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d-band quantum well states in ultrathin silver films on V„100…
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We report an angle-resolved photoemission study ofd-derived quantum well~QW! states in ultrathin silver
films grown on V~100!. Distinctd-derived QW states were observed for film thicknesses between 1 and 5 ML.
Using a line shape analysis we conclude that for thicker films thed electrons are almost completely confined
within the silver overlayer, suggesting a high reflectivity at the vanadium-silver interface. The energies of the
QW states were found to be in good agreement with tight-binding calculations as well as with a phase
accumulation model analysis. The calculations indicate a strong influence of the vanadium substrate on the
energy ofd-band QW states for the single-monolayer film.

DOI: 10.1103/PhysRevB.68.245413 PACS number~s!: 79.60.Dp, 73.90.1f, 73.20.At, 79.60.Jv
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I. INTRODUCTION

The properties ofd bands in ultrathin metallic films hav
been the subject of experimental and theoretical research
a long time. Early experimental studies of thed bands in
copper and palladium thin films deposited on a silver s
strate by Eastman and Grobman1 indicated a band narrowing
effect. Theoretical calculations predicted a significant diff
ence in the electronic structure with a reduction of t
thickness.2 However, detailed experimental characterizati
of the influence of reduced dimensionality on thed bands
appears to require the use of very-high-energy resolutio
order to resolve the numerous closely spacedd bands.

One of the first detailed angle-resolved photoemiss
spectroscopy~ARPES! studies of the Ag 4d bands in ultra-
thin films was reported by Tobinet al.3 A silver film was
deposited on a Cu~100! substrate, and due to the differe
binding energies of copper and silver bulk bands, the e
trons in the silver 4d band were confined in the overlaye
film, thereby showing two-dimensional~2D! behavior. It was
later shown that an energetic offset of substrate and overl
bands of the same symmetry can lead to the formation
stationary states in an overlayer, the so-called quantum
~QW! states.4

s-p-derived QW states in metallic films on metal su
strates have been studied systematically in recent ye
mostly by the use of ARPES.5,6 On the other hand, simila
quantization of thed bands due to localization in the ove
layer films has attracted less attention due to the difficulty
resolving the numerous closely spacedd character QW state
in a relatively narrow energy interval. Nevertheless, the
istence of d-derived QW states has been clearly demo
strated for the Au/W~110! ~Refs. 7 and 8!, Ag/W~110! ~Refs.
9 and 10!, and Ag/Fe~100! ~Ref. 11! systems.

In order for QW states to be observed in ultrathin nob
metal films deposited on a transition-metal surface, it is
sential that there be a mismatch in energy of electron ba
of the same symmetry in the substrate and overlayer fi
This increases the reflectivity of the substrate interface
the electrons in the overlayer film. For this reason, the~100!
surface of vanadium is particularly suitable for studying Q
0163-1829/2003/68~24!/245413~8!/$20.00 68 2454
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states ofd symmetry in silver films. The relative position o
the silverd bands with the respect to those in vanadium
such that most of the Ag 4d bands fall into the symmetry
band gap of the vanadium substrate projected on the~100!
surface. At theḠ point on the~100! vanadium surface the
bottom of theD2 band occurs at around 2.5 eV binding e
ergy, well above the top of the Ag 4d band at 3.7 eV, making
the relative shift ofd bands in vanadium and silver as larg
as 1.2 eV. However, one should bear in mind that silv
grows on V~100! in the form of fct rather than fcc, due to th
lattice mismatch of 4%, so one can expect some differen
in the electronic properties of silver films grown on the v
nadium surface relative to the bulk form, although the size
this effect may not be very large. In presenting the results
recent calculations of the electronic structure of bulk fct s
ver with lattice parameters corresponding to the condition
epitaxial growth on V~100!, Ernstet al.12 concluded that the
d-band dispersion was significantly larger than in fcc A
leading to an increase of the silverd-band width. Indeed,
their results show the top of the band extending up to 2.5
below the Fermi level, which might imply that thed-derived
QW states in silver films on V~100! should exist over a much
wider energy range than is observed for Fe~100! and W~110!
substrates where the silver grows without any signific
mismatch with respect to its bulk value. However, the fa
that compared to bulk silver the top of the band is closer
the Fermi level in these calculations appears to be a co
quence of an overall energy shift of the band, rather th
being due to a large increase in the width. Such a shift is a
seen in calculations of the band structure of fcc Ag based
the local density approximation, and while the band disp
sion appears to be consistent with experiment, an offse
the band energies relative to experiment appears to be a
tematic feature of the method.13

In the present study of epitaxially grown silver films o
V~100!, we concentrate on film thicknesses ranging betwe
1 and 5 ML ~monolayers!, for which we can prepare well
ordered films with distinct photoemission features. Previo
studies of the Ag/V~100! overlayer system have characte
ized in detail the silver growth mode in the low-covera
limit. It has been shown that up to 2 ML, silver grow
©2003 The American Physical Society13-1
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pseudomorphically on a V~100! surface14 in an extremely
well-ordered fashion, producing layers with a low defe
density and with an unmatched spectral intensity of thes-p-
derived QW states.15 The latter observation is regarded as
clear indication of the high quality of the overlayer films.16

Around room temperature further growth remains layer
layer, while above room temperature, all silver in excess
the 2 ML layer film condenses to 3D clusters. Note that th
earlier studies showed that the energies of thes-pQW states
observed in photoemission provided an excellent calibra
of the film thickness and homogeneity; films with fraction
monolayer coverages showed the coexistence ofs-p QW
states characteristic of the individual component integ
monolayer films,15 and as we will show, the same effect
seen in the photoemission spectra from thed-band QW
states.

The experiments reported here were carried out at
National Synchrotron Light Source~NSLS! of Brookhaven
National Laboratory ~BNL! using undulator beamline
U13UB, which provides photon energies in the range
tween 12 and 23 eV, and at the VUV beamline at t
ELETTRA synchrotron in Trieste. At the latter beamline
was possible to work over the much wider photon ene
range of 18–100 eV. At both stations, the light wasp polar-
ized and incident on the sample at an angle of 45°. T
electron energy analyzer at BNL was a Scienta SES-2
which collects simultaneously photoelectrons at a range
energies~about 2 eV! and angles~'12°!. The combined in-
strumental energy resolution could be set to a value in
range 8–25 meV. The angular resolution was'0.2°. The
electron energy analyzer at Elettra was a VSW-50 with
resolution of around 30 meV. Monolayer films were prepa
by depositing silver onto the surface at a substrate temp
ture of 60 K, followed by brief rapid heating to 900 K. Th
procedure usually produced a monolayer film with a ve
low concentration of defects. Thicker films, up to 5 M
were prepared by subsequent low-temperature silver dep
tion onto a well-ordered 1 ML film, followed by annealing t
room temperature.

II. RESULTS

A. ARUPS of d-band quantum well states

Figure 1 shows normal emission spectra recorded a
photon energy of 24 eV from 1 and 2 ML silver films depo
ited on V~100!. The peaks at 1.7 and 0.6 eV below the Fer
level correspond to photoemission from QW states ofs-p
symmetry. The energy dependence of the photoemission
tensity froms-pQW states in silver films on vanadium~100!
is well documented.15 The spectral intensity in the range o
energies more than 4 eV below the Fermi level correspo
to photoemission from QW states ofd symmetry. The antici-
pated number ofd-band QW states increases with film thic
ness as 5N ~whereN is the number of silver atomic layers!
for each spin state, but the broadening of the peaks indu
by Coster-Kronig Auger processes makes the process o
solving all the QW states difficult and potentially unreliab
even for the very thinnest film. By comparison with phot
emission spectra taken over an extensive range of ph
24541
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energies, it is possible to identify four peaks in the 1 ML fil
which we have labeledP1–P4 in Fig. 2~a! ~notice, though,
that peakP2 clearly has at least two distinct componen
when recorded at higher spectral resolution—see Figs. 3
4!. The binding energies associated with these peaks ex

FIG. 1. Normal-emission photoelectron energy spectra recor
at a photon energy of 24 eV from 1 and 2 ML Ag films deposited
V~100!.

FIG. 2. ~a! Normal-emission photoelectron energy spectra
corded at different photon energies from 1 ML Ag film.~b! Photo-
emission intensity map as a function of initial-state electron bind
energy and polar emission angle~proportional to the component o
the electron momentum parallel to the surface! from a 1 ML film of
Ag on V~100! recorded at a photon energy of 18 eV. The two brig
lines correspond to emission from theP1 andP2 states and clearly
show no significant dispersion in parallel momentum around nor
emission~corresponding to the center of the Brillouin zone!.
3-2
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ited no dependence of peak position on photon energy
course, even thed bands of bulk solids are relatively flat, bu
the complete absence of dispersion ink' seen in these
d-band QW states would appear to be a consequence of
spatial localization within the ultrathin Ag film; we return t
this point in Sec. III A below. Figure 2~b! shows raw data
from the position-sensitive detector of the Scienta analy
which provides a photoemission intensity map as a func
of energy and polar emission angle~proportional to the elec-
tron momentum parallel to the surface! recorded at a photon
energy of 18 eV; the two bright lines correspond to emiss
from theP1 andP2 bands and show no significant dispersi
in parallel momentum of either state. However, more care
analysis of the energy distribution curves~EDC’s! of the P1
band, recorded at different emission angles, does reve
slight negative dispersion with parallel momentum.

Analysis of the photoemission spectra fromd-band QW
states in the 2 ML film is already significantly more difficu
than for the 1 ML film. Two QW states should now be d
rived from eachd band. Determining the identity of a pa
ticular peak can be rather difficult, and sometimes the e
dence is conflicting. For this reason we have restricted
analysis of QW states in the thicker films to a small num
of states in the reduced binding energy range from 3.5 to
eV. This energy range includes peaksP1 and P2 where the
leading peak (P1) is not affected by lifetime broadening du
to Auger decay and consequently is the narrowest state in
d-band manifold. Figure 3 shows a set of the normal em

FIG. 3. Normal-emission photoelectron energy spectra show
the d-band QW peaks recorded at a photon energy of 18 eV fr
Ag films of different thicknesses on V~100!. Notice that the spec-
trum from the 1.5 ML films shows the peaks characteristic of th
and 2 ML films from which it must be composed.
24541
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sion spectra recorded from 1–5 ML silver films. These sp
tra were taken with the higher-energy-resolution spectro
eter ~Scienta SES-200 at BNL!, enabling us to observe
additional structure not seen in the spectra of Figs. 1 and~a!
~recorded at Elettra!; notice, in particular, the clear splitting
of peakP2 from the 1 ML film. The spectra exhibit a patter
typical of QW states: a shift to smaller binding energy w
increasing film thickness.17 PeakP1 shifts from 4.75 eV~1
ML ! to 3.85 eV~5 ML! with respect to the Fermi level. A
shift of the same order~0.9 eV! is also seen for theP2 state
for the same thickness range. A large fraction~0.55 eV! of
this total shift in going from 1 to 5 ML is associated with th
increase of the film thickness from 1 to 2 ML. The leadin
P1 peak is well separated from the other photoemiss
peaks, which makes its line shape analysis more reliable.
all film thicknesses this peak could be fitted with a Loren
ian lineshape~e.g., Fig. 4!. The peak width increases from 6
to 95 meV as the film thickness reduces from 5 to 1 ML. F
some particularly uniform 2 ML films the Lorentzian widt
of the P1 peak was found to be 65 meV. PeakP2 clearly
shows a splitting, which reduces with increasing film thic
ness: 120 meV for 1 ML and 80 meV for 2 ML spectra~see
Fig. 4!. No splitting of this peak could be resolved in th
spectra from films of 3 ML or more, although for the thick
silver films the peak is broader.

Notice, incidentally, that for the thicker films there is a
most certainly some slight nonuniformity in the thicknes
leading to weak additional structure. For example, the w
but distinct peak seen in the spectrum from the 3 ML film
a binding energy of 3.9 eV is probably due to theP1 peak
from small areas of 5 ML coverage, while small areas o
ML may give rise to the high-energy ‘‘tail’’ of theP1 peak in
the 3 ML spectrum. Indeed, as remarked earlier, thed-band
QW peaks observed provide a valuable monitor of the fi
thickness and homogeneity. The spectrum included in Fig
for a nominal film thickness of 1.5 ML illustrates this rath
clearly. At 1.5 ML average thickness half the surface must
covered with 1 ML and the other half with 2 ML, so th
photoemission spectrum shows thed-band QW peaks asso
ciated with these two film thicknesses.

g

1

FIG. 4. ~a! Normal-emission photoelectron energy spectra in
energy range of theP1 andP2 d-band QW peaks recorded from a
ML Ag film deposited on V~100!. The fit and associated individua
components obtained from a line shape analysis are shown as
lines. ~b! The same for a 2 ML Ag filmshowing a decrease of th
P2 peak splitting.
3-3
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B. Tight-binding calculation

In order to model the Ag/V~100! system and to determin
the influence of the vanadium substrate on the silverd-band
QW states we have performed tight-binding calculatio
The calculations, described in more detail elsewhere,18 are
implemented in the slab format with each layer having
basis of 18 states, 9 (5d, 3p, and 1s) for each spin. The
calculation has been modified to include the spin-orbit int
action using the standard Hamiltonian to describe thed
blocks:19

H5UHdd1jM jN

2jN* Hdd1jM* U. ~1!

Here spin-orbit splitting effects are included through the m
tricesM andN and the spin-orbit parameterj. Values for the
latter are taken from the compilations of Herman a
Skillman.20

Figure 5~a! shows the calculated tight-binding~TB! silver
band structure in the energy range of thed bands~the calcu-
lations also include, of course, thes-p bands! for an unsup-
ported monolayer along â110& direction while in Fig. 5~b!
the same band structure is shown for a silver monolayer
posited on V~100!. In the latter case we show only band
with more than 30% of their weight in the surface lay
Because Ag is fcc and V is bcc and because the symmet
defined with respect to the substrate, the direction^110& for
the unsupported silver monolayer corresponds to a^100& di-

FIG. 5. ~a! Calculated tight-binding band structure of an unsu
ported silver monolayer along thê110& direction. ~b! Calculated
tight-binding band structure of a silver monolayer on V~100! the
^100& direction of the substrate~corresponding to the same^110&
direction of the Ag overlayer!. Only states with more than 30%
weight in the surface layer are shown.
24541
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rection of the vanadium. The calculated energies at the ce
of the Brillouin zone,Ḡ, are such as to suggest that th
experimental peaksP1–P4 ~Fig. 2! can be assigned to thes
bands as labeled in Fig. 5~b!. There are several features th
characterize the vanadium influence on the band structur
a silver monolayer. There is an overall and significant red
tion of the electron binding energy when the silver mon
layer is put in contact with the vanadium surface. In additio
comparisons with the results of calculations which negl
the effects of spin show that the effects of the spin-or
splitting are significantly reduced by interaction with the
substrate. Notice that although the experimental results s
that the energies of peaksP1 and P2 appear to move in
tandem with increasing film thickness~Fig. 3! and have a
separation approximately equal to that observed for the s
orbit interaction in atomic silver, the calculations sho
clearly that they do not represent a spin-orbit split double

On the basis of our tight-binding calculations we ma
the following symmetry assignments for the ban
P1–P4 : P1 hasdxy character, andP2 is a mix of dxz and
dyz . P3 is of dz2 anddx22y2 character whileP4 seems to be
predominantlys-dz2 with the strongest hybridization to th
bulk. Notice that the topmost bandP1 shows only slight
negative dispersion with parallel electron momentum, wh
P2 is almost constant in energy around the center of
zone, consistent with the results for the 1 ML silver fil
shown in Fig. 2~b! and described in the previous section. T
symmetry of silver bands associated with theP1 and P2
peaks is such that no significant hybridization is expec
with the even-symmetry vanadium band in the observed
ergy range.

Figure 6 shows the dependence of the calculated bind
energies of thedxy QW states~associated with theP1 peak!
in the silver film as a function of film thickness. Open circl
correspond to the QW states for an unsupported silver fi
while solid squares represent the energies of QW state
silver films on V~100!. As expected, for unsupported silve
films, the QW states for the thicker films appear symme
cally at higher and lower binding energies around the 1 M
state. Experimentally, the systems that show behavior m
like this are physisorbed Xe multilayers,21 for which the in-
teraction with the substrate is negligible. The strongest in

-

FIG. 6. Calculated energies of thedxy-symmetry QW states
~corresponding to theP1 photoemission peak! for unsupported sil-
ver layers~open circles! and the silver layers in contact with vana
dium ~100! surface~solid squares! as a function of film thickness.
3-4
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ence of the vanadium substrate on the silverdxy QW state is,
not surprisingly, for the 1 ML film. This state is pulled dow
in energy by 750 meV. More surprising, perhaps, is t
within this model the effect of the substrate on the me
energy of the QW states decays rapidly with film thickne

III. DISCUSSION

A. Silver-vanadium interface

There are several factors that suggest that the 4d electrons
in the silver films are well confined within the film, despi
the fact that barrier at the vanadium-silver interface is not
absolute band gap, but rather an energy offset of states o
same symmetry in the substrate and overlayer. One ind
tion of this is the complete lack of dispersion of the QW st
energies with the component of the electron momentum
pendicular to the surface~explored experimentally by vary
ing the photon energy and thus the final state photoelec
momentum!; if the states in the Ag film coupled to extende
substrate bands, some degree of dispersion might be
pected. Of course, in the case ofd states, even the bulk band
are relatively flat. However, we have previously shown t
this same absence of dispersion is seen for thes-p-derived
QW states in this Ag/V~100! system which show no photo
energy dependence of their binding energies even in thic
silver films ~8 ML!.15 The present observations indicate th
the d-band QW states show the same high degree of lo
ization.

We should also note that even in the absence of an en
or symmetry gap at the substrate/film interface, which m
result in incomplete confinement of the electrons in the ov
layer film, well-defined QW resonances can still be formed
the interaction across the interface is not too strong. A va
able analog for describing this situation is the optical Fab
Perot interferometer model, in which the incomplete confi
ment can be regarded as a partial reflectivity at the subst
film interface.22 A partial reflectivity leads to an energ
broadening of the QW resonances. Such broadening, in
dition to the lifetime broadening induced by photohole int
actions with electron and phonon excitations or scatterin
impurities, has been reported ford-band QW states in silve
on Fe~100!.11

Our analysis of the width of the photoemission pea
from theP1 d-band quantum well state~see Fig. 3! indicates
that the effective reflectivity at the Ag/V~100! interface may
well be different from that reported for the Ag/Fe~100! inter-
face. Figure 7 shows the Lorentzian width of thed-band QW
states closest to the Fermi level for Ag films on V~100!,
Mo~110! ~Ref. 23! and Fe~100!. The peak widths for Ag on
Mo and V are the Lorentzian widths of the experimen
spectra while the widths shown for Ag on Fe are Lorentz
widths with an additional correction for the instrumen
broadening. The solid curve@calculated from Eq.~3! of Ref.
11# is a fit to the Ag/Fe~100! data assuming a value for th
reflectivity of R50.68 and a lifetime broadeningG
513 meV, the values found by Luhet al.11 Clearly, the peak
widths of the QW states in the thinner silver films on van
dium and molybdenum are substantially smaller than th
predicted for the same silver film thicknesses on an iron s
24541
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strate on the basis of this curve. While the complete se
experimental data points from the three different substr
appears to fall on a reasonably smooth curve in Fig. 7,
single set of values ofG and R fits all of these points. For
example, the dashed curve in Fig. 7 shows the effect of
creasingR to 0.85, providing an excellent fit to the data poi
corresponding to 1 ML of Ag on V~100!, but clearly not
fitting the other points. If the lifetime broadeningG is in-
creased from its very low value of 13 meV, even higherR
values are required to fit this point. Notice, incidentally, th
one further parameter needed to generate these curves
group velocity of the electrons in the various QW states,
this can be estimated from the curvature of the relevant
bulk d band. It is perhaps not surprising that no single se
G and R values fits all these data, as they correspond
different binding energies and thus to different locations
the symmetry barrier presented at the film/substrate interf
In this regard, we may note that all the Ag/Fe~100! data
points ~which are fitted well by a single pair of paramet
values! do correspond to states in a very narrow ene
range.

Of course, if differentG andR values are expected for th
different experimental points for the Ag/V~100! system, there
is no longer a unique solution which fits the observed sp
tral width. In this regard, the comparison with the data fro
the Mo~110! substrate are helpful. In the case of silver film
grown on Mo~110!, theP1 QW state falls within a total band
gap that exists in the range from 5.0 to 3.7 eV below
Fermi level. It is therefore reasonable to assume that wit
this energy range the reflectivity is complete, and we m
use the widths measured for films grown on the molybden
substrate as a gauge of the reflectivity at the vanadium s
strate. The fact that the widths of the QW photoemiss
peaks in films grown on the two substrates are identical le
us to the conclusion that the reflectivity at the vanadiu

FIG. 7. Lorentzian peak width of theP1 photoemissiond-band
QW peak as a function of silver film thickness on several differ
substrates. The data for Ag/Fe~100! ~solid diamonds! and Ag/
Mo~110! ~solid circles! are taken from Refs. 11 and 23, respective
The solid curve is calculated using Eq.~3! of Ref. 11 using the same
parameters found to give a good fit to the Ag/Fe~100! data (G
513 meV, R50.68). The dashed curve uses a larger value of
reflectivity (R50.85).
3-5
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surface is similar to that at the molybdenum surface, furt
reinforcing the view thatR is close to unity for our Ag/
V~100! system. This implies that the symmetry gap of t
vanadium surface is as efficient a barrier as the total ene
gap of molybdenum.

B. Silver monolayer

As a special case, we now discuss the case of a si
monolayer film. For the 1 ML film low-energy electro
diffraction14,24 ~LEED! and scanning tunneling microscopy25

~STM! measurements have shown that silver atoms adop
periodicity of the underlying vanadium surface despite
4% lattice mismatch between the bulk~100! silver fcc and
vanadium bcc planes. Figure 2~a! shows that the upper- an
lower-lying d bands in the center of the Brillouin zone ha
energies of 4.7 and 6.25 eV, respectively. This makes
width of thed band in the single-monolayer film equal to 2
eV, a substantial reduction from the 3.8 eV characteristic
the bulk silverd band.

The results of our tight-binding calculations for an unsu
ported and an adsorbed silver monolayer indicate a str
influence of the vanadium substrate on the Ag 4d electron
bands. The energy of these bands is reduced through inte
tion with the vanadium substrate by an average of 0.75
while the totald-band width remains virtually unchange
The agreement between the peak positions of the experim
tally measured normal-emission spectra recorded from
monolayer film@see Fig. 2~a!# and the calculated energies
the center of the Brillouin zone is surprisingly good. Apa
from a rigid offset of 200 meV, the calculated energies c
respond to the measured ones. The tight-binding calcula
also gives an indication of the spin-orbit interaction. For t
silver monolayer on a vanadium surface the spin-orbit in
action induces a splitting of theP2 band in the center of the
zone. The combined action of spin orbit interaction and cr
tal field induces an energy band splitting of around 0
meV, which is the same value as that obtained from the
perimental spectral analysis shown in Fig. 4. The spin-o
splitting in the isolated atom is 0.224 eV, and this same va
has been reported for 1 ML Ag/Cu~100! where the interac-
tion of the silver overlayer with copper substrate is expec
to be weak.3

As Fig. 2~a! shows, the intensities of thed-band QW pho-
toemission peaks are dependent on the photon energy.
observed photon energy dependence appears quite diff
from that of thes-p QW states in this system15 in that there
are no intensity oscillations of the photoemission pea
Generally, peaksP2 andP3 increase in intensity with photon
energy. The intensity of theP1 peak is weak for all photon
energies; this peak is associated with a formally forbidd
transition from a state ofdxy symmetry.

C. Phase accumulation model analysis

The phase accumulation model is a simple way of pred
ing the energy of QW states. In this model the condition
a stationary state is determined by summing the phase a
mulated by an electron making a round trip within the ov
layer film and requiring that this is an integral multiple
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2p. Despite its inherent simplicity and somewhat crude a
proximations, the phase accumulation model has been u
with considerable success to describe the system and th
ness dependence in ultrathin films of the energies of quan
well states and resonancess-p ~Refs. 26–30! andd ~Refs. 8,
9, and 11! symmetries. The phase accumulation equation
the form

fC~E!1fB~E!12k~E!d52pn, ~2!

wherek is the electron wave vector,n an integer, andfC(E)
andfB(E) are the phase shifts associated with the reflecti
at the substrate/film and film/vacuum interface
respectively.31 We have used the standard function to d
scribe the energy dependence of the phase shiftfB(E) at the
vacuum side of the film based on an image-poten
barrier.26 In the absence a well-defined hybridization g
~which occurs for thes-p QW states in this system! the
proper choice offC(E) is less clear. We therefore chose th
simplest possible assumption of setting the phase chang
this interface to a constant value. We find that a value
fC(E) of 0.21p gives a reasonable description of the expe
mental ~and theoretical tight-binding! results. With a fixed
value for fC(E) the change in the total phase is deriv
entirely from the film thickness and the vacuum barrier. N
tice, incidentally, that for states well below the vacuum lev
~as is the case for occupied QW states! the phase shiftfB(E)
is also almost constant over the energy range of interest t
here. While a free electron description of the energy dep
dence of the wave vector is a natural choice to describes-p
QW states, this is much less obviously appropriate to
scribed-band QW states. Parametrized functions have b
used in the literature to describek(E) for these cases.10,11We
have found that the parametrized function, generated fro
simple linear chain model,8,10 reproduces the silver 4d en-
ergy bands satisfactorily. This parametrization defines
dispersion between the upper and lower energies of e
band, and these values are taken from Ref. 11.

Figure 8 shows a graphical solution of Eq.~2!. The bold
lines, almost parallel to the abscissa, show the te
@fC(E)1fB(E)22pn# while the thinner solid and dotted
lines show22kma where the layer spacing is given bya
and the number of layers ism. The crossing points corre
spond to predicted QW binding energies. In order to acco
for the energy of the QW states,P1 and P2 , we have gen-
erated three sets ofk(E) functions which are generated from
three highest-energy bulk silver 4d bands@D~7!, D~7!, and
D~6!#. The related curves in Fig. 8 are fine dotted, thin so
and coarse dotted lines, respectively. To simplify compari
with the photoemission data in Fig. 3 we have marked in F
8 only the highest-energy solutions for each branch ofk(E)
and for each silver film thickness in the range from 1 to
ML. Notice, incidentally, that all the solutions marked corr
spond to the conditionm5n11, so for each film thickness
the solutions fall on the same bold line which actually co
responds to a fixed value ofn. We see that most of the trend
observed experimentally are reproduced by the phase a
mulation model. The solid squares reproduce reasonably
curately the shift of theP1 QW state to smaller binding
3-6
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energies with increasing film thickness including the eff
we have already remarked upon of a particularly large
crease of binding energy between the 1 and 2 ML films. B
the solid and open circles can be associated with the
servedP2 peak, which is observed to have a splitting whi
decreases with the film thickness such that it is no lon
observed for a film thickness of 3 ML. The phase accumu
tion model predicts that for thicknesses greater than 3
the P2 peak splitting should increase again. However, due
the increasing number of states generated for each new s
layer and the increasing width of the peaks, it is no lon
possible to observe this splitting experimentally.

Although no data for films thicker than 5 ML are ava
able, the thickness dependence of the energy of the lea
peak P1 ~see Figs. 3 and 8! indicates that with increasing
thickness, the highest energy this branch of the QW st
would reach is approximately 3.5 eV below the Fermi lev

FIG. 8. Graphical solution of the phase accumulation mo
equation~2! for d-band QW states in silver films on V~100!. The
fine dotted, thin solid, and coarse dotted lines represent the p
change associated with electron propagation within the well in
different silver bulk bandsk(E) for different film thickness~m
ML !. The solid bold curves represent the sum of the phase cha
at the vacuum and the interface barriers plus an integral numbe
factors of 2p. Notice that for each silver film thickness only th
highest-energy solutions are marked~open and solid circles and
solid squares!. See the text for fuller details.
y,

l. A

k,
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This should correspond to the top of thed bands of the bulk
overlayer and is about 1 eV lower than that calculated
bulk fct silver;12 we have already noted, however, that th
discrepancy may be due to an offset of the calculatedd bands
which appears to be characteristic of such calculations.13 It is
interesting to note that the energies of the leadingd-band
QW states in the 4- and 5-ML-thick silver films on Fe~100!
~Ref. 11! and V~100! are the same to within 50 meV. Thi
indicates that the electronic structure of thed manifold is not
significantly affected by the difference in the structure of t
overlayer silver film which occurs as a result of the differe
lattice parameters of the iron and vanadium substrates.

IV. CONCLUSIONS

Using a range of photon energies with high energy a
angular resolution, we have studied the development of Q
states ofd symmetry in ultrathin silver films~1–5 ML! on a
vanadium~100! surface. For a 1 ML film we canidentify five
d-band QW states, the full number expected in the abse
of spin-orbit coupling. Tight-binding calculations show th
the binding energies of the states are, through interac
with the vanadium surface, substantially increased with
spect to states in the unsupported silver monolayer.
thickness dependence of the QW-state energies have
been reproduced at least semiquantitatively by the phase
cumulation model. The energies of thed-band QW states in 4
and 5 ML silver films on Fe~100! and V~100! are the same to
within 50 meV, indicating that thed-band dispersion and
width are the same despite differences in the structure of
overlayer silver films due to epitaxial strain. Analysis of th
width of the leadingd-band QW states has shown that t
electrons ofd symmetry in silver films epitaxially grown on
V~100! are essentially fully confined within the film, imply
ing a high degree of reflection at the vanadium-silver int
face. This shows that the symmetry gap in the substrate is
a potential barrier, as efficient as a total energy gap.
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