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With the use of the random-phase approximation, we obtained the dispersion relation of
the inter- and intra-surface-band plasrnon of the parallel-rod model, which simulates the
alkali-metal adatom chains on Si(100)2&&1 surfaces. There are two interband plasmon
modes: One corresponds to the polarization vertical to the surface and the other to the polar-
ization vertical to both the rod axis and the surface normal. The results explain fairly well
the plasmon modes of the Si(100)(2 && 1)K surface observed recently.

PACS numbers: 73.90.+f, 79.20.—m

It has been observed that alkali-metal adatoms
over Si(100)2&&1 surfaces show many interesting
properties. ' For example, the adlayer with lower
coverages has the character of an insulator, while
beyond certain critical coverage it changes to metal-
lic.

The work function decreases and increases with
the coverage in the insulating regime and in the
metallic regime, respectively. Based on the low-

energy electron-diffraction observation, the alkali-
metal adatoms are found to sit on the sites over
raised rows of the "dimers" of the Si(100)2 x 1 sur-
faces. At the saturation coverage infinitely long
chains of the alkali-metal adatoms are completed
which extend in the [110]direction.

A characteristic electron-energy-loss spectroscopy
peak has been observed in the metallic coverage re-

gion, which is due to the plasmon excitation of the
adlayer. The 'abrupt increase of the intensity with

the coverage 8 starts around the coverage where the
adlayer changes from insulator to metal. ' Very re-
cently, the dispersion relation of the surface
plasmon has been measured with AREELS (angle-
resolved electron-energy-loss spectroscopy) by Aru-

ga, Tochihara, and Murata on Si(100) (2X 1)K sur-

faces. They found a major plasmon peak with a fi-
nite energy in the limit of the wave number Q 0.
The plasmon energy seems not to decrease with Q
even in the small-Q region. This behavior is dif-
ferent from that observed for Ni(100)-K surfaces, s

and unexpected by Newns's theory for a uniform
metallic thin film. Moreover, Aruga, Tochihara,
and Murata found a shoulder in the tail of the main
peak, which indicates the presence of different exci-
tation modes. 4 Some general properties of the
plasmon dispersion of the metallic adlayer in the
small-Q region are discussed by Nakayama. It
seems that the dispersion relation and the oscillator
strength of the excitation modes depends crucially
on the peculiar structure of the adlayer. Since there
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FIG. 1. The parallel-rod model which consists of the
uniform square rods confining free electrons on the uni-
form semi-infinite dielectric medium with the dielectric
constant K (shaded region). The axesdlrectionsare also
shown.

have been no theoretical works for the collective
excitation modes of the array of metallic adatom
chains, we calculate the plasmon dispersion relation
for general Q regions using the simplified model
described below.

As shown in Fig. 1, the model consists of uni-
form square rods confining free electrons. The side
length l is chosen as 7.0 a.u. , which is close to the
K-K distance (7.2 a.u. ) in the chain. Each rod is as-
sumed to include one electron per length l. The
separation a of the two adjacent rods is 14.6 a.u. ,
which is determined by the structure of the Si sub-
strate. The substrate of Si is modeled by the uni-
form semi-infinite dielectric medium with the
dielectric constant K.

The eigenfunction and the energy of the elec-
trons confined in the nth rod is written as
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In the above m is the free-electron mass and p, is the effective mass for vertical directions (y, z) to the rod
axis. p, is an adjustable parameter to be determined as shown below. The integers p, q minus unity mean the
number of nodes of the wave function in y and z directions, respectively. We include only the following
modes, (p, q) = (1, 1), (2, 1), (1,2), each corresponding to K 4s, 4p~, 4p, orbitals, respectively. The higher-
energy bands ek

' and ek are assumed to be empty, while the lowest one ek
' is assumed to be partially oc-

cupied.
The induced charge p;„d( r, cu) due to the external charge p,„,( r, cu) is obtained by the standard random-

phase approximation as follows:

x d r d r i
r'
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where f, ,fj are the Fermi distribution functions and the subscripts ij represent the set of indices k, n,p, q. The
function G ( r, r ') represents the potential at r induced by a unit point charge at r '

in the semi-infinite
dielectric medium;
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In the above 0 is the usual step function and p, p' are the (x,y) components of the position vector.
The inverse of the dielectric function e(Q, cu) can be obtained by the Fourier coefficient p;„d(Q, ~) of the

field due to p;„d( r, a ) plus the image field of the substrate as follows:
f

+1=1+ —Q XP"(Q,v) J'(Q, v)I'(g„, v, (o)D(Q, v, o)), (5)
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where g,„,(Q, co) is the Fourier coefficient of the external field. The factor P(Q, v) J(Q, v) represents the

matrix element of the field due to the external charge component exp(iQ r ) between the states @k„'
' and

Qk' & „,where the Pair-band indices Pt,Pz, qt, qz are sPecified by the mode index v as shown in Table I. The
quantities P(Q, v) and J(Q, v) are written as
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with Q~~ =(g„,g„), where pt, p2, qt, and qz are determined by v. The interband polarization function
F( g, v, cu) (v = 2, 3) is defined as "0-
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where fP is the Fermi distribution function. The intraband polarization function F(g, v, cu) (v =1) is de-
fined as the first term of the right-hand side of Eq. (g). The function D (Q, v, co) in Eq. (5) is the matrix ele-
ment of the total field between the pair-band states and is obtained by

X [5 —XP(Q+ 6, v) I(Q+6, vv')P" (Q+6, v') F(g„,v', co) ]D(Q, v', cu) =P(Q, v) J(Q, v),
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In the above 1(Q, vv') is defined by
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with the indices q~, q2 and q~, q2 corresponding to v

and v', respectively.
The plasmon energies are given as the zero points

of the determinant of the coefficient matrix of Eq.
(9). There are three coupled plasmon modes; the
4s intraband mode (v = 1), and the 4s-4p~ (v =2),
and 4s-4p, (v= 3) interband modes. The strength
of each component in the three modes is deter-
mined by D(Q, v, c0). Figure 2 shows the disper-
sion relation of the three modes for the case in
which the angle 0 between Q~~ and the rod axis
equals m/4. The dielectric constant of the Si sub-
strate is assumed to be K = 15. The lowest mode co~

shown by the dashed-dotted line almost comes
from the intraband mode in the small-

~ Q ~~ ~
region.

The dashed curve and the heavy solid curve
represent the interband collective modes, 4s-4@~

(co2) and 4s-4p, (cu3) for the small-~Q~~ ~
region,

respectively. The shaded regions correspond to the
intraband and the interband individual excitations.
The observed peak energies of AREELS are also
plotted in the figure. The energy difference
c0tz = (m/I2)/2p, between the excited and the lowest
bands is adjusted to 0.59 eV in order that cu2 and co3

roughly reproduce the AREELS peak energy for

Q~~ 0. Our preliminary calculations by the linear
combination of atomic orbitals, thin-film method
indicate that co~2

=—0.4-0.8 eV.
Reflecting the one-dimensional character of the

system, the plasmon energy is determined almost

by the component of the wave vector parallel to the
rod axis. Hence the dispersion relation for general
8 is similar to that for 0=7r/4 (Fig. 2) with the
abscissa multiplied by cos(7r/4)/cosH. This feature
can be clearly seen in the observed AREELS4 by
the comparison between the dispersions of the main

loss peak corresponding to the [110] and [100] az-

imuth directions.
The slope of the dispersion curve of the ~3 nlode

at ~Q~~ ~

=0 is slightly negative. But the negative
dispersion is limited only in a very small region of
~Q~~ ~

in contrast to those experimentally found for
alkali-metal overlayer on metal surfaces. On the
other hand, the ~2 mode has a positive dispersion at

~Q~~ ~

=0 and its energy is close to that of the t03

mode. The presence of the ~2 mode is a charac-
teristic feature of the peculiar chain structure of the
overlayer, since this mode, due to the polarization
for the vertical direction to both the chain axis and
the surface normal, does not exist for the uniform
two-dimensional adlayer. It should be noted that
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TABLE I. Correspondence of the mode index v and
the sub-band indices p~, p2, q~, q2. 0 oi

I

0,2 —0.3 0./ 0.5
Q„
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Mode

4s -4s
4s -4p~
4s -4p,

p& p'2 q2 FIG. 2. Energy dispersions of the overlayer plasmons
for the case of K = 15 and 0= m/4. The dashed-dotted,
dashed, and heavy solid lines correspond to the co], co2,

and co3 modes, respectively. The intra- and the inter-
band individual excitations are possible in the shaded re-
gions.
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the energy of the &02 mode at ~Qs ~
0 is pushed up

at a higher energy position than the individual in-
terband transition energy ~~2 due to the depolariza-
tion effect caused by the umklapp process. This ef-
fect is taken to into account in the present theory by
the summation over the reciprocal lattice G in the
left-hand side of Eq. (9).

The main peak of the AREELS observed by Aru-
ga, Tochihara, and Murata might be contributed by
the co2 and co3 modes of the alkali-metal overlayer,
since the energies of the two modes are so close to
each other. The excitation intensity of the co2 mode
is calculated to be considerably smaller than those
of co& and cu3 modes. However, for a more realistic
model including the orbital hybridization with Si,
the intensity of the cv2 mode might be more
enhanced. This point will be discussed in a forth-
coming paper. The excitation mode observed as the
shoulder on the low-energy side of the main EELS
peak corresponds well to the intraband mode. The
appearance of the intraband mode with its charac-
teristic energy dispersion is evidence of the one-
dimensional metallic character of the overlayer.

In conclusion, the dispersion relations of the in-
terband plasmons (&02 and co3) for the parallel-rod
model agree satisfactorily with that of the main loss
peak observed by AREELS for Si(100)-(2&&1)K
surface. The ~2 mode peculiar to the chain over-
layer structure has positive linear dispersion at

(Ql~ ~

=0 in accord with the behavior of the disper-
sion of the observed AREELS peak. The cu3 mode

has a slightly negative dispersion at ~Q~~ ~
=0. But

the dispersion might change to positive for a more
realistic model including the orbital hybridization
with the Si substrate. 7 %e may conclude at least
that the overlayer plasmon mode of Si (100) (2
&&1)K surface does not show any strong negative
dispersion in contrast to the case of the uniform
two-dimensional alkali-metal overlayer on metals. 5

Subsidiary structure in the tail of the main loss peak
can be explained by the intraband plasmon (ddt) re-
flecting metallic character along the rod axis.
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