ~ o
0F oF
2F ] 2L
-2 0 2 4 6 8 10 -2 0 2 4 6 8 10
Electron Energy (eV) Electron Energy (eV)
4 T T T ¥ T 4 T T T T T
or 0
3 Z
5 E
St 8t
12f [Temw 1 a2t
2 0 2 4 6 8 10 -2 0 2 4 6 8 10
(a) Electron Energy (eV) (b) Electron Energy (eV)

FIG. 8. The calculate®-matrix element(Sy, ;09 for po—po scattering for a point 3.0 A above the té@ and fcc-hollow(b) sites of
Ag(111). The real and imaginary parts &fare plotted as a function of the electron energy, relative to the vacuum level of the substrate.
Solid curve: full LKKR calculation that incorporates the electron scattering by the substrate. Dashed curve: empty-crystal calculation that
includes scattering by the surface barrier only; electron scattering by the substrate is neglected.

havior of theS matrix, and consequently the resonance life-top site of Ag111). These quantities are plotted as a function
time, for E<2 eV. This behavior can be easily understoodof the adsorption height of the molecule, which is defined as
physically: When the electron energy is small compared tdghe distance between the molecular center of mass and the
the barrier heighffor Ag(111), 14.2 eV, the reflectivity of  center of the top plane of substrate atoms. As the adsorption
the surface barrier is close to unity. Consequently, as th&eight of the molecules is reduced, the calculated resonance
electron energy approaches the vacuum level, the barriemergy falls towards the vacuum level; see the lower panels
dominates the reflection of the probe electron by the surfacef Figs. 10 and 11.
provided the reflectivity of the substratgepresented by First we consider resonance scattering via {Fk-g (2.3
Rqg) is significantly smaller than unity. This latter condition eV) state of N, Fig. 10. In the gas phase, the resonance
will be satisfied provided the electron energy does not lieenergy is 2.3 eV and drops tol eV below the vacuum level
within a projected band gap of the unoccupied electronidor an adsorption height of 2 A. The upper panel of Fig. 10
band structure of the crystalline substrate. shows the real and imaginary parts of tBenatrix element

As the probe electron energy is increased, the barriethat couples together thobrr partial waves calculated within
component of the substrate reflectivity drops. This effect carthe empty-crystal approximatiofdashed ling and for the
be seen in the empty-crystal calculations shown in Figs. 8ull LKKR calculation (solid ling). As the adsorption height
and 9 where the magnitude of the real and imaginary parts dé reduced, the magnitude of tisematrix element increases.
S decrease monotonically with increasing energy. By confurther, theS matrix elements computed using the full
trast, theS-matrix elements computed using the full LKKR LKKR and empty-crystal calculations show similar behavior.
calculation develop distinct oscillatory structure wHer2  This behavior is consistent with the earlier discussion of the
eV and do not decrease in magnitudeEaBicreases. In this energy dependence of tifematrix elements: As the mol-
energy regime theS-matrix elements are determined pre- ecule approaches the surface the resonance energy drops
dominantly by the interaction of the probe electron with thefrom 2.3 eV towards the vacuum level. Thus, we are always
unoccupied electronic structure of the substrate because tlire the low-energy regime where tf&matrix is determined
barrier reflectivity is relatively small. predominantly by the reflectivity of the barrier, which in-

Finally, we display in Figs. 10 and 11 the behavior of thecreases in magnitude as the adsorption height, and therefore
S-matrix elements, the resonance lifetime and energy fothe resonance energy, is reduced.
resonance scattering via tﬁﬂg (2.3 eV) state of N, and the Qualitatively different behavior is observed for resonance
43,0 (9.5 eV) state of Q physisorbed perpendicular to the scattering by thés | (9.5 e\) state of Q on the same sub-
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FIG. 9. As Fig. 8, for the calculatefl matrix for dm— d scattering.

strate, Fig. 11. When the molecule is far from the surface, thavhereS=S§, |, . If it is assumed that the energy variation of
resonance lies in the range of energies where the substratge molecular scattering amplitude occurs much more rapidly
scattering matrix is an oscillatory function of ener(gee than for S(E) (i.e., the molecular resonance occurs well
Fig. 8. Thus, as the molecule approaches the surface, theway from any substrate resonan¢dben S(E) can be re-
resonance energy drops as a result of the image interactigriaced with its value on resonanc@s S(E,), and

and the lifetime oscillates. Only when the molecule is moved

sufficiently close to the surface that the resonance energy, —ir

relative to the vacuum level, drops below approximately 2 M’ ~ T . (47
eV is a monotonic decrease in the lifetime observed. In this Z[E— ( E,+=-ImS||+il'(1+ReYS)

case, the image interaction lowers the resonance energy to a 2

value where the barrier reflectivity dominates the resonance
behavior. Comparing Eqs(47) and(45) we see that the effect of the

Finally, we note that it is possible to establish a qualita-Substrate scattering is to shift the poles of the scattering am-
tive link between the variation of the resonance lifetime andplitude, so that the resonance energy and width of the ad-
the S-matrix element corresponding to the resonantsorbed molecule become
channeP*° Consider a prototypical Breit-Wigner resonance

in a single angular momentum channklng). Then the cor- r
responding element dfl behaves as Ei—E/ |1+ 2E, Im S, (48)
Mo =MoL 45 I—T(1+ReS) (49)
Im,Im— _Z(E_Er)+|r ( ) '

Consequently, the resonance lifetime of the adsorbed mol-
Compared to the free molecule, the substrate alters thgcyle, 7, relative to that of the free molecule?, is

electron scattering states by partially reflecting outgoing

spherical waves back towards the molecule. Thus, for the 70

adsorbed molecule, the matrix element corresponding to the = (50)

resonant channel becomes (1+Re9)
M—M'=M+MSM+MSMSM+---=M(1-SM) "%, This simple model suggests that when a molecule is ad-

(46) sorbed at a surface the lifetime is modified by a factor of
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FIG. 10. Upper panel: the real and imaginary parts of the cal- FIG. 11. Upper panel: the real and imaginary parts of the cal-
culatedS matrix ford— d scattering, plotted as a function of the culatedS matrix for po—po scattering, plotted as a function of the
adsorption height of a molecule above the top site of 41Ad) adsorption height of a molecule above the top site of 41Ad)
substrate. Center panel: The calculated resonance widﬁﬂéaf substrate. Center panel: The calculated resonance widftt pf
resonance of MNadsorbed perpendicular to a @41 substrate, resonance of ©@adsorbed perpendicular to a @d1) substrate,
above the top site. Lower panel: The calculated resonance energy above the top site. Lower panel: The calculated resonance energy of
2Hg resonance of Nadsorbed perpendicular to a @d.1) substrate, “S, resonance of @adsorbed perpendicular to a @d1) sub-
above the top site. strate, above the top site.

(1+Re9). Significantly, this factor depends only upon the regime(E, <2 eV), the real part o is positive and increases
real part of the substrate scattering matrix evaluated at thmonotonically as the resonance energy is decreased. Accord-
energy of the resonance. ing to our simple model, Eq50) predicts that the resonance
Now consider Figs. 8 and 9, which display the real part oflifetime would decrease monotonically as the resonance en-
S as a function of the resonance energy. In the low-energgrgy decreases, or equivalently, as the molecule approaches
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the substrate. As is shown in Figs. 10 and 11, and discusseztule adsorbed at a metallic surface, the long-range polariza-
earlier in this section, this precise behavior is observed in th&on potential is screened but in the present model, and all
computed lifetime of thezl'[g (2.3 eV) state of N phys-  prior calculations for adsorbed molecules, any modification
isorbed on A@l111), Fig. 10. In the higher-energy regime, of the molecular polarization potential by the substrate is
Fig. 11 shows that R8 oscillates. This behavior is observed neglected. This assumption can be partially justified by not-
in the lifetime of the*S,; (9.5 e\) state of @, also shown in ing that only when the probe electron is far from the ad-
Fig. 11. Note the qualitative correspondence between the osorbed molecule is the polarization potential strongly altered
cillatory structure of R& and the calculated lifetime shown by the presence of the image dipole. However, in this case,
in Figs. 10 and 11. the long-range interaction potential of the probe electron
with the surface-molecule system is dominated by a lower-
V. CONCLUSIONS order multipole moment, thémonopole image screening of
. ) the probe electron by the substrate.

In this paper we have presented the computational and The |imitations of the present implementation of the
theoretical details of a new approach to the calculation of th‘f‘ayer—KKR method described in this paper could be allevi-
lifetime, energy, and cross sections for negative-ion formagteq py including the appropriate density-functional repre-
tion in adsorbed molecules. This theory is based upon @entation of the electron-electron interaction and by comput-
layer-KKR treatment of electron scattering in the substratejng self-consistent electronic potentials for the electron-
This method allows the treatment of the substrate electronig,glecule-substrate interaction. We are currently working on
structure and its effect upon the lifetime and energy of adhjs problem. In the meantime, applications of the layer-
sorbate negative ions. Applications of this approach to spexkR theory will be confined to calculation of the resonance
cific molecule-surface systems may be found elsewfferé.  penavior of physisorbed or weakly chemisorbed molecules at

Our present approach has a number of limitations whichnetallic surfaces.
we will now discuss. Perhaps the most serious limitation of
the present theory is the neglect of the modification of the
molecular core potential by the substrate. This is a reason- ACKNOWLEDGMENTS
able approximation for physisorbed molecules, but is less
accurate for strongly chemisorbed species, where charge This research was supported by the National Science
transfer occurs between the molecule and the substrate. Poundation, Division of Materials Research, Grant No.
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