RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 56, NUMBER 8 15 AUGUST 1997-II

Surface plasmon dispersion of CI/A¢111)

J.-S. Kim
Department of Physics, Sook-Myung Womens University, Seoul 140-172, Korea

Lieming Chen and L. L. Kesmodel
Department of Physics, Indiana University, Bloomington, Indiana 47405

P. Garca-Gonzéez' and A. Liebsch
Institut fur Festkaperforschung, Forschungszentrum, 52428chy Germany
(Received 20 June 1997

High-resolution electron-energy-loss spectroscopy has been employed to measure the dispersion of the
surface plasmon on Ag11) as a function of Cl coverage. The initial dispersion ngg#0 is found to shift
from positive at low Cl coverages to negative as the Cl coverage approaches one monolayer. This effect is
explained qualitatively in terms of the positive charging of the Ag substrate and the plasmon screening caused
by the Cl overlayer[S0163-182607)52432-3

Considerable progress has recently been achieved in theter can be set below 5 meV. However, since the width of the
understanding of the collective electronic excitations at metaplasmon peak is of the order of a few hundreds of meV, the
surfaces:? High-resolution electron-energy-loss spectra areresolution was degraded to 20 meV in order to obtain higher
now available on several simple metafson Ag® Hg Pd/  signal intensity. Two primary electron energy ranges were
and on alkali-metal overlayefsCalculations based on the used in the measurements and are referred to here as low
time-dependent local-density approximatidibLDA) (Ref.  beam energy<20 eV) and high beam energy-(75 eV).

9) indicate that theg dispersion of the monopole and mul- In the experiments, the monochromator and the analyzer
tipole surface plasmons of simple metals is rather well dewere fixed, while the measurements of the plasmon disper-
scribed in terms of the excitations of the semi-infinite jellium sjon were realized by rotating the sample via a goniometer.
model?>%In the case of Ag, the-dpolarization was shown The Ag (111) sample, 1.3 cm in diameter, was cut and
to give rise to ag-dependent blue shift which makes the mechanically polished to give a mirrorlike finish. The azi-
dispersion positive even at sma|l. This is in contrastto the  muythal orientation of the surface, predetermined by Laue

negative initial slope found on all simple mgtél”s? back diffraction, was carefully adjusted to be in the desired
The aim of this paper is to report a striking effect on the ———

Ag surface plasmon due to the adsorption of submonolayétl 12] direction(within 1°) by observing the LEED pattern.

and monolayer coverages of Cl. The essential result is thal he in situ C'ea””_‘g procedure consisted of Arbo_mbard-
the Cl coverage controls the initial dispersion coefficient, €Nt and annealing at 800 K before each experimental run.
shifting it from thepositivedispersion characteristic of clean 1hiS Procedure always resulted in an excellent LEED pat-
Ag (111) to negativedispersion, characteristic of the alkali M. The surface cleanliness was monitored by Auger spec-
metals, as the Cl coverage increases. At laggrthe dis-  troscopy until no impurity trace could be seen. The CI gas
persion remains positive. This is one of the most dramati¢!/sed in this work was obtained from Air Products Co. and
effects yet observed in the electron-energy-loss spectroscopyas 99.9% pure. It was dosed onto the sample through a
(EELS) spectra of surface plasmons. This reversal of the sigivariable leak valve at room temperature. The background
of the initial dispersion can be qualitatively explained by pressure of Cl was kept below2L0~ Torr in the chamber.
accounting for the charge transfer between Ag and Cl and thdlo annealing was performed after the sample was exposed to
dielectric screening of the surface plasmon induced by théhe CI gas. The chlorine concentration on the surface was
overlayer. Both mechanisms give rise to a stronglyobtained from the Auger peak-to-peak height ratio of 182
g-dependent red shift which may lead to a minimum in theeV) to Ag (352 eV). The plasmon measurements were car-
dispersion curve. ried out at various Cl coverages from 0% to approximately a
The experiments were performed in a diffusion-titaniummonolayer** The corresponding LEED patterns observed
sublimation pumped ultrahigh-vacuum system with a basavere similar to those reported by Bowker and Wadgh.
pressure of~5x10 ! Torr. The main chamber houses a Briefly, at low Cl coverages, the LEED pattern was<(1)
four-grid retarding field analyzer for low-energy electron dif- with gradually increasing background. At the saturated cov-
fraction (LEED) and Auger measurements and an LK2000erage, the LEED spots were sharp again, which corresponded
high-resolution electron-energy-loss spectrometer. The rgo pattern “C” mentioned in the literatur€.In between, the
sidual gas components are monitored by a quadrupole mas&ED pattern displayed was,/Bx 3)R 30° when the cov-
spectrometer. The electron-energy-loss spectrometer consisgage exceeds 2/3, but the quality was not as good as that
of a double monochromator and a single analyzer as ddfrom either the clean surface or the surface at saturated cov-
scribed previously® The system resolution of the spectrom- erage.
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FIG. 1. Left: Electron-energy-loss spectra for clean(Ad1) at surface wave vectary along[ 112] of a: —0.06,b: 0.15, andc: 0.22
A1 The primary impact energy is 19.5 eV. Right: Electron-energy-loss spectra for CLAy at a coverage of 92% and for vectors

along[112] of a: —0.01,b: 0.07,c: 0.15,d: 0.21, ande: 0.32 A1, The primary impact energy is 14.6 eV.

The electron-energy-loss spectrum of the clean(2A4l)

and low primary energies. The agreement is quite satisfac-

surface exhibits a well-defined surface-plasmon peak. Figurtory.
1 shows the loss spectrum of the surface plasmon at various The key result of this study is the change in the initial
wave vectors using the primary electron energy of 14.5 eVslope of the dispersion from positive to negative as the CI

Overall, the measured dispersion curve is in good agreemegbverage increases. Other features evident in the dat@)are
with those reported previously, but the energies are slightha shift in the plasmon energy gt=0 to lower energy with
lower by 10—-15 meV. Agj~0, the surface plasmon energy coverage andii) some asymmetry foq— —q apparent in

is 3.68 eV at room temperature, which may be comparedhe high coverage regime. The latter effect is likely due to a

to  high-resolution  electron-energy-loss  spectroscopy
(HREELS data[3.69 eV(Ref. 5] and optical dat&#3.65 eV

(Ref. 16 and 3.68 eV(Ref. 17]. Also shown are the loss 2
spectra for various wave vectors near saturation coverage of
Cl. As g—0, the background on the high-energy loss side atr ¢
increases although the plasmon peak itself narrows. In gen-
eral the shape of the plasmon peak is poorest at low to inter- 40 .
mediate Cl| coverages but becomes more symmetric as the o
coverage increases from45 % to saturation. This behavior ~ 3901 “
gualitatively tracks the degree of ordering evidenced in the @ .*5' ° 4
LEED patterns. The experimental data for the dispersionasa > Og

A . . . . O 38} L)
function of Cl coverage is summarized in Fig. 2. Careful & 2 o +tm
analysis of the data indicates that the frequencies are accu- 2 ° & o o +:
rate to within 10 meV near the specular direction and 20-30 ™ 37 . o 9.@6:'6 ° 4+
meV in large off specular directions which either involve * et T titm oV
negative wave vectors ar>0.3 A1, 3.6 . . "

One may perform an important check on the dispersion Vov VVVW%VV WV
data by repeating the measurements at substantially higher 35 L VW%VW
electron-beam energies. It is well known that the cross sec-
tion in EELS is very sensitive to primary beam energy. Fur- 34

thermore, by working at 76—78 eV primary energy, one em-
ploys very different experimental angles to access a given
g vector. As illustrated in Fig. 3, the plasmon peak at satu-
rated Cl| coverage is substantially narrower in the high-
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FIG. 2. Summary of surface-plasmon dispersion for the Cl/Ag

energy data. This is likely due to the reduction in angular(111) system as a function of CI coverage along fiel?2] azi-
acceptance of the analyzer at higher impact energy. Figure @uth. The data were obtained at low primary impact energies 14.5—
also shows the results of measurements of the dispersion fae.5 eV. The corresponding Cl coverages are: clean @y, 6%
the clean surface and the CI saturated surface at both hidgiil), 44% (O), 62% (+), 73% (M), and 92% ¥).
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FIG. 3. Left: Electron-energy loss spectra for CI/AdL1) at saturation coverage and fgivectors alond 1 12] of a: 0.06,b: 0.12, and
¢:0.22 AL The primary impact energy is 78 eV. Right: Comparison of surface-plasmon dispersion curves for cigari)fmd Cl/Ag
(111 obtained at low(open symbolsand high(shaded symbolsmpact energies. Error bars are indicated at representatixextors.

larger error in the- q data due to lower intensity and large- the following manner: We assume the charge transfer from
angle scattering in the experimental setup. The former mapg to Cl to be limited to the Ag § electrons which are

be related to the finite acceptance of the detector whiclreated as a semi-infinite but charged jellium system. The
causes an averaging over giving an upwarddownward  dielectric medium representing the bands remains unaf-
shift for a positive(negative dispersion neaq=0. The pres-  fected by the adsorption. The transferred electrons occupy
ence of defects, steps, etc., tends to enhance this effect singgyre tightly bound Cp levels® and do not take direct part

it implies the admixture of finitg components. Dissolution iy the plasmon oscillation. However, since the [Ckhells

of CI™ ions into the bulk should also lower the plasmonenhance the screening of the plasmon, we add a thin slab

frequency. _ _ with dielectric constante, in the region G<z<a, where
The modlflcatlor_1 of the Ag surface-plas_mon dispersiong o~ 3 4 a, corresponds to the ionic radius of Cl The
due to the adsorption of CI can be qualitatively understooqyeails of the theoretical approach will be given elsewfére.
via a generghzanoln of the-d polarization model proposed  rigyre 4 compares the dispersions derived from TDLDA
earlier by LiebscH: In this scheme the dynamical response cqcyations for neutral Ag and Cl/Ag. To illustrate the effect
of the 5 electrons is treated within the jellium model and 4 54sorbate-induced surface charging and dielectric screen-
the influence of the occupiedidands is described in terms ing, we choose the extreme case where every Ag surface
of a polarizable medium that screens the Coulomb interacsiom donates 0.5 electron to the Cl layer. At a full mono-
tion between the conduction electrons. The dielectric fU”CTayer, there are about 2 Ag surface atoms per Cl atom. Thus,
tion e4(w) of this medium is obtained from the bulk dielec- he surface charge i8~0.02 a.u. From the atomic polariz-
tric function by writing e(w)=es(w)+eg(w)—1, where  gpijity of CI~, a~3 A3 2% we find e,~2. The presence of
es(w)=1-wg/[o(w+iy)] with ,=9.2 eV.The medium the C| layer is seen to cause an appreciable red shift at finite
is terminated at the distanag from the jellium edge. The g so that the dispersion now exhibits a minimum. In order to
Ag surface-plasma frequency af=0 is given by wi  show the relative importance of the physical mechanisms, we
=wp/J1+€4~3.7 eV. also give the dispersions for pure surface charging and pure
Because of the spill out of theelectron density, a part of dielectric screening. The results indicate that most of the red
the fluctuating plasmon charge is located outsidedtledec-  shift is due to the screening action of the Cl overlayer.
tron medium and is therefore not exposed to sheéscreen- While the red shift associated with the dielectric overlayer
ing. This spill-out effect shifts the frequency up towards theis plausible, the red shift due to positive charging is surpris-
unscreened plasma frequency. At sneglithe shift is small  ing and opposite of what is found for charged jellium
because of the slow decay of the plasmon field. With increassurfaces! This may be understood as follows. Positive
ing g, however, the blue shift increases since the plasmorharging modifies the electron density in two ways: it leads
field decays more rapidly and tieed polarization becomes (i) to a steepening andi) to an inward shift of the profile.
less effective. TDLDA calculatiod show that, for reason- The steeper density is less polarizable so that higher density
able choices ofy (=~—1a), the blue shift outweighs the regions must be involved in the surface screening processes.
standard red shift at smaijlthat is seen on all simple metals. This effect increases the plasma frequency. The inward shift,
To interpret the Cl/Ag data we extend the above model inon the other hand, pushes the fluctuating surface charge to-
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known. Most likely, it is smaller than assumed above. Hence,
the red shift of the surface plasmon should be less pro-
nounced. On the other hand, since the data were taken at
room temperature, dissolution of Cl into the substrate is
likely to occur®® This should give rise to additional screen-
ing effects that modify the plasmon dispersion. For illustra-
tive purposes we also show in Fig. 4 the dispersion for neu-
tral Ag in the presence of a thin dielectric layer witgh=4,
corresponding to bulk AgCI. The red shift of the plasmon at
finite q is in this case even more pronounced than for
charged Ag covered by a Cllayer, giving a correspond-
ingly deeper minimum in the dispersion curve. The compari-
son with the measured dispersions shown in Figs. 2 and 4
suggests that realistic ClI/AH11) surfaces presumably in-
volve contributions from all three mechanisms: surface
- charging, plasmon screening via the Cl overlayer, and
a (A7) screening via surface alloy formation.

FIG. 4. Dispersion of Ag surface plasmon as calculated within In sum_mary, the adsorption of ,C' prOV|de§ a unlque.way
TDLDA. Upper solid curve: clean, neutral Ag; dashed curve: Of modifying the surface electronic properties of Ag in a
charged Ag 6=0.02 a.u); dotted curve: neutral Ag with dielectric  controlled fashion. At a full monolayer, the data reveal a
overlayer €,=2); dot-dashed curve: charged Ag with dielectric 'emarkable sign change of the initial slope of the Ag surface-
overlayer. Lower solid curve: dispersion for neutral Ag with dielec- plasmon dispersion. We have shown that both the positive
tric surface layer corresponding to AgGl,=4). The boundary of charging of the Ag substrate and the screening effect of the
the dielectric background representing the electrons is overlayer lead to a substantial red shift of the surface-plasma
z4=—1.2 a, in all cases. frequency at finiteg. It would be interesting to measure the

dispersion at low temperatures since the formation of an
wards the 8 electrons and enhances thed polarization.  AgCl surface alloy should then be predominant at high ex-
The TDLDA calculations show that the red shift due to thisposures. Also, adsorption of rare-gas layers instead of Cl
reduced spill out is much stronger than the blue shift due tavould suppress surface charging and would enable one to
the stiffer density. In fact, whereas the blue shift quickly focus on the overlayer-induced plasmon screening. Finally,
saturates with increasing positive charging, the red shift conadsorption of Cl or rare-gas atoms on(8921) should reveal
tinues to grow and only ceases when the plasmon charge & weaker red shift since the dispersion on the clean face is

wy(q) (eV)

shifted deep inside thd electron medium.
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