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Predicted energy-loss spectrum of low-dimensional plasmons in a metallic strip monolayer
on a semiconductor surface
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In view of high-resolution electron-energy-loss spectroscopy, we predict the energy-loss spectrum of low-
dimensional(LD) 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 (syodetric edge plasmons
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-nod¢amiisigs-
metric edge plasmophyields 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 dependent local-density approximatidoDA), we have in-
_ vestigated the LD plasmons in the strip redfand found a
The S(lll)—x@x V3-Ag surface can be produced by de- series of plasmon dispersion branches where the node num-
positing one monolayer of Ag atoms on a(&il)-7x7  ber in oscillation of the induced electron densély across
surface2 This surface has a surface-state band named thie strip increases one by one with ascending en€rgje
S;-state band, which provides an ideal two-dimensi¢aal) induced electron-density distributiofn of each mode with
system of conduction electrofi$ The electron density in the an even(including zerg node number isymmetricwith re-
S,-state band varies among experiments, because it is signifspect to the center line along the strip, while #redistribu-
cantly affected by a tiny quantity of additional Ag adatomstion of each mode with anddnode number igntisymmetric
or other possible dopant impurities or surface st&t@®y  with respect to the center line. The zero-ntdend
means of high-resolution electron-energy-loss spectroscopyne-nodé® modes are edge plasmons with théir distribu-
(HREELS), Nagaoet al. have clearly observed 2D plasmons tion localized near the edges. Tl distribution of each
owing to theS;-state band that occur in a virtually infinite mode with the node numbgr=2 forms a standing-wave
area? Taking account of exchange-correlation effects, Inaokapattern with its free ends at both the edges and with the node
et al. have examined the 2D plasmons in relation to thenumber assigned, when the inverse wave nunipéris
above HREELS measuremeffs. longer than or comparable to the period of #reoscillation
The conduction electrons due to tBgstate band are con- across the strip. With an increasegneach inside part oén
fined in each/3 x \3-Ag domain surrounded by atomic steps in its standing-wave pattern extends wider, and the mode
or out-of-phase boundaries, as is observed by lowevolves to the area plasmon with approach of the mode en-
temperature scanning tunneling microscdffM).>1 Near  ergy to that of the 2D plasmons in the infinite até&3 This
the step or boundary in the STM images appear those standvolution occurs in a loweg-range wherj is smaller. With
ing waves which originate from interference of electronicfurther increase ing, the on distribution ends up with a
waves impinging on and reflected from the step or boundarysimple pattern extending monotonously across the §trip.
This clearly indicates the conduction-electron character and In the present work, we investigate the energy-loss spec-
the confinement to eaclB x \3-Ag domain. A finite domain  trum of the LD plasmons in the strip region in view of the
of the 3 3-Ag structure realizes an ideal 2D conduction- HREELS. By combining the time-dependent LDA calcula-
electron system constrained to a finite region which can sugion of the LD plasmons with the kinematic theory of the
tain low-dimensional(LD) plasmons including edge plas- HREELS, we calculate the energy-loss probability of the LD
mons and area plasmons. plasmons for each of some typical trajectories of a probe
We are concerned with a strip domain of th8x\3  electron. The plasmon dispersion branches produce a se-
-Ag structure that is formed on a terrace of a stepped surfacejuence of energy-loss peaks in the spectrum. Our analysis
The strip domain is assumed to have a finite width and tshows which dispersion branches are most likely to be ob-
extend infinitely. In our previous work, using the time- served.
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Il. THEORY volved in the LD plasmons. In treating this dipole scattering,
In this section, we describe a theoretical framework forlt IS @ good approximation to assume that the probe electron

! ; 15 : i
our following analysis. The phrase “surface plane” used herép”.ows. a cIaSﬁlcaI traject((j)ry‘.. hTI;e gne_ggy losdw in scatd
denotes a plane right on a semi-infinite dielectric medium ofering is small compare with the incident enery, an

a dielectric constants. We take thex andy axes in the scattered directions are sharply concentrated about the

surface plane and theaxis in the surface-normal direction SPecular-reflection direction. Accordingly, we assume an

outward. Our model system is constituted of conductionelaStiC and specular-reflection trajectory. The probability

electrons in the surface plane, a jellium sheet in the surfack (@) in Ed. (5) obtained in this way represents the energy-
plane that has a finite widt® in the x direction and that loss probability when the probe electron travels along the

extends infinitely in the direction, and a confining potential SC-called(00) beam. If the probe electron is incident along
Ve(x) due to an atomic step or an out-of-phase boundar)}.he strip and the scattering plane intersects with the surface

The potentiaVc(x) is assumed to be flat inside the jellium P/2n€ on gg”e ax=xs, the position of the probe electron is
strip and to bend up parabolically 38x-x.)? just outside ~°XPresS€d by

the jellium edge ak=x.. To form a numerical basis for ex- X(t)=Xs, Y(t)=Vit, and z(t) =Vt (6)
amining electronic excitations, we first calculate the ground o
state of our electron systet. Here, three constants;, V,(>0), andV,(>0) signify a po-

Next, we consider the dynamical response of our electrofition in thex direction, a velocity in they direction (along
system to the external potentibl. This response involves the stri, and a velocity in thez direction, respectively. The
the energy loss which is equivalent to the work performed orProbe electron following this trajectory generates the exter-
our electron system by. The total energy loss due to this Nal potential
response can be expressed as 22 A(Q, )

1 9 U(X!quw) = A( ) - v
W, = —f dZRf dt on(R,H—U(R,1), (1) 9. z
&t ot whereA(q, w) is defined by

x— qu , (7)

where R is a 2D position vector in the surface plaf ] 5 5
=(x,y)], and n(R,t) and U(R,t) denote the induced elec- AG, ) = V(@ =qVy)*+ (qVy)". (8)

tron density and external potential at positiBnand timet, By means of the time-dependent LDA, we calculate
respectively. The dielectric constant defined bye;=(es  én(x,q,w) due to the response of our electron system to
+1)/2 represents the effect of polarization of the semi-U(x,q,w). The calculational scheme is explained in Ref. 13.
infinite dielectric medium. Substitution of the Fourier inte- To obtain the probability of the probe electron undergoing an
grals energy losshw and entering an analyzer window, we per-

dq [ do form th_eq i_ntegration in Eq(5).in a range corresponding to

m(R,t):J ZJ zé]’l(x,q,w)exp[i(qy—wt)] (2)  scattering into the analyzer window.

and [lI. RESULTS AND DISCUSSION

By virtue of the theoretical scheme in Sec. I, we investi-
gate the energy-loss spectrum with the LD plasmons for
some trajectories of the probe electron. The electron density

d do
URD = f = J S Uk g eexdilay-od] (3

into Eq. (1) yields no in the neutral conditiorfor the uniform ion density in the
o jellium strip), the electron effective-mass ratin’/m,, and
WT=f do wP(w), (4)  the dielectric constantg of the semiconductor substrate
0 are taken to beny=3.8x 103 cm, m'/my=0.41, andeg
whereP(w) is written as =11.516 respectively. Here, the symbuol, signifies the free-
electron mass. The above valuesngfandm /my have been
P(w) = 1 [ dq 2| ON(x0,0) determined by fitting the calculated results with the experi-
(w) = dxU(x,q,w)|? Im| - ——=|. . . . .
me ) 2w U(x,q, w) mental ones in our previous analysis of the 2D plasmons in

(5) Ref. 10. The widthD of the jellium strip, the parameterin
Vc(x), and a relaxation-rate constantin the susceptibility

In Egs.(2)—5), the symbolgy and w signify the wave num-  describing the response of our electron system are chosen to
ber in they direction (along the strip and the angular fre- be D=300 A, y=20 meV/A, and »=2 meV, respectively,
quency, respectively. In E@5), the symbol “Im” stands for as in our previous analysis of the LD plasmons in Refs. 12
the imaginary part. As is implied in Eq4), the quantity and 13. We employ a considerably small valuezo$o that
P(w)dw indicates the probability that there occurs an energywe can clearly resolve adjacent or fine loss peaks in the
loss betweertw andfi(w+dw). energy spectrum. This selection of tlgevalue has no sub-

In our analysis of the HREELS, the external potentids  stantial influence on the spectrum as long as its value is small
produced by a probe electron. In scattering, the probe elecompared with the energy width of each plasmon loss peak
tron has the Coulomb interaction with induced charges inin the spectrum, as displayed below in Fig. 3.
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FIG. 2. Energy dispersion of low-dimensional plasmons in a

FIG. 1. Scattering geometry of two kinds of trajectories of probetwo-dimensional electron system confined in a strip region. The
electrons. The intersection of the scattering plane with the surfacglectron density, the electron effective-mass ratio, and the width of
plane is on the center line of the strip regi@ and at a distancé  the jellium strip are taken to bey=3.8x 10" cm?, m'/me=0.41,
from the nearer edge of the jellium strip). Initially, the analyzer ~and D=300 A, respectively. A series of points markejtriode”
window is adjusted to the specular-reflection direction, as shown inndicates the dispersion branch of theode modes. The dashed
this figure. To shift the probed dispersion region, the surface plan€urve shows the energy dispersion of two-dimensional plasmons

is rotated by an angle by tilting the surface normal in the scatter- (2DPLS) in an infinite area. The single-particle excitati¢8PB
ing plane toward the direction of the analyzer window. continuum for the infinite area extends on the right side of the

dotted curve. A region between two vertical lines exhibits the whole
robed dispersion region fer=0.5° that involves all the scattering
to the analyzer window. The kinematic-parameter values are
specified in Fig. 3.

We consider an experimental scheme with the surface
plane rotated,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 showextends on the right side of the dotted curve. A region be-
in this figure. As we rotate the surface plane gradually, théween two vertical lines indicates the whole probed disper-
center of the dipole lobe deviates from the analyzer windowsion region fora=0.5° that covers all the scattering into the
increasingly. This shift of the dipole lobe involves that of the analyzer window withd,=0.58°. As stated in Sec. I, the dis-
probed dispersion region. As stated in Sec. I, we assume thgersion of the LD plasmons is composed of a series of dis-
the probe electron is incident in the strip-parallel directionpersion branches where the node number increases one by
and the scattering plane intersects with the surface plane onane with ascending energy.Each dispersion branch with
line atx=xs. In panel(a), the line ofx=xg coincides with the node numberj(=0,1,2,..) is marked j-node.” The one-
center line of the strip region, while, in pangl), the line  node branch accords virtually with the zero-node branch ex-
runs outside the strip region at a distant&om the nearer cept in a smalf region ofq=0.02 A%,
edge of the jellium strip. We rotate the surface plane by an Figure 3 exhibits thew dependence of the energy-loss
anglea by tilting the surface normal in the scattering plane probability P(w) for some trajectories of the probe electron
toward the direction of the analyzer window. The incidentin Fig. 1. In panela), the intersection of the scattering plane
angle o and the incident energlf, are taken to bex,=6°  with the surface plane agrees with the center line along the
andEy=12.4 eV, respectively, as in the HREELS experimentstrip [see Fig. 1a)]. In panel(b), the intersection runs at a
of Ref. 9. The angley, is measured from the surface normal distanced=20, 50, and 100 A from the nearer edge of the
of the initial surface plane before rotation. The analyzer win-jellium strip [see Fig. 1b)]. A series of loss peaks in each
dow is assumed to be circular with half angle We employ  spectrum originates from a sequence of dispersion branches
the value of6,=0.58° determined by fitting the calculated passing through the probed dispersion redisee Fig. 2
energy-loss probability owing to the 2D plasmons to the exAWhen the scattering plane intersects with the surface plane
perimental oné? on the center line, the external potentldlat the surface

Figure 2 shows the energy dispersion of the LD plasmon®ecomes symmetric with respect to the center line, and it
in the strip regiort® The dashed curve marked “2DPL” and excites only the symmetric plasmon modes with evien
starting from the origin represents the dispersion of the 2xluding zerg mode numbers. Accordingly, the loss peaks in
plasmons in the infinite aréd.This dispersion can be ob- Fig. 3@ can be ascribed to the zero-node, two-node, four-
tained by using a local-field-correction theory that takes achode, and six-node branches, respectively, in order of in-
count of the exchange-correlation effettd® The single- creasing energy. The zero-node modes are the symmetric
particle excitation(SPB continuum for the infinite area edge plasmons. In each of the two-node, four-node, and six-

115305-3



TAKESHI INAOKA PHYSICAL REVIEW B 71, 115305(2009

node modes, thén oscillation across the strip region has its
loop on the center line of the strif.The probe electron
incident on the center line interacts most strongly with those
two-node modes where their central part in #redistribu-
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 probgdange. 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. 100 200 300
When the intersection of the scattering plane with the sur- (a) A (meV)
face plane runs outside the strip region, the external potential
U at the surface involves an antisymmetric component as 5
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
spectrunisee Fig. 80)]. 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 1r
the major loss peak. The dispersion branches with node num-
bersj=2 lead to a series of loss peaks superimposed on the 100 200 300
higher-energy side of the above major loss peak. The probe (b) fo(mev)
electron passing near one edge interacts quite strongly with N
the one-node modes: namely, thatisymmetric edgelas- _ FIG._3. 1) dependenge of the _energ_y-loss probablllty_/ of the low-
mons. The strong interaction with the antisymmetric p|as_d|men5|onal plasmons in the strip region for some trajectorlgs of a
mons originates from the fact that the probe electron induce&Pe electron. The spectra i@ and (b) correspond to the trajec-
transverse movements of conduction electrons, leading to a{(ﬁ”es in(a) and (b) of Fig. 1, respectively. In the spectrufb), the
antisymmetrican distribution. Istanced is taken to bed=20, 50, and 100 A. Each loss peak

With an increase ind, the spectrum intensity declines marked ‘j-node” originates from the dispersion branch of the
! j-node modes. The incident energy and the incident angle of the

quickly without any substantial change in the spectrum Struc|E)robe electron, the rotated angle of the surface plane, and the half

ture. This quick intensity decline can be_ attributed to an ®Xangle of the circular analyzer window are taken tofe 12.4 eV,
ponential factor in Eq(7). As the scattering plane becomes @y=6°, @=0.5°, andf,=0.58°, respectively. The angte, is mea-
separated farther from the strip edge, thigw) component  gyreq from the surface normal of the initial surface plane before
of U at any position ok in the strip region attenuates expo- rotation.

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, 10 make a parallel array of strip regions that occupy a con-
the 2D plasmons have clearly been observed in a brpad siderable fraction of the surface area illuminated by the elec-
region, until the plasmon mode enters the single-particle ext"on beam. . o
citation continuum and decays immediat®lJhis implies Here, we make a brief comment on the strip-width depen-
that the 2D plasmons maintain sufficient energy-loss intendence on the LD plasmons. With a decrease in the width,
sity in the broadq range. Using the theoretical scheme in €achj-node branch with) =1 shifts upward remarkably, and
Ref. 10, we can calculate the energy-loss probabitw)  the energy separation between neighboring branches be-
corresponding to this experiment. This analysis shows thgt®Mes larget? This width dependence of the dispersion
we can definitely observe the 2D plasmon whose resonand¥@nches should give rise to the peak shift in the energy-loss
intensity in P(w) is on the order of 10. spectrum. _ _

In view of the intensity scale on the ordinate in Fig. 3, = When strip regions are arranged at short intervals, the LD
several main loss peaks due to the LD plasmons in thes@'a$m°”5 in one region interact with those in another near
spectra are considered to have observable intensity. Here, W&9i0n, particularly in a smalf-range. It is our future prob-
should recall that an incident electron beam in the HREELSEM (0 examine how this interaction operates in these
has a finite transverse section whose size is large compar&@uPled LD plasmons. Our analysis of the LD plasmons in a

with the strip width and that scattering of this electron beanpNdl€-strip region forms a basis for solving this future prob-

involves various trajectories of probe electrons. From Figs!em'

3(a) and 3b), we can expect to observe the loss peak owing

to the two-node branch, the one due to the one-node branch

(antisymmetric edge plasmonsnd a few ones of the other IV. SUMMARY

symmetric-mode branches, such as the zero-node branch

(symmetric edge plasmonh@nd the four-node branch. To Bearing the HREELS in mind, we have investigated the
actually observe these loss peaks expected, we probably needergy-loss spectrum of the LD plasmons in the strip region

P() (10°° meV™)

P(w)(10®° mev™)
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for some trajectories of a probe electron. A series of dispera sufficient number of strip regions in a surface area illumi-
sion branches of the LD plasmons can create a sequence ioéited by an incident electron beam.

loss peaks in the spectrum. Particularly, the dispersion
branch of the two-node modes and that of the one-node

modes(antisymmetric edge plasmonsause loss peaks of  This work is supported by a Grant-in-Aid for Scientific
outstanding intensity. A few dispersion branches of the otheresearch from the Ministry of Education, Science, Sport,
symmetric modes, such as the zero-node masgsmetric  and Culture under Grant No. 13640315. Numerical calcula-
edge plasmonsand the four-node modes, also give rise totions in the present work were performed at the Information
loss peaks of considerable intensity. These specific dispeSynergy Center of Tohoku University and the Iwate Univer-
sion branches should be observed in the spectrum if there asity Super Computing and Information Sciences Center.
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