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Fermi surfaces of the two-dimensional surface states on vicinal Cu„111…

F. Baumberger, T. Greber, and J. Osterwalder
Physik-Institut, Universita¨t Zürich, Winterthurerstrasse 190, CH-8057 Zu¨rich, Switzerland

~Received 23 February 2001; published 26 October 2001!

The Shockley (L-gap! surface states on Cu~111! and the vicinal~332! and~221! surfaces have been mapped
by angle-scanned ultraviolet photoelectron spectroscopy. We find two-dimensional~2D! surface states on both
vicinal surfaces. An analysis of the photoemission line shape that includes the effects of the terrace width
distribution indicates an isotropic reduction of the photohole lifetime on the vicinal surfaces and allows us to
quantify the intrinsic initial-state dispersion. For the larger step-step separation of 12 Å on Cu~332!, the Fermi
contour shows the characteristic elliptical shape of a 2D Bloch state in a 1D lattice. On Cu~221! with 7.7 Å
terraces we find an isotropic dispersion within the accuracy of the experiment. These findings are interpreted as
a continuous surface state to surface resonance transition with decreasing terrace length. The effective step
potential is estimated using a simple perturbation theory ansatz.

DOI: 10.1103/PhysRevB.64.195411 PACS number~s!: 73.20.At, 71.18.1y, 79.60.2i
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I. INTRODUCTION

Vicinal surfaces are miscut by a small angle relative t
high-symmetry crystal plane and thus generally compose
low-index terraces bounded by steps with a preferential
entation. The motivation for the study of these surfac
comes from various quarters. Structural aspects are wi
investigated, since the energetics of a monoatomic step o
otherwise perfect crystal surface are fundamental for sur
morphology.1 The enhanced catalytic activity of step sit
makes vicinal surfaces attractive model systems in heter
neous catalysis.2,3 Stepped surfaces are also of increas
importance as functional substrates for the growth of n
low-dimensional solids with tailored electronic properties4,5

Vicinal Cu~111! surfaces are of specific interest due to t
presence of a free-electron-like Shockley surface state on
corresponding flat surface.6–8 This state arises as a cons
quence of the broken translational symmetry along the
face normal. Its wave function is confined perpendicular
the surface by the surface potential step and the crystal b
gap.9 In the surface plane it propagates free-electron-l
with a Fermi wavelength oflF;3 nm. Despite its low
density—one electron is shared by about 20 surface atom
this state is of high interest due to its energetic posit
crossing the Fermi level. Scattering of surface state elect
at nanostructures thus modulates the local density of st
~DOS! at the Fermi level.10 Recently it has been observe
that this modulation is strong enough to produce a feedb
on the atomic arrangement.11

Modifications of the Shockley surface state on stepp
surfaces have been studied in a number of works.12–16

Momentum-resolved photoemission experiments showe
propagating two-dimensional~2D! state, shifted in energy
and momentum with respect to the flat surface. From
momentum shift of the band bottom it was concluded t
the surface state propagates along the average surface
rather than on the individual terraces.13 Recent experiments
of Ortegaet al., however, indicated a critical terrace leng
of ;17 Å above which the electron wave function switch
from step modulation to terrace modulation.15 The latter was
observed earlier by scanning tunneling microscopy on la
0163-1829/2001/64~19!/195411~8!/$20.00 64 1954
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terraces.10 The shift of the surface state band towards high
kinetic energies was interpreted in terms of a 1D Kron
Penney model,14 mimicking the steps as a periodic array
repulsived-function potentials. However, an unambiguo
manifestation of a periodic potential is given only by
changed effective band mass or the opening of a band ga
the superlattice zone boundary. The energy shift may
caused as well by a homogeneous potential shift as it is,
observed upon cooling of the surface.17

To our knowledge the opening of a superlattice gap
not been reported so far for the Shockley surface state
contrast to the observed superlattice periodicity for a Tam
state18 and an image potential state19 on vicinal Cu~100!. It is
thus still an open issue whether the long-range modulatio
the atomic potential caused by the steps is strong enoug
result in distinct superlattice effects on the Shockley-ty
surface state. In contrast to Tamm states which are es
tially localized in the outermost atomic layer, Shockley-ty
surface states exhibit a considerable bulk penetration de
This obviously reduces the sensitivity to the step potent
and will be reflected in a 1D model by a smaller corrugati
of the effectivepotential landscape. For terrace lengths
only a few atomic rows we also expect that step-step in
action smoothes the potential barriers. With increasing m
cut away from the@111# direction, surface and bulk wav
functions can hybridize to a surface resonance, giving ris
an increasing decay length towards the bulk. Surface-b
coupling can in principle be measured via the photoemiss
linewidth, reflecting the lifetime of the excited hole stat
Sánchezet al. reported a considerable increase in the s
face state linewidth with decreasing terrace length.14 How-
ever, we are not aware of any attempt to deduce lifetime
the excited hole state.

In this paper we present a detailed study of the band
persion on two vicinal surfaces with terrace lengthsl
,lF/2 where the surface state band is unoccupied at
superlattice zone boundaries. With a careful data anal
using an appropriate model for the photoemission line sh
we gain new insight concerning surface state confinem
on vicinal Cu~111!. By measuring the full surface stat
Fermi surfaces we find a significant deviation from a fre
©2001 The American Physical Society11-1
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F. BAUMBERGER, T. GREBER, AND J. OSTERWALDER PHYSICAL REVIEW B64 195411
electron-like behavior in the case of Cu~332!. This is strong
evidence for the superlattice sensitivity of the surface s
and can be used to estimate the effective potential stren
Our line shape analyses indicate a highly reduced lifetime
the photohole, consistent with the expected surface stat
surface resonance transition.

II. EXPERIMENT

Angle-scanned ultraviolet photoemission spectrosc
~ARUPS! data and in particular Fermi surface maps~FSM!
generally exhibit two rather different types of features, t
relative importance of which depends on the damping of
electron in its final state.20,21 For a large damping and a co
respondingly small inelastic mean free path, the photoem
sion intensity is essentially proportional to the 1D density
initial states, associated with thek' dispersion at a given
ki .21 The resulting homogeneous intensity distribution m
be viewed as a surface projection of the initial-state cons
energy surface. For a large mean free path, on the other h
the photoemission intensity originates from direct transitio
to unoccupied final states. The corresponding features
FSM are well-defined lines of high intensity, representing
initial-state Fermi surface along thek-space contour of the
final state. These lines are typically 10 times more inte
than the above-mentioned DOS-derived features and wil
mainly interpreted in the present paper. For most cases
assumption of a free-electron final state proved to
sufficient.20,22 This interpretation scheme of photoemissi
data is illustrated in Fig. 1. A quasiparticle peak in the ph
toemission spectrum can be observed when initial and fi

states intersect ink-space. The double peak betweenḠ00 and

Ḡ10 can therefore be assigned to the Fermi level crossin
the Shockley surface state, whereas the weaker feature
the left originate from thesp-derived bulk Fermi surface
The initial-state momentum can be calculated from the e
tron emission angle and kinetic energy. For uniform wo
function F and inner potential diffraction of the outgoin
electron wave conserves the momentum component in
surface plane:

~kx ,ky!5
1

\
A2meEkin

vac~sinu cosf,sinu sinf!, ~1!

whereEkin
vac5hn2EB2F is the kinetic energy with respec

to the vacuum level,u the polar andf the azimuthal emis-
sion angle. The electron binding energyEB equals zero at the
Fermi level.

The experiments were performed in a VG ESCALAB 2
photoelectron spectrometer, modified with a compu
controlled two-axis sample goniometer.23 The monochroma-
tized UV radiation from a He discharge lamp is weaklyp
polarized due to the reflection on the monochromator g
ing. Its oblique incidence can cause different intensities fok
points which are equivalent with respect to the crys
symmetry.24 All photoemission data were taken with He Ia
radiation~21.22 eV! at room temperature. The resolution p
rameters were set toDE,40 meV andDu,0.8° @full width
at half maximum~FWHM!#.
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Hard-sphere models of the investigated vicinal surfa
are shown in Fig. 2. All surfaces are vicinal to the clos
packed ~111! surface and exhibit monoatomic steps wi
(111̄) microfacets. This results in terrace widths ofn11/3
atomic rows, wheren equals 5 for Cu~332! and 3 for the
~221! surfaces, respectively. The nominal miscut angles re
tive to @111# are 10.0°~332! and 15.8°~221!.

The single-crystal samples~Mateck, Ju¨lich! were polished
mechanically to within,0.5° accuracy, before insertin
them in the UHV system. For the initialin situ preparation
repeated cycles of low-energy (;200 eV) Ar-ion sputtering
followed by annealing with temperatures subsequently
creasing to 950 K were used. After this treatment mild a
nealing to;525 K proved to be sufficient to remove sputt
damage.

The crystallographic directions were checkedin situ by
x-ray photoelectron diffraction~XPD! with an accuracy of
better than 1°. Miscut angles were determined from a co
parison of the crystallographic directions with laser reflect
at the macroscopic surface. Surface order was checke
scanning tunneling microscopy~STM! and low-energy elec-
tron diffraction ~LEED!. Terrace width distributionsP( l )
were deduced from an analysis of the LEED spot profi
using the formalism given in Ref. 25. The average terra
widths of ^ l &332512.761.0 Å and ^ l &22157.060.5 Å

FIG. 1. Interpretation scheme for an angle-scanned photoe
sion experiment. The top of the figure shows the measured ph
emission intensity at the Fermi level of Cu~332! for various emis-

sion angles in the (110̄) symmetry plane~perpendicular to the step

and the surface!. Below the (11̄0) plane is shown in the extende
zone scheme. Calculated initial states on the bulk Fermi surface
shown partly dotted; the surface-state Fermi surface is represe
by the two rods near theL point. The large circle aroundG000 shows
the final-state sphere for excitation with He I radiation.
1-2
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FERMI SURFACES OF THE TWO-DIMENSIONAL . . . PHYSICAL REVIEW B 64 195411
agree with the nominal values and the miscut angles as
termined by XPD. Standard deviationss l of P( l ) are calcu-
lated from the spot widths. Without any resolution corre
tions we obtains l50.37̂ l & as an upper limit for both
samples, close to the value found in a STM study (s l
50.26̂ l &).26 Sample cleanliness was verified by x-ray ph
toelectron spectroscopy~XPS!. The contamination levels
during the experiments were always below 0.04 ML carb
and 0.02 ML oxygen.

III. RESULTS AND DISCUSSION

A. Experimental data

The bulk electronic structure of Cu near the Fermi leve
dominated by the free-electron-like dispersingsp-band,
crossing the Fermi level atkF;1.4 Å21. As a consequence
of the lattice periodicity thesp band is back folded at theL
points of the Brillouin zone and gaps at the Fermi level op
along ^111&, giving rise to the characteristic necks in th
Fermi surface. TheseL gaps support the investigated Shoc
ley surface state on Cu~111! and its analog on the vicina
surfaces. The necks of the bulk Fermi surface as well as
bone shaped hole orbits are readily identified as direct t
sition lines in the Fermi surface map from Cu~332! shown in

Fig. 3. The bright elliptical feature nearḠ is the Shockley
surface state. The Fermi level crossing of the bulk band
measured atki values corresponding to a projection of th
initial state onto a~332! plane. This confirms thatki is con-
served with respect to the average surface plane, rather
the terrace plane. In agreement with earlier studies27 we have
no indications for effects of the step structure on the locat
of the bulk bands. The contour of the DOS-derived featur
indicated by a thin semicircle. It appears distinctly shift
from the direct transition lines and shows no clear indicat
of the L gap. This behavior is readily interpreted within th
frame work presented in Ref. 21. The rather sharp bound
of the DOS-derived feature results from the edge of the p
jected first Fermi sphere and thus gives the cross sectio
the initial state Fermi surface within a~332! plane passing
through the zone center. The absence of any dark spot in
DOS-like feature indicates that initial states are available

FIG. 2. Nominal surface atomic configurations for~a! Cu~221!
and ~b! Cu~332!. Primitive surface unit cells are indicated by rec
angles. Step-step separationsl and miscut anglesa relative to@111#
are l (332)512 Å, a (332)510°, and l (221)57.7 Å, a (221)515.8°,
respectively.
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all values ofki i.e., that there is no remnant gap in the pr
jected bulk band structure as is, in contrast, observed in
FSM from Cu~111! ~Fig. 4!.

In the following we focus on thek-space region of the
Shockley surface state. We choosek-space coordinates with
kx normal to the steps, running upstairs for positive valu
and ky parallel to the steps. Fermi surface maps with hi
sampling density (;8000 angular settings! from all three
crystal faces are shown in Fig. 4. To enhance weaker feat
we displayed the photoemission intensity on a logarithm
gray scale as a function ofki for u,30° or ki,1.05 Å21.
The surface state Fermi contour for Cu~111! in Fig. 4~a! is

centered atḠ and perfectly circular as expected for a 2
free-electron gas. Its Fermi wave vector ofkF50.205 Å21

is well inside the projected bulk band gap (kneck
50.26 Å21) and results in an occupation of̂n& (111)

50.037e2/surface atom. The measured linewidth
0.026 Å21 is dominated by the angular resolution. Th
broad threefold symmetric structure at higherki values is
well reproduced by calculations and seems to be remn
from direct transitions to non-free-electron-like final states21

The projectedL gap is clearly visible as a black spo

aroundḠ.
The Fermi contours from the vicinal samples appe

shifted by half a reciprocal lattice vector fromḠ00 to M̄1/2,0,
the projection of the supportingL1/2,1/2,1/2point. Invoking the
interpretation scheme as illustrated in Fig. 1 this shift
quires that the surface state wave function is dispersion
alongk' and thus decays in real space perpendicular to
average surface, rather than along the terrace normal. A
consequence the surface state propagates along the av
surface as it was found in earlier studies.13 This has two
important consequences. First, a wave function extendin
k-space along the surface normal gradually separates f

FIG. 3. He I excited Fermi surface map from Cu~332!, displayed
on a logarithmic gray scale. The bone-shaped direct transition l
represent a cut through the bulk Fermi surface. The bright elli

near Ḡ is the L-gap surface-state. The semicircle with radi
1.40 Å21 approximates the DOS-like feature in the lower half
the plot.
1-3
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FIG. 4. Fermi surface maps of Cu~111! ~a!, Cu~332! ~b!, and Cu~221! ~c!. Superlattice Brillouin zones and the high-symmetry pointsḠ00

andM̄1/2̄,0 are overlayed. The photoemission intensity is displayed as a function of parallel momentum on a logarithmic gray scale
from black at minimum intensity to white at maximum intensity.
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the gap which extends along@111#. The surface state wil
thus hybridize with bulk states and should more correctly
termed a surface resonance. This will certainly reduce
photohole lifetime. To what extent the enhanced linewid
may be attributed to this effect will be discussed in the n
section. As a second point the propagation along the ave
surface indicates a coherent interaction of the initial-st
wave function over several terraces. We can thus expec
surface state to react to the step potentials in a similar wa
a Bloch state. This is unambiguously observed in the Fe
surface map from Cu~332! in Fig. 4~b!. The elliptical Fermi
contour with its larger spanning vector perpendicular to
steps indicates the enhanced effective mass for a propag
in the periodic step lattice. In the same figure we ident
faint lines starting from the ellipsoidal feature to the righ
These features reflect a 1D Fermi surface with Fermi w
vectorskF

1D560.17 Å21 independent of the momentumkx

perpendicular to the steps. The corresponding step-indu
1D state was discussed in more detail in a previo
publication.16 An analogous state is not found in the Fer
surface map of Cu~221! shown in Fig. 4~c!. In contrast to the
~332! surface, the 2D surface-state on Cu~221! is again very
close to the isotropic Fermi surface of a free-electron ga

Surface state dispersion plots alongḠM̄ are shown in Fig.
5. The data are normalized with a Fermi-Dirac distributi
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function and mapped tokx using Eq.~1!. The instrumental
Fermi edge was determined on a polycrystalline silv
sample. In order to reduce background noise far above
Fermi level an offset of 2 per mill has been added to
Fermi function. The dispersion plot measured for Cu~111!
@Fig. 5~a!# reproduces the perfect parabolic dispersion fou

in earlier studies.7,8 The parabola is centered at theḠ point of
the surface Brillouin zone and the band bottom is observe
EB5391(3) meV. The most significant changes in the d
sets from the vicinal surfaces are a shift of the band bott
towards higher kinetic energies and a considerable incre
in linewidth with decreasing terrace length. The dispers
remains free electron like. Maximal binding energies
EB

(332)5296(10) meV andEB
(221)5167(15) meV are ob-

served atkx5p/^ l &. Energy distribution curves at the ban
bottom are shown in Fig. 6. While the spectrum fro
Cu~111! shows a narrow Lorentzian line shape the spec
from the vicinal samples are slightly asymmetric and cons
erably broader. The asymmetry is much more pronounce
the case of Cu~221!.

B. One-dimensional band model

The energy shift of the surface state band bottom has b
reported for different Cu surfaces12–14,18and was rationalized
FIG. 5. Angle-scanned energy distribution curves alongḠM̄ from ~a! Cu~111!, ~b! Cu~332!, and~c! Cu~221!. The data are normalized
with a Fermi-Dirac distribution function and mapped tokx according to Eq.~1!.
1-4
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FERMI SURFACES OF THE TWO-DIMENSIONAL . . . PHYSICAL REVIEW B 64 195411
with a 1D Kronig-Penney model that accounts for the eff
of the step-induced repulsive potential to the free-electr
like surface state.14,18 However, for the purpose of th
present paper a description in terms of second-order pe
bation theory is more convenient. Like the Kronig-Penn
analysis in earlier work, we restrict ourselves to a 1D mo
and include the competing atomic potentials only via an
fective mass of the surface state electrons. The applicatio
a 1D model is supported by the measured dispersion a
the steps, which is very close to the one on the step
surface. Since the experiment shows free-electron-like
persing bands, we can use nondegenerate perturbation th
considering only theGW 50 component of the wave functio
in the plane-wave expansion (GW is a reciprocal lattice vecto
of the step lattice!.28 Then the energy shift of the band bo
tom is given by

DEB5U022 (
GW .0

uUGW u2

e1~GW !
, ~2!

where UGW are the Fourier coefficients of the potential a
e1(k)5\2k2/2m0 is the dispersion of the unperturbed ban
To zero order the band shift is given byDEB'U0 @ uUGW u2

!e1(GW )#, and sinceU0 is proportional to the step density
we can writeDEB'Ūstep/^ l &, where Ūstep is the integral
over the repulsive step potential as it is obtained in a Kron
Penney analysis.14 The quantity which is related to th
charge confinement on the terraces, however, is the incr
of the effective massmx with respect to the effective mas
m0 of the unperturbed band:

mx5
mo

128 (
GW .0

S uUGW u

e1~GW !
D 2 . ~3!

This equation relates the effective mass in the vicinity of
band bottom to the higher Fourier coefficients of the pot

FIG. 6. Energy distribution curves at the band minimum (kx

5p/^ l &). The spectra are divided by a Fermi function and norm
ized to equal peak intensity.
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tial which determine the magnitude of the band gap at
superlattice zone boundaries. Its validity of course is
stricted to small potential coefficients and for the limit of
noninteracting electron gas.

C. Line shape analysis

In a 2D system the energy and momentum distribution
the photocurrent resulting from direct transitions becom
particularly simple.29 In the small momentum range of inte
est matrix element effects may be neglected and the ph
emission intensity essentially corresponds to the hole sp
tral function

A~k,e!5
p21S I

„e2Ei~k!2SR…
21~S I !

2
, ~4!

whereS5SR(k,e)1 iS I(k,e) denotes the hole self-energ
For weakly interacting systemsSR vanishes. Provided the
self-energy varies slowly with energy and momentum
direct transition line becomes a Lorentzian at theinitial -state
energyEi(k). The linewidthG is related to the lifetimet of
the excited photohole byG52S I5\/t.29 Additional peak
broadening can occur due to the finite experimental res
tion and for systems with a high defect density.30,31 Both
effects can influence as well the apparent dispersion in
angle-scanned photoemission experiment. In the pre
study we can neglect the experimental resolution, sinc
contributes less than 5% to the total linewidths from t
vicinal surfaces.

The influence of surface morphology on surface state
shapes was successfully described by approximating the
tocurrent as the sum over the spectral functions from an
coherent ensemble.31,32For electrons close to the Fermi lev
the initial-state coherence lengthLi is limited by inelastic
scattering processes, ensuring thermal equilibrium. The
face state wave function at a vicinal surface may thus
viewed as a wave packet and its wave vector will con
quently show a certain distribution following the local dire
tion of the surface. For a quantitative modeling of this effe
we make two simplifying assumptions. First we assume t
the wave packet averages over an area given by its ini
state coherence length, i.e., that the dispersion does no
pend on the details of the probed step sequence. The
lattice, however, shall affect the effective masses as outli
in Eq. ~3! and the band bottom shall be pinned ink-space to
k05p/ l̄ i , where l̄ i denotes the average terrace length in
area probed by the surface state. Furthermore, we neg
defects along the steps like e.g., kinks and approximate
spatial averaging by an integration over the width distrib
tion P( l̄ i) in the continuum limit33:

I ~e,kx ,ky!5I 0E
2`

`

d l̄ i P~ l̄ i !A~e,kx ,ky ,Ei !, ~5!

where Ei5Ei(kx ,ky , l̄ i) denotes the terrace-length
dependent dispersion relation. As discussed above, we
sume a free-electron-like dispersion with different effecti
masses for motion along and perpendicular to the steps.

-

1-5
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F. BAUMBERGER, T. GREBER, AND J. OSTERWALDER PHYSICAL REVIEW B64 195411
only terrace-length-dependent quantities are the energy
momentum shift of the band bottom:

E~kx ,ky , l̄ i !5E0
(111)1

Ūstep

l̄ i

1
\2~kx2p/ l̄ i !

2

2mx
1

\2ky
2

2my
.

~6!

Inserting Eq.~6! in Eq. ~5! we obtain an expression for th
photocurrent in energy-momentum space as a function o
parameters. Three of them, namely, the potential offsetŪstep
and the two effective massesmx ,my , describe the initial-
state dispersion which we are primarily interested in. Surf
morphology enters via the width distributionP( l̄ i) which is
sharper than the distribution of single terracesP( l ) if the
surface state averages over several consecutive terrac
we approximate the terrace width distribution by a Gauss
with standard deviations l , P( l̄ i) will be Gaussian as wel
and its standard deviations l̄ i

is related to the initial-state

coherence length byLi5(s l /s l̄ i
)2^ l &. Fitting P( l̄ i) to the

experiment can thus give an estimate onLi . The hole many-
body physics finally is covered byS I .

Since some of the parameters are correlated and s
neither energy distribution curves~EDC’s! nor momentum
distribution curves~MDC’s! are sensitive to all fit param
eters, we performed two-dimensional fits in both planes
measurement. A set of MDC’s from Cu~332! for different
binding energies as extracted from the data in Fig. 5~b!, to-
gether with the corresponding fits is displayed in Fig. 7. T
fit parameters are summarized in Table I. The excell
agreement between fit and data is achieved with a cons
self-energy of 2S I5190 meV. In particular the differen
line shapes of the two peaks are well reproduced by the

FIG. 7. Momentum distribution curves perpendicular to t
steps from Cu~332!. The data are normalized with the changing fl
on the sample and corrected for a smooth polynomial backgro
The thin lines are the results of a 2D fit using Eq.~5!.
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The same parameter set was used to fit the Cu~332! FSM
with the only free parameter being the effective mass
motion along the steps. We find good agreement betwee
and data for an anisotropymy /mx of 0.87 as can be judged
from the extracted MDC’s, shown in Fig. 8. The peak sha
is well represented with the same self-energy and morp
ogy parameter used to fit the (kx ,E) plane. The analysis o
different constant energy surfaces down to binding energ
of 0.22 eV shows no energy dependence ofmy /mx . The
values for the anisotropy depend critically on the width d
tribution P( l̄ i). If we hold the standard deviations l̄ i

at zero,

corresponding to perfect surface order, we obtainmy /mx

50.65, considerably different from the best fit.P( l̄ i), how-
ever, affects as well the asymmetry of the MDC’s and t
variations in the linewidths. Since the three distinctly diffe
ent line shapes in the Fermi level crossing from Cu~332! are
well reproduced by the fits, we expect the determined ani

d.

FIG. 8. Momentum distribution curves at the Fermi level pe
pendicular to the steps~a! and along the steps~b!. The data are
shown in the correct intensity ratio. Note that the different lin
widths of the Fermi level crossings are described with
k-independent self-energy.

TABLE I. Surface-state band parameters, as obtained from
2D fits with Eq. ~5!. The values formy /mx are averaged from
different data sets from the same samples.s l̄ i

denotes the standar
deviation of the terrace width distribution sampled by the surfa
state. The morphology parameters from the LEED analysis
added in brackets for comparison.

Cu~111! Cu~332! Cu~221!

Ūstep(eV Å) – 1.09 1.52

mx(me) 0.41~2! 0.45~3! 0.49~5!

my /mx 1.00~1! 0.87~7! 1.05~12!

2S I (meV) 54a 190 300
^ l &ARUPS@^ l &LEED#(Å) – 12.6 @12.7# 6.7 @7.0#

s l̄ i

ARUPS
@s l

LEED#(^ l &) – 0.17@0.31# 0.06 @0.30#

aReference 34.
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ropy to be highly reliable. An error of 0.07 is estimated fro
the spread in different data sets from the same sam
For s l̄ i

we find a value of 0.17. From a comparison withs l

50.31̂ l & as obtained by LEED for the distribution of sing
terraces we estimate an initial state coherence lengthLi of
the order of three terraces.

The agreement between fit and data is less satisfactor
Cu~221!. This is surprising since we expect that the disp
sion in Eq.~6! is more appropriate for Cu~221!, wherekF is
far from the zone boundary and might indicate the limi
tions of the present analysis. The main results, however,
be observed in the raw data as well. The FSM is hig
isotropic and shows a broad rather symmetric peak in
MDC’s with a weak momentum dependence of the lin
width. This indicates a small anisotropy and a reduced s
sitivity to the width distributionP( l̄ i), which is confirmed by
the fits.

D. Discussion

With the presented results, the scenario of a continu
surface state to surface resonance transition emerges.
transition is driven by the closing of the projected band g
which allows hybridization of surface and bulk states. This
supported by the strong increase in linewidth with increas
miscut away from the@111# direction. The fit results using
the presented line shape model indicate that approxima
2/3 of the smaller high binding energy side half width at h
maximum atM̄1/2,0 can be attributed to lifetime broadenin
1/3 to inhomgeneous broadening due to the terrace w
distribution. The importance of the different decay chann
of the photohole can be estimated from a comparison w
the well-characterized Cu~111! surface.35–37 The room-
temperature linewidth on flat Cu~111! can be decompose
into a temperature-dependent electron-phonon contribu
Ge-ph'16 meV and a low-temperature linewidth o
'20 meV which has been attributed predominantly to int
band transitions.37 Decay of the photohole within the surfac
state band should not depend significantly on the mis
angle. Electron-phonon coupling is expected to increase w
increasing bulk penetration of the surface state w
function.38 It might increase as well due to quasielastic sc
tering at steps. However, the observed linewidths ofG (332)

'190 meV andG (221)'300 meV cannot be explained wit
a reasonable coupling parameter. It is therefore compellin
attribute the dominant decay channel on the vicinal surfa
to the scattering of the photohole with bulk electrons near
surface as it is expected for a surface resonance.

The effective step potential can be estimated from
anisotropy in the Fermi surface. With the assumption of
unperturbed propagation parallel to the steps the pote
coefficients are readily calculated using Eq.~3!. In the case
of Cu~221! we see no significant difference betweenmx and
my . Consequently the higher Fourier coefficientsUGW .0 are
compatible with zero, indicating a very small spatial var
tion of the effective potential. However, the spread in diffe
ent data sets from the same sample is too large to deter
a significant upper limit. For Cu~332! we obtain
(@UGW /e1(GW )#250.016 by insertingmy /mx

(332)50.87 into
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Eq. ~3!. In the limiting case of ad-function potential all
UGW .0 are equal and thus readily calculated to beUGW .0
50.28 eV. HereU050.16 eV is obtained by insertingDE
595 meV into Eq.~2!. However, these coefficients are n
small compared with the unperturbed bandwidth in the s
lattice of E1;0.55 eV. Thus the approximations made
deduce the Eqs.~2! and ~3! are no longer valid. An exac
solution of the periodic array ofd potentials, chosen such a
to reproduce the experimental effective masses,39 however,
results in a dispersion very close to the one obtained w
perturbation theory. It reproduces in particular the unreali
cally large band gap ofEg52U1;0.55 eV and the narrow
bandwidth of E1;0.3 eV, which is considerably smalle
than the experimental value ofE1

(332).0.4 eV. These unre-
alistic predictions indicate the limited validity of the applie
1D band structure model. In particular an anisotropic coh
ence length and disorder in the step lattice may influence
dispersion as well. These effects may also reduce or e
completely fill the predicted band gap at the superlattice z
boundary.

IV. SUMMARY

In a comparative study we characterized the surface s
dispersion on Cu~111! and the vicinal Cu~332! and Cu~221!
surfaces using angle-scanned ultraviolet photoemission.
find on both vicinal surfaces a 2D surface state, cohere
interacting over several terraces. The finite width of the t
race size distribution is found to influence the spectra c
siderably. To extract the intrinsic initial-state dispersion fro
the data, we used a simple model including the spatial a
aging as a 1D integral over the terrace width distributio
With this analysis we can quantify the anisotropy in the d
persion for motion along and perpendicular to the steps
the case of Cu~332! we find a considerable deviation from
the isotropic Fermi surface of a free-electron gas. This
evidence for the Bloch nature of the surface state in the
riodic step lattice and provides an estimate of the effect
step potential. The reduced sensitivity to the step potent
found on Cu~221! can be explained by the enhanced hybr
ization with bulk states leading to a larger bulk penetration
the surface state. It might be related as well to the increas
overlap between neighboring step potentials and the dis
pearance of the 1D state found on Cu~332!.16 The enhanced
surface-bulk coupling explains as well the decreasing pho
hole lifetime with increasing step density as obtained fro
the line shape analysis. The strong angle dependence o
linewidth, however, is conveniently explained with the sp
tial averaging and gives no indications of a momentum
pendence of the hole self-energy as could arise from an
isotropic step related electron-electron or electron-pho
interaction.
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