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In view of high-resolution electron-energy-loss spectroscopy, we predict the energy-loss spectrum of low-
dimensionalsLDd plasmons in a metallic strip monolayer on a semiconductor surface. By means of the
time-dependent local density approximation, we calculate the dynamical response of our electron system to
some typical trajectories of a probe electron incident on the surface along the strip. As shown in our previous
work, the energy dispersion of the LD plasmons is composed of a series of dispersion branches where the node
number in oscillation of the induced electron density across the strip increases one by one with ascending
energy. These branches can produce a series of loss peaks in the spectrum. The branch of the two-node modes
gives rise to an outstanding loss peak, and the branches of the zero-node modesssymmetric edge plasmonsd
and the four-node modes also create significant loss peaks, when the intersection of the scattering plane with
the surface plane runs around the center line of the strip region. The branch of the one-node modessantisym-
metric edge plasmonsd yields a remarkable loss peak, when the intersection runs just near one of the strip
edges. These loss peaks should actually be observed in the spectrum, if there are a sufficient number of strip
regions in a surface area illuminated by an electron beam.
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I. INTRODUCTION

The Sis111d-Î33Î3-Ag surface can be produced by de-
positing one monolayer of Ag atoms on a Sis111d-737
surface.1–3 This surface has a surface-state band named the
S1-state band, which provides an ideal two-dimensionals2Dd
system of conduction electrons.4,5 The electron density in the
S1-state band varies among experiments, because it is signifi-
cantly affected by a tiny quantity of additional Ag adatoms
or other possible dopant impurities or surface states.6–8 By
means of high-resolution electron-energy-loss spectroscopy
sHREELSd, Nagaoet al. have clearly observed 2D plasmons
owing to theS1-state band that occur in a virtually infinite
area.9 Taking account of exchange-correlation effects, Inaoka
et al. have examined the 2D plasmons in relation to the
above HREELS measurements.10

The conduction electrons due to theS1-state band are con-
fined in eachÎ33Î3-Ag domain surrounded by atomic steps
or out-of-phase boundaries, as is observed by low-
temperature scanning tunneling microscopysSTMd.2,11 Near
the step or boundary in the STM images appear those stand-
ing waves which originate from interference of electronic
waves impinging on and reflected from the step or boundary.
This clearly indicates the conduction-electron character and
the confinement to eachÎ33Î3-Ag domain. A finite domain
of theÎ33Î3-Ag structure realizes an ideal 2D conduction-
electron system constrained to a finite region which can sus-
tain low-dimensionalsLDd plasmons including edge plas-
mons and area plasmons.

We are concerned with a strip domain of theÎ33Î3
-Ag structure that is formed on a terrace of a stepped surface.
The strip domain is assumed to have a finite width and to
extend infinitely. In our previous work, using the time-

dependent local-density approximationsLDA d, we have in-
vestigated the LD plasmons in the strip region12 and found a
series of plasmon dispersion branches where the node num-
ber in oscillation of the induced electron densitydn across
the strip increases one by one with ascending energy.13 The
induced electron-density distributiondn of each mode with
an evensincluding zerod node number issymmetricwith re-
spect to the center line along the strip, while thedn distribu-
tion of each mode with anoddnode number isantisymmetric
with respect to the center line. The zero-node12 and
one-node13 modes are edge plasmons with theirdn distribu-
tion localized near the edges. Thedn distribution of each
mode with the node numberj ù2 forms a standing-wave
pattern with its free ends at both the edges and with the node
number assigned, when the inverse wave numberq−1 is
longer than or comparable to the period of thedn oscillation
across the strip. With an increase inq, each inside part ofdn
in its standing-wave pattern extends wider, and the mode
evolves to the area plasmon with approach of the mode en-
ergy to that of the 2D plasmons in the infinite area.12,13This
evolution occurs in a lower-q range whenj is smaller. With
further increase inq, the dn distribution ends up with a
simple pattern extending monotonously across the strip.13

In the present work, we investigate the energy-loss spec-
trum of the LD plasmons in the strip region in view of the
HREELS. By combining the time-dependent LDA calcula-
tion of the LD plasmons with the kinematic theory of the
HREELS, we calculate the energy-loss probability of the LD
plasmons for each of some typical trajectories of a probe
electron. The plasmon dispersion branches produce a se-
quence of energy-loss peaks in the spectrum. Our analysis
shows which dispersion branches are most likely to be ob-
served.
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II. THEORY

In this section, we describe a theoretical framework for
our following analysis. The phrase “surface plane” used here
denotes a plane right on a semi-infinite dielectric medium of
a dielectric constant«S. We take thex and y axes in the
surface plane and thez axis in the surface-normal direction
outward. Our model system is constituted of conduction
electrons in the surface plane, a 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 potential
VCsxd due to an atomic step or an out-of-phase boundary.
The potentialVCsxd is assumed to be flat inside the jellium
strip and to bend up parabolically asgsx−xed2 just outside
the jellium edge atx=xe. To form a numerical basis for ex-
amining electronic excitations, we first calculate the ground
state of our electron system.13

Next, we consider the dynamical response of our electron
system to the external potentialU. This response involves
the energy loss which is equivalent to the work performed on
our electron system byU. The total energy loss due to this
response can be expressed as

WT =
1

«t
E d2RE dt dnsR,td

]

]t
UsR,td, s1d

where R is a 2D position vector in the surface planefR
=sx,ydg, and dnsR ,td and UsR ,td denote the induced elec-
tron density and external potential at positionR and timet,
respectively. The dielectric constant«t defined by«t=s«S

+1d /2 represents the effect of polarization of the semi-
infinite dielectric medium. Substitution of the Fourier inte-
grals

dnsR,td =E dq

2p
E dv

2p
dnsx,q,vdexpfisqy− vtdg s2d

and

UsR,td =E dq

2p
E dv

2p
Usx,q,vdexpfisqy− vtdg s3d

into Eq. s1d yields

WT =E
0

`

dv vPsvd, s4d

wherePsvd is written as

Psvd =
1

p«t
E dq

2p
E dxuUsx,q,vdu2 ImF−

dnsx,q,vd
Usx,q,vd G .

s5d

In Eqs.s2d–s5d, the symbolsq andv signify the wave num-
ber in they direction salong the stripd and the angular fre-
quency, respectively. In Eq.s5d, the symbol “Im” stands for
the imaginary part. As is implied in Eq.s4d, the quantity
Psvddv indicates the probability that there occurs an energy
loss between"v and"sv+dvd.

In our analysis of the HREELS, the external potentialU is
produced by a probe electron. In scattering, the probe elec-
tron has the Coulomb interaction with induced charges in-

volved in the LD plasmons. In treating this dipole scattering,
it is a good approximation to assume that the probe electron
follows a classical trajectory.14,15The energy loss"v in scat-
tering is small compared with the incident energyE0, and
scattered directions are sharply concentrated about the
specular-reflection direction. Accordingly, we assume an
elastic and specular-reflection trajectory. The probability
Psvd in Eq. s5d obtained in this way represents the energy-
loss probability when the probe electron travels along the
so-calleds00d beam. If the probe electron is incident along
the strip and the scattering plane intersects with the surface
plane on a line atx=xS, the position of the probe electron is
expressed by

xstd = xS, ystd = Vyt, and zstd = Vzutu. s6d

Here, three constantsxS, Vys.0d, andVzs.0d signify a po-
sition in thex direction, a velocity in they direction salong
the stripd, and a velocity in thez direction, respectively. The
probe electron following this trajectory generates the exter-
nal potential

Usx,q,vd =
2pe2

Asq,vd
expF−

Asq,vd
Vz

ux − xSuG , s7d

whereAsq,vd is defined by

Asq,vd = Îsv − qVyd2 + sqVzd2. s8d

By means of the time-dependent LDA, we calculate
dnsx,q,vd due to the response of our electron system to
Usx,q,vd. The calculational scheme is explained in Ref. 13.
To obtain the probability of the probe electron undergoing an
energy loss"v and entering an analyzer window, we per-
form theq integration in Eq.s5d in a range corresponding to
scattering into the analyzer window.

III. RESULTS AND DISCUSSION

By virtue of the theoretical scheme in Sec. II, we investi-
gate the energy-loss spectrum with the LD plasmons for
some trajectories of the probe electron. The electron density
n0 in the neutral conditionsor the uniform ion density in the
jellium stripd, the electron effective-mass ratiom* /m0, and
the dielectric constant«S of the semiconductor substrate
are taken to ben0=3.831013 cm−2, m* /m0=0.41, and«S
=11.5,16 respectively. Here, the symbolm0 signifies the free-
electron mass. The above values ofn0 andm* /m0 have been
determined by fitting the calculated results with the experi-
mental ones in our previous analysis of the 2D plasmons in
Ref. 10. The widthD of the jellium strip, the parameterg in
VCsxd, and a relaxation-rate constanth in the susceptibility
describing the response of our electron system are chosen to
be D=300 Å, g=20 meV/Å2, and h=2 meV, respectively,
as in our previous analysis of the LD plasmons in Refs. 12
and 13. We employ a considerably small value ofh so that
we can clearly resolve adjacent or fine loss peaks in the
energy spectrum. This selection of theh value has no sub-
stantial influence on the spectrum as long as its value is small
compared with the energy width of each plasmon loss peak
in the spectrum, as displayed below in Fig. 3.
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We consider an experimental scheme with the surface
plane rotated,9 as illustrated in Fig. 1. Initially, we adjust the
analyzer window to the specular-reflection direction—
namely, to the center of the so-called dipole lobe—as shown
in this figure. As we rotate the surface plane gradually, the
center of the dipole lobe deviates from the analyzer window
increasingly. This shift of the dipole lobe involves that of the
probed dispersion region. As stated in Sec. II, we assume that
the probe electron is incident in the strip-parallel direction
and the scattering plane intersects with the surface plane on a
line atx=xS. In panelsad, the line ofx=xS coincides with the
center line of the strip region, while, in panelsbd, the line
runs outside the strip region at a distanced from the nearer
edge of the jellium strip. We rotate the surface plane by an
anglea by tilting the surface normal in the scattering plane
toward the direction of the analyzer window. The incident
anglea0 and the incident energyE0 are taken to bea0=6°
andE0=12.4 eV, respectively, as in the HREELS experiment
of Ref. 9. The anglea0 is measured from the surface normal
of the initial surface plane before rotation. The analyzer win-
dow is assumed to be circular with half angleua. We employ
the value ofua=0.58° determined by fitting the calculated
energy-loss probability owing to the 2D plasmons to the ex-
perimental one.10

Figure 2 shows the energy dispersion of the LD plasmons
in the strip region.13 The dashed curve marked “2DPL” and
starting from the origin represents the dispersion of the 2D
plasmons in the infinite area.10 This dispersion can be ob-
tained by using a local-field-correction theory that takes ac-
count of the exchange-correlation effects.17,18 The single-
particle excitationsSPEd continuum for the infinite area

extends on the right side of the dotted curve. A region be-
tween two vertical lines indicates the whole probed disper-
sion region fora=0.5° that covers all the scattering into the
analyzer window withua=0.58°. As stated in Sec. I, the dis-
persion of the LD plasmons is composed of a series of dis-
persion branches where the node number increases one by
one with ascending energy.13 Each dispersion branch with
node numberjs=0,1,2, . . .d is marked “j-node.” The one-
node branch accords virtually with the zero-node branch ex-
cept in a small-q region ofq&0.02 Å−1.

Figure 3 exhibits thev dependence of the energy-loss
probability Psvd for some trajectories of the probe electron
in Fig. 1. In panelsad, the intersection of the scattering plane
with the surface plane agrees with the center line along the
strip fsee Fig. 1sadg. In panelsbd, the intersection runs at a
distanced=20, 50, and 100 Å from the nearer edge of the
jellium strip fsee Fig. 1sbdg. A series of loss peaks in each
spectrum originates from a sequence of dispersion branches
passing through the probed dispersion regionfsee Fig. 2g.
When the scattering plane intersects with the surface plane
on the center line, the external potentialU at the surface
becomes symmetric with respect to the center line, and it
excites only the symmetric plasmon modes with evensin-
cluding zerod mode numbers. Accordingly, the loss peaks in
Fig. 3sad can be ascribed to the zero-node, two-node, four-
node, and six-node branches, respectively, in order of in-
creasing energy. The zero-node modes are the symmetric
edge plasmons. In each of the two-node, four-node, and six-

FIG. 1. Scattering geometry of two kinds of trajectories of probe
electrons. The intersection of the scattering plane with the surface
plane is on the center line of the strip regionsad and at a distanced
from the nearer edge of the jellium stripsbd. Initially, the analyzer
window is adjusted to the specular-reflection direction, as shown in
this figure. To shift the probed dispersion region, the surface plane
is rotated by an anglea by tilting the surface normal in the scatter-
ing plane toward the direction of the analyzer window.

FIG. 2. Energy dispersion of low-dimensional plasmons in a
two-dimensional electron system confined in a strip region. The
electron density, the electron effective-mass ratio, and the width of
the jellium strip are taken to ben0=3.831013 cm−2, m* /m0=0.41,
and D=300 Å, respectively. A series of points marked “j-node”
indicates the dispersion branch of thej-node modes. The dashed
curve shows the energy dispersion of two-dimensional plasmons
s2DPL’sd in an infinite area. The single-particle excitationsSPEd
continuum for the infinite area extends on the right side of the
dotted curve. A region between two vertical lines exhibits the whole
probed dispersion region fora=0.5° that involves all the scattering
into the analyzer window. The kinematic-parameter values are
specified in Fig. 3.
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node modes, thedn oscillation across the strip region has its
loop on the center line of the strip.13 The probe electron
incident on the center line interacts most strongly with those
two-node modes where their central part in thedn distribu-
tion is extending most widely just below the trajectory, and
in addition, which are already beginning to acquire the char-
acter of the area plasmon in the probedq range. Conse-
quently, the two-node branch yields a loss peak of outstand-
ing intensity. The zero-node and four-node branches also
create significant loss peaks.

When the intersection of the scattering plane with the sur-
face plane runs outside the strip region, the external potential
U at the surface involves an antisymmetric component as
well as a symmetric one. This potential excites both the sym-
metric modes with even node numbers and the antisymmet-
ric modes with odd node numbers. Therefore, every disper-
sion branch produces a loss peak or a shoulder in the
spectrumfsee Fig. 3sbdg. The major loss peak in the spectrum
arises mainly from the one-node branch, and the zero-node
branch brings about a shoulder on the lower-energy side of
the major loss peak. The dispersion branches with node num-
bers j ù2 lead to a series of loss peaks superimposed on the
higher-energy side of the above major loss peak. The probe
electron passing near one edge interacts quite strongly with
the one-node modes: namely, theantisymmetric edgeplas-
mons. The strong interaction with the antisymmetric plas-
mons originates from the fact that the probe electron induces
transverse movements of conduction electrons, leading to an
antisymmetricdn distribution.

With an increase ind, the spectrum intensity declines
quickly without any substantial change in the spectrum struc-
ture. This quick intensity decline can be attributed to an ex-
ponential factor in Eq.s7d. As the scattering plane becomes
separated farther from the strip edge, thesq,vd component
of U at any position ofx in the strip region attenuates expo-
nentially, which results in the quick intensity decline.

Here, we turn our attention to the 2D plasmons in an
infinite or virtually infinite area. By means of the HREELS,
the 2D plasmons have clearly been observed in a broadq
region, until the plasmon mode enters the single-particle ex-
citation continuum and decays immediately.9 This implies
that the 2D plasmons maintain sufficient energy-loss inten-
sity in the broadq range. Using the theoretical scheme in
Ref. 10, we can calculate the energy-loss probabilityPsvd
corresponding to this experiment. This analysis shows that
we can definitely observe the 2D plasmon whose resonance
intensity inPsvd is on the order of 10−5.

In view of the intensity scale on the ordinate in Fig. 3,
several main loss peaks due to the LD plasmons in these
spectra are considered to have observable intensity. Here, we
should recall that an incident electron beam in the HREELS
has a finite transverse section whose size is large compared
with the strip width and that scattering of this electron beam
involves various trajectories of probe electrons. From Figs.
3sad and 3sbd, we can expect to observe the loss peak owing
to the two-node branch, the one due to the one-node branch
santisymmetric edge plasmonsd, and a few ones of the other
symmetric-mode branches, such as the zero-node branch
ssymmetric edge plasmonsd and the four-node branch. To
actually observe these loss peaks expected, we probably need

to make a parallel array of strip regions that occupy a con-
siderable fraction of the surface area illuminated by the elec-
tron beam.

Here, we make a brief comment on the strip-width depen-
dence on the LD plasmons. With a decrease in the width,
eachj-node branch withj ù1 shifts upward remarkably, and
the energy separation between neighboring branches be-
comes larger.19 This width dependence of the dispersion
branches should give rise to the peak shift in the energy-loss
spectrum.

When strip regions are arranged at short intervals, the LD
plasmons in one region interact with those in another near
region, particularly in a small-q range. It is our future prob-
lem to examine how this interaction operates in these
coupled LD plasmons. Our analysis of the LD plasmons in a
single-strip region forms a basis for solving this future prob-
lem.

IV. SUMMARY

Bearing the HREELS in mind, we have investigated the
energy-loss spectrum of the LD plasmons in the strip region

FIG. 3. v dependence of the energy-loss probability of the low-
dimensional plasmons in the strip region for some trajectories of a
probe electron. The spectra insad and sbd correspond to the trajec-
tories insad andsbd of Fig. 1, respectively. In the spectrumsbd, the
distanced is taken to bed=20, 50, and 100 Å. Each loss peak
marked “j-node” originates from the dispersion branch of the
j-node modes. The incident energy and the incident angle of the
probe electron, the rotated angle of the surface plane, and the half
angle of the circular analyzer window are taken to beE0=12.4 eV,
a0=6°, a=0.5°, andua=0.58°, respectively. The anglea0 is mea-
sured from the surface normal of the initial surface plane before
rotation.
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for some trajectories of a probe electron. A series of disper-
sion branches of the LD plasmons can create a sequence of
loss peaks in the spectrum. Particularly, the dispersion
branch of the two-node modes and that of the one-node
modessantisymmetric edge plasmonsd cause loss peaks of
outstanding intensity. A few dispersion branches of the other
symmetric modes, such as the zero-node modesssymmetric
edge plasmonsd and the four-node modes, also give rise to
loss peaks of considerable intensity. These specific disper-
sion branches should be observed in the spectrum if there are

a sufficient number of strip regions in a surface area illumi-
nated by an incident electron beam.

ACKNOWLEDGMENTS

This work is supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sport,
and Culture under Grant No. 13640315. Numerical calcula-
tions in the present work were performed at the Information
Synergy Center of Tohoku University and the Iwate Univer-
sity Super Computing and Information Sciences Center.

1S. Hasegawa, X. Tong, S. Takeda, N. Sato, and T. Nagao, Prog.
Surf. Sci. 60, 89 s1999d.

2S. Hasegawa, N. Sato, I. Shiraki, C. L. Petersen, P. Bøggild, T. M.
Hansen, T. Nagao, and F. Grey, Jpn. J. Appl. Phys., Part 139,
3815 s2000d.

3S. Hasegawa and F. Grey, Surf. Sci.500, 84 s2002d.
4S. Hasegawa, X. Tong, C.-S. Jiang, Y. Nakajima, and T. Nagao,

Surf. Sci. 386, 322 s1997d.
5X. Tong, C.-S. Jiang, and S. Hasegawa, Phys. Rev. B57, 9015

s1998d.
6Y. Nakajima, S. Takeda, T. Nagao, S. Hasegawa, and X. Tong,

Phys. Rev. B56, 6782s1997d.
7R. I. G. Uhrberg, H. M. Zhang, T. Balasubramanian, E. Lande-

mark, and H. W. Yeom, Phys. Rev. B65, 081305s2002d.
8J. N. Crain, K. N. Altmann, C. Bromberger, and F. J. Himpsel,

Phys. Rev. B66, 205302s2002d.

9T. Nagao, T. Hildebrandt, M. Henzler, and S. Hasegawa, Phys.
Rev. Lett. 86, 5747s2001d.

10T. Inaoka, T. Nagao, S. Hasegawa, T. Hildebrandt, and M. Hen-
zler, Phys. Rev. B66, 245320s2002d.

11N. Sato, S. Takeda, T. Nagao, and S. Hasegawa, Phys. Rev. B59,
2035 s1999d.

12T. Inaoka, Phys. Rev. B68, 041301s2003d.
13T. Inaoka, J. Phys. Soc. Jpn.73, 2201s2004d.
14W. L. Schaich, Phys. Rev. B24, 686 s1981d.
15Ph. Lambin, A. A. Lucas, and J. P. Vigneron, Surf. Sci.182, 567

s1987d.
16H. R. Philipp and H. Ehrenreich, Phys. Rev.129, 1550s1963d.
17K. S. Singwi, M. P. Tosi, R. H. Land, and A. Sjölander, Phys.

Rev. Lett. 176, 589 s1968d.
18M. Jonson, J. Phys. C9, 3055s1976d.
19T. Inaokasunpublishedd.

PREDICTED ENERGY-LOSS SPECTRUM OF LOW-… PHYSICAL REVIEW B 71, 115305s2005d

115305-5


