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Electron Confinement to Nanoscale Ag Islands on Ag(111): A Quantitative Study
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Lateral confinement has been suggested as a possible mechanism for depopulation of surface s
levels and concomitant modification of metal surface related properties. Studies to date give conflictin
accounts of the effectiveness of confinement due to scattering at step edges. We present a quantita
study of surface states on nanoscale Ag islands on Ag(111), using low-temperature scanning tunneli
microscopy and electronic structure calculations. These results confirm the validity of the confinemen
picture down to the smallest of island sizes. [S0031-9007(98)05820-7]
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There are electrons on the close-packed faces of t
noble metals which occupy surface states, quasi-tw
dimensional states localized at the metal surface a
which have nearly free-electron-like dispersion [1]. In
recent years there has been a renaissance of interes
the physics of these electrons, which it is argued play a
important role in a variety of physical processes, includin
epitaxial growth [2], in determining equilibrium crystal
shapes [3], in surface catalysis [4], in molecular orderin
[5], and in atom sticking [6]. This attention may be
largely attributed to the advent of the scanning tunnelin
microscope (STM), which has enabled direct imagin
in real space of electrons in surface states, and th
interactions with adsorbates [7], steps [8,9], and oth
structures [9,10]. Probably the most striking observatio
has been of the confinement of surface state electro
within artificial nanoscale structures [10], geometrica
arrays of Fe atoms positioned with atomic scale precisio
using the STM, and which have also received theoretic
attention [11–14]. Scattering at natural structures such
steps has also been seen to result in lateral localization [

Confinement is important as it raises the energies of th
surface state electrons, resulting in a depopulation of th
surface state band and a concomitant modification of su
face properties associated with the surface state electro
[2–4]. However, to date there has been little attentio
paid to the systematics of the confinement, especially
the limit of smaller scale structures. Can one still talk o
surface state electrons supported on a structure just three
four atoms wide? These structures are the ones most like
to result in significant depopulation, and exist naturally o
surfaces especially during epitaxial growth. In contras
to the corral studies of Ref. [10], a recent angle-resolve
photoemission study [15] on vicinal Cu(111) surfaces wit
monatomic steps spaced,1.5 nm apart has found shifts in
surface state energies only a fraction of those expected
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the basis of ideal confinement, suggesting the step edg
act only as weak and permeable barriers. Thus, the valid
of confinement as a mechanism of surface state depopu
tion is in question.

In this Letter we report a study of surface state electro
confined to small Ag islands on Ag(111) [16]. In contras
to adatom corrals, these are stable structures even at
vated bias voltages in the STM, enabling us to obser
standing waves over a wide range of voltages. Compl
mentary electronic structure calculations enable us to e
tend the investigation down to the smallest island size
quantifying the nature of surface state confinement.

Our experiments are performed in a custom-built u
trahigh vacuum (UHV) STM [17] operating at tempera
tures ofT ­ 5, 50, and 295 K. We use electrochemically
etched W tips prepared in UHV by heating and Ar1 bom-
bardment. A Ag(111) substrate, cleaned by sputter-ann
cycles in UHV, is exposed to Ar1 bombardment in order
to create nucleation sites. Subsequent Ag deposition
room temperature leads to the formation of Ag adatom i
lands of monatomic height. Once a suitable distributio
of island sizes has been prepared, the sample is cooled
order to freeze the island structure. In Fig. 1 we prese
a typical image following this procedure, showing the co
existence of monolayer-high adatom islands and a numb
of smaller but more numerous vacancy islands (due to t
ion bombardment). The crystalline symmetry leads bo
to adopt approximately hexagonal shapes. In our ST
studies, we acquire simultaneously spectroscopic (diffe
ential conductance,dIydV ) and constant current images
(Vrms ­ 2 4 mV modulation at,23 kHz added to the
bias). Local spectroscopy ofdIydV versus the sample
voltageV is performed under open feedback loop cond
tions (modulation at,230 Hz).

Differential conductance maps taken above individ
ual islands exhibit strongly voltage-dependent feature
© 1998 The American Physical Society
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FIG. 1. STM constant current topograph of Ag adatom islan
and vacancy islands on Ag(111) taken atT ­ 50 K, V ­
400 mV and I ­ 1 nA, size approximately160 3 160 nm2.
Also present are several monatomic steps.

Figure 2 shows a typical series of scans taken above
island. For voltages around265 mV and lower (negative
voltage corresponds to tunneling from the sample) the im
age of the interior of the island is featureless. At highe
voltages we observe standing wave patterns of increas
complexity, beginning with a single peak near the ce
ter of the island and gradually evolving to multiple ring
with sixfold azimuthal modulations, which are partially
distorted by deviations of the island shape from hexagon
symmetry. STM measurements ofdIydV are related to
the local density of states (LDOS) above the surface [18
and the standing waves may be identified as originati
from surface state electrons, confined by the rapidly risin
potential at the edges of the island. On the clean surfa
the surface state disperses upwards fromE0 ­ 267 meV,
with an effective massmp ­ 0.42 [19,20].

Positioning the STM tip above the center of a particula
island and recordingdIydV spectra, we observe a serie
l

FIG. 2. Upper row: topographic image of an approximately hexagonal Ag island on Ag(111) (area,94 nm2), and a series of
dIydV maps recorded at various bias voltages (atT ­ 50 K). Lower: geometry of a hexagonal box confining a two-dimensiona
electron gas, and the resulting local density of states. Experimental values have been used for the surface state onsetE0, electron
effective massmp, and the island size. The calculations include a self-energy ofG ­ 0.2sE 2 E0d.
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of peaks. Figure 3(a) shows a typical spectrum, which i
reminiscent of those measured at the center of adatom co
rals [10]. The peaks correspond to energy levels of th
confined surface state electrons broadened into resonan
by single-particle scattering processes [11,12], many-bod
interactions [13], and instrumental effects such as therm
broadening. To complement these experimental measur
ments we have performed electronic structure calculation
on small Ag islands on Ag(111), using the multiple-
scattering approach described in Refs. [13,21]. We solv
the single-particle Dyson equationG ­ G0 1 G0DVG to
find the energy-dependent Green functionGsr, r0; Ed, with
the Green function for the clean surface used as the refe
ence Green functionG0 and DV the change in potential
due to the presence of the adatom island. The LDOS atr
is given bynsr, Ed ­ s1ypdIGsr, r; Ed. Working within
the atomic sphere approximation, we assumeDV is spa-
tially restricted to the Ag adatom sites and the neighborin
sites on the vacuum side. Tests on small islands have co
firmed the accuracy of this approximation. We take the
potentials fromab initio calculations of the clean surface,
which give the binding energy and effective mass of th
surface state band asE0 ­ 272 meV andmp ­ 0.37.

We have considered regular hexagonal islands with siz
up to 631 atoms. Figure 3(b) shows the LDOS calculate
0.75 nm above the center of various Ag adatom island
showing the resonances arising from electron confinemen
As the island size decreases, the levels rise markedl
consistent with a high degree of confinement.

To quantify the nature of the confinement we analyz
the energy levels in Fig. 3 in terms of two-dimensiona
“particle-in-a-box” eigenstates, corresponding to electron
with effective massmp confined within a hexagonal do-
main of potentialE0 by infinitely high barriers. This is
not a separable problem, contrary to the situation with cir
cular or rectangular geometry. We perform a numerica
treatment using an embedding technique [22], imposin
the zero-amplitude boundary conditions at the surface o
the hexagon variationally.
3333
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FIG. 3. (a) dIydV spectrum taken (atT ­ 50 K) with the
STM tip positioned above the center of a hexagonal Ag islan
on Ag(111), areaV ­ 160 nm2. The line is the result of a
five-Lorentzian fit to the experimental data. (b) Local densit
of states calculated 0.75 nm above the center of variously siz
monatomic hexagonal Ag islands on Ag(111).

The eigenvalues scale with the inverse of the area of t
hexagon,V. In atomic units (̄h ­ me ­ e2 ­ 1)

En ­ E0 1
ln

mpV
, n ­ 1, 2, 3 . . . . (1)

Only eigenstates which transform according theA1 repre-
sentation of the groupC6 (6mm) of the hexagon [23] have
a nonzero amplitude at the origin, and for these we find t
lowest few arel1 ­ 9.296, l4 ­ 48.70, andl10 ­ 117.0.
In comparing with the experimentaldIydV data and/or the
multiple-scattering calculations, we do not knowa priori
what the relevant size of an island is. In the present ca
the confinement is effected by the rapid rise in the pote
tial beyond the edges of the island. However, a sizeab
fraction of the surface state extends into the first few la
ers of atoms and so will not be directly influenced by th
island edge. It is, therefore, not clear where the effecti
boundary confining the surface state electrons is, relat
to either the measured topological line scan of the isla
or the actual positions of the edge atoms. To circumve
this difficulty we attempt tofit the results from the scatter-
ing calculations with the energies from Eq. (1), assumin
the effective boundary lies a constant distance (indepe
dent of island size) beyond the positions of the edge atom
This distance is the only fitting parameter. The scatte
ing calculations are then used to simulate constant c
rent topographs by evaluating the integrated LDOS abo
the surface, enabling us to identifytheoretically where
on a topographical cross section the effective boundary
located.

Figure 4 shows the result of this analysis. In the ins
we present an STM topographical line scan recorded abo
a small Ag island, showing the characteristic flat platea
and broad edges. The location we identify as the effecti
boundary of the surface state electrons lies close to t
midpoint of the rise in the topological line scan,,0.5 nm
beyond the edge atoms [24]. With this definition, we fin
remarkable agreement between the energies of the surf
state electrons as derived from both experimentaldIydV
spectra and the theoretical LDOS, compared to the scal
3334
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FIG. 4. Energies of the lowest two confined surface state lev
els at the center of variously sized hexagonal Ag islands o
Ag(111) as a function of renormalized inverse area. Compar
son between measured energies (open symbols; error from e
perimental determination of the island size is indicated whe
larger than symbol size [25]), energies predicted by multiple
scattering calculations (filled symbols), and the behavior ex
pected of a perfectly confined two-dimensional electron ga
(lines). Inset: measured topological cross section of a Ag is
land, along with the position identified as the effective bound
ary confining surface state electrons.

behavior expected of two-dimensional electrons. Note th
the smallest island in Fig. 4 contains just 19 atoms, an
the smallest measured island isV , 16 nm2 containing
,100 atoms. Our results indicate that as far as the energ
levels are concerned, itis valid to talk of surface states
confined to nanoscale islands, right down to the smalle
island sizes. The confinement corresponds to an infini
barrier, and the area to which the electrons are confine
corresponds to a boundary lying a fixed distance beyon
the outermost atoms, independent of both energy and t
island size.

There are deviations from this interpretation of the
electron behavior, as witnessed by the finite width o
the confined energy levels in Fig. 3. The levels shoul
be infinitely sharp for ideal confinement. The width of
each energy level stripped of instrumental contributions
DEn, implies a finite lifetime for the confined electrons,
Dtn . h̄yDEn, dominated by scattering into other electron
states at the island edges [11–13]. While these process
do not influence the energies of the levels, one potenti
consequence is that depopulation of the surface sta
becomes significant only for island sizes smaller than thos
derived from a two-dimensional analysis. Even atT ­ 0
each energy level will have a finite width, resulting in
partial occupationafter the level has risen above the Fermi
energy. Assuming a Lorentzian line shape, the state will b
1y4 full when En lies DEn above the Fermi level. For an
estimate of the significance of this effect, the experiment
spectra yield

DEn . 0.2sEn 2 E0d . (2)
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Using this relation, the island area at which the lowe
level is 3y4 depopulated is 10% smaller than that whic
yields complete depopulation assuming perfect confin
ment. Hence, the influence of the finite widths is margina
We will give a more detailed analysis of the level width
elsewhere [26], but note here that incorporating them in
the two-dimensional description as a self-energy provides
good model of the confined states, as shown in Fig. 2. A
lowing for the clear deviations in shape of the experiment
island from the ideal hexagon assumed theoretically, whi
(alongside the finite resolution of the STM) results in th
more rounded features, there is good agreement betwe
the theoretical and experimental images. This is not tri
ial, as over ten states in total contribute to the spectru
and the correct weighting is necessary to reproduce t
development in nodal features as the energy varies. T
largest differences arise at the island edges, when expe
mentaldIydV data are influenced by tip-height variations
[20] and because theoretically we do not include the bac
ground of bulk states.

To summarize, a quantitative study of electron con
finement to nanoscale Ag islands on Ag(111) using lo
temperature STM and electronic structure calculations co
firms the validity of the particle-in-a-box model for con-
fined surface state electrons. We find the energies confo
to the expected scaling behavior down to the smalle
of island sizes, and that the width of the confined leve
has only a marginal effect on the surface state depopu
tion. Note that our results may have implications beyon
the island structures we consider. For larger island siz
the island edges have the same atomic structure as lo
energy steps orientated alongk11̄0l directions on the (111)
surface, and so our conclusions should hold also for co
finement to raised terraces and to fingerlike structures ch
acteristic of the dendritic formations which occur in the
low-temperature growth of AgyAg(111) [27]. In addition,
we expect our conclusions to hold also for confineme
on Cu(111) and Au(111) surfaces, due to the similaritie
in the band structures of the noble metals. We believ
the failure to observe these effects in angle-resolved ph
toemission [15] most likely results from the presence of
sizeable distribution of terrace widths within the spot are
of the incident radiation.

We thank K. Morgenstern for sharing with us he
expertise in island preparation. J. T. L. and W. D. S. than
the Swiss National Science Foundation and R. B. than
the SFB 341 for financial support. S. C. acknowledges th
support of the EPSRC and the Nuffield Foundation.
st
h
e-
l.

s
to

a
l-
al
ch
e
en

v-
m,
he
he
ri-

k-

-
w
n-

rm
st
ls
la-
d
es
w-

n-
ar-

nt
s
e
o-
a
a

r
k

ks
e

*Present address: Dept. of Electrical and Comput
Engineering, Univ. of Illinois at Urbana-Champaign
3025 Beckman Institute, Urbana, IL 61801.

[1] Electronic Surface and Interface States on Metallic Sy
tems,edited by E. Bertel and M. Donath (World Scien
tific, Singapore, 1995), and references therein.

[2] N. Memmel and E. Bertel, Phys. Rev. Lett.75, 485 (1995).
[3] N. Garcı́a and P. A. Serena, Surf. Sci.330, L665 (1995).
[4] E. Bertel, P. Roos, and J. Lehmann, Phys. Rev. B52,

R14 384 (1995).
[5] S. J. Stranick, M. M. Kamna, and P. S. Weiss, Science266,

99 (1994).
[6] E. Bertel, Phys. Status Solidi A159, 235 (1997).
[7] M. F. Crommie, C. P. Lutz, and D. M. Eigler, Nature

(London) 363, 524 (1993); Ph. Avouris, I.-W. Lyo, and
P. Molinàs-Mata, Chem. Phys. Lett.240, 423 (1995).

[8] Y. Hasegawa and Ph. Avouris, Phys. Rev. Lett.71, 1071
(1993).

[9] Ph. Avouris and I.-W. Lyo, Science264, 942 (1994).
[10] M. F. Crommie, C. P. Lutz, and D. M. Eigler, Science262,

218 (1993).
[11] E. J. Helleret al., Nature (London)369, 464 (1994).
[12] S. Crampin, M. H. Boon, and J. E. Inglesfield, Phys. Re

Lett. 73, 1015 (1994).
[13] S. Crampin and O. R. Bryant, Phys. Rev. B54, R17 367

(1996).
[14] H. K. Harbury and W. Porod, Phys. Rev. B53, 15 455

(1996); Y. S. Chan and E. J. Heller, Phys. Rev. Lett.78,
2570 (1997).

[15] O. Sánchezet al., Phys. Rev. B52, 7894 (1995).
[16] Standing waves on an Ag island, identified as resultin

from surface state confinement, have previously be
reported in Ref. [9].

[17] R. Gaischet al., Ultramicroscopy42–44, 1621 (1992).
[18] J. Tersoff and D. R. Hamann, Phys. Rev. B31, 805 (1985).
[19] R. Paniagoet al., Surf. Sci.336, 113 (1995).
[20] J. T. Li, W.-D. Schneider, and R. Berndt, Phys. Rev. B56,

7656 (1997).
[21] S. Crampin, J. Phys. Condens. Matter6, L613 (1994).
[22] S. Crampin, M. Nekovee, and J. E. Inglesfield, Phys. Re

B 51, 7318 (1995).
[23] M. Tinkham, Group Theory and Quantum Mechanics

(McGraw-Hill, New York, 1964).
[24] The precise value depends upon the potential in t

vicinity of the island edge, for which we only have an
approximate description, but always coincides closely wi
the midpoint of the rise in the simulated topological lin
scan.

[25] Calculations using the particle-in-a-box model confirm
only a weak dependence on the precise island shape.

[26] J. T. Li et al. (unpublished).
[27] H. Röderet al., Phys. Rev. Lett.74, 3217 (1995).
3335


