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Confinement of Electrons to Quantum Corrals on a
Metal Surface

M. F. Crommie, C. P. Lutz, D. M. Eigler

A method for confining electrons to artificial structures at the nanometer lengthscale is
presented. Surface state electrons on a copper(111) surface were confined to closed
structures (corrals) defined by barriers built from iron adatoms. The barriers were assem-
bled by individually positioning iron adatoms with the tip of a 4-kelvin scanning tunneling
microscope (STM). A circular corral of radius 71.3 A was constructed in this way out of 48
iron adatoms. Tunneling spectroscopy performed inside of the corral revealed a series of
discrete resonances, providing evidence for size quantization. STM images show that the
corral’s interior local density of states is dominated by the eigenstate density expected for
an electron trapped in a round two-dimensional box.

When electrons are confined to length-
scales approaching the de Broglie wave-
length, their behavior is dominated by
quantum mechanical effects. Here we re-
port the construction and characterization
of structures for confining electrons to this
lengthscale. The walls of these “quantum
corrals” are built from Fe adatoms which are
individually positioned on the Cu(111) sur-
face by means of a scanning tunneling
microscope (STM). These adatom struc-
tures confine surface state electrons laterally
because of strong scattering that occurs
between surface state electrons and the Fe
adatoms. The surface state electrons are
confined in the direction perpendicular to
the surface because of intrinsic energetic
barriers that exist in that direction (I).
Since similar surface states exist on all
noble metals (2-6), we expect that the
behavior reported here is not unique to Cu.

One quality that separates these new
structures from quantum dots formed from
semiconductor heterostructures is that the
quantum states of the corrals may be re-
solved spatially as well as spectroscopically.
Analysis of the spatial and spectroscopic
properties of a ring of 48 Fe adatoms reveals
that this corral is well described by solutions
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to Schrédinger’s equation for a particle in a
hard-wall enclosure. Despite this agreement,
however, the details of the confinement
mechanism are not completely understood.

The experiments were performed with an
STM contained in ultrahigh vacuum and
cooled to 4 K (7; 8). Operation at low
temperature provided the stability, cleanli-
ness, and absence of thermal diffusion of
adsorbates required for this experiment. The
single-crystal Cu sample was prepared by re-
peated cycles of Ar ion sputtering and anneal-
ing. The Auger-clean sample was then cooled
to 4 K and dosed with a calibrated electron-
beam Fe evaporator (0.005 monolayer cover-
ages were typical). The convention used here
is that the bias across the tunnel junction (V)
is the voltage of the sample measured with
respect to the tip. dI/dV spectra were mea-
sured through lock-in detection of the ac
tunnel current driven by a 205-Hz, 10-mV
(rms) signal added to the junction bias. All
STM images were acquired in the constant
current mode with a polycrystalline tungsten
wire as the STM tip.

The confinement property of the Fe
adatom structures derives from the scatter-
ing of surface state electrons by Fe adatoms.
The results of this scattering can be seen in
Fig. 1A, which shows a 130 A x 130 A
STM image of a single Fe adatom on the
Cu(111). surface (acquired with a bias of
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0.02 V). The local density of states
(LDOS) at Eg surrounding the adatom is
marked by a circular standing wave pattern
caused by the interference of incident and
scattered surface state electrons (5). Figure
1B shows a cross sectional slice of the
adatom image, more clearly displaying the
15 A period oscillations.

If the Fe adatom is modeled as a cylin-
drically symmetric scattering potential,
then the change in surface LDOS around
the adatom is determined by the partial
wave phase shifts of the scattered surface
state electrons. At low energies, the change
in LDOS far from the Fe adatom can be
approximated as (5)

ALDOS(p) «

! 2(k qT+8 2(k il

kp(COS(P 2 .o) cos”(kp 4)
(1)

where k = (2Zm*E/A?)'2. Here 3, is the

phase shift of the I = 0 scattered wave, m*

is the effective mass of a surface state

electron (0.38 m,) (2, 5, 9), and E is the
energy measured from the surface state

band-edge. By fitting Eq. 1 to our linescan

data (as shown in Fig. 1B), we find that the

Fe scattering strength at E can be charac-

terized by an | = O phase shift of §, = —80°

+ 5°, which indicates strong scattering.

The strong scattering of surface state
electrons by Fe adatoms suggests that they
would be good building blocks for con-
structing microscopic electron confinement
structures. In order to test this idea, we used
the adatom “sliding” process (7, 10) to
position individual Fe adatoms into orderly
structures on the Cu(111) surface (bias
parameters during the slide process were
0.01 volt and 5 X 1078 amp). Figure 2A
shows an STM image of 48 Fe atoms that
have been positioned into a ring. This
image was taken at a bias of 0.01 V. The
ring has a mean radius of 71.3 A, and the
spacing between neighboring Fe atoms var-
ies from 8.8 A to 10.2 A (I1). A striking
feature of Fig. 2A is the strong modulation
of the LDOS inside of the Fe ring. Figure
2B shows a linescan taken_through the
center of the ring. .

A standard method for characterizing an
electronic system is to measure its density of
states via tunneling spectroscopy (12).
With an STM this is done by measuring the
differential conductivity (dI/dV) of the tun-
nel junction (13). Figure 3 shows dI/dV
spectra measured with the STM tip cen-
tered over different points on the surface.
The top curve shows the spectrum mea-
sured with the tip held over a Cu terrace
about 1000 A away (laterally) from the Fe
ring. This spectrum is relatively featureless,
with the dominant characteristic being a



Fig. 1. (A) Constant current 130 A x 130 A image of an Fe adatom on
the Cu(111) surface (V = 0.02 volt, / = 1.0 nA). The apparent height of
the adatom is ~0.9 A. The concentric rings surrounding the Fe adatom
are standing waves due to the scattering of surface state electrons with

0.16 r T r
Fe adatom
on Cu(111)
0.12r 0.02V
<
£ 0.08 1
-
]
T
0.041 1

0 ; ,
-80 -80 -40  -20 0 20 40 60 80
Distance (A)

the Fe adatom. (B) Solid line: average of three cross sections taken
through the center of the Fe adatom image in (A). Dashed line: fit of Eq.
1 to the cross section (the data was fit only up to 18 A from the center
of the adatom).

sharp drop in dI/dV at the surface state band
edge 0.44 eV below E;. [There is also a
slight peak around zero bias which we be-
lieve is due to the tip electronic structure
(14).] Similar spectra were seen at other
points on the Cu terraces with this tip. The
second curve in Fig. 3 shows a dI/dV spec-
trum measured with the STM tip held over
the center of the ring (with the same tip
and tunneling parameters as before). This
spectrum is dominated by a series of sharp
peaks. The peaks have a roughly Lorentzian
shape, and widths ranging from ~35 mV to
~100 mV. The width of the peak centered
at zero bias was found to be insensitive to
variations in tunnel current over two orders
of magnitude. The third curve in Fig. 3

shows the dI/dV spectrum measured with
the STM tip positioned 9 A away (laterally)
from the center of the ring (the tunneling
parameters and tip remained unchanged).
Here the spectrum reveals the existence of
additional peaks in the surface LDOS. The
locations of four new peaks are marked in
the figure.

Measurements of dI/dV spectra were
complicated by adatom motion and vari-
ability of the STM tip. During the ~1
minute required to take each of the ring
spectra of Fig. 3, typically 20% of the
border atoms would move one or two lattice
spacings, even though the tip was located
over the center of the ring, “far” from the
border atoms. At the low bias voltages used

1.2

for imaging, the Fe adatoms did not move.
The adatom motion caused negligible
changes in spectra for V < 0, but peaks at V
> 0 suffered some broadening (15). Use of
different STM tips had the main effect of
introducing a variable linear offset to the
spectra. Measured peak widths and ener-
gies, however, were not sensitive to the
STM tip. For example, three identical 48-
atom rings constructed at different locations
on the surface and measured with different
tips all yielded very similar results.

We can understand the main features of
the 48-atom ring in a straightforward man-
ner. Since the surface state electrons are
strongly scattered by Fe adatoms, we model
the ring as a continuous hard wall barrier, a

—_

Height (A)

0.8

48 Atom ring
0.01V

-50 0 50

100

Fig. 2. Spatial image of the eigenstates of a quantum corral. (A) 48-atom Fe
ring constructed on the Cu(111) surface (V = 0.01 volt, / = 1.0 nA). Average
diameter of ring (atom center to atom center) is 142.6 A. The ring encloses a
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defect-free region of the surface. (B) Solid line: cross section of the above
data. Dashed line: fit to cross section using a linear combination of |5,0), |4,2),
and |2,7) eigenstate densities.
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round “box” containing the 2D surface
state electrons. The eigenstates inside of a
2D box of radius r can be written (16) as
U, (p,d) « Jik, p)e’®, with wavenumber
k,1 =z, /rand energy E, | = #%? ,/(2m*).
Here | is the angular momentum quantum
number of an electron in the box, J, is the
I" order Bessel function, and z_, is the n*®
zero crossing of J;(z). States with quantum
numbers (n,l) will be referred to as |n,l).
Figure 4 shows the low-lying theoreti-
cal eigenenergies for the |n,0), |n,1), and
In,2) states inside of a round box having
the same radius as the ring in Fig. 2. For
comparison, the eigenenergies derived
from the spectra of Fig. 3 are shown as
horizontal lines in Fig. 4 (theoretical en-
ergies are referenced to the band edge and
experimental energies are obtained by fit-
ting Lorentzians to the spectral peaks).
The spectroscopic peaks observed in the
LDOS at the center of the ring are seen to
lie very close to the theoretical |n,0) ei-
genenergies. This is expected from the
model, since all non-zero angular momen-
tum states have a node at the origin. The
four new peaks seen in the LDOS when
the tip is 9 A off-center lie extremely close
to the theoretical |n, 1) eigenenergies. This

9t 4
Open J
8t terrace
I ﬁ
=~ 6 Circle’s |
e center
S
e °[ ]
o
%' 4F 1 l 1
3 3f 9A off |
center
2F J
A J

0
-06. -04 -0.2 0.0 0.2 0.4
Voltage (V)

Fig. 3. Spectra (dl/dV) taken with the STM tip
1000 A away from 48-atom Fe ring (“open
terrace”), at the center of the Fe ring, and 9 A
away from the center of the ring. The tip was
kept stationary during spectrum acquisition by
opening the feedback loop during each volt-
age ramp. The lateral drift was negligible. The
dc tunnel current at +0.4 volt was 0.05 nA for
all three spectra. The center spectrum has
been shifted vertically by 2.9 x 10~ ohm~"
and the open terrace spectrum has been
shifted by 5.4 x 1071 ohm~="'. The dl/dV
spectra give an energy resolved measure of
the local density of states at different points
inside of the ring. New states appearing when
the tip is moved 9 A from the ring’s center are
shown with arrows.
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is also expected, since |n,1) states should
dominate any new spectral features seen in
the LDOS just away from the origin (high-
er angular momentum states have less
amplitude near the origin due to the cen-
trifugal barrier).

The spatial variation of the LDOS inside
of the Fe ring can be understood by exam-
ining the distribution of round-box eigen-
states near Ep. Figure 4 shows that the
energies of the |5,0) and |4,2) eigenstates
fall very close to Eg. A study of the [>2
eigenstates (not shown in Fig. 4) reveals
that the only other eigenstate lying within
25 mV of Eg is the |2,7) state. As a resul,
we expect the LDOS at Ey inside the ring to
be dominated by these states. This can
be tested by fitting the experimentally
measured cross section in Fig. 2B to a linear
combination of Jo*(ks, p), J2(ks, P)s
and J(k,.p). Figure 2B shows that
this procedure gives a good fit to the linescan
data (17).

Our data differ from the ideal behavior
of a particle in a hard-wall box in that the
measured spectral lines have finite width
and the energies of the lines deviate from
the ideal predicted values. The measured
linewidths are narrow compared to photo-
emission measurements of free Cu(111)
surface state electrons (9), but correspond
to a lifetime of only ~3 x 10~'* at E (for
compatison, a free surface state electron at
E; travels a distance equal to the ring’s
diameter in ~2 X 10714 5). Some possible
broadening mechanisms are transmission
past the boundary atoms (along the sur-
face), decay into the bulk (9), and inelas-
tic scattering. These mechanisms may also
contribute to the discrepancy between the

--------- Peaks at circle’s center
t — — Extra peaks 9A off center
e /=0 (hard wall model)
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Fig. 4. Theoretical eigenenergies for / = 0, 1,
and 2 states of “hard wall” circular box (solid
symbols) compared to experimental energies
(dashed lines) extracted from dl/dV spectra of
Fig. 3.
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measured peak energies and the predic-
tions of the hard-wall model. Another
possible contribution to that discrepancy
is the resonant electronic structure of the
individual Fe adatoms. This will modify
the confinement properties of the quan-
tum corral by adding an energy depen-
dence to the boundary condition on the
wavefunction of the enclosed electrons.

In conclusion, we have discovered a
method for shaping the spatial distribution
of surface state electrons at the atomic
scale. This ability opens up possibilities for
studying the properties of confined elec-
trons, as well as the interaction of surface
state electrons with adsorbates. One can
conceive of a number of electron contain-
ment structures [such as polygons, stadia
(18), anti-dot arrays, and waveguides]
whose interior wavefunctions are now ac-
cessible to spatial mapping.
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