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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 state
levels and concomitant modification of metal surface related properties. Studies to date give conflicting
accounts of the effectiveness of confinement due to scattering at step edges. We present a quantitative
study of surface states on nanoscale Ag islands on Ag(111), using low-temperature scanning tunneling
microscopy and electronic structure calculations. These results confirm the validity of the confinement
picture down to the smallest of island sizes. [S0031-9007(98)05820-7]

PACS numbers: 73.20.At, 61.16.Ch, 73.20.Dx, 72.10.Fk

There are electrons on the close-packed faces of thime basis of ideal confinement, suggesting the step edges
noble metals which occupy surface states, quasi-twoactonly as weak and permeable barriers. Thus, the validity
dimensional states localized at the metal surface andf confinement as a mechanism of surface state depopula-
which have nearly free-electron-like dispersion [1]. Intion is in question.
recent years there has been a renaissance of interest inin this Letter we report a study of surface state electrons
the physics of these electrons, which it is argued play awsonfined to small Ag islands on Ag(111) [16]. In contrast
important role in a variety of physical processes, includingo adatom corrals, these are stable structures even at ele-
epitaxial growth [2], in determining equilibrium crystal vated bias voltages in the STM, enabling us to observe
shapes [3], in surface catalysis [4], in molecular orderingstanding waves over a wide range of voltages. Comple-
[5], and in atom sticking [6]. This attention may be mentary electronic structure calculations enable us to ex-
largely attributed to the advent of the scanning tunnelingend the investigation down to the smallest island sizes,
microscope (STM), which has enabled direct imagingquantifying the nature of surface state confinement.
in real space of electrons in surface states, and their Our experiments are performed in a custom-built ul-
interactions with adsorbates [7], steps [8,9], and othetrahigh vacuum (UHV) STM [17] operating at tempera-
structures [9,10]. Probably the most striking observatiortures ofT = 5, 50, and 295 K. We use electrochemically
has been of the confinement of surface state electroretched W tips prepared in UHV by heating and"Ayom-
within artificial nanoscale structures [10], geometricalbardment. A Ag(111) substrate, cleaned by sputter-anneal
arrays of Fe atoms positioned with atomic scale precisiomycles in UHV, is exposed to Arbombardment in order
using the STM, and which have also received theoreticalo create nucleation sites. Subsequent Ag deposition at
attention [11-14]. Scattering at natural structures such a®om temperature leads to the formation of Ag adatom is-
steps has also been seen to result in lateral localization [Ignds of monatomic height. Once a suitable distribution

Confinement is important as it raises the energies of thef island sizes has been prepared, the sample is cooled in
surface state electrons, resulting in a depopulation of therder to freeze the island structure. In Fig. 1 we present
surface state band and a concomitant modification of susa typical image following this procedure, showing the co-
face properties associated with the surface state electroegistence of monolayer-high adatom islands and a number
[2—-4]. However, to date there has been little attentiorof smaller but more numerous vacancy islands (due to the
paid to the systematics of the confinement, especially imon bombardment). The crystalline symmetry leads both
the limit of smaller scale structures. Can one still talk ofto adopt approximately hexagonal shapes. In our STM
surface state electrons supported on a structure just three studies, we acquire simultaneously spectroscopic (differ-
four atoms wide? These structures are the ones most likebntial conductancefl/dV) and constant current images
to result in significant depopulation, and exist naturally on(V,,s = 2—4 mV modulation at~23 kHz added to the
surfaces especially during epitaxial growth. In contrasbias). Local spectroscopy afl /dV versus the sample
to the corral studies of Ref. [10], a recent angle-resolvedoltageV is performed under open feedback loop condi-
photoemission study [15] on vicinal Cu(111) surfaces withtions (modulation at-230 Hz).
monatomic steps spaced .5 nm apart has found shiftsin  Differential conductance maps taken above individ-
surface state energies only a fraction of those expected aral islands exhibit strongly voltage-dependent features.
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of peaks. Figure 3(a) shows a typical spectrum, which is
reminiscent of those measured at the center of adatom cor-
Adatom island rals [10]. The peaks correspond to energy levels of the
confined surface state electrons broadened into resonances
by single-particle scattering processes [11,12], many-body
interactions [13], and instrumental effects such as thermal
broadening. To complement these experimental measure-
ments we have performed electronic structure calculations
on small Ag islands on Ag(111), using the multiple-
scattering approach described in Refs. [13,21]. We solve
the single-particle Dyson equati@h = Gy + GoAVG to
Vacancy : ; find the energy-dependent Green funct®, r’; E), with
istands the Green function for the clean surface used as the refer-
ence Green functiod, and AV the change in potential
due to the presence of the adatom island. The LDQS at
ds given byn(r,E) = (1/7)3G(r,r; E). Working within

FIG. 1. STM constant current topograph of Ag adatom island

and vacancy islands on Ag(111) taken At= 50 K, v —  the atomic sphere approximation, we assulii¢ is spa-
400 mV and I = 1 nA, size approximatelyl60 x 160 nm?.  tially restricted to the Ag adatom sites and the neighboring
Also present are several monatomic steps. sites on the vacuum side. Tests on small islands have con-

firmed the accuracy of this approximation. We take the
potentials fromab initio calculations of the clean surface,

Figure 2 shows a typical series of scans taken above amhich give the binding energy and effective mass of the
island. For voltages around65 mV and lower (negative surface state band & = —72 meV andm® = 0.37.
voltage corresponds to tunneling from the sample) the im- We have considered regular hexagonal islands with sizes
age of the interior of the island is featureless. At highemp to 631 atoms. Figure 3(b) shows the LDOS calculated
voltages we observe standing wave patterns of increasir@ 75 nm above the center of various Ag adatom islands,
complexity, beginning with a single peak near the censhowing the resonances arising from electron confinement.
ter of the island and gradually evolving to multiple rings As the island size decreases, the levels rise markedly,
with sixfold azimuthal modulations, which are partially consistent with a high degree of confinement.
distorted by deviations of the island shape from hexagonal To quantify the nature of the confinement we analyze
symmetry. STM measurements @f/dV are related to the energy levels in Fig. 3 in terms of two-dimensional
the local density of states (LDOS) above the surface [18];particle-in-a-box” eigenstates, corresponding to electrons
and the standing waves may be identified as originatingvith effective massn* confined within a hexagonal do-
from surface state electrons, confined by the rapidly risingnain of potentialE, by infinitely high barriers. This is
potential at the edges of the island. On the clean surfaceot a separable problem, contrary to the situation with cir-
the surface state disperses upwards figyr= —67 meV, cular or rectangular geometry. We perform a numerical
with an effective mass:™ = 0.42 [19,20]. treatment using an embedding technique [22], imposing

Positioning the STM tip above the center of a particularthe zero-amplitude boundary conditions at the surface of
island and recording/dV spectra, we observe a series the hexagon variationally.

2 -52mV
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FIG. 2. Upper row: topographic image of an approximately hexagonal Ag island on Ag(111)~areant), and a series of
dI/dV maps recorded at various bias voltagesT(at 50 K). Lower: geometry of a hexagonal box confining a two-dimensional
electron gas, and the resulting local density of states. Experimental values have been used for the surface diatelentein
effective massn®, and the island size. The calculations include a self-enerdy f 0.2(E — Ey).
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FIG. 3. (a)dI/dV spectrum taken (af’ = 50 K) with the I S /< ~lnm
STM tip positioned above the center of a hexagonal Ag island 0.0 ‘ . , ,
on Ag(111), areaQ = 160 nn?. The line is the result of a
five-Lorentzian fit to the experimental data. (b) Local density 0.0 0.2 0.4 0.6 0.8
of states calculated 0.75 nm above the center of variously sized 1 Q -2
monatomic hexagonal Ag islands on Ag(111). /(m’Q)  (nm™)

FIG. 4. Energies of the lowest two confined surface state lev-

The eigenvalues scale with the inverse of the area of thels at the center of variously sized hexagonal Ag islands on
hexagon(}. In atomic units § = m, = o2 = 1) Ag(111) as a function of renormalized inverse area. Compari-
¢ son between measured energies (open symbols; error from ex-

A perimental determination of the island size is indicated when

E, = Ep + Q0 n=123.... (1)  larger than symbol size [25]), energies predicted by multiple-
m scattering calculations (filled symbols), and the behavior ex-

Only eigenstates which transform according therepre- zﬁgg)d C:‘;Saé tpi:f:ga’rggrt‘ggg%g;"ggl' %mggssizgglor?'g?tg’ggggs_
sentation of the.grouﬁ‘6 (6mm_) 9f the hexagon [23] have land, along with the position identified as the effective bound-
a nonzero amplitude at the origin, and for these we find thery confining surface state electrons.

lowest few arex; = 9.296, A4, = 48.70, andAy = 117.0.
In comparing with the experimental /dV data and/or the

multiple-scattering calculations, we do not knewpriori

behavior expected of two-dimensional electrons. Note that

what the relevant size of an island is. In the present cas%:e smallest island in Fig. 4 contains just 19 atoms, and

. . o e smallest measured island (s ~ 16 nn? containing
the confinement is effected by the rapid rise in the poten-wloo atoms. Our results indicate that as far as the energy

tial beyond the edges of the island. However, a sizeabIF . .
. . . evels are concerned, i$ valid to talk of surface states
fraction of the surface state extends into the first few lay-

ers of atoms and so will not be directly influenced by the.Conﬂned to nanoscale islands, right down to the smallest

island edge. It is, therefore, not clear where the effectivﬁé?ﬂﬁf'jﬁj’ th-le-zh:rggqgnv?/mﬁﬂttﬁzrreﬁzgtorgﬂz ?r:rc];olrr]\?iggz
boundary confining the surface state electrons is, relativ '

) . ; : orresponds to a boundary lying a fixed distance beyond
to either the measured topological line scan of the islan .
o . e outermost atoms, independent of both energy and the
or the actual positions of the edge atoms. To circumven!

o ) island size.
this difficulty we attempt tdit the results from the scatter- L L .
: : : : : There are deviations from this interpretation of the
ng calculgtlons with the.energles from E_q. (1), assumiNg, o ctron behavior, as witnessed by thg finite width of
the effective boundary lies a constant distance (mdeper{-he confined enerby levels in Fig. 3. The levels should
dent of island size) beyond the positions of the edge atom% "

This distance is the only fitting parameter. The scatter- @ infinitely sharp for. ideal co_nflnement. The V\.”dth of
each energy level stripped of instrumental contributions,

ing calculations are then used to simulate constant CURR - implies a finite lifetime for the confined electrons

rent topographs by evaluating the integrated LDOS abov . " ﬁF/)AE dominated by scattering into otherelectroﬁ

the surface, enabling us to identifheoretically where ta{ltes at theniéland ed 5{1_13 VQ\J/h'I th

on a topographical cross section the effective boundary i . ges [. ] le these processes
o not influence the energies of the levels, one potential

located. onsequence is that depopulation of the surface state

Figure 4 shows the result O.f th|s_ analysis. In the InSeﬁecomes significant only for island sizes smaller than those
we present an STM topographical line scan recorded abov erived from a two-dimensional analysis. EverTat 0

a small Ag island, showing the characteristic flat platea ach enerav level will have a finite width. resulting in
and broad edges. The location we identify as the effective 2o gy € . ! g In
%artlal occupatiomfterthe level has risen above the Fermi

boundary of the surface state electrons lies close to th X oo .
midpoint of the rise in the topological line scanp.5 nm energy. Assumln.g a Lorentzian line shapg, the state will be
) 1/4 full when E,, lies AE, above the Fermi level. For an

beyond the edge atoms [24]. With this definition, we find timate of the significance of this effect, the experimental
remarkable agreement between the energies of the surfate 9 ' P

state electrons as derived from both experimedtal/V Spectra yield
spectra and the theoretical LDOS, compared to the scaling AE, = 02(E, — Ey). (2)
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