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Two-domains bulklike Fermi surface of Ag films deposited onto Si„111…-„7Ã7…
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Thick metallic silver films have been deposited onto Si(111)-(737) substrates at room temperature. Their
electronic properties have been studied by using angle-resolved photoelectron spectroscopy~ARPES!. In
addition to the electronic band dispersion along the high-symmetry directions, the Fermi surface topology of
the grown films has been investigated. Using ARPES, the spectral weight distribution at the Fermi level
throughout large portions of the reciprocal space has been determined at particular perpendicular electron-
momentum values. Systematically, the contours of the Fermi surface of these films reflected a sixfold symme-
try instead of the threefold symmetry of the Ag single crystal. This symmetry loss has been attributed to the
fact that these films appear to be composed by two sets of domains rotated 60° from each other. Extra
photoemission features at the Fermi level were also detected, which have been attributed to the presence of
surface states andsp-quantum states. The dimensionality of the Fermi surface of these films has been analyzed,
studying the dependence of the Fermi surface contours with the incident photon energy. The behavior of these
contours measured at particular points along the AgGL high-symmetry direction puts forward the three-
dimensional character of the electronic structure of the investigated films.

DOI: 10.1103/PhysRevB.66.035401 PACS number~s!: 73.20.2r, 71.18.1y, 79.60.2i
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I. INTRODUCTION

Among the metal-Si interfaces, one of the most co
monly studied systems is that of Ag films deposited onto
Si(111)-(737) surface reconstruction.1 Both their funda-
mental and technological importances stand for the large
terest in these surfaces. The 737 surface reconstruction i
especially attractive, since its unit cell shows a reduction
the number of dangling bonds compared to the ideal 131
surface termination, and it shows two opposite stacking
quences, one of them having a stacking fault. Submonola
Ag films deposited at room temperature onto Si(111)
37) substrates showed that Ag preferentially condenses
the faulted halves of the 737 reconstruction.2,3 As the film
thickness increases, adatoms tend to cover the whole su
and, after few monolayers, multilayered three-dimensio
Ag islands start to nucleate on the clusters.4,5 Impact-
collision ion-scattering spectroscopy measurements reve
that these thick Ag~111! films deposited onto Si(111)-(7
37) at room temperature consist of domains of Ag~111!
crystals rotated 60° around the surface normal,6 with their

^1̄10& directions parallel to those of the substrate.7,8

In this context, the electronic properties of the surfa
develop from those of the 737 surface to those determine
by metallic bulklike Ag films. Particularly important are th
states closest to the Fermi level (EF). They are responsible
for the electron transport properties of the films as they
fine their Fermi surface~FS! and a potential Mott transition
at low temperatures. The 737 surface exhibits two nearly
dispersionless surface states centered at binding energi
0.2 and 0.9 eV below theEF .9–12 The possible metallic be
havior of this surface comes through the fact that the surf
EF is strongly pinned due to the high density of surfa
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states near or at theEF .13 Nevertheless, the metallic behav
ior of the surface state bands close to theEF is not yet well
established.14–16

After deposition of the first Ag adatoms, the electron
properties of the surface are strongly modified, and concl
as bulklike thick Ag films. At the first stage of Ag depositio
valence-band spectra photoemission measurements rev
a quick suppression of the dangling-bond state of the 737
surface with a Ag coverage of 0.2 ML,17 converting the sur-
face into semiconducting.2 Nevertheless, the increase of r
sistivity appears to be smaller than that expected for a s
pression of the 737 metallic character.18–20 As the Ag
coverage increases, the surface turns to a bulklike metal,
its conductivity appears to be well described by a Dru
model.21,22 Nevertheless, this comportment has not yet be
connected with the behavior of the electronic states at
EF , that is, with the topology of the FS of these silver film
For this purpose, angle-resolved photoelectron spectrosc
~ARPES! appears to be one of the most powerful and dir
tools to probe the electronic structure of solids. By direc
measuring single-particle excitation spectra~also called spec-
tral weight! as a function of momentum and energy, one c
determine the most basic quantities of condensed-ma
physics, e.g., the band structure, the dimensionality of e
tronic states, the symmetry, and quantitative analyses of
FS, electronic gap opening, nesting vector, and so forth.

In this work, we study the electronic properties and, p
ticularly, the FS of relative thick Ag films deposited on
Si(111)-(737) substrates at room temperature, in order
establish the limiting coverage conditions of the work-fram
in which the conductivity of Ag/Si(111)-(737) interfaces
can be considered to be determined by metallic Ag bulkl
films. This paper is organized as follows. Section II summ
rizes the experimental details. The results obtained
©2002 The American Physical Society01-1
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ARPES are showed and discussed in Sec. III. By mean
their experimental FS topology, a detailed analysis of
quasi-two-dimensional~quasi-2D! or 3D electronic characte
of the investigated interfaces is performed. At the end, S
IV is devoted to summarizing the ARPES results and foc
ing on the conclusions of this work.

II. EXPERIMENT

The experiments were performed at LURE~Orsay,
France! using the Spanish-French~PES2! experimental sta-
tion of the Super-Aco storage ring, described elsewher23

The measurements were carried out in a purpose-b
ultrahigh-vacuum system, with a base pressure of
310211 mbar, equipped with an angle-resolving 50-m
hemispherical VSW analyzer coupled on a goniometer ins
the chamber and a two-axes manipulator. Photoelect
were excited withp-polarized synchrotron radiation in th
18–150 eV energy range. The energy resolution, obtai
from the Fermi step width, was of 60–80 meV depending
photon energy. In our experiments, the incident angle of
light was fixed at 45° off normal. With this setup, the proc
dure to determine the FS using ARPES has been straigh
ward. A detailed procedure of the experimental steps w
described recently by Avila and co-workers in works on el
tronic properties of Ag films grown on H-terminated silico
substrates and in Cu single crystal.23,24

Thep-doped Si~111! single crystal substrate~with a nomi-
nal resistivity of 0.02V cm) was heated up to 650 °C, i
order to degas the wafer, during several hours by resis
heating and then repeatedly flashed at 1100 °C during
more than 15 sec. The structural order quality was chec
out by low-energy electron-diffraction measureme
~LEED!, which showed sharp spots corresponding to a d
tinctive Si(111)-(737) surface reconstruction. In additio
to this, no surface impurities were detected by synchrot
radiation photoemission measurements. The Si(111)
37) substrate was oriented by azimuthal and polar pho
electron diffraction scans recording the Si 2p peak
intensity.25 Ag was evaporated onto the surface at room te
perature. The evaporation rate used~of 0.06 ML/min! was
determined by using a quartz microbalance. In these co
tions thick Ag films, of approximately 10 ML in thickness
were deposited. In order to improve their structural qual
the samples were systematically annealed to 240 °C fo
min. LEED spectra measured after growth revealed a c
Ag-(131) hexagonal pattern.

III. RESULTS AND DISCUSSION

A. Fermi-surface topology determination by using ARPES

The experimental determination of the FS of Ag by usi
ARPES is performed recording 2D FS cuts, which can
related to the complete 3D FS by using the photon ene
dependence of thek' . Figures 1~a! and 1~b! show the band
structure diagram of Ag single crystal along the@11̄0# and

@112̄#-@ 1̄1̄2# high-symmetry directions, respectively. The
band dispersions have been calculated by using a ti
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binding hamiltonian for fcc Ag single crystal,26 simulating
those that would be usually obtained by ARPES. In orde
calculate which perpendicular electron-momentum (k')
value was proved whenhn532 eV was used, we have as
sumed free-electron final states as well as a work func
(F) value ofF54.5 eV. With regard to the inner potentia
(Vo), we have considered it as a free parameter. By fitt
the theoretical results to the whole set of experimental d
we have obtained a value ofVo5211.5 eV, which is quite
close to that early concluded by Wuet al. (Vo;210 eV).27

The Ag band diagrams of Figs. 1~a! and 1~b! show states
(E1 –E5 states! lying at theEF at different parallel momen-
tum (ki) values along the indicated high-symmetry dire
tions. In essence, the experimental determination of a 2D
of the FS by using ARPES requires scanning of the pho
emission signal from states at theEF throughout large por-
tions of the reciprocal space. As an example of the theor
cal FS cut in theki plane to be measured by using ARPE
we show in Fig. 1~c! the 2D FS cut of Ag single crystal whe
a photon energy of 32 eV is used to perturb the orde

FIG. 1. Bulk Ag band dispersion calculated by using a tig

binding method along~a! the @ 1̄10# high-symmetry direction and

~b! the @ 1̄1̄2# and@ 2̄11# high-symmetry directions. These diagram
simulate those obtained by ARPES withhn532 eV. States lying at
the EF are labelled fromE1 to E5. ~c! Corresponding Ag FS cut
represented in theki plane. The different features observed ha
been labeled FS1, FS2, and FS2’. Points of the FS cut lab
E1 –E5 correspond to states lying at theEF indicated in~a! and~b!.
~d! Surface Brillouin zone of Ag~111!, in which the main points and
high-symmetry directions are indicated.
1-2
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TWO-DOMAINS BULKLINE FERMI SURFACE OF Ag . . . PHYSICAL REVIEW B66, 035401 ~2002!
metallic layer.26 This 2D FS cut is oriented as is indicated
Fig. 1~d! that shows the Ag~111! surface Brillouin zone~BZ!.
This 2D FS contour reflects directly the typical threefo
symmetry of a fcc material. The main feature observed
this 2D FS cut can be described as a distorted ringlike fea
~the FS1 feature! with a maximum value of the Fermi mo
mentum (kF) of kF51.29 Å21 along the^1̄1̄2& directions,
a value ofkF51.17 Å21 along the^2̄11& directions, and a
minimum value ofkF51.13 Å21 along the ^1̄10& direc-
tions. According to the BZ extended zone scheme, additio
cuts of FS in neighboring BZ’s are also expected along

^2̄11& directions~FS2 features! as well as along thê1̄1̄2&
directions~FS2’ features!.

In the following, we emphasize the ability of the ARPE
technique to determinein situ FS contours throughout all th
BZ directions. This ability allows us to focus a detailed stu
of the electronic states near the Fermi level at particular p
tions of the reciprocal space. The photoemission process
volves energy and crystal momentum conservation. In
framework of the three-step model of the photoexcitat
mechanism in ARPES, the momentum of the electrons ins
a bulk material can be determined. In this case, both mom
tum componentski and k' of photoexcited electrons from
states at theEF can be expressed as28

ki5A2m

\2
Ahn2Fsin~Qo f f! ~1a!

and

k'5A2m

\2
A~hn2F!cos2~Qo f f!2Vo, ~1b!

where m is the free-electron mass and\ is the reduced
Planck constant. These equations directly imply that, usin
constant hn, all the initial states with a spherical she
(ki ,k') of the BZ are probed. Figure 2 shows a transver
cut of the bulk Ag BZ in the extended zone scheme. T
schematic view corresponds to the cut of the Ag BZ by
plane defined by the@111# and @ 2̄11# high-symmetry direc-
tions. The most important points are also indicated. The
tersection of the Ag FS of contiguous BZs with that plane
also shown, which forms the so-called dog-bone contours
the figure, successive spherical shells have been indic
throughout the bulklike Ag FS by using Eqs.~1! for hn
532, 55, and 96 eV. They have been calculated forQo f f
values ranging between 0° and 55°, which correspond to
typical experimental conditions. The intersection betwe
the Ag FS and these shells defines 2D FS contours, w
pass close to the middle between theG andL points forhn
532 eV, near theL point for hn555 eV, and near theG
point for hn596 eV.

B. Fermi surface of 10-ML Ag„111… films grown
on Si„111…-„7Ã7… substrates

Figure 3 shows the experimental 2D FS cut measure
10-ML-thick Ag films using light ofhn532 eV. Photoelec-
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tron angular distribution measurements are indicated by
ing thex-axis as the@ 1̄10# direction of the crystal. The iden
tification of the high-symmetry directions of the surface
LEED measurements before and after the Ag deposition
lows us to confirm that the Ag~111! films onto Si(111)-(7
37) grow epitaxially with the Ag overlayer̂1̄10& high-
symmetry directions parallel to those of the the Si substr
as previously reported.7,8 The image has been scaled in su
a way that it is linear in photoemission intensity and inki .
Only the central part of the image (ki,0.4 Å21) was
background-enhanced by a constant factor of 2, in orde
appear visible in the image. The photoemission intensity
maximum for the brightest feature and minimum for t
darkest one. In this image, well-defined features can be
served, indicating the momentum distribution of initial stat
lying at theEF as a function ofki .

The experimental photoelectron spectral weight image
the EF ~Fig. 3! exhibits most of the characteristic featur
predicted for a FS of a bulklike Ag single crystal@Fig. 1~c!#.
Nevertheless, the experimental FS contour shows a six
rather than the typical threefold symmetry of the FS cont
of bulklike fcc Ag single crystal. This clear result is a co
sequence of the two-domain character of the Ag films gro
onto Si substrates, which can also be confirmed by diffr
tion techniques. Forward scattering photoelectron diffract
~PhD! has recently demonstrated that the metallic films gr
epitaxially oriented with respect to the substrate, and that
overlayer consists of two domains of fcc Ag lattices rotat
60° from each other.29 As PhD is a technique that takes in
account photoelectrons from all the adatoms at the interfa
we have two independent contributions to the photoelect
signal from the two coexisting metallic domains. Therefo
the photoelectrons withki corresponding to@ 2̄11# and

@ 1̄1̄2# directions of two inequivalent domains will overlap i
the recorded photoemission signal. Figure 3~b! shows the
theoretical Ag FS cut calculated for two domains rotated 6

FIG. 2. Intersection of final-state nearly free electron spheres
hn532, 55, and 96 eV, with the typical polygons of the Ag Bri
louin zone in two selected directions. The so-called dog-bone st
tures of the FS cross section in the selected plane are also sh
Notice that, by changinghn, the whole three-dimensional Brillouin
zone can be studied.
1-3
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J. F. SÁNCHEZ-ROYOet al. PHYSICAL REVIEW B 66, 035401 ~2002!
FIG. 3. ~Color! ~a! Spectral
weight at the EF measured by
ARPES with hn532 eV in a
thick Ag film deposited onto
Si(111)-(737). ~b! Ag Fermi-
surface cut represented in theki
plane as calculated by using
tight-binding method for hn
532 eV, and corresponding to
film composed with two
60°-rotated domains. The FS cu
of both domains are indicated b
different colors.
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for hn532 eV, in which, for simplicity, only features ap
pearing in the FS cut of one of the domains are indicated
one can see, these results are in excellent agreement wit
experimental data shown in Fig. 3~a!.

In order to carry out a more quantitative analysis of t
spectral weight images as obtained by ARPES, we have
lowed the gradient procedure proposed by Straubet al.30 It
involves the calculation of the gradient of the FS imag
(u¹ki

w(ki)u), w(ki) being the spectral weight measured

the EF). This procedure produces two maxima out of ea
maximum of the spectral weight at theEF @Fig. 3~a!#. It was
found that, out of the two maxima of the gradient, the one
the unoccupied side of the band crossing theEF accurately
reflects theki values of the FS cuts.

Analyzing the measured spectral weight image by t
method, we have obtained the gradient of the image sho
in Fig. 3~a!. This is displayed in Fig. 4, together with th
two-domain Ag FS cut calculated forhn532 eV@Fig. 3~b!#.
The FS1, FS2, and FS2’ features labeled in Fig. 4 are fa
reproduced by the calculated Ag FS cut. Only the FS2 f
ture obtained by calculations is shifted byDFS250.3 Å21

with respect to the experimental data. Nevertheless, thi
not surprising since our calculations are not fully relativist
and neither final-state nor many-body effects have been
sidered, which have shown to play an important role in ba
structure calculations in the related fcc Cu metal.31,32

Figure 5 shows the profile of both the spectral weight
theEF measured withhn532 eV and its gradient along th

^1̄10& directions@Fig. 5~a!# and along thê 1̄1̄2& and ^2̄11&
overlapped directions@Fig. 5~b!#. Following the Straub
et al.’s procedure,30 we have obtained average values ofkF

51.2160.06 Å21 along the^1̄10& directions andkF51.34
60.06 Å21 along the^1̄1̄2& and ^2̄11& directions. These
experimental values are in concordance with those obta
by tight-binding calculations showed in Fig. 1~c!.

Whereas the 2D Ag FS cut forhn532 eV in contiguous
BZs is correctly reproduced by the results of tight bindin
there are some particular experimental features that are
theoretically predicted. Figure 4 shows the presence ofs and
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h features. Thes feature appears as a rather diffuse ringli
feature at;0.26 Å21 with an intense spot at the center
the image of 0.10 Å21 in radius. Theh feature is a diffuse
fluted contour atki;0.7 Å21 that appears under the FS c
in the first BZ in thê 1̄1̄2& and^2̄11& directions, and seem
to connect points of the FS cut in the^1̄10& directions.

In order to analyze the behavior of these unexpected
tures, we have measured the band dispersion of the Ag fi
along the@ 1̄10# direction and along the@ 1̄1̄2# and @ 2̄11#
coincident directions. Figures 6~a! and 6~b! show the spectra
obtained along these high-symmetry directions, respectiv
We have centered our attention in occupied states wh
binding energy is up to 3 eV below theEF . In these figures,

FIG. 4. ~Color! Gradient of the spectral weight at theEF shown
in Fig. 3~a!. The Fermi surface cut calculated forhn532 eV in the
case of a Ag film with 60°-rotated domains is also plotted by dot
lines. The different features observed and the Fermi vector are
dicated. The misfit in the position of the FS2 feature is also in
cated (DFS2).
1-4
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TWO-DOMAINS BULKLINE FERMI SURFACE OF Ag . . . PHYSICAL REVIEW B66, 035401 ~2002!
we have identified different photoemission peaks which
indicated by solid bars. The binding energy of the identifi
states is plotted versuski for both symmetry directions in
Figs. 6~c! and 6~d!, respectively. Band dispersion calcul
tions corresponding to these symmetry directions forhn
532 eV have been also included in these figures.26 In the
range of binding energy close to theEF , the band dispersion
of the occupiedsp band is the only noticeable structure.
our ARPES measurements, thesp band dispersion in the firs
BZ appears unresolved for both@ 1̄1̄2# and@ 2̄11# directions
@Figs. 6~a! and 6~c!#. The different states of thesp band,
particularly near theEF , are those defining the FS1, FS
and FS2’ features observed in Fig. 4. In particular, it sho
be noticed that the shift of the FS2 feature of 0.3 Å21 at the
EF @Fig. 6~c!# is also observed in the occupiedsp band up to
3 eV below theEF .

The two occupied states which are not reproduced by
bulklike Ag band structure are those appearing at nor
emission labeled asSS and QW-sp in Figs. 6~c! and 6~d!
with binding energies of 0.09 and 0.64 eV, respectively.
the one hand, theSS feature can be attributed to the we
known Shockley surface state located in thesp band gap at
the L point of the bulk BZ,33 whose existence has been a
tributed to the break of crystalline periodicity at th
surface.34 The proximity of this state to theEF means that
the central spot of thes feature observed in Fig. 4 can b
attributed to emission at theEF from this surface state. On
the other side, theQW-sp feature can be attributed to a
sp-quantum state. Quantum states have been early obse
in ARPES measurements in 5–15-ML Ag films deposit
onto Si(111)-(737) substrates,35 which have been identi
fied as film states associated with the confinement of thesp
band of bulk Ag. In the framework of the phase accumu
tion model, the binding energy of confined states depend
film thickness and on the reflection at the interface.36 In our

FIG. 5. Spectral weight at theEF measured in~a! the ^1̄10&
overlapped direction and~b! the ^1̄1̄2& and ^2̄11& overlapped di-
rections~solid curves!. The gradient of each profile is also plotte
under the corresponding direction by dotted curves. The value okF

extracted from these gradients is drawn as the average value
position is marked by a solid vertical bar.
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10-ML Ag films, a perpendicular confinement of thesp
states produces confined film states with a minimum bind
energy of 0.6 eV. Nevertheless, no trace from confined st
with a higher quantum number~n! than n51 has been de-
tected in our measurements, which can be attributed to fi
thickness inhomogeneities. In any case, this confined sta
observed, as expected, to disperse parabolically through
EF . Outside of normal emission, the signal from this sta
tends to vanish due to the loss of coherence. Neverthe
this state becomes close enough to theEF to produce the
ringlike s feature of ;0.26 Å21 in radius, observed in
Fig. 4.

The behavior of theh feature observed in Fig. 4 is rathe
different from that observed for thes features. The cuts o

Its

FIG. 6. Energy distribution curves measured in a thick Ag fi

with hn532 eV along~a! the overlapped@ 1̄1̄2# and @ 2̄11# sym-

metry directions and~b! the@ 1̄10# symmetry direction. The binding
energy origin of these curves is taken at theEF . The value ofQo f f

is given for some of the curves, the rest of them being equallyQo f f

separated between two consecutively labeled curves. The diffe
peaks identified have been marked by small solid bars. A das
area in theQo f f514° curve has been labelled as thesp tail. ~c! and
~d! ~Circles, full circles, triangles! band dispersion diagram ex
tracted from the peaks identified in~a! and ~b!, respectively.
~crosses, plus, diamonds! band dispersion calculated withhn

532 eV along the@ 1̄1̄2#, @ 2̄11#, and@ 1̄10# symmetry directions,
respectively. TheEF position is marked by dotted lines. Bulk state
of the calculated bands lying atEF are labeled as in Fig. 3~b!.
1-5
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J. F. SÁNCHEZ-ROYOet al. PHYSICAL REVIEW B 66, 035401 ~2002!
the EF of the sp band, as shown in Figs. 6~c! and 6~d!,
appear at theki values observed in the FS cut withhn
532 eV ~Fig. 4!. Nevertheless, in Figs. 6~a! and 6~b!, no
trace of any occupied band appears close to theEF in the
spectra measured to 15° off-normal, corresponding toki
;0.7 Å21. In these spectra, one can only see the trace
wide tail of thesp band that lies close to theEF and whose
maximum appears 4 eV below it@shadow area in Fig. 6~a!#.
The presence of the wide tail of thesp band extending jus
below the EF has also been observed in Ag~111! and in
Cu~100! single crystal by photoemission measurements
normal emission withhn57 –9 and 21.2 eV and withhn
512–14 eV, respectively.37–39This fact has been attribute
to indirect transitions induced by the surface. Moreover, t
large tail of thesp band is expected mostly to reflect th
p-like behavior of deepersp states. Therefore, the presen
of the fluted contour in the 2D FS image of Fig. 4 can
attributed to a consequence of the surface perturbation
cess involved in the photoemission technique.

C. Two- or three-dimensional behavior of the Fermi surface
of thick Ag„111… films grown on Si substrates

In order to continue the study on the electronic proper
of thick Ag films grown on Si(111)-(737) substrates we
have centered our further analysis on the 2D or 3D beha
of the FS of these films. This question was approached in
early work by analyzing thed-valence-band dispersion of A
films grown onto Cu~001! single crystal.40 In that work, pho-
toemission measurements revealed that thed band shows
already a 3D band dispersion for Ag films of 3–5 ML
thickness. The radial extent ofd states confines their interac
tions to nearest neighbors, and this interaction is stron
screened by thesp electrons. Nevertheless, thesp states ex-
tend to additional neighboring sites. These facts would
plain the 3D behavior of the deeperd bands in very thin
films, but they would not necessary imply the same beha
for the FS of such a thin Ag films. A bulklike behavior of th
FS has also been observed in 1 ML Ni films on Cu~001!.41 In
this case, the 3D behavior of thesp band has been attribute
to the short screening length of electrons in metals and
strong hybridization between the Nisp-dz2 hybrid and the
Cu sp, both of them crossing theEF . Through that hybrid-
ization, the Bloch periodicity of the substrate is imposed
the electronic wave functions of the film. In Ag films depo
ited onto semiconducting Si(111)-(737) substrates thesp
states at theEF have a strong screening effect inside t
substrate. Therefore, the evolution from a 2D to a 3D Ag
would come from the fulfillment of periodicity condition o
the sp wave functions inside the films.

The different dimensionality of the metallic films can b
clearly elucidated by using a tuneable light source. Let
consider the limit case of thin films with 2D electronic pro
erties. In this case, electronic states have a definiteki ,
whereas theirk' is undefined, since the overlayer has n
enough periodicity to ensure crystal momentum conserva
in the perpendicular direction. In particular, in the frame
the nearly free-electron model, the FS of 2D Ag~111! metal-
lic films would be expected to be ringlike with the ring ax
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parallel to the@111# surface vector and contained in the su
face BZ. In this case, the FS cuts measured with differ
incident photon energy show FS features placed at the s
ki values, independently ofhn. Opposite to this, in the cas
of thin metallic Ag films with 3D electronic properties bot
ki andk' depend on the photon energy, defined as indica
in Eqs. ~1!. Therefore, measurements of the cross-sectio
cuts of the FS with differenthn will indicate a clear depen-
dence onk' . The analytical relation between the photo
energy andk' allow us to scan the bulklike Ag FS~Fig. 2!
using different k' values, ~i.e., by changing the photon
energy!.

Figures 7~a! and 7~b! show the spectral weight distribu
tion at theEF measured in a thick Ag film deposited on
Si(111)-(737) with hn555 and 96 eV, respectively. Thes
images have been plotted in the same conditions as th
exposed in Fig. 3~a!. All the FS contours measured at diffe
ent hn exhibit the sixfold symmetry expected for a two
domain Ag film. Using photon energies ofhn555 and 96
eV, the FS cuts through the first scanned BZ appear a
central bright spot, with a radius of 0.1660.08 Å21, and a
ringlike feature, respectively. The FS cuts in contiguous B
also show different features ashn increases. No trace from
surface states can be distinguished in thehn555 and 96 eV
images. The fact that the features corresponding to the Ag
change in theki plane with increasinghn suggests the pres
ence of bulklike electronic states with a clear 3D charact

To perform a quantitative analysis of the measured
contours, we have calculated the gradient of the spec
weight at theEF images of Figs. 7~a! and 7~b!, following the
procedure suggested by Straubet al.30 Figures 7~c! and 7~d!
show the results of these calculations forhn555 and 96 eV,
respectively. We have also included in these figures the
of the bulklike Ag FS calculated for a film composed wi
60°-rotated domains corresponding to the momentum sp
probed withhn555 and 96 eV. These plots fairly agree wi
the experimental results. These facts, together with thos
Fig. 4, definitively put forward the 3D behavior of the FS
10-ML Ag films deposited onto Si(111)-(737) substrates.
In this sense, the electronic properties of Ag films of simi
thicknesses, deposited onto different substrates, should s
a similar bulklike FS, as occurs in films deposited on
H-passivated Si(111)-(131) surfaces.24 Only states related
to the film surface~surface and quantum states! may show
some differences.24,42

These results also point out that parameters defining
FS of these Ag films can be compared to those correspon
to bulklike Ag single crystal. In order to simultaneously d
terminekF and other characteristic parameters of a 3D FS
different symmetry directions, it should be taken into a
count that the measuredkF values arek' dependent.43 There-
fore, the reliability of the deduced values also depends o
good k' determination. In our case, the good concordan
obtained in the determination of the Ag FS in the first BZ f
all hn used in this work suggest thatk' is reasonably well
determined by a constant inner potentialV05211.5 eV. In
any case, the influence ofVo on the determination of a bulk
1-6
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FIG. 7. ~Color! ~a! and~b! Spectral weight at
theEF measured by ARPES withhn555 and 96
eV, respectively, in a thick Ag film deposited ont
Si(111)-(737). ~c! and~d! Gradient of the spec-
tral weight images shown in~a! and ~b!, respec-
tively. The corresponding Fermi-surface cuts ca
culated forki areas probed withhn555 and 96
eV are also plotted~dotted lines!. The fact that
films are composed of two domains has been c
sidered in these calculations~the FS cuts for each
domain are showed by different colors!.
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like 3D FS can be overcame with an exhaustive determ
tion of the Ag FS in a well-defined range ofhn.

From our results, on the one hand, we can directly e
mate theneck radius of the Ag FS at theL point from the
spectral weight at theEF image measured withhn555 eV,
which appears to be 0.1660.08 Å21. This value of theneck
radius of the Ag FS is in good agreement with those obtai
from other methods.44–46 On the other hand, in Sec. IV w
have estimated thekF values for different parallel to the sur
face symmetry directions. As the FS of these films appear
show a 3D behavior, these values ofkF can be also compare
with those obtained in Ag single crystal by the Haas-V
Alphen method @kF(GX)51.258 Å21) and those deter
mined by ARPES measurements in quantum-wellsp-states
in Ag~100! films @kF(GX)51.27260.002 Å21).44,47 In
spite of the small discrepancy between these two prece
estimates ofkF , they can be considered comparable, sin
the high precision of the latter refers to statistical deviatio
without considering the accuracy of the model used.47 The
fact that our estimate ofkF appears to be slightly lower tha
the previous ones can be attributed to the fact that our m
surements do not exactly probe the FS cut in theGX direc-
tion ~Fig. 4!. A simple geometrical calculation~Fig. 4! will
let us estimatekF(GX)51.2760.06 Å21, which is in agree-
ment with those estimates ofkF .

Finally, it should be pointed out that the 3D electron
behavior of the FS of Ag films grown onto Si(111)-(737)
substrates establishes the workframe in which the determ
tion of the transport properties of such a thick films can
03540
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carried out. Our results show that, besides scattering me
nisms involved in electronic transport, electronic states c
tributing to current can be assumed to be very similar
those characteristic of the bulk metallic material. Therefo
conductivity and transport properties of these films are
pected to be mainly determined by impurity, phonon, a
defectlike scattering mechanisms of electrons at theEF with
transport parameters close to those of a single crystal m
rial. In fact, conductivity and magnetoconductivity measu
ments carried out in 10-ML Ag films deposited on
Si(111)-(737) substrates at low temperature show a te
perature dependence of resistance well described by a D
model, with a linear coefficient at temperatures higher th
40 K close to that of single crystals.21,22These results appea
to contrast with plasmon frequency measurements
energy-loss spectroscopy LEED carried out in up to 18-M
Ag films deposited onto Si(111)-(737) substrates at differ-
ent temperatures.48 In these measurements, plasmon confin
ment effects into single domains were attributed to late
extent of grains rather than to a perpendicular confinemen
the films, in spite of the metallic conductivity behavior o
served in those films. The mean free path of electrons
those films is around some tens of Å21, at low temperature,21

which is of the order of lateral extension of the grains48

These facts suggest that strong lateral confinement effect
expected mostly to appear in thinner films, as revealed
magnetoconductivity measurements,22 since they show a
higher granular density. In this context, ac conductivity me
surements or high-magnetic-field conductivity measureme
1-7
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at low temperature rather than dc conductivity measurem
in 10-ML Ag films are expected to show lateral confineme
effects. In any case, the fact that films appear to be compo
by two 60°-rotated domains may smooth grain bound
scattering mechanisms due to strong hybridization ofsp
states at grain boundaries. This fact would favor that m
free path of electrons is mainly determined by film thickne
rather than grain size effects of such a thin films.

IV. SUMMARY AND CONCLUSIONS

Thick Ag films have been deposited onto Si(111
(737) substrates at room temperature. The electronic pr
erties of these films have been studied by measuremen
spectral weight at theEF at differenthn. With this technique,
cross-sectional cuts of the FS of these films have been
tained for particular values ofk' . The FS cuts measured i
these films reflect clear features with a sixfold symmetry.
order to analyze this result, we have compared the exp
mental FS cuts with theoretical FS cuts of a 3D Ag sing
crystal. The calculated Ag FS cuts fairly well reproduc
most of the features observed in the experimental data,
the sixfold symmetry of the Ag films FS is not reproduce
These facts suggest that the loss of symmetry order of th
Ag films is due to their structural composition. In fact, th
Ag FS calculated for films composed with two domains r
tated 60° fairly well reproduces the experimental FS cuts
these films in the whole space of the BZ analyzed.
ro
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In addition to this, photoemission traces at theEF not
belonging to a bulklike Ag FS have been also detected in
FS of these thick Ag films. They have been attributed to
presence of surface states, which are located in thesp band
gap at theL point of the BZ, and tosp-quantum states o
these films. Also, additional features have been dete
coming from the tail of deepsp states.

The fact that the FS contours of thick Ag films are w
reproduced by bulklike Ag FS cut for a particulark' value
encouraged us to determine the dimensionality of the FS
these films. In order to solve this point, FS mapping w
carried out by measuring Ag FS cuts with different phot
energies. The FS contours measured athn532, 55, and 96
eV reflect different traces of the FS ashn increases, which
puts forward the 3D behavior of the FS of these films. T
bulklike Ag FS cuts calculated for films composed by tw
domain, withk' values corresponding tohn532, 55, and 96
eV, fit the FS cuts of these thick Ag films in the whole B
scanned.
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