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Characteristics of low-dimensional plasmons in a metallic strip monolayer
on a semiconductor surface

Takeshi Inaoka
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By means of the time-dependent local-density approximation, we investigate low-dimensional plasmons
~LDPL’s! in a metallic strip monolayer on a semiconductor surface, namely, LDPL’s in a two-dimensional
conduction-electron system confined in a strip region. We analyze the energy-loss intensity, the energy disper-
sion, and the induced-charge distribution of the two plasmon modes at each wave numberq along the strip.
When the wavelengthl (52p/q) of the mode is considerably smaller than the strip widthD, the higher-
energy mode~HEM! has a definite character of the area plasmon~APL!, and its energy is close to that of the
two-dimensional plasmon in an infinite area~pure 2DPL!. However, as the mode energy deviates upward from
that of the pure 2DPL with an increase inl, the induced-charge distribution of the APL evolves into a
standing-wave pattern with its free end at the edge. In contrast, the lower-energy mode~LEM! has a definite
character of the edge plasmon. Whenl is small compared withD, the induced charge density of the LEM
decays slowly on the inside of the strip owing to the influence of the HEM~APL! close to the LEM in energy.

DOI: 10.1103/PhysRevB.68.041301 PACS number~s!: 73.21.2b, 73.63.2b, 73.22.2f
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The Si (111)-)3)-Ag surface can be formed by de
positing one monolayer of Ag atoms on a Si (111)-737
surface at temperatures higher than 250 °C.1–3 One of the
three surface-state bands known, namely, theS1-state band
provides an ideal two-dimensional~2D! system of conduc-
tion electrons. The electron density in this band varies am
experiments,4–6 because it significantly depends upon pre
ence of a minute amount of extra Ag adatoms4–6 or other
possible dopant impurities or surface states.

The conduction-electron character of theS1 states can be
visualized in low-temperature scanning-tunnelin
microscopy~STM! images from a)3)-Ag domain sur-
rounded by atomic steps or out-of-phase~OP! boundaries.2,7

One can observe those standing waves which originate f
interference of electronic waves impinging on and reflec
from the steps or boundaries. Near the step or the OP bo
ary, we clearly notice corrugation patterns due to this in
ference with intervals of a few tens of Å, even if the)
3)-Ag structure is established on both sides of the step
boundary.7 This indicates that theS1 electrons are confined
in each)3)-Ag domain by a potential barrier at the ste
or boundary. The domain can have various shapes, such
circular one, a squarelike one, and a strip extending o
terrace.2,7

Quite recently, by means of high-resolution electr
energy-loss spectroscopy~HREELS!, Nagao et al. have
clearly observed two-dimensional plasmons~2DPL’s! due to
theS1-state band that occur in a virtually infinite area.8 Tak-
ing account of exchange-correlation~XC! effects, Inaoka
et al.have investigated the energy dispersion and the ene
loss intensity of the 2DPL in relation to the abov
experiment.9

In a bounded 2D electron system occuredge plasmons
~EPL’s! localized near the edge andarea plasmons~APL’s!
extending widely on the inside. Especially, studies of
EPL’s can be traced back to those of edge magnetoplasm
in a bounded 2D electron system on a liquid-heliu
0163-1829/2003/68~4!/041301~4!/$20.00 68 0413
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surface,10–13 and in a superlattice structure of half-plan
each of which accommodates conduction electrons.14 On the
theoretical side, the energy dispersion of the EPL in
half-plane15 and a strip16 in the absence of a magnetic fie
has been obtained by a local response scheme and a h
dynamical one, respectively. We treat the case of no m
netic field.

As for narrow quantum strips with parabolic confinin
potentials, Schaichet al.have analyzed dipole-forbidden co
lective excitations in the conduction-electron system,17 and
Ullrich and Vignale have examined dynamical XC effects
damping of collective excitations.18

A finite domain of the)3)-Ag structure newly real-
izes an ideal 2D conduction-electron system confined i
finite region. This structure is observed to extend as far as
atomic step or an OP boundary that acts as a potential ba
for electrons.2,7 In the present work, we consider a strip d
main of the)3)-Ag structure with finite width. Using the
time-dependent local-density approximation~LDA !,19 we in-
vestigate low-dimensional plasmons~LDPL’s! in a 2D
conduction-electron system constrained to a strip region.

Here, we explain our theoretical framework. We use
phrase ‘‘surface plane’’ to mean a plane right on a se
infinite dielectric medium of a dielectric constant«S . We
take thex andy axes in the surface plane. Our model syste
is composed of conduction electrons in the surface plan
jellium sheet in the surface plane that has a finite widthD in
the x direction and that extends infinitely in they direction,
and a confining potentialVC(x) owing to an atomic step o
an OP boundary. The potentialVC(x) is assumed to be fla
inside the jellium strip and to rise up parabolically asg(x
2xe)

2 just outside the jellium edge atx5xe . First, we cal-
culate the ground state of our electron system by the LD
and then electronic excitations by the time-dependent LD
We employ an XC potential parametrized by Jonson.20 We
calculate the dynamical response of our electron system
two external potentialsUs(x,y,t)5U0 exp@i(qy2vt)# and
©2003 The American Physical Society01-1
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Ua(x,y,t)52U0@(x2xc)/D#exp@i(qy2vt)# with a constant
U0 and the strip centerxc that oscillate in time with angula
frequencyv and that is periodic in they direction with wave
numberq. The former potentialUs causessymmetricplas-
mon modes where the induced electron-density distribu
is symmetricwith respect to the center line atx5xc , while
Ua gives rise toantisymmetricmodes where the induce
electron-density distribution isantisymmetricwith respect to
the center line. From the induced electron-density distri
tion, we can evaluate the energy loss per unit area and
that is involved in the dynamical response. This energy l
is directly proportional touU0u2, and the proportionality con
stant is defined as the energy-loss functionFL .

Here, we mention the parameter values for our calcu
tion. We use the electron density in the neutral condition~or
the uniform ion density in the jellium! n053.831013 cm22

and the electron effective-mass ratiom* /m050.41 that have
been determined in analyzing 2DPL’s in an infinite area
fitting the calculated results with experimental ones.9 The
symbol m0 in the above ratio denotes a free-electron ma
Our g value,g520 meV/Å2, is large enough to restrict th
penetration of electron states out of the jellium to seve
angstroms. The widthD of the jellium strip, the dielectric
constant«S of the substrate and a relaxation-rate constanh
in the susceptibility describing the dynamical response of
electron system are taken to beD5300 Å, «S511.5,21 and
h52 meV, respectively. The energy-loss functionFL is in-
dicated by dimensionless values when length, energy,
time are measured by the effective Bohr radiusaB* 5(«S

11)\2/2m* e2, the effective Rydberg unit Ry* 5e2/(«S

11)aB* , and the time unit\/Ry* .
First, we present the result of our ground-state calculat

Figure 1 shows~a! the effective one-electron potentialVeff(x)
and~b! the electron-density distributionn(x). In Fig. 1~a!, a
longer horizontal bar and a series of shorter ones indicate
Fermi energyEF and bottoms of the occupied subbands,
spectively. The effective potentialVeff is measured from its
value at the strip centerxc52150 Å. In Fig. 1~b!, broken
lines represent the uniform ion densityn0 of the jellium
sheet. The originx50 is adjusted to the jellium edge. Th
steep potential barrier in Fig. 1~a! leads to a remarkable den
sity oscillation near the jellium edge in Fig. 1~b!.

Next, we investigate LDPL’s in our system. In this pap
we focus our attention on the symmetric modes, though
3 involves the antisymmetric modes as well. Figure 2 exh
its the v dependence of the energy-loss functionFL of the
symmetric mode atq50.015, 0.030, and 0.050 Å21. We find
two major loss peaks at eachq value. We refer to the highe
~lower!-energy resonance modes atq50.050 and 0.015 Å21

asH1 (L1) andH2 (L2), respectively. TheFL value is mul-
tiplied by five in the curve forq50.015 Å21 to clarify the
presence of the modeH2 . Figure 3 displays the energy dis
persion of the LDPL’s~filled squares and circles for the sym
metric modes, and open squares and circles for the antis
metric modes! in comparison with the energy dispersion
2DPL’s in an infinite area~pure 2DPL’s! ~broken curve!. The
dispersion of the pure 2DPL’s has been calculated in
same time-dependent LDA scheme. The single-particle e
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tation ~SPE! continuum for the infinite area extends on th
right side of the dotted curve. A series ofx crosses~plus
signs! in a smallerq region has been adapted from the res
of the symmetric~antisymmetric! modes by a hydrodynami
cal scheme in Fig. 2 of Ref. 16. This agrees with our res
The symmetric modesH1 , H2 , L1 , and L2 in this figure
correspond to the resonance peaks in Fig. 2 accordin
their mode labeling. Figure 4 shows contour maps of
induced electron-density distributiondn for the higher-
energy modes~HEM’s! H1 ~a! andH2 ~b! and for the lower-
energy modes~LEM’s! L1 ~c! and L2 ~d!. In each panel of
Fig. 4, the position ofx50 Å and that ofx52150 Å corre-
spond to the jellium edge and the strip center, respectiv
The y axis parallel to the edges is scaled in units ofq21.
Heavy and light contour lines represent values at regular
tervals of opposite signs.

FIG. 1. Ground state of a two-dimensional electron system w
density n053.831013 cm22 and an effective-mass ratiom* /m0

50.41 that is confined in a strip region with widthD5300 Å. ~a!
The effective one-electron potential,~b! the electron-density distri-
bution. For details, see the text.

FIG. 2. v dependence of the energy-loss functionFL of the
symmetric plasmon mode atq50.015, 0.030, and 0.050 Å21. The
FL value is multiplied by five in the curve forq50.015 Å21. Four
resonance modes markedH1 , H2 , L1 , and L2 are located in the
energy-dispersion diagram of Fig. 3.
1-2



is

. 3

L

O
bl
m
it

o

e
-

nt

e
-

n

a
a
nic

cil-

at

e
nce

y-

gy-

ig.

the

e
tter

e

the
s

ture
in

u-
the

bu-

at

ely.

a

s
e

s
f

RAPID COMMUNICATIONS

CHARACTERISTICS OF LOW-DIMENSIONAL PLASMONS . . . PHYSICAL REVIEW B 68, 041301~R! ~2003!
In order to understand the behavior of the LDPL’s, it
important to note that the wavelengthl (52p/q) becomes
equal to the widthD at q'0.02 Å21. Here, we pay attention
to the energy dispersion of the symmetric modes in Fig
When l is significantly smaller thanD, the energy of the
HEM ~filled squares! is quite close to that of the pure 2DP
~broken curve!. With further decrease inl, the energy of the
HEM approaches that of the pure 2DPL asymptotically.
the other hand, whenl becomes so large as to be compara
to D, the energy of the HEM begins to deviate upwards fro
that of the pure 2DPL. This deviation becomes larger w
further increase inl.

Figure 4~a! exhibits the contour map ofdn of the mode
H1 in the small-l regime. The major part ofdn is found to
extend widely inside the strip. This is a definite character
the APL. The induced electron densitydn has a considerable
amplitude around the edge as well, because this mod
close to the LEM~EPL! stated below in energy, and it pos
sesses some share of the character of the EPL. The co
lines flowing from the interior extending part ofdn down to
the edge part ofdn suggest that the major interior part ofdn
propagates in they direction dragging the edge part ofdn.
Figure 4~b! represents the contour map ofdn of the HEMH2
with its l value close to theD value. In contrast to the mod
H1 , the induced electron densitydn has its substantial val
ues both around the strip center (2150 Å<x&270 Å) and
near the edge (250 Å&x&5 Å). The sign ofdn around the
strip center is opposite to that near the edge at eachy value.
The inside region with substantialdn values is restricted to a
nearer neighborhood of the strip center in this mode tha
the modeH1 . We can consider that thedn distribution in the
modeH2 forms a standing-wave pattern with its free end
the edge. The contour lines near the edge show remark
oscillations that result from the interference of electro

FIG. 3. Energy dispersion of low-dimensional plasmons in
two-dimensional electron system confined in a strip region~filled
squares and circles for the symmetric modes, and open square
circles for the antisymmetric modes!. The broken curve shows th
energy dispersion of two-dimensional plasmons~2DPL’s! in an in-
finite area. The single-particle excitation~SPE! continuum for the
infinite area extends on the right side of the dotted curve. A serie
plus signs andx crosses has been adapted from the result o
hydrodynamical calculation in Ref. 16.
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waves impinging on and reflected from the edge. This os
lation stands out at smallerq values.

Here, we mention the relation of thedn distribution and
the energy-loss intensity in the HEM. We should recall th
Us is constant in thex direction. In the modeH1 , the interior
extending part ofdn makes a major contribution to th
strong energy-loss intensity indicated by the large resona
peakH1 in Fig. 2. In the modeH2 with the standing-wave
pattern, the inside part ofdn operates to enhance the energ
loss intensity, whereas the edge part ofdn acts to reduce it.
This canceling-out relation leads to the very weak ener
loss intensity represented by the small resonance peakH2 in
Fig. 2.

Here, we turn our attention to the LEM. As seen from F
3, the energy-dispersion curve of the LEM~filled circles! lies
somewhat below that of the pure 2DPL. The energy of
LEM comes near that of the HEM, whenl is considerably
smaller thanD. On the other hand, asl becomes comparabl
to D, the former energy begins to be separated from the la
energy significantly, and with an increase inl, the energy
difference becomes larger.

Figures 4~c! and 4~d! exhibit the contour maps ofdn of
the modesL1 andL2 , respectively. What is common to thes
two modes is that the main structure in thedn distribution
lies in an edge region215 Å&x&5 Å wheren rises from
zero and builds up a peak near the edge@see Fig. 1~b!#. This
is a definite character of the EPL. The main structure in
modeL1 with a smallerl value has slowly attenuating tail
on the inside, because this mode is close to the HEM~APL!
in energy, and acquires something of the extending fea
of the APL. On the other hand, the major structure
the modeL2 with a largerl value possesses quickly atten
ating tails that display conspicuous oscillations due to

FIG. 4. Contour maps of the induced electron-density distri
tion of the four symmetric plasmon modesH1 ~a!, H2 ~b!, L1 ~c!,
andL2 ~d! in Fig. 3. Heavy and light contour lines indicate values
regular intervals of opposite signs. The positions ofx50 and2150
Å correspond to the jellium edge and the strip center, respectiv
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electronic-wave interference. As exhibited in Fig. 2, with
increase inl, the energy-loss intensity of the LEM becom
gradually weaker, but not so quickly as that of the HEM.

We find the same features in the antisymmetric modes
the HEM’s, we recognize the evolution of the induce
charge distribution from the APL to a standing-wave patte
while, in the LEM’s, we notice the localization near th
ro
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edges and the slowly attenuating tails on the inside whel
!D. There are remarkable oscillations in the induced-cha
density at largerl values in both the HEM’s and the LEM’s

Further studies are now in progress to elucidate the
pendence of the LDPL’s on the strip width and to seek
vorable conditions for observing the LDPL’s by th
HREELS.
.
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