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Engineering Electronic Lifetimes in Artificial Atomic Structures
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By means of atomic manipulation, 51 Ag atoms have been precisely positioned to form a triangle with
a base length of 245 Å on a Ag(111) substrate. The scattering of the surface electrons at these adatoms
results in a complex interference pattern. Spectroscopic data and dI�dV maps taken inside the triangle
have been quantitatively evaluated by multiple scattering calculations of the wave pattern. Adjustment
of the scattering parameters to the data yields the properties of the scatterers and the electron lifetimes.
The experimental results for the electron lifetimes deviate from a �E 2 EF �22 dependence and reflect
the electronic band structure at the surface as well as the local influence of the triangle.
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The determination of the lifetime of the surface state on
noble metal surfaces has been the subject of experimen-
tal and theoretical work for a long time [1]. The lifetime
of an electron is directly related to the phase-relaxation
length Lf, i.e., the distance an electron can travel without
losing its phase information [2]. The lifetime, or equiva-
lently the phase-relaxation length, plays a decisive role in
the dynamics of surface chemistry [3] and quantum inter-
ference phenomena such as the Aharanov-Bohm effect or
Friedel oscillations. The limiting processes for the lifetime
of a surface electron are inelastic scattering with other elec-
trons, inelastic scattering with phonons, as well as inelastic
scattering and absorption at static structural defects such as
step edges or adparticles.

On metal surfaces, electron lifetimes have been deter-
mined with different macroscopic techniques, in particular
with high-resolution angule-resolved photoemission [1]
and by femtosecond time-resolved two-photon photoemis-
sion experiments [4]. These techniques integrate over a
macroscopic surface area with an unknown distribution
of surface defects which are known to reduce lifetimes
[5]. Scanning tunneling microscopy (STM), on the other
hand, provides a means to probe the electronic properties
of surfaces locally by scanning tunneling spectroscopy
and dI�dV mapping. Applying these STM techniques to
the Ag(111) surface, the lifetime of the surface state on a
defect-free terrace has been determined at the dispersion
minimum [6,7] by the evaluation of the linewidth of the
surface state onset in tunneling spectra. In a different
approach, the electron lifetimes have been measured
with STM at energies above 1 eV [8]. To do so, the
decay of quantum mechanical interference patterns from
surface state electrons scattering off step edges has been
investigated, which is influenced by the loss of coherence
and hence by Lf. Below this energy, the phase relaxation
length becomes longer and longer and cannot be measured
reliably from step edges anymore. But this limitation can
be overcome by choosing a closed scattering geometry.
Thereby each reflection contributes to a high total intensity
which allows one to reliably resolve even small effects [9].
STM operated at a low temperature offers the possibility
0031-9007�02�88(9)�096801(4)$20.00
to manipulate single atoms and therefore to construct
artificial structures several 10 nm in size. In the present
work, the lifetime of the electrons inside such a quantum
corral has been determined for the first time.

The experiments were performed with a homebuilt low-
temperature UHV STM [10] at 6 K with a cut PtIr tip and
the bias voltage V applied to the sample. As a first step
the Ag(111) surface has been prepared by repeated sput-
ter cycles at temperatures of 900 K. Preparing the sample
at these high temperatures lowered the concentration of
residual contaminants and adparticles by 1 order of mag-
nitude down to 5 3 1025 as compared to sputtering at
room temperature. This low concentration is an indispens-
able condition for the kind of electron scattering experi-
ments presented here, since a single scatterer on the surface
can change the density of states even several hundreds of
angstoms away and thus give undesirable contributions.

As a second step, Ag atoms were taken out of the surface
by applying short voltage pulses to the tip [10]. By means
of lateral manipulation, single Ag atoms were collected in
a defect-free clean surface area and positioned precisely on
the desired atomic positions. The atoms were moved in the
pulling mode [10,11] using a sample voltage of 110 mV
and a tunneling resistance of 50 kV. The Ag atoms were
placed 5a0 � 14.5 Å apart along closed-packed row di-
rections to form a triangle with a base length of 240 Å as
is shown in Figs. 1(a) to 1(d).

The electrons of the surface state are scattered by the po-
sitioned Ag atoms, resulting in a standing wave pattern as
can be seen in Fig. 1. Energy resolved data ranging from
255 to 1796 meV with respect to the Fermi level were
taken in the spectroscopic mode with the lock-in technique.
For the lifetime determination, dI�dV maps were recorded
in the constant-height mode, e.g., with a open feedback
loop, since only then the dI�dV signal is in good approxi-
mation proportional to the local density of states (LDOS)
of the surface. Above 1262 meV the STM was oper-
ated with a closed feedback loop, because the topographic
modulation becomes small at these energies and introduces
only a negligible modulation through the height depen-
dency of the transmission factor [12]. The measurements
© 2002 The American Physical Society 096801-1
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FIG. 1. Series of images showing the construction of the tri-
angle consisting of 51 Ag atoms on a Ag(111) surface
(49.3 nm 3 49.3 nm, U � 139 mV, I � 1.1 nA).

were taken only inside the triangle (i) to avoid contact be-
tween the tip and the adatoms in the constant height mode,
(ii) since the applied scattering theory does not describe the
vicinity of the adatoms [13], and (iii) since the constructed
rows of adatoms effectively screen the inside of the triangle
against perturbations from its surroundings. For energies
up to 1262 meV the bigger and for higher energies the
smaller rectangular area was chosen as shown in Fig. 1(d).

For the evaluation of the data, calculations of the wave
pattern have been performed and the scattering parame-
ters varied until coincidence with the measurements was
achieved. The calculations are based on a multiple scat-
tering approach [13] and include a model with only three
physical parameters. The tip acts as a point source and
emits a circular wave which is just a Hankel function, its
value at the position of the adatom is aT �kri� � H

�0�
1 �kri�,

where k denotes the wave vector, and ri is the distance be-
tween the tip and adatom i. The scattering process at the
point scatterers changes the phase of the incoming electron
wave by a phase shift di, and the amplitude of the elec-
tron wave can be decreased by inelastic scattering at the
Ag atoms, which is expressed by the absorption ai. Both
scattering parameters enter the T matrix:

ti �
�aie2idi 2 1�

2
. (1)

An Ag atom then emits an s wave, its value at a distance
r is

aT �kri�ai �kr� � aT �kri�H
�0�
1 �kr�ti . (2)
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This wave can then travel either directly or via further scat-
tering processes back to the tip where it interferes with the
emitted wave and the resulting intensity is detected. Within
this model, the Schrödinger equation needs to be solved,
and the solution including multiple scattering processes to
infinite order is given by [13,14]:

LDOS ~ Re� �a�
T ? �1 2 Ã�21 ? �a� . (3)

Here �aT and �a are vectors of the dimension N , the number
of Ag adatoms, with values aT �kri� and ai�kri�, and Ã is an
N 3 N matrix with aij � ai�krij� off-diadonal elements
and zero diagonal elements.

Inelastic scattering processes between the scatterers lead
to an additional spatially dependent decay of the elec-
tron amplitude which can be expressed with the phase-
relaxation length Lf as in [8]:

e2r�Lf . (4)

Here r denotes the distance between the tip and the Ag
atoms or the distance between the Ag atoms, respectively.
The phase-relaxation length Lf can be simply transformed
into an electron lifetime t via t � ygLf; here yg denotes
the group velocity [15]. By adding this damping term to
the electron wave function a many body property, e.g., the
lifetime is approximately included in a single particle wave
function. Since the lifetime is a local property, a mean life-
time is used in this model, averaged over the image area.
At this point it needs to be emphasized that the inelastic
scattering at the adatoms is described in the absorption a

and the inelastic scattering between the adatoms indepen-
dently in the phase-relaxation length Lf.

As physical fit parameters only the phase shift d, the
absorption a, and the phase-relaxation length Lf enter the
calculations. The positions of the Ag atoms are fixed and
exactly known, and for the dispersion of the surface state
the dispersion minimum EB � 265 meV and the effec-
tive mass m� � 0.4 has been used [8,15]. Furthermore,
values for the piezoconstants, the image position, and a
small tilt angle between the plane of the tip movement and
the surface plane have been included. By minimization
of x2 � S�LDOScalc 2 LDOSdata�2 optimal agreement
with the data was achieved as exemplified in Figs. 2(a)
and 2(b). The difference between the recorded and the
calculated image is shown in Fig. 2(c). The deviations at
the left brim are due to the hysteresis of the piezos and
have been excluded. Furthermore, small systematic devia-
tions are observable which we attribute to a finite energy
resolution and a small modulation of the topography due
to the closed feedback loop at this energy. The width of
the value distribution of Fig. 2(c) is shown in Fig. 2(d) and
has been used to obtain an estimate for the standard devia-
tion of the measurement points. The scale refers to the
normalized values in Fig. 2(a) from 21 to 11. By then
evaluating the formal covariance matrix error estimates of
the fit parameters were calculated which take account of
096801-2
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FIG. 2. (a) Data taken in the smaller rectangle of Fig. 1(d) at
U � 1700 mV. (b) This calculated image is the result after
the adjustment of the model parameters to (a). (c) The differ-
ence image shows only minor deviations. (d) Value distribution
of (c).

statistical uncertainties of the data and cross dependencies
between the fit parameter.

Figure 3 depicts the result of the calculations for the
three physical parameters. To prove the significance of the
evaluation procedure, repeated measurements would have
to be performed which have been done for three energies.
At these energies the results were reproduced within the
error estimates. At the other energies, data with statistical
noise was calculated and evaluated in the same manner.
It can clearly be seen in Fig. 3 that over the whole range
of energy the results are reproduced. This proves (i) the
correctness of the error estimates and (ii) the negligible
cross dependencies between the fit parameters.

The scattering parameters in Fig. 3 show only a weak
energy dependence, and mean values of a � 0.43 and
d � 0.24p have been derived. These values are close
to a � 0.64 and d � 0.3p which were reported for Cu
atoms on a Cu(111) surface [16]. There the authors have
measured the pair distribution of the adatoms which inter-
act through the surface state. Adjusting a simple model
to their data yielded the above values. For the system Fe
on a Cu(111) surface a � 0.0 and d � p have been re-
ported [13].

For a discussion of the results the values of the phase
relaxation length have been converted into lifetimes as
shown in Fig. 4. The solid line denotes an extrapolation
of the measurements in [8] taken above 1 eV, assuming
a t ~ E22 law as predicted by Fermi liquid theory for
a 2DEG [18]: Electrons injected at an energy E scat-
096801-3
-200 0 200 400 600 800
0.0

0.5α 
energy (meV)

1
2

δ(
ra

d)

100

1000

measurements
simulated data

ph
as

e
re

la
xa

tio
n

le
ng

th
(n

m
)

FIG. 3. The results of the adjustment of the calculations
to the measured data are shown in this graph. The result
for the simulated data proves the significance of the evalua-
tion procedure.

ter inelastically with other electrons into unoccupied states
with an energy smaller than E. The singularity at the
Fermi energy is caused by the reduction of the number of
available states to scatter into. The measurements clearly
show a sharp maximum at this energy in accordance with
theory. Furthermore, two pronounced edgelike features
show up in the data at 165 and 1300 meV as indicated
in Fig. 4. Lifetime calculations as a function of energy
for surface electrons have been carried out recently by
Echenique et al. [17] for a Cu(111) surface. They showed
that the intraband scattering within the surface state con-
tributes to the electron lifetime at energies below the tran-
sition of the surface state into a surface resonance and even
dominates at the dispersion minimum; this intraband con-
tribution results in a reduced lifetime as compared to the
t ~ E22 law valid at higher energies. The deviation sets
in at about 15% below the transition of the surface state
into the projected bulk states. For the Ag(111) surface, the
lifetime has been calculated for the dispersion minimum
only [7,17]. Thereby the calculated interband contribution
describes also the lifetime at higher energies in agreement
with experimental values [8]. The band structure of the
Ag(111) surface [17] is depicted in the inset of Fig. 4. As-
suming the onset of the intraband contribution to be 15%
below the transition point results in the dashed curve in
Fig. 4. From this argument we can clearly attribute the
096801-3
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FIG. 4. The full circles connected by straight lines denote the
measured lifetimes. The open triangle is a measured value on
the defect-free terrace [6,7] and the solid line represents an
extrapolation of the measurements in [8] taken above 1 eV. The
dashed line is an adaptation to the theoretical calculation for
Cu(111). The inset shows the dispersion of the surface state
together with the projected bulk states [17].

pronounced edge at 300 meV to the transition of the sur-
face state into the projected bulk states and thereby chang-
ing into a surface resonance. Another pronounced edge
can be seen at 165 meV: Inelastic scattering of electrons
injected at an energy E involves the excitation of elec-
trons from occupied states at 2E (and up to the Fermi
energy). Electrons excited from states below the disper-
sion minimum of 265 meV are bulk electrons and give
only a small contribution to the lifetime [17]. Crossing
165 meV results in an enhanced scattering which gives
rise to the observed edgelike feature. This is essentially
the same situation as at 1300 meV where the enhanced
scattering is responsible for the observed edgelike profile.
Finally, a fine structure can be observed which we have to
attribute to the influence of the triangle. Clearly, this fine
structure requires detailed theoretical investigations. Elec-
tron-phonon interaction gives a constant contribution inde-
pendent of the energy except close the Fermi level where
it becomes singular [19]. Furthermore, it is not sensitive
to the dimensionality [7] and can therefore not explain the
observed features.
096801-4
In conclusion, the lifetime of the surface electrons in an
artificial atomic structure has been measured for the first
time. Future experiments should be performed on different
substrates and a variety of species. The controlled atomic
manipulation allows the design of arbitrary scattering
geometries and, on the basis of a deeper understanding of
the electron lifetimes, it should become possible to even
engineer these lifetimes, which will become important in
future nanoscale quantum devices.

The authors would like to thank R. Schrader and
F. von Oppen for many helpful discussions.

Note added.—Upon acceptance of this manuscript, we
became aware of similar work by Kliewer, Berndt, and
Crampin [20].
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