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STM observations of a one-dimensional electronic edge state at steps on (Cii)
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Scanning tunneling microscopy measurements across isolated straight step edgesIdi)asGdiace were
carried out for biases between 100 mV and 5 V. In addition to the well known surface state oscillations, and at
lower sample bias than the onset of the two-dimensional surface image state, a sharply defined linear protru-
sion, was observed at the top of the step faces. This linear feature is interpreted as a one-dimensional image
state at the step, with its energy modified by a dipolar potential whose appearance is attributed to Smolu-
chowski smoothing of the electron density at the step edge.

DOI: 10.1103/PhysRevB.67.205416 PACS nuniber73.20-r, 73.61~r

The electronic structures of clean surfaces of noble metalsurement the tip was repeatedly scanned along the same path
are among the best studied aspects of surface science. Tlisross the step in a constant current mode. Positive sample
makes them especially well suited for searches of new phedias was used with a different bias applied at each scan and
nomena and new properties continue to be found: Two exthe corresponding tip height was recorded. Scans corre-
amples are the striking images of standing wave oscillationsponding to biases between 100 meV and 5 V are plotted as
found by the groups of Avourtsand Eiglef and the remark- a map in Fig. 1b). Figure 1c) shows cross sectional cuts
able experiments of Her et al® showing that image state from Fig. 1(b) of tip height versus distance perpendicular to
(IS) electrons can penetrate hundreds of A into the vacuunthe steps at six different bias values. Very striking in Fig.
Here we report on a related feature: a one-dimensi¢iia) 1(b) is the steep rise of the apparent tip height between 4 and
density of states, which we attribute to the occurrence of & V. An increase in tip-height in the constant current mode
1D IS at the step edgéSE). would indicate that, in this voltage range, if the tip were held

Recently, the resolution of surface science experimentat constant height the current would increase. This is attrib-
has increased dramatically. The dispersion of surface statesed to electron tunneling into the surface 1S of(Chi).>*°
(SS9 has been measured with unprecedented precision usirieven more striking is the ridge parallel to the SE indicated
photoemission spectroscopgnd several scanning tunneling with white arrows. Features associated with steps and attrib-
microscopy(STM) studies have produced results of remark-uted to edge electronic states have been observed
able resolutionl. The knowledge about IS has vastly in- previously! but this protrusion appears to be a new obser-
creased thanks to nonlinear laser spectros€dpihese re- vation. It cannot be attributed to an overcompensation of the
sults have in common that they allow comparison betweelSE by the feedback loop as it appears symmetrically on both
essentially quantum mechanical, multiparticle effects, andgides of the trench.
their (semjclassical analogies, e.g., using concepts derived The most obvious explanation of the origin of this ridge
from macroscopic physics for the description of standingmight, at first glance, appear to be reflections of the SS at the
waves in the charge density patterns in confined SS. SE. Indeed, it has been pointed btithat if a step edge is

For our studies we used a self-built STM operated at 15 Kmodeled by a repulsive hard barrier, in spite of the fact that
with electrochemically etched tungsten wire as tips, and @he wave function must vanish at the position of the barrier,
Cu(111) crystal prepared by several cycles of sputtering andust in front of the barrier all partial waves of the electrons in
annealing. We prepared the tip in situ by gently dipping itthe SS corresponding to differek values add up and con-
into the substrate and consequently it is assumed to be cotribute constructively to the probability density. Thus one
ered with Clf Figure Xa) shows an STM image of two expects a maximum in the SS density just in front of the step
terraces intersected by a long, straight trench=ef0 A in  edge, and this maximum should sharpen and approach nearer
width. On the higher-lying terraces the familiar SSto the step edge with increasing bias. As is apparent from
oscillationd'? can be seen. Figure(l) illustrates the mea- Figs. Xa) and ib), the protrusion observed here is much
sured tip heights4 axis) as a function of the bias voltagg ( larger than any of the oscillations due to the SS indicating an
axis). All scans lie along the same path normal to the trenchalternative origin at higher bias. We attribute this feature to a
in Fig. 1(@ which is shown as th& axis. During the mea- localized linear state of an electron trapped in its own polar-
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. ization potential near the step edge and also under the influ-

ence of the linear dipolar potential present at a step. This is
the 1D analog of the 2D surface IS. The lateral extent of such
a feature would be expected to be governed by a decay
length roughly similar to the 4 atomic units of a terrace IS,
and Fig. 1c) corroborates this. For example, at a bias of 4.1
eV the lateral extension of the 1D IS onto the terrace has a
half-width at half-maximum of approximately 4.2 atomic
units.

While the discrepancy between the observed broadening
of the 1D feature and the expected sharpening of an SS re-
flection at the step edge might still be attributed to an effect
of declining spatial resolution of the STM tip with increasing
bias, in order to stem from the SS the protrusion would also
have to rise proportionately to the height of the plane which
is not observed, as shown in Fig. 2. Figufe)Zhows the tip
heights over both the terrace plane and at the SE protrusion
as functions of increasing bias. Subtracting the height of the
terrace from the height of the protrusion, the dashed line in
Fig. 2(b) is obtained(0.8 nA data. Note that the apparent
decrease of this peak height above 3.7 V is caused by the
rapid increase of the terrace plane height as a consequence of
the sudden onset of the IS, and does not signify an absolute
C) decrease of the protrusion height.

In order to eliminate this effect from the data, the tip

0-8—%500 m height due to the SS was computed using a SS band edge
4500 mV (Eg) of —0.43 eV relative to the Fermi energf;=
\/_' —4.93 eV(Ref. 4 and an effective mass of 0.4Ref. 4) in

a)

(o}
~

Tip Height

0.6]-
E, 2100 mv the standard theory of the tunneling junctirt® The only
= e free parameter of the calculation is the scaling parameter of
=4 the local density of states of the tip relative to that of the
| 300mv substrate. In Fig. @) the calculated tip heightlashed curve
L g ig cor_npared to the measured valiselid curve. Giv_en the
simplicity of the model a remarkably good correlation of the
o.om ‘/\—A two curves is obtained for biases below 3.5 V, above which

0 Distance (nm) 8 the terrace IS begins to appear. Readjusting the relative den-
sity of states to make the calculated curve match the height
of the protrusion at low voltages we are able to predict how
the protrusion height should increase if it were due only to
the SS. The solid curve of Fig.(l® shows the difference
between the calculated and the measured protrusion height.
Below approximately 1.5 V the difference is virtually zero,
while above that value a marked increase of the tip height in
the vicinity of the SE is observed, which is not caused by the
SS and hence must be attributed to a different phenomenon.
On many metal surfaces a series of IS can be found,
which arise due to the charge redistribution in the substrate
in response to an electron near the surface. To a good ap-
proximation such a series of IS follows a Rydberg series at
1/16 of the energetic level spacing found for the hydrogen
atom. On Cyl1]) the first or lowest energy I$henceforth
simply referred to as the )Ss found to lie at 0.83 eV below
sected by a long, straight trench. (18xA80 A, with a tip bias of 58.08[561 ;It\;l(% 2;9223_”&32 Stihrﬁuleaxtgef; s dpgglt?oenogf %tﬁéGI g\/(ﬁG

35 mV) (b) Scans taken along a fixed straight line normal to the - o -
trench always at the same spatial position but with different biasesthe terrace plane by solving the 1D Sciger equation

(c) Cross-sectional cuts at six different bias voltagegdshowing with the inclusion of the tip induced bias potential

tip height versus distance perpendicular to the stefsSimilar to 72 g2 1 &2

(b) except that it shows scans over a reduced bias range and across ————————+U(2—-E|¥s=0, (1
a ridge found at a different location on the samegX1d) sample. 2me dz2 16meq Z
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FIG. 1. (8 An STM image of two terraces on Clll) inter-
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FIG. 3. The inset illustrates the smearing out of the charge den-
sity at a SE according to the Smoluchowski smoothing effect, lead-
ing to a local dipole with a component normal to the surface. The
solid curve shows the calculated dependence of the energetic posi-
tion of the 1D IS on the normal component of that dipole moment.
A sample bias of 3.2 V and the corresponding measured tip height
(1=0.8 nA) were assumed.

Edgestate Height [A]

of 4.8 V [marked(a) in Figs. 4c) and 2d)] E, of the IS
starts to lie below the Fermi energy of the tip and the tip-
height begins to saturate. At the bias point of 4.4 V, marked
(b) in Figs. 2¢) and 2d), half of the steep increase of the tip
height is reached when the difference between the applied
bias and the IS is less than 0.5 V. Both results strongly con-
firm that the observed increase of the tip height above 4.5 V
at all lateral positions on the terrace corresponds to the IS.
ISs have been observed using STM as early as 198Bur-
thermore, in a number of studies by the group of Himpsel the
difference between the energetic position of the IS on strands
of metals adsorbed at SE'’s relative to the substrate itself was
used to resolve their extetit.Although the strands which
3 they studied naturally occurred at SE's, properties of pure
surfaces were not reported.
There is a considerable body of literature dealing with the
FIG. 2. (a) shows the variation of the tip height both at the SE confinement of SS and IS on regularly stepped surfates.
and on the terrace as a function of changing sample bias at currersenerally, the steps cause a slight upshift of their energies
of 0.8 nA(solid line9 and 3.0 nA(dashed lines The dashed linein accompanied by a change of their dispersion and possible
(b) shows the difference between the two solid linegafi.e., the  correlation effects between neighboring terraces. Their re-
measured dependence of the protrusion height relative to terracults are, however, in general not applicable to isolated SE’s.
plane as a function of the sample bias. The solid line indicates the Performing STM at positive but low sample voltage, the
height of the protrusion with reference to a simulated tip height onmajority of the tunneling current is injected into the SS
the terrace, which is shown as the dashed cure)itogether with  rather than thesp band, as the latter does not offer any
the measured tip height over the terrace plane at 0.6sold line).  syjtable final states witk value perpendicular to the surface
(d) The energetic position of the IS with respect to the Fermi energy | gap of copper The validity of this assumption is sup-
Er as a function of the applied bias and the correspondingly me3norted by the good agreement of the simulations of Fig) 2
sured tip heightdashed _Iin¢ The energetic difference between_ the \unich do not take thesp band into account at all. Avouris
IS center and the Fermi level of the tigetermined by the applied o 516 5 ggested as an explanation for their experiments at
bias is indicated with the solid line. low sample voltage that the local break of symmetry at an SE
may modify this. While the authors cannot rule out effects of
where m, is the electron masse is the electron charge, the sp band on the data presented, they found no way to
f is Planck’s constant divided by 72 €, is the per- correlate the specific effect observed with the broken sym-
mittivity of free space, andU(z)=U,(z)=(biasxz)/ metry at a step edge. The following, however, describes how
[tip height (bias], is the linear potential due to the tip in- the data can be understood in terms of a ibiage state
duced bias. The result of such a calculation is the dashedlong the step edge.
curve of Fig. 2d). This is a lowest order theoretical result ~ As early as 1941 SmoluchowsRiexplained the lowering
and is clearly independent of any material specificof the work function of stepped surfaces by the smearing out
corrections-* The solid line in Fig. 2d) represents the ener- of charge density at steggmset in Fig. 3, which results in a
getic difference between the electrons of maximum energylipole with a component normal to the surface. This reduc-
ejected from the tip at a given bias aBg of the IS. At a bias  tion in work function has recently been confirmed by STM

Height [A]

0 1 "2 3 4
Sarmiple Bias [V]
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experiments? Thus near an SE, electrons in front of the  Having put forward the idea of a 1D IS, it is now neces-
surface experience, in addition to the attraction due to theary to explain why it has not been observed previously, for
classical image charge, another force due to this dipole. Thigstance by two-photon photoemission which usually has a
can lead to a quite significant local change in the energetiguch better energy resolution in this range. The answer may
position of the IS. Again, Eq(1) is used to calculate the lie notonly in the small coverage of the sample surface with
energy of the IS but now the normal component of the dipoleSES and their associated dipoles which are interspersed by
moment is included through the terd(z)=U,(2)+ U, (2) (wide) terraces, but also in the fact that a quantum-wire-like
whereU,,(2) = — (pe)/(4ms,z?). The result of such a cal- State has nd& vector orthogonal to the wire in the surface

culation is the shift of the image state as shown in Fig. 3plane. This allows electrons in it to propagate freely into the

where the new energy of the IS state relativ&ois plotted Sp band off the Brillouin zone center, maki_ng them invisible
as a function of dipole moment strength Assuming an to angle-resolved photoemission and leading to an ultrashort

applied sample bias of 3.2 Wvhere the height of the SE lifetime of the 1D state itself which diminishes the yield of
protrusion is already quite significant as seen in Fif) Pan two—p_hoton based excitation Processes, as these rely on the
effective dipole moment of 0.5y (wherea, is the Bohr stability of the electron population between the first and sec-
radiug is necessary to pIacE(., of the SE ISO at the corre- ond excitation. However, STM vyield is rather increased by a

sponding energetic position. Such a dipole moment compare%wrt lifetime of a state, as a multitude of fast decay channels

well with what is found at chemisorbed molecules Onprovides an increase in the tunneling probability. A related

surface® and is far more conservative than the one assumelf>u¢ Is the recently_ reported indirect evidepce for the pres-
by Smoluchowski® It can also be compared with the mini- ence of spectroscopical dark states responsible for desorption
mum  dipole mor.nentp=0 63%a, required to bind an of adsorbate&® In addition, assuming a reduction of lifetime

electror: without the background image charffe. from a typical 18 f&"?8to a significantly lower value, the

Finally, a comparison of the assumed dipole moment Oﬂfetime broadening becomes lafjemaking such a state

0.1%a, with the measured shift of the work function be- arder to resolve from the background. Such a strong life-
tWeen the(111) surface and regularly stepped surfapes. time broadening would also explain the onset of the protru-

Cu(211)]is in order. Two separate work function calculations sion at cpmparatlvely low bias as observed In F@)Zsmce
broadening of the energy level allows tunneling into the state

were carried out, one assuming a dipole moment of@ad 3 ) S : .
T . at smaller biases. Similar broadening causes the observation
residing in each unit cell of a CR11) surface, and the other L . .
h . . . of the IS in Fig. 1 at biases smaller than its most probable
assuming a linear dipole wire. The results of both calcula-

tions were very similar, producing shifts of 0.75-0.8 eV ascnerey-

compared 1o the measred value of 04 eV formw.# 1 SPLI KSRY ST I LR O A
Given that all effects of the strong relaxation and reconstruc; P X

: 4 : large range of positive sample bias from about 1.5 to 4 V,
.IIOI’I of the Cu211) surfacé” and the spreading out of charge above which it submerges in the regular IS. This feature can
into the vacuum at the uncorrugated surface are not taketr)1

into account(both of which contribute corrections to the ¢ explained as a localized IQuantum-wire-like IS origi-

work function of the same order of magnitude but of oppo-natlng from the dlpolg moment of SE's arsing as a conse-
site sign®), the match between calculation and experiment i guence of edge polarization and Smoluchowski smoothing of

S’[he electron density. Thus, a new state of 1D character is

significant. .
Note that according to this model the protrusion originates]cound on a surface as simple as(Ci().
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