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Modification of Shockley states induced by surface reconstruction in epitaxial Ag films on Cu„111…

A. Bendounan, H. Cercellier, Y. Fagot-Revurat, B. Kierren, V. Yu Yurov, and D. Malterre
Laboratoire de Physique des Mate´riaux, UniversitéHenri Poincaré, Nancy I - Boı̂te Postale 239, F-54506 Vandœuvre-le`s-Nancy, France

~Received 15 November 2002; published 16 April 2003!

Epitaxial Ag ultrathin films grown on Cu~111! 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 reconstructions~moiré and triangular superstructures
which depend on the preparation temperature! lead to different surface state energies. Photoemission spectra
also reflect the transition from the metastable moire´ structure into the triangular one. These results clearly
demonstrate the strong sensitivity of the surface-state energy to the in-plane atomic structure.

DOI: 10.1103/PhysRevB.67.165412 PACS number~s!: 73.20.At, 79.60.2i, 68.37.Ef
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I. INTRODUCTION

Breakdown of periodicity occurring at single-crystal su
faces can lead to local modifications of the electronic pr
erties. For the close-packed~111! surfaces of noble metals
new states are even induced known as Shockley states. T
surface states develop in gaps of the bulk electronic struc
and are characterized by a complex wave vector in the
pendicular direction. The imaginary part of the wave vec
yields a damping of the wave function that only extends
few atomic layers. As a consequence, the surface states
only probe the vicinity of the surface, are very sensitive to
structural and chemical properties. Scanning tunneling
croscopy~STM! and spectroscopy~STS! have revealed the
modifications of surface states by step edges or nanoob
such as islands or quantum corrals.1–3

Indeed, the sensitivity to adsorbed atoms was used
identify surface states or resonances and to separate
from the bulk states. As an example, it was often obser
that adsorption of molecules, such as O2 or CO, leads to the
disappearance of surface states. However, inverse ph
emission experiments showed that surface states some
do not actually disappear but are shifted above the Fe
Level. This is, for example, the case of O2 on Cu~111! for
which the surface-state energy atḠ was found about 3 eV
above the Fermi level.4 Recently, the modification of Shock
ley states by an adsorbed rare gas overlayer has been st
in details by STS and/or photoemission spectroscopy5–7

These spectroscopies showed that the surface-state ene
are shifted above the Fermi energy. For example, in
Ag~111!, the minimum of the parabolic surface band
shifted from 260 meV for a clean Ag~111! surface to
152 meV for Ag~111! covered by one Xe monolayer~ML !.
In the case of Xe/Cu~111!, the surface state remains in th
occupied states but is significantly shifted toward the Fe
energy.8

Different situations can be encountered when atoms
molecules are deposited on a surface exhibiting a sur
electronic state. If the overlayer is not ordered, the wa
vector parallel to the surface is no longer conserved, and
the surface states are strongly broadened due to scatterin
defects and even disappear. On the other hand, in the ca
0163-1829/2003/67~16!/165412~10!/$20.00 67 1654
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epitaxial overlayers, the lateral ordering is not destroyed
the surface state is preserved.9 However, the surface potentia
and/or the work function are changed, leading to a shift
the surface-state energy.

Surface states are also sensitive to surface reconstruct
For instance, a (132) missing-row reconstruction is induce
on Cu~110! by a room-temperature adsorption of a sm
amount of alkali metals, whereas no reconstruction is
served for deposition at low temperature. Photoemission
inverse photoemission spectra exhibit a very clear signa
of the reconstructed surface.10,11

In the case of heteroepitaxial growth, many adato
should occupy very unfavorable sites. As a consequence,
face reconstructions can be observed in order to rele
stress relaxation.12–14 The Ag/Cu~111! interface can be con
sidered as a model system in this problematic. Ag and
lattices are characterized by a 13% mismatch and these
elements are immiscible in the bulk. A (939) surface recon-
struction was evidenced from low energy electron diffracti
~Refs. 15 and 16! and has been interpreted by a quasico
mensurate lattice sinced(Ag)/d(Cu).9/8. In fact, this in-
terpretation is oversimplified and stress relaxation mec
nisms, introduce important and complicated structu
modifications that were shown with STM.17,18 As discussed
in this paper, this 939 reconstruction is induced by the fo
mation of a lattice of dislocation loops in the substrate. T
superstructure is only observed for films deposited at su
ciently high temperature~room temperature!. For deposition
at lower temperatures, the atomic structure is different a
another superstructure without dislocation loops, is observ
Some spectroscopic studies of thin Ag films on Cu~111! have
been already carried out. As the bulk gap of Ag~111! is
smaller than the bulk gap of Cu~111!, confinement of elec-
tronic waves in thin Ag layers is expected in the~111! direc-
tion. These quantum-well states have been intensively s
ied by angle-resolved photoemission spectrosco
~ARPES!.19 Nevertheless, a detailed ARPES investigation
the submonolayer range is still missing.

In this paper, we present an investigation of the surfa
electronic properties and their correlation with surface rec
structions in Ag ultrathin films deposited at different tem
peratures on a Cu~111! substrate. This manuscript is orga
©2003 The American Physical Society12-1



ta
u
uc

it

em
. W
n

th
tio

o
bo
b

m
tio
en
T
y
e
io
ha
a
ar

b
he
in
r-
V
A
o
ne
ec
b
s
c

f
th
its
re

an
-
0

e-

g
the

hat
tion
the

ds
lso
arly

y

4

A. BENDOUNAN et al. PHYSICAL REVIEW B 67, 165412 ~2003!
nized as follows. In Sec. II, we present the experimen
details. Section III is devoted to the presentation and disc
sion of our experimental results : we first present the str
tural and electronic properties of room-temperature~RT! pre-
pared films. We then compare with results obtained w
films prepared at low temperatures~150 K!. The different
reconstructions corresponding to the two preparation t
peratures are characterized by different surface states
present the relation between structural and electro
changes at the transition from the moire´ to the triangular
structure. Finally, a numerical calculation to understand
surface energy modifications with thickness and elabora
temperature is presented.

II. EXPERIMENTAL DETAILS

The measurements were carried out in a UHV setup c
sisting in a molecular-beam epitaxy chamber for the ela
ration and characterization of the surfaces, a STM cham
equipped with an Omicron STM1 operating at room te
perature and a photoemission chamber with a high-resolu
Scienta SES 200 analyzer. The photoemission experim
can be recorded between 20 K and room temperature.
He I radiation (hn521.2 eV) is provided by a high intensit
UVS-300 SPECS discharge lamp operating at a pressur
1025 mbar in the ionization chamber. The energy resolut
was better than 10 meV and angular resolution better t
0.5°. The electrons are collected by a microchannel plate
accelerated onto a phosphorus screen monitored by a ch
coupled device~CCD! camera. This two-dimensional~2D!
detector allows to record accurately the emission spectra
tween28 and18 degrees without rotating the sample. T
Cu substrate was first prepared by a mechanical polish
followed by 5 mn of an electrochemical polishing in an o
thophosphoric acid solution. After introduction in the UH
setup, the substrate was cleaned by several cycles of1

sputtering at 2000 eV and annealing at 600 °C . The m
phology of the sample was characterized by scanning tun
ling microscopy. Due to an uncontrolled miscut with resp
to the ~111! planes, a rather high density of steps was o
served on this sample. The cleanness was checked u
STM and a Ribber cylindrical mirror analyzer for auger ele
tron spectroscopy. The Ag atoms were evaporated from
Knudsen cell operating atT5950 °C at a rate in the range o
0.5–2 ML/mn. This rate was measured by monitoring
frequency shift of a quartz microbalance with a 12 dig
counter. The calibration was achieved by STM measu
ments which were in agreement with the photoemission
AES data~see Sec. III A!. During Ag deposition, the sub
strate temperature could be adjusted between RT and 10

III. RESULTS AND DISCUSSION

A. Growth and electronic properties of AgÕCu„111…
at room temperature

We have studied Ag ultrathin films deposited on Cu~111!
by STM and ARPES. In Figs. 1~a! and 1~b!, we present STM
images of 0.4 ML and 1.2 ML Ag films, respectively, pr
pared at room temperature. As previously described
16541
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in

literature,17,9,20the 0.4 ML image shows that all epitaxial A
islands are of monoatomic height and are connected to
‘‘downhill’’ side of the substrate step edges. This means t
for submonolayer films, the Cu step edges are the nuclea
sites for Ag island growth and that, at room temperature,
diffusion length of the Ag adatoms on Cu~111! is at least
several hundred angstroms. For the 1.2 ML film, Ag islan
grew after the first Ag layer was completed and they are a
connected to step edges. A large scale modulation is cle
visible on the Ag islands and is associated with the 939
superstructure evidenced in LEED experiments@inset of Fig.
1~b!#. A layer-by-layer growth was proposed for Ag epitax
at room temperature.21 This is in agreement with our STM
observations and the evolution of the photoemission Agd

FIG. 1. STM images corresponding to the 0.4 ML~a! and 1.2
ML ~b! Ag films. Insert: LEED pattern of the 1.2 ML film.
2-2
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MODIFICATION OF SHOCKLEY STATES INDUCED BY . . . PHYSICAL REVIEW B67, 165412 ~2003!
bands. In the submonolayer range, thed bands consist of two
narrow peaks. A sudden change of the shape@additional
structures indicated by arrows in Fig. 2~a!# is observed at the
completion of the first Ag monolayer. This is corroborated
the change of the slope in the Ag AES signal@Fig. 2~b!#. For
larger coverage (u.2 ML), a tridimensional growth was
observed in agreement with published data.17

STS measurements, we published in previous papers9,20

showed that confinement of surface states occurs. In
monolayer Ag films, two kinds of differential conductivit
spectra were obtained on Cu terraces and Ag islands.
two spectral features separated by 220 meV suggest tha
surface states coexist in this system, one confined in Cu
races and the other one in Ag islands. Photoemission s

FIG. 2. ~a! Photoemission valence-band spectra for several
coverage, the arrows indicate the appearance of the spectral fea
associated with the second Ag layer.~b! Ag Auger intensity as func-
tion of time ~or coverage!.
16541
b-

he
wo
r-
c-

troscopy corroborates these results and shows that two e
tronic states exhibit a parabolic dispersion characteristic
the nearly free electron nature of the Cu~111! surface state
@Fig. 3~a!#.

The energy difference~200 meV! measured on the norma
emission spectrum@inset of Fig. 3~b!# corresponding to theḠ
point of the surface Brillouin zone, is in agreement with t
previous STS results~220 meV! and can be interpreted b
the modification of the potential probed by surface electro
~cf Sec. III D!. Indeed, surface states are confined in the n

g
res

FIG. 3. ~a! Room temperature photoemission map~intensity in
gray scale as function of energy and wave vector! for a 0.6-ML Ag
film. The solid lines represent a fit corresponding to a quadr
dispersionE(k)5\2k2/2m!1E0, ~b! relative intensity of the two
spectral features in the normal emission spectra as function o
coverage~the solid line is a guide for the eye!. IntensitiesI 1 andI 2

are obtained by fitting the normal emission spectra with two lore
zians as shown in the inset.
2-3
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A. BENDOUNAN et al. PHYSICAL REVIEW B 67, 165412 ~2003!
mal direction in the quantum well consisting of the vacuu
level on one side and the bulk gap on the other side.22 By
depositing one Ag monolayer on Cu~111!, the quantum well
potential is modified and the energy of Cu~111! surface state
is changed. The presence of two well-defined surface-s
energies in normal emission spectra of submonolayer fi
suggests that the surface electrons probe either the
Cu~111! potential or a Cu potential modified by the Ag laye
The system can be described by two kinds of wave functio
one associated with free Cu areas and the other one with
Ag covered areas. This behavior is in complete agreem
with the STS results and confirms the lateral confinemen
the surface states in Cu terraces and Ag islands. There
with increasing Ag coverage from 0 to 1 ML, a balance
spectral weight between the two structures associated
Cu terraces and Ag islands is observed@Fig. 3~b!# in agree-
ment with the assumption that they are associated with
two kinds of surface terminations. With increasingu, the Ag
island contribution has to increase whereas the Cu one h
decrease. A similar behavior is observed in the 1–2
range. Two normal emission features are observed exhib
the same balance of spectral weight as function of Ag c
erage~Fig. 4!. The S1

RT structure (EB52190 meV) corre-
sponds to the 1-ML Ag film, whereas theS2

RT one (EB5
2130 meV) is the signature of the second Ag layer. F

FIG. 4. Normal emission spectra for several Ag coverage,S1
RT

and S2
RT indicate the spectral features associated with 1-ML- a

2-ML-thick Ag films.
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larger film thicknesses, only one spectral feature is exhib
with a progressive shift toward the position of the surfa
state of Ag~111! in Ag single crystal (EB5245 meV at
room temperature!. Two arguments can be invoked to e
plain the observation of only one spectral feature foru
.2 ML. First, the energy difference between surface sta
corresponding ton and (n11) Ag layers decreases as th
number of Ag overlayers increases, so that the two surf
states are less and less resolved. Second, a tridimens
growth is encountered above 2 ML and the spectral featur
composed of several unresolved contributions. One ha
note that the energy of theS1

RT andS2
RT structures does no

significantly depend on the coverage~Fig. 4!. This is due to
the large size of Ag islands resulting from the growth mec
nism and to the large mobility of Ag adatoms on the Cu~111!
substrate. Indeed quantum size effect associated with the
eral confinement of electronic states in islands should be
pected. In a simple quantum-well approach, the energy s
due to confinement is inversely proportional to the square
the lateral size leading to a vanishing effect for large islan
For islands larger than 10 nm, the energy shift can be e
mated to be smaller than 5 meV, that was experiment
verified.2 To evidence a sizeable energy shift with phot
emission, very small islands (,10 nm) with sharp size dis
tribution are necessary. To investigate this point, Ag depo
tion at low temperature~150 K! has been carried out. With
decreasing deposition temperature, a decrease in the Ag
tom mobility is expected leading to Ag islands smaller th
for room temperature deposition.

B. Electronic states in theTÄ150 K prepared films

We deposited Ag films at low temperature~150 K! and
measured them at room temperature, in order to comp
with STM measurements. The normal emission spectra
several Ag coverage reveals a systematic evolution~Fig. 5!.

In the submonolayer range (u,1 ML), two spectral fea-
tures atEB52390 meV andEB52290 meV (S1

LT) are ob-
served. The intensity of the peak atEB52390 meV de-
creases with increasing Ag coverage and vanishes fou
51 ML. It corresponds to the surface state confined in
Cu terraces. TheS1

LT structure intensity increases with A
coverage and then can be identify to the electronic state c
fined in the Ag islands like for the room temperature expe
ments. The energy of this spectral feature is Ag cover
independent suggesting that Ag islands are still too large
modify the energy of the confined electronic states. In
1 ML,u,2 ML thickness range, two structures atEB

52290 meV (S1
LT) andEB52170 meV (S2

LT) are also ob-
served and correspond to surface states associated wit
gions with different Ag film thicknesses~1 ML and 2 ML!.
Comparison with the data obtained on films deposited
room temperature shows that the structure associated
Cu terraces appears at the same energy (EB52390 meV),
whereas the structures associated with 1-ML-thick (S1

LT) and
2-ML-thick (S2

LT) Ag films are shifted to higher binding en
ergy by DE15100 meV andDE2540 meV, respectively
~Table I!.

d
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MODIFICATION OF SHOCKLEY STATES INDUCED BY . . . PHYSICAL REVIEW B67, 165412 ~2003!
In order to understand this difference, a soft annealing
the films has been achieved. Figure 6 illustrates the effec
an annealing at 400 K.

In the submonolayer range, an irreversible spectral mo
fication is observed for the Ag related structure. The norm
emission structure (S1

LT) is shifted by about 100 meV to
wards the Fermi energy (S1

ann). The energy value measure
on a room temperature deposited film (S1

RT) is restored, so
that in the 0–1 ML range the spectra of the annealed fi
are very similar to the spectra of room temperature prepa
films. On the contrary, in the 1 ML,u,2 ML range, after
annealing, the surface-state energy associated with the
ond Ag monolayer feature (S2

ann with EB52160 meV) does
not correspond to the energy measured on the room temp
ture prepared films (EB52130 meV). This is illustrated in
Fig. 7 that presents the annealing effect on a 1.6-ML fi
The two images in Fig. 7~a! represent the photoemission in
tensity as function of energy and wave vector for aT

FIG. 5. Normal emission spectra for several films prepared
T5150 K.

TABLE I. Values ofḠ energy for the surface states observed
films prepared at room temperature, at 150 K and after an anne
~see text!.

E Cu S1
RT S2

RT S1
LT S2

LT S1
ann S2

ann

E0 ~meV! 2390 2190 2130 2290 2170 2190 2160
16541
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5150 K prepared film and after an annealing atT5400 K.
The spectra of theT5150 K deposited film exhibit two para
bolic dispersive bands, whereas only one band is eviden
for the annealed film. Analysis of the normal emission sp
tra @Fig. 7~b!# shows that for the room temperature prepar

film, the two bands are separated by 60 meV at theḠ point,
whereas only one spectral line close toEB52180 meV ap-
pears for the annealed film. This single line is in fact co
posed of two unresolved contributions, one (S1

ann) at EB5

2190 meV corresponding to regions covered by one mo
layer and the other one, corresponding to the second mo
layer (S2

ann), atEB52160 meV; this latter value being ver
close to the low temperature oneEB52170 meV. This sug-
gests that the atomic structure of the second monolayer
gions are only weakly affected by the annealing. A compa
son with the spectrum obtained on a 1.6 ML film deposited
room temperature@upper curve in Fig. 7~b!# clearly shows
that the spectra associated with 1-ML-thick regions of
room temperature prepared and annealed films are very s
lar, whereas significant differences exist for regions cove
by two monolayers.

t

ng

FIG. 6. Normal emission spectra for several Ag submonolay
prepared atT5150 K ~solid lines! and after annealing atT
5400 K ~dotted lines!.
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A. BENDOUNAN et al. PHYSICAL REVIEW B 67, 165412 ~2003!
These irreversible modifications of photoemission spe
observed after theT5400 K annealing can be explained by
change of the surface atomic structure. To illustrate t
point, STM has been carried out on low and room tempe
ture prepared films. Figure 8 shows atomic scale images
tained on Ag islands corresponding to room temperature~a!
and T5150 K ~b! prepared films. For the RT elaborated
annealed films, the well-known triangular superstructure
observed. STM images evidenced two kinds of triangles w
three or six atoms protruding in the center.

Sometimes, we also observed triangles with only o
atom in the center. This is in agreement with previous inv
tigations reported for this system.18 The quasi
(939)-superstructure, evidenced by LEED~Ref. 15! and re-
cent x-ray surface diffraction experiments,23 arises from the
periodic arrangement of these triangles. The black part of
triangles has not to be interpreted as missing atoms in
first Ag layer since calculations indicate that such a confi
ration is very unstable. As for Au/Ni~111!,24 the triangular
corrugation arises from the formation of dislocation loops
the top layer of the substrate with a removal of some
atoms. Such a mechanism is associated with the shift of
eral Cu atoms from fcc to hcp sites. This interpretation h
been recently supported by quantum molecular dynam
simulations.25 These calculations show that the reconstr
tion of the top substrate layer occurs by the introduction o
few vacancies collapsing in a partial dislocation loop. T
mechanism leads to a morphology that is in almost per
agreement with STM images25 and with impact collision ion-
scattering spectroscopy.26

The atomic structure of the films deposited at low te
perature is different. Diffraction patterns also exhibit a

FIG. 7. ~a! Room temperature photoemission map~intensity in
gray scale as function of energy and wave vector! for a 1.6-ML film
prepared atT5150 K ~bottom image! and after annealing atT
5400 K ~top image!; ~b! normal emission spectra corresponding
the film prepared at 150 K~LT! and after annealing~ann!. For
comparison, the normal emission spectrum of the room tempera
prepared film~RT! is also reported.
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39 superstructure, but STM shows that the atomic struct
@Fig. 8~b!# consists of the superposition of the hexagon
closed-packed symmetry of Cu and Ag layers yielding
moiré structure. This is very similar to the structure of A
overlayers on Ni~111! deposited at low temperature.24 In this
atomic arrangement, many atoms occupy poorly favora
position with respect to the substrate~Ag atoms on top on Cu
atoms!. For this reason, the moire´ structure is unstable an
relaxation processes yield the triangular structure tha
more stable. It is natural to ascribe the change in the ph
emission spectra as mainly due to the modification of
atomic reconstruction which depends on the prepara
temperature. This dependence reflects the modification
the potential probed by surface electrons as we will disc
in Sec. III D.

C. Transition from the moiré to the triangular structure

Unfortunately the moire´ structure is not stable enough an
its study with a room temperature STM is quite difficult. A
this temperature, a time evolution can be evidenced due
progressive transformation from the moire´ to the triangular
structure. This is shown in Fig. 9, where we present a S
image recorded after the room temperature thermalizatio
the sample.

On the left picture, a large Ag island appears on a Cu~111!
terrace. As the tunneling current has been recorded wi
closed feedback loop~constant current mode!, only the high-
est spatial frequencies are visible, leading the same ave
gray tone for the Ag island and the neighboring Cu terra
However, if the moire´ superstructure exists on the main pa

re

FIG. 8. STM images of 1-ML-thick Ag film elaborated at room
temperature~a! and atT5150 K ~b!.
2-6
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MODIFICATION OF SHOCKLEY STATES INDUCED BY . . . PHYSICAL REVIEW B67, 165412 ~2003!
of the island~close up in Fig. 9!, one can distinguish som
triangles close to the island boundaries. This observation
sults from the irreversible transformation of the moire´ struc-
ture into the triangular one. Several images recorded on
same area as function of time reveal the progressive tra
tion at room temperature by the appearance of new triang
Figure 10 exhibits the spectroscopic consequence of
transition. The time dependence of normal emission spe
is reported for a 0.6-ML film. The Ag film was prepared
low temperature (T5150 K) and measured at room tem
perature as function of time. Just after preparation, the n
mal emission spectrum~a! exhibits two features atEB5
2390 meV, reflecting the Cu terrace contribution, and
EB52290 meV corresponding to Ag islands~structure la-
beled A orS1

LT in the previous discussion! that all exhibit the
moiré superstructure. After an annealing at 400 K, the isla
related feature is shifted toEB52190 meV ~structure
labeledC or S1

ann) as shown on the top curve of Fig. 10. Th
latter spectral feature corresponds to the triangular su
structure also observed for room temperature prepa
films (S1

RT).
In between, a continuous evolution of the surface state

observed. After 1 h atroom temperature, a shoulder has a
peared atEB52250 meV ~structure labeledB in Fig. 10!.
After 3 h, the spectra are then a mixture of the three (A, B,
and C) contributions as shown in spectrum~c! of Fig. 10.
This observation suggests a transient atomic structure.
STM image shown in Fig. 11, recorded after the first pho
emission measurements spectrum~a!, corroborates this inter
pretation. Most part of this image reveals the atomically
solved moire´ structure. However several large~about 1.5 nm!
dark regions also appear. In contrast to the triangular st
ture observed on room temperature prepared films for wh
some atoms are clearly observed in the center, no atoms
resolved in these dark areas. It is natural to ascribe thB
peak in the photoemission spectra as an electronic signa
of this new structure. Thus, the transition from the moire´ to
the triangular structure takes place through an intermed
state, characterized by a specific atomic structure with
own spectroscopic signature. These results shed light on

FIG. 9. STM images recorded in constant current mode o
0.6-ML Ag film prepared atT5150 K. Left: tunneling current;
right: topographic signal. Some triangular features, precursor
the moiré-triangular transition, appear near the Ag island edge.
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extreme sensitivity of surface states to structural modifi
tions at the surface, especially in the case of strong lo
atomic reconstructions~at the nanoscopic scale!.

The position in energy of the surface states depends
the film thickness and on the atomic reconstruction of
interface corresponding to the preparation temperature. F
the values tabulated in Table I, the effect of annealing on
reconstruction can be deduced. For 1-ML-thick Ag islan
the surface-state energy associated with the triangular s
ture is restored corroborating the STM results which exh
a transformation from the moire´ to the triangular structure
This transformation corresponds to the formation of dislo
tion loops in the Cu substrate. Then for such islands, ther
no difference between films prepared at room tempera
and films prepared atT5150 K and further annealing. Fo
2-ML-thick Ag layers, there is negligible effect of annealin
on the surface-state energy. This result suggests that
moiré-triangular transformation does not occur. These res
are schematically summarized in Fig. 12. We can sugg
that the 2-ML Ag film is too thick and prevents the expulsio
of Cu atoms necessary for the formation of the dislocat

a

of

FIG. 10. Photoemission measurements revealing the irrevers
transition from the moire´ to the triangular superstructure :~a! T
5300 K just after deposition,~b! T5300 K, 1 h later, ~c! T
5300 K, 3 h later, and~d! after an annealing atT5400 K. A, B,
andC represent the spectral features associated with the moire´, the
intermediate, and the triangular structures, respectively.
2-7
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loops. This is corroborated by the observation, in the fi
stage of the moire´-triangular transition, of triangles close t
the islands boundaries~Fig. 9!: vacancy mobility and relax-
ation should be favored near island edges.

D. Calculation of the surface-state energy

The above measurements show the interplay betw
atomic structure and electronic properties of the surface
simple approach can reproduce the experimental energ
the surface states. As discussed above, the growth me
nism leads to large Ag islands connected on step edges o
Cu substrate. Despite the fact that the surface states are
fined in the Ag islands, no sizeable energy shift is obser
due to the large size of the islands. As a consequence
lateral dimension of the islands is not a pertinent param
and a one-dimensional approach should be sufficient to
plain the shift of the surface-state energy. As mentioned
the Introduction, the Shockley surface state of Cu~111! de-
velops close to theL point in a gap of the bulk band struc
ture. A framework based on a pseudopotential with only o
Fourier component (VG), associated with the correspondin
reciprocal vector, provides a simple approach to obtain
bulk band structure with a gap of magnitude 2VG at the limit
of the Brillouin zone. The surface state corresponds t
perpendicular complex wave vector for an energy level in
gap. The energy value is obtained by considering the po
tial outside the crystal, and the condition of continuity of t
wave function and its derivative. We have chosen the surf
potential, recently proposed by Chulkovet al.27–29We essen-
tially adjust theb factor ~as defined in Ref. 27! to reproduce
the surface-state energy we obtained at room temperatur
Cu~111! (EB52390 meV) and for Ag~111! (EB5
245 meV). Calculations have been carried out for inte
numbers of Ag layers. The potential in the vacuum reg
~image potential! is kept constant with Ag film thickness
The wave function is obtained from a numerical calculat

FIG. 11. STM image revealing the existence of an intermed
structure~dark regions!; the atoms clearly visible in the room tem
perature triangular structure are not resolved.
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~Numerov algorithm30!. By averaging the potential in the
planes parallel to the~111! surface, one obtains a one
dimensional Schro¨dinger equation,

d2C~z!

dz2
52

2m

\2
@E2V~z!#C~x!5 f E~z!C~z!,

where V~z! is the spatial dependence of the average elec
potential in the normal direction@V~z! depends on the in-
plane structure#. Its solution gives thekW i50 surface-state
energy. The Numerov algorythm is based on second-o
Taylor development of the one-dimensional Schro¨dinger
equation,

C~z6«!5C~z!6«
dc

dz
1

«2

2

d2c

dz2
1O~«3!.

A fourth-order development of the second derivative in t

e

FIG. 12. Schematic view of the room temperature structure
1-ML and 2-ML Ag films on Cu~111! deposited at room tempera
ture ~c!, deposited at 150 K~a! and deposited at 150 K and after a
annealing at 400 K~b!.
2-8
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Schrödinger equation allows to obtain a recurrence relat
for the wave function :

C~z1«!

5

C~z!F21
5«2

6
f E~z!G1C~z2«!F«2

12
f E~z2«!21G

F12
«2

12
f E~z1«!G .

As a consequence, the knowledge of the wave function
two neighboring points@C(z2«) andC(z)] gives the wave
function at the following point@C(z1«)#. A convergent
solution at large z is only obtained for the values of ene
corresponding to the genuine eigenvalues~surface-state en
ergies!. In Fig. 13, we show theV(z) potential of a 3-ML Ag
film. It consists of three regions : first, the one-dimensio

FIG. 13. ~a! Illustration of the calculation of the surface-sta
energy, for a 3-ML Ag film on Cu~111!. The thick solid line~upper
curve! represents the electron density of the surface state and
thin solid line represents the potential in the Cu substrate, the
layer and the vacuum. The open symbols represent the Cu pla
whereas the black ones represent Ag planes.~b! Comparison of the
calculated and experimental values of the surface-state energ
0 ML,u,20 ML.
16541
n

at

y

l

periodic potential corresponding to the Cu region; seco
three periods corresponding to the three Ag layers; and
nally, the image state potential in the vacuum. To descr
the potential at the interface, a linear dependence in the
Ag plane between the Cu and Ag inner potentials is used
can be shown on the dashed segment in Fig. 13.

It is clear from this picture that for Ag thickness larg
than the attenuation length of the surface-state~about 5
atomic layers!, the surface state energy should tend to
value obtained at room temperature in pure Ag~111! (EB5
245 meV). In Fig. 13~b!, we show the experimental thick
ness dependence of the surface-state energy compared
calculated ones. A good agreement is observed at leas
films deposited at low temperature. The deviation from
layer-by-layer growth foru.2 ML can explain the small
difference observed. We would like to point out that the c
culation does not account the surface-state energy for 1-M
thick films prepared at room temperature. This corrobora
the fact that in these latter films, strong relaxation proces
~dislocation loops! affecting several Cu layers occur. The
mechanisms should strongly modify the potential. On
contrary, the moire´ structure that is simply a superposition
Cu and Ag layer is correctly described in our calculatio
that assume a similar superposition of Cu and Ag potenti

IV. CONCLUSION

In this paper, we have studied the evolution of the surfa
state of Ag ultrathin films on Cu~111!. We have shown tha
the modification of the surface-state energy reflects the m
phology and the atomic structure of the surface. For s
monolayer films deposited at room temperature, large
islands are found to be connected to the substrate step e
STS and ARPES results indicate the presence of two sur
states, laterally confined in the Ag islands and Cu terrac
Moreover, a shift of the surface state with respect to
Cu~111! surface reflects the formation of a 939 superstruc-
ture induced by strong relaxation processes in the Cu
layer ~triangular structure!. Low temperature deposited film
exhibit a different surface-state energy associated with
islands. This difference results from a different atomic stru
ture, since a metastable moire´ structure is formed at low
temperatures. The irreversible transition between these
structures has been also studied by photoemission spec
copy; a spectral signature associated with a transient st
ture has been identified. All these measurements empha
the strong interplay between electronic and structural pr
erties in this system due to the great sensitivity of surfa
state energy to the surface and interface reconstruction
addition, we have shown that probing Shockley states w
high resolution photoemission spectroscopy can give relia
information not only on the surface but also on the interfa
structure.
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