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Lateral superlattice effects are observed for image-state electrons on a stepped Cu~001! surface via angle-
resolved two-photon photoemission. Adsorption of Na atoms~;0.01 ML! on the stepped surface enhances the
step regularity, yielding clear zone folding with a reduced Brillouin zone given by the reciprocal step lattice.
@S0163-1829~96!04323-8#

I. INTRODUCTION

Low-dimensional surface systems have attracted much at-
tention recently because of their fundamental and technologi-
cal implications. Traditionally, work in these systems has
utilized either two-dimensional confinement,1 viz. the s-p
surface states on single-crystal copper or that available at
heterojunctions in electronic devices,2 or for lower dimen-
sionality, through lithographic patterning of wires or dots on
single-crystal surfaces.3 Metallic systems with spacer-layer
structures have been seen to possess quantum-well states4

and display effects of oscillatory magnetic coupling,5 as seen
in superlattices with potential applications in magnetic
storage.6 Recently, however, several groups have shown that
such low dimensions can be effectively realized and utilized
in metals7–11 via the use of the natural atomic-scale features
on vicinally cut surfaces, such as the stepped surfaces created
by a small-angle miscut from a low-index plane on a single-
crystal metal.12 Zero-dimensional confinement of electronic
states to islands has been observed as well.13 Electrons af-
fected by these small features have been shown to exhibit a
rich variety of standing-wave9 and scattering10 phenomena,
and lateral confinement of surface electrons.8,11

In a recent paper,8 it was shown that, surprisingly, elec-
trons in image statesjust abovethe surface of a stepped
single-crystal metal exhibited electron localization character-
istic of one-dimensional~1D! systems. In this case evidence
of an isolated step-induced image state was reported, where
the electron movement perpendicular to the steps was be-
lieved to be confined by the potential trough at the step edge.
It was also suggested that it might be possible for a regular
array of step potentials to induce coherent effects for the
nearly free electron in movement parallel to the surface. Here
we report a direct observation of a surface lateral superlattice
on stepped Cu~001! using angle-resolved two-photon photo-
emission~2PPE!. Our results show that the lateral periodicity
~;11 Å! of the bare stepped surface leads to backfolding of
the dispersion of energy versus parallel momentumki of the
image state. Further, decoration of the step edges with Na
atoms sharpens this characteristic dispersive behavior to the
point that it can be followed to the edges of the lateral Bril-
louin zone formed by the step lattice. The reduction of the
surface Brillouin zone by a factor of 4.5, compared to that of

planar Cu~001!, allows a clear observation of backfolding of
the free-electron-like dispersion which is normally seen on
planar surfaces, yielding an oscillatory dispersive behavior
where the electron energy is a multivalued function ofki , as
seen in the first two Brillouin zones of such a superlattice.
Although the effects of the additional reciprocal lattice vec-
tor from the step lattice are known in low-energy electron-
diffraction ~LEED! measurements,12 they appear to have not
been seen previously in the band structure of nanostructured
surfaces. The fact that we observe an effect of nanostructur-
ing on the electronic states encourages the development of
artificial structures as tailored electronic materials.

II. EXPERIMENT

In the experiment we chose to examine a single-crystal
copper surface with a 9.5° miscut to the~001! plane where
monatomic steps are formed along the@110# direction. On
flat Cu~001! it is well known that a regular progression of
stable image states is formed since the vacuum level is co-
incident with the middle of the projected band gap.14 Be-
cause the energy of the image state is located in the band gap

around theḠ point in thek space for Cu~001!, complications
due to the interaction of the image-state electron and bulk-
state electrons are minimal.

The sample preparation for stepped Cu~001! is similar to
that given in Ref. 8. The surface quality was monitored by
LEED measurements. The experiments were performed with
17-ns,p-polarized laser pulses generated from a three-stage
excimer-laser-pumped tunable dye laser. The frequency-
doubled laser pulses of photon energieshn54.4–4.6 eV
were used to excite the image state on Cu~001!; this photon
energy range is sufficient to follow the dispersion of energy
versuski over a significant portion~0<ukiu<0.35 Å21! of the
surface Brillouin zone. The data shown here were taken at
4.43 eV. In the angle-resolved experiment, the laser inci-
dence wasfixed at ;68°, while the detector was rotated
within the incidence plane which is perpendicular or parallel
to the steps. The details of Na dosing and other aspects in the
experiment can be found in Ref. 15. Before making measure-
ments on the stepped surface, a separate planar Cu~001!
sample as well as the reverse side of the stepped sample,
which was flat~001!, were examined via 2PPE and found to
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display the usualn51 image state with its free-electron-like
dispersion.14

On the miscut Cu~001!, a clear split LEED pattern was
observed—indicating its step morphology~see the inset in
Fig. 1!. However, the somewhat diffuse spots suggested a
certain degree of irregularity in step spacing. An analysis12

of the LEED pattern gave a terrace width ofd51161 Å
which is in good agreement with the intrinsic terrace width
of 4.5 rows of the@110#-oriented atoms for this Cu~11̄9!
vicinal surface,D054.5a/&511.5 Å, wherea is the lattice
constant of Cu. On this surface, then51 image state could
again be clearly observed; however, its intensity was consid-
erably lower than that for the planar surface. The width of
the feature was;70% larger than that seen on the planar
surface, a result which is in accord with a reduced lifetime
due to the scattering of image-state electrons from step
edges. In addition, observations of the low-energy cutoff of
the energy distribution curve~EDC! from 1PPE measure-
ments indicated that the work function on this surface was
generally comparable to the 4.63-eV value measured for the
planar surface.

III. RESULTS AND DISCUSSION

Angle-resolved photoemission was measured toward the
@1̄10# direction~in the plane perpendicular to the steps!. The
data are shown in Fig. 1 for detection anglesu from 0 to 48°.
As a comparison, Fig. 2 shows the data taken in the direction

parallel to the steps, where the dispersion is found to be
essentially the same as that on the planar surface,14 i.e., only
upwardly dispersive with decreasing signal intensities at
larger detection angles until the signal completely disappears
~mainly due to the insufficient photon energy of the excita-
tion! at;18°. The two-photon photoemission in the perpen-
dicular direction also shows~Fig. 1! one feature having para-
bolic, free-electron-like dispersion up tou;16°. However, in
contrast to the dispersion parallel to the steps, the signal on
stepped Cu~001! persists throughout the larger detection
angles and, more importantly, the dispersion no longer fol-
lows a free-electron-like trend. In fact, in this angular region
the peak appears to be localized near the bottom of the band
at ;4.1 eV above the Fermi level with little dispersion, es-
pecially for u>30°. Note that our measurements indicated
that there was no detectable change in the binding energy of
the image state from planar to stepped Cu~001!, which was
in accord with the work-function measurements mentioned
above, since the image states are pinned to the vacuum level.

The addition of even small amounts of alkali-metal atoms
to a metal surface is known to affect greatly the local surface
potential and structure. On stepped surfaces, alkali adatoms
are most likely to adsorb at the step edges,16 and the resulting
strong alkali-induced dipole repulsion would be expected to
lead to step repulsion and more regular and stable steps.12,17

These considerations led us to conduct measurements on a
Na-dosed surface. In fact, after low dosage~;0.01 ML! on
the stepped Cu~001!, the LEED pattern sharpened signifi-
cantly, i.e., about a factor of 2 reduction in spot width. The
split-spot spacing remained the same as before~see the inset
in Fig. 3!. Adsorption of Na to metal surfaces is also known
to alter the work function significantly,17 e.g.,Df520.2 eV
for ;0.01 ML. However, since the energies of image states
are known to be determined by thelocal work function,15,18

the energetics of image states on the terraces would not be
affected simply on the basis of macroscopic work-function
changes—if adsorption occurred mainly at step edges.

Figure 3 shows angle-resolved measurements similar to
those shown in Fig. 1 for the surface dosed with;0.01 ML
of Na. Additional data were collected at angular positions

FIG. 1. Angle-resolved two-photon photoemission spectra of
image states on stepped Cu~001! in the plane perpendicular to the
step edges. The inset shows a schematic diagram of our LEED
screen.

FIG. 2. Angle-resolved two-photon photoemission spectra of the
N51 image state on stepped Cu~001! in the plane parallel to the
step edges.
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between those displayed, and these data showed same overall
angular variation as shown in the figure; for reasons of
graphical clarity these were not included in Fig. 3. Note that
the image state was of comparable width and signal intensity
to those at the bare stepped surface, a result consistent with
Na atoms being located at the step edges rather than on ter-
races. The image-state binding energy was shiftedup by
;0.12 eV from its value~0.57 eV below the vacuum level!
on bare stepped Cu~001!, possibly due to confinement to the
terrace. More importantly, the dispersive behavior of the sur-
face is greatly improved in clarity; in fact it is clear that
backfolding can be seen to occur atu;16°, followed by an
upward dispersion trend starting atu;35°. Note that re-
peated experimental measurements showed that the smaller,
‘‘apparent’’ multiple peaks seen in some of the data in both
Figs. 1 and 3 were simply due to the finite signal-to-noise
ratio of the detection system; in other experimental runs
these smaller peaks were absent or in other random posi-
tions. The broad linewidths seen in some spectra will be
addressed below. Becauseki is conserved during the photo-
emission process, one can derive the lateral wave vector of
the image-state electron usingki5(A2meEkin/\)sinu,
whereEkin is the kinetic energy of the photoemitted electron
above the vacuum level. The plot of the transformed dataE
vs ki is shown as closed circles in Fig. 4~b!, where
E5Ekin2E0 is the electron kinetic energy above the bottom
~E0! of the image-state band of planar Cu~001!, as measured
from Fig. 3 by peak fitting the data with a standard nonlinear
least-square fitting algorithm using a Gaussian line shape.
For most of the spectra, only one Gaussian peak was used;

for the apparently asymmetrical spectra, the fitting used a
dominant Gaussian line shape with a residue Gaussian line
shape, and the position of the dominant peak was plotted as
closed circles in Fig. 4~b!. The backfolding was found to
take place atki'0.28 Å21. The initial dispersion near the
zone center can approximately be fitted with a free-electron-
like parabolic relation with a;15% increase in the effective
mass (m*'1.05me) for the n51 image state, as compared
to that of a planar Cu~001!, wherem*50.9me .

14

The dispersive behavior displayed in Figs. 3 and 4~b! is in
accord with that expected from a lateral surface superlattice,
which can be provided by a stepped metal surface with a
periodic modulation of the surface potential from the steps.
A sketch of the relevant real-space lattice and Brillouin
zones on the stepped Cu~001! is shown in Fig. 4~a!. For
image-state electrons the effective magnitude of the step po-
tential depends on the average distance of the electron from
the crystal plane. Electrons in such a 1D periodic potential
will display their lateral superlattice nature with the addi-
tional Brillouin zone, whose size is determined by the recip-
rocal step-lattice vector ofg52p/d. The electrons excited to
the image state will experience Bragg reflections, which give
rise to zone-folding phenomena, and can be transformed ink
space by the step reciprocal-lattice vectorg, which is 4.5

FIG. 3. As Fig. 1, but with a coverage of;0.01 ML of sodium,
which stabilizes an ordered step lattice. The downwards energy
dispersion beyond 16° is due to backfolding by the reciprocal step-
lattice vector.

FIG. 4. ~a! A sketch of the~i! real-space lattice and~ii ! Brillouin
zones on stepped Cu~001!, where the first Brillouin zone of the
planar Cu~001! ~bound region! contains 4.5 Brillouin zones of the
lateral superlattice in the@11̄0# direction.~b! The dispersion relation
of the lateral superlattice formed on Na-decorated, stepped Cu~001!.
The filled circles are data, the full line is a fit, and the dotted lines
indicate the Brillouin-zone boundaries of the step superlattice. The
backfolded band betweenp/d and 3p/d is absent on the flat
Cu~001! surface.
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times smaller than that on the flat Cu~001! as shown in Fig.
4~a!. The periodic step potential will result in a multivalued
dispersion function which repeats itself beyondki5p/d,
within the first surface Brillouin zone~0–1.23 Å21! of the
flat ~001!, as seen in Fig. 4~b!. In addition, the superlattice
potential would also be expected to provide lateral confine-
ment for the image-state electron, leading to a seemingly
larger effective mass, as mentioned above.19

The differences in the dispersive behavior for the bare and
the adsorbate-covered surface can be understood in terms of
the behavior of steps on low-index surfaces of noble metals.
In particular, steps on Cu~001! are known20 to exhibit con-
siderable roughness at room temperature~RT! due to fluc-
tuations in the thermal motion of steps on the surface, which
accounts for the persistent fuzziness in the LEED pattern of
the bare surface. As is apparent from our measurement of a
sharper LEED pattern on the dosed surface, Na adatoms sta-
bilize the structure, giving a more regular array of steps and
providing a well-defined lateral surface superlattice along the
direction perpendicular to the steps. The solid line in Fig.
4~b! shows a typical dispersion relation of the first band ob-
tained from a simple Kronig-Penney model19 using a square-
shaped step potential of width 2.5 Å and height 0.6 V with a
period ofd511 Å and an effective electron mass; 0.9me.
The good agreement between the simulation and experimen-
tal data achieved clearly demonstrates the essential effects of
zone folding as defined by the lateral superlattice and con-
finement due to the step potential as well.

Generally, the periodic potential would also give rise to a
series of energy bands in the reduced lateral Brillouin zone;
the zero-point energy and band gaps of these bands would
depend on the strength and detailed structure of the step-edge
potential. Based on recent measurements21 of surface-
electron density at step edges, a strongly asymmetric bipolar
potential would be reasonable. Test calculations with a
Kronig-Penney model shows that such a bipolar potential
with appropriately chosen barrier height and well depth can
reproduce the binding energy shifts observed on the Na-
covered stepped surfaces. Nevertheless, more information on
the surface potential at the step sites is needed before our
measurement of the change in binding energy can be further
assessed.

In another aspect of the experiment, the width of the pho-
toemitted features was seen to depend on whether the detec-
tion was toward the@1̄10# or @11̄0# direction ~not shown in
the figures!, i.e., whether the photoemission was uphill or
downhill with respect to the steps. In the downhill direction
the emitted features were found to be generally broader
throughout the angular range, a result which was obtained
for a wide range of samples and surface quality. This asym-
metric behavior for electrons emitted uphill vs downhill sug-
gests asymmetric scattering at the step edge. This could be
caused, for example, by asymmetric interaction with bulk
bands: Emission in the uphill direction is closer to the nor-
mal of the~001! terraces than in the downhill direction. The
interaction with bulk bands is weakest along the@001# direc-
tion, where the bulk band gap is widest.22 Interestingly, such
asymmetric behavior is reflected in the data atu.16° in Fig.
3. Because of the zone-folding effects, the electrons detected
at wave vectors beyond the Brillouin-zone boundary of the
superlattice can be viewed as electrons transformed from the

first superlattice Brillouin zone by the reciprocal-lattice vec-
tor g. The peaks in the spectra from 19° to 29° in Fig. 3 are
in fact a result of such transformations of the broader peaks
for the electrons ofki,0 ~i.e., in the downhill direction!. In
addition, photoemission studies15,23 have shown that gener-
ally the linewidths are narrower forki values near the band
minimum. Thus, as the detection angle increases further
from ;29°, the peaks become sharper, as shown in Fig. 3
because the electrons now come from the bottom of the band
and theki.0 part of the first Brillouin zone, which are of
narrower linewidths. As to the broad peak detected at;51°,
the finite angular resolution~;0.05 Å21! of the detector may
have also played a role, because the signal detected at a
certain angle may contain contributions from otherki posi-
tions, and the effect of this is especially apparent for detec-
tion at the steeper parts of the dispersion parabola@see Fig.
4~b!#.

Finally, the fact that the dispersion on the bare stepped
surface in Fig. 1 deviates from the ideal is likely due to finite
distribution in step spacings for this surface, as reflected in
the fuzziness in our LEED pattern and also noted in earlier
scanning-tunneling-microscopy~STM! studies.20 This ran-
domness in the step distribution causes a distribution of
backfolding vectors in our photoemission experiment. It is
unimportant near the bottom of the band, i.e., at the zone
center and atki52p/d, where the energy is insensitive to
ki . However, it becomes substantial at the zone boundaries,
where the energy dispersion is strong. The averaging overki

due to different backfolding vectors washes out the highly
dispersive states and leaves only states at the bottom of the
band. To investigate this effect quantitatively we used the
step width distribution reported for Cu~100! from STM,20

with each step periodicity creating its own Brillouin zone
and consequently its own dispersion. Adding contributions
from all the different step periodicities at each detection
angle and taking the finite angular resolution of the detector
into account, our simulation gives a set of spectra strongly
resembling Fig. 1, including the nondispersive feature at the
bottom of the band. This feature could be the nondispersive
step state seen in Ref. 8. If this is the case, it could be viewed
as a state that is localized in the direction perpendicular to
the steps by step disorder, in a manner similar to localization
phenomena in amorphous semiconductors.24

IV. CONCLUSION

In summary, we have observed lateral superlattice effects
on a stepped surface, where natural monatomic-height steps
are formed with a periodicity of;11 Å. On surfaces with
alkali-atom stabilization of the step edges, the angle-resolved
2PPE data clearly show a reduction of the Brillouin zone
from that on the planar surface. This reduction was mani-
fested by the periodic dispersive behavior throughout the
first two Brillouin zones for the first band which originated
from then51 image state. One observation, which follows
from the band folding and electron confinement, is that the
step-edge perturbation in the surface potential is sufficient to
form the electronic structure of a lateral superlattice and can
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be directly sensed by the image-state electrons despite the
fact that these electrons are located a few Å above the Cu
surface.14 The results shown above clearly demonstrate that
image-state spectroscopy, in conjunction with angle-resolved
2PPE, provides a unique and sensitive probe of the one-
dimensional electronic structure near a stepped surface, and
can be readily applied to examine the electronic structure in
other low-dimensional systems.
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