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One-dimensional versus two-dimensional surface states on stepped A11)
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Surface states at vicinal At88) and Au322) have been investigated with angle-resolved photoemission and
synchrotron radiation. Both surfaces are characterized by highly regular one-dimensional step arrays with
relatively wide(~3.9 A) or narrow(~1.3 A) terraces in A(788 and Au322), respectively. Depending on the
terrace size we observe that surface electrons behave in a completely different way(788Awerraces
become one-dimensional, lateral quantum wells that confine surface electrons between adjacent steps. In
Au(322 surface electrons propagate across the step array forming two-dimensional superlattice bands. By
tuning photon energy and angle we probe fundamental properties of the electron wave functions in both cases.
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. INTRODUCTION (h=2.35A) steps. In A(B22 terraces are X1, (111)
planes, whereas Ad89) terraces display a characteristic re-
Vicinal surfaces are natural templates for self-assemblingonstruction that is similar to the reconstruction of
ordered arrays of nanowires and nanodots with tailored elecAu(111).>° This is better observed in the closer view shown
tronic states and transport properttésThey can also be in the inset of Fig. (b) where the corrugation due to the
used as model systems for studying the electron wave funderrace levels has been subtracted. Discommensuration lines
tions and other basic properties of lateral nanostructtftes. run perpendicular to the step edges indicating the presence of
Vicinal noble metal(111) surfaces are particularly suitable alternative fcc- and hcp-packed domains along a single ter-
because their knowp,-like surface state scatters strongly at race. In the bottom panel we show the terrace width distri-
step edges ® Here we study this surface state at(822) bution measured over 30 images and more than 200 terraces.
and AU7898 surfaces, which are vicinal to tH@11) plane.  The resulting average terrace width values @rel3+2 A
Both are characterized by highly regular step arrays ovefor Au(322 andd=39+5 A for Au(789. In both cases the
micron-size areas, making them ideal for photoemissiorsharp terrace width distribution is expected from the strong
studies. Although the basic structural difference betweerlastic interaction between adjacent steps as well as from the
Au(322 and AU788) is the terrace widtli.e., the period of high kink energy of gold. In A(¥88) it is also possible that
the step superlatti¢ethey display completely different elec- the highly homogeneous step array is related to the terrace
tronic structures. In A(822) we have relatively narrowl.3  reconstruction, as observed or(13i1).**
A) terraces and the surface state is a two-dimensional band,
folded at the center of the step superlattice Brillouin zone. In Il. 1D VERSUS 2D SURFACE STATES
Au(788 the terraces are widéB.9 A) and the surface state
breaks up into one-dimensional lateral quantum-well states. The flat A 111) surface electronic structure is character-
Such different behavior can be explained in the light of theized by the presence of a well-known, free-electron-like,
different bulk band structure projection on each surfacgwo-dimensional surface state close to the Fermi enérgy
plane. in the center of the surface Brillouin zofeAt stepped
The photoemission experiments have been performed #u(322) and AU788) the free-electron-like character of the
the SU8 undulator, Spanish-French beam line at LUREsurface state is maintained parallel to the stgpslifection
(Parig. The experiments were done at 300 K usingin Fig. 1), where we observe a parabolic dispersion with an
p-polarized light. The experimental station is equipped witheffective massn* =0.27m, similar to the effective mass in
an angle-resolved photoemission setup that provides an afu(111).* The band dispersion is only affected in the direc-
gular resolution lower than 0.5°. The total energy resolutiortion perpendicular to the step arrayx @irection. Figures
is 50 meV. AY322) is vicinal with respect to A(L11) by a  2(a) and Zb), respectively, contain the photoemission spectra
miscut angle of 11.4° toward®11] and present$100-like  of Au(322 and AU788 near the Fermi level showing the
steps. A(i788) has a miscut angle of 3.5° towarfzl1] and  dispersion of the surface state peak in thdirection. The
{111}-like steps.n situ surface preparation is done by exten- emission angle is measured with respect to the surface nor-
sive sputtering-annealing cycles. Most of (A1) vicinals  mal. The differences between both surfaces are remarkable.
undergo facetting,but Au(322) and AU788) are stable ori- The surface state peak disperses ir{322), but it splits into
entations. Figure 1 shows the respective scanning tunnelingvo non-dispersing features in AUB8). This means that the
microscopy(STM) images. We observe micron-size surfacesurface state is a two-dimensioridD) state for A§322) and
areas with defect-free, regular arrays of straight, monatomia one-dimensionallD) state for A788.°
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. FIG. 2. Photoemission spectra showing the surface state disper-
FIG. 1. STM pictures fronia) Au(322) and (b) Au(788) show-  jon i the direction perpendicular to the step arraydifection in

ing highly regu]ar one-dimensional step arrays..The right inserFig. 1) in (@) Au(322) and (b) Au(788). The emission anglé is
shows _the_ detailed structure of (B3 terrgces. Bright and dark  eagyred with respect to the surface normal and the photon energy
areas indicate the presence of alternating fcc- and hcp-packqg 27 eV. In AU322, the surface state is a broad, 2D dispersing

square areas within the same terrdBef. 9. The terrace width ooy re whereas in A788) it splits into two sharp, 1D nondispers-
distribution for each surface is shown in the bottom panels. The toﬁhg levels.

inset schematically depicts the side view of the one-dimensional

step array, where miscut angle, step height, and terrace width appear . . .
defipned Y 9 phelg PP t?]e same experimental conditions, givingr—Ey=

—0.46 eV. Thus we obtaiME=E,,;,—E;=0.1 eV. Fol-
lowing the analysis of Ref. 15, we deduce a repulsive barrier
of ~1.4 eV A ! and a transmission probabilitf| =0.84 at
monatomic steps in AB22. These values are similar to
those found in C(111) vicinals!®

TheE(k,) band dispersions in the direction perpendicular
to the steps for both AB22 and AU788 are shown in
Fig. 3. k, is obtained from the emission angteand the

(:me(azs;;z)j) Em_e;ﬁ eer’;\e”rgt%e V;etrh?eskZng?efggriztl?:Xthe The data points in Fig.(®) for Au(788) are obtained from
Kin ' 9 a line fitting to the spectra in Fig.(B), which gives the

gg{;:ﬂlﬁg Ic:_ilFr écﬁorfrf‘)%izhzé dz;i Fr)r?g(tifn;nirzzlt%easi) :cr;(tera i accurate energy position and the intensity of the two 1D
y b P Neatures. The fitting uses asymmetric Lorentzian lines for the

These appear symmetric wih respect 10 th surface rilouie2KS: PIus a Shiley and a polynomial background. al con
P y b voluted with a Gaussian to account for the overall energy

tzc())rr;e _?_igtegé%gggi;g% b;r;dlgo(!g![ggfg:éeggiug (ca)rAIfaglcle Ve(asolution. We clearly observe two flat levels -a0.40 eV

and k,=0.74-0.04 A, consistent with g/2=/d

=0.25 A"t and /2=37/d=0.74 A1, respectively. The . ell)Au(?22|) l .b). Au(788) ,
shift of thep,-like surface band to the surface Brillouin zone 0.0 ! i [ i f 00 fmmmmee e
edge is expected for vicinal surfaces, as explained in Sec. V. | : : | Y ]
The band minimum is found &;,=—0.36 eV in the first < i i > M
Brillouin zone and slightly higher in the second zone. This @ **| i i 15002 ]
appears to be an artifact related to the lower intensity of theui o3} ! - E osl ]
folded band:* Within the error bars, the effective mass de- w [ Y owd | ] =1
duced from the parabolic fit is1* =0.28m,, which is again ' <L> V| — ot — -
similar to the effective mass in AliL1), indicating that the 08 sl
scattering at the step edges is weak in32p). Assuming a k, (A) e 00 K (,013;?1) o4

one-dimensional Kronig-Penney model wighfunction-like

step potentials, the strength of the step barrier can be esti- g 3 g(k,) surface bands corresponding to the spectra of Fig.
mated from the upwards shift of the superlattice band withp | Au(322), the surface state forms superlattice barzsne
respect to the flat surface baftAlthough the correct refer-  fgided by g=27/d), whereas in AG88 we observe two 1D
ence is the energy of the infinite fcc-packed terrace we caguantum-well levels. The size of the dots(in) is proportional to
use the surface state energy of(Alll), since its herringbone the corresponding peak intensity in FighR The energy gap be-
reconstruction only results in minor energy chanfeShe  tween quantum levels in A@88) is consistent with total electron
surface state of Al1l) has been measured separately undeconfinement within terraces.
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and —0.11 eV, suggesting strong confinement along khe a) Emission angle (0) b) Wave function
direction. If we assume the terraces in(&88) as infinite 520 5 1Q¢

guantum wells of siz&, the energy of th&\ th level, referred N=2_ =~ N1
to the ground state of the infinitely wide terraEe—E, is Au(788) aspan /X
given by T
h2a?
—E _ 2
En=Er—Ep+ 2m*L2N . (1)

The energy gap between the two levels in Figp) Zgrees
with the energy interval between the lowest two levels of this

Photoemission Intensity

infinite  one-dimensional quantum well, i.e., 21%) 7 I;le?;zwe“
X[ (h27?)/(2m* L?)]=0.28 eV, wherem* =0.27m, and L s
=39 A. We conclude that surface electrons are strongly con- 04 02 00 02 04 05 00 05
fined within individual terraces at the At88 step array, in q ,(A'l) /L
X

the same way as they get confined within isolated terraces in

Au(11D and Ag111).>° FIG. 4. (a) Photoemission intensity for the two quantum-well
Using Eq. (1) and th? absolute energy of the{ quantumeyels of Fig. 1b). Such intensity reflects the probability density of

levels in Fig. 3b) we obtainEr—Ey=—0.50 eV. This value  the one-dimensional terrace quantum-well states i(788. It fits

is different fromEg—Eo=—0.46 eV measured in Al)).  to the probability density for the corresponding quantum-well states

Assuming the latter as the reference energy of the infinitelyf the 1D infinite potential welldashed linescalculated in the

wide terrace, such deviation could indicate that the actuak’y’z’ reference system of the terrad@ssed, indicating that both

terrace potential in A(r88) is not the ideal infinite quantum share similar wave functiongb) Wave functions in real space for

well. In this sense note that the data points in Figp) 3lis-  the terrace quantum well obtained frote), compared with the

play some random variation within the error bars that can bénfinite quantum-well wave functions.

interpreted as a narrow band. Using the Kronig-Penney

model, the width of the band allows to estimate an upperig. 4(a). The matrix element can be simplified assuming the

limit for the transmission probability across the step barrierfinal-state wave function as a plane waye=e€'%". With p

We obtain a maximum value ¢f|= 0.1 and|T|=0.19 for |arizati 0 - _ -
tionA=A_k and ki =0, Eq.(2 duced
the first and the second levels, which are still considerabl polarization Z¢ and makingdy 9. (2) is reduce

. o
smaller than those found for AB22). For this value ofl and
within the same Kronig-Penney model we obt&p— Ey=
—0.48 eV, i.e. closer to the energy of the (Adl) surface L(qyr) (€™ "% |A,p,| €% 7 )2 (¢ (X)€Y |2 (3)
state'® X
IIl. MAPPING THE WAVE FUNCTION AT LATERAL At the phOton energy used in the experiment and close to
QUANTUM WELLS the surface normaty,, (q,>qy ,qy/) is fixed by energy

conservation. The first term in E3) is thus constant, and
The size of the data points in Fig(i8 reflects the nor- the matrix element is only a function of the second term,
malized photoemission intensitgrea under the peabkf the  which is written as
1D quantum-well levels in A(r88. Such intensity is
shown in Fig. 4a) as a function of the emission angle. It
thus represents the experimental angle-resolved photo- 1(Qy)
emission matrix element in the direction perpendicular to the
steps for the two terrace quantum levels. We can estimate
such matrix element using Fermi’s golden rule for opticalwhereq,, is the final-state wave vector along tké direc-
transitions, tion that is fixed by the emission angle. Equati@n is de-
) scribing the 1D wave function probability density(q)|?
Lo (il A~ ple)| (2 in reciprocal space, which is the analog of the charge density
mapped in real space by STM.By chosing a plane wave
for the final state we neglect the effect of the step superlat-

2

f e Xy (X )dx'| 4

Here A andp, respectively, correspond to the light vector
potential and the momentum operators, gidind y; to the tice, which results in a smooth modulation of E4). In our

electron wave functions in the initigfjuantum-well and the analysis we avoid this modulation by chosing a photon en-

final states, respectively. At a terrace we can approach th<§rgy such that the interference effect of the superlattice is

initial state wave function as the product of a wave decayingfnanceley Within the limits of the approach made to the
Lﬂto the bL]flk' ? plfflnethwa,ved.partgllel to the t,errz,:lce,, aN%natrix element, we can conclude that the probability density
ef‘f{"z"’,‘vﬁ unction ,'n & ,|re,c |’on, Le., gi(x".y",2") ~in reciprocal space foN=1 andN=2 in the terrace quan-
=e e Yy (X'). The ',y’,2") reference system is tum well is being obtained experimentally in Figla4 It is
defined in thg(111) terrace plane, as depicted in the inset ofthus interesting to compare this result with the infinite, one-
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dimensional quantum well of side In this case we have the Au(322) hv
well-known wave functiongyy(x") =sin(mNx'/L) that allow : g
us to simplify Eq.(4) to give 90 : i
y 05 ! i 60cV
1-(—1)"coqq, L - : J
low, (ax)=A (2 ) 7TNS{(sz ) 2 ©) ;g__ | s
e (T) } % 0.5 "‘ Y
N’ 1 1
where A is a normalization constant that can be chosen to oy 10 E E
make the total intensity oy (0 )dx’ equal to the area S 00T iR R
under the experimental intensity curve fr=1. With this 2 05 ‘6 eV
value of A we obtain the dotted lines shown in Figaxfor E 1.0 E i
N=1 andN=2 of the infinite quantum well. Peak positions e 0.0 eSS =_R
are well reproduced, indicating that the terraces effectively 23 ' '!I% 27 eV
behave as infinite potential wells with similar wave func- B %S 3 .
tions. Actually, from Eq.(4) we deduce that the wave func- 5 -10 md  3m/d
tion in real space can be obtained experimentally fr¢qy) 0.0 L :
by Fourier transformation. The missing phase is determined 05 ‘ 1 23 eV
by supposing a symmetric well, and therefore only even or 1.0 . i
odd wave functions. Using the data in Figagwe obtained ' 0.0 ! 04 68
the wave functions in real space for the terrace quantum ’ kx.( A'l) ’

well. The result is shown in Fig.(8), together with the wave

functions of the infinite quantum well. We observe small g 5. photoemission spectra of @22 measured at different
differences that can be due to the actual shape of the terrag@oion energies are shown in a gray scale. The 2D, zone-folded
potential. However, the differences lie within the error barssyrtace bands alonk, are directly obtained. The photon energy
of the experiment and the approach used to simplify the madependent intensity of each band is related to the spectral weight of
trix element in Eq(2). A more refined, quantitative analysis the different surface state Fourier components, which are selectively
requires a better theoretical approach of this matrix elemenprobed at every energgee Fig. 6.

especially in order to account for photoemission final-state

effects. This analysis is in progress. we measure the photoemission intensity normalized to the
photon flux(size of the dotsand calculate the wave vector
IV. THREE-DIMENSIONAL FOURIER ANALYSIS component perpendicular to the surface for the excited pho-
BY PHOTON ENERGY TUNING toelectron out of the crystalkf"'). The latter is obtained

. . . N from the electron kinetic i dk, b i
The center of the probability density functions in Figay constant energy ”nedqzoe)nergﬁkm and i by assuming

is shifted by 3.5° from the surface normal. This angle corre-
sponds to the direction perpendicular to tfill) plane, 52

proving that this plane is the appropriate reference of the 1D Ekm:—[k)2(+(k§“‘)2]. (6)
terrace potential in A(r88). In contrast the 2D surface state 2m

in Au(322 is modulated on thé322) average plane of the

surface. This can be shown by probing the Fourier compo- Therefore, data points in Fig(# correspond to the pho-
nents of the surface wave function in the perpendicular ditoemission final state outside the crystal. In the initial state
rection, which in turn can only be done by tuning the photon(surface statethe wave vector components parallel to the
energy in photoemissiohThe analysis is presented in Figs. surfacek, andk, are the same as in the final state, since both
5 and 6. In Fig. 5 we show the spectra from(822) along are conserved in the photoemission procksss not strictly

the x direction for increasing photon energies. The photo-conserved but broadened due to the lack of symmetry of the
emission intensity is now shown in a gray scale, such thaerystal in thez direction. In order to find the approximate
surface bands are directly observed. The most remarkablealue ofk, it is necessary to use bulk band calculations to
feature is the intensity shift from the first to the second sufind, first, the corresponding final state inside the crystal at
perlattice Brillouin zone as the photon energy increases. Ththe same energy, and then assume wave vector conservation
situation resembles that of the electron diffraction from ain the reduced Brillouin zone. In Fig. 6 we have located the
stepped surface, where the split spots are only observed uhigh-symmetryL point of the bulk Brillouin zone for the
der out-of-phase interference conditidfisin the present initial state, which is probed at26 eV and~50 eV above
case the relative intensity of the zone-folded bands is exEr .1 The photoemission intensitgize of the data pointss
plained by the spectral composition of the surface state pemaximum close to thid point and decreases slowly away
pendicular to the surfacez (direction. This is demonstrated from it in the perpendicular direction. This-dependent in-

in the wave vector plot shown in Fig. 6. To simplify the tensity is similar to that found in flat crystals and reflects the
discussion, we limit ourselves to the lowest electron energyspectral composition of the wave function in the surface state
i.e. the surface band minima in Fig. 5. At the band minimaalong the direction perpendicular to the surf&&&uchk,
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4 = 1

FIG. 7. Schematic projection of bulk statesgton (a) Au(322)
and (b) Au(788). The dashed cones represent the Fourier spectrum
of 2D and 1D surface states, which are projected differenthy/at

FIG. 6. (a) k"' andk, wave vector components of photoelec- in Au(322) and around’ in Au(788). /d 2D states in A(B22) mix
trons out of the crystal. The data correspond to the band minimgyith projected bulk states, whereBsLD states are truly gap states.

in Fig. 5. The size of the dots is proportional to the peak intensity.sych a different mixing explains their different dimensionalige
This is maximum near the point of the bulk band structure which the tex).

is probed at two different energies in the first and the second Bril-

louin zones. The plot reflects the spectral composition of the surface . . o .
state wave function, as qualitatively described by the dashed con&€Ction perpendicular to the steps. This is shown schemati-

The corresponding wave function is described in real spa¢e)in  cally in Fig. 7. The vicinal surface plane is represented by a
Along thex direction, we have Bloch waves of the step superlattice thick solid line rotated by the corresponding miscut angle
Along the z direction, the superlattice wave function is an evanes-about the(111) plane. The circles describe the bulk Fermi
cent wave withk, =k, , consistent with the, broadening shown surface in the first Brillouin zone with its characteristic necks
in (a). of width kpec=0.24 A"1.12 Dark shaded regions indicate
the projection of bulk states from the two halves of the Fermi

broadening around, which is actually the consequence of Surface, whereas light shaded areas correspond to bulk states
the two-dimensional confinement in the surface plane, is deProjected from one side of the Fermi surface. Only in the
picted schematically in Fig.(6) with the dashed cones. Thus case of Ai788) the projection of the two necks overlaps,
Fig. 6(a) provides a(qualitative three-dimensional descrip- leading to a gap arounfl. The dashed cones in Fig(af
tion of the superlattice wave function in the reciprocal spacgepresent the same Fourier spectrum of the 2D surface state
where all the Fourier components,(k,=0k,) are being in Au(322 probed in Fig. 63), which is characterized by the
probed and weightet!. The corresponding wave function in k, broadening along the surface normal. In Figb)7the
the real space is depicted in Fighg Along thex direction, dashed cones indicate that 1D terrace quantum-well states in
it is composed of Bloch waves with the periodicity of the Au(788 havek,: broadening along th€l11) terrace normal.
superlattice. Along the direction, it is an evanescent oscil- This is concluded from the probability density functions
lation with k,=k , consistent with thé, broadening away shown in Fig. 4a), which are centered around tli&ll) di-
from theL point. rection. Note that all the Fourier components of the 2D sur-
face state in A(B22 lie at the L-point projection on the
surface, i.e., atr/d. In contrast, the Fourier components of
the 1D surface states of At88 with k,, broadening along
the (111) direction lie at thd” gap. This means that these 1D

In order to understand the different nature of the surfaceerrace quantum-well states are truly gap states, whereas 2D
state in A{788 and Au322 we examine the bulk band surface states of AB22 are resonances that overlap with
structure projection on each surface plane and along the dprojected bulk states.

V. BULK BAND STRUCTURE PROJECTION
ON THE VICINAL PLANE
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The different degree of coupling between projected bulk VI. CONCLUSIONS

states and” and 7/d surface states explains their different |, summary, we observe that tie-like surface state can
dimensionality. Gap states are sharply confined to the surfaqg,ye one-dimensional or two-dimensional character at vici-
plane and they feel a strong step barrier potential. Mixing of, 5 Au(111) surfaces depending on the terrace size. It is com-
mld states with bulk states displaces the center of gravity Ofaletely confined within wide terraces in AI88 and be-
the electron wave function deeper in the bulk, and henlte  comes a two-dimensional, step superlattice state at narrow
states sense a smoother effective potential at the’3®@a  terraces in A(B22). Both surfaces represent the two limiting
low effective barrier the electron tunneling across the steRases of a lateral nanostructure. This can be generally defined
can lead to significant terrace to terrace coupling, and hencgg 4 regular array of nano-sized objects on a surface. In
to 2D superlattice band formation. The stronger surface-bullgu(788) we have the case of individual, non interacting ob-
mixing qf 7r/d surface resonances is also supported _by th‘fects (terraces that display quantum-well levels. In AB22)
recent line shagpe analysis done by Baumbergal. in  effective barriers are lower and the object-to-object interac-
Cu(111) vicinals. o tion is switched on, thereby leading to 2D superlattice bands.
Figure 7 suggests a transition frdmstates tor/d states By means of angle-resolved photoemission and synchrotron
as a function of the miscut angle. Such transition has beeradiation we can obtain, in both cases, the Fourier spectrum
indeed observed in Ql11) vicinals with about 7° miscut, of the relevant electronic states, which is in turn necessary to
i.e., when thel' gap gets closed at the energy range of theproperly describe the wave functions of the lateral nano-
surface statd?® As deduced from Fig. (b), the gap atEg  Structure.
closes in Aul1l) vicinals with a.= arctankyeq/k )=10.2°
miscut. Thus for larger angles, as in 822, surface states

atT are not longer supported. However, the data fof1C@1)
vicinals indicate that significant tunneling across the step A.Mu. and J.E.O. are supported by the Universidad del
b_arrier occurs before the spectral weight is transferred fronPas Vasco (1/UPV/EHU/00057.240-EA-8078/2000 V.R.
T to «/d. Indeed in C(11) with 5° miscut the surface state and S-'?]- are suppc()jrtehd by the ,C&RS'ULTlMATECH pro-
: T / - the CRIF and the Universige Paris 7. V. P.-D. is
displays I'-like character[k, broadening along111) ter- gram, . ? ) :
race$, though it is already a 2D dispersing bah@his ap- sup%CJ?rtNe/c(i)obilzﬁge Cc&r?#nlgzg éma Qe '\éad”td'\Fl) rojgét
pears to be again a consequence of the surface-bulk mixin 0. 8and the (Spain) (Grant No. PB-

. — . R o -1199. The experiments performed at LURE were funded
that occurs during thE gap closing. For 5° th¥ gap in Fig. by the Large Scale Facilities program of the European

7(b) has shrunk, such that part of tfiestate Fourier com- Union. Critical reading of the manuscript by F. J. Himpsel
ponents overlap with bulk staté$As a result, thel' state and F. J. Gara de Abajo is acknowledged. Technical sup-
senses a lower effective step barrier and eventually becomgmrt from the Spanish-French beam line staff is gratefully
a 2D surface state. acknowledged.
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