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Modification of Shockley states induced by surface reconstruction in epitaxial Ag films on Cid11)
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Epitaxial Ag ultrathin films grown on Qi1l) have been studied by scanning tunneling microscopy and
angle-resolved photoemission spectroscopy. In the submonolayer range, the spectroscopic measurements reveal
the existence of two parabolic dispersive surface bands associated with the Cu terraces and the Ag islands
suggesting the lateral confinement of the electronic states. A thickness dependence of the surface-state energy
is evidenced. Moreover, the two well-known atomic reconstructignsire and triangular superstructures
which depend on the preparation temperatlead to different surface state energies. Photoemission spectra
also reflect the transition from the metastable maitricture into the triangular one. These results clearly
demonstrate the strong sensitivity of the surface-state energy to the in-plane atomic structure.
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[. INTRODUCTION epitaxial overlayers, the lateral ordering is not destroyed and
the surface state is preservedowever, the surface potential
Breakdown of periodicity occurring at single-crystal sur- and/or the work function are changed, leading to a shift of
faces can lead to local modifications of the electronic propthe surface-state energy.
erties. For the close-packddll) surfaces of noble metals, Surface states are also sensitive to surface reconstructions.
new states are even induced known as Shockley states. Thdser instance, a (X 2) missing-row reconstruction is induced
surface states develop in gaps of the bulk electronic structuren Cu110 by a room-temperature adsorption of a small
and are characterized by a complex wave vector in the peamount of alkali metals, whereas no reconstruction is ob-
pendicular direction. The imaginary part of the wave vectorserved for deposition at low temperature. Photoemission and
yields a damping of the wave function that only extends oninverse photoemission spectra exhibit a very clear signature
few atomic layers. As a consequence, the surface states thaft the reconstructed surfacg!!
only probe the vicinity of the surface, are very sensitive toits In the case of heteroepitaxial growth, many adatoms
structural and chemical properties. Scanning tunneling mishould occupy very unfavorable sites. As a consequence, sur-
croscopy(STM) and spectroscopySTS have revealed the face reconstructions can be observed in order to release
modifications of surface states by step edges or nanoobjecssress relaxatiof? 14 The Ag/Cy111) interface can be con-
such as islands or quantum corrats. sidered as a model system in this problematic. Ag and Cu
Indeed, the sensitivity to adsorbed atoms was used ttattices are characterized by a 13% mismatch and these two
identify surface states or resonances and to separate thestements are immiscible in the bulk. A¥®) surface recon-
from the bulk states. As an example, it was often observedtruction was evidenced from low energy electron diffraction
that adsorption of molecules, such as @ CO, leads to the (Refs. 15 and 16and has been interpreted by a quasicom-
disappearance of surface states. However, inverse photmensurate lattice since#(Ag)/d(Cu)=9/8. In fact, this in-
emission experiments showed that surface states sometimgspretation is oversimplified and stress relaxation mecha-
do not actually disappear but are shifted above the Fermiisms, introduce important and complicated structural
Level. This is, for example, the_case of, ®n Cu1ll) for  modifications that were shown with STM!8As discussed
which the surface-state energy latwas found about 3 eV in this paper, this %9 reconstruction is induced by the for-
above the Fermi levélRecently, the modification of Shock- mation of a lattice of dislocation loops in the substrate. This
ley states by an adsorbed rare gas overlayer has been studmgperstructure is only observed for films deposited at suffi-
in details by STS and/or photoemission spectroscopy. ciently high temperaturéroom temperatupe For deposition
These spectroscopies showed that the surface-state energigdower temperatures, the atomic structure is different and
are shifted above the Fermi energy. For example, in XeAnother superstructure without dislocation loops, is observed.
Ag(111), the minimum of the parabolic surface band is Some spectroscopic studies of thin Ag films on(Tli) have
shifted from —60 meV for a clean A@l1ll) surface to been already carried out. As the bulk gap of (AL is
+52 meV for Ag111) covered by one Xe monolay€¥L ). smaller than the bulk gap of Cl11), confinement of elec-
In the case of Xe/QW1l), the surface state remains in the tronic waves in thin Ag layers is expected in tid.1) direc-
occupied states but is significantly shifted toward the Fermtion. These quantum-well states have been intensively stud-
energy’ ied by angle-resolved photoemission spectroscopy
Different situations can be encountered when atoms ofARPES.'® Nevertheless, a detailed ARPES investigation of
molecules are deposited on a surface exhibiting a surfacitne submonolayer range is still missing.
electronic state. If the overlayer is not ordered, the wave In this paper, we present an investigation of the surface
vector parallel to the surface is no longer conserved, and theglectronic properties and their correlation with surface recon-
the surface states are strongly broadened due to scattering biructions in Ag ultrathin films deposited at different tem-
defects and even disappear. On the other hand, in the casemdratures on a CW1l) substrate. This manuscript is orga-
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nized as follows. In Sec. Il, we present the experimental 100
details. Section Il is devoted to the presentation and discus-
sion of our experimental results : we first present the struc-
tural and electronic properties of room-tempera{lR€) pre- 80
pared films. We then compare with results obtained with
films prepared at low temperaturé$50 K). The different
reconstructions corresponding to the two preparation tem-
peratures are characterized by different surface states. We 60
present the relation between structural and electronic
changes at the transition from the moi the triangular
structure. Finally, a numerical calculation to understand the 4
surface energy modifications with thickness and elaboration
temperature is presented.

Il. EXPERIMENTAL DETAILS 20

The measurements were carried out in a UHV setup con-
sisting in a molecular-beam epitaxy chamber for the elabo-
ration and characterization of the surfaces, a STM chamber
equipped with an Omicron STM1 operating at room tem- 0 20 40 60 80 100
perature and a photoemission chamber with a high-resolution
Scienta SES 200 analyzer. The photoemission experiments
can be recorded between 20 K and room temperature. The
He | radiation fr=21.2 eV) is provided by a high intensity
UVS-300 SPECS discharge lamp operating at a pressure of
10" ° mbar in the ionization chamber. The energy resolution
was better than 10 meV and angular resolution better than
0.5°. The electrons are collected by a microchannel plate and
accelerated onto a phosphorus screen monitored by a charge-
coupled deviceCCD) camera. This two-dimension&2D)
detector allows to record accurately the emission spectra be-
tween—8 and+ 8 degrees without rotating the sample. The
Cu substrate was first prepared by a mechanical polishing
followed by 5 mn of an electrochemical polishing in an or-
thophosphoric acid solution. After introduction in the UHV
setup, the substrate was cleaned by several cycles of Ar
sputtering at 2000 eV and annealing at 600 °C . The mor-
phology of the sample was characterized by scanning tunnel-
ling microscopy. Due to an uncontrolled miscut with respect
to the (111) planes, a rather high density of steps was ob- 0 20 40 60 80
served on this sample. The cleanness was checked using Size (nm)
STM and a Ribber cylindrical mirror analyzer for auger elec-
tron spectroscopy. The Ag atoms were evaporated from a FiG. 1. STM images corresponding to the 0.4 NH) and 1.2
Knudsen cell operating dt=950 °C at a rate in the range of ML (b) Ag films. Insert: LEED pattern of the 1.2 ML film.
0.5-2 ML/mn. This rate was measured by monitoring the

frequency shift of a quartz microbalance with a 12 digitsjiterature!”*?°the 0.4 ML image shows that all epitaxial Ag

counter. The calibration was achieved by STM measuréisjands are of monoatomic height and are connected to the
ments which were in agreement with the photoemission anéqownhill” side of the substrate step edges. This means that
AES data(see Sec. Il A. During Ag deposition, the sub-  for submonolayer films, the Cu step edges are the nucleation
strate temperature could be adjusted between RT and 100 Kjtes for Ag island growth and that, at room temperature, the

IIl. RESULTS AND DISCUSSION

A. Growth and electronic properties of AgCu(111)
at room temperature

diffusion length of the Ag adatoms on (lill) is at least
several hundred angstroms. For the 1.2 ML film, Ag islands
grew after the first Ag layer was completed and they are also
connected to step edges. A large scale modulation is clearly
visible on the Ag islands and is associated with the®

We have studied Ag ultrathin films deposited on(Cii) superstructure evidenced in LEED experimdiriset of Fig.
by STM and ARPES. In Figs.(d and Xb), we present STM 1(b)]. A layer-by-layer growth was proposed for Ag epitaxy
images of 0.4 ML and 1.2 ML Ag films, respectively, pre- at room temperatur€. This is in agreement with our STM
pared at room temperature. As previously described irobservations and the evolution of the photoemission Alg 4
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FIG. 2. (a) Photoemission valence-band spectra for several Agyray scale as function of energy and wave vector a 0.6-ML Ag
coverage, the arrows indicate the appearance of the spectral featuri@d. The solid lines represent a fit corresponding to a quadratic
associated with the second Ag layém Ag Auger intensity as func-  dispersionE (k) =#2k?/2m* + E,, (b) relative intensity of the two
tion of time (or coveragg spectral features in the normal emission spectra as function of Ag
coveragethe solid line is a guide for the eydntensitiesl ; andl ,
are obtained by fitting the normal emission spectra with two lorent-
zians as shown in the inset.

bands. In the submonolayer range, theands consist of two
narrow peaks. A sudden change of the shapdditional
structures indicated by arrows in Figa®] is observed at the
completion of the first Ag monolayer. This is corroborated by
the change of the slope in the Ag AES sigfiaig. 2b)]. For  troscopy corroborates these results and shows that two elec-
larger coverage {>2 ML), a tridimensional growth was tronic states exhibit a parabolic dispersion characteristic of
observed in agreement with published ddta. thg nearly free electron nature of the (Cid) surface state
STS measurements, we published in previous paddrs, [Fig- 3@]. _
showed that confinement of surface states occurs. In sub- The energy differenc€200 me\j measured on the normal
monolayer Ag films, two kinds of differential conductivity emission spectrurfinset of Fig. 3b)] corresponding to thE
spectra were obtained on Cu terraces and Ag islands. Theoint of the surface Brillouin zone, is in agreement with the
two spectral features separated by 220 meV suggest that twarevious STS result6220 meVj and can be interpreted by
surface states coexist in this system, one confined in Cu tethe modification of the potential probed by surface electrons
races and the other one in Ag islands. Photoemission spetef Sec. Il D). Indeed, surface states are confined in the nor-
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AR AR AR R larger film thicknesses, only one spectral feature is exhibited
o(ML) with a progressive shift toward the position of the surface

state of Ad11l) in Ag single crystal Eg=—45 meV at

20.0 room temperatupe Two arguments can be invoked to ex-

jj\\ plain the observation of only one spectral feature tor

>2 ML. First, the energy difference between surface states
corresponding t and (h+1) Ag layers decreases as the
5.00 number of Ag overlayers increases, so that the two surface
states are less and less resolved. Second, a tridimensional
growth is encountered above 2 ML and the spectral feature is
composed of several unresolved contributions. One has to
note that the energy of th&}" and S5 ' structures does not
significantly depend on the coverafféig. 4). This is due to
the large size of Ag islands resulting from the growth mecha-
nism and to the large mobility of Ag adatoms on the(Tl)
substrate. Indeed quantum size effect associated with the lat-
1.60 eral confinement of electronic states in islands should be ex-
pected. In a simple quantum-well approach, the energy shift
due to confinement is inversely proportional to the square of
the lateral size leading to a vanishing effect for large islands.
For islands larger than 10 nm, the energy shift can be esti-
mated to be smaller than 5 meV, that was experimentally
verified? To evidence a sizeable energy shift with photo-
emission, very small islands{(10 nm) with sharp size dis-
tribution are necessary. To investigate this point, Ag deposi-
tion at low temperaturé150 K) has been carried out. With
decreasing deposition temperature, a decrease in the Ag ada-
'0'4' . 02 0.0 0.2 tom mobility is expected leading to Ag islands smaller than
Binding Energy (eV) for room temperature deposition.

Photoemission Intensity

FIG. 4. Normal emission spectra for several Ag cover&jg,
and S} indicate the spectral features associated with 1-ML- and B. Electronic states in theT =150 K prepared films
2-ML-thick Ag films. ] ]
We deposited Ag films at low temperatu¢g50 K) and

mal direction in the quantum well consisting of the vacuumMeasured them at room temperature, in order to compare
level on one side and the bulk gap on the other &dey with STM measurements. The normal emission s_pectra for
depositing one Ag monolayer on Qil1), the quantum well several Ag coverage reveals a systematic evolutig. 5).
potential is modified and the energy of @@l surface state [N the submonolayer rang@¢ 1 ML), two SE’EC”"’“ fea-

is changed. The presence of two well-defined surface-staféires atEg=—390 meV andEg=—290 meV ;') are ob-
energies in normal emission spectra of submonolayer fiim§erved. The intensity of the peak Bg=—390 meV de-
suggests that the surface electrons probe either the bagéeases with increasing Ag coverage and vanisheséofor
Cu(111) potential or a Cu potential modified by the Ag layer. =1 ML. It corresponds to the surface state confined in the
The system can be described by two kinds of wave functionsGu terraces. ThéS;' structure intensity increases with Ag
one associated with free Cu areas and the other one with tr@verage and then can be identify to the electronic state con-
Ag covered areas. This behavior is in complete agreemeriined in the Ag islands like for the room temperature experi-
with the STS results and confirms the lateral confinement ofments. The energy of this spectral feature is Ag coverage
the surface states in Cu terraces and Ag islands. Thereforsdependent suggesting that Ag islands are still too large to
with increasing Ag coverage from 0 to 1 ML, a balance of modify the energy of the confined electronic states. In the
spectral weight between the two structures associated with ML<§<2 ML thickness range, two structures &g

Cu terraces and Ag islands is obser{&d. 3b)] in agree- =—290 meV ;') andEg=—170 meV ;") are also ob-
ment with the assumption that they are associated with theerved and correspond to surface states associated with re-
two kinds of surface terminations. With increasifgthe Ag  gions with different Ag film thicknessed ML and 2 ML).
island contribution has to increase whereas the Cu one has @omparison with the data obtained on films deposited at
decrease. A similar behavior is observed in the 1-2 MLroom temperature shows that the structure associated with
range. Two normal emission features are observed exhibitinGu terraces appears at the same eneky=—390 meV),

the same balance of spectral weight as function of Ag covwhereas the structures associated with 1—ML-th'S%<TQ and
erage(Fig. 4. The S" structure Eg=—190 meV) corre-  2-ML-thick (St") Ag films are shifted to higher binding en-
sponds to the 1-ML Ag film, whereas tH&}' one Eg=  ergy by AE;=100 meV andAE,=40 meV, respectively
—130 meV) is the signature of the second Ag layer. For(Table |.
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In order to understand this difference, a soft annealing of

the films has been achieved. Figure 6 illustrates the effect of F'C- 6. Normal emission spectra for several Ag submonolayers
an annealing at 400 K. prepared atT=150 K (solid lines and after annealing af

In the submonolayer range, an irreversible spectral modi—:400 K (dotted line.

fication is observed for the Ag related structure. The normal
emission structureS;") is shifted by about 100 meV to- =150 K prepared film and after an annealingTat 400 K.
wards the Fermi energy{""). The energy value measured The spectra of th& =150 K deposited film exhibit two para-
on a room temperature deposited filrﬁ?() is restored, so bolic dispersive bands, whereas only one band is evidenced
that in the 0—1 ML range the spectra of the annealed filmdor the annealed film. Analysis of the normal emission spec-
are very similar to the spectra of room temperature preparetta[Fig. 7(b)] shows that for the room temperature prepared
films. On the contrary, in the 1 ME§<2 ML range, after  fjjm the two bands are separated by 60 meV atltheoint,
annealing, the surface-state energy associated with the sgghereas only one spectral line closeBg= — 180 meV ap-
nn,,; _ . . . . ..
ond Ag monolayer features"" with Eg=—160 meV) does pears for the annealed film. This single line is in fact com-
not correspond.to the energy measured (.)n.th_e room temperabsed of two unresolved contributions, or&l) at Eg=
ture prepared filmskg = —130 meV). This is illustrated N 190 mev corresponding to regions covered by one mono-
Fig. 7 th‘f’lt prese'nts .the annealing effect on a 1'.6"\./”‘ f.'lm'layer and the other one, corresponding to the second mono-
The .two images in Fig. (@ represent the photoemission in- layer (S™), atEq= — 160 meV: this latter value being ver
tensity as function of energy and wave vector forTa y ’ B ' ng very
close to the low temperature og= — 170 meV. This sug-

— gests that the atomic structure of the second monolayer re-
_ TABLE I. Values ofI" energy for the surface states observed ONgions are only weakly affected by the annealing. A compari-
films prepared at room temperature, at 150 K and after an annealing,, \with the spectrum obtained on a 1.6 ML film deposited at
(see text room temperaturgupper curve in Fig. ()] clearly shows
that the spectra associated with 1-ML-thick regions of the
RT RT LT LT nn nn
E Cu S S2 St Sz Si s room temperature prepared and annealed films are very simi-
Eo (meV) —390 —190 —130 —290 —170 —190 —160 lar, whereas significant differences exist for regions covered
by two monolayers.
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FIG. 7. (&) Room temperature photoemission magensity in
gray scale as function of energy and wave vedira 1.6-ML film
prepared afT=150 K (bottom image¢ and after annealing at
=400 K (top image; (b) normal emission spectra corresponding to
the film prepared at 150 KLT) and after annealingann. For
comparison, the normal emission spectrum of the room temperature

prepared film(RT) is also reported. FIG. 8. STM images of 1-ML-thick Ag film elaborated at room
. . I — temperaturéa) and atT=150 K (b).
These irreversible modifications of photoemission spectra peraturda) (b)
observed after thé =400 K anr_1eaI|ng can be explamed by & %9 superstructure, but STM shows that the atomic structure
chgnge of the surface a'tomlc structure. To illustrate thITFig' 8(b)] consists of the superposition of the hexagonal
point, STM has been carried out on low and room temperaE:Iosed—packed symmetry of Cu and Ag layers yielding a
ture prepared films. Figure 8 shows atomic scale images oty oire structure. This is very similar to the structure of Au

tained on Ag islands corresponding to room temperagare overlayers on Nil11) deposited at low temperatuféin this

andT=150 K (b) prepared films. For the RT elaborated Or atomic arrangement, many atoms occupy poorly favorable

annealed films, the well-known triangular superstructure i osition with respect to the substrafeg atoms on top on Cu
observed._STM images eviden_ced two kinds of triangles Witﬁ;toms). For this reason, the moirstructure is unstable and
three or six atoms protruding in the center. relaxation processes yield the triangular structure that is
. oL . . ) €more stable. It is natural to ascribe the change in the photo-
atom in the center. This is in agreement with previous invesgisqion spectra as mainly due to the modification of the
tigations  reported for this ~systefi. The quasi  iomic” reconstruction which depends on the preparation
(9% 9)-superstructure, evidenced by LEERef. 15 and re-

. : imenRtsari f h temperature. This dependence reflects the modification of
cent x-ray surface diffraction experimentsarises from the yhe notential probed by surface electrons as we will discuss

periodic arrangement of these triangles. The black part of thg, s 111D,
triangles has not to be interpreted as missing atoms in the
first Ag layer since calculations indicate that such a configu-
ration is very unstable. As for Au/Kil1),?* the triangular
corrugation arises from the formation of dislocation loops in  Unfortunately the moirstructure is not stable enough and
the top layer of the substrate with a removal of some Clits study with a room temperature STM is quite difficult. At
atoms. Such a mechanism is associated with the shift of se¥his temperature, a time evolution can be evidenced due to a
eral Cu atoms from fcc to hcp sites. This interpretation haprogressive transformation from the moiee the triangular
been recently supported by quantum molecular dynamicstructure. This is shown in Fig. 9, where we present a STM
simulations?® These calculations show that the reconstrucimage recorded after the room temperature thermalization of
tion of the top substrate layer occurs by the introduction of ahe sample.
few vacancies collapsing in a partial dislocation loop. This On the left picture, a large Ag island appears on &1C1)
mechanism leads to a morphology that is in almost perfecterrace. As the tunneling current has been recorded with a
agreement with STM imag&sand with impact collision ion-  closed feedback loofronstant current modieonly the high-
scattering spectroscopy. est spatial frequencies are visible, leading the same average
The atomic structure of the films deposited at low tem-gray tone for the Ag island and the neighboring Cu terrace.
perature is different. Diffraction patterns also exhibit a 9 However, if the moiresuperstructure exists on the main part

O 1 2 3 4 5 6 7

Size (nm)

C. Transition from the moiré to the triangular structure

165412-6



MODIFICATION OF SHOCKLEY STATES INDUCED BY ... PHYSICAL REVIEW B57, 165412 (2003
1
Cc

» @

LN [ - T [ A O L O B

P —
2
a
2
S =
. e
Size (nm) 8 : ) (©)
7] e
7] |
FIG. 9. STM images recorded in constant current mode on a é
0.6-ML Ag film prepared atT=150 K. Left: tunneling current; 8
right: topographic signal. Some triangular features, precursors of °
the moiretriangular transition, appear near the Ag island edge. é
. - e % e, (b
of the island(close up in Fig. § one can distinguish some : N
ccecol

triangles close to the island boundaries. This observation re- i
sults from the irreversible transformation of the masteuc- '
ture into the triangular one. Several images recorded on the
same area as function of time reveal the progressive transi-
tion at room temperature by the appearance of new triangles. !
Figure 10 exhibits the spectroscopic consequence of this ) Z @
transition. The time dependence of normal emission spectra T %@mﬁ
is reported for a 0.6-ML film. The Ag film was prepared at T N T T
low temperature T=150 K) and measured at room tem- 05 -04 -03 -02 -01 00
perature as function of time. Just after preparation, the nor-
mal emission spectrunfa) exhibits two features aEg=
—390 meV, reflecting the (_'Ju terrace_ contribution, and at FIG. 10. Photoemission measurements revealing the irreversible
Eg=—290 meV corresponding to Ag islandstructure la-  yansition from the moireto the triangular superstructure(@) T
beled A orS; in the previous discussignhat all exhibit the =300 K just after deposition(b) T=300 K, 1 h later,(c) T
moire superstructure. After an annealing at 400 K, the island=300 K, 3 h later, andd) after an annealing aF=400 K. A, B,
related feature is shifted tdEg=—190 meV (structure andC represent the spectral features associated with the nibae
labeledC or S{"") as shown on the top curve of Fig. 10. This intermediate, and the triangular structures, respectively.
latter spectral feature corresponds to the triangular super-
structure also observed for room temperature preparedxtreme sensitivity of surface states to structural modifica-
films (S?T). tions at the surface, especially in the case of strong local
In between, a continuous evolution of the surface states igtomic reconstruction&t the nanoscopic scale
observed. Afte 1 h atroom temperature, a shoulder has ap- The position in energy of the surface states depends on
peared aEg= —250 meV (structure labeled in Fig. 10.  the film thickness and on the atomic reconstruction of the
After 3 h, the spectra are then a mixture of the thrae B, interface corresponding to the preparation temperature. From
and C) contributions as shown in spectrufo) of Fig. 10.  the values tabulated in Table I, the effect of annealing on the
This observation suggests a transient atomic structure. Th&construction can be deduced. For 1-ML-thick Ag island,
STM image shown in Fig. 11, recorded after the first photothe surface-state energy associated with the triangular struc-
emission measurements spectr(an corroborates this inter- ture is restored corroborating the STM results which exhibit
pretation. Most part of this image reveals the atomically re-a transformation from the moir the triangular structure.
solved moirestructure. However several lar¢ggbout 1.5 nm  This transformation corresponds to the formation of disloca-
dark regions also appear. In contrast to the triangular strudion loops in the Cu substrate. Then for such islands, there is
ture observed on room temperature prepared films for whicho difference between films prepared at room temperature
some atoms are clearly observed in the center, no atoms ag&d films prepared al =150 K and further annealing. For
resolved in these dark areas. It is natural to ascribeBthe 2-ML-thick Ag layers, there is negligible effect of annealing
peak in the photoemission spectra as an electronic signatugs the surface-state energy. This result suggests that the
of this new structure. Thus, the transition from the maoe moire-triangular transformation does not occur. These results
the triangular structure takes place through an intermediatere schematically summarized in Fig. 12. We can suggest
state, characterized by a specific atomic structure with it¢hat the 2-ML Ag film is too thick and prevents the expulsion
own spectroscopic signature. These results shed light on th#f Cu atoms necessary for the formation of the dislocation

Binding Energy (eV)
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S, (Eo=-170 meV)

8 S17(Eo=-290 meV) v
v I Ag layer
6 Vo distocat
o dislocation loops (a)
Cu substrate
4
Annealing
2 at 400 K S
Szann (Eo=-1 60 meV)
0 S:#" (Eq =-190 meV ) v
0 2 4 6 8 M Ag layer
Size (nm) AN\
dislocation loops | No dislocation loops (b)
FIG. 11. STM image revealing the existence of an intermediate _____—____E;_s;l;;t-r;u; __________
structure(dark regiong the atoms clearly visible in the room tem-
perature triangular structure are not resolved.
loops. This is corroborated by the observation, in the first
stage of the moirgriangular transition, of triangles close to ST (Eo=-130 meV)
the islands boundarig$ig. 9): vacancy mobility and relax- S47T (Eg=-190 meV) v
ation should be favored near island edges. & I
D. Calculation of the surface-state energy dislocation loops ©
The above measurements show the interplay between Cusubstrate --------
atomic structure and electronic properties of the surface. A

simple approach can reproduce the experimental energy of

the surface states. As discussed above, the growth mecha- FIG. 12. Schema_tic view of the room t(_emperature structure for
nism leads to large Ag islands connected on step edges of tHeML and 2-ML Ag films on Cy111) deposited at room tempera-
Cu substrate. Despite the fact that the surface states are cdHre (¢ deposited at 150 Ka) and deposited at 150 K and after an
fined in the Ag islands, no sizeable energy shift is observed""€aling at 400 Kb).

due to the large size of the islands. As a consequence, the

lateral dimension of the islands is not a pertinent parametefNumerov algorithid). By averaging the potential in the
and a one-dimensional approach should be sufficient to explanes parallel to thg111) surface, one obtains a one-
plain the shift of the surface-state energy. As mentioned irdimensional Schidinger equation,

the Introduction, the Shockley surface state of(11d) de-

velops close to thé& point in a gap of the bulk band struc-

ture. A framework based on a pseudopotential with only one d*¥(2)
Fourier component\(g), associated with the corresponding dZ
reciprocal vector, provides a simple approach to obtain the

bulk band structure with a gap of magnitudéat the limit

of the Brillouin zone. The surface state corresponds to avhere M2) is the spatial dependence of the average electron
perpendicular complex wave vector for an energy level in thgootential in the normal directiofV(z) depends on the in-
gap. The energy value is obtained by considering the poterplane structurg Its solution gives thdZ”:O surface-state
tial outside the crystal, and the condition of continuity of theenergy. The Numerov algorythm is based on second-order
wave function and its derivative. We have chosen the surfacgaylor development of the one-dimensional Scfinger
potential, recently proposed by Chulkeval?’~?*We essen-  equation,

tially adjust theg factor (as defined in Ref. 27o reproduce

the surface-state energy we obtained at room temperature for )

Cu(11) (Eg=-390 meV) and for A@ll) (Eg= d e“d

—45 meV). Calculations have been carried out for integer ‘P(Z“—Ls):‘l'(z)isd_l’z%“ Ed_zlz//+o(83)-

numbers of Ag layers. The potential in the vacuum region

(image potential is kept constant with Ag film thickness.

The wave function is obtained from a numerical calculationA fourth-order development of the second derivative in the

2m
- ﬁ[E—V(Z)]\I’(X):fE(Z)\I’(Z)-
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periodic potential corresponding to the Cu region; second,
three periods corresponding to the three Ag layers; and fi-
nally, the image state potential in the vacuum. To describe
the potential at the interface, a linear dependence in the first
Ag plane between the Cu and Ag inner potentials is used as
can be shown on the dashed segment in Fig. 13.

It is clear from this picture that for Ag thickness larger
than the attenuation length of the surface-st@bout 5
atomic layery the surface state energy should tend to the
value obtained at room temperature in purd ¥g) (Eg=
—45 meV). In Fig. 18), we show the experimental thick-
ness dependence of the surface-state energy compared to the

15 7 cu(11)~  3MLAg Vacuum calculated ones. A good agreement is observed at least for
== n 5 _w v films deposited at low temperature. The deviation from the
Distance in normal direction (&) layer-by-layer growth for6>2 ML can explain the small
difference observed. We would like to point out that the cal-
0 r culation does not account the surface-state energy for 1-ML-
: thick films prepared at room temperature. This corroborates
-50 |- o) the fact that in these latter films, strong relaxation processes
N i O (dislocation loops affecting several Cu layers occur. These
g 100t , mechanisms should strongly modify the potential. On the
:;,0 150 [ Sar) (b) contrary, the moiretructure that is simply a superposition of
5} b g2 Cu and Ag layer is correctly described in our calculations
Li 200 F  SL°[ v —— Calculation that assume a similar superposition of Cu and Ag potentials.
;§ 250 k O E_RT elaborated films
M 300 b g E, LT elaborated films V- CONCLUSION
. . In this paper, we have studied the evolution of the surface
Y L S T S S S SN state of Ag ultrathin films on Qi11). We have shown that
0 4 8 12 16 20 the modification of the surface-state energy reflects the mor-
Thickness (ML) phology and the atomic structure of the surface. For sub-

monolayer films deposited at room temperature, large Ag
: . - islands are found to be connected to the substrate step edges.
energy, for a 3-ML Ag film on C(111). The thick solid lin er S

9 gt uy I d linetupp ma!S and ARPES results indicate the presence of two surface

curve represents the electron density of the surface state and t i ) X
tates, laterally confined in the Ag islands and Cu terraces.

thin solid line represents the potential in the Cu substrate, the Aj@l . >
layer and the vacuum. The open symbols represent the Cu planddloreover, a shift of the surface state with respect to the

calculated and experimental values of the surface-state energy fédre induced by strong relaxation processes in the Cu top
0 ML< 6<20 ML. layer (triangular structure Low temperature deposited films

exhibit a different surface-state energy associated with Ag
islands. This difference results from a different atomic struc-
ture, since a metastable moistructure is formed at low
Schralinger equation allows to obtain a recurrence relatiortemperatures. The irreversible transition between these two
for the wave function : structures has been also studied by photoemission spectros-
copy; a spectral signature associated with a transient struc-

FIG. 13. (a) lllustration of the calculation of the surface-state

V(z+e) ture has been identified. All these measurements emphasize
2 2 the strong interplay between electronic and structural prop-
€ g erties in this system due to the great sensitivity of surface-
V(2)| 2+ —Ffe(2) |+ V(z—¢)| =fe(z—e)—1 : .
6 12 state energy to the surface and interface reconstructions. In

= 82
|:1_ 1_2fE(Z+8)

addition, we have shown that probing Shockley states with
high resolution photoemission spectroscopy can give reliable
information not only on the surface but also on the interface
As a consequence, the knowledge of the wave function atructure.
two neighboring point§W(z—¢) andW¥(z)] gives the wave

function at the following poinf ¥ (z+¢)]. A convergent

solution at large z is only obtained for the values of energy
corresponding to the genuine eigenvaluyssrface-state en- We would like to acknowledge E. Moyen and L. Piot for
ergies. In Fig. 13, we show th¥/(z) potential of a 3-MLAg their contributions to the numerical simulations presented in
film. It consists of three regions : first, the one-dimensionalthis paper.
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