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Theory of Collision~Induced Ionization of Adsorbed
Species on Solid Surfaces in the Presence of Laser
Radlation

Kai-Shue Lam and Thomas F. George

Department of Chemistry
University of Rochester
Rochester, New York 14627

usa |

Abstract

A formalism is proposed for treating the problem of
ionization of adsorbed species on solid surfaces. The
ionizing agents are taken to be impact atoms and laser
radiation with frequency low compared to the inverse of
characteristic collision times. The physical constraints
of short collision times and low laser frequency then
allow one to treat the adatom-surface-plus-field system
under the quasi-static approximation (QSA) and the impact-
atom-adatom-surface collision dynamics under the impulse
approximation (IMA). The latter leads to a time-dependent
ionization cross-section which is factorizable into the
square of an electron-atom scattering matrix element and
a spectral function describing the energy-momentum distri-
bution of electrons in the adatom-surface-plus-field system.
The formalism focuses on the spectral function which is
shown to be derivable from a single-particle Green's func-
tion exactly calculable for the present problem.
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I. Introduction

Photoemission studies of adsorbed species on solid surfaces,

1-3 ana experimental,'i-6 have produced consider-

both theoretical
able information on the nature of chemical bonding between
adsorbed atoms or molecules and solid surfaces. The process of
collision-induced ionization of surfaces, of potential importance
in generating the same information, has, however, claimed rela-
tively little attention, due to the widespread belief that it
would be extremely difficult to extract useful experimental
information from such studies. In this area, new ground has

been broken recently by Conrad et al.,7 who considered theoret-
ically the problem of surface Penning ionization of a single CO
molecule chemisorbed on a Pd(1lll) surface by metastable He*-beams
and compared their results with existing experimental data. On
another front, gas-phase studies of Penning ionization also suggest
that laser radiation can have pronounced effects on the emitted-

electron energy spectrums’9

10

as well as the ionization probability
itself. These works all point to the likely fruitfulness of
carrying out studies on collision-~-induced ionization of adsorbed
species on solid surfaces in the presence of laser radiation. 1In
this paper, we will propose a formalism to treat this problem.

The physical situation we are considering may entail several
competing processes in addition to the emission of electrons. There

11 12 of adatoms, or even formation

may be desorption and migration
of free ions. However, the degree of catastrophe induced on the

surface by the atom beam and the laser radiation is not entirely
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2
beyond the experimentalist's control. Laser power and laser fre-
quency, for instance, could be selected to minimize desorption
and migration, and the incident-atom impact energy could conceiv-
ably be adjusted such that free-ion formation does not compete
significantly with pure scattering. Also the amount of internal
excitation carried by the impact-atoms may be tailored to prefer-
entially ionize the adsorbed atoms rather than those of the bulk
medium.

The main advantage of the laser as an inducing tool in the
present case is that it has much greater versatility here than,
say, in the process of laser-induced desorption, because no
resonance requirement on the laser frequency need be imposed.

We will, however, assume that the laser frequency is much less

than characteristic band structure resonances of the pure metallic
surface so that photoemission need not be considered as a competing
process. We also require it not to be in resonance with adatom
vibration or phonon coupling modes so as to avoid dealing with de-
sorption or migration of adsorbed species.

Since the laser frequency is considered to be low, most of the
energy required for ionization will have to be supplied by the in-
ternal excitation energy and the translational kinetic enerqgy of
the incident atoms. Hence we consider projectile atoms in an excited
state with large impact velocities, leading to short collision times

T such that 1 << wil

, where Wy is the laser frequency. This means
that the laser photons will only have a relatively short time in

delivering energy. But since the adsorbed atom (adatom) states can
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be considered to be broadened by the solid surface into a "near-

continuum cf mu¢£§43

(with large uncertainties in orbital energies),
the low frequency photons may still be effective in transferring
energy to electronic degrees of freedom in the adatom~surface system,
facilitating electron "hops" between the adatom and the surface.14
This would not be the case if sharp resonance electronic states were
considered (such as in gas-phase collisions).

The conditions of short collision time and low laser frequency
permits the use of the quasi-static approximation (QSA) where, even
though the total Hamiltonian is time-dependent (due to the radiation
interaction), the energy of the system is considered to be adiabatic-
ally conserved within the duration of a characteristic collision
time [cf. Egs.(2.6) and (2.7) below)}. Also, the smallness of 1 war-

15 (IMA) in the treatment

rants the use of the impulse approximation
of the projectile atom-adatom-surface collision dynamics. Within
this approximation, the collision between the projectile atom and

the adatam-surface (AS) system is assumed to be mediated by a single elec-
tron possessing a characteristic momentum and energy distribution
determined by virtue of its being part of the adatom-surface plus
field system and otherwise considered to be free. Naturally the IMA
will be more suitable when applied to cases where the adatom-surface
system to be ionized has loosely bound electrons. The momentum and
energy distribution will be most conveniently obtained through a
Green's function formalism. The IMA has been successfully applied

to a wide variety of collision processes, such as fast electron-atom

collisions,16 17,18

A(p,2p)B scattering in nuclear reactions, and gas-
phase ccllisional ionization.19 Recently, we have also applied it to

high~energy positron ionization of adsorbed species,20 a process

closely related to that discussed in the present work.
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In what follows we will construct a formalism for the calcu-

i . lation of the differential cross section of the ionization process.
This formalism is based largely on many-body techniques leading to
the construction of an adatom-surface-plus-field Green's function
that is time-dependent. The implementation of the main approxima-

E " tions, the QSA and the IMA, will be shown in the course of the de-

velopment.

II. The Ionization Cross-Section

We consider the process in which projectile atoms B with
momentum Ei are incident on an adatom-surface (AS) system which is
driven by monochrbmatic laser radiation with field strength repre-
sented classically by B(t) = Eocosth, where w is the laser fre-

quency. Assuming that this collisional process leads to ionization

with emitted electron momentum and final momentum for the atoms B

- .

equal to B and Ef respectively, the time-dependent differential

‘ 17
i ionization cross-section can in general be written in the form
3_.3
d”pd p
6 2m 12 (+) 1 £
a°a(t) = S JIT(e) | “8{ete +E" 7' (£} - (Eyj(E)+e,+A8) e ——5 . (2.1)
e £ 0 1 Yo (2mh)
i In Eq.(2.1) va is the incident velocity of B atoms;
2 .
€ = p°/2m, (2.2)
e, = p2/2 (2.3) |
! i = Pi/ Mgy :
' and 2
€ = pf/ZmB (2.4)

are the kinetic energies of the emitted electron and the free atoms

B before and after the collision respectively, with m = mass of
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electron and mB = mass of aton B; and
A= Ei - Ef' (2.5)

the internal energy transfer, is the difference between the initial
and final internal energies of the atom B. The presence of the §-
function with time-dependent energy variables follows from the
quasi~static approximaticn (QSA), where it is assumed that if the
collision time t is short enough compared with the period of the
driving force, the ground state energy EO and excited energies E(+)
of the unperturbed and singly-ionized AS+field system vary adiabatic-

ally over t < T; also, the total energy of the system is adiabatically

conserved. The QSA then implies that

ﬁAS(t)lwo(tb = Eq(t) |y, (t)>, (2.6)
and
s (0 [¢ P 0)> = EM ) v (01>, (2.7)
where ﬁAs(t) is the total time-dependent Hamiltonian of the AS system
plus field; and IWO(t)> and [W(+)(t)> are the corresponding adiabatic
ground state and excited state wave functions, unperturbed and singly-
ionized, respectively. The summation in Eg.(2.1) is over all the
final singly-ionized AS states IW(+)(0)>, where it is assumed that
at t=0, the laser field is turned on. Within the impulse approxima-

tion (IMA), the transition matrix element T can be written as

= oy (¥ a (S
T(t) = <Y (t) 'a(pl) IWO (t)>TEf,§frstirsi'Ell (2‘8)

where a(El) is a fermion annihilation field operator (removing an
electron of momentum El from the AS system in its ground state at

time t) and T + is an off-shell electron-atom scattering

> =+ -+
Ef,Pfopri,pi.pl
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matrix element, describing the collision between an atom B in the
initial state |i> with kinetic energy pi/ZmB and a free electron
with momentum Bl' to produce an atom B in the state |f> with kinetic
energy p§/2mB and a free electron with momentum p. The IMA to T is
schematically represented in Fig 1, in which € and El represent the
energy and momentum removed from the AS+field system at time t.

The IMA also implies that at the right vertex (blank circle) energy

and momentum are both strictly conserved. Hence we have

2 2
P; p 2
i = £ 4 B_
€1 * 2my ta = 2my Y om v (2.9)
and
51 + Ei =p + Ef. (2.10)

We first discuss the sum in Eg.(2.1l). This equation, together

with Egs.(2.8) and (2.9), implies that the sum can be written as:

S(B,,€,,t) E(Z)|<W(+)(t)I;(Bl)!Wo(t)>|26(el+E(+)(t)—Eo(t))
+

_ > {(+) _ (+)
_(§)<W0(t)|a (p) 6 (e +E " (¢) Ey(t)) [¥777 (£)>

x v lad) v o>
x at @ - i (+) (+)
—(§)<w0(t)|a (By) 8 (e +H, o (£)=E (£))U." " (£,0) ¥ (0)>

X <w(+’(0)|U;+)+(t,0)£(51)lw0(t)>

A+_’ I\*
= <¥g(t)]a’ (p)) 8 (e +H, o (£)-Eg(t))alpy) [¥ (t)> ,  (2.11)

where in the second equality use has been made of Eq.(2.7) (the QSA),
and the time evolution operator, Ué+)(t,0), for the Schrdédinger picture

wave function W(+)(t) has been introduced such that




~(+) (+) _ (+)
Ug (t,0)|w0 (0)> = lwo (£)>. (2.12)

The quantity S(El,el,t) is referred to as the time-dependent
spectral function and can be interpreted as the probability at
] time t of finding an electron with momentum 51 in the AS+field
f system and the energy Eo(t)—s1 in the residual system after an
electron has been removed. The differential ionization cross-

section can then be written as:

3 -
d~pd
6 2n > 21 F
dg(t) = = S )T > > > > —_— . 2,13
(t) h (pl'el' )l EflelP7EirPivP1, VO (2 3 ( )
The time-dependent spectral function can be shown be related
to the Fourier Transform of the advanced single-partic  sreen's

function as follows. We start with the definition of the advanced

single-particle Green's function;

ot N
z i<w0|aH(El,t)aH(p1,t')lw0>e(t-t') (2.14)

o+
o+
i

-
v
11

|w0(0)>, (2.15)

and 6(t-t') is the Heaviside step function. aH(sl't) is the time-
] dependent Heisenberg picture fermion annihilation field operator

given as:

~ -> —A+ I\_’ ~
aH(pl,t) = Us(t,o)a(pl)US(t,O), (2.16)

with Us(t,O) satisfying the relation
l¥y(t)> = Us(t,0)1w0>.

We can then write the advanced Green's function as

[rmr  m—————— e et e ——————— e . - . - - .
. - s I Al o -
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-> . A+ ~ > ~ A+ ~ e ~ . .
Gp(Pyit,t') = ic¥ |Ug(t,00a (py)Ug(t,0)Ug(t,0)a(p)Ug(t",0)]¥ >6(t-t")
= i<y |uf(e,00aT (B UL (£, £ a (B, )0 (bt ,£) 0, (t,0) | ¥, 50 (~£,)

0!sttr 1/ s P/ Pg EFE  BIEg 15,00 1 1

. gt RPN ~ s A .
= i<¥,|ug(t,0)a (pl)us(t+tl,t)a(pl)us(t+t1,t)us(t,0)lw0>e(--1>

. A++ ~ ¢ ~ s ~
= 1<W0(t)la (pl)US(t+tl,t)a(pl)US(t+t1,t)[WO(t)>6(—tl).

In the second equality above we have made the change of time variables
t, = t' -t (2.19)

and use of the property for the time evolution operator Uq that

US(tl,tz)US(tz,t3) = Us(tl,t3). (2.20) {

Under the QSA we can write

N ) i
Us(tl+t,t) = exp{ 5 HAs(t)tl} (2.21)
if [t;| ¢ 1 and it follows that

i

-»> . ~+ > ~ >
Gplpyit t+t)) = 1<w0(t)|a (py)e e(—tl)a(pl)lwo(t)>,

ltll < T, (2.22)

Introducing the integral representation for the step function

1 o e~imt
o (t) = ~ VLI J' dw oFIn (2.23)
we have
o -iwt
6(-t.Yexpll(H, . (t)-E. (£))t,} = ==r f dw e ! . (2.24)
1 hAS 0 1o 2m) mi%[HAs(t)-Eo(t)]'in

Hence the restricted Fourier Transform of GA(El;t,t1+t) can be written




o

B et o S ol A

as

= > _ ot 1

_ S(Bl)lvo(t». (2.25)
H[HAS(t)-EO (t)] .

From Eq.(2.11), the relation between the spectral function and the
restricted advanced Green's function is then

1

> . ~ -»> Y ~ -+ R
S(Plrslrt) = 2_."{'5' })ilg[GA(Plrwl‘lﬂ:t) - GA(P]_,NI‘*'lﬂ:t)]
- 1 lim = 2 s
where
flwl E €1 (2.27)
and the representation for the delta function
_ 1 lim 1 1
86} = 377 nvo %= In T xR (2.28)

has been used. We note that in arriving at Eg.(2.25) the restricted
Fourier Transform is taken as though Us(t1+t,t) assumes for all t1 the
functional form dictated by |t1| <€ T, that is, the Hamiltonian entering

into the computation of GA(El;t,t‘) is just H, . (t) [cf. Ea.(2.21)].

AS
The restricted transform is, of course, distinct from the true trans-

form

[+
P iwt >
GA(pl,m,t) = J dtl e 1GA(pl;t,t'), t1=t'-t. (2.29)
-0
The computation of GA(gl,t,t’) will be discussed in the next section,
and that of a(fi,m,t) in Appendix I.
> > > > the electron-atom
EgrPgsPi EjiPysPy’
scattering matrix element. This is a well-studied problem which we

We now turn our attention to T

will not pursue in detail.16 Under ordinary situations where only

X
ittt st eiio i O s it st — PRI WSR3 O S-S0t
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p >> Ef leads to significant cross-sections in Eq.(2.1), the Born

approximation can usually be applied. 1In this case

T > > > > 3 ‘_&-; - <+ .

Eg/Pg/PiE; Py/Py = | A're’” “<E]V(r-x)|i> (2.30)
where ha, the electronic momentum transfer, is given by

-> -> ->

hq = py- (m/mg)B; - (B - (m/mg)p,] (2.31)

‘+ -' 3 13 . 3
and V(r-x) is the electrostatic interaction between an electron
(with coordinate ?) and the electrons in atom B (with collective

N -»>
coordinates x).

III. Development of the Green's Function in the Presence of an

External Field - Time-~dependent Spectrum

We wish to calculate the space~time Green's function
G(R', t ik )= —i<y | TIA (X', 4] G, ) 1]y > (3.1)
0 H H 0
(and its Fourier Transform) where T denotes the time-ordered product,

aH(ﬁ,t) is the time-~dependent Heisenberg picture fermion creation

field operator and [y,> satisfies [cf. Eq.(2.15)]

<%'\FO> =1, (3.2)
Qﬂ(i,t) is the Fourier Transform of gn(ﬁ,t)[cf. Eq.(2.14)1:
ir
a, (%, 0 = 1 Id:’p HA° a, (B,t). (3.3)
(2m) "h

We assume that the separate problems of the adatom orbitals
-
¢i(§) and the self-consistent eigenstates ¢0(x) of the unperturbed
semi-infinite surface are solved so that the time-independent field

operators can be expressed as




e et o S co— - —— e

11

~

a(x) = J a.6. (%) + T a ¢ (X=a.(%0). (3.4)
i 11 g (e} (o) H

The surface is taken to be metallic and o includes the wave number

1

operators for the ith adatom state and oth surface state, respec-

and the band index. 2, and 30 are the electron annihilation

tively. Each electron in the adatom-surface plus field system is
considered to be under the influence of a self-consistent field

so that the single-particle Hamiltonian can be written as

~;6(t)cosm t. (3.5)

-> -+ >
hAS(X.t) = h(x) - eE, L

where the second term is the classical interaction Hamiltonian
between an electron at ; and an external laser field of field

strength Eo and frequency w. (in the dipole approximation). The

L
field-free Hamiltonian h(;) is assumed to have the properties

<¢i|h]¢j> = gisij (3.6)

<¢slnfo > = (3.7)

80600'
where €y and €y are energies belonging to the states ¢i and ¢0
with the adatom at infinite distance from the surface. The interac-

tion leading to adsorption is given by the matrix elements

<¢i|h|¢o> 2 v (3.8)

Using the basis {¢i,¢c}, h can then be written in matrix form as




12

“i o ! \
\\‘ .
() I ( Vio
* !
i
L l R o= £
1 ©
) .. () (3.9)
z R N
I V., ! \\
10 ] \\
b O
1 €g?
H : It is also convenient for the computation of the Green's function,
to write the total single-particle Hamiltonian as
-> - > >
k hyg(x,t) = hy(x) + hy(x) + he(x,t)
= hy(X) + hp(x,t) (3.10)
' where hf(i,t) s - eﬁ0-§e(t)costh and h0(§) corresponds to only the
diagonal elements in Eg.(3.9). The total Hamiltonian in second
' quantized form is then given by

fag®) = [ % aTdom, Goac
)
(¢)

=] aa e, + E a; a;e; +izc’(vio(t)ai a_+V; (t)a  a;)
+ 7 ata,u &) +3 ala., u.,(t) (3.11)
ofa’ g o ' ifi i 7i' Tiie
) where
->
v, (&) = <¢,[hp(x,8) |0 >
= Vig * uio(t), (3.12)
i
: !
!
b AR
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and

uy (€)= <a|hf(§,t)|b> (3.13)

with a,b standing for {i} or {o}. 1In Eq.(3.11) the first two
i terms describe "unperturbed" electrons corresponding to the states
; - [¢;> and [¢_>; the third term accounts for the combined effects of
| adsorptive and radiative interaction between the states |¢i> and
|¢o>: and the last two terms describe radiative interactions within
the sets of states |¢o> and |¢i> respectively.

Since the interaction Hamiltonian hI only involves single-~
particle coordinates [cf. Eg.(3.10)], the series expansion of the
Green's function [defined in Eq.(3.1)] .ssumes a particularly simple
form. The usual expansion procedure using Wick's theorem21 leads

to the following diagrammatic representation for G({x',x):

' x' x' x' x' X
r ? ] ¢ 9
A X QM
)i\ XZ-M 3
N = A + Xy gy + A + X2 4..... (3.14)
* 9 { Xy pramnni
A 1
) 3
¢ x” X ' xb X

where the contracted notation x stands for the space-time point

(§,t), etc.; the double bar and the single bar stand for the full

T
e ———l.—o e e e ——————— . Al e s S e G " T = -
I | o L . e i At
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Green's function and the "non-interacting"” Green's function
respectively; and the wavy lines stand for the interactions

hI integrated over intermediate space-time variables. Eq.(3.14)
is equivalent to

4 0/,
[atx, & xtxpinp a6y txy 0

o -

G(x'x) = Go(x',x) +
2
+ %@t ate,60 (x* xy hp () 6° oy dy )60 (g0
1,3(.4 4 4 0,., 0
+ (ﬁ) Id xld xzd x3G (x ,x3)hI(x3)G (x3,x2)hI(x2)
0 0
X G (x2'xl)h1(x1)G (xl,x) + teenee 4 (3.15)

where G0 is the "non-interacting” Green's function; and it leads

to the Dyson's equation
' e a0t 4 0,1
G{x',x) = G (x',x) + |d x,G (x ,xl)Z(xl)G(xl,x) (3.16)
where I(x), the proper self-energy, is simply given as

hI(x)
I(x) = . (3.17)

Equation (3.16) can also be represented in the diagrammatic form

x! x' '
x
! f , P
’ N
. A
. - A s (3.18)
é 1
v |
- : x x' x
f .
|
) i
!
L o
A _ e mEeMTR Y
[ mm— e e | e = - R . . et = | I e e e
. IR ettt e e

e




where the shaded circle stands for the proper self-eneray.
We are now in a position to calculate a(i',fgw,t), the restricted
Fourier Transform of G(§',t';x,t), by converting Eq.(3.16) into an
| algebraic equation. First we note that the QSA allows us to replace
Z(%X,,t)) in Eq.(3.16) by I(k;,t) [cf. discussion following Eq.(2.28)].

Dyson's equation can then be written
-+ -> 0,+> -+ 3 0,»> > >
G(x',t';x,t) = G (x',t";x,t) + fd xlfdth (x',t':xl,tl)Z(xl,t)
X G(Xy,ti%,t). (3.19)

Fourier transforming with respect to t'-t, Eq.(3.19) becomes

?T]?fdme_im(t'-t) [G(x',x,w,t) - GO(X',X,u))]

1 5 fd3x1fdt12(;l,t)fdwe-imctutl)Go(§',§1,w)fdw'e—iw'(tl-t)
(2m) :

! X G(X;,% w',t), (3.20)
r
since G0 only depends on the difference of the time variables, ho(ﬁ)
being time-independent. By first performing the integration with

respect to t; and then w', the right side of Eq.(3.20) can be ex-

pressed as

-. 3 '
. __l—ijdwe 1”t'fd3xls°(§',§1,m)z(§1,t)fdw'e1“ G %y %,0',t)
; (2m)
} 1l
= E%jdwe-iwt'fd3le0(;',;l,w)z(§l,t)elmtc(;l,;,w,t)
| - %fdme'im(t-t')[d:‘leo (% %y W) E(X) )G Xy X0, 8) (3.21)

= R - -?*"1‘; R P LSRR . _
h ‘ .. s A AN b b =~ = B -

ittt ittt il I T I W SRR 1
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Eq.(3.20) then leads to the following Dyson's equation for G(§',§,w,t):

o W

0 3

G(X',%,u,t) = GO(X',%,0) + fa X c°<§-,§1,w)z<§l,t)c(§1,§,w,t). (3.22)

1

t Next, the spatial Fourier transforms of G(i',E,w,t) are performed

to obtain G(ﬁ',i,m,t). Eq.(3.22) can be written as

sy L2 iELE - ~
73173- adkradkelk X' Qikexpaig % by - 6O(K,E,w)]
w
}
1 /.3 3, ,.3, _ik' X' ik]Xq,,2, 3, 3 iiz"*‘l
= ———1—-2— d xl d’k'd kle e 1 lz(k',kl,w,t)fd kzd ke ‘
(2m 12} ’:
i
iK% ¢ ;
X e G(k,.K,u,t), (3.23)
> >
st 2y ~ik,'x
where Z(ﬁ',il,m,t) = Id3x'd3xle ik'.x e 1 1G0(§',§1,m)2(§1,t). (3.24)

Again, by doing the appropriate integrations, we can reduce the

right side of Eqg.(3.23) as follows:

L > > > ~
a 1 [d3k'd3ke1k“x'e1k'xfd3klz(E,El,w,t)fd3kzc(i2;i,m,t)
(2m)
' T T ., 2 > >
x Id3xle1(k1+k2).x1 -1 Jd3k.d3ke1k-x'e1k X
(2m)
X fd3k1Z(i',Kl,m,t)s(-il,ﬁ,w,t). (3.25)

Comparison with Eg.(3.23) yields the Dyson's equation for G(K',i,m,t):

G, k0, 0)=cO®" k0 + -1-3[d3k1z<§',-il,w,t)c(il,i,w,t), (3.26)

(2m)

which can also be written in the diagrammatic form

RO SERTA. ¥ VL ST RN
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k' k! 'L
f '
4 T
11 = qx + ﬁl
(3.27)
Ry % -
where the angular bar stands for the interaction Z/(Z'n)3 and the
intermediate momentum variables are to be integrated over.
At this point it is convenient to expand G and EO as
G(R' K w,t) = [ ¢X(-k*)18,(KIG g lu,t), (3.28)
af
~0,»>, > _ v T > 70
G (k .k.w)'-;% 0 (K" 05 (k)G () 6 g (3.29)

where each of the sums runs over the complete set of indices {i}
and {0} [i.e., the non-interacting adatom and surface states, cf.

Eq.(3.4)) and
~ > >
0, Ky = fd3xe‘1k'x¢u(§).

Expressing G0

(;',§1,m) also as
GO k', % ,0) =T 6% (X6 (%62 (w)
i o © a1 Ca !

we obtain the following form for Z(E',ﬁ,w,t):

e e .

5
it i, " _ . o - L3
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> 1 K'ex' -ik; X%
20k Ky u,t) = 2 g [d x'a’z e ik "X gmiky ¥Lo* (k) 0, (k)

-+ ~0 - ~ > > ~0
X hp(x,,£)G, (w) = z ¢;(-k')xa(kl,t)ca(w), (3.32)
1 where
: ik, %
| X K,8) = ladee 1 Y Gpan e (3.33)

Using Eqs.(3.28, (3.29), (3.32) and (3.33), Eq.(3.26) becomes

N * o T e ~0
I 0 (kN0 (k)G g(u,t) = G ()6

a,B ap!

1 3 ~ >, > 0 Y% N
fd ky g 08 (k)Xo (=K £)G (W) T ¢0 4 (k)b (k)G (g0, t)

(2m) 3 a'e
h ik, -%
= - 3 %\ I 3 1 1
= ?;;;i 2 ¢*( k' )¢ (k)G (w) Z fd xl¢a(xl)ﬁ (xl,t)fd kle
i X 8% (K116 0 (w,t)

b (K0, 160 @] [adxyen, G Ly 000, B))6, g (000)
a'

e
[
1

af

=&%(¢ (- k')¢6(k)G (w)z Y (B)G g (w,t), (3.34)
where
_ 3 * h]_+ -+
Ya'a(t) = Jd xl¢a'(x1)'i(xl't)¢a(xl) (3.35)

may be considered to be a generalized time-dependent Rabi frequency.

Eq.(3.34) yields immediately the algebraic Dyson's equation for

~

Gas(w,t):

o ————

JR—

~ ~ ~

Gy (Wet) = GQW6 4 = G <w)2 Y2, Gyrg(wit)

ua'
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or Z{-:—“—'-g--y* (t)}z; (w,t) =68 , . (3.37)
o' G (w) * '8 a8 :
i In matrix notation,
6,8 = Iw,b), (3.38)
E where
6 *
r == _ " (v. (3.39)
a8 qg(w) a8
Since
0, _ 1
G, (W) = T (3.40)
where
w, = e /M, (3.41)
rae = (w-wa) ‘Sae - Y;B (t). (3.42)
If we let
Tiyg = e<041XI0g> (3.43)
é we have
Yiy®) = - % ﬁo-ﬁije(t) cosuy t (3.44)
Yig (t) = %{vio - §0 --ﬁice(t) cosmLt} ’ (3.45)
and
- ]_E 2
Yco'(t) =-5E uoo,e(t) costh. (3.46) :

Egs.(3.28) and (3.38) then determine the time-dependent Green's

function G(ﬁ‘,i,w,t).

FaTr—a—

G is related to GA’ the advanced Green's function, through the
following relationships:

GA(Elwlt) = G(Erslmrt)r w < U(t)/h
(3.47)

G*(E,an't), w > p(t)/h
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where u(t) is the time-dependent chemical potential of the adatom-
surface-field system. According to the Lehmann representation,22

u(t) is determined as the point in real w space at which the imagi-
nary parts of the poles of é (regarded as a function of w) change
sign. These poles are determined by Egs.(3.38) and (3.42). Eq.(2.26)

can then be used to give the spectral function.

IV. Conclusion

We have proposed a non-perturbative formalism to treat the bound-
continuum (BC) problem of collisional ionization of solid surfaces.
This formalism has certain advantages over conventional treatments
of BC problems. First it provides a direct way of obtaining differ- 4
ential cross sections with respect to the continuum of emitted elec-
tronic energies, whereas the usual optical potential methods would
only lead to the total cross section. Second, it bypasses the
approximation of limiting the problem to a finite number of chan-
nels, usually two, that is often required in coupled-channels ap-
proaches. Further, it renders the discretization of electronic
energies unnecessary, which is again the standard procedure in
coupled-channels as well as semiclassical treatments.

The QSA and the IMA, however, pose limitations on the validity
and usefulneas of the present approach. In situations where the
applied field has frequencies wr, large compared to or of the order
of 1/1, the QSA breaks down, although the IMA may still be applicable
to the field-free problem. Fields with large Wy, may by themselves

lead to electronic excitation or ionization, and the inclusion of

collisional effects may not necessarily provide extra information
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on the systems of interest. However, the general collisional problem

! with arbitrarily variable w, is definitely of immense theoretical

L
interest. It should also be noted that the underlying criterion for
the validity of both the QSA and the IMA is the shortness of the

! , collision time 1. With the relaxation of this§ criterion to the

; extent that the IMA is no longer valid, electron correlation effects

will have to be considered which would render the Green's function

formalism much more complicated than the present treatment.
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Appendix I

In this appendix we will derive the Dyson's equation for

the quantity G(El,m,t) {cf. Eq.(2.29)]). We start from Eg.(3.16):

G(x',t':x,t) = XLt %t + fd3x1fdt1G°(§',t':§1,tl)

> > >

X Z(xl,tl)G(xl,tl;x,t). (A.1)

It should be noted this equation differs from Eq.(3.19) [which is
used to obtain the restricted Fourier Transform G(El,w,t)] only

in the time variable in the proper self-energy I. Fourier Trans-

forming with respect to t'-t, Eq.(A.l) becomes

- fdme'i“(t"t’[G(§',§,w,t) - &P L3

- -
iw(t tl) 0

. s —iw'(tl-t)
G (x',xl,w)(dw‘e

=1 a3x, [at, s (X, ,t,) [due
2 1 1 1’71
X G(?:l,?c,m',t). (A.2)

From Egs.(3.17) and (3.10)
-> __l > _ > >
L(xy,ty) = H{hl(xl) eE, xle(tl)costhl}.

The t,~integration on the right side of Eg.(A.2) can then be

1
written as:
N -i(w'-w)tl
Jdtlz(xl,tl)e

27 > _ _ 1 = . “i{w'-w)ty
7fhl(x1)6(m' w) EeEO X4 f dtl e e(tl)costh1

-0

217 + v _i > > 1 1
h Py (xp) 8 (w'-w) 315 xl{w+wL-mj+in * w—wL-w'+1n} , (A.3)




where n is a vanishingly small positive quantity, and the inte-

gral representation for 6(t) [Eq.(2.23)] has been used. Perform-

ing the w' integration next, we find that
, G(X',%,0,t) - c2(%',%,0) ;

h, (X,) ek, %
= fd3X1G (x ,xl,w)[—l'-—l—-G(xl,x w, t) - —%_l

iw t dw"” eim"t
X {e Jf—f oI G(xl,x w +m+mL,t)

e & G(X,,%,0"+u-uy, ) }]. (A.4)

1w t iw"t
‘e j
271 w'-in

The spatial Fourier Transforms are then performed by rewritina
Eq.(A.4) as follows:

'-bl.—*l
1 fd3k'd3kelk X 1kx

- (G %,w,t) - ¢%k',k,0)]
(2m)

> >
2y 2 ik X
-‘ _ _1_1_5 fd3xlfd3k'd3klelk X'l 1z1(k',k1,m)fd3k2d3ke e
(2m)

iw. t >
ik - ;, ik

->
~ L X
X Gk, K,w,t) + —= € a3x. |a3kradk, e e 171
2 1 1
>
k

(2")12 2

w iw"t i
2, & +l’w)fdm 9——.—fd3k2d3ke 2° 1 i%%

" -
211 w" G(k k,w o mL’t)

> -
-ith P >, ik, *x "
1 e 3 3 3 ik'.x 171 > dw
+ om 5 Id xlfd k'd kle e 22(k l,w)fzTrl
w"t 1K, e %y 2.3
i . e
X ;v—zﬁfd3k2d3ke 2 lelk xG(Ez,i,w"+w—wL,t) (a.5)
where 5 h
_ipex —ikgex
z, (k%) 0 Jd3x a3x ek xTg L L -%(?cl)c°(§',?<1,w), (A.6)
e —————— R - s
— ‘ ' R

.- —.—— e~ - - e —————e DL - ———? e S p— g = - — - e .
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and T2 ik, *x ef, -x
- L NS - °
2, (k& ,0) = [d3x-d3xle e T e 2 he% ke . (L

By first performing the Xy and then the EZ integration, we obtain the

Dyson's equation for 5(%‘,ﬁ,m,t):

Gk, %,w,t) - e ,k,0) = ——i—jfd3k
(27)
iw.

L
1 J 3 > e J
+ a’k,2,(k', -k, ,w) [
(2m) 3 1%2 1 2

lzl(ﬁ',—ﬁl,m)c(ﬁlﬁ,m,t)

dw"” iw"t .

‘e > > "
2ﬂ mll_In G(kllk'm +w+mL't)

kY - " ‘
e"'ll.ULtdwn elm t -

FTOF m j
+ 3 77T o"In G(kl,k,w +w mL,t)]. (A.8)

We again invoke the expansions [cf. Egs.(3.28), (3.29) and (3.31)]:

! 0,»>, » _ +>, > ~0
G (x",x,,0) = Z o* (x") ¢, (x,)G_(w), (A.9)
~0 _y' > _ ~ _—y’ ~ - ~0
, G (k',k,w) —aEB 0% (-k )95 (k)G (W) 64, (A.10)
I and
P - ~x T >
G(k',k,w,t) ;% by (k") 0g (k)G g (w,t) . (A.117
The interaction terms z1 and Z2 can then be written:
> ik, -x h, (%,)
> _ 3,3, =ik'-%' Y*17%1 , >, +  11'%1 %9
Zl(k , kl,w) = gfd x'd x,e e ¢a(x )¢a(x1) % Ga(w)
_ Tk T (L) ,_3 ~0
= g O, (KX, (-k )G (w), (A.12)
L > T %
, > 3, .3 -iktexr TK1tXy o > TCEGTXy ~g
Zz(ﬁ ,-kl,w) = g[d x'd x,e 1 X'e ¢;(x )¢a(x1)(——~3ﬁ——JGa(m)

T

T A, oy (2) 3 A0
= g 0q (=K%, (<k )G (w), (A.13
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where - -
: =ik, *x h, (x,)
M@y = [adge 1 Y Ll (a.14)
and
> >
-ik, *x ~eE,*x
D@y = [l et (—h. (a.15)

Finally, we perform the El integration on the right hand side of
Eqg.(A.8) and thus obtain [following the procedure in Eq.(3.34)]
the Dyson's equation for GaB(w,t):

~

=0 (1) %>
Gas(w’t) = Ga(w)[ﬁQB +(§yua‘ Ga.B(w,t)
iw . t , -iw . t .
L iw"t L in"t
(2)*,e dw” e " e dw" e
+(§yaa' = [2wi 5"=Tn Corgle twrer,t) + = fZﬂf w"=1in
X Ea.suu"+w-wL,t)}] (A.16)
where N (+)
(1) - {3..*% > 1'%
Yorg = fd x¢ . (X)—=x ¢a(x), (A.17)
-eE, *%
(2) = [3.,% > , %0 >
YG'G - Id x¢a|(x) (—h'—)d’a(X)’ (A.18)

which may again be considered as Rabi frequencies [cf. Eq.(3.35}].

In matrix notation Eq.(A.16) can be written as

iw, t iw't -iw t
_ (), _1 (2)*, Ltfdawt e L
I=07 Glet) =gy le 7 joar grogy loirorep ®) + e
iw't
X J%%% %T:Tﬁ g(w'+w-wL,t)} (A.19)
where
(1) 6 (1) *
. _aB

r T = -y . (a.20)
af GO(m) aB
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