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Electron dynamics in vacancy islands: Scanning tunneling spectroscopy on Ag(111)
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The dynamics of A¢l11) 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 nri 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 confinalistorted due to deviations of the vacancy island from a per-
ment have been realized by scanning tunneling microscopfect hexagonal shape. Wit /dV being related to the local
(STM) and scanning tunneling spectrosco@T9 for the  density of state$?} the interference patterns are attributed to
Shockley-type electronic surface states on(ttil) surfaces surface-state standing waves confined by scattering at the
of the noble metals. The confinement of electrons to artificiaedges of the island. Figure(l shows similar data for a
(e.g., Refs. 1-band naturale.g., Refs. 6-Pnanostructures triangular vacancy island. Starting from a featureless inter-
has been studied in some detail. Moreover, several reporference pattern at —60 mV, increasingly complex patterns
have addressed the lifetime of surface state electrons, as deecur at higher voltages. The number of antinodes increases
duced from the tunneling spectroscopy of large terracesvith higher voltages, as expected from a particle-in-a-box
and scattering patterns near steps and in confiningnodel. At —20 mV, for instance, six antinodes of the local
structure$:819-12 Currently, however, the influence of the density of states are clearly visible.
confinement on electronic lifetimes is not clear. For a quantitative measure of the confinement we ac-

Using low-temperature STS of triangular and hexagonabuired dl/dV spectra above the vacancy island centers. A
vacancy islands and model calculations, we investigate thigypical spectrum of a hexagonal islafflig. 3(@)] is com-
effects of the geometry of the confining resonator and oforised of a series of peaks with the first appearing just above
lossy scattering at its boundary on the lifetimes of confinedhe lower band edge of the Atll) surface state. The peak
states. For the states investigated, which have an antinode &tdth increases with increasing energy. These peaks corre-
the center of these resonators, we find similar lifetimes indespond to the energy levels of the confined(&4l) surface-
pendent of the geometry. The lossy scattering at the confirstate electrons, with the broadening into resonances as a re-
ing step edges turns out to be the lifetime-limiting process. sult of single-particle scattering proces3és, many-body

The experiments were performed in an ultrahigh vacuuninteractionst® and instrumental effects such as the finite
(base pressurex 108 Pg at 9 K using a custom-made mi- modulation voltage and finite temperature. We have con-
croscope. The tungsten tips and(Af§j)) were prepared by firmed this interpretation using the same approach as in Refs.
argon ion bombardment and annealing. The hexagonal vé& and 8 using a variational embedding technidue com-
cancy islands were fabricated by brieflg—3 9 exposing pute the electronic structure of two-dimensional electrons
freshly prepared A@1l) surfaces to a low-flux argon ion
beam!® The resulting nanostructures are shown in Fig. 1.
The triangular vacancy islands were obtained through con-
trolled tip-sample contacts. The differential conductivity
(dI/dV) was measured by superimposing a sinusoidal volt-
age modulation(3 mV, s, 10 kH2 on the tunneling voltage
and measuring the current response by a lock-in amplifier.

The maps ofll/dV from a hexagonal vacancy islafiig.
2(a)] exhibit strongly voltage-dependent features, similar to
those found from, e.g., hexagonal Ag islaffid$-or voltages
below the Ag111) surface-state band edge B§~-67 mV FIG. 1. (8 Constant-current STM image of Atll) surface
the interior of the vacancy island is featureless, while atafter low-flux A bombardment200 mV,2 nA. (b) An atomically
higher voltages increasing numbers of sixfold azimuthallyresolved vacancy island which serves as the cavity for electron
symmetric rings occur. The sixfold modulation is partially confinement.
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FIG. 4. Lifetime versus binding enerds~ Er found for Ag(111)
surface-state electrons confined to vacancy hexagohsvacancy
triangles(A), triangular corrals of Ag adatoms/, from Ref. 5,
circular and rectangular corrals of Mn adatoths, from Ref. 4;
lifetimes extracted from standing wave patterns near step ddges
adapted from Refs. 11 and 12hotoemission datéx, from Ref.
22); results of theory are depicted as a full and a dashed(fioen

FIG. 2. (a) Series of constant-curredt/dV maps of a hexago-
nal vacancy island with an edge length-66.8 nm recorded at the
indicated sample voltaggsvhite corresponds to largél/dV). (b) )
The analogous data for a triangular vacancy with an edge length d?efs. 22 and 12, respectivgly
22 nm. For the hexagorigriangles the feedback loop was opened
at 0.5 nA(2nA) and at the indicated voltage. the experimental data with calculated spectra the true dimen-

sions of the island must be determined. It is agiriori clear
with the effective mase confined to hexagonal or triangu- that the relevant dimension of the island coincides with its
lar domains by an infinite barrier. This gives a series of dis-apparent topographic boundaries. For example, due to the
crete levels at energies that are dependent upon the size afidite spatial extension of the tip the topographic dimensions
geometry of the confined region, which we broaden by in-are expected to be smaller than the actual ones. Conse-
cluding an empirically determined self-energy ¥in=0.2E  quently, we fit the experimentall/dV curves by calculated
-Eg), whereEg is the Fermi energy. Note that in comparing spectra, varying the edge length as the only fit parameter.
The full line in Fig. 3a) 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 tlt#/dV spectra. In particular the half
width at half maximumHWHM) of the electron levels cor-
responds to an energy uncertairityn X)) related to the life-
time 7 of the electronic state via

dl/ dV (arb. units)

T=#/(2 Im3) =~ 329 meV fs/ImS. 1)

In analyzing the peak width, the instrumental broadening due
e —— to voltage modulation and thermal effects have been taken
0 250 500 into account. A fit using five Lorentzians plus an additional
vV (mv) one at high energies to match the background is shown in
Fig. 3(b). Taking the HWHM of the Lorentzians we arrive at

FIG. 3. (a) Experimentald!/dV data(dots fitted by the calcu- the corresponding imaginary parts of the self-energy, which
lated spectruntfull line) based on a variational calculation, as ex- IS converted to a lifetime using E(L). Figure 4 displays the
plained in the text(b) The experimentatl/dV spectrum(dotg  €lectronic lifetimes versus their binding energies, as ex-
fitted by superposition of Lorentziari&ull lines). The topographic ~ tracted from various hexagonétircles and triangular(tri-
edge length of the hexagonal island is 7.4 nm. The feedback loopngle$ vacancy islands, along with the original data from
was opened at 1 nA and 300 mV. several other A@L1l) surface-state-lifetime studies, both ex-
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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 (due to the vanishing of electron-electron and
electron-phonon scattering #&—-Eg — 0),%° 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 considegira
cular vacancy island where the high symmetry permits a
relatively simple description. In particular, one can skow
that the confined levels occur at energies for which

0 m 1 1 1 1 in
R&KSgSlopgrin2 = 1 (2) 0 100 200 300 400 500
E - E¢ (meV)

. . At =720 :
S is the radius of the vacanck=.2m'(E-Ey)/#A? is the
magnitude of the surface electron wave vector, Rnd the

refleqtion coefficien.t deS(.;ribi.ng. scattering from thg Confiningfined to hexagonalO) and triangula(A) vacancy islands together
atomic step. Equatiof?) is similar to the round-trip phase with calculated valuegfull lines) for the smallestR=4 nm, lower

condition for surface states in the phase-accumulationng and largestR=8.5 nm, upper curyeislands investigated.
model?%?1 where electrons undergoing multiple reflections

at barriers with reflection coefficien®& andR, separated by At 225 meV, Vitaliet al*? find 7,=~62 fs in calculations that
distanced are found at energies given R, exp dkd=1.  include the surface band structure and which teeatinter-
In the vacancy island the round trip corresponds to startingictions within the GW approximatiéh and use the full
and finishing” at the center, and it only involves oneEliashberg spectral function for tfeep interaction?? Burgi et
reflection—so just one reflection coefficient appears in Eq?‘” have measured the reflection coefficient for surface-state
(2)—and in the vacancy island the wave function must havescattering at ascending steps on (Aff) and report|R€|3
an antinode at the center to be visible in STS, so that thé"0-23+0.07 at 225 meV. Using E(7) (andm' =0.42m,),
round-trip phase corresponds to an odd number of half waveliS 9ivesTz=(9%2) fs for an island with edge of 7.5 nm,
lengths. This is the effect of the expr/2 factor in Eq.(2). ~ and from Eq.(6) it gives a lifetime ofr~=(7.9£1.9 fs. This
One final difference is that Eq2) also takes into account IS consistent with our measured lifetimes shown in Fig. 4.
many-body interactions through the factor contairiggthe ~ The calculated result is exemplary for the overall consistency
phase-relaxation length due to electron-electtere) and ~ With our measured lifetime data. We can therefore conclude
electron-phonorie-p) scattering.Ly, is related by the group that at this energy the electron states within the vacancy is-
velocity v,=#k/m’ to the corresponding inelastic scattering land are roughly 8 times more likely to decay via lossy scat-
lifetime 7; Lp=v,47. tering at the cor_1f|n|ng boundary thar_n via melaﬁ-leandgp
Writing R=expi(¢g—i In|R)), Eq. (2) is satisfied when scattering. In Fig. 5 we plot the lifetime, versus the bind-
ing energy,E-Eg, for all sizes of vacancy islands studied
dr—i In|R| + 2kS+iS/Lg, — 7/2 = 27, (3)  (circles and triangles The full lines are calculated from Eq.
(6), using Eq.(7) for 7 and the theoretical data from Refs.
12 and 22 forr;. The uppei(lower) curve was calculated for
an island size o5=8.5 nm(S=4.0 nn), which reflects the
edge length of the largegsmallest island investigated in
h2(nmr + 74 — Pl 2)? our study. Our experimental data are bounded above and

FIG. 5. Lifetime data for A¢L11) surface state electrons con-

for n=1,2,...,which has solutions at the complex energies
E-iIm X. Assuming ImX < (E-Ey), the real and imaginary
parts of Eq.(3) give the energy of thath level,

E,=Eq+ o P , (4) below by the calculated curves, revealing that our analytical
model gives reasonable results. As a consequence we find
and corresponding width, that the lossy boundary scattering is the dominant lifetime-
limiting process for all islands that we have studied. They
| _@{ In|R| i} would need to be typically 1 order of magnitude larger in
m3,= - + , (5) : : . ) .
2 S  Lg dimension for the inelastie-e and e-p scattering to become
dominant.
whereuvg, [R|, andL, are evaluated at the energy. Hence Biirgi et al” find that|R| decreases with increasing energy.
the I|fet|me of thg surface-state electrons confined within thQJsing their values, we find that IR varies approximately
vacancy islands is given by as (E-Eg)Y2 Sincevy=(E-Eg)Y? and sincely" is negli-
e 6) gible with respect to IR|/Sin Eq. (5 due to the dominance
of the lossy-scattering mechanism, the level width increases
where the lifetimerg associated with lossy scattering at the approximately linearly with energy. A similar variation in
atomic step is level width was previously inferred by lét al® for surface-
state confinement to adatom islands, where a phenomeno-
___S @) logical self-energy Ink =0.2E-E,) was found to match the

RT Vg In|R’ observed level broadening. Biirgi al.” have shown that the
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reflection coefficient for the descending steps, which surireated as black-dot scatterers, but as point scatterers whose
round the adatom islands, varies in a similar manner to thagcattering properties are determined by fitting, along with a
for the ascending steps. phase-coherence length which enters an attenuation factor

In Fig. 4 various other lifetime data are shown. The Mnexp—r/tq) in the electron propagation over a distancee-

i 1 4 - . . .

f;:]r:é \éalu;nsalobt_zgmzd bgr.}rﬂl:;’%’;t ac;étga?r;gae\éesbii?rglbl'negween scattering events, and to and from the STM tip posi-

! Yy analyzing exper ally det ' " P N€%ion. Thus the lossy scattering effects are fully accounted for
widths, using the two-dimensional “black-dot” scattering

model introduced by Helleet al2 The lifetime is obtained " this work—insofar as the two-dimensional point-scatterer
using Eq.(1) where )I/mE is the électron self-energy needed model is valid—but the attenuation factor used is based upon

to bring the calculated spectra into agreement with the mee{hf,a !ncorr?ft phase—coherenge dependenpe dgsqnbed by
sured ones. In effect, the lifetime is assumed to be digeeto Birgi et al** so that again an mcoyect relationship is used
and/ore-p scattering, and hence to be identifiedigsas the ~ between the phase-coherence lengthand the lifetimer.
scattering properties of the confining adatom array are incomwe have shown that, is twice as large as the correct phase-
porated via the multiple-scattering equations. However, thgoherence lengti_,.1® As a consequence, the published
nature of the system is similar to the present one, with théifetimes® must be halved. Correcting for this, the agreement
total linewidth being a sum of the contributions due to lossypetween the lifetimes found by Braun and Rieder and the
scattering and the-e and/ore-p scattering. Hence the as- theoretical values for Ag11), which are generally lower
sumption that Mn adatoms act as black-dot scatterers measisan those found in Ref. 5, is improved.
that the lifetime values that have been obtained should be |n summary we have investigated the lifetimes of elec-
viewed as lower limits tar. The true reflectivity of the Mn  trons confined to vacancy islands with area40—220 nrd
adatom corrals is likely to be lower than that of the assume@n Ag(111). We find that the geometry of the vacancy has
black-dot scatterers, meaning that the lossy scattering is aenly a weak influence on the lifetimes, which are dominated
tually greater than modeled. Hence a smaller amount of thgy lossy scattering at the steps which form the edges of the
measured linewidth should be attributed @@ and/ore-p  island. The lifetimes are well described by a theory that in-
scattering, increasing. cludes the dependence on the electron energy, vacancy size,
The lifetimes deduced from the decay of the standingstep reflectivity, and the phase-coherence length. This indi-
wave patterns at steps for the image-potential stii@sd  cates that the crossover to lifetimes dominated by electron-
surface staté&'?(the latter are depicted as diamonds in Fig. electron and electron-phonon scattering will occur for islands
4) are not complicated by lossy scattering as the asymptotigith dimensions of 1 order of magnitude greater than those
decay of the standing waves depends only uporlowever,  studied here. This result and a corrected analysis of pub-
Wabhl et al 2 and Biirgiet al!* have misidentified the correct |ished experimental data lead to a more consistent picture of
dependence of the standing wave patterns on the phasgurface-state lifetimes in experiments and calculation.
coherence length, so that their lifetimes are actually twice
724 The lifetimes determined by Braun and Rietdshown
in Fig. 4 (V) have been obtained from a detailed analysis of H. J., J. K., and R. B. thank the Deutsche Forschungsge-
the standing wave patterns in triangular corrals constructetheinschatft for financial support. S. C. acknowledges the sup-
from Ag adatoms. In their analysis the Ag adatoms are noport of the British Council.
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