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ABSTRAZT
We study .éhe interaction with »ulk and surface modes of

2lectrons emitted in the proximity of a solid surface. 'We analyze -
the modifications in the energy loss, and in bulk and surface

plasmon excitations, taking into account the effects due to the

sudder. creation of thF electron and residuva! atomic hole, and the

finit= aistance to the surface. The process is described using the

!electric function formulation and the specular reflection model.

“e derive expressions for the electrostatic potential in the
medium and in vacuum, which include al! the terms due to bulk and
surflce modes. The effect of each term in the energy loss rate and
{n the average number of plasmon excitations is discussed. The

results 1llustrate in detafil the different spatial dependences of

Lhe eiectron and lon interactions with the bulk and surface

perturbatlions, through the relevant range of distances for studles

of electror. emission in the proximity of solld surfaces.



T. Introduction:

One of the main problems In the interaction of charged
particles with solid surfaces 1s the excitation of bulk and
surface plasmons. These excitations are of interest in studies of
electron and ion interactions with surfaces or thin solid foils
(1,2], and in studies of electron-energy-loss spectroscopy of
solids [3].

The process of plasmon excitation in solids and surfaces is
also an important aspect in electron emission induced by photons
or lonizing particles, and the role of the hole created during the
emission process is one of the interesting problems arising in
these studies [4]. For instance, in XPS or Auger electron emission
it becomes of interest to describe the interactions of the emitted
electron and the residual atomic hole with bulk and surface
plasmons, and the way in which they can affect the energy loss of
the escaping electron or the probability of plasmon excitation.

The interaction of an emitted electron with an ion close to
the surface is also of current interest to understand the effects
of the dynamical electron-jon-surface Iinteractions on the
secondary-electron energy .spectra oStained in 1ion-surface
scattering'experiments [5,6] or in ion-solid interactions [7,8]. A
widely used assumption in secondary electron emission studies is
the so-called three step model: electron production, transport
inside the solid, and escape through the surface. It ic clear that
if the emission occurs close to the surface this separation in

terms of independent processes is no longer applicable.

A useful approach to describe the interaction of charged



particles with solid interfaces in terms of the dlelectric
properties of the bulk materlal, 1is provided by the so-called
surface reflection model which was develcped by previous authors
[9]. The model has bgen quite useful for applications in studles
of particle- surface Interaction processes [10,11], and in
calculations of the energy loss of particles reflected or moving
in the proximity of a solild surface [1,12].

The purpose of this paper is to investigate in detail the
effect of the interactions between a fast emitted electron and a
stationary ion ( or atomic hole) in the proximity of a solid
surface. In particular, how the creation of a localized positive
charge in the sclid close to the surface, can influence the energy
dissipation of the escaping electron, and the corresponding
probability of bulk and surface plasmon excitation.

We provide here a detaiied descrlpt&on of this process using
a formulation based on the specular reflection model of
particle-surface interactions. The approach permits to derive the
expressions for the various interference terms that influence the
energy disslpation, and to study the effects of the dynamical
electron—hole-sﬁrface interactions on the probability of plasmon

excitations.

II. The model

In the present work we study the cases where the emission
process occurs inside or outside the solid. Therefore, we will
derive the expressions for the fields and for the energy loss rate

corresponding to each of these cases.



(a) Internal emission process

Let us consider the case where the electron and the atomic
hole are created at time t=-t;, and at a point R, inside the
solid. The electron is emitted with veloclity 3, and at t=0 crosses
the interface z=0, between the metal (z<0) and the vacuum (z>0),
while the hole remains fixed at distance zZ, from the surface, as
illustrated in Fig.1.

According to the specular reflection model [9], the flelds
can be described in terms of the electron (e), the atomlic-hole
(h), their images (e’, h'), and a fictitious surface charge which
is determined by the boundary conditions. The scheme Iis
tl1lustrated in Fig.1, where we show the real system (part a), and
the equlvalentlpseudo—media M (part b) and V (part c) introduced

to evaluate the electrostatic fields in each case [9].

The charge densitles of interest are the following:

p (R, t) = —e 8(R-X_-Vt) H, (t) (1a)
Py (Rit)= -e a(?—?s-*'t) H, (t) (1b)
pp(F.t) = e 8(R-F) H (t) (1c)
Py (Rit)= e 8(F-Ry) H, (t) (1d)

3 _ _ 3,
Here ro-(0.0. 20) and r

=(0.0.+zol denote the hole and
hole-image positions, 35=[xs,0.0] is the point on the surface
where the electron emerges at time £=0, 35(3,u) and 3’=(3,-u) are
the Ielectron and electron-image velocities in terms of Iits
components, parallel (W) and perpendicular (*u) to the surface,

and Hltt) is a convenient switching function defined as



0 t(—to

H, (t)= e -ty <t <O (2)
L t >0,

with n - 0. The approximation of constant velocity holds for
electron-kinetic energies much larger than the plasmon energy,
i.e. % mv2>> hup. Here we will consider values of v 2z 4 a.u. (and
wpas 0.5 a.u.).

To start the calculation one should first separate from
Eqs. (1a-d) the Fourier components of the charge densities
pertaining to each pseudo-medium. Thus, for the present problem
the transformed charge densities acting on each medium are (note
the different limits in the time integrals):

0
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(2, w)= f dt Jh3r Mg L [p, (R.t) + o, (R,£)]  (3b)

-.to

M
Phn’

© 2
pe:.(?.w# ID dt J'dar e-ik'? eiut {pe(?.t) + pe.(?,t)] (3c)
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while ph:, (E’.w}ﬂ 0 , since the hole never crosses the surface.

Hence, using Eqgs.(1)-(3) we obtain:

2.2 —i(u—ic’.\_:’)to —i(w—ﬂ.?’lto
PR, w)= e e s|ize P -

w—ft’ 3—111 w—-fc’ 3’-17;




eiqzo+ e-iqz0 e—lwto
+ e Lt (4a)
> >
-1K. %
PV (R w)s te e " i ¥ i (4b)
m-f.v+1n w-K.v'+in

Notice that the perturbation in the pseudo medium M contains terms
from each source (e, e', h, h'), while only the escaping electron
and its image (e,e’) appear explicitly as external perturbations
in the pseudo-vacuum V.. Of course, due to the time dependence and
matching conditions, the filelds in the real vacuum will be
influenced by all the charges, including the surface charge.

In terms of the bulk and surface charge densities, the fields

in M and V can be written as follows,

o) = L — [p”(ic'.w) + «“(Z.u)] (5a)
ke (R, w)

¢v(?.w} = Eg pv(?.u) + cv(z.w}] (5b)
k

where o™ V(k,w) 1s a surface charge density and e(k,w) is the bulk
diglectric function of the medium.

From the matchipg condition for the normal derivatives of the
electrostatic potencial ¢, we obtain aufz,w] = - wv{z.w) = c(?,wl.

Expressing the wave vector K in terms of 1its components
parallel and perpendicular to the surface, ﬁﬁ(z.ql. the surface
charge density wfz,w) can be obtained from the matching condition
[9]:

"Rz =Rz (6)

z=0 z=0"



where
[+ +]

¢(2.w;z)=J %% eiqz ¢(?.w} (7)

-
Equation (8) then determines (R, 0) as:

-1 M >
c(B,w)= 5 [1 + —1—-] : J 8q [g_(k_,w_] - pvtﬁ,wl] (8)
- " e (R, w) Lkl e®w

Here cs(z.w) is the so-called surface dielectric function (9],
Al

defined in terms of the bulk function e(ﬁ,w) by

dq
RN (9)
© kc(_k’.w)

Al X

estk’. w)

where in Egs. (7)-(9): k2=x2+q?

According to this formulation, the results for the potential
¢(,t) and fleld bf(?.t) can be obtained, through these
expressions, from the corresponding quantities 1in the w-R
representation. The integrations can be treated analyticélly only
for some model dielectric functions. In Appendix A we derive exact
analytica} .solutions for a dlelectric function that describes in a
simple way both bulk and surface plasmon excitations.

Using the results of Appendix A, the potentials in M and V

can be written as follows:

M _ A4nie
GUDRE L W (108)
k"e(w) 1
V.o _  A4nie \ \ \
¢ (K,w) = z [Fee'+ Fo.; F"'z] (10b)



The expressions for the various terms that appear in ¢M and ¢v are
given in Appendix A, 'Egs. (A5 a-f), where we also discuss the
physical origin of each term.

(b) External emission process

The case where the emission occurs outside the solid can be
treated in a similar way than in the previous case of internal
emission. The treatmeht here becomes simpler since the electron
does not cross the surface.

The charge densitlies corresponding to this case are the

following
3 = 4;4-_+ /
pe(r.t) =-e &(r Fo vt) Hz(t} (11a)
pp(Fit) = e 8(R-F)) Hy(t) (11b)

where Fbtto.o,zol and 35(3.u}. while the images P and Py Bare
obtained from p, and p, by substituting 2, by ?6=(0.0.-20}. and
v by V'=(W,-u). We consider that the emisslon process occurs now

at time t=0, and hence the switching function is defined by
H, (t) = (12)

The charge densities in the vacuum V now become:

=
pee.(k.w)

_[dt J'dab SRR tot ["e“—?’th oy (?,t)]
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e—lqzo . eiqzo
= -ie + (13a)
w—?.3+1n w—?.3'+in
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and of course there are no cﬁhrges inside the medium M.

The fields in M and V can now be readily obtained from

.’
M) = - 1K) (14a)
k" el(k,w)
R ) = 4—: [p"(?,u) + o-{z,w;] (14b)
K

The surface charge density cfz,w] is determined by Eq.(8), where
now pu(?,w)=0. The expression for a(z.u) is given in Appendix A,
Eq. (A6).
M 2 . V.o
Finally, the potentials ¢ (K,w) and ¢ (K,w) can be determined
from Eqs. (14 a,b), using (13 a,b) and the value of 0(2.w). Thus we

get

V.o 4nie Vv > Vv 3 v
¢ (R, w)= : [ Gggr (Ro0)+ G\, (R, 0)+ G.o_(k’.w)l (15a)
(R, )= —5515—— ) (15b)
o
k“e(w)

The expressions for the terms G:'V(Q.w) appearing here are also

given in Appendix A, Egs.(AS a-d).



III. Energy loss rates

The aim of this work is to calculate the energy loss due to
plasmon excitation in the emission process. Therefore, in the
following we will consider only the dissipative component of the
induced field. Following the approach of previous authors [11],
the energy- dissipation rate due to the fields acting on the

emitted electron is given by

(e) ind

(2, t)l
e -————-—- (16)
Fass” =2 _(t)

3 >
 n Id k Jd_w o ot ReP-0t) jindp

(2m)°3 2=2_(t)

where F;(t) Is the electron trajectory, given in (1a) and (11a).
To obtain the induced field ¢in§ we subtract from Egs.(10a) and
(10b) the vacuum fields of the electron and hole (which correspond
to the case e=1).

The resulting expfessions can be integrated analytically only
for simple models of the dielectric function. Since we are
interested in bulk and surface plasmon processes, we will use in
this section the approximation:

p
elw)=1 - pri 3y (17)
which describes the plasma resonance of simple metals, with plasma
frequency Wp and damp;ng rate y

We separate the k integration as d3k=d2n_c dq, and then we

integrate in frequencies w and wavevectors q, using complex-plane

Integration techniques. We apply this procedure to the flelds

10



previously obtained for the cases of internal and external
emission. After some lengthy calculations we finally get the
following expressions for the energy loss rate for normal

incidence of the electron with respect to the surface.

Case a. Internal emission

As explained before, we consider that the electron is emitted
at time t=-to<0, and at t=0 crosses the surface.

The results in this case are the following:

(1) t<0 (energy loss in the medium):

‘(e) ° : ; . . .
W =W + W + W + W + W + W
dis “ee e-Se[wP] e-Selws] eh e-Sh[wP] e-Sh[wS]

(18)
where we separate the terms corresponding to:electron self
interaction (ee), interactions with the surface (e-Se]. with the
hole (eh), and with the surface perturbation induced by the hole

(e-Sh) (for a discussion of these results see Section V):

k
c
a o -k ut’' -y'/2
S K u e e 'y ’
“ee_ e ijgx{ S * g P%,sin(upt )-ku cos (mPt )]}
wo+ kKU w-+ k“u
o P P‘
(18a)
kc
: 4 2J e e2xut enut“e—wt'/z
W__ =e“w_ |dx + [n sin(w,t’ )=
e Se[wP] P oy n2u2 w2+ n2u2 P P
P P
-KUu Ccos (mpt ]]}
(18b)
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kc
. -ku(t+t )
_ .2 : " -yt’'/2 0
"eh = e'w, s1n(wpt ) e J de e (18d)
0
k
) s ku(t-t )
W = -e2w_ sin(w t’') e ¥t /2 dk e 9 (18e)
e-S [w,] P P
h P
0
k
' ku(t-t )
- . -rt’ /72 0"
ue-Sh[wS]_ e, sin(w_t’) e J dk e (18f)

0

Here t°=t+t, and t'’=t-t. (note that t'>0 and t’'’'<0).

0 0
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(i1) t>0 (energy loss in vacuum):

(e)_ . %
Wol= W+ W _ (19)
dis e Se e Sh
where
kc
: - Kue-qut e—xute—rtfz
He g = e ws[& e T z E [2 Ku cos (ust.l] (19a’)
e w+ KU w+ kK'u
) s s
oK ut'e-yt'/z '
+ = — [ Ku cos(mst )= W sin (wst )]
w+ k"u
s
k
c
W = ezw J;x e-uut e-7t /2 sin (w_t’ (19b’)
e-Sh s s
0

Case b. External emission

Since in this case the time where the electron is emitted is

taken as t=0, we find non-zero results for t>0, as follows:

(e}
ags = Ye-s * Ve-s (207
e h
being
kc & ~2xzo
: Vs € -2kut _-kut -yt/2
W = |dk ——8M8— [%u e - e e 5
e-S 2 2 2
e w+ Ku :
s
.[;S sin [wst) + Ku cos (wst)]] (20a)
kc
; -2KZ
W= J;x e 0 MU V2 in (wt) (20b)
e-Sh s s
0
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these results describe the interaction between the electron and
the surface perturbations induced by the electron and by the hole.

In all these expressions k;l is the usual cut off 1n the

plasma response function [1-4].

In addition to these terms associated to the electron motion,
the sudden creation of a hole in the medium is also a source for
plasmon’excltation. Using the same formulation, we can calculate

the rate of energy dissipation due to the hole at ?h{tla?b. by the

same simple formula, viz.

OIS ¢ A 9] _—
dis at 2 2
r=r
0
i’ Jd’
- Lpral P T e
5kl w - 1e:f“ Sy | et T 4R
¢ boid 1 s2m)” Fieme - r=r,
N = Ju i 3

N

which leads to a set of integrals similar to the ones already

presented. ' '
IV. Energy loss and plasmon excitation

One of the main quantities in the process of electron
emission is the total energy dissipated into bulk and surface
modes, as well as the related probabilities for bulk and surface
plasmon excitations.

The total [disélpated) energy loss can ‘be obtalned by a
straightforward integratiocn of the loss rate 'n' derived in the
previcus sections. We will exploit here a useful relation between

the energy loss and the probability of plasmon excitation, which

14



is provided by a semiclassical description of the process.
According to this description [4] the probability of exciting n
plasmons of frequency w, (with » = P,S for bulk or surface
plasmons), by a time- dependent perturbation 1like the one

considered here, is given by a Polsson distribution

R
Qv
Pn(wu) = exp(*Qv) — (22)
n!
where the coefficient Qv is the average number of plasmons

excited.
In order to calculate the coefficient Qv from the present
description, we note that the average energy absorbed by the

plasmon field,

0
<av>=J] nho P(w)=ho Q, (23)
n=1
should equal the dissipative loss calculated with our alternative
approach.

To obtain the losses va associated to bulk and surface
excitations we collect all the terms in ﬁ related to Wp and Wg»
and integrate in time the resulting expressions. The results for
each of the cases consldered before will be discussed in the next

section.

15



V. Results and discussion

In the previous sections we have derived analytical
expressions for all the terms that contribute to the energy
dissipation rate In emlission processes that occur in the vicinity

1
of a solld surface. We will now discuss the results of
calculations of the energy loss rate, and of the total energy loss

in the emission process.
(i) Energy loss rates

First we want to iliustrate the behavior and physical origin
of each of the terms that appear in the expressions for the energy
loss. As before, we analyze the cases of internal and external

emission. All the values are given in atomic units.

(i.a) Internal emission:

The results for H;f;. Egs. (18 a-f), consists of various terms

representing the Interaction of the electron with bulk and surface
excitations. The notation indicates the electron interactions with
surface perturbations induced by itself (e-Se) or by the hole
(e-Sh); the terms in wp and wg glve the contributions from bulk
and surface plasmons.

To illustrate the behavior of these terms we show in Figs.2
and 3 the results for the case of an electron emitted from a point
inside a solid, at a distance z, for the surface. Here the rate ﬁ
is plotted as a function of time t=z/u, where 2z 1is the
instantaneous peosition of the emitted electron. Therefore, the

results for t<0 describe the energy loss inside the medium, while

16



those for t>0 correspond to the electron moving in vacuum. For
simplicity, the curves representing each of the terms in Egs. (18
a-f) are denoted by the corresponding letters, from a to f.

Let us first analyze the results of Fig.2, for velocity
u=4 a.u. and time t =30 a.u. (hence, zo=120 a.u.). In part (a) of
this figure we show the electron-interaction terms of Egs.(18
a-c). The first term in Eq.(18 a), independent of time, ylelds
the normal stopping power assoclated to the self energy of an
electron in a solid, namely )

. (e) .eaw: kz u2
wbulk = - —— 1n |1+ = (24)
2u UP

In XPS studles this I!s wusually called the "extrinsic" term
[4,13].The second term in (18a) provides the correction due to the
"creation” of the electron at time t=-t0. The sum of these two
terms, curve a in Fig.2 (dotted line), shows how the electron self
energy grows from zero and reaches asymptotically the bulk value
of Eq.(24) (straight solid 1line). This effect determines a
“self-energy formation distance" of the order of the wavelength
Az=2an/u of the oscillatory component (note that th' =
uP(t0+z/u)) in Egs. (182 a-c)}) as obsaerved in this figure. We note
incidentally that this coincides with the oscillation distance of
the so-called wake potential [7]. In fact, this behavior
illustrates how the wake potential develops after the electron
motion starts.

Equations (18b,c) give modifications to the energy loss due

to the electron interactions with bulk and surface plasmons in the

vicinity of the surfaé¢e. In particular, the first terms in each of

17



these equations give rise to the following "begrenzung" effects:
the positive term in wp first term in (18b), reduces the
intensity of the coupling to bulk plasmons in the vicinity of the
surface, while the negative term in Vg first term in (18c),
represents the energy loss in surface plasmon excltatlons.

Note that the positive first term in b exactly cancels the
rate of bulk plasmon excitation when the particle crosses the
surface (this is clearly i1llustrated by curve ab -the sum of a and
b, in Fig.2(a)). Instead, the negative first term in c ylelds a
maximum of surface plasmon excitation at thelsame crossing point.

The second terms in (18b, c), similar to the second term in
(18a), yleld the corrections to the electron-surface interaction
due to the creation of the electron at time -to. These oscillatory
components are very small for the case of Fig.2 (curves b, c¢), due
to the relatively large value of to (or zo}. but become more
important if the emlssion process occurs closer to the surface (as
in Fig.3, for t0=10 a.u.). Finally, curve abc (solid line) gives
the sum of the three curves.

On the other hand, the tefms d-f correspond to the electron
1nte;actions with the hole~induced perturbations (Fig.2b). Thus,
the term (18d) represents the Iinteraction between the electron and

the bulk-plasmon perturbation set up by the sudden creation of the

atomic hole at time -t., while the terms e and f (corresponding to

o’
Egs.18e anf 18f) account for the electron interactions with the
bulk- and surface-plasmons perturbations induced by the appearance
of the hole in the vicinity of the surface.

The term (18d) describes the electron-hole interaction inside

the medium and it contains no surface effects; these effects are

included in e and f , wWhich are also very small in the case of

18



Fig.2, but become more important as the hole position approaches
the surface (cf. Fig.3(b)).

Let us consider now the results for t>0. As already noted,
they correspond to the energy loss of the electron moving in
vacuum after escaping through the surface. The 1line a° 1in
Figs.2(a), 3(a) shows the term (18a2'), while the 1line b’ 1in
Figs.2(b), 3(b) corresponds to the term (18b').

The first two terms in (19a’) Join continuously with the
begrenzung term in (18c), but the excitation of surface modes
shows now an oscillat'ory component that dominates at larger
distances (cf. also similar effects discussed in Ref.14). The
remaining oscillatory terms in (19a’), depending on t'=t+to. are
due to the sudden start of the electron motion at time t=-t0,
while the osclllatory term in (19b’) is due to the interaction
with the hole-induceg surface-plasmon excitations. Again these
terms are small iIn the case of Fig.2, but become more important
the closer to the surface the emission process occurs (Fig.3).

In Fig.4 we summarize the results for the total
dissipative energy loss rate. For comparison, we show the results
for velocities, u=4, 10, 20 and 50 a.u., and for (a) t0=30 a.u.,

and (b) t0= 10 a.u.

(1.b) External emission:

Finally, we consider the case where the emission process

occurs outside the solid (external emisqion). Since the coupling

!

to surface plasmons decays exponentially with the distance z we

0.

will consider here the interesting case of z.=0 (emitting atom

0

located at the surface). Note that this situation coincides also

19



with the limit of the internal emission process, for zO+ 0.

This case is much simpler than the one described previously.
The escaping electron interacts with the surface perturbatlons
induced by the electron and hole created at time t=0, as given by
(20 a) and (20 b) respectively. These results are shown in Fig.5,
as a function of time t=z/u, where z is the instantaneous position
of the electron. The solid iine 1s the total (sum of a and b)
dissipative energy loss rate. The oscillations here are rather out

L]

of phase and partially cancel each other.

(ii) Integrated energy loss

The results for the energy loss rates ﬁ already discussed
have been integrated in time, from the expressions given in
Sec.III, to obtain the total energy dissipated during the emission
process AW. As noted in Sec.IV it is useful to separate the terms
corresponding to bﬁlk and surface plasmons (terms containing wp
and wg in Egs.{18)-(20)) and express the results in terms of the
corresponding average numbers of bulk and surface plasmon
excitations Q , defined by QP=-AW{wP]/ﬁ;.oP and Qg=-AW[wg]/hug.

The.results for each of the cases considered in this section
are given in Appendix B.

We show in Fig.6, parts (a) and (b), the results for QP and
QS in the caselof internal emission, as a function of the distance
z, between the hole and the surface.

We see in Fig.6(a) how the bulk plasmon loss grows from zero
when the emission occurs at the surface (20=0]. almost
independently of the value of the electron velocity u, but finally

reaches a linear dependence on z with a slope that decreases

0'—
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with u; this is due to the dominance of the extrinsic terms at
large z. values. Therefore, the figure illustrates the existence

(0]

of well defined Intrinsic and extrinsic components in the
probability of plasmon excitation. This point has been discussed
in several works [4,13] and will not be discussed here; but we
Just note that this description provides a detalled account of the
various terms that contribute to the interference between
intrinsic and extrinsic components.

Fig.6(b) shows the energy loss due to surface plasmon
excitation as a function of ;- We also note that the behavior for
small z, is rather independent of the velocity u, though in this

case there is a maximum in surface plasmeon excitation at zo=0. For

large =z the results approach constant Q values. This 1imit

0. »
corresponds to the case of an electron crossing the surface of the
metal after propagating a large distance through the bulk. The
energy loss in this limiting case is given after Ritchie [15] by:
(%) k u

n S C
AHR - i —u— arc tan ( ws ) (25)

(the arctan(x) is a correction included here due to the finite
upper limit kc in the k integral).

The corresponding asymptotic values of QR= -AHR/hws are
indicated, for each velocity, on the right scale in this figure.
The behavior in Fig.6(b) may be compared to the one resulting from
intrinsic and extrinsic terms in Fig.6(a).

Finally, we show in Fig.7 the values of Qs versus z,, for the
case of electron emission from points outside the metal (external
emission). The results here show no structure. The maximum values

=0 and decrease nearly exponentially with z.. The

occur again at 20 0
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behavior for smail z, coincides with that observed in Fig.6(b) (of

course both results match at zo=0).

VI. CONCLUSIONS

The dielectric formulation provides a useful approach to
study the simultaneous interaction of electrons and ions (or
atomic holes) with bulk and surface plasmons in the vicinity of a
solid surface. The vicinage effect in the energy loss and induced
surface excitations can be described in detail. The model provides
a picture of how the interactions develop after the electron is
emitted and moves through the 'solid, or escapes in vacuum after
crossing the surface.

Important effects here are the sudden creation of the
electron-ion pair (including the sharp cut in the electron
trajectory at the emission point), as well as the "vicinage"
effects which appear when the emission occurs in the proximity of
the surface.

It 1s of interest to note that the application of the surface
reflection model to casés where one of the particles crosses the
surface requires a careful separation of the Fourier charge-
density components acting on each media, in the way explained in
Sec. III; otherwise, spurious field terms will appear, and the
continuity at the surface may also be broken.

The solutions gigen here show how the wake potential -due to
bulk plasmon excitation- evolves into a stationary value, when the
distance between the emitting point and the surface is much larger
than the typical wavelength of the wake [7], 2nuw/w.. If the

P
distance to the surface is similar to the weke "“formation
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distance" strong interference effects appear, and in particular,
if the electron is emitted very close to the surface, bulk
plasmons are not excited and the wake potential vanishes.

This effect gives a limit (zo>>2uu/wp) for the applicability
of the electron-self-energy values, as normally calculated. For
emission processes closer to the surface ﬁhe self-energy values
must be reconsidered taking into account the vicinage effegts here
discussed.

These conclusions may be also of interest for the analysis of
the spectra, in angle and energies, of electrons emitted in the
forward direction by iorns emerging from solid foils [8]; a process
where the wake potential and the dynamical electron-lon-surface
interactions can influence the shape of the electron spectra
{7,8]. Even though in our calculation the ion is at rest, it is
straightforward to see that slmilar effects will appear if the ion
moveé in the proximity of the surface. Application of the present
medel to that case will be given elsewhere.

Another uell-knohn excitation channel is provided by surface
plasmons. These excitations are localized near the surface, in a
range of distances given by kgl. Therefore, hole-vicinage effects
in the excitation of surface plasmons could be observed only if
the electron is emitted from points closer than this value. On the
contrary, electrons emitted from deeper points will show the
normal surface plasmon losses [15], without any influence from the
creation of the localized hole inside the bulk.

It is clear that this approach can be useful as well to study
the spatial patterns of interactions with bulk and surface plasmon
in photoelectron spectroscopy studies. The cases of ions implanted

in the material [16], or atoms adsorbed at metal surfaces [17] are
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examples of the cases of internal and external emission considered
here (besides the standard case of internal emission from pure
metals [4,13]). Semiclassical models ~ based on quantum mechanical
treatments of the plasmon field - have been previously used to
describe some of these situations, but still some of the
experimental results have not yet been explained satisfactorily
[4,13,17].

Our results for the integrated energy loss and probabilities
of excitations agree with eklsting results of previous authors if
a simple plasmon—polﬁ dielectric function 1s assumed. However, we
note that the general formulation of the problem through the
dielectric approach permits also to study the effects arising from
different response functions.

Application of the present formalism to cases of interest in

photoelectron spectroscopy [13,16,17] is currently under way.
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APPENDIX A

We derive in this appendix, from the general formulation
given in the text for an electron emitted in oblique direction
with respect to the surface, with velocity 3={3.u]. the
expressions for the surface charges and electrostatic potentials
for a dielectric function of the fo;m e(w). Note that this
correspoﬁdé to the neglect of spatial dispersion, an approximation
that holds in the 1imit of long-wavelength plasmon excitation.

We consider now the cases of internal and external emission.

(a) Internal emission

Using Eq.(8) and the expressions for pM(?,w) and pv(ﬁ.w),

Eqs. (4a,b), we get the surface charge density as follows

c(R,w) = altz,w) + oé(z.u]. (A1)
with
o
= K 1 dg M >
o, (K,w) = = I p (K,w) (A2 a)
1 n (e+l) [q2+x2)
-xzo -iﬂto —xzo —1wt0
- 21e |l1-e e .+ 8 e
(e+1) Q2 - iku w -~ in
00
2 - _k € dq V.2
cztx.w] % Tes1) J =P (K, w) (A2 b)
(g"+x")
-0
21e €

0+ Iku (e+1)

where n=w—2-3. and ese(w) . The factors 2 in the final expressions
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are due to the equal contributions from e and e’ to oy (first
term) and to o5 s and from h and h' to oy (second term). This can
be seen by integrating in (A2a) and (A2b), with the charge
densities given in (42) and (4b).

The potentials in M and V can be determined from Egs. (5a) and

(5b) using (4a,b) and the previous values if o,, o,. Thus we get

M o _4n i e M M oM
MR 0 = 28 [Fee.+ el .a,] (A3)
k“e(w) 1
\4 _4n i e [V v v
@@ =1 [F] e F) Fch (A)
k 1
where:
R.2 -1(Q-qu)t -i(Q+qult
FM (R, w)= e s]]l-e L. 41°e (A5 a)
ee’ "’ Q-qu-~-in Q+qu-in
-iwt
iqz -iqz o
M - 0 ole
th,(?,w]- [e + e ]W (AS b)
? -i0t -KZ -lwt
A o 2 [l—e 0e_xzo] e ‘e ¢
F:I(k'w)" (e+1) { Q-1ku pl w-in (A5 c)
-1R.%
vV o2 s 1 1
Fee.(knmJ_ e [n_qu+1n + n+qu+i'ﬂ] (AS d)

[ -t _ o ] Kz -iwt

V 2 o 2 1-e e 0 e e

For(Ke0)= =21y { Q-1ku ¥ w-in } (A8 ‘s)
V 2 _ 2¢ 1
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In order Lo analyze these expressions, we note that 1ln the
M o V,2 % i
results for ¢ (K,w) and ¢ (K,w) we can distinguish: "surface

1). "bulk" terms (depending only on

terms (depending on (e+1)
i/e(w)), and "vacuum" terms (independent of e(w)). In addition we
shall consider the source of each of them. For instance, the term
F . (R.0) in ¢" gives the potential in an infinite medium for an
electron whose motion starts suddenly at time t=—t0 (with velocity
v=(w,u)), plus the analogous potential for the electron-image
created at the same time (with velocity v’'=(w,-u)). The term
th.i?.w) gives the bulk potential due to the hole (h) and its
image (h’), both created at t=-t, at distance z, on each side of
the surface. The las; term in ¢M, denoted letﬁ.w). includes the
effect of the surface charges O e’ and L induced respectively
by e and e’ (first term in (A2 a)), and by h and h’ (second term
in (A2 a)). The fact that e and e' (as well as h and h')

contribute equally to the surface charge o is the reason for the

factor 2 in the expressions of ) (Eq. A2 a) and Fc (Eq. AS c).
1

In analogous way, the term Fﬁe.(f.w] is the vacuum potential
for the semi-infinite trajectory of the outgolng electron e and
image e’, after the electron exits from the metal, while the last
twe terms are due to the surface perturbations induced by e, €', h
and h' before leaving the metal ( F:lf?,w) ) , and by e and e’
after emergence in vacuum (F:e(ﬁ,w) ) (again, the factors 2 here
have the same origin already mentioned).

Hence, the equations contain all the interference effects in
bulk and surface plasmon excitation that originate from the time

correlation between the hole creation and the electron emission.
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(b) External emission

Proceeding as before, we now calculate o using Eq. (8) and the

charge densities for'this case, Egs.(13 a,b). Thus we get

o -1qzo iqzo 1qzo --iqzo
2 i) iee K dq (e + € _ le + e
' (e+1) n K2 Q-qu+in Q+qu+in ' w+in
-0
-KZ
_ 2iee ol 1 1
= e D) © Lhdxu w+1nJ (A8)

and, from Egs.(5a, b) the potentials in M and V become:

V.o | 4nie vV 3 vV = V. 2
¢ (K,w)= kz [?ee.{k.w)+ th.fk,w]+ G a(k,w)] (A7)
(R, )= 4";"" M (R w) : (A8)
ke
with:
-iqz iqz
0 0
L A I e

Gee.{k,w} ‘ [Q-quﬂn + T e ] (AS a)

iqz ~iqz

vV =2 . 1 o o
th.(k.m)" U"’-_i;'l [e + e ] . ! (AS b)

Vo . 2 %[ 1 1
G:r (K, w)= (e+D) € [milcu - w+in] (A9 c)
M ,o _ 2 *Zy 1 1

GO" lk;U)" rg‘m e [wmixu = w_+in] (Ag d}

28



APPENDIX B

We give here the expressions for the average number of
plasmons excited 1n.the cases of internal and external emisslon,
which are obtained from the corresponding expressions of AW, as
discussed in the text. To‘obtain the terms related to bulk and
surface plasmons, we separate the corréspondlng terms containing
@p and QS i

each case we give the contributions due to the electron (e) and

which we denote here by budls[wpl and Awdis[msl. In

hole (h).

The results are the following.

(a) Internal emission:

k
(e) c 2 2
Q(e) N Awdis[wpl ) EEI 2 [ wp xut0 i wp i Zwa u .
P -hw. h 2 22 2 22 2 2 2.2
P 0 (uP+x u“) Z(wp+x u’) (mp+x u’)
-2Kkut -2Kkut
¥ kU wpe 0 ¥ KUw, e 0
+ + -
2(w;+x2u2]2 2(w;+n2u2] 2{w§+x2u2)2
-(nuw/Z)to
2 e 22 33
+ o) [wpx u cos(wptol + Ku sin(wpto)]] (B1)
P
k
(h) c
Q{h) - ﬁ“ﬁis[wP} - a° dic | 1-e 2&20" yYKU 1_29—K20+ -ZKZD
P i—hmpi th 2 22 e
0 Z(UP+K u’)

(B2)
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k
c 2 2
AW, lw ] 2 2w K'u Y W K U
(e) _ dis s e J dx[ s i s
0

Vs’ T TR TR
S h"""s h (w2+x2u2) (wzmauz}2
s s
5 e-2xut0 P e-Znuto -(:uz/Z)to
_ s _ s _ 2e [
2(m2+x2u2) 2(u2+|~:2u2)2 (w2+k®u?)?
s s s
22 ; 33 . .
[wsx u cos(wsto} + KU sin{wpts]]] (B3)
k
(h) c
(h) _ MWayglegd 2 [ o] -2xz, yiki Ky ARG
Q = = dk |e - —|1+e - e
S (-hw ) hw 2 22
s 0 2(w”+k"u")
s
(B4)
(b) External emission:
k
AH(E)[w ] ew e 2"CZO
g it ) & dig' s s j ak & [1_ KU ]
e s (-hws) 2h 5 (w2+k2u2) 2 (w2 +k2u+ yxu)
s s
(B5)
k
(h) c
AW, [w ] 2 -2KZ
G0y = pg D A8 =9._Jdke 0 [“ ___a'uﬂ___] (B6)
s (-hw_) how 2 22
s s Jg 2(w5+x u’)
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FIGURE CAPTIONS

Fig.1.

Fig.2.

Illustration of the problem:

Part (a): the electron is emitted at time t=-t0 at a point

>

rr. inside the solid, leaving a localized positive charge

0

e (the hole) at that site. The electron moves through the
solid and at time t=0 crosses the surface (at 2z=0) and
escapes into vacuum.

Equivalent problem -according to the specular reflection
model [8]: Part (b): the extended pseudo-medium M
("metal") contains part of the electron (e), hole (h), and
image (e’,h’) charge-density components, Egs.(3a),(3b),
and a fictitious surface charge aM.

Part (c): the pseudo-vacuum V contains the residual
electron (e) and 1image (e') charge-density components,
Eq.(3c), and a fictitious surface charge.ay. (From the

matching conditions one finds: cM=-cy=c, as discussed in

the text).

Energy-loss rate for internal emission as a function of
the time t and distance z of the electron to the surface
(z=0), for an electron emitted with velocity u=4 a.u. at
time t=-t0. with t0=20/u=30 a.u. Calculations correspond
to wp=0.56, 7=0.034 and kc=0.85. as for aluminum [7].
Part(a) shows the terms of electron self-interaction with
bulk and surface perturbations, Egs.(18 a-c), while part
(b) shows terms of electron interactions with the

perturbations produced by the hole, Eqs (18 d-f). See the

text for discussion.
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Fig.3. .

Fig. 4.

Fig.5.

Fig.6.

Fig.7.

Same as in Fig.2 for t0=zo/u= 10 a.u.

Total dissipative energy loss from Egs.(18) and (18), for
electron velocities u=4, 10, 20, and 50 a.u., and for (a)

t0=30, and (b) t0=10 a.u.

Electron energy loss terms for external emission,
Egs. (20 a) and (20 b) (lines a and b), as a function of
time (t), or distance (z) of the electron to the surface,
for u=10 a.u. and t =zo=0 (emitting atom located at the

0

surface). The solid line gives the sum of a and b.

Average number of plasmons excited in an internal emission
process from a depth z, in the medium, as a function of

z for electron velocities u=3, 4, 5 and 10 a.u., for

0'
(a) bulk plasmons (QP) and (b) surface plasmons (QS). The
marks on the right scale in part (b) show the limiting QR

values giQen by Eq.(25).

Average number of surface plasmons excited in an external
emission process from a distance z, outside the medium, as
a function of z, (in a.u.) , for emission velocities u =
3, 4, 5 and 10 a.u.
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