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Relation between Dynamical Processes at Surfaces and Electron-Energy-Loss Measurements
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The surface response function dk(~) (the frequency-dependent centroid of the induced
charge density) determines the influence of a metal surface on all dynamical processes
occurring well outside of it. It is shown that this function can be measured directly by
use of electron-energy-loss spectroscopy.

PACS numbers: 73.20.Cw, 79.20.KE

There has been a steadily increasing interest in
dynamical processes at surfaces. Processes in-
volving chemisorbed molecules, such as dissoci-
ation reactions' or vibrational damping, ' are in-
teresting but complicated. Processes involving
molecules not in direct contact with the surface
are simpler because such molecules can interact
with the metal only through the electromagnetic
field. Interesting examples of this type include
the van der Waals interaction between a molecule
and a metal, and the fluorescence decay of an ex-
cited molecule studied as a function of the dis-

tance to the surface. The influence of the metal
surface on the latter type of processes is entirely
contained in the linear response function g(qadi, ~)
which is defined as follows: Let the metal occupy
the half space z (0 and consider an arbitrary
electric current density located in the half space
z&d (&0). Assume for simplicity that retarda-
tion effects can be neglected. Thus, the electric
field from the external current density can be
written as E„,= —V y,„,. Since V'q, „,= 0 for z
(d, q,„, can in this region of space be written
as a superposition of evanescent plane waves,

(» f) = id q ii d P~~|(q ii ~)exp(&g i'
'x

ii
—

qadi

lz —dl —& ~f).

This external potential induces a current density in the metal which gives rise to an induced potential
cp;„d(x, f). Assume that p,„, is so weak that the metal responds linearly to p,„,. For z& 0, where
V y;„d = 0, we can then write

q';ad(x t)= Jd qiid~g(qadi, ~)P,.t(alai, )exp(-qtid)«p(iqiii xi' —qiilzl —i ~t).

This equation defines

g(qadi,

~). It is implicitly un-
derstood that the metal can be treated as transla-
tionally invariant parallel to the surface. Equa-
tion (2) shows that the response of the metal to
an external probe is entirely contained in g(q p (Jl)

as long as we are only interested in the induced
potential outside the metal.

It is convenient to write

-XmkFch=&" "p
'C QJp

~(~) —I -A(q„, ~)
~(~)+ I+ &(qadi~ ~)

where e(w) is the bulk dielectric function. As

qadi

-0, g(q i„u&) must reduce to the Fresnel formula
for p-polarized light evaluated in the nonretarded
limit (i.e. , c-~). Thus we must have A(qadi, &u)- 0 as q ll

-0. Now assume that q ll is finite but
small (q„/k, « I, where k~ is the Fermi wave
number of the metal). We can then expand A(q„,
e) to first order in

qadi

and write

&(qll ~) =[&(~)—I jd (~)qll ~ (4)

This formula defines d,(~). It has been shown

previously by Feibelman' that d (~) is the centroid
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FIG. 1. Within the jellium model, dk(~) has been
calculated for ~ )~p/2 by Feibelman and for a((a& by
Persson and Lang. The figure shows the result for
r, =3. For ~ «cu» Imdk(cu) depends linearly on ~,
i.e. , -ImkFdk (a) = ( ~/~&. $ depends only on the elec-
tron gas density parameter r, as shown in the inset.
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of the induced charge density which in general is
a complex number because of loss processes
(i.e., electron-hole pairs). Figure 1 shows the
structure of Imdi(&u) a.s obtained for a jellium
description of the metal. The real part of d, (cu)

is obtained directly from Imdi(u ) via a Kramers-
Kronig formula. 4

The spatial variation parallel to the metal sur-
face of the electric field from a point charge lo-
cated at a distance d above a metal surface con-

tains wave-vector components up to

qadi

-1/d.
Thus the small-qi, expansion of A(q„, ~) given by
Eq. (4) can be used to determine the response of
the metal when the external probe is located well
above the surface (k „d» 1). Consider, for ex-
ample, the lifetime of an excited molecule located
a distance d above a metal surface. When the
molecule is close to the surface (typically d F100
A) the dominant damping is due to nonradiative
transfer of the excitation energy to the metal.
The damping rate is then given by'

v ' =(2p, '/8) J dqii qadi Img(q ~i ~)exp( quid) (~)

where p= i(Bifid)i is the dynamic dipole moment for the transition iB)- iA) between the excited molec-
ular state iB) and the ground state iA). Substituting Eq. {'3) into (5) and assuming that d is so large that
Eq. (4} is valid, we obtain"'

1 p,
'

( e((u) —1 e((u) —1
Im —3Re

1
Imd, p(v)/d

T 2Ad E (a) + 1 E (d + 1

where d, p(u) =d i(u)e(u)/[I+ e(&u)] is the frequency-
dependent image-plane position. ' We note that the
damping rate 1/7 has two contributions one
which is proportional to 1/d' and only depends on
the bulk dielectric function e{uA, and a second
term proportional to 1/d' which depends on the
surface response function d i(&u). The first term
is the "bulk damping" and is caused by "Ohmic
losses, " i.e. , by scattering of metal electrons
from phonons, impurities, and the bulk crystal
potential. The second term is the "surface damp-
ing" where the momentum needed for the excita-
tion of the metal electrons arises from the sur-
face potential.

It should be clear from the discussion above
that a good knowledge of g(q„, &u) as a function of
both qi( and co is crucial for the understanding of
dynamical processes occurring above metal sur-
faces. In this Letter it will be shown that this
function can be measured directly with electron-
energy-loss spectroscopy (EELS}. We will focus
on the small-q ii

limit where the expansion (4) is
valid, but this limitation is easily removed.

Consider an electron with a few electronvolts
energy, incident upon a clean metal surface. Let
k and k' denote the wave vectors of an incident
and an inelastically scattered electron, respec-
tively. Thus Aqui, where qadi =kii —kii', is the mo-
mentum transfer (parallel to the surface) to the
excitation in the metal and 6m= Pi'(k' —k")/2m is,
the energy transfer. Let P(k, k')dQ». d(A~) be the
probability that an incident electron is scattered
into the range of energy losses between A~ and
h(&u+d&u) and into the solid angle d Q». around the
direction of k'. For small momentum transfer,

(6)

I q i, «k, one has from standard dipole scattering
theory8

P =2, —,",], Img(q „, &u}, (7)ti'vr cosa A qadi +q,
where q =4, —4, ' and where a is the angle of
incidence. Substituting (4) into (3) gives to first
order in q ii

Im g(q i„(u}

=Im
I

—2He —

Imdip(~)qadi

(8)
e( &u) —1 e( v) —1

E4)+1 ceo+1
Assume that fi u is small (say k u ( 1 eV) and that
e(~) is well approximated with a Drude dielectric
function, i.e. , e(~) =1 —~~'/&u(~+ i/~'). Under
these conditions, Eq. (8) reduces to

1 coF
Img(q, i, (u) =

I
4 — —2imd, ((u)q „,

40p k Fl C0p

where l is the mean free path for an electron in
the bulk. For small ~ it has been shown' that
Imd, (&u} is linear in e, i.e., ImkFd, = —$&u/~~
for u «u», where $ is independent of u. Thus

Img(q„, ~) = -+ b-
kFl AF

where a =4~ ~/~» and b = 2g. In the jellium model
g is only a function of the electron-gas density
parameter r„as shown by the inset in Fig. 1.
For the noble metals copper, silver, and gold
one gets

a(Cu) =2.6, a(Ag) =a(Au) =2.4,

b(Cu) =1.13, b(Ag) =b(Au) =0.6.
The inelastically scattered electrons, as de-
scribed by Eq. (7), form a narrow lobe centered
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FIG. 2. The relative loss intensity, AP, as a func-
tion of the loss energy hw. The solid curves show hP
(surface) for Eo = 2 and 5 eV. The dashed curves show
the volume contribution to ~P at room temperature
(I = 400 A) and at T = 80 K (l= 4400 A). Angle of in-
cidence n = 65' and half angle of the analyzer 6&

= 1'.

close to the specular direction. A typical mo-
mentum loss of an inelastically scattered elec-
tron is' q „~

k-h ~/(2E, ) where E, is the energy of
the incident electrons. For E, -3 eV and hen-0. 3
eV this gives q„-0.04 A ' and thus bq„/k, -0.03
for Cu. For Cu, at room temperature, l-400 A
and therefore a/k~i-0. 007. The surface contribu-
tion to Img is therefore already at room tempera-
ture nearly 1 order of magnitude larger than the
bulk contribution. At lower termperatures the
difference is even larger because l- ~ as Z'-0.
By study of the intensity of the inelastlcally scat-
tered electrons as a function of temperature, it
is possible to separate the volume contribution to
Img from the surface contribution.

In EELS one does not measure P(k, k') directly
but rather P integrated over the solid angle of
detection, AQ:

bP = 1 „PdQ.

Figure 2 shows sP as a function of the excitation
energy h&a. In this calculation P [as given by Eq.
(7)] was integrated over a circular aperture of
half angle 1' centered around the specular direc-
tion (angle of incidence n = 65'). The two solid
curves show the surface contribution to AP for
Cu (a=0, 5 =1.13) for two different energies of
the incident electrons (E, = 3 and 5 eV). The
dashed curves in the same figure show the bulk
contribution to AP for Cu (a= 2.6, b =0) at room
temperature (l -400 A) and at T = 80 K (l -4400 A).
It is obvious that the surface contribution domi-
nates already at room temperature.

I et us now compare the theoretical predictions
for hP with experiment. Very few EEL spectra
have been reported for clean metal surfaces. For

copper we know of only one such measurement. '
At T= 25 K and with E, = 2 eV and e = 50' Anders-
son and Harris obtain 6P =(2 +1)X10 ' meV ' at
Pi &v=0.08 eV while we predict" ~P(surface) =1
x10 ' meV '. The volume contribution to ~P at
T = 25 K is extremely small, ~(volume) & 10 '
meV '.

The results presented above suggest that the
surface response function d (&u) can be measured
directly with inelastic electron scattering. If so,
this would be very important since d ~(&u) has the
same central role in the description of dynamical
processes at surfaces as the bulk dielectric func-
tion e(u) has for the description of dynamical
processes in the bulk. "
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