PHYSICAL REVIEW B, VOLUME 64, 195411
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The Shockley L-gap surface states on €111 and the vicinal332) and(221) surfaces have been mapped
by angle-scanned ultraviolet photoelectron spectroscopy. We find two-dimen&@aurface 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 A(82Gthe Fermi
contour shows the characteristic elliptical shape of a 2D Bloch state in a 1D lattice. @a81Cwith 7.7 A
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.
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[. INTRODUCTION terraces? The shift of the surface state band towards higher
kinetic energies was interpreted in terms of a 1D Kronig-
Vicinal surfaces are miscut by a small angle relative to aPenney model? mimicking the steps as a periodic array of
high-symmetry crystal plane and thus generally composed afepulsive 5-function potentials. However, an unambiguous
low-index terraces bounded by steps with a preferential orimanifestation of a periodic potential is given only by a
entation. The motivation for the study of these surfaceshanged effective band mass or the opening of a band gap at
comes from various quarters. Structural aspects are widellhe superlattice zone boundary. The energy shift may be
investigated, since the energetics of a monoatomic step on afaused as well by a homogeneous potential shift as it is, e.g.,
otherwise perfect crystal surface are fundamental for surfacgbserved upon cooling of the surfate.
morphology* The enhanced catalytic activity of step sites  To our knowledge the opening of a superlattice gap has
makes vicinal surfaces attractive model systems in heterogerot been reported so far for the Shockley surface state in
neous catalysis> Stepped surfaces are also of increasingcontrast to the observed superlattice periodicity for a Tamm
importance as functional substrates for the growth of nevstatd® and an image potential staf@n vicinal Cu100). It is
low-dimensional solids with tailored electronic propertés. thus still an open issue whether the long-range modulation of
Vicinal Cu(111) surfaces are of specific interest due to thethe atomic potential caused by the steps is strong enough to
presence of a free-electron-like Shockley surface state on thesult in distinct superlattice effects on the Shockley-type
corresponding flat surfade® This state arises as a conse- surface state. In contrast to Tamm states which are essen-
quence of the broken translational symmetry along the sutially localized in the outermost atomic layer, Shockley-type
face normal. Its wave function is confined perpendicular tosurface states exhibit a considerable bulk penetration depth.
the surface by the surface potential step and the crystal banthis obviously reduces the sensitivity to the step potentials
gap? In the surface plane it propagates free-electron-likeand will be reflected in a 1D model by a smaller corrugation
with a Fermi wavelength oihg~3 nm. Despite its low of the effectivepotential landscape. For terrace lengths of
density—one electron is shared by about 20 surface atoms-enly a few atomic rows we also expect that step-step inter-
this state is of high interest due to its energetic positioraction smoothes the potential barriers. With increasing mis-
crossing the Fermi level. Scattering of surface state electronsut away from the[111] direction, surface and bulk wave
at nanostructures thus modulates the local density of statégnctions can hybridize to a surface resonance, giving rise to
(DOS at the Fermi levet? Recently it has been observed an increasing decay length towards the bulk. Surface-bulk
that this modulation is strong enough to produce a feedbackoupling can in principle be measured via the photoemission
on the atomic arrangemett. linewidth, reflecting the lifetime of the excited hole state.
Modifications of the Shockley surface state on steppedanchezet al. reported a considerable increase in the sur-
surfaces have been studied in a number of wotk¥  face state linewidth with decreasing terrace lertgthlow-
Momentum-resolved photoemission experiments showed aver, we are not aware of any attempt to deduce lifetimes of
propagating two-dimensiondRD) state, shifted in energy the excited hole state.
and momentum with respect to the flat surface. From the In this paper we present a detailed study of the band dis-
momentum shift of the band bottom it was concluded thafpersion on two vicinal surfaces with terrace lengths
the surface state propagates along the average surface plard@ /2 where the surface state band is unoccupied at the
rather than on the individual terracEsRecent experiments superlattice zone boundaries. With a careful data analysis
of Ortegaet al,, however, indicated a critical terrace length using an appropriate model for the photoemission line shape
of ~17 A above which the electron wave function switcheswe gain new insight concerning surface state confinement
from step modulation to terrace modulatibtiThe latter was on vicinal Cy111). By measuring the full surface state
observed earlier by scanning tunneling microscopy on largé&ermi surfaces we find a significant deviation from a free-
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electron-like behavior in the case of (332. This is strong
evidence for the superlattice sensitivity of the surface state
and can be used to estimate the effective potential strength.
Our line shape analyses indicate a highly reduced lifetime of
the photohole, consistent with the expected surface state to
surface resonance transition.

Intensity (arb. units)

II. EXPERIMENT

Angle-scanned ultraviolet photoemission spectroscopy
(ARUPS data and in particular Fermi surface mapsM)
generally exhibit two rather different types of features, the
relative importance of which depends on the damping of the
electron in its final staté”?! For a large damping and a cor-
respondingly small inelastic mean free path, the photoemis-
sion intensity is essentially proportional to the 1D density of
initial states, associated with tHe dispersion at a given
kj.** The resulting homogeneous intensity distribution may
be viewed as a surface projection of the initial-state constant
energy surface. For a large mean free path, on the other hand,
the photoemission intensity originates from direct transitions
to unoccupied final states. The corresponding features in a
FSM are well-defined lines of high intensity, representing the
initial-state Fermi surface along thespace contour of the
final state. These lines are typically 10 times more intense FIG. 1. Interpretation scheme for an angle-scanned photoemis-
than the above-mentioned DOS-derived features and will beion experiment. The top of the figure shows the measured photo-
mainly interpreted in the present paper. For most cases themission intensity at the Fermi level of 332 for various emis-
assumption of a free-electron final state proved to besion angles in the (10) symmetry planéperpendicular to the steps
sufficient?®?? This interpretation scheme of photoemission an the surfade Below the (1D) plane is shown in the extended
data is illustrated in Fig. 1. A quasiparticle peak in the pho-zone scheme. Calculated initial states on the bulk Fermi surface are
toemission spectrum can be observed when initi_al and finadhown partly dotted; the surface-state Fermi surface is represented
states intersect ik-space. The double peak betwdég and by the two rods near thie point. The large circle aroundgo shows

T';, can therefore be assigned to the Fermi level crossing Otpe final-state sphere for excitation with He | radiation.
the Shockley surface state, whereas the weaker features on ) ] o
the left originate from thesp-derived bulk Fermi surface. Hard-sphere models of the investigated vicinal surfaces
The initial-state momentum can be calculated from the elec&'® shown in Fig. 2. All surfaces are vicinal to the close-
tron emission angle and kinetic energy. For uniform work-Packed (111 surface and exhibit monoatomic steps with
function ® and inner potential diffraction of the outgoing (111) microfacets. This results in terrace widths ot 1/3
electron wave conserves the momentum component in thatomic rows, wheren equals 5 for C(B32 and 3 for the
surface plane: (221) surfaces, respectively. The nominal miscut angles rela-
tive to[111] are 10.0°(332 and 15.8°(221).
1 ) ) ) The single-crystal sampléMateck, Jiich) were polished
(kx,ky)z%VZmeEﬁﬁf(smHcos¢,sm0$|n¢), (D mechanically to within<0.5° accuracy, before inserting
them in the UHV system. For the initidh situ preparation
whereE}; =hv—Eg—® is the kinetic energy with respect repeated cycles of low-energy-Q00 eV) Ar-ion sputtering
to the vacuum levelg the polar andp the azimuthal emis- followed by annealing with temperatures subsequently in-
sion angle. The electron binding enefgy equals zero at the creasing to 950 K were used. After this treatment mild an-
Fermi level. nealing to~525 K proved to be sufficient to remove sputter
The experiments were performed in a VG ESCALAB 220damage.
photoelectron spectrometer, modified with a computer- The crystallographic directions were checkiedsitu by
controlled two-axis sample goniometéThe monochroma- x-ray photoelectron diffractiofXPD) with an accuracy of
tized UV radiation from a He discharge lamp is weakly better than 1°. Miscut angles were determined from a com-
polarized due to the reflection on the monochromator gratparison of the crystallographic directions with laser reflection
ing. Its oblique incidence can cause different intensitiekfor at the macroscopic surface. Surface order was checked by
points which are equivalent with respect to the crystalscanning tunneling microscog$TM) and low-energy elec-
symmetry?* All photoemission data were taken with He |  tron diffraction (LEED). Terrace width distributiond(l)
radiation(21.22 eV} at room temperature. The resolution pa- were deduced from an analysis of the LEED spot profiles
rameters were set 'E<40 meV andA §<0.8° [full width using the formalism given in Ref. 25. The average terrace
at half maximum(FWHM)]. widths of (1)3?=12,7+1.0 A and (1)?*’=7.0+0.5 A
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FIG. 2. Nominal surface atomic configurations fay Cu(221)
and (b) Cu(332. Primitive surface unit cells are indicated by rect- 2
angles. Step-step separatidrssd miscut anglea relative to[111] LI L I L L B L |
are |G3=12 A, o(®2=10°, andI®=7.7 A, o?Y=158, 2 - 0 1 2

respectively. ko (A7)

FIG. 3. He | excited Fermi surface map from(@82), displayed

a logarithmic gray scale. The bone-shaped direct transition lines
represent a cut through the bulk Fermi surface. The bright ellipse

agree with the nominal values and the miscut angles as d%—n
termined by XPD. Standard deviations of P(l) are calcu-
lated from the spot widths. Without any resolution correc-
tions we obtaino;=0.3%1) as an upper limit for both
samples, close to the value found in a STM study (
=0.26] )).25 Sample cleanliness was verified by x-ray pho-

toelectron spectroscopyXPS). The contamination levels all values ofk, i.e., that there is no remnant gap in the pro-

gﬁgnég (;tgeMeLxgiggr;;ennts were always below 0.04 ML Carbor}ected bulk band structure as is, in contrast, observed in the

FSM from Cy11)) (Fig. 4).

In the following we focus on thé-space region of the
Shockley surface state. We chodsepace coordinates with
A. Experimental data k, normal to the steps, running upstairs for positive values,
andk, parallel to the steps. Fermi surface maps with high
sampling density 8000 angular settingsfrom all three
crystal faces are shown in Fig. 4. To enhance weaker features
we displayed the photoemission intensity on a logarithmic
I,‘grray scale as a function d&f for 6<30° ork;<1.05 A~

he surface state Fermi contour for (@Ll) in Fig. 4a) is

near I' is the L-gap surface-state. The semicircle with radius
1.40 A~! approximates the DOS-like feature in the lower half of
the plot.

IIl. RESULTS AND DISCUSSION

The bulk electronic structure of Cu near the Fermi level is
dominated by the free-electron-like dispersirsg-band,
crossing the Fermi level &-~1.4 A~1. As a consequence
of the lattice periodicity thesp band is back folded at thie
points of the Brillouin zone and gaps at the Fermi level ope
along (111), giving rise to the characteristic necks in the — }
Fermi surface. These gaps support the investigated Shock- céntered af” and perfectly circular as expected for a 2D
ley surface state on Cill) and its analog on the vicinal ree-electron gas. Its Fermi wave vectorlgf=0.205 A
surfaces. The necks of the bulk Fermi surface as well as th§ Well |q3|de the projected bulk band gapknléﬁk
bone shaped hole orbits are readily identified as direct tran=0-26 A™*) and results in an occupation ofn)*V

sition lines in the Fermi surface map from (382 shown in ~ =0.03% /surface atom. The measured linewidth of

Fig. 3. The bright elliptical feature nedr is the Shockley 8:322 t}i;reels dominated by the angular resolution. The

surface state. The Fermi level crossing of the bulk bands is fold symmetric §tructure at highgrvalues is
X o well reproduced by calculations and seems to be remnant
measured ak; values corresponding to a projection of the

o . . . from direct transitions to non-free-electron-like final stdtes.
initial state onto &332 plane. This confirms thdy is con-

served with respect to the average surface plane, rather th:;lrr? € prﬂectedL gap is clearly visible as a black spot

the terrace plane. In agreement with earlier stidies have ~aroundl’. .

no indications for effects of the step structure on the location "€ Fermi contours from the vicinal samples appear
of the bulk bands. The contour of the DOS-derived feature ishifted by half a reciprocal lattice vector frofiyg to My, o,
indicated by a thin semicircle. It appears distinctly shiftedthe projection of the supportirig,, 1/, 12p0int. Invoking the
from the direct transition lines and shows no clear indicationinterpretation scheme as illustrated in Fig. 1 this shift re-
of the L gap. This behavior is readily interpreted within the quires that the surface state wave function is dispersionless
frame work presented in Ref. 21. The rather sharp boundarglongk, and thus decays in real space perpendicular to the
of the DOS-derived feature results from the edge of the proaverage surface, rather than along the terrace normal. As a
jected first Fermi sphere and thus gives the cross section @onsequence the surface state propagates along the average
the initial state Fermi surface within @32 plane passing surface as it was found in earlier studiésThis has two
through the zone center. The absence of any dark spot in thimportant consequences. First, a wave function extending in
DOS-like feature indicates that initial states are available fok-space along the surface normal gradually separates from
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FIG. 4. Fermi surface maps of Ciil) (a), Cu332 (b), and C221) (c). Superlattice Brillouin zones and the high-symmetry poﬁﬁ

and I\Wmare overlayed. The photoemission intensity is displayed as a function of parallel momentum on a logarithmic gray scale ranging
from black at minimum intensity to white at maximum intensity.

the gap which extends alorid11]. The surface state will function and mapped t&, using Eq.(1). The instrumental
thus hybridize with bulk states and should more correctly bd~ermi edge was determined on a polycrystalline silver
termed a surface resonance. This will certainly reduce theample. In order to reduce background noise far above the
photohole lifetime. To what extent the enhanced linewidthFermi level an offset of 2 per mill has been added to the
may be attributed to this effect will be discussed in the nextFermi function. The dispersion plot measured for(Tld)
section. As a second point the propagation along the averad€ig. 5(a)] reproduces the perfect parabolic dispersion found

surface indicates a coherent interaction of the initial-statgy earlier studied:® The parabola is centered at thepoint of
wave function over several terraces. We can thus expect th@e surface Brillouin zone and the band bottom is observed at
surface state to react to the step potentials in a similar way #5,=391(3) meV. The most significant changes in the data
a Bloch state. This is unambiguously observed in the Fermiets from the vicinal surfaces are a shift of the band bottom
surface map from Q832) in Fig. 4(b). The elliptical Fermi  towards higher kinetic energies and a considerable increase
contour with its larger spanning vector perpendicular to thep |inewidth with decreasing terrace length. The dispersion
steps indicates the enhanced effective mass for a propagatigemains free electron like. Maximal binding energies of
in the periodic step lattice. In the same figure we |dent|nyé332): 296(10) meV andE(B221)= 167(15) meV are ob-

faint lines starting from the ellipsoidal feature to the right. soreq atk — /(). Energy distribution curves at the band

These features reflect a 1D Fermi surface with Fermi wave) 1o are shown in Fig. 6. While the spectrum from
1D _ —1; ) ’

vectorskg"=+0.17 A™* independent of the momentuk)  cy111) shows a narrow Lorentzian line shape the spectra

perpendicular to the steps. The corresponding step-induce&ghm the vicinal samples are slightly asymmetric and consid-

1D state was discussed in more detail in a previougraply broader. The asymmetry is much more pronounced in
publication:® An analogous state is not found in the Fermi ihe case of C221).

surface map of C221) shown in Fig. 4c). In contrast to the
(332 surface, the 2D surface-state on(€21) is again very _ _
close to the isotropic Fermi surface of a free-electron gas. B. One-dimensional band model

Surface state dispersion plots aldﬁﬁ are shown in Fig. The energy shift of the surface state band bottom has been
5. The data are normalized with a Fermi-Dirac distributionreported for different Cu surfacEs*®and was rationalized

Binding Energy (eV)

0.2 0.0 0.25 0.4 0.6
ke (A7)

FIG. 5. Angle-scanned energy distribution curves alﬁlﬁ from (a) Cu(111), (b) Cu(332), and(c) Cu(221). The data are normalized
with a Fermi-Dirac distribution function and mappedkipaccording to Eq(1).
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: tial which determine the magnitude of the band gap at the

Cufitt), 8-0° =% superlattice zone boundaries. Its validity of course is re-
@ o stricted to small potential coefficients and for the limit of a
5 noninteracting electron gas.
z cu@sn), e-68 ‘\\ C. Line shape analysis
g "‘-\ In a 2D system the energy and momentum distribution of
s / \\ﬁ the photocurrent resulting from direct transitions becomes
o rd . . 9 .
2 R . particularly simpl€?® In the small momentum range of inter-
§ Cuan), 0=129° "\,v' est matrix element effects may be neglected and the photo-
B S EA emission intensity essentially corresponds to the hole spec-
o yd ~ tral function

W‘j. _1
I\|IIIIIIHI|IIII|II|||III\‘IIII 7T 2|
0.8 0.4 0.0 A(k,€) (4)

T (B (K-S (37

where =3 (k,e) +i2,(k,€) denotes the hole self-energy.
|.For weakly interacting systemX vanishes. Provided the
self-energy varies slowly with energy and momentum the
direct transition line becomes a Lorentzian at ithigal -state

with a 1D Kronig-Penney model that accounts for the effecttn€rgyEi(k). The linewidthI" is related to the lifetimer of

of the step-induced repulsive potential to the free-electronthe excited photohole by’ =23,=1i/7.2° Additional peak

like surface staté*'® However, for the purpose of the b_roademng can occur d_ue to the finite experimental resolu-
present paper a description in terms of second-order pertufion and for systems with a high defect densfty: Both
bation theory is more convenient. Like the Kronig-Penneyeffects can influence as well the apparent dispersion in an
analysis in earlier work, we restrict ourselves to a 1D modeRngle-scanned photoemission experiment. In the present
and include the competing atomic potentials only via an efstudy we can neglect the experimental resolution, since it
fective mass of the surface state electrons. The application gontributes less than 5% to the total linewidths from the
a 1D model is supported by the measured dispersion alongcinal surfaces. _
the steps, which is very close to the one on the step free The influence of surface morphology on surface state line
surface. Since the experiment shows free-electron-like disshapes was successfully described by approximating the pho-

persing bands, we can use nondegenerate perturbation thed@gurrent as the sum over the spectral functions from an in-
considering only th&5=0 component of the wave function coherent ensembi&:*? For electrons close to the Fermi level

i the ol ol . | lat the initial-state coherence length; is limited by inelastic
in the plane-wave expansiof(is a reciprocal lattice VECIOr - qeatering processes, ensuring thermal equilibrium. The sur-
?cfr’;hies Sg';ti(\a/grlmattyt;/c}3 Then the energy shift of the band bot- ¢;ce state wave function at a vicinal surface may thus be

viewed as a wave packet and its wave vector will conse-

2 quently show a certain distribution following the local direc-

AEg=Uy—2 >, |UGl ' (2)  tion of the surface. For a quantitative modeling of this effect
G>0 €1(G) we make two simplifying assumptions. First we assume that

whereUg are the Fourier coefficients of the potential andthe wave packet averages over an area given by its initial-
g ; ; . state coherence length, i.e., that the dispersion does not de-
€,(k) =%2k?/2my is the dispersion of the unperturbed band. gm. ISpersi

S 0 Ry pend on the details of the probed step sequence. The step
To zero order the band shift is given yEg~Uo [|Ug lattice, however, shall affect the effective masses as outlined

<€(G)], and sinceU, is proportional to the step density, in Eq. (3) and the band bottom shall be pinnedkispace to

we can writtAEg~Usep/(l), whereUgp is the integral  k =7/, wherel; denotes the average terrace length in the
over the repulsive step potential as it is obtained in a Kronigarea probed by the surface state. Furthermore, we neglect
Penney analysi§! The quantity which is related to the defects along the steps like e.g., kinks and approximate the

charge confinement on the terraces, however, is the increaggatial averaging by an integration over the width distribu-
of the effective massn, with respect to the effective mass tion P(1;) in the continuum limi

m, of the unperturbed band:

Binding Energy (eV)

FIG. 6. Energy distribution curves at the band minimuky (
=m/{l)). The spectra are divided by a Fermi function and normal
ized to equal peak intensity.

mgy .. (3) I(e’kx’ky):lOJ'ioodIiP(Ii)A(€7kX7knyi), (5)

my=

1-8>
G>0

Ug| _

61(6) where Ei=|_Ei(kX,I_<y,Ii) c_ienotes _the terrace-length-
dependent dispersion relation. As discussed above, we as-

This equation relates the effective mass in the vicinity of thesume a free-electron-like dispersion with different effective

band bottom to the higher Fourier coefficients of the potenimasses for motion along and perpendicular to the steps. The
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TABLE I. Surface-state band parameters, as obtained from the
2D fits with Eq. (5). The values form,/m, are averaged from
different data sets from the same samplﬁ§.denotes the standard
deviation of the terrace width distribution sampled by the surface-
state. The morphology parameters from the LEED analysis are
added in brackets for comparison.

Cu(332), Lsteps

Eg

meV)

250

Cu(11)) Cu(332 Cu(221)

200 Ustep(ev R) - 1.09 1.52
my(me) 0.41(2) 0.453) 0.495)

100 m, /m, 1.002) 0.877) 1.0512)
23, (meV) 54 190 300
(IYARUPF (])LEED](A) - 12.6[12.7] 6.7[7.0]

E o2RUPY GLEED (1) - 0.17[0.31]  0.06[0.30]

%Reference 34.

Photoemission Intensity (arb. units)

-100
)
TTITT T[T T[T T[T T riTT

0.0 0.4 0.8 The same parameter set was used to fit thé382 FSM
k(A with the only free parameter being the effective mass for
motion along the steps. We find good agreement between fit
FIG. 7. Momentum distribution curves perpendicular to the 5nq data for an anisotropy, /m, of 0.87 as can be judged
steps from C(B32). The data are normalized with the _changing fluX £5m the extracted MDC's, éhown in Fig. 8. The peak shape
gaeﬂlﬁiﬁﬁmglseaig(ihcé):fscjﬁg ;?raazsz‘i)toazig()'ynom'a' backgrounqs \ye|| represented with the same self-energy and morphol-
9 9. ogy parameter used to fit thé,(,E) plane. The analysis of
different constant energy surfaces down to binding energies
r&] 0.22 eV shows no energy dependencengf/m,. The
values for the anisotropy depend critically on the width dis-
tribution P(l;). If we hold the standard deviaticmﬁ at zero,
Ustep h2(k— 7l 1;)? hzkf, corresponding to perfect surface order, we obtaigym,
T 2m, * 2m, =0.65, considerably different from the best f(l;), how-
(6) ever, affects as well the asymmetry of the MDC'’s and the

) ) ) ) variations in the linewidths. Since the three distinctly differ-
Inserting Eq.(6) in Eq. (5) we obtain an expression for the gn jine shapes in the Fermi level crossing from(&32) are
photocurrent in energy-momentum space as a function of sige|| reproduced by the fits, we expect the determined anisot-
parameters. Three of them, namely, the potential offket,,
and the two effective masses, ,m,, describe the initial-
state dispersion which we are primarily interested in. Surface

morphology enters via the width distributid®(1;) which is
sharper than the distribution of single terraded) if the
surface state averages over several consecutive terraces.
we approximate the terrace width distribution by a Gaussian

with standard deviatiowr| , P(I_i) will be Gaussian as well
and its standard deviatioorTi is related to the initial-state

coherence length byi=(a|/a|—i)2(l>. Fitting P(1,) to the
experiment can thus give an estimatelgn The hole many-
body physics finally is covered by, .

Since some of the parameters are correlated and since = A o
neither energy distribution curvg&DC’s) nhor momentum

only terrace-length-dependent quantities are the energy a
momentum shift of the band bottom:

E(ky,ky, 1)) =ESD+

a) 1 steps b) /[ steps

b. units)

y (ar

otoemission Intensity (

Cu(332), k, =0 Cu(332), k, = 0.25 A"
-y

&

sl e et ; Cu(221),k, =0 Cu(221), k, = 0.47 A"
distribution curves(MDC's) are sensitive to all fit param- P T
eters, we performed two-dimensional fits in both planes of 0.0 0.4 0.8 0.4 0.0 0.4
measurement. A set of MDC'’s from (382 for different K (A k, (A

X Y

binding energies as extracted from the data in Fi@),50-

gether with the corresponding fits .iS displayed in Fig. 7. The G, 8. Momentum distribution curves at the Fermi level per-
fit parameters are sgmmanzed in Taple l. The excellenpendicular to the step&) and along the stepéh). The data are
agreement between fit and data is achieved with a constaghown in the correct intensity ratio. Note that the different line-

self-energy of 2,=190 meV. In particular the different widths of the Fermi level crossings are described with a
line shapes of the two peaks are well reproduced by the fitk-independent self-energy.
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ropy to be highly reliable. An error of 0.07 is estimated from Eq. (3). In the limiting case of as-function potential all
the spread in different data sets from the same samplé)s., are equal and thus readily calculated to Ug-
For o7, we find a value of 0.17. From a comparison with =0.28 eV. HereU,=0.16 eV is obtained by insertind E

=0.31l) as obtained by LEED for the distribution of single =95 meV into Eq.(2). However, these coefficients are not
terraces we estimate an initial state coherence lehgthf ~ small compared with the unperturbed bandwidth in the step
the order of three terraces. lattice of E;~0.55 eV. Thus the approximations made to
The agreement between fit and data is less satisfactory féteduce the Eqs2) and (3) are no longer valid. An exact
Cu(221). This is surprising since we expect that the disper-Solution of the periodic array of potentials, chosen such as
sion in Eq.(6) is more appropriate for GA21), wherekg is  to reproduce the experimental effective masSdsmwever,
far from the zone boundary and might indicate the limita-results in a dispersion very close to the one obtained with
tions of the present analysis. The main results, however, caperturbation theory. It reproduces in particular the unrealisti-
be observed in the raw data as well. The FSM is highlycally large band gap oEy=2U;~0.55 eV and the narrow
isotropic and shows a broad rather symmetric peak in th®andwidth of E;~0.3 eV, which is considerably smaller
MDC'’s with a weak momentum dependence of the line-than the experimental value &%32>0.4 eV. These unre-
width. This indicates a small anisotropy and a reduced serglistic predictions indicate the limited validity of the applied
sitivity to the width distributiorP(1;), which is confirmed by 1D band structure model. In particular an anisotropic coher-
the fits. ence length and disorder in the step lattice may influence the
dispersion as well. These effects may also reduce or even
D. Discussion completely fill the predicted band gap at the superlattice zone

: . . boundary.
With the presented results, the scenario of a continuous

surface state to surface resonance transition emerges. This
transition is driven by the closing of the projected band gap, IV. SUMMARY

which allows hybridization of surface and bulk states. Thisis | a comparative study we characterized the surface state

supported by the strong increase in linewidth with increas'”%ispersion on C(i11) and the vicinal C(832 and Cu221)

miscut away frqm thd111] directiqn._The fit results u;ing surfaces using angle-scanned ultraviolet photoemission. We
the presented line shape model indicate that apprommatelp(

; - . . nd on both vicinal surfaces a 2D surface state, coherently
2/3 of the smaller high binding energy side half width at halfjio 2 ting over several terraces. The finite width of the ter-

maximum atM, o can be attributed to lifetime broadening, race size distribution is found to influence the spectra con-
1/3 to inhomgeneous broadening due to the terrace widtkiderably. To extract the intrinsic initial-state dispersion from
distribution. The importance of the different decay channelghe data, we used a simple model including the spatial aver-
of the photohole can be estimated from a comparison witkyging as a 1D integral over the terrace width distribution.
the well-characterized Qu11) surface’® >’ The room-  wijth this analysis we can quantify the anisotropy in the dis-
temperature linewidth on flat C1d1) can be decomposed persion for motion along and perpendicular to the steps. In
into a temperature-dependent electron-phonon contributiothe case of C{832) we find a considerable deviation from
Fepr=16 meV and a low-temperature linewidth of the isotropic Fermi surface of a free-electron gas. This is
~20 meV which has been attributed predominantly to intra-evidence for the Bloch nature of the surface state in the pe-
band transition§! Decay of the photohole within the surface riodic step lattice and provides an estimate of the effective
state band should not depend significantly on the miscuétep potential. The reduced sensitivity to the step potentials
angle. Electron-phonon coupling is expected to increase witfound on C221) can be explained by the enhanced hybrid-
increasing bulk penetration of the surface state wavézation with bulk states leading to a larger bulk penetration of
function® It might increase as well due to quasielastic scatthe surface state. It might be related as well to the increasing
tering at steps. However, the observed linewidthd'6¥?  overlap between neighboring step potentials and the disap-
~190 meV and ?*Y~300 meV cannot be explained with pearance of the 1D state found on(882).26 The enhanced
a reasonable coupling parameter. It is therefore compelling tgurface-bulk coupling explains as well the decreasing photo-
attribute the dominant decay channel on the vicinal surfacegole lifetime with increasing step density as obtained from
to the scattering of the photohole with bulk electrons near thehe line shape analysis. The strong angle dependence of the
surface as it is expected for a surface resonance. linewidth, however, is conveniently explained with the spa-
The effective step potential can be estimated from thejal averaging and gives no indications of a momentum de-
anisotropy in the Fermi surface. With the assumption of arpendence of the hole self-energy as could arise from an an-
unperturbed propagation parallel to the steps the potentiasotropic step related electron-electron or electron-phonon
coefficients are readily calculated using E§). In the case interaction.
of Cu(221) we see no significant difference betweamg and
m, . Consequently the higher Fourier coefficielts-., are
compatible with zero, indicating a very small spatial varia-
tion of the effective potential. However, the spread in differ-  \We thank R. Monnier and M. Hengsberger for fruitful
ent data sets from the same sample is too large to determinfscussions and S. Speller for the provision of Ref. 26 prior
a significant upper limit. For Q832 we obtain to publication. This work was supported by the Swiss Na-
3[Ug/€1(G)1?=0.016 by insertingm,/m{**»=0.87 into  tional Science Foundation.
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