Surface electronic structure of a vicinal Cu crystal
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The surface of a 12° vicinal Q1) crystal is formed by a regular distribution ¢f11) terraces,

giving rise to a well-ordered step superlattice. Angle-resolved photoemission experiments show that
the modulation plane of the €lL1) surface state is the optical mean surface. The surface state is
observed at the edge of the surface Brillouin zone regularly repeated with the superlattice
periodicity. The intensity distribution of the surface state in the reciprocal space has been probed
using different photon energies. The results can be well understood on the basis of a simple
diffraction-like model involving the bulk band properties. Z)03 American Vacuum Society.
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|. INTRODUCTION minishes as the miscut angle increaSes® The effect has
been explained modeling the steps as repulsive barriers that
onfine the surface statésSeveral other interesting effects

for several reasons. On the one hand, these surfaces can S/e been reported, as the observation of one dimensional

used as te_ngwplates for growing I(.)W d'.mer_]s'onalstates or the influence of the step superlattice in the Fermi
nanostructurés® or to model the surface sites active in het- surfacel415

erogenous catalysfs> On the other hand, vicinal surfaces are

. . . . The crystal surface is vicinal t@l11) with a 12° miscut.
a natural playground to investigate the electronic propert|e's_,revious STM result§ have shown that the surface exhibits
of a lateral nanostructure, because the lateral periodicity ca

be tuned to a large extent by changing the miscut angle d regular distribu_tion of monoatomi¢100-like steps run-
Noble metal surfaces vicinal to th&11) direction have. ning along the[110] direction. Surfaces with(100)-like

deserved ample attention in the research of the properties SFeps m_steetld o(flll)—llkeTvr\]/ere choseni since reg(;JtIr:]a rarrays q
a two dimensional electron gas, due to the prominenf’lr,e casier 1o prepare. 1he average terrace wi measure

; ; ; o i 17
Schockley surface state that appears attipmint bulk band W'tghs-trM 'S 1Qi 15 A, tcon3|sten_t with 12f T];SCE?'. ¢
gap of noble metal® This surface state exhibits strong two OloemIssion Spectroscopy 1S a poweriul technique 1o
dimensional confinement in th@1l) surface. The surface probe the momentum dependence of electron energy bands,

state electrons scatter in surface defects such as steps, a%"ét it is an averaging technique and thus it requires a high
gegree of long range order. Nevertheless, real surfaces have a

indeed it has been shown by scanning tunneling microscopy "~ tv of defect d the t e distribution is broad
(STM) that this scattering gives rise to electron confinemen ariety ot detects and ne terrace size distribution 1S broad,
thus information from local techniques such as STM is also

within terraces® This is in part modified in a vicinal sur- A o
face, due to the sensitivity of the surface state wave functior;fnportant for an adequate characterization of the vicinal sur-
a

to any lateral nanostructure, such as a step superldtfice. thce.t;l'he ui.e of ?trr]:gh-qualit)it.surface. 'g.tht's .arttlrc]:Ie all?ws
change in the miscut angle modifies the lateral periodicity. € observation of Ine superiattice periodicity in thé surface

and this gives rise to different ranges in the properties of th tate propagation parallel to the sgrface. Most probably, the
two dimensional electron gds? Previous photoemission ex- ack of an adequate step superlattice prevented the observa-

periments on C{111) have found that there is a critical mis- tion in previous studies. This'analysis is. combined with the

cut angle close to 7° below which the surface state propali'se Of_ d|ff_ere_nt p_hotc_m energies to provide a full map of its

gates parallel to thg111) terraces® Above this critical Intensity distribution in reciprocal space.

value, the surface state wave function is referred to the mean

surface. The confinement within the terraces affects the bind!- EXPERIMENT

ing energy(BE) at the bottom of the surface band, that di- The photoemission experiments have been performed at
two different ultrahigh vacuum chambers in order to cover a

dElectronic mail: enrique.garcia.michel@uam.es broader photon energy range. The first chamber is equipped

Vicinal surfaces have been investigated in the last year
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0.5 0.0 Fic. 2. Angle-resolved, valence band photoemission intensity for 12° vici-

nal Cu11l) at 27, 40, and 70 eV photon energy vs parallel momentum along

the[112] direction (perpendicular to the steps of the substraéack color

o ~ denotes a higher intensity.
Fic. 1. Angle-resolved, valence band photoemission spectra for 12° vicinal

Cu(11)) at 27 eV photon energy. Emission anglgs are measured with
respect to the surface normal. The surface state dispersion is shown along.
the [112] direction (perpendicular to the steps of the substrate scale, both for low(27 eV), intermediate40 eV), and high

(70 eV) photon energies. The angular scale is convertdd to

with low energy electron diffractiofLEED), a quartz crystal N Fig. 2, assuming momentum conservation parallel to the
microbalance, and an angle-resolving hemispherical analyz&ptical surface fronk,=[(2me/%)Eyin] *“sin 6, whereEy;,

that receives synchrotron light from the Seya—Namioka 1 niS the electron kinetic energy andlis the emission angle.
normal-incidence monochromator F2.2 at HASYLABam- ngeral mtgrgstmg features can be observed in this f|gur¢.
burg, Germany It covers the photon energy range 9—27 eV First, the m|n|m_a1 of the two surfacg state parabo[as are split
The second chamber is also equipped to perform anglé?y Ak,=0.63 A1, in agreement with the step lattice vector

resolved photoemission and LEED measurements. It i€™/d=0.63 A™%. Second, the intensity shifts from the first
mounted at the SU8 undulator beam line of SuperAco storl© the second parabola as the photon energy increases. We
age ring at LURE(Orsay, France A plane grating mono- consider the lateral periodicity first. The appearance of a sec-

chromator was used in the range 22—110 eV. In both casé¥'d parabola ak=3w/d is due to the interaction of the

data were taken with 70° incidence angle of the light. Thesurface state eIet_:trqng with the step superlattice, whigh pro-
Cu crystal was electrochemically polished and cleaired duces a new periodicity along the surface plane. Obviously,

situ by cycles of Ar sputtering and annealing until a sharpthe new periodicity can be observed only for a sufficiently

spot splitting was observed in LEED patteffis. coherent step array in the Cu surface, consistently in this
case with STM imagé§ and the observation of a sharp spot

Il RESULTS AND DISCUSSION spli_ttin_g_in the LEED pattern, \_/vhich desc_ribe_ a super_lattice
periodicity of outstanding quality. These findings remind us
Figure 1 shows valence band spectra at 27 eV photogf similar effects observed in high-quality stepped Au
energy in the BE area closer to the Fermi energy. Angles argurfaces'® The surface state band minimum is located at
measured with respect to the mean optical surface. Thg.26 eV. This value agrees well with previous findings for
Cu(111)-like surface state is observed close to normal emisypther vicinal C111) surfaces with 15.8° misc0.17 e\j**
sion and was always measured along [ié2] direction and 9° miscui0.3 e\).1°
(perpendicular to the stepsThe bottom of the surface state ~ Photon energy dependent photoemission allows us to per-
band appears at an emission angleqf7.7°. The surface form a three-dimensional wave vector analysis of the surface
state peak is observed again at higher emission angles, wigiate wave function, which is essential to obtain a correct
the band bottom a#,,=23.3°. Figure 2 shows similar spec- description of electron wave functions at lateral
tra with photoemission peak intensity represented in a grapanostructure$® The behavior shown in Fig. 2 can be ra-

Binding energy (eV)
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Fic. 4. Normalized intensity of the experimental points in Fig. 3 is repre-
0 sented vk,. Symmetry points correspond to the projection along surface
: L L : normal direction(see Fig. 3. The intensity reflects the spectral composition
00 03 06 09 1.2 of the surface state wave function. The maximum weight corresponds to the
k (1&1) L points of the bulk band structure. The continuous line is a fit to(Eg.
X

Fic. 3. Wave vector analysis for surface states at 12° vicindlLCly. The . is b b d f-oh ditid
photoemission final state wave vector componekis &t the band minima ~ tiNg is better observed near out-of-phase conditigmterme-

from Fig. 2 (and additional photon energjeare represented vs parallel diate energy in Fig. 2 At variance with LEED, the maxima
momentum. The experimental points are alignedr&d (0.31A™%) and  in photoemission appear at the projectionLobulk points,
3w/d (0.94 A"%). The size of the points is proportional to the photoemis- yhjle in LEED the maxima correspond to the projectior of
sion intensity(in logarithmic scalg .

points.

While k, is a good quantum number for the description of

the surface state bands in a vicinal surfakgjs strongly
tionalized in the wave vector plot of Fig. 3. Here the bottomproadened due to the electron confinement at the surface re-
of the surface band,, and the measureBy;, are converted gion. The distribution of experimental points in Fig. 3 di-
into k, and k, values via®*® k,=[(2me/%?)En]"?sin6,  rectly describes a surface state wave function delocalized
and k,=[(2me/%h?)(Ein+ Vo) —k;]V2 k, represents the along the mean Cu surface and modulated by the step super-
wave vector perpendicular to the surface inside the crystal. Ifattice periodicity.

can be approximately obtained assuming a free-electron-like The intensity distribution along, [ @(k,)] has been mod-

final state band in a constant inner potenti®h=  elled for C{111) using a semi-infinite linear chain mod2!
—13.5 eV1°Figure 3 shows thk, andk, values for the data 5 )
of Fig. 2, and also for several other photon energies in the a(ky) ‘ — x=1) 1)

range 10—110 eV. By covering a broad photon energy range, |e(m/a)|  1+x*—2ycogka—m)’

the distribution ink, of the surface state intensity can be \yherea is the Cu lattice parametet(/a) represents the
probed. Data points in Fig. 3 line up at'd and 377/8d’ 8S intensity at the zone edgé (point), andy is a parameter that
expected fop,-like surface states of Gli11) vicinals'® with depends on bulk band properties of &The experimental

a miscut angle larger than 7°, because in this case the SUyensities for the surface state second parabola are repre-
face state wave function propagates along the average sWanted in Fig. 4 together with the best fit to Efj. (continu-

face. o . o ous ling.?> We obtainy=2.1+0.2, which compares well to
The size of the data points in Fig. 3 is proportiofia o Cu11)) value of y=1.82

logarithmic scalgto the photoemission intensity normalized
to the photon flux. The photoemission intensity is maximum;, coNCLUSIONS
for transitions close to thie point of the bulk band structure.

The spectral map in Fig. 3 qualitatively reflects the Fourier 1he Surface electronic states of a 12° vicinal(Tl)
distribution of the surface state wave function in the vicinalC7yStal have been probed using photoemission.(Tap Cu

surface. In the direction parallel to the surface and perpen_sl_”face state reproduces the step induced superlattice per'iod—
dicular to the steps, the surface state is a Bloch wave of thi§ity- When probed along the surface normal, the photoemis-

step lattice withk, =g/2=/d. In the direction perpendicu- sion intensity is maximum for the vicinity of bulk points.
lar to the surface, th&, broadening corresponds to an eva- The periodicity and intensities observed are rationalized in a
1 z

nescent wave with the fundamental frequetkgy: k. The simple model involving the step superlattice properties and

relative intensity of the surface state parabolas in Fig. 2 dePUlk band parameters.

pends on the spectral weight of the component of the wave

vector perpendicular to the surface. Thus, the intensity shif FCKNOWLEDGMENTS
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