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The dynamics of Ags111d surface state electrons confined to nanoscale hexagonal and triangular vacancy
islands are investigated using scanning tunneling spectroscopy. The lifetimes of quantized states with signifi-
cant amplitude near the centers of the vacancies are weakly affected by the geometry of the confining cavity.
A model that includes the dependence of the lifetime on electron energy, vacancy size, step reflectivity, and the
phase coherence length describes the results well. For vacancy islands with areas in the range of
<40–220 nm2 lossy scattering is the dominant lifetime-limiting process. This result and a corrected analysis of
published experimental data improve the consistency of experimental and calculated surface-state lifetimes.
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Spectacular real-space observations of electron confine-
ment have been realized by scanning tunneling microscopy
sSTMd and scanning tunneling spectroscopysSTSd for the
Shockley-type electronic surface states on thes111d surfaces
of the noble metals. The confinement of electrons to artificial
se.g., Refs. 1–5d and naturalse.g., Refs. 6–9d nanostructures
has been studied in some detail. Moreover, several reports
have addressed the lifetime of surface state electrons, as de-
duced from the tunneling spectroscopy of large terraces
and scattering patterns near steps and in confining
structures.5,6,10–12 Currently, however, the influence of the
confinement on electronic lifetimes is not clear.

Using low-temperature STS of triangular and hexagonal
vacancy islands and model calculations, we investigate the
effects of the geometry of the confining resonator and of
lossy scattering at its boundary on the lifetimes of confined
states. For the states investigated, which have an antinode at
the center of these resonators, we find similar lifetimes inde-
pendent of the geometry. The lossy scattering at the confin-
ing step edges turns out to be the lifetime-limiting process.

The experiments were performed in an ultrahigh vacuum
sbase pressure 1310−8 Pad at 9 K using a custom-made mi-
croscope. The tungsten tips and Ags111d were prepared by
argon ion bombardment and annealing. The hexagonal va-
cancy islands were fabricated by brieflys2–3 sd exposing
freshly prepared Ags111d surfaces to a low-flux argon ion
beam.13 The resulting nanostructures are shown in Fig. 1.
The triangular vacancy islands were obtained through con-
trolled tip-sample contacts. The differential conductivity
sdI /dVd was measured by superimposing a sinusoidal volt-
age modulations3 mVrms,10 kHzd on the tunneling voltage
and measuring the current response by a lock-in amplifier.

The maps ofdI /dV from a hexagonal vacancy islandfFig.
2sadg exhibit strongly voltage-dependent features, similar to
those found from, e.g., hexagonal Ag islands.6,8 For voltages
below the Ags111d surface-state band edge atE0<−67 mV
the interior of the vacancy island is featureless, while at
higher voltages increasing numbers of sixfold azimuthally
symmetric rings occur. The sixfold modulation is partially

distorted due to deviations of the vacancy island from a per-
fect hexagonal shape. WithdI /dV being related to the local
density of states,14 the interference patterns are attributed to
surface-state standing waves confined by scattering at the
edges of the island. Figure 2sbd shows similar data for a
triangular vacancy island. Starting from a featureless inter-
ference pattern at −60 mV, increasingly complex patterns
occur at higher voltages. The number of antinodes increases
with higher voltages, as expected from a particle-in-a-box
model. At −20 mV, for instance, six antinodes of the local
density of states are clearly visible.

For a quantitative measure of the confinement we ac-
quired dI /dV spectra above the vacancy island centers. A
typical spectrum of a hexagonal islandfFig. 3sadg is com-
prised of a series of peaks with the first appearing just above
the lower band edge of the Ags111d surface state. The peak
width increases with increasing energy. These peaks corre-
spond to the energy levels of the confined Ags111d surface-
state electrons, with the broadening into resonances as a re-
sult of single-particle scattering processes,2,15 many-body
interactions,16 and instrumental effects such as the finite
modulation voltage and finite temperature. We have con-
firmed this interpretation using the same approach as in Refs.
6 and 8 using a variational embedding technique17 to com-
pute the electronic structure of two-dimensional electrons

FIG. 1. sad Constant-current STM image of Ags111d surface
after low-flux Ar+ bombardments200 mV,2 nAd. sbd An atomically
resolved vacancy island which serves as the cavity for electron
confinement.
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with the effective massm* confined to hexagonal or triangu-
lar domains by an infinite barrier. This gives a series of dis-
crete levels at energies that are dependent upon the size and
geometry of the confined region, which we broaden by in-
cluding an empirically determined self-energy ImS<0.2sE
−EFd, whereEF is the Fermi energy. Note that in comparing

the experimental data with calculated spectra the true dimen-
sions of the island must be determined. It is nota priori clear
that the relevant dimension of the island coincides with its
apparent topographic boundaries. For example, due to the
finite spatial extension of the tip the topographic dimensions
are expected to be smaller than the actual ones. Conse-
quently, we fit the experimentaldI /dV curves by calculated
spectra, varying the edge length as the only fit parameter.
The full line in Fig. 3sad depicts the result of this fit proce-
dure applied to the vacancy island with a topographic edge
length of 7.4 nm. The fit parameter, however, is given by
7.6 nm. Performing this fit procedure for several island sizes,
we find that the topographs of the vacancy islands tend to
underestimate the actual sizes.

We now discuss the lifetimes of the quantized electron
states, which are proportional to the inverse width of the
associated peaks in thedI /dV spectra. In particular the half
width at half maximumsHWHMd of the electron levels cor-
responds to an energy uncertaintysIm Sd related to the life-
time t of the electronic state via

t = "/s2 Im Sd < 329 meV fs/ImS. s1d

In analyzing the peak width, the instrumental broadening due
to voltage modulation and thermal effects have been taken
into account. A fit using five Lorentzians plus an additional
one at high energies to match the background is shown in
Fig. 3sbd. Taking the HWHM of the Lorentzians we arrive at
the corresponding imaginary parts of the self-energy, which
is converted to a lifetime using Eq.s1d. Figure 4 displays the
electronic lifetimes versus their binding energies, as ex-
tracted from various hexagonalscirclesd and triangularstri-
anglesd vacancy islands, along with the original data from
several other Ags111d surface-state-lifetime studies, both ex-

FIG. 2. sad Series of constant-currentdI /dV maps of a hexago-
nal vacancy island with an edge length of<5.8 nm recorded at the
indicated sample voltagesswhite corresponds to largedI /dVd. sbd
The analogous data for a triangular vacancy with an edge length of
22 nm. For the hexagonsstrianglesd the feedback loop was opened
at 0.5 nAs2nAd and at the indicated voltage.

FIG. 3. sad ExperimentaldI /dV datasdotsd fitted by the calcu-
lated spectrumsfull lined based on a variational calculation, as ex-
plained in the text.sbd The experimentaldI /dV spectrumsdotsd
fitted by superposition of Lorentzianssfull linesd. The topographic
edge length of the hexagonal island is 7.4 nm. The feedback loop
was opened at 1 nA and 300 mV.

FIG. 4. Lifetime versus binding energyE−EF found for Ags111d
surface-state electrons confined to vacancy hexagonsssd, vacancy
trianglessnd, triangular corrals of Ag adatomss,, from Ref. 5d,
circular and rectangular corrals of Mn adatomssh, from Ref. 4d;
lifetimes extracted from standing wave patterns near step edgessL,
adapted from Refs. 11 and 12d; photoemission datas3, from Ref.
22d; results of theory are depicted as a full and a dashed linesfrom
Refs. 22 and 12, respectivelyd.
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perimental and theoretical. While a general trend of increas-
ing lifetime as the binding energy approaches the Fermi level
is obvious sdue to the vanishing of electron-electron and
electron-phonon scattering asuE−EFu→0d,19 there are sig-
nificant differences in magnitudes, to be discussed next.

We first note from the vacancy data of Fig. 4 that the
geometric shape of the confining structure has little impact
on lifetimes. Consequently, in modeling, we consider acir-
cular vacancy island where the high symmetry permits a
relatively simple description. In particular, one can show18

that the confined levels occur at energies for which

Re2ikSe−S/LFe−ip/2 = 1. s2d

S is the radius of the vacancy,k=Î2m*sE−E0d /"2 is the
magnitude of the surface electron wave vector, andR is the
reflection coefficient describing scattering from the confining
atomic step. Equations2d is similar to the round-trip phase
condition for surface states in the phase-accumulation
model,20,21 where electrons undergoing multiple reflections
at barriers with reflection coefficientsRl andRr separated by
distanced are found at energies given byRlRr exp 2ikd=1.
In the vacancy island the round trip corresponds to starting
and finishing at the center, and it only involves one
reflection—so just one reflection coefficient appears in Eq.
s2d—and in the vacancy island the wave function must have
an antinode at the center to be visible in STS, so that the
round-trip phase corresponds to an odd number of half wave-
lengths. This is the effect of the exp−ip /2 factor in Eq.s2d.
One final difference is that Eq.s2d also takes into account
many-body interactions through the factor containingLF, the
phase-relaxation length due to electron-electronse-ed and
electron-phononse-pd scattering.LF is related by the group
velocity vg="k/m* to the corresponding inelastic scattering
lifetime tI; LF=vgtI.

Writing R=expisfR− i lnuRud, Eq. s2d is satisfied when

fR − i lnuRu + 2kS+ iS/LF − p/2 = 2pn, s3d

for n=1,2, . . .,which has solutions at the complex energies
E− i Im S. Assuming ImS! sE−E0d, the real and imaginary
parts of Eq.s3d give the energy of thenth level,

En = E0 +
"2snp + p/4 − fR/2d2

2m*S2 , s4d

and corresponding width,

Im Sn =
"vg

2
F−

lnuRu
S

+
1

LF
G , s5d

wherevg, uRu , andLF are evaluated at the energyEn. Hence
the lifetime of the surface-state electrons confined within the
vacancy islands is given by

t−1 = tR
−1 + tI

−1, s6d

where the lifetimetR associated with lossy scattering at the
atomic step is

tR = −
S

vg lnuRu
. s7d

At 225 meV, Vitali et al.12 find tI <62 fs in calculations that
include the surface band structure and which treate-e inter-
actions within the GW approximation10 and use the full
Eliashberg spectral function for thee-p interaction.22 Bürgi et
al.7 have measured the reflection coefficient for surface-state
scattering at ascending steps on Ags111d and report uRu
<0.23±0.07 at 225 meV. Using Eq.s7d sandm* =0.42med,6
this givestR<s9±2d fs for an island with edge of 7.5 nm,
and from Eq.s6d it gives a lifetime oft<s7.9±1.5d fs. This
is consistent with our measured lifetimes shown in Fig. 4.
The calculated result is exemplary for the overall consistency
with our measured lifetime data. We can therefore conclude
that at this energy the electron states within the vacancy is-
land are roughly 8 times more likely to decay via lossy scat-
tering at the confining boundary than via inelastice-e ande-p
scattering. In Fig. 5 we plot the lifetime,t, versus the bind-
ing energy,E−EF, for all sizes of vacancy islands studied
scircles and trianglesd. The full lines are calculated from Eq.
s6d, using Eq.s7d for tR and the theoretical data from Refs.
12 and 22 fortI. The upperslowerd curve was calculated for
an island size ofS=8.5 nm sS=4.0 nmd, which reflects the
edge length of the largestssmallestd island investigated in
our study. Our experimental data are bounded above and
below by the calculated curves, revealing that our analytical
model gives reasonable results. As a consequence we find
that the lossy boundary scattering is the dominant lifetime-
limiting process for all islands that we have studied. They
would need to be typically 1 order of magnitude larger in
dimension for the inelastice-e ande-p scattering to become
dominant.

Bürgi et al.7 find thatuRu decreases with increasing energy.
Using their values, we find that −lnuRu varies approximately
as sE−E0d1/2. Since vg~ sE−E0d1/2 and sinceLF

−1 is negli-
gible with respect to lnuRu /S in Eq. s5d due to the dominance
of the lossy-scattering mechanism, the level width increases
approximately linearly with energy. A similar variation in
level width was previously inferred by Liet al.6 for surface-
state confinement to adatom islands, where a phenomeno-
logical self-energy ImS=0.2sE−E0d was found to match the
observed level broadening. Bürgiet al.7 have shown that the

FIG. 5. Lifetime data for Ags111d surface state electrons con-
fined to hexagonalssd and triangularsnd vacancy islands together
with calculated valuessfull linesd for the smallestsR=4 nm, lower
curved and largestsR=8.5 nm, upper curved islands investigated.
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reflection coefficient for the descending steps, which sur-
round the adatom islands, varies in a similar manner to that
for the ascending steps.

In Fig. 4 various other lifetime data are shown. The Mn
corral values obtained by Klieweret al.4 shd have been ob-
tained by analyzing experimentally determined spectral line-
widths, using the two-dimensional “black-dot” scattering
model introduced by Helleret al.2 The lifetime is obtained
using Eq.s1d where ImS is the electron self-energy needed
to bring the calculated spectra into agreement with the mea-
sured ones. In effect, the lifetime is assumed to be due toe-e
and/ore-p scattering, and hence to be identified astI, as the
scattering properties of the confining adatom array are incor-
porated via the multiple-scattering equations. However, the
nature of the system is similar to the present one, with the
total linewidth being a sum of the contributions due to lossy
scattering and thee-e and/or e-p scattering. Hence the as-
sumption that Mn adatoms act as black-dot scatterers means
that the lifetime values that have been obtained should be
viewed as lower limits totI. The true reflectivity of the Mn
adatom corrals is likely to be lower than that of the assumed
black-dot scatterers, meaning that the lossy scattering is ac-
tually greater than modeled. Hence a smaller amount of the
measured linewidth should be attributed toe-e and/or e-p
scattering, increasingtI.

The lifetimes deduced from the decay of the standing
wave patterns at steps for the image-potential states23 and
surface states11,12 sthe latter are depicted as diamonds in Fig.
4d are not complicated by lossy scattering as the asymptotic
decay of the standing waves depends only upontI. However,
Wahl et al.23 and Bürgiet al.11 have misidentified the correct
dependence of the standing wave patterns on the phase-
coherence length, so that their lifetimes are actually twice
tI.

24 The lifetimes determined by Braun and Rieder5 shown
in Fig. 4 s,d have been obtained from a detailed analysis of
the standing wave patterns in triangular corrals constructed
from Ag adatoms. In their analysis the Ag adatoms are not

treated as black-dot scatterers, but as point scatterers whose
scattering properties are determined by fitting, along with a
phase-coherence length which enters an attenuation factor

exp−r / L̃F in the electron propagation over a distancer be-
tween scattering events, and to and from the STM tip posi-
tion. Thus the lossy scattering effects are fully accounted for
in this work—insofar as the two-dimensional point-scatterer
model is valid—but the attenuation factor used is based upon
the incorrect phase-coherence dependence described by
Bürgi et al.11 so that again an incorrect relationship is used

between the phase-coherence lengthL̃F and the lifetimetI.

We have shown thatL̃F is twice as large as the correct phase-
coherence lengthLF.18 As a consequence, the published
lifetimes5 must be halved. Correcting for this, the agreement
between the lifetimes found by Braun and Rieder and the
theoretical values for Ags111d, which are generally lower
than those found in Ref. 5, is improved.

In summary we have investigated the lifetimes of elec-
trons confined to vacancy islands with areas<40–220 nm2

on Ags111d. We find that the geometry of the vacancy has
only a weak influence on the lifetimes, which are dominated
by lossy scattering at the steps which form the edges of the
island. The lifetimes are well described by a theory that in-
cludes the dependence on the electron energy, vacancy size,
step reflectivity, and the phase-coherence length. This indi-
cates that the crossover to lifetimes dominated by electron-
electron and electron-phonon scattering will occur for islands
with dimensions of 1 order of magnitude greater than those
studied here. This result and a corrected analysis of pub-
lished experimental data lead to a more consistent picture of
surface-state lifetimes in experiments and calculation.
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