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Observation of a one-dimensional state on stepped Cu„775…
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We report on using high-resolution angle-resolved two-photon photoemission to observe a one-dimensional
surface state 0.27 eV below the Fermi level on a stepped Cu~111! surface. The state is dispersive along the step
direction but localized perpendicular to the step orientation. The origin of the state may be explained by
confinement due to the step-edge potential.
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I. INTRODUCTION

The study of the electronic and magnetic behavior
quantum-confined electrons is important for fundamen
condensed matter physics and for its technical applicatio
For example, considering the former, the quasiparticle-ba
Fermi-liquid theory is known to break down for one
dimensional electron systems because of the Peierls d
gence in the particle-hole bubble and the charge-s
separation.1 Instead in one-dimensional systems, t
Luttinger-liquid model is applicable. This theory predic
several new phenomena, such as the vanishing of the F
edge, the appearance of charge and spin-density waves
the enhancement of electron-electron correlations.1 As a con-
sequence, the search for an ideal one-dimensional electr
system, with which to observe low-dimensional electron
ergy structure and dynamics, has recently been the obje
extensive theoretical and experimental research. For
ample, electrons in one-dimensional metallic carbon na
tubes have been reported to show the signature of a Lutti
liquid.2 In addition, one-dimensional confinement of surfac
type states has been observed on H/Ni~110!,3 the
Fe~100!-c(232!Si surface alloy,4 as well as between th
surface-oxide domains on Cu~110!.5 Finally, the collective
excitations of spin and charge modes predicted by Luttin
theory were recently observed in one-dimensional Au cha
formed on vicinal Si~111!.6

Monoatomic steps on surfaces offer an interesting po
bility for the study of a one-dimensional system, since th
steps may be prepared with nearly ideal geometry and in
dense arrays needed for probing with photoemission. O
stepped surface, the two-dimensional symmetry of a flat
face is broken in the direction perpendicular to the step
entation and, as shown in several recent experiments, s
may localize surface states into one dimension.7–10 Decora-
tions of these steps with an adsorbate may be used to a
the degree of this localization.10 For example, confined step
edge states have been found on stepped Au~111! by analyz-
ing STM images of the electronic states and measuring
dI/dV spectra of the confined states.7 Similarly, localized
electronic states at step edges on Ni~7, 9, 11! have been
observed with angle-resolved ultraviolet photoelectr
0163-1829/2001/63~16!/165403~8!/$20.00 63 1654
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spectroscopy.8 Finally, evidence of an unoccupied isolate
step-induced image state on stepped Cu~001! has been re-
ported by Ortegaet al.;9 in this case electron movement pe
pendicular to the steps was believed to be confined by
potential trough at the step edge.

In the work reported here, a new surface state on step
Cu~775! was investigated to determine if any evidence
reduced dimensionality is present in its electronic structu
The experiments used high-resolution angle-resolved t
photon photoemission~AR2PPE! in conjunction with a high-
repetition-rate femtosecond optical source to examine
dispersion and energy distribution curves of this surface s
on the stepped surface. Comparative dispersion meas
ments along and perpendicular to the step edges show
one of these surface states was occupied and had a
dimensional character; this state apparently results from s
potential confinement. The surface of the single-crys
sample was probed under a variety of surface conditions.
example, introduction of a low-coverage of adsorbed oxyg
was found to enhance the photoemission signal.

II. EXPERIMENT

The experimental measurements relied on the use
angle-resolved two-photon photoemission, a technique
scribed in detail, for example, in Ref. 11. Briefly the tec
nique is able to probe the energies and dispersions of b
occupied and unoccupied surface and bulk bands. Altho
not used here, AR2PPE can also measure the electron
namics in these bands through the use of a variable-ti
delay pump-probe technique. Our apparatus utilized the f
tosecond output of a mode-locked Ti:sapphire oscillator. T
laser output consisted of 70 fs pulses at a repetition rate o
MHZ and had an average power of;500 mW; its wave-
length was tunable between 760 and 840 nm. The third h
monic~3v, ;4.68 eV, spectral width of 30 meV! and second
harmonic~2v, ;3.13 eV, spectral width of 40 meV! pulses
were generated in nonlinear crystals and compressed by
four-prism configurations. These two beams were used ei
together as a~3v! pump and probe~2v! beam or as both
(232v or 233v! for two-photon photoemission; see Se
III B and III C, respectively. These two beams were align
©2001 The American Physical Society03-1
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collinearly and focused onto a single-crystal~775!, copper
surface.

The stepped surface was formed by making an 8.5° m
cut to a single-crystal Cu~111! surface; the reverse side of th
same crystal was cut to provide flat Cu~111!. After repeated
cycles of sputtering and annealing, the LEED pattern exh
ited sharp split spots at its hexagonal corners, indicatin
regular step array. Details of the morphology and prepara
procedures for the sample can be found in Ref. 12. An e
trostatic spherical-sector energy analyzer, with an ene
resolution;80 meV, was used for the detection of the ph
toelectrons. The analyzer was rotatable about a vertical
through the crystal face and in a plane that is perpendic
to the sample surface. The detector had a 0.5° ang
resolution.

The high-repetition rate of the laser pulses gave an ex
lent signal-to-noise ratio, while allowing the flux intensi
for both pump and probe beams to remain relatively low
the sample surface~<20 mJ/cm2!; thus space-charge disto
tion of the electron energy distribution was negligible. A bi
voltage of 24 V was applied between the sample and
analyzer in order to reduce any stray-field-induced drift
low-energy electrons. Such a bias can, in principle, affect
measurement of dispersion. Thus, a series of dispersion m
surements were carried out for different values of bias v
age, between21 and28 V, and it was found that, while the
signal intensity varied with the bias, the measured dispers
curves had the same effective mass for each value of
voltage. Finally, all experiments were conducted at ro
temperature.

III. RESULTS

A. Bichromatic spectra on clean Cu„775…

Angle-resolved, two-photon-photoemission measu
ments were performed on the Cu~775! surface. In these ex
periments, two-color, or bichromatic, 2PPE was used
cause its use gives higher signal-to-noise th
monochromatic 2PPE.11 The 2PPE signal from a clea
Cu~111! surface, in the range of pump energies used here
known to be dominated, in the first step of the process,
resonant excitation from thes-p n50 band to then51
image state. However, for a stepped~775! surface, then
50, 1, and 2 bands are displaced from each other inki space
by the miscut and stepped surface slopes which give ris
different reference planes for these three bands.12 This dis-
placement is shown in Fig. 1, which presents data obtai
using nanosecond 2PPE;12 these measurements had low
signal-to-noise than that obtained in the present experim
Note also that thes-pstate shown in Fig. 1 exhibits a norm
dispersion for a direction perpendicular to the step edg
result consistent with other measurements on stepped
faces by photoemission12–13 and scanning tunneling
microscopy.14

Figure 2~a! shows a set of bichromatic 2PPE spectra
clean Cu~775! for detection angles ofu50° to 121°, mea-
sured with a pump photon energyhvpump of 4.68 eV and a
probe energyhvprobe of 3.13 eV. The spectra in Fig. 2~a!
were taken in a direction perpendicular to the step edge;
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positive angles correspond to detection in the ‘‘uphill’’ d
rection, as indicated in Fig. 2~b!. The pump wavelength cho
sen here allows resonant excitation between thes-p surface
state and then51 image state for a value of parallel mo
mentum corresponding tou;8°. This resonance manifest
itself through a higher intensity for then51 signal in the
spectrum atu59° than for that at other angles, i.e., case~ii !
in Figs. 2~a! and 1. As indicated in Fig. 2~b! ki50 is defined
with respect to@775#. Similar signals were seen for negativ
detection angles. Because of the different reference pla
for the n51 and 2 states, as shown in Fig. 1, both of the
states are energetically accessible from then50 state at the
uv-pump photon energy used here, for small detect
angles, i.e.,u,12°. However, notice that the signal of th
n52 image state disappears at large angles because the
ton energy is not sufficient to excite electrons below t
Fermi level to then52 image state. The dispersion, appare

FIG. 1. Dispersion curves of then50, 1, and 2 states on steppe
Cu~775!; from Ref. 12. Note that these curves were obtained wit
nanosecond source and, thus, have a lower signal-to-noise ratio
that obtained using the femtosecond source used in this paper
citation processes for then50 surface state at three different angl
are also displayed, corresponding to spectra~i!, ~ii !, and~iii ! in Fig.
2~a!.
3-2
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FIG. 2. ~a! Bichromatic angle-
resolved spectra on clea
Cu~775!: detection perpendicula
to the step orientation.~IS1: n
51 image state, IS2:n52 image
state, LS: localized state.! The
pump photon energy is 4.68 eV
and the probe photon energy
3.18 eV. ~b! The geometry for
angle-resolved photoemission ex
periment.~c! Dispersion curves of
the n51 image state and the
newly observed ‘‘flat’’ band state:
detection perpendicular to the ste
orientation.
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in the data of Fig. 2~a!, was measured and was found to be
good agreement in energies and parallel momenta with
earlier measurements made using a nanosecond probe12 and
shown in Fig. 1. Note that thes-p surface-state dispersio
curve, which is displayed in Fig. 1, was measured via a
ferent approach than described here for then51 and 2
curves.12 However, the fact that in Fig. 2 resonant excitati
for n51 using 3v was atu;9° is, for the reasons describe
above, consistent with thes-pdispersion curve shown in Fig
1.

The measured energy distribution curves~EDC! were
carefully fit ~see Fig. 2! with a Gaussian profile or a Gaussia
profile convoluted with a Fermi function at the Fermi edg
using a standard nonlinear least-squares fitting algorithm
just mentioned, then51 andn52 image-state peaks wer
the most prominent features in the angular-dependent s
tra. These features exhibited the normal, i.e., parabolic
persion with an effective mass ofm* ;me , the mass of a
free electron. In addition, a careful analysis of each spect
also revealed the presence of a weak feature midway
tween then51 andn52 features. This feature was not o
served in our earlier measurements using nanosec
sources;12 the reason is given at the end of this section. T
kinetic energy of electrons emitted from this new band w
2.7060.04 eV, indicating that the state was located at 0
60.04 eV below the Fermi level. The dispersion curves
then51 image state and the new band cross each other
15° detection angle, thus causing the EDC to have on
single broad peak at this angle, as shown in Fig. 2~a!. Figure
2~c! shows the dispersion curve of then51 image state as
well as that of the new band, obtained from the ang
dependent EDC’s. Note that this band does not disperse
detection in the plane perpendicular to the step edges. Fin
an examination of Fig. 2~a! also shows that the width of bot
the image and localized state appear to broaden as the d
tion angle increases. Broadening of both the image and
s-p surface states with detection angle has been observe
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several groups previously and attributed to electron confi
ment by surface scattering.15 This angle-dependent broade
ing of the localized state seems to be significantly larger t
for the image ors-p states. At present we do not have a
explanation for this observation.

Further, 2PPE measurements were made for the elect
emitted parallel to the step edges on the same Cu~775! sur-
face, with the same pump and probe photon energies
given above. The data are shown in Fig. 3 for detect
anglesu from 210° to 11°. Then51 and 2 image state
showed the same dispersion, as that of a flat surface. In
trast to the nondispersive behavior across the steps see
perpendicular photoemission, the newly observed band
dispersive in the direction parallel to the step edges with
effective massm* 50.3960.13 me . The presence of a state

FIG. 3. Bichromatic angle-resolved spectra on clean Cu~775!:
detection parallel to the step edge.
3-3
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FIG. 4. Effects of O2 exposure
on the signal intensities of the two
image-states and the nondispe
sive state. The spectra were take
at 9° from the surface normal an
in a plane perpendicular to th
step edge. The inset shows the d
pendence of the peak height of th
three states on O2 exposure in
Langmuir.
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which is normally dispersive along the step edge and non
persive perpendicular to the step edges, indicates that
state is localized in one dimension. It is also interesting t
this value of the effective mass is, within experimental err
that for thes-p surface state on stepped Cu~111!, which has
m* ;0.38me ~Ref. 14! as measured by STM, and;0.49me
~Ref. 12! as measured by resonance excitation in 2PPE. N
also that in those measurements thes-p surface state was
dispersive both perpendicular and parallel to the step ed
Our measurements throughout this paper indicate a sim
behavior for the usuals-p surface state.

To test the sensitivity of these observations to a spec
Cu~775! surface many independently prepared surfaces w
formed; each exhibited a sharp LEED pattern. The non
persive state seen in Fig. 2~a! was seen repeatably on ea
surface. This state was not seen, however, on flat Cu~111!. In
addition, we have considered why our prior measuremen12

on the same stepped surface, using a nanosecond pum
probe pulses, did not detect such a band. We believe tha
current experiments were able to detect the nondisper
band because the very high-repetition-rate femtosec
pulses used here enabled us to achieve a much higher si
to-noise ratio and, thus, a much higher energy resolution~80
vs 150 meV!, compared to that available from the earli
nanosecond system.

B. Cu„775… surface after O2 exposure

Additional experiments were made to clarify the origin
the flat band. The first of these involved exposure of
surface to O2 since oxygen is known to affect image ands-p
surface states. Specifically, oxygen exposure quenches
n50, 1, and 2 surface states. Dosing the stepped sur
with O2 should, thus, permit a comparison of the sensitiv
of the flat-band state to O2 exposure with the sensitivity o
other surface states. Additional effects of oxygen on cop
surface will be discussed in Sec. IV B.

In the experiment, the surface was first exposed to O2 and
any changes in spectra, obtained with bichromatic 2P
were examined. Figure 4 shows our observation of the
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fects of oxygen exposure on both the image-state and
flat-band peaks at 9°. A slight increase of the work functi
of ;40 meV was observed on this stepped surface due
oxygen adsorption—a contrast with previously reported
servations that showed no change in work function a
oxygen-adsorption on flat Cu~111!.16–18 The inset in Fig. 4
shows the dependence of signal intensity on O2 exposure in
Langmuirs.

Although not shown in the figure, our measureme
showed that the sensitivity of thes-p state to oxygen expo
sure was approximately the same as that for then51 state.
The n52 image-state signal was the most sensitive to2
and, in fact, was essentially quenched after 0.5 L O2 expo-
sure. There appear to be two possible contributing factor
this behavior. First, there is most probably a greater proba
ity for inelastic scattering for the higher lyingn52 state on
the O2-disordered surface than for then51 state because o
the smaller binding energy of the former. This would cau
the state to be quenched at lower oxygen coverage than
the n51 state. In addition, a diminution of then52 signal
could also be expected to result from the small increa
work function on the O2-covered surface. This reductio
would decrease the degree of resonance between then50
state and then52 state and the pump photon energy as
O2 coverage was increased. Specifically since the im
states are pinned to the vacuum level while the surface s
is fixed relative to the Fermi level, an increase in the surfa
work function would increase the energy spacing betwe
the n52, which lies above the Fermi level, andn50 state.
Thus, the degree of resonance for the fixed photon ene
used here would be reduced. It is interesting that the inten
of then51 image-state signal was less sensitive to O2; thus,
it was only reduced by;2 for the 4.5 L O2 exposure shown
in the figure. This reduced sensitivity, compared to that
n52 is consistent with the above arguments forn52, since
then51 state has a higher binding energy and would be l
prone to inelastic scattering and since an increase in w
function would cause the energy spacing between then51,
which lies below the vacuum, andn50 state to increase an
the resonance between the two levels to increase.
3-4
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In contrast to the monotonic decrease of then51 image
state~and thes-p surface state! with O2 exposure, the inten
sity of the flat band state, observed here, initially increa
with O2 exposure. This increase resulted in a factor of;2
enhancementin the flat band signal at an exposure of the 4
L. Larger values of exposure led to a decrease in signal
rate approximately equal to that of thes-p signal. The pho-
toemission signals for all surface states were extinguish
i.e., unobservable, after an exposure of.30 L. Thus, while
the flat-band state is enhanced by low oxygen coverage
sensitivity to oxygen exposure at higher coverage, is ne
that of thes-p surface band. There are several possible
planations for the pronounced enhancement of the flat-b
state at low oxygen coverage. However, the most obviou
that it is well known that chemisorbed surface oxygen
Cu~111! gives rise to an unoccupied surface band locate
2.9 eV above the Fermi level.17–19 This band would provide
a near-resonant intermediate path for excitation from the
band state with the 3.1 eV, 2v photon. In this case the pho
toemission process would be due to a bichromatic 2v plus
3v process, see Secs. III C and IV below for additional co
ments on O2 chemisorption.

Finally, mild Ar-ion sputtering of the clean surface, e.g
30 sec at 0.05mA, was sufficient to destroy all surface state
Subsequent, brief annealing led to the recovery of all featu
reported above. These same measurements were repea
flat Cu~111!, i.e., the surface on the reverse side of t
stepped sample. No extra state was observed either befo
after O2 exposure on the flat surface. These observations
dicate that the newly observed state is a real step-indu
one-dimensional state, rather than a defect- or adsorb
induced artifact.

Finally in this section, we have concentrated on desc
ing the O2 exposure from the point of view of a diagnost
technique for understanding the properties of the flat-b
surface state. In fact, a trace, i.e., 3–6 L, exposure of
surface to O2 also had the important advantage of permitti
simplification of the signal, since it selectively weakened
nearby image-state signal, while also enhancing the flat-b
signal. This technique was used, for example, for the exp
ments that are described in the following section. Note t
although there was a slight work-function-induced shift
the peak energy, when O2 was present, the energy relative
the Fermi level and the dispersion of the flat-band was id
tical to that for the clean surface.

C. Monochromatic „2v… spectra on Cu„775…

The photoemission spectrum can also be simplified
the use of monochromatic angle-resolved 2PPE. Specific
if only a 2v ~;3.1 eV! beam is used to excite and probe t
Cu~775! surface, this choice of a single pump waveleng
eliminates the normally unoccupied image state in the sp
trum, since this photon energy is not sufficient to excite el
trons from thes-psurface state or the bulk states to the ima
state. As a consequence, only a signal from the occu
states will be present in the spectra.
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Note that for the photon energies used in th
monochromatic-excitation experiment, an additional oxyg
related feature must be considered. Specifically, as m
tioned above, an unoccupied surface band can also be
duced by the presence of;500 L of oxygen adsorbed on
Cu~111!;17–19 for a stepped surface which is more reacti
the needed coverage would be expected to be lower. T
band is located;2.9 eV above the Fermi level and woul
provide a resonance of the 2v photon energy used in ou
experiment between our observed occupied flat band and
unoccupied band. The dispersive properties of this band
peared not to have been reported for a stepped surfac
does disperse on flat Cu~111!.17 Because of the possibility o
resonant excitation, this state might be expected to enha
the signal intensities of states lying below the Fermi leve

Figure 5 shows monochromatic 2PPE spectra taken in
direction of the surface normal, before and after oxygen
posure, with the 2v beam present. The signal from thes-p
surface state was more sensitive to oxygen and was red
by ;2 after 9.5 L exposure, while the signal from the new
observed state was close to its maximum value.

Figure 6 shows data taken from angle-resolved meas
ments, including the dispersion curves of the newly obser
state, measured after 3 L O2 exposure, both perpendicula
and parallel to the step edge. The surface was first expose
3 L of oxygen to boost the intensity of the flat-band or new
observed state. A typical angle-resolved spectrum for a m
surement made perpendicular to the step and showing
thes-psurface state and the newly observed state is give
the inset. The dispersion data in Fig. 6 do not include, ho
ever, our measured data for thes-psurface states. This spec
tral data showed that then50 surface state and the localize
state coexist on our sample. The angular sequence of t

FIG. 5. Monochromatic spectra at 3.1 eV, taken at the surf
normal. The data show the comparison between the clean su
and the surface for 9.5 L O2 exposure.
3-5
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X. J. SHENet al. PHYSICAL REVIEW B 63 165403
data showed that then50 surface state exhibited a down
ward dispersion with an effective mass that, within expe
mental error, was equal to its value on a flat surface.12,20

More discussion regarding thes-pstate will be given in Sec
IV A. Regarding the flat-band state shown in Fig. 6, the d
shows that the state is nondispersive in a direction perp
dicular to the steps and is located 0.27 eV below the Fe
edge. On the other hand, the state is dispersive parallel to
step orientation with an effective mass of 0.3860.13 me .

We can now crosscheck the location of the state show
Fig. 6 with that seen in the bichromatic photoemission
periments discussed in Sec. III A. In that case, the pu
energy was 4.68 eV and the probe energy was 3.13 eV.
those photon energies, an occupied one-dimensional stat
cated 0.27 eV below the Fermi level would result in a feat
with Ekin52.7 eV, exactly the value obtained in the da
shown in Fig. 2. The effective mass for the dispersion cur
measured along the step direction for both bichromatic
monochromatic photoemission were also the same within
perimental error. The results indicate that the flat band
served in Fig. 2 came from excitation of the same occup
one-dimensional state as probed in this section. Finally, n
that this same band has also been observed in the data
tained from the separate~3v! monochromatic 2PPE exper
ment in which only 3v ~;4.65 eV! beam was used to pum
and probe the surface while all other experimental conditi
were kept the same as in bichromatic experiment.

As mentioned earlier in this section, the existence of
unoccupied oxygen-induced state at 2.9 eV above the Fe
level must be considered in interpreting our data. Clearly
presence of this state on the bare surface in Sec. III B arg
that, in the absence of unknown impurities, it is not imp
tant for our flat-band state. However, in addition, the phot
energy independence of results further supports this poin
particular, the photoemission data in the case of monoc
matic 2v 2PPE show a band, which is identical in locatio

FIG. 6. Dispersion of the newly observed occupied band p
pendicular and parallel to the step. Monochromatic 2PPE at 3.1
is used. The inset provides one typical EDC, taken atu59° which
shows the coexistence of both the localized state and then50
surface state.
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and dispersion to that obtained using monochromaticv
2PPE. In the latter case, for which 3v was used as a pump
the oxygen state could not be important since it is not re
nant at this pump photon energy. Thus, the similarity of
two sets of data, as well as the bichromatic results in S
III B and III C, indicates that the flat-band state observed
not affected by this oxygen-induced unoccupied state. Ho
ever an adsorbed oxygen state, even if not directly in re
nance, could enhance the intensities of the pumping pro
by providing a nearby lying intermediate state.

IV. DISCUSSION

A. Clean surface

1. Prior observations

Even though the observation of localized states on sev
systems has been recently reported, the exact origin of th
states still remains unclear.21–23 For example, the observa
tions described above are consistent with at least one o
observation of a localized state on vicinal Cu~111!. Specifi-
cally, using occupied-state photoemission spectrosco
Speller et al.21 have recently observed a one-dimension
state on several stepped Cu~111! surfaces; this state also dis
persed only along the step orientation. In their experim
thes-psurface was also present and had the same dispe
properties as on the flat surface. The energy position of
local state was;250 meV below the Fermi level, a positio
within experimental error of our flat-band state. These
thors attributed the origin of this state to Anderson localiz
tion.

2. Our observations

Consider first the effect of a simple change in the surfa
potential in the vicinity of the step edge, as discussed in R
9. In principle, a stepped surface can be viewed as an a
of regular, correlated potential perturbations to an ideal tw
dimensional surface. However it is best to consider, firs
single, isolated step edge on a perfect flat surface. In gen
terms, such a step interacts with the bulk crystal in a man
similar to a line defect.24 Thus, new surface states would b
expected to develop around this defect, just as surface s
develop at the two-dimensional termination of a bulk cryst
The wave function of the new state should have translatio
symmetry along the step edge while being localized in
direction perpendicular to the edge by the step-edge po
tial. This confinement is similar to the localization of imag
state electrons by the work-function discontinuity on the p
rimeter of two-dimensional adsorbate islands, described
Ref. 25.

The degree of the confinement of a one-dimensional e
tronic state depends on the details of the step-edge dip
Specifically, the binding energy of the localized state wou
be expected to be modified by the local dipole potentia
the step site, which also lowers the local work function26

Consider the analogous case of the surface barrier forme
the image potential. In this connection, Bartelset al.23 have
used scanning tunneling microscopy to observe a o
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dimensional image state, trapped at an isolated, straight,
edge on a Cu~111! surface. The authors attributed this loca
ization of an image electron to the dipole potential at the s
edge. The binding energy of such a state was calculate
numerically solving the Schro¨dinger equation at the step sit
We anticipate that the occupied state, described here, c
be localized in a similar way. To obtain a qualitative insig
let us consider only the change in the surface barrier du
the dipole potential. For simplification, we neglect any effe
of the step dipole on the crystal potential. Since the surf
state is located just below the surface plane,12 the static
dipole-charge interaction would lead to a lowering of t
surface barrier for the surface-state electrons, and a conc
tant reduction in the binding energy of thes-p surface state.
This line of reasoning is in agreement with our measurem
of a reduction in the binding energy for the localized, occ
pied state, i.e., 270 meV below the Fermi level, compared
a binding energy of 390 meV at the bottom of thes-psurface
band on the flat surface. Previous experimental meas
ments of then50 surface state binding energy on stepp
Cu~211! ~Ref. 27! reported a similar reduction for th
stepped surface. A quantitative understanding awaits a m
rigorous calculation.

Consider now the effect of anarray of steps on the elec
tronic structure of the local state for a single step ed
Clearly for a sufficiently closely spaced array, the step sta
would interact. However, Ortegaet al.9 have calculated the
decay length of the wave function of a step-edge locali
state and concluded that the step-step interaction of the
state is very weak even for a step separation of 10 Å. T
result suggests that step-state interactions can be negl
on our Cu~775! surface since the interstep spacing is 14

In one prior observation9 of a step-induced state, the loc
state was attributed to a state, which was split off from
nearly equienergetic nonlocal~dispersive! surface state. In
this specific case, the state was then51 image state on
stepped Cu~100!. The local state that we observe, which h
also been reported by Ortegaet al.,21 lies within 120 meV of
the band minimum of thes-p surface state. As a result,
seems reasonable to assume that our local state is spl
from the s-p state by the step-edge potential. This interp
tation is further supported by our measurement of the ef
tive mass of the localized state. Specifically, recall that
experiments showed that, in the direction parallel to the s
edge, the effective mass is 0.3860.13 me . This value is
within our experimental error, equal to the mass of thes-p
surface state, i.e., 0.49me , on flat ~111! surface20 and iden-
tical to STM measurements of an effective mass of 0.38me
on Cu~775!.14 This measurement, thus, further supports
identification of the local state as being split off from thes-p
surface state.

Thus far we have not discussed the influence of step
order on enhancing or weakening the step localization pa
lel to the step edge. As mentioned above, in Ref. 21 And
son localization, or perhaps more rigorously localization d
to disorder, was invoked as a possible origin of the flat-ba
state located energetically in a position similar to that
ported here. Given the weak interaction reported for st
localized states reported in Ref. 9, it does not seem neces
16540
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to invoke these disorder effects to explain the localization
the clean surface.

B. OÕCu„775…

Our measurements have also shown that then50, 1, and
2 states are sensitive to the surface condition and, thus
reduced dramatically by chemisorption of oxygen on the s
face. Our one-dimensional state, as shown in the inset in
4, is also sensitive to the presence of adsorbates. Howeve
our case, a low coverage of chemisorbed O2 has been shown
also to enhance the signal from the local state. Earlier in
paper, we discussed possible explanations for this eff
namely, we pointed out that the introduction of an unocc
pied oxygen-induced surface state could provide possible
planations for the oxygen-induced enhancements repo
here. In this section, we also wish to argue that the addi
of an adsorbate should also be considered as an addit
means of localizing the state via increased surface disor

Recently, disorder-induced localization~sometimes
termed ‘‘Anderson localization’’! has been invoked to ex
plain the localization of surface states on disordered surfa
e.g., on H/Ni~100! ~Ref. 22! and on stepped Cu~111!.21 In
such a model,28 the localized state should be stronger wh
the correlation energy between steps becomes weak c
pared to the local, step-potential fluctuation. Furthermo
step bunching and doubling of the terrace widths29 and
weakening of the correlation between the steps would lea
stronger localization. Note that in our case such disorder m
be adjustable by, e.g., exposing the stepped surface to a
ferent coverage of oxygen.

Specifically, chemisorption of O2 is also known to alter
the surface structure of stepped metal surfaces.29–33 For ex-
ample, the chemisorption of oxygen on vicinal Cu~211!, at
room temperature, reconstructs the surface and leads to
formation of double steps; the reconstruction starts initia
at the step edges for very low oxygen coverage.29 Periodic
nanostripes consisting of mesoscopic Cu~111! and
Cu~110!-O(231) facets were also found on 5–8 L oxyge
exposed vicinal Cu~443!, Cu~332!, and Cu~221! surfaces.33

These results may be connected with our observations of
effects of oxygen adsorption on the Cu~775! surface. Specifi-
cally, the LEED patterns in our measurements showe
brighter background and more diffuse splitting of the diffra
tion spots after oxygen exposure, indicating that to so
degree the sample was disordered, i.e., step bunching,
bling of the terrace width, and broadening of the terra
width distribution occurred. At this point, these ideas mu
be considered speculative; a more definitive investigation
this model awaits additional concurrent STM photoemiss
experiments on the O/Cu~775! system.

V. SUMMARY

In summary, a one-dimensional occupied state has b
observed on a stepped Cu~775! surface. While this state is
quenched at large values of oxygen exposure, the state
pears to be enhanced by a small coverage of O2. This one-
3-7
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dimensional state is consistent with a state confined by
step-edge potential.

Stepped Cu~775! surface provides a potential system f
the study of one-dimensional electron systems. Further s
ies such as systematic time-resolved measurements on
newly observed state, STM observations of clean and oxy
exposed Cu~775! surface, step decoration with model adso
bates such as Xe, and, finally, polarization-dependence
periments may lead to new insights into the localizat
physics.
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