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Strong scattering by adatoms positioned with the tip of a scanning tunneling microscope (STM) has

recently been used to confine surface state electrons to nanoscale structures.

We develop a model

for confinement by a circular potential on a metal surface, including substrate band structure effects.
Scattering into bulk states provides an important broadening mechanism for partially confined states.
Contrary to experiment the level width vanishes as the energy approaches the surface state band edge,
indicating an additional dominant broadening mechanism for laterally confined surface state levels seen

in the STM.

PACS numbers: 73.20.Dx, 71.20.—b

Recently, Crommie et al. [1] have shown how strong
scattering by adatoms may be used to laterally confine
surface state electrons. Using the tip of a scanning tunnel-
ing microscope (STM), individual Fe atoms are positioned
with atomic scale precision into corral geometries on the
Cu(111) surface. The local density of states (LDOS) of
the enclosed electrons, as measured by tunneling spec-
troscopy, exhibits sharp resonances which lie close to
values predicted by a simple “particle-in-a-box” analy-
sis, indicating confinement of the Shockley surface state
electrons which occur on the clean Cu surface. An inter-
esting aspect of the results of Crommie et al. [1] concerns
the linewidth of the measured levels. Possible mecha-
nisms limiting the lifetime of the confined electrons in-
clude partial lateral confinement due to leaky corrals (the
Fe atoms are separated by 7 A), and scattering into ex-
tended bulk states. The bulk electron states coexist in en-
ergy with, but are orthogonal to, the surface state electrons
on the clean surface. However, the corral provides a cou-
pling which allows scattering between bulk and surface
states. In this Letter we report a study of these broaden-
ing mechanisms, for a model system which incorporates
the crystal substrate. A proper understanding of these
mechanisms may open up the way for improved confine-
ment, through choice of adatom species or substrate ma-
terial. This is necessary for nanoscale applications, such
as imaging “scarred” eigenstates [2] in structures corre-
sponding to classically chaotic systems.

We are led to develop a simplified model by the
dimensions of the problem. Typically, the confining
structures are built from 50—100 atoms, the enclosed area
representing > 1000 substrate atoms—well beyond the
capabilities of current ab initio techniques. We therefore
consider a continuum model where outside the surface,
in addition to an uncorrugated vacuum barrier Vz, we
include a confining potential V5. The long wavelength
of the surface state electrons makes them insensitive to
the barrier thickness which we restrict to a delta-function
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sheath of radius @¢. In circular-polar coordinates r =
(0,72, ¢) = (x, ¢), with surface normal z,

V() = Vi) + gﬁ(e —o). >0 (D)

Increasing Vs increases the degree of confinement. This
potential should be viewed as an effective pseudopoten-
tial, in principle dependent upon energy and spin, which
mimics the scattering by the true confining barrier [3].
For current purposes it is sufficient to take constant V.
We restrict our attention to Vg > 0, so that the extended
nature of the confining potential in the +z direction is not
significant, since the electron wave function decays expo-
nentially into vacuum [4]. The crystal, unperturbed by the
presence of the corral, occupies the half space z < 0.

The Green function G for the combined system is
found from the separate Green functions G| for the sheath
and Gy; for the bulk crystal. From the matching Green
functions method [5] G satisfies the integral equation

G = GI - GIFG’ (2)

where multiplication corresponds to an integral over the
matching surface, S, the plane z = 0. In deriving (2), G;
and Gy are assumed to satisfy zero normal-derivative and
zero amplitude boundary conditions on S, respectively. T,
the embedding potential, is

1 82
T (rs,rg) = — @ ongonk G (rs,rs),

rs,rg on S,

3)

with ng the surface normal to S. Unless otherwise stated,
we assume atomic units e? =% = m = 1.

The important electron states are those in the vicinity
of the gap opened near the surface Brillouin zone center,
T, by the z Fourier component g of the crystal potential,
strength V,. For these we adopt the two-band model,
taking free-electron dispersion parallel to the surface [6]:

T(rs.r}) = %erik'(”‘r;) , @
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Making the further simplification of the narrow gap ap-
proximation, |V,| <« g2, al_]d measuring energies relative
to the center of the gap at I' gives [7]

[y = gVZ — &2/4V, + &), ()
where € = E — k?/2. The band gap extends between
+V, at T, and taking for the vacuum barrier Vz(z) a
potential step at z = 0, height A, a surface state exists
for V, < 0, the Shockley condition. In the computations
reported here we have used V, = —0.1 and A = 0.13,

giving a surface state of energy Eo = —0.032612 at T".
Using symmetry to expand G and G as, e.g.,

1 ; !
Gilr,r') = 5= 3 ™ G (x, X)), (6)
2T 4
we expand the corral Green function G[' in terms of

the two-dimensional corral eigenstates |km) of the radial
Schrédinger equation with the sheath:

(elkm) = aj'{Jn (k@) + O (@ — @o) wVsJ, (kQo)
X [Jm (k@0) Ny (k@) — Ny (k@o) Jm (k@)1},
M
where the normalization constant is
aft = Vk/I1 + imVsH} (k@o)Jm(keo)l. ®)
Then,
Groxx) = [dklelimyate,sexkmle).  ©)

where g(z,z';E) is the Green function at energy E for
the one-dimensional barrier potential Vg(z), subject to the
relevant boundary conditions. Using (9) and (4) in (2) and
following through the analysis allows the Green function
outside the surface (z,z’ > 0) to be determined. We find

G = Gx + Gyp + G3, (10)

where G is the Green function for the potential (1) with
an infinite barrier at z = 0. This does not contribute to
the density for E < A. The other terms are

GI(x,x') = /dk(Qlkm)fk(kmm’)e_“(z”'), (11)

Gy (x,x') =f dkdk'(o |km)G (k' m|o"ye ~7ei 77

(12)

where y; = {/2(A — E) + k2 is the decay constant into
vacuum,

fie =2/ (v + 21%) (13)
and Gy is found from the integral equation
Gl = ~fuQliufe — fi [dK"QLGEe (1)

with the scattering amplitude Q between corral states
given by

(km|T|k'm) = T8k — k') + Qppr. (15)

The LDOS is p = (1/7)3JG, and we first consider the
contribution from G;p,
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P () = — 3 Kelkom)l* e 274/ [y, + 214,

~—1 B 2~ —2y,z
¢ 5k X[ akltelm 3 e,
(16)

with the prime here denoting d/dk, and E assumed
below the vacuum level. The dominant first term comes
from the pole in f; at ko, where vy,, + 2I';, = O—the
surface state condition at E = Ey + k3/2. The second
term is a relatively unimportant background, coming
from the continuum of states which exists for k =
kc = J2(E — |V,gl). Apart from the background, p,p is
precisely the LDOS given by a two-dimensional treatment
in which the surface state electrons scatter off the corral
potential. The role of the crystal is simply to provide
the surface state band, with a particular weight outside the
surface. This is also the approach used by various authors
[8,9] in analyzing other surface state scattering problems.

The contribution p; to the LDOS from Gj3 in (12) is
a correction to p,p derived from the scattering into bulk
states. This term was evaluated by solving the integral
equation (14) for G™ using a Chebyshev polynomial
expansion method [10].

In Fig. 1, we show the calculated LDOS (p,p + p3) at
the center of a circular corral, radius 135 a.u.—to which
only states with m = O contribute—in the limit of weak
confinement. On the clean surface the surface state band
gives rise to a constant LDOS above the band minimum.
A nonzero sheath potential introduces a modulation to this
band, with peaks appearing roughly at

E, = Eo + j¢,/208, amn

where j,, is the nth zero of the Bessel function J,,.
With increasing Vs the amplitude of the oscillations in the
LDOS increases, and successive peaks gradually emerge

FIG. 1. Development of the LDOS at x = (0, 1) with increas-
ing sheath potential Vs for a circular corral with @, = 135.
The crystal is modeled as described in the text. Left: full cal-
culation. Right: corresponding result in the two-dimensional
approximation. Horizonal divisions of 0.005 a.u. and vertical
divisions of 0.01 states/a.u. are shown. Each plot covers the
energy range [-0.035,-0.015] and are successively displaced by
(0.005,0.020) with increasing V.
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as well-defined resonances, beginning with those of low-
est energies. Also shown in Fig. 1 is the correspond-
ing LDOS from p,p alone, i.e., when scattering into
bulk states is neglected. The qualitative features are the
same, but it is clear that for similar sheath potentials p;p
greatly overestimates the structure induced by lateral con-
finement.

This behavior persists for greater values of the confining
potential. Figure 2(a) shows the LDOS for go = 125 and
Vs = 64, which gives definite resonances over the whole
energy range shown. It is clear from this figure that not
only does the inclusion of bulk scattering broaden the very
sharp levels of p,p, but it also produces energy shifts—if
we describe bulk scattering in terms of a self-energy, these
are of course the imaginary and real parts, respectively. In
fact, the shifts of the peaks from the “ideal” values given
by (17) are very small, amounting at most to 0.01 eV for
the well defined resonances, and vanish as E approaches
the bottom of the surface state band. This means that the
measured peaks can be compared directly with the two-
dimensional particle-in-a-box result (17) to give informa-
tion on surface state dispersion. Moreover the smallness
of the shifts means that the spin-dependent scattering by
the Fe corral atoms is unlikely to contribute significantly
to the level widths. Conversely, it is doubtful that any
useful information regarding the adatom scattering may be
extracted from the level positions.
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FIG. 2. (a) LDOS at x = (0,3) for a circular corral, gy =

125, with Vs = 64 (unshaded). The shaded curve is the
corresponding result within the two-dimensional approximation
and for which the first three peaks have been omitted for clarity.
(b) The LDOS in (a) convoluted by a Gaussian of width 0.0004.

The nature of the confinement and the bulk scatter-
ing may be traced to the two-dimensional sheath eigen-
states. Within the corral (¢ |km) = ay J.(ke), and as Vs
increases this becomes increasingly negligible—and the
electron increasingly excluded from the area within the
corral—except in the vicinity of k@9 = ju .. In the limit
Vs — o only these discrete states exist within the corral
(there remains a continuum outside), and the wave func-
tions become « J,,(k,,0): the wave functions within the
corral at the allowed energy levels are the clean surface
wave functions which do not “see” the confining poten-
tial because of the node condition. Consequently, in this
limit the scattering amplitudes Qg vanish, and the levels
are infinitely sharp. For finite sheath potential, the scatter-
ing into bulk states is a consequence of the modification
of the parallel eigenstates from those of the clean surface.

For a quantitative assessment of the importance of
bulk scattering we have evaluated the level width of
the m = 0, n = 3 level for various sheath potentials,
and also within the two-dimensional approximation (i.e.,
excluding p3;). These are shown in Fig. 3(a), and clearly
show the dominant role of scattering into bulk states in
limiting the lifetime of confined electrons for all finite V.
Thus, we can state that more realistic modeling of these
systems, including the atomistic nature of the confining
structure, must include the crystal substrate if quantitative
information (e.g., adatom phase shifts) is to be extracted
[the variation of level width with Vg shown in Fig. 3(a)
suggests this might be possible]. Note that, if anything,
our model band structure underestimates the importance
of scattering into bulk states compared to the real Cu(111)
surface, where the surface state lies closer to the lower
band edge at I' and disperses with a greater effective
mass, taking it closer with increasing energy [8,11].

When we compare our results with the experimental
spectrum of Ref. [1] there are qualitative discrepancies.
The envelope of the peaks in the experimental spectrum
reaches a maximum at the third level, while our calcula-
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FIG. 3. (a) Calculated width (FWHM) of the m =0, n = 3

level in a circular corral, g, = 125, for different confining
potentials, as obtained from a full calculation and within the
two-dimensional approximation (scaled by a factor 10). (b)
Variation of the level width with level energy, for m = 0 states
in a corral with gy = 125.
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tions [Fig. 2(a)] show an envelope increasing rapidly as
the energy approaches the surface state band minimum.
Moreover the calculated level widths go to zero in the
same limit [Fig. 3(b), also apparent in Fig. 2(a)], whereas
experimentally they decrease to a finite value. The vani-
shing of the level width as E — E; is a general effect
which will persist in a more realistic treatment, being due
to the effective barrier height of the corral potential behav-
ing like an infinite-strength sheath potential (the reflection
coefficient — 1) as k — 0. In this limit, as we have seen,
the width of the states goes to zero. In order to repro-
duce the features of the experimental spectra, it is nec-
essary to introduce an additional broadening mechanism
which dominates for the lowest levels. In Fig. 2(b) we
have convoluted the LDOS in Fig. 2(a) with a Gaussian of
constant width 0.0004 a.u., comparable with the unconvo-
luted width of the n = 5 level. The resulting spectrum is
now qualitatively similar to the experimental dI/dV mea-
surements. Possible origins of this broadening are instru-
mental or many-body effects, which might be clarified by
similar experiments on substrates where Ej lies closer to
the Fermi level [e.g., Ag(111) [12]].

To summarize, we have developed a model, including
the crystal substrate, for surface state electrons confined
by a circular corral. We have established the important
factors governing the positions and widths of the energy
levels, and the quantitative information they contain. We
find only small shifts in energy levels from ideal positions,
which therefore reflect little beyond the surface state
dispersion relation. Coupling to bulk states is much more
important than partial lateral confinement in determining
the level widths, indicating that more attention should be
paid to the choice of substrate than adatom species if the
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lifetime of the confined electrons is to be maximized. We
find, also, that the level widths go to zero as the energy
approaches the surface state band minimum, revealing that
in the spectra seen in the STM there must be a broadening
mechanism present in addition to leaking from the corral
and scattering into the bulk.

S.C. wishes to thank Chris Nex for useful discussions
regarding numerical techniques.

[1] M.F. Crommie, C.P. Lutz, and D. M. Eigler, Science 262,
218 (1993).

[2] E.J. Heller, Phys. Rev. Lett. 53, 1515 (1984).

[3] We neglect the angular character of the corral, which
would only couple states with Am = 48.

[4] The case Vs < 0 may be considered in a similar approach
by “double embedding,” embedding again on a plane
above the top of the sheath potential. Bound states of
the sheath potential provide an extra complication.

[5] J.E. Inglesfield, J. Phys. C 4, L14 (1971).

[6] With an uncorrugated barrier the surface state will also
disperse with m* = 1. This could be modified, e.g., by
making V, k dependent.

[7] F. Garcia-Moliner, V. Heine, and J. Rubio, J. Phys. C 2,
1797 (1969).

[8] S.D. Kevan, Phys. Rev. Lett. 50, 527 (1983).

[9] L.C. Davis, M.P. Everson, R.C. Jaklevic, and W. Shen,
Phys. Rev. B 43, 3821 (1991); M. F. Crommie, C.P. Lutz,
and D. M. Eigler, Nature (London) 363, 524 (1993).

[10] S. Crampin, M. Boon, and J. E. Inglesfield (unpublished).

[11] S.L. Hulbert, P.D. Johnson, N.G. Stoffel, W. A. Royer,
and N. V. Smith, Phys. Rev. B 31, 6815 (1985).

[12] S.L. Hulbert, P.D. Johnson, N.G. Stoffel, and N.V.
Smith, Phys. Rev. B 32, 3451 (1985).



0.02 T T " ' r T -

(@)

0.01 |

LDOS (/a.u.)

0.003

0.002

LDOS (a.u.)

0.001

0 1 A i I 1 1
-0.03 -0.02 -0.01
E (a.u.)

FIG. 2. (a) LDOS at x = (0,3) for a circular corral, g, =
125, with Vs = 64 (unshaded). The shaded curve is the
corresponding result within the two-dimensional approximation
and for which the first three peaks have been omitted for clarity.
(b) The LDOS in (a) convoluted by a Gaussian of width 0.0004.



