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Increasing the lifetime of confined electronic states in an artificial quantum structure
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Understanding and tuning the factors influencing the lifetime of confined electronic states is a basic concept
of quantum mechanics, whereas achieving large lifetimes in artificial nanostructures holds great potential for
advancing quantum technologies. An example of such artificial structures are CO-based quantum corrals. In this

study, tunneling spectroscopy measurements reveal a strong correlation between the size of the quantum corral
and spectral width, characterized by a predominant Gaussian line shape. We attribute this dominant Gaussian-
shaped lifetime broadening to the interaction of surface state electrons with the corral boundary. To further
investigate this phenomenon, we constructed corrals of varying wall densities. Our findings indicate that elastic

processes, such as tunneling, are more sensitive to the wall density than coupling to the bulk.

DOI: 10.1103/PhysRevB.109.235422

I. INTRODUCTION

In a neutral atom, electronically excited states typically
decay within a few nanoseconds [1]. The probability of the
electron remaining in an excited state decreases exponentially
with time, therefore observed spectral line shape of the decay
is Lorentzian. For certain realizations of artificial atoms (e.g.,
quantum dots) [2], the observed spectral peaks are also well-
described by Lorentzian functions (e.g., Refs. [3-5]). The
spectral line shapes and their widths are a measure of not
only the lifetimes of the confined states but also the lifetime
limiting mechanisms within artificial atoms. Understanding
these mechanisms is vital for designing quantum dots that
carry confined electronic states with long lifetimes. Long-
lived confined states have been proposed for applications in
quantum sensing, quantum computing, and for creating artifi-
cial quantum simulators (e.g., Refs. [6—13]).

We investigate a realization of an artificial atom called
a quantum corral, which we constructed by atomic manip-
ulation of adsorbates on the surface of a noble metal using
scanning probe microscopy [14]. A quantum corral confines
the quasi-free 2D electron gas present on the surface [15],
resulting in a set of resonant eigenstates. While the origi-
nal corral, consisting of Fe adatoms arranged in a circle on
Cu(111), has been published already in 1993 [14], quantum
corrals have since been constructed on more exotic surfaces
including semiconductors [6], a Rashba surface alloy [16],
a proximity superconductor [17], and topological insulators
[18]. Interpreting the spectral peaks of these corral states
requires a thorough understanding of the lifetime limitations.

There are three mechanisms which influence the lifetime of
surface state electrons: electron-phonon scattering, electron-
electron scattering and electron-defect scattering [e.g. 19—
30]. The common property of electron-phonon scattering
and electron-electron scattering is a temporally constant and
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spatially homogeneous scattering background for surface state
electrons which results in an exponentially decreasing survival
probability in the time domain, corresponding to a Lorentzian
peak shape in the energy domain [29]. For studies of quantum
corrals, electron-defect scattering corresponds to scattering at
the corral walls. While randomly distributed defects should
also result in a Lorentzian contribution to the line shape
[29], the defects that make up the corral walls are not ran-
domly spaced. Considering the corral walls as well-arranged
defects, a dense wall not only limits the lateral transmis-
sion out of the corral but also increases scattering into bulk
states.

Since the realization of the first quantum corral with Fe
adatoms [14], the electron-wall interaction has been a topic
of theoretical investigation. Using multiple scattering theory
with an additional absorbing channel at §-peak shaped scatter-
ing potentials, it was concluded that the widths of the corral
states energy distributions (spectral peaks) are mainly dictated
by the absorbing channel (e.g., scattering to bulk states). An
estimate indicated that approximately 25% of an incident
wave is transmitted and about 50% is absorbed [31]. Other
studies also emphasize the significant role of scattering to bulk
states in reproducing the energy width of corral states in sim-
ulations [32,33]. However, some theoretical considerations of
quantum corrals are based entirely on elastic mechanisms.
For instance, a model representing the adsorbates of the cor-
ral as finite-height cylindrical potentials concluded that bulk
coupling is not necessary to reproduce the energetic behavior
and standing wave pattern of the corral [34]. Other theoret-
ical considerations with Gaussian-shaped potentials can also
reproduce the energetic behavior of a quantum corral without
additional lossy channels [35].

In this article we characterize the energy distributions of
quantum corral states by means of spatially high resolved
scanning tunneling spectroscopy (STS) measurements. By
comparing two corrals of different sizes, we show that the
spectral widths are fundamentally influenced by the confine-
ment, i.e., the corral wall. Moreover, we find that the line
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shape of the energy distributions is not Lorentzian as it was
previously reported [14], but Gaussian. The energy depen-
dence of the corresponding widths prompts us to propose a
classical model which connects the lifetime of the corral states
to the average path length of a confined surface state electron.

To further understand the influence of the interaction of the
electrons with the corral wall, we constructed corrals with var-
ious densities of adsorbates in the walls. Corrals with a denser
wall host states with narrower energy distributions, allowing
us to conclude that transmission (i.e., tunneling through the
corral wall) is more sensitive to the wall density than coupling
to the bulk.

II. FOUNDATIONS OF A QUANTUM CORRAL

The first quantum corral, built with a scanning tunneling
microscope (STM), was created by arranging 48 Fe adatoms
in a circular shape on Cu(111) [14]. While this artificial struc-
ture showed discrete energy states, a detailed investigation
with large voltage variation was difficult because the corral
wall was not stable [14]. This can be attributed to the weak
bonding of Fe on Cu(111) [36]. By using a more stable wall
than the original quantum corral, we are able to investigate
states far away from the Fermi level and to precisely measure
their spectral widths and line shapes. Carbon monoxide (CO)
binds six times stronger to Cu(111) than Fe [36,37], making
it a good candidate for creating stable artificial structures.
Spectroscopic STM measurements on CO-based structures
therefore show the desired stability and allow for a larger
voltage window [16,38—40] to perform a detailed analysis of
the corral’s energy levels.

The spatial behavior of states in a ring-shaped quantum
corral is almost identical to the one of states in an infinitely
high cylindrical potential well [14,41], commonly known as
the hard-wall model. Solving the Schrédinger equation for the
hard-wall model yields the solutions WV, ;(r, ¢, z) = V¥, 1(r) X
Y () X ¥(z), where n is the main quantum number and
! the angular momentum quantum number. The radial dis-
tance from the center of the corral is denoted by r, ¢ is the
azimuthal angle and z is the direction perpendicular to the
surface. Here, v, (r) describes the radial-dependent com-
ponent of the wave function including Bessel functions of
the first kind, while ¥;(¢) = 1/+/27 x exp(il¢) describes
the angular dependence. The z component of the Shockley
surface state remains unaffected by the cylindrical potential
well. Above the surface (z > 0), ¥ (z) « exp(—«z) with the
decay constant « [41]. The absolute square of each wave func-
tion, which can be measured with STM, gives the probability
density |W, ;(r, ¢, 20)1* = Y1 (N> X [Y1(§)* X |¥ (20)]* =
[¥.1(r)|*> x 1/2m x C,,. As measurements for each corral
were performed at the same tip-sample distance, 79, and « is
the same for every corral state [41], the z component | (zo)|?
can be expressed as a factor C,, that only depends on zy. For
a more detailed discussion and calculations see the Supple-
mental Material of Stilp ef al. [41]. In this work corral states
are characterized by their main quantum number » and their
angular momentum quantum number /.

For the initial line shape analysis, measurements (see SM1
of the Supplemental Material [42] for experimental details)
were taken of two differently sized CO corrals: one with a

FIG. 1. (a) Constant current STM image (10 mV /10 pA) of the
big 48-CO quantum corral, which has a radius of Ryg jarge = 7.13 nm.
(b) STM image (50 mV /100 pA) of the small 24-CO quantum corral
with a radius of Rps sman = 3.57 nm. Both corrals have an average
intermolecular distance of 938 pm.

radius of Rygpig = 7.13 nm (48 CO molecules) and another
with a radius of R4 sman = 3.57 nm (24 CO molecules). Both
structures share an identical wall density with an average
intermolecular distance of 938 pm. Detailed information on
the construction plans of the two differently sized corrals
is available in the Supplemental Material (SM2) [42]. STM
topography images of these corrals are presented in Figs. 1(a)
and 1(b).

III. LINE SHAPE ANALYSIS

To study the line shapes of the corral states, we performed
scanning tunneling spectroscopy. However, performing sta-
tionary dI/dV measurements (fixing 7j, and sweeping the
bias voltage Vp) restricts analysis to the / = O states, drasti-
cally limiting the amount of analyzed states. The reason for
this is that one cannot find a position 7;, where a particular
I # 0 state is energetically and spatially isolated. An example
of this problem is shown in Fig. S4 of the Supplemental
Material [42].

A complete description of the corral states includes their
energetic and spatial characteristics. By using dI/dV line
scans across the whole diameter of the corral (constant height
measurements at a fixed sample bias) one can record the
spatial behavior of the local density of states (LDOS) at a
single energy eVg, with e being the elementary charge. We
performed line scans across both corrals over a bias range
from —450 to 400 mV in increments of 5 mV.

Combining these dI/dV line scans results in Figs. 2(a)
and 2(b), which represent spatially (horizontal axis) and ener-
getically (vertical axis) resolved local density of states (color
coding) map of the quantum corral.

Each dI/dV line scan [each horizontal line in Figs. 2(a)
and 2(b)] consists of a combination of several different states
that, due to an energetic overlap, contribute at different mag-
nitudes to the local density of states. Previously, it has been
suggested that the standing wave pattern observed within the
structure using STM can be effectively described with a linear
combination of corral states [14]. We extend this concept to
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FIG. 2. Differential conductance (d/dV) measurements are shown as a function of radial distance » from the center and sample bias for
the (a) large 48-CO corral (R4 iy = 7.13 nm) and the (b) small 24-CO corral (Ry4 sman = 3.57 nm). In panels (a) and (b), respectively, the two
outermost vertical, black stripes originate from the CO molecules (corral walls). The features that appear bright can be assigned to the corral

states.

dIl/dV line scans measured at different bias voltages:

j—‘l/(n eVi) o< Yt i(eVi) X Y1 (r)I. M

n,l

In this equation the prefactor «, ;(eVp) describes how much
the probability density |, ;(r)|* contributes to the measured
LDOS at a specific energy eVg. Therefore, a, (eVp) is the
energy distribution of the associated corral state. Additional
details about applying Eq. (1) to determine «,, ;(eV3) are given
in the Supplemental Material (SM4) [42].

As an example a line scan obtained with a bias of
—170 mV across the big corral and the corresponding fit using
Eq. (1) is depicted in Fig. 3(a). The local density of states
maps obtained from the right-hand side of Eq. (1) for the full
bias range are presented in the Supplemental Material (SM5)
[42], confirming that the corral states are well described by
the linear combination of states with the weighting function
an,1(eVp).

Fitting Eq. (1) to the data allowed us to determine the
energy distributions of several corral states, including / # 0
states. As a representative example, the energy distribution
a4,1 (n =4 and [ = 1) of the big corral is shown in Fig. 3(b).
All energy distributions «,,; are given in the Supplemental
Material (SM9) [42].

During dI/dV measurements there will always be three
systematic broadening mechanisms which distort the shape of
spectral peaks. First there is the temperature dependent widen-
ing of the Fermi-Dirac distribution [44], which we will call
Fermi-broadening. A second source of spectral broadening is
radio-frequency-broadening (RF-broadening) [45-48]. Both
of these mechanisms cause a Gaussian shaped broadening
of spectral features. Mathematically the combined broad-
ening can be described by a convolution of two Gaussian
terms: Gpermi RF = GFermi * Grp. For the RF-broadening we
estimate a FWHM (full width at half maximum) of I'gr ~
9 meV [45,49] and for the Fermi-broadening at ~5.7 K we

calculate INpermi &~ 2 meV [44]. In total these two mechanism
cause a Gaussian shaped broadening of spectroscopic peaks of
IFermi,rF & 9.2 meV. The third mechanism of spectral broad-
ening is modulation broadening which causes a broadening
with the shape of a semicircle x with a diameter of 2eViyoq
[44,50].

To characterize the energetic behavior of the corral states
we analyzed the energy distributions ¢, ; in more detail. We
first attempted to fit the spectral line shapes of the energy
distributions by accounting for a Lorentzian line shape L with
associated spectral width I'z, like it was proposed by Crommie
etal. [14], as well as the broadening mechanisms Gpermi rr and
x discussed above:

0,1 X L * GpermiRF * X ()

However, the fit resulted in rather poor agreement. This can be
seen by the black dashed line for the energy distribution o4 ;
in Fig. 3(b). We therefore incorporated a Gaussian line shape
Gyan With associated width I'y, into the fitting function:

Qp ] X L * Gwall * GFcrmi,RF * X (3)

In this equation the widths I'r, and I'y,y are parameters which
account for the Lorentzian and Gaussian widths. The intro-
duction of Gy, notably enhanced the fit quality, as evidenced
by the improved agreement shown by the full blue line in
Fig. 3(b). Interestingly, even with this refinement, accurately
characterizing all «,; curves remained challenging. This is
particularly true for energy distributions of states with the
same main quantum number n and large angular momentum
quantum number / since such states show a highly similar
spatial behavior. As our approach involves extracting energy
distributions from line scans, the fitting algorithm, employing
Eqg. (1), encounters complications in distinguishing between
these closely related states. To characterize the accuracy of
the energy distributions, a quality factor was introduced,
as described in the Supplemental Material (SM6) [42]. We
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FIG. 3. (a) Blue: Measured d//dV line scan at a sample bias of
Vg = —170 meV across the big corral. Red: Fit of Eq. (1) to the
measured curve. (b) Red dots: Energy distribution oy ;. The fit by
Eq. (2) (Lorentzian and broadening terms), depicted as the black
dashed line, exhibits a relatively poor agreement. The blue full line
represents the fit by Eq. (3), which includes a Lorentzian (associ-
ated width I'L), a Gaussian (associated width I"y,,;), and broadening
terms, provides an excellent agreement. (c) Purple markers: Iy
for the big corral (R4g pig = 7.13 nm). Orange markers: Iy, for the
small corral (Ry4 sman = 3.57 nm). Full lines: Fit of the average path
length model, described by Eq. (5), to the data points with the results:
Xa8,big = (9.1 £0.4) nm and x4 sman = (4.7 £ 0.3) nm.

constrain the remainder of the discussion to those energy
distributions with a sufficient quality factor.

A representative example of a good fit is the oy
curve, depicted in Fig. 3(b). The following FWHM for the
Lorentzian and Gaussian wall components were obtained:
I't=( (f)Z) meV and Ty, = (41 £ 1) meV. Throughout
this article, the error bars represent two times the standard
deviation obtained from fitting the data. These fitting param-
eters show, surprisingly, that the energy distribution o4 is
described by a purely Gaussian peak shape. All energy dis-
tributions and the complementary fits with Eq. (3) are shown
in SM9 [42].

We find the FWHM of the Gaussian component to be sig-
nificantly larger than the Lorentzian component for all energy
distributions. In fact, the Lorentzian component for most fits is
negligible (equal to zero within uncertainty). The magnitudes
(widths) of the Lorentzian and Gaussian wall components
of the big and small corral are shown in the Supplemental
Material (SM7) [42].

To further validate the results of our line scan fitting
method, we compared the widths of the energy distributions
and peak widths obtained from a static d1/dV measurement
at the center of the big corral. This static measurement is only
sensitive to the / = 0 states. This analysis is shown in the

Supplemental Material (SMS8) [42] and yields the same values
as the line scan fitting method.

By analyzing the properties of the energy distributions
a,.1(eVp), we make several important conclusions. First, the
energy distributions of corral states are poorly fit with a
Lorentzian. This contrasts with existing literature, which sug-
gests that the energy distributions have a Lorentzian shape
[14]. Second, all distributions are fit well with a Gaus-
sian curve (see SM7 and SM9 [42]). The width of the
Gaussian curve, I'y,, shows a monotonic energy dependence
[see Fig. 3(c)]. Finally, the overall magnitude of Iy, depends
on the size of the corral.

IV. CHARACTERIZING THE SPECTRAL WIDTHS
OF A CORRAL WITH A SINGLE PARAMETER

As discussed in the Introduction, there are several
mechanisms that limit the lifetime of surface electrons:
electron-phonon scattering, electron-electron scattering and
electron-defect scattering. As presented in the previous sec-
tion, the spectral widths show a monotonic energy dependence
and a dependence on the corral size [see Fig. 3(c)] in agree-
ment with previous theoretical calculations by Crampin et al.
[51]. Similar to their results, we argue that the predominant
lifetime limitation comes from the interaction of the surface
electrons with the corral wall. This includes transmission
(e.g., tunneling) through the potential barrier given by the
CO-molecules and coupling to bulk states at the corral wall.

Due to the spatial homogeneity of electron-phonon scat-
tering this decay mechanism is not sensitive to the size
of quantum structures [21,24]. Additionally this mechanism
results in a Lorentzian line shape. Therefore, it does not cor-
relate with the observation that the spectral width is strongly
dependent on the corral size and is better described by a
Gaussian.

Calculations by Stilp et al. [41] showed that the total
electron density for the small and big corral is the same
(~0.64 e~ /nm?). Since electron-electron scattering scales
with the total electron density [30,52—-54] one can conclude
that electron-electron scattering is also independent on the
size of the quantum structure, even more it would also result
in a Lorentzian line shape.

The negligible impact of electron-electron and electron-
phonon scattering on the lifetime (inverse spectral width) of
confined electron states in quantum structures has also been
observed in vacancy islands on Ag(111) which had a similar
size compared to our corrals [55].

Since both electron-electron and electron-phonon scatter-
ing cannot explain the observed Gaussian line shape and are
insufficient to account for the size-dependent widths I'yay,
we conclude that in our analyzed corrals the dominant life-
time limitation is mainly represented by the interaction of
the surface electrons with the corral walls. This involves lat-
eral transmission through the corral wall (e.g., tunneling) and
scattering into bulk states (absorption). A detailed discussion
about this will be presented in Sec. VI.

Crampin et al. [51] suggested a similar interaction mech-
anism to the one originally proposed by Heller et al. [31] to
theoretically determine the lifetime of corral states including
lossy scattering (that is, scattering including a loss term). In
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literature, this loss term is often associated with coupling to
bulk states (e.g., Refs. [31-33]). The model by Crampin ef al.
captures the trends we introduced earlier, demonstrating that
smaller corrals host broader spectral peaks [see our data in
Fig. 3(c)]. However, their theoretically derived energy depen-
dence of the spectral peak widths shows a steeper slope than
we observe in our experiments. Consequently, energetically
lower lying peaks are underestimated in width, while those
at higher energies are overestimated. This discrepancy most
likely stems from the fact that the discussed theoretical calcu-
lations are not founded on CO-based quantum structures but
rather on the “black-dot” limit (8-peak-like scattering poten-
tials with a purely absorbing channel), as introduced by Heller
et al. for Fe-based corrals [31].

Here, we present a classical model to understand and char-
acterize the dependence of the widths 'y, on energy. At
its core, this classical description establishes a connection
between I'y,; and the average path length of a surface state
electron. The model also yields a very good fit to our data.

The average path length x that an electron with a velocity of
v can travel during its lifetime Tjie 1S X = ve X Tjife. Assum-
ing that the velocity v, can be deduced classically from the
energy E = eV + 440 meV at which the electron is situated
above the onset of the surface state band [56,57], the following
equation is derived:

2(eVg + 440 meV)
x= \/ B x Tiife. )

mg
Here m is the effective mass of surface state electrons
on a Cu(111) surface which is 0.38 times the mass of a free

electron [56,57]. By relating the spectral width to the lifetime
via (the reduced) Planck’s constant, Ty = //I", the spectral

width can be written as
fi. [2eVat440 meV)
mg

X

I'= )
The average path length x is then a parameter that is energy
independent and can be determined for each corral by fitting
Eq. (5) to the data points of 'y, from Fig. 3(c). The resulting
fits yield values of x4gpig = (9.1 0.4) nm and x4 smanl =
(4.7 = 0.3) nm and are shown in Fig. 3(c).

The advantage of this model is threefold. First, it yields a
very good agreement with the data and is therefore a good
description of the energy dependence of I'y,y. This again
indicates that the dominant lifetime limitation of the corral
states is the interaction of confined electrons with the corral
wall. Second, we can compare the values of x43 big and x24 smal
and notice that they differ by a factor of 1.9 & 0.3 which is
the same factor of the difference in radius between the corrals
(R48,1arge / Ro4,smant = 2). This indicates, that for a fixed corral
wall density the average path length scales with the radius
of the corral. Third, it allows us to characterize a description
of the lifetimes of the corral states (which are a function of
energy) with a single parameter, the average path length x.

V. VARIATION OF THE WALL DENSITY

So far, we have presented data that shows that the lifetime
of the corral states is directly related to the interaction of

0 pro S ] 78 pm

FIG. 4. Constant current STM images (—10 mV /100 pA) of the
two 96-CO (a), (b), 48-CO (c), 24-CO (d), 16-CO (e), and 12-CO
(f) quantum corrals. All depicted corrals, characterized by their wall
densities, are constructed based on the CO adsorption sites of the 48-
CO corral (c). Consequently, they share a common radius of 7.13 nm.

the surface state electrons with the corral walls. It is clear
that lossy scattering is essential in describing the spectral
widths, and therefore the lifetimes, of corral states. Recently
scattering at the corral walls has been shown to couple corral
states to bulk states of a superconducting substrate [17]. To
better characterize the interaction with the walls, we deter-
mined the spectral widths of corrals states for a range of wall
densities. The wall density pyay is defined as the number of
CO molecules in the wall divided by the circumference of the
corral.

The starting point for this investigation was the larger 48-
CO corral, shown in Figs. 1(a) and 4(c). We built corrals
of lower and higher wall densities, keeping the radius the
same (7.13 nm), but incorporating 96, 24, 16, and 12 CO
molecules in the walls, respectively. These corrals are shown
in Fig. 4. Notably, in the case of the 96-CO corral, there
are two possible configurations (96, and 96,), that differ by
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FIG. 5. Background removed differential conductance measure-

ments [59] over the center of CO corrals with various wall densities

and identical radius of 7.13 nm. Each spectrum is normalized at

0 mV sample bias. Each corral had the same radius but a varying

amount of CO molecules in the wall. The number in the legend

resembles the number of CO molecules in the corral wall. A large
number of COs means a high wall density and vice versa.

one atomic adsorption site for a quarter of the CO molecules.
The construction details, including the exact adsorption sites
for all corrals, can be found in the Supplemental Material
SM2 [42]. The average intermolecular distances (inverse wall
density) of the 12-, 16-, 24-, 48-, 96;-, and 96,-CO-corrals
are as follows: 3719 pm, 2792 pm, 1876 pm, 938 pm, and
477 pm (for both 96-CO-corrals). The 96-CO corrals have the
maximum density, given that we require stable corral walls. In
a previous study by Heinrich et al. [58], the stability of densely
packed CO structures on a Cu(111) surface was investigated
and it was revealed that structures with a higher density of CO
undergo significant geometric changes in less than 1 min.

To characterize the effect of wall density on the lifetime
(inverse spectral width) of corral states, we conducted static
dI/dV measurements over the center of each corral. The
background removed spectra [59] are shown in Fig. 5. Every
spectrum in this plot is normalized at 0 mV sample bias.

The most apparent change when comparing the spectra
are the widths of the spectral peaks, which decrease with
increasing wall density. In both 96-CO spectra, small addi-
tional peaks emerge between the main / = 0 peaks. These
smaller peaks can be attributed to [ # 0 states. We believe this
additional influence comes from the noninfinitesimal shape of
the tip apex. For these measurements, we used a tip apex that
ends in three metal atoms (verified with the COFI method
[60]). The increased sensitivity for [ # O states in dI/dV
measurements over the center of a 96-CO corral with a non-
infinitesimal tip apex is further amplified by the generally
narrower widths of spectral peaks hosted in these denser
corrals.

The resulting widths T'y,; are depicted in Fig. 6. Again
there is a strong energy dependence, as discussed previously.
This data is also well described by Eq. (5), as shown by the
solid lines in Fig. 6. Additionally, the Supplemental Material
includes Fig. S20 (in SM10), depicting I"yqy for the six corral
types along with the corresponding fits using Eq. (5), each
displayed as an individual plot [42].
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S o

N
6]
"

¥ staticdl/dv = fit by eq. (5)

o
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FIG. 6. Plot of I'y,, for /[ = 0 states measured in the center of
CO corrals with various wall densities and a common radius of
7.13 nm. The full lines are the fit of Eq. (5) to the datapoints to
determine the average path length x of electrons in the quantum
corral. The results: xg5, = (11.3 & 1.8) nm, xg96, = (11.5 = 2.0) nm,
Xx48 = (8.0 £0.6) nm, x4 = (6.1 £0.3) nm, x5 = (4.8 £0.5) nm,
and x;; = (4.3 £0.5) nm.

Figure 7 is a plot of the average path lengths of the sur-
face electrons as a function of the wall density. As the CO
molecules in the corral wall become more densely packed, the
path length of surface state electrons increases. This is again in
agreement with the theoretical consideration of Crampin et al.
[51]. An empirical fit reveals that the average path length x
exhibits a ,/pwa dependency (see full red line in Fig. 7).

VI. DISCUSSION

A. Relating spectral widths and corral wall density

As highlighted in Sec. IV, the primary factor limiting the
lifetime of electrons in a quantum corral is their interac-
tion with the wall. Generally, three mechanisms can occur
when an electron interacts with the corral wall: reflection,
absorption into bulk states and lateral transmission. The latter
two represent lossy channels. An illustrative sketch of these
three mechanisms is additionally given in the Supplemental

0.5 1.0 1.5 2.0
wall density, pwan, (NnM~1)

— X =T7.9NM "/ Py - VM
@ average path length

T T T T T

0.4 06 08 1
wall density, pwan, (nm™1)

FIG. 7. Average path length x plotted with respect to the wall
density pw. in a logarithmic coordinates. Data points are de-
picted as blue markers. The numbers correspond to the number of
CO-molecules in the corral wall. In the inset, a nonlogarithmic pre-
sentation of the main plot is provided. The solid red line represents
the empirically found behavior.
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FIG. 8. Consideration about the three possibilities for electron-
wall interaction: reflection, transmission (lossy) and absorption
(lossy). The sum of all probabilities has to be equal to 100%. Our
analysis revealed an increasing lifetime with a higher wall density,
Pwall, Meaning a positive slope for the reflection probability. At the
critical wall density, pfit. the probability for transmission and ab-
sorption are equal. The linear representation of these probabilities in
relation to pyay is employed for illustrative purposes. The slopes of
the presented curves are unknown, allowing for both possibilities:
either the absorption line lies above the reflection line (shown in
the plot), or vice versa (not shown). Nonetheless, the underlying
conclusion remains consistent: as the wall density increases, the
transmission probability decreases more rapidly than the absorption
probability (scattering to bulk states) increases.

Material (SM11) [42]. If we consider these three possibilities,
then the total probability of an electron interacting with the
wall is expressed as Pg + P + Pr = 100%. However, the re-
spective probabilities (P for reflection, Py for absorption, and
Pr for transmission) change as a function of the wall density,
Pwall -

For pwa1 = 0nm™', the transmission probability Pr is
100% since absorption and reflection at the boundary are not
possible. As pway increases Pr decreases and approaches 0
for pya1 — 0o. Our experimental observations clearly show
that corral lifetimes increase monotonically with wall density
[see Figs. 3(c) and 6], meaning Px monotonically increases
with pya. If we accept that interaction of the surface state
electrons with the corral walls includes a lossy channel to bulk
states, then as py,y increases, the number of lossy scatterers,
and thus P, increase monotonically. These relations—the
monotonic decrease of Pr from 100% with increasing pwa,
the monotonic increase of Px and Pgr, and the requirement
that the sum of all probabilities adds up to 100%—are shown
in Fig. 8. An interesting observation can be made: beyond a
critical point (o¢1%), the dominant lossy channel changes from
transmission to scattering to the bulk. This analysis shows that
transmission is more sensitive to oy, than absorption.

Several theoretical models propose different perspectives
on the dominant lifetime limiting process in quantum cor-
rals. Some point towards bulk coupling (absorption) as the
primary process [31-33], while Garcia-Calder6n and Chaos-
Cador [61], for instance, suggest that coherent processes,
such as tunneling (transmission), play a more significant role.
However, some theoretical considerations rely entirely on
elastic mechanisms without coupling to the bulk [34,35]. Re-
specting all these theoretical considerations, we thus propose
that corrals with a low wall density lie in the regime where
transmission dominates, while for high wall density corrals,

1

absorption is the dominant lifetime limiting process. However,
within this work we cannot determine the exact value of pSoi.

B. Gaussian spectral shape

Up to now, literature uses Lorentzian-shaped curves to fit
spectral peaks of quantum corrals (e.g., Refs. [14,55,62,63]).
This implies an exponentially decaying survival probabil-
ity of electrons within the corral. To satisfy this condition,
electrons must exhibit a uniform decay probability for all
times. However, our findings highlight that the primary mech-
anism limiting the lifetime of electrons in a quantum corral
is their interaction with the wall. A single-particle approach,
considering lossy interactions solely at the corral wall, is
enough to yield a survival probability that does not expo-
nentially decrease with time, as explicitly shown in (SM12)
[42]. This challenges the exclusive description of spectral
corral peaks with Lorentzian curves. We propose that a more
complete theoretical picture will yield line shapes that are
better described by a Gaussian rather than a Lorentzian
function.

Gaussian-shaped spectral peaks in dI/dV measurements
have been documented in literature, as observed in defects
in salt layers [64] and quantum dots [65]. The Gaussian
shapes were attributed to a strong coupling of a phonon
mode with electrons. In the context of a corral, a plausible
mode could be the coherent radial motion of CO molecules,
also called breathing mode. The possibility of a direct, in-
termolecular interaction among individual CO molecules can
be dismissed due to the substantial distance between them
(e.g., 938 pm for the 48-corral). Nevertheless, it is a well-
established fact that adsorbates can interact over extended
distances through the surface state (e.g., Refs. [66—-69]). Thus,
the radially symmetric corral states could induce coherent
motion of the COs. In the scenario of strong electron-phonon
coupling, this coherent motion might offer an explanation
for the Gaussian shape observed in the energy distributions
presented in this paper. However, more comprehensive calcu-
lations are required that would go beyond the scope of this
work.

The breathing mode could also directly affect of the en-
ergy of the corral states. The modulation of the corral radius
induced by the coherent radial motion of the CO molecules
would also influence the energetic position of the corral states.
A reduction in radius elevates the states in energy, whereas an
expansion in radius causes a downward shift. This variation
in energy results in a widening of the measured spectral peak.
To account for the experimentally determined spectral widths
[see Figs. 3(c) and 6] via the effect of the breathing mode on
corral states, radial amplitudes of 200 pm would be necessary.
Details about this calculation are given in the Supplemental
Material (SM13) [42]. Given that this value exceeds the radius
of a copper atom (127 pm) and no shift in CO molecule
positions occurred during the whole measurement period, we
conclude that the energy shift of corral states due to the
breathing mode does not represent a predominant mechanism
for broadening.

Since the required amplitude is too large to fully ac-
count for the spectral width, we ask if the breathing mode
could reasonably contribute to the measured spectral widths
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assuming oscillation amplitudes as previously determined for
single CO molecules. Viewing the breathing mode as a quan-
tum mechanical oscillator (QMO) allows us to estimate its
radial amplitude. The oscillation governs the corral’s radius,
and like any QMO, its ground state is characterized by a
Gaussian curve. Consequently, the corral radius, modulated
by the breathing mode, also adheres to a Gaussian curve.
An approximation of the uncertainty in the position of a CO
is about 33 pm [70]. Therefore, if the motion of the CO
adsorbates is coherent, then it would, as a lowest estimate,
contribute to a breathing mode induced Gaussian broadening
of the energy distributions of approximately 4 meV at the
Fermi energy and ~8 meV for states 400 meV above the
Fermi energy (for details see the Supplemental Material SM 13
[42]).

In conclusion, we propose that the overall Gaussian shape
of the energy distributions arises from (1) scattering of
nonuniformly distributed scatterers, (2) strong coupling be-
tween electrons and a breathing mode, and (3) the effect of the
breathing mode on the corral radii and the subsequent effect
on the corral states.

VII. SUMMARY AND OUTLOOK
A. Summary

For the first part of our analysis we built two circular
quantum corrals with different radii (R4g jarge = 7.13 nm and
Ro4 sman = 3.57 nm) but the same wall density on Cu(111). By
comparing the measured local density of states with a linear
combination of the probability density of the wave functions
obtained from the hard wall model we determined the energy
distributions, including those of [ # 0 states. Analyzing these
distributions revealed that the natural line shape is best de-
scribed by a Gaussian function for all states. It also showed
a correlation between the size of the corral and the spectral
width, leading to the conclusion that the dominant lifetime
limitation is governed by the interaction of electrons with the
corral wall.

We thus proposed a classical model to relate the spectral
widths of the corral states with the average path length of a
surface state electron. This model describes the energy depen-
dence of the spectral widths well.

To further characterize the electron-wall interaction, we
constructed corrals with different wall densities. The widths
of the spectral peaks decrease with increasing wall densities,
clearly indicating longer corral state lifetimes for denser walls.
This behavior prompted us to conclude that lateral transmis-
sion through the corral wall is more sensitive to the wall
density than the coupling to bulk states at the corral boundary
(CO molecules).

Finally, we discussed three possibilities to explain the
observed Gaussian spectral shape. Currently, literature em-
ploys Lorentzian functions to fit spectral peaks of quantum
corrals, assuming an exponential decay in electron survival.
However, our findings suggest that the primary limitation
to electron lifetimes in the corral arises from their interac-
tion with the wall. This leads to a survival probability of
the electrons in the corral that does not exponentially de-
crease with time, resulting in non-Lorentzian shaped spectral
peaks. Another potential explanation, previously discussed in

literature for various sample systems, involves the coupling
of electrons to specific phonon modes [64,65]. In the limit
of strong electron-phonon coupling, Gaussian-shaped spec-
tral peaks are observed. One plausible phonon mode in the
case of quantum corrals is the breathing mode, represent-
ing a coherent movement of CO molecules in the wall. The
coupling of electrons to this breathing mode can not only
induce Gaussian-shaped peaks in spectra, but the breathing
mode itself can influence the measured spectral line shape.
While the estimated contribution of this variation in corral
radius does not fully account for the measured widths, it may
contribute to the overall Gaussian shape.

B. Outlook

Recent studies have shown that it is possible to prolong
the lifetime of laterally confined field emission resonances
by increasing either the vertical (z direction) or the lateral
confinement dimensions (x-y plane) [71]. In the context of the
work presented here, it was shown that the latter possibility is
also applicable for adsorbate-based quantum corrals confining
the Shockley surface state [see Fig. 3(c)]. In the following,
three further methods for increasing the lifetime of quantum
corral states are presented.

By adjusting the wall density within the range of approx-
imately one order of magnitude, we observe a change in the
average path length of an equivalent order of magnitude. If
we were able to make a corral wall with adsorbates that allow
nearest-neighbour occupation on each Cu sites, then we could
hypothetically achieve a path length of ~16 nm (by extrapo-
lation of Fig. 7). While a denser corral wall is not possible, the
radial thickness of the confinement can be increased by using
a second or third row of CO molecules. It might be possible,
with this approach, to reduce the lifetime limiting effects of
tunneling (transmission) so drastically that the spectral widths
are dominated by electron-electron, electron-phonon scatter-
ing and coupling to the bulk.

Another strategy for extending the lifetime of corral states
involves employing different adsorbates for the corral wall.
As discussed in Sec. VI B, a part of the Gaussian widths of
the energy distributions could originate from the vibrational
motion of the wall. By using adsorbates with a smaller vibra-
tional amplitude than CO, this effect could be minimized (e.g.,
adsorbates which are bound more rigidly to the surface).

Lastly, in the pursuit of prolonging corral state lifetimes,
it is important to consider the reduction of bulk coupling.
As discussed in Sec. VI A, bulk coupling contributes signif-
icantly to the limitation of corral state lifetimes, especially
at high wall densities. Exploring alternative adsorbates with
diminished coupling to the bulk could mitigate this effect
[54,72]. Additionally, the careful selection of the substrate
offers a promising avenue for reducing bulk coupling. While
such progress has already been demonstrated on a semicon-
ductor substrate [6], the utilization of 2D layered materials
could present a promising alternative for achieving similar
outcomes.
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