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Crossover between Monopole and Multipole Plasmon of Cs Monolayers
on Si(111) Individually Resolved in Energy and Momentum
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The evolution of the plasmon spectrum of the Si(111) (7� 7)-Cs surface has been studied by energy
loss spectroscopy individually resolved in energy and momentum during the transition from substrate to
Cs overlayer metallization. The multipole plasmon is identified by an extremely narrow angular
distribution of the inelastic electron scattering, unaccounted for by standard dipole scattering theory. A
crossover between multipole and monopole surface plasmon is observed at finite surface wave vectors qk,
depending on Cs coverage, and reveals a high sensitivity of the short-wavelength multipole components
on surface morphology.
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Understanding the spectrum of surface plasmon eigen-
modes and their dispersion is fundamental to understand-
ing the physics and chemistry at metallic surfaces, because
plasmons sensitively depend on the free electron density
and distribution within the surface. Therefore, they have
been extensively studied at alkali metal (AM) surfaces and
AM layers on metal substrates [1–5] in order to test the
validity of surface models and approximations. Despite the
progress that has been made [see Refs. [6,7] for reviews ],
the understanding of the collective excitations of ultrathin
metallic layers is still incomplete. In particular, a compari-
son of calculations and experimental results obtained for
ultrathin AM layers on metal substrates has been incon-
clusive, in part probably due to the limitations of standard
electron energy loss spectroscopy (EELS) and photoyield
measurements [5]. This Letter will demonstrate experi-
mental results which overcome previous limitations and
reveal that theoretical models need to be refined in order to
account for effects of surface geometry and morphology on
the plasmon spectrum in the limit of ultrathin layers.

In EELS, the ordinary monopole surface plasmon (SP)
[8] is a well-known feature due to intense dipole scattering
[9]. Multipole surface plasmon (MP) modes, however, al-
ready predicted by hydrodynamic models of the electron
gas several decades ago [10,11], have so far been un-
equivocally identified only by relatively weak impact scat-
tering features in EELS at thick AM layers on aluminum
substrates [2,12] and by photoyield measurements, which
are restricted to qk � !=c, with qk as wave vector, ! as
frequency, and c as the velocity of light. In the nonretarded
limit, i.e., for qk >!=c, MP modes are not expected to set
up long-range dipole fields in the vacuum above the sur-
face, which makes them hard to detect for EELS.
Consequently, EELS data obtained for thin AM layers on
metal surfaces [3,13] were dominated by scattering at the
SP even for qk � 0, where calculations and photoyield
measurements only show the MP and the AM bulk plas-
mon (BP) [4,5,14].
06=96(19)=196801(4) 19680
Using a unique experimental setup for high-resolution
studies of the angular distribution of inelastic electron
scattering, we have identified SP, MP, and BP, individually
resolved in energy and momentum, during the transition of
Si(111) (7� 7)-Cs from initial Cs adsorption to a saturated
pseudomorphic Cs wetting layer. For electron scattering at
the MP mode we find a characteristic narrow angular
scattering profile, unaccounted for by standard dipole scat-
tering theory. The dominant plasmon evolves from SP to
MP while the Cs coverage is increased from 1 to 3 physical
layers [PL, 1 PL corresponding to the saturation coverage
at room temperature which is� 25 Cs atoms per 7� 7 unit
cell [15] ].

In an intuitive picture laid out by Liebsch, the MP of an
AM layer is formed by coupling of the monopole plasmons
of the AM—substrate interface and the AM surface [7].
Since the SP amplitudes decay as exp��qkz�, with z as
distance from the interface or surface, respectively, the
short-wavelength components of the MP mode are ex-
pected to be efficiently damped only as the layer thickness
exceeds 2�=qk, the surface component of the plasmon
wavelength. We will show that also in the limit of ultrathin
AM layers a crossover between SP and MP is observed at
finite qk, shifting to larger wave vectors as the Cs coverage
is increased. Complementary low-energy electron diffrac-
tion (LEED) and measurements of the surface sheet con-
ductance reveal correlations of the AM layer morphology
and the evolution of the surface plasmon spectrum which
have so far not been accounted for by theory or experiment.

Our experiments have been performed in ultrahigh vac-
uum (base pressure below 10�8 Pa) using an ELS-LEED
system [16], which may be considered either as LEED with
high energy resolution or as EELS with high momentum
resolution (experimentally limited by the quality of the
sample surface, best achieved resolution 0:04 nm�1). The
scattering geometry is near normal incidence and detection
(specular reflection occurs at �i � 6�), in contrast to
conventional EELS. Monochromator and analyzer were
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tuned for high transmission, restricting the energy resolu-
tion to 60 meV full width at half maximum (FWHM). The
primary electron energy was 47 eV for all experimental
data presented in the following.

Substrate samples were cut from a phosphorus-doped
wafer of high resistivity (>1000 � cm) and mounted on a
stage for liquid nitrogen cooling. Clean Si(111) (7� 7)
surfaces were prepared by repeated rapid direct current
heating to 1150 �C in order to remove the protective sur-
face oxide, while keeping the ambient pressure below 2�
10�7 Pa. The surface quality was monitored by LEED. The
setup is complemented by four-probe measurements of the
electrical surface sheet conductance, for which direct cur-
rent was sent through tantalum clamps fixed at both ends of
the sample. In the center two Ta tips were pressed onto the
substrate by a springy metal wire for voltage measure-
ments. Cs was deposited from well-outgassed chromate
dispensers (SAES getters) keeping the pressure in the
10�8 Pa regime. The deposition rate was calibrated by
the onset of significant sheet conductance in the
10�4 ��1 regime which had been demonstrated to occur
at 2.2 PL coverage [17].

On the Si(111) (7� 7) surface, Cs initially adsorbs at
adatom and restatom sites [18,19] within the faulted and
unfaulted halves of the dimer-adatom-stacking fault (DAS)
reconstruction of the substrate [20]. At room temperature
(RT), the saturation coverage of 1 PL [15] is reached after
the dangling bonds of the substrate are saturated [19,21].
At that coverage, the surface is metallic, already [22,23],
exhibiting a plasmon loss in EELS. Continued growth of
the Cs layer can be achieved at temperatures below 260 K
[19]. The surface sheet conductance measured during Cs
deposition at 210 K is shown in Fig. 1 and indicates
formation of a continuous Cs wetting layer at 2.5 PL cover-
age. Starting from an initial Cs adsorbate layer at 0.75 PL
FIG. 1. Sheet conductance of Cs deposited on Si(111)-(7� 7)
at 210 K. Insets are meant as schematic representation of surface
structures expected for 0.75 PL (Cs islands on faulted and
unfaulted halves of the DAS substrate reconstruction), 2.5 PL
(continuous Cs wetting layer), and coverages above 2.5 PL (Cs
clusters on top of wetting layer), respectively.
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which is made of Cs islands within the (7� 7) substrate
unit cells, the wetting layer formation probably starts by
interconnecting these monolayer high islands. Upon con-
tinued deposition beyond 2.5 PL, neither EELS nor LEED,
showing a (7� 7) surface reconstruction, significantly
change, and the sheet conductance saturates at a value
20% below maximum, an indication for the formation of
three-dimensional (3D) islands that are electrically not
connected.

EEL spectra recorded for three different amounts of Cs
deposited on Si(111) (7� 7) at a temperature of 210 K
(Fig. 2) reveal a shift of the plasmon frequency at qk � 0,
as mentioned by Weitering et al. [22], during the evolution
of the surface from Cs-modified substrate states to a Cs
metal layer. The shift probably reflects an increase of the
effective electron density in the metallic surface state or
layer. As shown later, we can identify the energy loss peak
observed at 0.94 eV for 1 PL coverage as SP loss and the
peaks at 1.68 eV (1.4 PL) and 2.16 eV (6.2 PL), respec-
tively, as MP losses. Up to 2.8 ML, the MP loss continu-
ously shifts to higher frequencies with increasing amount
of deposited Cs. The maximum energy of 2.2 eV is reached
right after the jumplike increase of the surface sheet con-
ductance up to 6� 10�4 ��1 is observed. For compari-
son, the MP energy of Cs layers on Al(111) was deter-
mined as 2.4 eV [12]. The shoulder on the high-energy side
of the MP peak at 6.2 PL in Fig. 2 is due to the BP at 2.7 eV.

To distinguish between SP and MP, we have measured
profiles of the inelastic electron scattering at the plasmon
with respect to the surface component of the scattering
vector �Kk � �qk (Fig. 3). The top panel (I) shows the
measured profile of the 0.94 eV energy loss observed for
1 PL coverage [see also (I) in Fig. 2]. It is as expected for
scattering at the SP mode of an ultrathin metallic overlayer
because the measurement is perfectly fitted by the dipole
scattering lobe of a thin dipole-active surface layer, i.e., a
FIG. 2. Electron energy loss spectra for �Kk � 0 for three
different amounts of Cs deposited on Si(111)-(7� 7) at 210 K.
The arrows mark loss energies due to surface plasmon scattering
for which scattering profiles have been measured (see Fig. 3).
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FIG. 4. Plasmon energy loss spectra of a Cs wetting layer
(2.8 PL) on Si(111) (7� 7) for different wave vectors qk. Inset
shows the energies of the surface plasmons (MP, SP) and the
bulk plasmon (BP) of the Cs layer, as determined from fits to the
measured spectra. The line indicating dispersion of the combined
MP-SP modes is meant as guide to the eyes.

FIG. 3. Scattering profiles with respect to �Kk for inelastic
scattering at Cs=Si�111�. The scattering vector �Kk is given in %
of the distance between the (00) and the (10) diffraction spot of
the Si(111) surface. 10% SBz corresponds to 0:188 �A�1.
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cross section dS=d�Kk proportional to ��Kk�2=	�!=v�2 

��Kk�2�2 [9] (with v as electron velocity), which is shown
in the upper panel of Fig. 3 after convolution with the
elastic profile. The elastic profile, depicted in the bottom
panel with normalized intensity, represents the momentum
resolution which is limited by the crystalline quality of the
sample surface.

The bottom panel (III) of Fig. 3 shows the measured
profile of the 2.2 eV loss observed after deposition of
6.2 PL Cs. In contrast to (I), it is dominated by a narrow
peak at �Kk � 0, which has, to our knowledge, not been
reported for standard reflection EELS before. The profile
indicates a strong forward scattering mechanism which is
unexpected for the statistics of localized impact scattering
events. At the same time, the profile is not represented by
available results of classic dipole scattering theory [9],
even if effects of retardation are taken into account [24].
Given the energy loss alone, it appears compelling to
ascribe the peak observed in panel (III) to scattering at
the MP mode of the Cs overlayer. The narrow distribution
of the scattering around qk � 0 indicates that dipole scat-
tering selection rules [9] do not apply and scattering at
electromagnetic radiation of the radiative branch of the MP
(qk � !=c) may be involved.
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A crossover between MP and SP can be identified in the
scattering profile of the 1.65 eV loss for 1.4 PL Cs cover-
age, shown in panel (II). The profile exhibits a central spike
at �Kk � 0 due to MP scattering. Additionally, a broad
symmetric shoulder, very likely due to dipole scattering at
an ordinary SP mode, appears. A comparison of the
shoulder with the expected dipole lobe reveals that the
experimental profile is broadened, indicating that for small
wave vectors the surface plasmon has switched from SP to
MP. Obviously SP and MP do not coexist at qk � 0, in
accordance with predictions by Liebsch [25]. With increas-
ing Cs coverage up to 2.8 PL, further suppression of the SP
scattering is observed. Beyond 2.8 PL, after a continuous
Cs wetting layer has formed, only the central spike is
detected, on top of a constant background present in all
profiles of Fig. 3.

The crossover is shown in detail in Fig. 4 at a concen-
tration of 2.8 PL, where we plot the loss intensity for
various qk as a function of loss energy. While the SP is
suppressed for small plasmon wave vectors, it is still
present for large wave vectors, even on a continuous
2.8 PL thick Cs wetting layer, as the energy loss spectra
for different qk demonstrate. The inset shows the center
positions of Lorentzian profiles fitted to the spectra. For
small wave vectors, a shoulder on the high-energy side of
the MP peak indicates scattering due to the Cs bulk plas-
mon (BP), in correspondence to calculations by Liebsch
[5]. At qk � 0 the energies of MP and BP are 2.2 eV and
2.7 eV, respectively. For qk > 0:1 �A�1 the MP disappears
and a lower energy loss at 1.9 eV, representing the SP, is
detected. With respect to their ratios, there is a perfect
match between the experimental mode energies and theory,
which predicts !MP � 0:8!BP and !SP � !BP=

���

2
p

. The
perfect match indicates that we have resolved scattering at
the SP, MP, and BP individually in energy and momentum.
The wave vector of crossover between SP and MP depends
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FIG. 5. FWHM of the multipole plasmon peak during Cs
deposition at 210 K. The solid lines are meant as guide to the
eyes. The dashed curve shows the FWHM of the elastic specular
Bragg peak.
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on Cs coverage. As a measure we take the full width at half
maximum (FWHM) of the MP peak in the inelastic scat-
tering profiles which is shown in Fig. 5 for increasing
amount of deposited Cs. Even up to completion of the
wetting layer, the FWHM of the MP increases for cover-
ages from 1.4 to 2.8 PL, in contrast to the expectations from
Ref. [7], whereas for thicker layers the further increase can
be understood as being due to scattering from 3D islands.
The change of slope at about 2.8 PL Cs deposition shows
that the shift of the crossover between SP and MP sensi-
tively reflects the evolution of the surface from the initial
adsorbate layer to a complete Cs wetting layer.

In conclusion, our correlation of EELS, structural and
conductance data shows that the dominant surface plasmon
mode of ultrathin Cs layers on Si(111) evolves from SP to
MP only as the Cs coverage is increased beyond the
saturation coverage at RT but before the surface has trans-
formed from adsorbate-modified surface states to a con-
tinuous metallic AM wetting layer. While the SP mode is
clearly identified by a dipole scattering profile in EELS, the
narrow MP peak at qk � 0 indicates a strong inelastic
forward scattering mechanism which cannot be accounted
for by classic dipole scattering and may be special for
multipole excitations of thin films. Since the MP peak
has not been observed in ordinary EELS, the unique scat-
tering geometry of our experiments may be a prerequisite.
By this Letter, we hope to stimulate further theoretical and
experimental efforts with respect to plasmons of ultrathin
metal layers. Upon Cs deposition, the MP forms first in the
limit qk ! 0, while the conductivity data clearly show that
the wetting layer is far from continuous on the long range.
An intuitive picture for this discrimination between long-
and short-wavelength components, as it exists in the limit
of thick AM layers [7], is missing and calls for refinements
of the theoretical models.
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