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Observation of a one-dimensional state on stepped Cu75)
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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 steppédlXdusurface. 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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[. INTRODUCTION spectroscop§. Finally, evidence of an unoccupied isolated
step-induced image state on stepped0D®) has been re-
The study of the electronic and magnetic behavior ofported by Ortegat al;% in this case electron movement per-
quantum-confined electrons is important for fundamentapendicular to the steps was believed to be confined by the
condensed matter physics and for its technical applicationfotential trough at the step edge.
For example, considering the former, the quasiparticle-based In the work reported here, a new surface state on stepped
Fermi-liquid theory is known to break down for one- CU775 was investigated to determine if any evidence of
dimensional electron systems because of the Peierls divefeduced dlmen5|onallty is present in its electronic structure.
gence in the particle-hole bubble and the charge-spid "€ experiments used high-resolution angle-resolved two-
separatiot. Instead in one-dimensional systems, thePhoton photoemissiofAR2PPE in conjunction with a high-
Luttinger-liquid model is applicable. This theory predicts "epetition-rate femtosecond optical source to examine the
several new phenomena, such as the vanishing of the Ferrflispersion and energy distribution curves (_)f this _surface state
edge, the appearance of charge and spin-density waves, af the stepped surface. _Comparat|ve dispersion measure-
the enhancement of electron-electron correlatiohs.a con-  Ments along and perpendicular to the step edges show that
sequence, the search for an ideal one-dimensional electronfe of these surface states was occupied and had a one-
system, with which to observe low-dimensional electron endimensional character; this state apparently results from step-
ergy structure and dynamics, has recently been the object fotential confinement. The surface of the single-crystal
extensive theoretical and experimental research. For ex@@mple was probed under a variety of surface conditions. For
ample, electrons in one-dimensional metallic carbon nano€x@mple, introduction of a low-coverage of adsorbed oxygen
tubes have been reported to show the signature of a Luttingd¥as found to enhance the photoemission signal.
liquid.? In addition, one-dimensional confinement of surface-
type states has been observed on KNGO, the
Fe(100-c(2% 2)Si surface alloy, as well as between the
surface-oxide domains on CLL0).° Finally, the collective The experimental measurements relied on the use of
excitations of spin and charge modes predicted by Luttingeangle-resolved two-photon photoemission, a technique de-
theory were recently observed in one-dimensional Au chainscribed in detail, for example, in Ref. 11. Briefly the tech-
formed on vicinal Si111).° nigue is able to probe the energies and dispersions of both
Monoatomic steps on surfaces offer an interesting possieccupied and unoccupied surface and bulk bands. Although
bility for the study of a one-dimensional system, since thesaot used here, AR2PPE can also measure the electron dy-
steps may be prepared with nearly ideal geometry and in theamics in these bands through the use of a variable-time-
dense arrays needed for probing with photoemission. On delay pump-probe technique. Our apparatus utilized the fem-
stepped surface, the two-dimensional symmetry of a flat surtosecond output of a mode-locked Ti:sapphire oscillator. The
face is broken in the direction perpendicular to the step oridaser output consisted of 70 fs pulses at a repetition rate of 89
entation and, as shown in several recent experiments, stepdHZ and had an average power ef500 mW; its wave-
may localize surface states into one dimengiofi.Decora-  length was tunable between 760 and 840 nm. The third har-
tions of these steps with an adsorbate may be used to adjustonic (3w, ~4.68 eV, spectral width of 30 me\and second
the degree of this localizatioll.For example, confined step- harmonic(2w, ~3.13 eV, spectral width of 40 me\pulses
edge states have been found on stepped A1) by analyz- were generated in nonlinear crystals and compressed by two
ing STM images of the electronic states and measuring théour-prism configurations. These two beams were used either
dI/dV spectra of the confined statesSimilarly, localized together as &3w) pump and probd2w) beam or as both
electronic states at step edges onMi9, 1) have been (2X2w or 2X3w) for two-photon photoemission; see Sec.
observed with angle-resolved ultraviolet photoelectronlll B and Il C, respectively. These two beams were aligned

II. EXPERIMENT
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collinearly and focused onto a single-crysta@l’5), copper [i]
surface. Iy
The stepped surface was formed by making an 8.5° mis-
cut to a single-crystal GQ11) surface; the reverse side of the
same crystal was cut to provide flat @&1). After repeated .
cycles of sputtering and annealing, the LEED pattern exhib- [l‘_l][iii]
ited sharp split spots at its hexagonal corners, indicating a
regular step array. Details of the morphology and preparation 024 !
procedures for the sample can be found in Ref. 12. An elec- ’
trostatic spherical-sector energy analyzer, with an energy 03]
resolution~80 meV, was used for the detection of the pho-
toelectrons. The analyzer was rotatable about a vertical axis —0.41 20
through the crystal face and in a plane that is perpendicular
to the sample surface. The detector had a 0.5° angular =057
resolution.
The high-repetition rate of the laser pulses gave an excel- ~0.69 |
lent signal-to-noise ratio, while allowing the flux intensity 07 d./ K
for both pump and probe beams to remain relatively low at ;
the sample surface<20 wJ/cnf); thus space-charge distor- > o3 v I
tion of the electron energy distribution was negligible. A bias 2 )
voltage of —4 V was applied between the sample and the g 1 -
analyzer in order to reduce any stray-field-induced drift of &8] '
low-energy electrons. Such a bias can, in principle, affect the u'_] 48 ' , 30
measurement of dispersion. Thus, a series of dispersion mea- : X
surements were carried out for different values of bias volt- 9 !\ :
age, between-1 and—8 V, and it was found that, while the -5.01 : : n=
signal intensity varied with the bias, the measured dispersion ! .
curves had the same effective mass for each value of bias 5.11 ! .
voltage. Finally, all experiments were conducted at room : :
temperature. -5.21 ! i
p ; %
lll. RESULTS 302 01 00 01 o2 03 04
A. Bichromatic spectra on clean C(775 k" (A—l)

Angle-resolved,  two-photon-photoemission ~measure- g 1. pispersion curves of the=0, 1, and 2 states on stepped
ments were performed on the @9 surface. In these ex-  cy775); from Ref. 12. Note that these curves were obtained with a
periments, two-color, or bichromatic, 2PPE was used benanosecond source and, thus, have a lower signal-to-noise ratio than
cause its use gives higher signal-to-noise thannat obtained using the femtosecond source used in this paper. Ex-
monochromatic 2PPE. The 2PPE signal from a clean citation processes for the=0 surface state at three different angles
Cu(11Y) surface, in the range of pump energies used here, igre also displayed, corresponding to spefitralii), and(iii) in Fig.
known to be dominated, in the first step of the process, by(a).
resonant excitation from the-p n=0 band to then=1
image state. However, for a stepp€dr5 surface, then positive angles correspond to detection in the “uphill” di-
=0, 1, and 2 bands are displaced from each oth&f Bpace rection, as indicated in Fig.(B). The pump wavelength cho-
by the miscut and stepped surface slopes which give rise t8en here allows resonant excitation betweenstpesurface
different reference planes for these three bdAdghis dis-  state and then=1 image state for a value of parallel mo-
placement is shown in Fig. 1, which presents data obtainethentum corresponding t6~8°. This resonance manifests
using nanosecond 2PPEthese measurements had loweritself through a higher intensity for the=1 signal in the
signal-to-noise than that obtained in the present experimenspectrum aty=9° than for that at other angles, i.e., cdse
Note also that the-pstate shown in Fig. 1 exhibits a normal in Figs. 2a) and 1. As indicated in Fig.(B) k,=0 is defined
dispersion for a direction perpendicular to the step edge; avith respect td775]. Similar signals were seen for negative
result consistent with other measurements on stepped sutletection angles. Because of the different reference planes
faces by photoemissiofi’® and scanning tunneling for then=1 and 2 states, as shown in Fig. 1, both of these
microscopy** states are energetically accessible fromrke0 state at the

Figure 2a) shows a set of bichromatic 2PPE spectra onuv-pump photon energy used here, for small detection
clean C(775 for detection angles of=0° to +21°, mea- angles, i.e.§<12°. However, notice that the signal of the
sured with a pump photon enerdpy ,,n, Of 4.68 €V and a n=2 image state disappears at large angles because the pho-
probe energyhv e Of 3.13 €V. The spectra in Fig.(®@  ton energy is not sufficient to excite electrons below the
were taken in a direction perpendicular to the step edge; thEermi level to then=2 image state. The dispersion, apparent
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in the data of Fig. @), was measured and was found to be inseveral groups previously and attributed to electron confine-
good agreement in energies and parallel momenta with theent by surface scatterirtd.This angle-dependent broaden-
earlier measurements made using a nanosecond’frabé  ing of the localized state seems to be significantly larger than
shown in Fig. 1. Note that the-p surface-state dispersion for the image ors-p states. At present we do not have an
curve, which is displayed in Fig. 1, was measured via a dif-explanation for this observation.
ferent approach than described here for thel and 2 Further, 2PPE measurements were made for the electrons
curvest? However, the fact that in Fig. 2 resonant excitation emitted parallel to the step edges on the sam& ) sur-
for n=1 using 3o was atd~9° is, for the reasons described face, with the same pump and probe photon energies as
above, consistent with thepdispersion curve shown in Fig. given above. The data are shown in Fig. 3 for detection
1. anglesd from —10° to 11°. Then=1 and 2 image states
The measured energy distribution curvSDC) were  showed the same dispersion, as that of a flat surface. In con-
carefully fit (see Fig. 2with a Gaussian profile or a Gaussian trast to the nondispersive behavior across the steps seen for
profile convoluted with a Fermi function at the Fermi edge,perpendicular photoemission, the newly observed band is
using a standard nonlinear least-squares fitting algorithm. Adispersive in the direction parallel to the step edges with an
just mentioned, th@=1 andn=2 image-state peaks were effective massn* =0.39+0.13 m,. The presence of a state,
the most prominent features in the angular-dependent spec-

tra. These features exhibited the normal, i.e., parabolic dis- . L B
persion with an effective mass ofi* ~m,, the mass of a 1000 is1 11 -
free electron. In addition, a careful analysis of each spectrum 900 4 ]
also revealed the presence of a weak feature midway be- 1

tween then=1 andn=2 features. This feature was not ob- z 8007

served in our earlier measurements using nanosecond g 700

sources? the reason is given at the end of this section. The € co0

kinetic energy of electrons emitted from this new band was 2 :

2.70+0.04 eV, indicating that the state was located at 0.27 2 5007

+0.04 eV below the Fermi level. The dispersion curves of % 400

then=1 image state and the new band cross each other at a £ 3004 e 3
15° detection angle, thus causing the EDC to have only a ] Ist o
single broad peak at this angle, as shown in Fig). Figure 200 == L — i
2(c) shows the dispersion curve of time=1 image state as 100 4 o T
well as that of the new band, obtained from the angle- 1 1 -10°
dependent EDC’s. Note that this band does not disperse for =S ————
detection in the plane perpendicular to the step edges. Finally 22 24 26 28 30 32
an examination of Fig. (@) also shows that the width of both E_(eV)

the image and localized state appear to broaden as the detec-
tion angle increases. Broadening of both the image and the FIG. 3. Bichromatic angle-resolved spectra on cleai7Zs:
s-p surface states with detection angle has been observed higtection parallel to the step edge.
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which is normally dispersive along the step edge and nondisfects of oxygen exposure on both the image-state and the
persive perpendicular to the step edges, indicates that tH&at-band peaks at 9°. A slight increase of the work function
state is localized in one dimension. It is also interesting thaof ~40 meV was observed on this stepped surface due to
this value of the effective mass is, within experimental error,0xygen adsorption—a contrast with previously reported ob-
that for thes-p surface state on stepped @W1), which has  servations that showed no change in work function after
m* ~0.38n, (Ref. 14 as measured by STM, and0.49n,  oxygen-adsorption on flat Cu11).2%7'8 The inset in Fig. 4
(Ref. 12 as measured by resonance excitation in 2PPE. Notehows the dependence of signal intensity gne®posure in
also that in those measurements the surface state was Langmuirs.

dispersive both perpendicular and parallel to the step edges. Although not shown in the figure, our measurements
Our measurements throughout this paper indicate a similsghowed that the sensitivity of thep state to oxygen expo-
behavior for the usua-p surface state. sure was approximately the same as that forrtkel state.

To test the sensitivity of these observations to a specifidhe n=2 image-state signal was the most sensitive o O
Cu(775 surface many independently prepared surfaces werand, in fact, was essentially quenched after 0.5Lle®po-
formed; each exhibited a sharp LEED pattern. The nondissure. There appear to be two possible contributing factors to
persive state seen in Fig(#2 was seen repeatably on each this behavior. First, there is most probably a greater probabil-
surface. This state was not seen, however, on fléL Cl). In ity for inelastic scattering for the higher lying=2 state on
addition, we have considered why our prior measurem@nts the O--disordered surface than for tine=1 state because of
on the same stepped surface, using a nanosecond pump ahe smaller binding energy of the former. This would cause
probe pulses, did not detect such a band. We believe that ttibe state to be quenched at lower oxygen coverage than for
current experiments were able to detect the nondispersivime n=1 state. In addition, a diminution of the=2 signal
band because the very high-repetition-rate femtosecondould also be expected to result from the small increased
pulses used here enabled us to achieve a much higher signalerk function on the G-covered surface. This reduction
to-noise ratio and, thus, a much higher energy resolu8on would decrease the degree of resonance between
vs 150 meV, compared to that available from the earlier state and the@=2 state and the pump photon energy as the
nanosecond system. O, coverage was increased. Specifically since the image
states are pinned to the vacuum level while the surface state
is fixed relative to the Fermi level, an increase in the surface
work function would increase the energy spacing between

Additional experiments were made to clarify the origin of the n=2, which lies above the Fermi level, amd=0 state.
the flat band. The first of these involved exposure of theThus, the degree of resonance for the fixed photon energy
surface to Q since oxygen is known to affect image asigp  used here would be reduced. It is interesting that the intensity
surface states. Specifically, oxygen exposure quenches tluéthen=1 image-state signal was less sensitive $0 us,
n=0, 1, and 2 surface states. Dosing the stepped surfadewas only reduced by-2 for the 4.5 L Q exposure shown
with O, should, thus, permit a comparison of the sensitivityin the figure. This reduced sensitivity, compared to that for
of the flat-band state to Qexposure with the sensitivity of n=2 is consistent with the above argumentsiier 2, since
other surface states. Additional effects of oxygen on coppethen=1 state has a higher binding energy and would be less
surface will be discussed in Sec. IV B. prone to inelastic scattering and since an increase in work

In the experiment, the surface was first exposed4a@  function would cause the energy spacing betweemthd,
any changes in spectra, obtained with bichromatic 2PPBEyhich lies below the vacuum, amd=0 state to increase and
were examined. Figure 4 shows our observation of the efthe resonance between the two levels to increase.

B. Cu(775 surface after O, exposure
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In contrast to the monotonic decrease of thel image 90
state(and thes-p surface stafewith O, exposure, the inten- 1 - clean .. normal
sity of the flat band state, observed here, initially increased 80 1 + 9.5LO,exposure’
with O, exposure. This increase resulted in a factor~&f 704 e localized state ..
enhancemerin the flat band signal at an exposure of the 4.5 _ surface state
L. Larger values of exposure led to a decrease in signal at ¢= 604 ... baseline
rate approximately equal to that of tksep signal. The pho- § ’ s L.
toemission signals for all surface states were extinguished:‘%s 50’_ z}“‘A
i.e., unobservable, after an exposure>80 L. Thus, while 7", | . .{.}:‘
the flat-band state is enhanced by low oxygen coverage, itz i

sensitivity to oxygen exposure at higher coverage, is nearly§ 30

that of thes-p surface band. There are several possible ex-5 1

planations for the pronounced enhancement of the flat-banc

state at low oxygen coverage. However, the most obvious is

that it is well known that chemisorbed surface oxygen in :

Cu(111) gives rise to an unoccupied surface band located ai 0

2.9 eV above the Fermi lev&{~°This band would provide

a near-resonant intermediate path for excitation from the flat- -0 *+~—V—V—7F—>—7F"—7T""—"F"+7—+7—+7T—"7T—

band state with the 3.1 eV «2photon. In this case the pho- 06 08 10 12 14 16 18 20 22 24

toemission process would be due to a bichromaticpRus En(eV)

3w process, see Secs. Il C and IV below for additional com-

ments on @ chemisorption. FIG. 5. Monochromatic spectra at 3.1 eV, taken at the surface
Finally, mild Ar-ion sputtering of the clean surface, e.g., normal. The data show the comparison between the clean surface

30 sec at 0.0%A, was sufficient to destroy all surface states. and the surface for 9.5 L £exposure.

Subsequent, brief annealing led to the recovery of all features

reported aboye. These same measurements were repeated ONote that for

flat Cu1ll, i.e., the surface on the reverse _5|de of themonochromatic—excitation experiment, an additional oxygen-

stepped sample. No extra state was observed either peforg fiated feature must be considered. Specifically, as men-

after O, exposure on the flat surface. These observations iNioned above, an unoccupied surface band can also be in-

dicate that the newly observed state is a real step-induce ced by the presence o500 L of oxygen adsorbed on
one-dimensional state, rather than a defect- or adsorbat%u(lll).n_lg for a stepped surface which is more reactive

mdu_ced a.”'fac.t- . . the needed coverage would be expected to be lower. This
Finally in this section, we have concentrated on de:scrlbband is located-2.9 eV above the Fermi level and would

ing th_e QG exposure from _the point of vie_w of a diagnostic rovide a resonance of thew2photon energy used in our

technique for understanding the properties of the ﬂat'ban@xperiment between our observed occupied flat band and this

surface state. In fact, a t_race, .e., 3-6 L, exposure Pf_ thﬁnoccupied band. The dispersive properties of this band ap-
surface to Q also had the important advantage of perm|tt|ngpeared not to have been reported for a stepped surface; it

simplifiqation of the s@gnal, sin_ce it selectively_ weakened thedoes disperse on flat CL01).\7 Because of the possibility of
nearby image-state signal, while also enhancing the flat-bang. s, nant excitation, this state might be expected to enhance
signal. This techmqut—_g was used, for e>$amp'e’ for the experi, o signal intensities of states lying below the Fermi level.
ments that are descrlbeq in the f°”°W'f?9 sgct|on. NOt? that Figure 5 shows monochromatic 2PPE spectra taken in the
although there was a slight work-function-induced S.h'ft Ofdirection of the surface normal, before and after oxygen ex-
the peak energy, when,vas present, the energy relative to posure, with the @ beam present. The signal from tsep

the Fermi level and the dispersion of the flat-band was ideng ;5.6 state was more sensitive to oxygen and was reduced
tical to that for the clean surface. by ~2 after 9.5 L exposure, while the signal from the newly
observed state was close to its maximum value.

Figure 6 shows data taken from angle-resolved measure-
ments, including the dispersion curves of the newly observed
state, measured after 3 L,@xposure, both perpendicular

The photoemission spectrum can also be simplified viand parallel to the step edge. The surface was first exposed to
the use of monochromatic angle-resolved 2PPE. Specificall} L of oxygen to boost the intensity of the flat-band or newly
if only a 2w (~3.1 eV) beam is used to excite and probe the observed state. A typical angle-resolved spectrum for a mea-
Cu(775 surface, this choice of a single pump wavelengthsurement made perpendicular to the step and showing both
eliminates the normally unoccupied image state in the spedhe s-p surface state and the newly observed state is given in
trum, since this photon energy is not sufficient to excite electhe inset. The dispersion data in Fig. 6 do not include, how-
trons from thes-psurface state or the bulk states to the imageever, our measured data for the surface states. This spec-
state. As a consequence, only a signal from the occupietial data showed that the=0 surface state and the localized
states will be present in the spectra. state coexist on our sample. The angular sequence of these

20 +

the photon energies used in this

C. Monochromatic (2w) spectra on CU775)
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"701 E, and dispersion to that obtained using monochromatic 3
1 to the steps 2PPE. In the latter case, for whiclw3vas used as a pump,
1651 | m*=038£0.13 m, the oxygen state could not be important since it is not reso-

/ nant at this pump photon energy. Thus, the similarity of the

1607 goollocal state_ 7, - _ng two sets of data, as well as the bichromatic results in Secs.
ER /%'\} B and 11l C, indicates that the flat-band state observed is
155 7 Ew / i not affected by this oxygen-induced unoccupied state. How-
s g J ever an adsorbed oxygen state, even if not directly in reso-
5 1501 £ "*” nance, could enhance the intensities of the pumping process
= 08 10 12 Bl 0 2 by providing a nearby lying intermediate state.
1.45 "
L to the steps
40 4 Ep=-027eV
140 B ¢ IV. DISCUSSION
L T ool 0z A. Clean surface
k(XY 1. Prior observations

FIG. 6. Dispersion of the newly observed occupied band per- Even though the observation of localized States.’ qn several
pendicular and parallel to the step. Monochromatic 2PPE at 3.1 e\§ystems _has begn recently [EBPO”ed* the exact origin of these
is used. The inset provides one typical EDC, takef=a®° which S_tates still remains unclear. F_or exa”?p'e’ the observa-
shows the coexistence of both the localized state andnthé tions described above are consistent with at least one other
surface state. observation of a localized state on vicinal (CLl). Specifi-
cally, using occupied-state photoemission spectroscopy,
Speller et al?* have recently observed a one-dimensional

data showed that the=0 surface state exhibited a down- . ’
state on several stepped @W1) surfaces; this state also dis-

ward dispersion with an effective mass that, within experi- X . . .
mental error, was equal to its value on a flat surf&ca. persed only along the step orientation. In their experiment

More discussion regarding trsep state will be given in Sec. the s-psurface was also present and had the same dispersive

IV A. Regarding the flat-band state shown in Fig. 6, the datj)roperties as on the flat surface. The energy position of the

shows that the state is nondispersive in a direction perperc@l state was-250 meV below the Fermi level, a position

dicular to the steps and is located 0.27 eV below the Ferm\{’
edge. On the other hand, the state is dispersive parallel to tH_E
step orientation with an effective mass of 0:38.13 m,.

We can now crosscheck the location of the state shown in
Fig. 6 with that seen in the bichromatic photoemission ex-
periments discussed in Sec. Il A. In that case, the pump Consider first the effect of a simple change in the surface
energy was 4.68 eV and the probe energy was 3.13 eV. Fgotential in the vicinity of the step edge, as discussed in Ref.
those photon energies, an occupied one-dimensional state 18- In principle, a stepped surface can be viewed as an array
cated 0.27 eV below the Fermi level would result in a featureof regular, correlated potential perturbations to an ideal two-
with E,=2.7eV, exactly the value obtained in the datadimensional surface. However it is best to consider, first, a
shown in Fig. 2. The effective mass for the dispersion curvesingle, isolated step edge on a perfect flat surface. In general
measured along the step direction for both bichromatic antkerms, such a step interacts with the bulk crystal in a manner
monochromatic photoemission were also the same within exsimilar to a line defect! Thus, new surface states would be
perimental error. The results indicate that the flat band obexpected to develop around this defect, just as surface states
served in Fig. 2 came from excitation of the same occupiedievelop at the two-dimensional termination of a bulk crystal.
one-dimensional state as probed in this section. Finally, not&€he wave function of the new state should have translational
that this same band has also been observed in the data abymmetry along the step edge while being localized in a
tained from the separat8w) monochromatic 2PPE experi- direction perpendicular to the edge by the step-edge poten-
ment in which only & (~4.65 eV} beam was used to pump tial. This confinement is similar to the localization of image-
and probe the surface while all other experimental conditionstate electrons by the work-function discontinuity on the pe-
were kept the same as in bichromatic experiment. rimeter of two-dimensional adsorbate islands, described in

As mentioned earlier in this section, the existence of arRef. 25.
unoccupied oxygen-induced state at 2.9 eV above the Fermi The degree of the confinement of a one-dimensional elec-
level must be considered in interpreting our data. Clearly theronic state depends on the details of the step-edge dipole.
presence of this state on the bare surface in Sec. Il B argue3pecifically, the binding energy of the localized state would
that, in the absence of unknown impurities, it is not impor-be expected to be modified by the local dipole potential at
tant for our flat-band state. However, in addition, the photonthe step site, which also lowers the local work functién.
energy independence of results further supports this point. I€onsider the analogous case of the surface barrier formed by
particular, the photoemission data in the case of monochrahe image potential. In this connection, Bartetsal ® have
matic 2» 2PPE show a band, which is identical in location used scanning tunneling microscopy to observe a one-

ithin experimental error of our flat-band state. These au-
ors attributed the origin of this state to Anderson localiza-
n

2. Our observations
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dimensional image state, trapped at an isolated, straight, stép invoke these disorder effects to explain the localization on
edge on a C{111) surface. The authors attributed this local- the clean surface.

ization of an image electron to the dipole potential at the step

edge. The binding energy of such a state was calculated by

numerically solving the Schainger equation at the step site. B. O/CU(775)

We anticipate that the occupied state, described here, could '

be localized in a similar way. To obtain a qualitative insight, Our measurements have also shown tharth®, 1, and

let us consider only the change in the surface barrier due té States are sensitive to the surface condition and, thus, are
the dipole potential. For simplification, we neglect any effectréduced dramatically by chemisorption of oxygen on the sur-
of the step dipole on the crystal potential. Since the surfacéce. Our one-dimensional state, as shown in the inset in Fig.
state is located just below the surface pldhehe static 4. is also sensitive to the presence of adsorbates. However, in
dipole-charge interaction would lead to a lowering of theOur case, a low coverage of chemisorbedh@s been shown
surface barrier for the surface-state electrons, and a conconfilS0 o enhance the signal from the local state. Earlier in the
tant reduction in the binding energy of tep surface state. Paper, we discussed possible explanations for this effect:
This line of reasoning is in agreement with our measuremerfi@mely, we pointed out that the introduction of an unoccu-
of a reduction in the binding energy for the localized, occu-Pied oxygen-induced surface state could provide possible ex-
pied state, i.e., 270 meV below the Fermi level, compared t@lanations for the oxygen-induced enhancements reported
a binding energy of 390 meV at the bottom of tapsurface  here. In this section, we also wish to argue that the addition
band on the flat surface. Previous experimental measur&f an adsorbate should also be considered as an additional
ments of then=0 surface state binding energy on steppedMeans of localizing the state via increased surface disorder.
Cu(211) (Ref. 27 reported a similar reduction for the ~ Recently, disorder-induced localization(sometimes
stepped surface. A quantitative understanding awaits a motgrmed “Anderson localization)’ has been invoked to ex-
rigorous calculation. plain the localization of surface states on disordered surfaces,

Consider now the effect of aarray of steps on the elec- €9 on H/N{100 (Ref. 23 and on stepped Qw11 In
tronic structure of the local state for a single step edgeSuch a modet; the localized state should be stronger when
Clearly for a sufficiently closely spaced array, the step statef)€ correlation energy between steps becomes weak com-
would interact. However, Orteget al® have calculated the Pared to the local, step-potential fluctuation. Furthermore,
decay length of the wave function of a step-edge localizedteP bunching and doubling of the terrace widthand
state and concluded that the step-step interaction of the neWeakening of the correlation between the steps would lead to
state is very weak even for a step separation of 10 A. Thi§tronger localization. Note thqt in our case such disorder may
result suggests that step-state interactions can be neglectB@ adjustable by, e.g., exposing the stepped surface to a dif-
on our C775) surface since the interstep spacing is 14 A. ferent coverage of oxygen. _

In one prior observatichof a step-induced state, the local ~ Specifically, chemisorption of Ois also known to alter
state was attributed to a state, which was split off from athe surface structure of stepped metal surfates.For ex-
nearly equienergetic nonlocétlispersive surface state. In ample, the chemisorption of oxygen on vicinal (2L1), at
this specific case, the state was the 1 image state on F0Om temperature, reconstructs the surface and leads to the
stepped C(100). The local state that we observe, which hasformation of double steps; the reconstruction starts initially
also been reported by Ortegaal,?! lies within 120 meV of  at the step edges for very low oxygen cover&yeriodic
the band minimum of thes-p surface state. As a result, it hanostripes consisting of mesoscopic (Ci) and
seems reasonable to assume that our local state is split Jfi(110-O(2x1) facets were also found on 5-8 L oxygen
from the s-p state by the step-edge potential. This interpre-€Xposed vicinal Ci443), Cu332, and Cu221) surfa_ces".3
tation is further supported by our measurement of the effecTnese results may be connected with our observations of the
tive mass of the localized state. Specifically, recall that ougffects of oxygen adsorption on the (@5 surface. Specifi-
experiments showed that, in the direction parallel to the stefally, the LEED patterns in our measurements showed a
edge, the effective mass is 0:88.13 m,. This value is Prighter background and more diffuse splitting of the diffrac-
within our experimental error, equal to the mass of ¢qg  tion spots after oxygen exposure, indicating that to some
surface state, i.e., 0.4%, on flat(111) surfacé® and iden- degree the sample was disordered, i.e., step bunching, dou-
tical to STM measurements of an effective mass of @38 Pling of the terrace width, and broadening of the terrace-
on Cu775.1* This measurement, thus, further supports thewidth d|§tr|but|on occurred. At this point, .the_se |d§as must
identification of the local state as being split off from e be considered speculative; a more definitive investigation of
surface state. this model awaits additional concurrent STM photoemission

Thus far we have not discussed the influence of step disgXPeriments on the O/QT75) system.
order on enhancing or weakening the step localization paral-
lel to the.ste_p edge. As menuoned.above, in Ref.l 21_ Ander- V. SUMMARY
son localization, or perhaps more rigorously localization due
to disorder, was invoked as a possible origin of the flat-band In summary, a one-dimensional occupied state has been
state located energetically in a position similar to that re-observed on a stepped QU5 surface. While this state is
ported here. Given the weak interaction reported for stepguenched at large values of oxygen exposure, the state ap-
localized states reported in Ref. 9, it does not seem necessagogars to be enhanced by a small coverage of Tis one-

165403-7



X. J. SHENet al. PHYSICAL REVIEW B 63 165403

dimensional state is consistent with a state confined by the ACKNOWLEDGMENT
step-edge potential.
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