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Seconal-harmonic generation from alkali-metal overlayers
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The frequency dependence of the linear and nonlinear electronic response of alkali-metal over-
layers adsorbed on metal surfaces is calculated within the time-dependent density-functional ap-
proach. The nonlinear dipole moment which characterizes the perpendicular surface component
of the second-harmonic polarization shows a pronounced resonance near 2co=0.gto~(ads), where
cur(ads) is the bulk plasma frequency of the adsorbed alkali metal. This resonance can enhance
the second-harmonic intensity by several orders of magnitude. This surface local-field effect
might partly explain the huge enhancements that have been observed for optical second-harmonic
generation from alkali-metal overlayers on Rh and Ag surfaces.

I. INTRODUCTION

One of the most striking examples of the extreme sur-
face sensitivity of optical second-harmonic generation
(SHG) is the adsorption of alkali-metal atoms on metal
surfaces. ' Even small amounts of these adsorbates can
easily be detected. Full alkali-metal monolayers on Rh
(Ref. 1) or Ag (Ref. 2) have been observed to enhance the
clean-surface signal by several orders of magnitude.
Alkali-metal atoms on transition- and noble-metal sur-
faces are particularly interesting chemisorption systems
because of their great technological relevance. At low
coverages, as long as direct overlap of alkali-metal atom-
iclike electron states is negligible, the observed changes of
the SH signal can be qualitatively understood in terms of
optical transitions between the hybridization-broadened
adatom levels. ' At higher coverages, however, the me-
tallic character of the alkali-metal overlayers becomes im-
portant. The question then arises as to how the extended
nature of the overlayer states contributes to the observed
enhancements of the SH intensity. Using a simple model
of an interface between two centrosymmetric systems,
Tom etal. ' argued that the SH signal will be enhanced
when the eff'ective dielectric function of the interfacial
layer goes through a minimum, i.e., when the incident
laser frequency corresponds to about one-half of the
eA'ective plasma frequency of the interface electrons.
Since SHG depends very sensitively on the electronic
properties in the surface region, it is clear, ho~ever, that a
more detailed understanding of the excitation spectrum of
adsorbed alkali-metal layers is needed.

In previous work on the nonlinear electronic response
at simple metal surfaces, we found characteristic spectral
features near 2co=@ (work function) and 2co=0.8co~
(co~ is the bulk-plasma frequency). These calculations
were carried out within the time-dependent density-
functional theory ' and by using the jellium model to
represent the positive ions of the semi-infinite metal. The
details of the ground-state electron distribution in the sur-
face region, the nonlocality of the electronic response to
the incident electromagnetic fields, and the self-consistent
screening of the induced surface charges are fully taken
into account in this approach. The second-harmonic di-

pole moment obtained from these calculations was recent-
ly found to be in excellent agreement with absolute inten-
sity measurements of SHG from Al at 1.17-eV incident
laser frequency. " The feature near 2co=0.Sea~, which
becomes a very sharp resonance in the case of the low-
density alkali surfaces, is closely related to the well-known
local-field enhancement seen near 0.8ca~ in linear
response. ' ' For example, the striking frequency
dependence of the photoyield from Al can be quantitative-
ly understood in terms of these linear dynamic surface
response properties. '

In the present paper, we extend the above calculations
in order to determine the linear and nonlinear excitation
spectra of alkali-metal monolayers on a metal surface.
For simplicity, we represent the positive charges in the
overlayer by a homogeneous jellium slab. This model
neglects possible interband transitions between the two-
dimensional adsorbate states but emphasizes the metallic
character of the overlayer. In particular, the electronic
hybridization at the substrate-adsorbate interface and the
detailed shape of the electron distribution at the
adsorbate-vacuum interface are described adequately.
Despite its simplicity, this model has been used quite suc-
cessfully, for example, to explain the dependence of the
work function on alkali coverage. '

We find that the linear excitation spectrum of various
alkali-metal monolayers on an Al surface is dominated by
a resonance approximately near 0.Scan (ads), where
to~(ads) is the bulk-plasma frequency of the alkali metal.
This resonance has the same origin as the corresponding
resonance obtained for the clean simple metal surfaces.
The shapes of the density distributions on the clean sur-
faces and on the absorbate-vacuum surfaces are indeed
very similar so that, at low frequencies, similar response
properties are to be expected. A second spectral feature in
the linear response is seen near co~(ads). However, it is
rather broad and tends to be much weaker than the reso-
nance near 0.8co~(ads). Apparently, because of the small
thickness of the alkali overlayers, alkali-metal bulk
plasmons do not represent well-resolved excitations in
these systems.

In accordance with the linear excitation near
0 8to~ (ads), the fre.quency dependence of the nonlinear di-
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pole moment which is of interest for SHG, shows a reso-
nance near 0.4'~(ads). This frequency lies between 1.4
and 2.4 eV for various alkali metals. Since the real part of
the nonlinear dipole moment gets large already below this
peak in the imaginary part, this resonance can be detected
with laser radiation at 1064 nm 1.17 eV. Indeed, we
find that at this frequency, the second-harmonic intensity
can increase by several orders of magnitude. Thus, even
in the absence of interband transitions, the nonlinear
response properties of alkali overlayers can give rise to
absorbate-induced changes of the SH signal similar to
those observed experimentally. '

II. RESULTS AND DISCUSSION

Let us assume that p-polarized light of frequency co is
incident on a semi-infinite jellium system. The polar an-
gle of incidence with respect to the surface normal is
denoted as 8. The generation efficiency of p-polarized
second-harmonic refiected output radiation may be ex-
pressed as follows: '

See'
I2 ~2 2 3

2
e(n~) [e(n~) —1 I P tan e
e(n)+s(n) [,( )+,(„)]2

where

P a( ) (+)
stn&g b

(~) (+) cos20+d/2
e(io ) e(ni )

and

s(co) -[e(ni) —sin'e1 'i'/cose. (3)

Here e,m, c are fundamental constants, 0 2ro, and
e(co) 1 —ni~/co is the bulk dielectric function with co~
the bulk plasma frequency.

In a semi-infinite free-electron system, the parameters d
and b which characterize the bulk and parallel surface
contributions to the harmonic polarization, respectively,
have the values d 1 and b —1, independent of frequen-
cy. 2o The dimensionless function a(co), on the other
hand, depends sensitively on the microscopic nonlinear
screening properties in the surface region. It is defined in
terms of the integrated weight of the normal component of
the second-harmonic surface polarization' ' and can be
expressed in terms of the dipole moment of the nonlinear
surface screening charge induced by a uniform electric
field normal to the surface and varying in time like
exp(icot):

background of density ri. In the present work, we extend
these calculations to the case of adsorbed alkali-metal
monolayers by placing a thin slab of constant positive
charge density n(ads) on top of the positive background of
the substrate. ' Here, n(ads) is the average bulk density
of the alkali metal and the thickness of the slab is taken to
be the spacing between the densest lattice planes in the
bulk of the alkali metal. Once the positive charges of this
adsorbate-substrate system are specified, the electrons ad-
just themselves self-consistently to the ionic potential and
to the applied electric fields.

In Fig. 1 the equihbrium density profile is shown for a
Na monolayer (r, =4) on an Al substrate (r, =2 with
n 3/(4~r, )l. Near the absorbate-vacuum interface the
density is almost indistinguishable from the density at a
clean Na metal surface. Also, the denser regions of the
substrate electron profile (approximately z &0) are very
similar to those at the clean Al surface. As a result, the
low-frequency electronic excitations of the Na-Al system
[typically co & co~(Na)] should be similar to those of the
clean Na surface, while the excitations at higher frequen-
cies will be similar to those at the clean Al surface.

Qualitatively, this behavior is indeed found for various
alkali-metal adsorbates as illustrated in Fig. 2. Shown is
the frequency dependence of the imaginary part of the
normalized linear-induced dipole moment,

d (ro) dz zbn
~ (z, r)o/ (ot)u, (6)

for three alkali-metal monolayers (Na, K, and Cs) on an
Al substrate. Imd(co) is proportional to the surface pho-
toabsorption cross section. ' All three systems exhibit an
enhanced absorption near 0.8m~=13 eV which is also
present in the case of the clean surface. It corresponds to
the well-known local-field enhancement observed in pho-
toyield measurements on Al. '

A second, more pronounced spectral feature is found
riear (0.7-0.8)co~(ads). While these peaks have about the
same height as the resonances near 0.8'~ on the clean
alkali-metal surfaces, ' ' they are considerably broader.

a (to) - 4n„—dz zion 2(z, m)/o (co) ', (4)

where n is the bulk density and cr(ru) is the integrated
first-harmonic-induced surface density:

p oo

o(co) -~ dzbn((z, co) . (5)

In Refs. 4 and 5, a(co) was calculated for various sim-
ple metal surfaces by applying the time-dependent
density-functional approach. ' Since the density profile
at the surface is of primary interest in these systems, the
positive ions are replaced by a semi-in6nite homogeneous

n(a

z (a.U. )

FIG. l. Equilibrium electron density profile for the Na mono-
layer on the Al substrate (solid line). The positive ionic charges
of the substrate and adsorbate are modeled by constant back-
grounds of height n and n(ads), respectively. The electronic
density profiles of the clean Al and Na surfaces are indicated by
the dashed and dotted lines, respectively.
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FIG. 2. Frequency dependence of the imaginary part of the
normalized first-harmonic dipole moment d(ro), Eq. (6), for
various alkali-metal monolayers on Al, calculated within the
time-dependent density-functional approach. The spectrum of
the clean Al surface is also shown (dashed line). The arrows
denote the bulk-plasma frequencies of the alkali metals.

As in the case of the clean simple metal surfaces, the
strength of these peaks gets larger with decreasing alkali-
metal density because the surface density profile becomes
more diffuse.

In addition, all three adsorption systems exhibit a spec-
tral feature close to the bulk-plasma frequency of the al-
kali metal. Only in the case of the Na-Al system does this
feature appear as a separate peak. For the lower-density
alkali adsorbates, it merely forms a shoulder on the more
prominent resonance near (0.7-0.8)co~(ads). These re-
sults demonstrate that in the long-wavelength limit, bulk
plasmons are not well-resolved electronic excitations in
chemisorbed alkali-metal monolayers on Al. The excita-
tion spectra of these systems are dominated by the local-
field enhancement at the absorbate-vacuum interface.

The first-harmonic excitation spectra of the clean sim-
ple metal surfaces also show that Imd(ro) increases near
the threshold for electron emission. '3 '5 However, the
bulk-plasma frequency of the low-density metals de-
creases relative to the work function. As a result, the rise
at threshold becomes only a weak shoulder on the low-
energy side of the resonance near 0.8m~. The work func-
tions of the alkali-metal-Al systems are also too close to
the resonance near (0.7-0.8)co~(ads) so that the increase
of Imd(ro) at threshold cannot be resolved.

Vr'e point out here that the spectra in Fig. 2 are in quali-
tative agreement with photoemission measurements from
adsorbed Na layers on Cu. Within the jellium model,
partial coverages are equivalent to lower average densities
in the overlayer. Thus, apart from slight differences in
overlayer thickness, the K (r, =5) and Cs (r, =5.6)
spectra in Fig. 2 correspond to Na (r, =4) spectra at
( —', )'-0.51 and ( —,', ) -0.36 coverage, respectively. As
a consequence, upon Na evaporation on a surface, the ab-
sorption cross section at a fixed photon energy of about 5

eV rises monotonically until monolayer coverage is
reached, whereas at about 4 eV it goes through a max-
imum as observed experimentally.

The local-field enhancement shown in Fig. 2 for the
linear-response properties of the alkali-metal adsorbates is
of direct relevance for the second-harmonic response of
these systems, as illustrated in Fig. 3. The imaginary part
of a(ro) shows a pronounced resonance just below
0.4ro~(ads), i.e., when two photons approach the reso-
nance in linear response below 0.8co~(ads). This reso-
nance is much stronger than on the clean simple metal
surfaces for the following reason: The quantity n in the
definition of a(ro), Eq. (4), refers to the average electron
density deep inside the system which determines, via the
bulk-plasma frequency, the asymptotic electric field in the
interior. Thus, for the alkali-metal overlayers, this quan-
tity is enhanced by the ratio rt(AI)/n(ads), as compared to
the clean alkali-metal surfaces. For the adsorption sys-
tems shown in Fig. 3, this ratio has the values 8 (Na-A1),
16 (K-AI), and 22 (Cs-Al). The static values of a(ro) of
these systems are also enhanced by about these ratios if
compared to the clean surface values.

At the laser frequency of 1.17 eV, a(ro) has the values
(see dots in Fig. 3) a —132—24i (Na-A1), a —400—175i (K-A1), and a —800 —715i (Cs-Al). For clean
Al, the value at this frequency is a —36 9i S—ince. the
parameters b and d in Eq. (2) remain unchanged upon ad-
sorption of a monolayer, we can easily calculate that ratio
of second-harmonic intensities with and without adsor-
bates. For example, for incident and refiected p-polarized
light at 0 60' we obtain from Eq. (1), and using experi-
mental data for the Al dielectric function
12~(ads)/Iz~(AI) =17, 195, and 1200 for adsorbed Na,
K, and Cs, respectively. Thus, the local-field enhance-
ment at the adsorbate-vacuum interface can cause an in-
crease of the SH signal by several orders of magnitude.
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FIG. 3. Frequency dependence of the normalized second-
harmonic dipole moment a(ro), Eq. (4), for various alkali-metal
monolayers on Al. The arrows indicate the frequency
0.4ro„(ads). The dots denote the values of a(co) at the laser fre-
quency 1.17 eV.
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As pointed out above, within the jellium model partial
coverages correspond to lower average densities in the
overlayer. Thus, stronger enhancements could be ob-
tained for the Na-Al system at less than a full monolayer.
It should be kept in mind, however, that this model is not
valid at too-small coverages and that the local density ap-
proximation breaks down at very low densities.

It is obvious from Fig. 3 that the SH signal depends
sensitively on the wavelength of the incident radiation.
For example, at 2.34 eV the nonlinear dipole moment has
the values a +310—100i (Na-A1), a —30+200i
(K-Al), a —200 —180i (Cs-A1), and a —16 —51i for
clean Al. At 8 60, one therefore gets the intensity ra-
tios I2 (ads)lI2 (Al) =40, 15, and 25 for adsorbed Na,
K, and Cs, respectively. Thus, with the exception of Na-
Al, the enhancement tends to be less pronounced than at
1.17 eV. A similar trend is observed on Rh (Ref. 1) and

Ag (Ref. 2). However, at 2.34 eV the SH signal is much
more substrate sensitive since 2' lies close to or above the
alkali-metal bulk-plasma frequency. Our results for
alkali-metal adsorption on Al are therefore not applicable
to these substrates.

In summary, optical second-harmonic generation is
very sensitive to the response properties of the electron
profile in the surface region. Even without considering in-
terband transitions, the resonances in the surface excita-
tion spectra of adsorbed alkali-metal monolayers can lead
to enormous nonlinear dipole moments which determine
the size and frequency dependence of the perpendicular
surface contribution to the second-harmonic polarization.
It would be of great interest to perform SHG measure-
ments for alkali overlayers on Al in order to test the pre-
dictions of the calculations presented above.
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