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Elementary Excitations in Alkali-Metal Overlayers Probed by Electron-Energy-Loss Spectroscopy:
Quantum-Mechanical EA'ects

3. A. Gaspar " and A. G. Eguiluz
Department of Physics, Montana State University, Bozeman, Montana 59717

K.-D. Tsuei and E. W. Plummer
Department of Physics, University of Pennsylc ania, Philadelphia, Pennsylvania l 9104

(Received 6 May 1991)

The spectrum of electronic excitations of Na and K overlayers adsorbed on Al(111) has been studied
by means of electron-energy-loss-spectroscopy experiments, and self-consistent, dynamical-response cal-
culations. Losses are observed in two distinct energy and coverage domains. The loss observed during
the formation of the second atomic layer shows novel features, which are traced to the intrinsic
quantum-mechanical nature of the excitations being probed, and their spatial confinement by the over-
layer.

PACS numbers: 73.20.Mf, 73.20.Dx, 73.50.Mx, 73.60.Aq

The spectrum of elementary excitations of alkali-metal
atom overlayers adsorbed on metal surfaces has been a
subject of inquiry for many years [1—16], and some
trends of its coverage dependence have been established.
In this Letter we report a joint experimental and theoreti-
cal study for Na and K overlayers adsorbed on Al(111)
which reveals new features of the basic physics of these
excitations. Since the spatial confinement of the conduc-
tion electrons by the overlayer plays an important role,
we expect our findings to have a bearing on other con-
fined-geometry systems as well.

The experimental probe used is high-resolution, ener-
gy-resolved, electron-energy-loss spectroscopy (EELS);
the theoretical work is based on a self-consistent compu-
tation of the loss spectrum for an electron-gas model.
For the most part, we center our attention on coverages
between one and two monolayers, for which the overlayer
is metallic. This coverage regime (for which the current
controversy about the nature of the alkali-metal atom-
surface bond [17] does not apply) is of particular interest,
since it allows us to investigate in a controlled fashion the
transition from quasi-two-dimensional to quasi-three-
dimensional electronic behavior for a prototype system.

For both overlayer systems our EELS data reveal the
abrupt formation of an intense electron-gas loss at the
completion of the first atomic layer. The behavior of this
loss as a function of coverage is novel, as is its interpreta-
tion. The loss is shown to be dominated by a switchover
from an electron-hole-pair excitation regime into a
plasmonlike regime that takes place as the second layer
forms.

The experiments were performed in a UHV chamber
typically operated in the 10 ''-torr range. The chamber
was equipped with LEED optics, a quadrupole mass spec-
trometer, and a Leybold-Heraus ELS-22 spectrometer.
The Al crystal was prepared in the usual fashion, and the
alkali metals were evaporated from SAES getters [2,18].
The energy resolution was 20 and 60 meV for measure-
ments on K and Na overlayers, respectively. The incident

beam energy used in both cases was Eo =30 eV, with in-
cidence angle=60 . The loss spectra were recorded in
the specular geometry, with an angular resolution of
~1

The coverage was calibrated via low-energy electron
diff raction (LEED) and thermal desorption spectroscopy
(TDS). The coverage of Na relative to the number of
atoms at the Al(111) surface is defined as 0= —, when

the (&3xJ3)R30' Na pattern is most intense. At a
higher dosage a (2 x 2) LEED pattern was observed,
which is most likely formed from three domains of a
Na(2x 1) structure [19]. This is consistent with the ex-
posure time and the area of the thermal desorption peak,
and gives a coverage 0 = —,

' for the (2 x 2) LEED pattern.
This coverage corresponds to a full monolayer whose den-
sity equals 90/o of the density of the bulk Na(110)
planes.

The structure of K/AI(111) was determined by LEED
studies. A clear (J3xJ3)R30 LEED pattern is ob-
served; the same saturates in intensity with the com-
pletion of the first layer, as observed via TDS. If, as in

the case of Na, the (&3xJ3)R30' structure is assumed
to realize for 0= &, the density of a full K monolayer
corresponds to 91% of the bulk K(110) planes. For
higher coverages a well developed (J3xJ3)R30' LEED
pattern is still observed, but with a background whose in-
tensity increases with coverage, indicating that the second
layer grows disordered on top of the first one for 0) —,

'
.

It was found that annealing was necessary in order to
produce an epitaxial K film, even at submonolayer cover-
age [18]. All the data reported here correspond to films
annealed to 240 K.

The scattering probability per unit frequency, I(co), for
a process in which an electron is backscattered in the
specular direction with energy loss 6co [20] is given by
the equation

2 2, 2
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where qii is a two-dimensional wave vector in the plane of
the surface (the x-y plane). The kinematics of the loss
process in the trajectory approximation [20] enters Eq.
(I) through the factor multiplying the loss function (in
which v- and vi[ are the components of the electron veloci-
ty normal to the surface and in the plane of the surface).
The density response function g(x, x'in') [21] is obtained
by solving an integral equation of the form g =g +g Vg,
where the electron-electron interaction V(x, x') includes
many-electron effects in the local-density approximation,
and g (x,x'ito) is the irreducible polarizability [21].

For coverages up to one monolayer (ML) we use the
chemisorption model proposed by Serena et al. [22], in

which the width d of the jellium slab for the overlayer is
given by d(OMt) =d;0„+(b —d;,„)OMt, where d;,„ is
twice the alkali-metal ionic radius, b is the interplanar
spacing for the (110) planes in the bulk, and OMt. mea-
sures the coverage in numbers of (110) layers. Thus,
OML=1 corresponds to one monolayer whose areal den-
sity equals that of the (110) planes in the bulk, OML=2
corresponds to two such layers, etc. For Na/Al(111)
we have that OML=(0. 9/0. 5)O, and for K/Al(111) OMt.
=(0.91/0. 33)O, where O is the experimental coverage as
defined above. This model provides a very good account
of the work function changes induced by alkali-metal ad-
sorption. We simulate the growth of the second layer
(OMt & I ) according to d(OMt. ) =bOML, which corre-
sponds to keeping the density of the jellium slab for the
second layer fixed, and yields a work function that
remains equal to its saturation value, as observed experi-
mentally [23]. It is to be noted that a model of second-
layer growth with a variable jellium density was ruled out
since it gives rise to a pronounced dip in the work func-
tion, and a downward jump in the energy of the loss peak
at the start of the second layer. Both features of that
model are in conflict with the experimental observations.

Our EELS data show losses in two distinct frequency
and coverage domains. A lower-frequency loss is first ob-
served for submonolayer coverage. The abrupt onset of a
higher-frequency loss at the start of the second atomic
layer is apparent in the data for the energy position of the
loss peak shown in Fig. I for both overlayer systems.
This feature of the data (which has not been reported be-
fore for similar adsorption systems) is vividly underscored
in Fig. 2 by the related feature of the abrupt jump under-
gone by the linewidth of the loss at the completion of the
first layer for Na/Al.

The lower-frequency loss has been discussed before

in which the physics of the overlayer response, and the
coupling to the long-range dipolar fields which dominate
the loss process, enter via the surface energy-loss function
P(qt,.to), defined by the equation [20]

r/s/

P(q&, tu) = —26e dz dz'e
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FIG. l. Energy position vs coverage OML of the loss peak for
Na/Al(111) (left panel) and K/Al(l I I ) (right panel). The
peak positions extracted from the EELS data for Eo =30 eV
and from l(co) calculated via microscopic response theory are
shown. The dashed line is a guide to the eye through the
theoretical points. As noted in the text, for ED=30 eV the
ghost peak —open squares —is a very weak loss feature, and was
not observed experimentally. The solid line refers to the peak
position for a macroscopic response model.
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FIG. 2. Half width at half maximum of the loss peak for
Na/Al(111) (see Ref. [28]).

[8,18]. It involves atomic transitions which are outside
the electron-gas model. We thus turn our attention to the
loss observed with the formation of the second layer. The
main features of that loss are striking: In addition to its
abrupt onset just noted, its energy shows a pronounced
dependence on coverage for Na/Al(111) but not for
K/Al(111). Now, given the fact that for two monolayers
the loss occurs for to —to~/J2, it proves instructive to at-
tempt a preliminary understanding in terms of a macro-
scopic model —often used in the analysis of experiments—in which both substrate and overlayer are described by
frequency-dependent dielectric functions. In this model
[20],
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where ~„g is the eAective dielectric function of the ad-
sorbate-substrate system. Equation (3) yields a loss spec-
trum which corresponds to excitation of a "classical"
plasmon for aO coverages, and which, as seen in Fig. 1, is
in qualitative disagreement with experiment.

Before discussing the predictions of the microscopic
theory, a few technical details are in order. Since the
density response function for the electron gas depends on

qt only through its magnitude qt, Eq. (I) can be reduced
to a one-dimensional integral of the form

+q llmax

l(co) =J dq~~K(q~~', ro)P(qp~', ru),

where K(qii, cu) is the kinematic factor, whose explicit
definition has been given by Camley and Mills [24]. The
finite angle subtended by the spectrometer is taken into
account via the definition q~~m„. „=AB(2mEo)' /6. The
computation of 1(ru) was performed for a substrate which
is su%ciently thick that spurious low-energy peaks,
present for thinner slabs, are eliminated [25]. For easy
comparison with experiment the theoretical spectra were
shifted so that for two monolayers the energy of the loss
agrees with experiment. This (downward) shift amounts
to 0.5 eV (0.36 eV) for the case of Na (K), and it basi-
cally models the core-polarization process responsible for
the diflerence between cu„/J2 and the measured value of
the surface-plasmon frequency for the corresponding al-
kali metal.

The microscopic theory reproduces the main trends of
the higher-frequency experimental loss accurately, as
seen in Fig. 1. Insight into the physics of this loss is
gained from Fig. 3, which shows the loss function for a
wave vector representative of the q[~'s which contribute to
I(ru) for En=30 eV (qt =0.05 A '). For OMt (1 the
loss function for Na/Al is featureless, except for its low-

energy dropoA; it corresponds to incoherent electron-
hole-pair excitation. For K/Al it can be best described as
corresponding to excitation of a severely overdamped
plasmon, the damping being due to electron-hole-pair de-
cay (Landau damping). With increasing coverage the
response gradually becomes coherent or plasmonlike [26],
the switchover between both response regimes occurring

(a)

for OMt -I [27]. Since the frequency of the loss at the
completion of the second layer (—ru~/J2) is basically
determined by macroscopic physics, we have that the
overall shape of the curve for the peak position versus
coverage during the formation of the second atomic layer
reAects the transition between the two electron-gas-
response regimes that occur for OMt —1.

In addition, it is important to note that the microscopic
theory (which we have implemented in the collisionless
regime) provides a natural mechanism for the narrowing
of the loss peak [28] observed during second-layer forma-
tion (Fig. 2). In effect, this narrowing is consistent with
the reduction in the eSciency of Landau damping associ-
ated with the switchover we have just identified between
one-electron and collectivelike elementary excitations.

Thus the coverage dependence of the loss is traced to a
nontrivial eAect, namely, the enhancement of the impor-
tance of the quantum-mechanical process of electron-
hole-pair decay which is induced by the spatial confine-
ment of the overlayer electrons. This enhancement,
meant to be relative to the case of the metal-vacuum in-
terface, explains why Eq. (3) fails, despite the small
wave vector tran-sfers involved in the loss process

The abrupt onset of electron-gas response implied by
the data of Figs. 1 and 2 at the start of the second layer
can be understood as follows. The loss spectrum I(ru) is
given by (an integral over) the product of the loss func-
tion and the kinematic factor, and not just by the former.
Figure 4 shows how for large Eo a loss may develop for
submonolayer coverage as a result of two competing
effects: (i) The loss function (which is indeed a smooth
I'unction of coverage, see Fig. 3) drops off for small-
energy transfers, but is quite constant for higher energies,
and (ii) the kinematic factor favors small-energy trans-
fers, suppressing large-energy transfers. The resulting
loss feature (open squares in Fig. 1) does not reflect an
underlying coherent electronic response, and has a similar
origin to what in the literature has been called a "ghost
peak" [29]. Now, because of the nature of the kinematic
factor, the intensity of this feature decays rapidly with
decreasing Eo. For the energy used in our experiments,
Eo =30 eV, the ghost peak becomes a much weaker
feature (see Fig. 4), which is consistent with the fact that
it is not observed experimentally, leading to an abrupt on-

(a) (b)

FIG. 3. (a) Surface
q~~ =0.05 A for several
as (a), but for K/Al.
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FIG. 4. Solid line: the integrand of 1(cu) for Na/Al for

OMl =0.6, and for the values of Eo and q~l shown in each panel.
The angle of incidence is 45 . Dashed line: surface energy-loss
function. Dotted line: kinematic factor.
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set of the electron-gas loss in the EELS data.
In conclusion, our combined experimental/theoretical

investigation has led us to a novel physical picture of the
spectrum of electronic excitations in the Na/Al(111) and
K/Al(111) adsorption systems. The loss observed during
second-layer formation provides a signature of the in-
herent quantum-mechanical nature of the excitations be-
ing probed. Our results can also be visualized as involv-

ing a transition from the quasi-two-dimensional response
embodied by the loss function for monolayer coverage to
the quasi-three-dimensional response that realizes for
two-layer coverage.
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