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Angular-resolved photoemission and inverse-photoemission spectroscopies have been used to investigate the
valence-electron states in ultrathin films of silver and copper deposited on a V~100! surface. For both noble
metals, discretes-p derived states are observed within theD1 gap of the vanadium substrate~approximately
62 eV aroundEF). These states are analyzed using a simple quantum-well picture. For a pseudomorphically
grown ~centered tetragonal! silver film in the bulklike limit we have determinedkF ~1.19 Å21) and the
energies of critical points,X1 ~7.606 0.15 eV! andX48 ~2.56 0.3 eV! in theE(k) dispersion of theD1 band
in theG-D-X direction. The bottom of theD1 band, i.e.,G1 point, was estimated to be26.460.3 eV by fitting
the experimentally determined points with a free-electron parabola. In the case of copper overlayers, it was not
possible to determine the dispersion of the bulklikeD1 band because Cu films thicker than two monolayers
showed poor order. At low coverages~1–2 ML! of both silver and copper, we find that dispersion inki of the
discrete s-p quantum-well states is described by a significantly enhanced electron effective mass
(m*.2me). This is interpreted as due to strong hybridization of these states with thed derived states of the
vanadium substrate.@S0163-1829~96!08139-8#

I. INTRODUCTION

In the past decade, there has been considerable interest in
the magnetic properties of surfaces, thin films, and
superlattices,1,2 which include a transition-metal constituent.
These systems can display some very interesting phenomena.
For example, magnetic superlattices such as Co/Cu/Co~100!
and Fe/Ag/Fe~100! ~Ref. 3! show an oscillatory and long-
range~20–30 atomic layers! magnetic coupling of the mag-
netic layers through the intervening nonmagnetic layers.
Such a long-range coupling cannot be explained in terms of
the spin-dependentd-d hybridization at the interface. The
interface moment that would result from such a mechanism
is calculated4 to be very small (,0.1mB) for noble metals on
3d ferromagnetic metals, and is expected to decay very rap-
idly away from the interface. On the other hand, spin-
dependent coupling can induce spin polarization of the more
delocalizeds-p states. These states extend over much longer
distances, and therefore can mediate the long-range indirect
coupling between the magnetic layers.

Within a simple quantum-well~QW! state picture for the
s-p derived states, it is possible to provide a magnetic cou-
pling mechanism in magnetic superlattices.3,5 QW states are
created by trapping the electrons in a thin film. The surface
barrier, on the vacuum side, and a band gap for propagating
s-p states, on the substrate side, confine thes-p electrons
within the film. When the film thickness is comparable to the
electron wavelength, these states appear at discrete energies
with quantized wave vectors perpendicular to the film.
Within the phase-accumulation model,6 the quantization con-
dition for the existence of such a state follows from

FB12FD1FC52pm, ~1!

wherem is the quantum number of the state,FB andFC are
the phase shifts upon reflection at the surface barrier and at
the interface, respectively, whileFD5Nkd is the phase
change accumulated in traversing the film.N is the number
of atomic layers in the film,d is the distance between the
layers, andk is the wave vector perpendicular to the film.
Within a simple model6–8 it is possible to evaluate the ex-
plicit energy dependence of all phase shifts appearing in Eq.
~1!, and accordingly predict the energies of the QW states.
For example, the image barrier approximation for the surface
barrier gives6–8

FB /p5@~3.4!/~EV2E!#1/221. ~2!

On approaching the vacuum level (EV), FB diverges,
leading to an infinite set of~Rydberg-like! solutions of Eq.
~1!; these higherm states are the so-called image states. On
the other hand, the interface phase shift (FC) must increase
by p on traversing from the bottom to the top of the gap,
independent of the detailed nature of the gap;9 FC changes
more rapidly near the edges of the gap than at its center.

In the case of a ferromagnetic substrate, the interface
phase changeFC may be spin-dependent because of the rela-
tive displacement of the minority and majority substrate sub-
bands and their corresponding gaps, and thus differences in
energy relative to the gap edges for the two spin polariza-
tions. This can result in different interface phase changes at
the same energy, and consequently@see Eq.~1!#, in a spin
polarization of the QW states. For some superlattices3,10 the
oscillation period of the magnetic coupling is found to be
equal to the periodicity of the appearance of spin-polarized
QW states at the Fermi level, indicating that the QW states
may be responsible for the transmission of the magnetic cou-
pling through the nonmagnetic layers.
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The simple QW description given above assumes, of
course, that the thin film can be treated as a homogeneous
medium, and that the QW states are simply the stationary
states corresponding to standing waves perpendicular to the
surfaces. At film thicknesses of only a single monolayer, in
particular, one might anticipate the need for a more sophis-
ticated approach.11 Recent first-principles calculations show
that substrate, adsorbate, and interface states can be resolved
in the monolayer case,12,13 depending on the location of the
charge. The interface states that originate from the overlayer
can be regarded as precursors of the quantum-well states for
thicker overlayers.

In this work we present angular-resolved photoemission
and momentum-resolved inverse photoemission data re-
corded from ultrathin films of silver and copper deposited
onto a vanadium~100! surface. The growth modes of these
films are well documented.14–16 A relatively small lattice
mismatch~4%! between the fcc Ag~100! and bcc V~100!
planes, and a small surface free energy for Ag~1.3 Jm22),
result in pseudomorphic ‘‘layer-by-layer’’ growth of the first
5–10 atomic layers at a substrate temperature around 300
K.14,15The implied local structure of the silver film is shown
schematically in Fig. 1~c!. In the case of copper, the condi-
tions for such a growth are rather unfavorable, with a lattice
mismatch of approximately 16% and a significantly larger
Cu surface free energy~1.9 Jm22). Consequently, only the
first two atomic layers are found to grow in registry with the
substrate, and even then the degree of disorder of the film is
much higher than in the Ag films.16 For higher Cu coverages,
disordered growth, structural changes, and clustering, make
QW analysis impossible.

Good layer-by-layer growth is a necessary, but not a suf-
ficient, condition for the existence of the discrete overlayer
QW states. A further requirement is that there should be a
band gap in the substrate to ensure reflection of propagating
s-p overlayer states, and thus their confinement within the
film. Vanadium fulfills this substrate requirement. As can be
seen in Fig. 1~a!,17 there is aD1 s-p hybridization gap~in the
following we refer to this as theD1 gap! in the V band
structure in the range of approximately62 eV aroundEF .
Figure 1~b! ~Ref. 18! shows the band dispersion in bulk fcc
silver along theG-D-X direction. It is easy to see that the
lower branch of theD1 band in Ag coincides with theD1 gap
of the V substrate, providing the necessary conditions in this
energy range for Ag QWs-p states in thin Ag films grown
on V~100!.

II. EXPERIMENTAL DETAILS

The experiments were carried out in two separate experi-
mental chambers. The first one, in which angle-resolved ul-
traviolet photoelectron spectroscopy~ARUPS! was per-
formed, was equipped with a 180° concentric hemispherical
analyzer~VSW HA 100! and a He discharge lamp. The en-
ergy resolution of the analyzer was 180 meV and the angular
resolution was62.5°. A He I ~21.2 eV! resonance gas dis-
charge lamp provided the photon excitation. The positions of
both the electron-energy analyzer and the discharge lamp
were fixed relative to the chamber, and different emission
angles were obtained by rotation of the sample.19 The
momentum-(k-! resolved inverse photoemission spectros-

copy ~KRIPES! experiments were carried out in a second
purpose built UHV system fitted with a LiF lens as a dispers-
ing element and two separate photon detectors installed on
the optical axis to record simultaneous isochromat spectra at
10.0- and 11.5-eV photon energies.20 The spectral resolution
at these two photon energies was 0.6 and 0.4 eV, respec-
tively, and angular spread of the low-energy electron source
that defines the momentum resolution parallel to the surface
was approximately65°.20

FIG. 1. The calculated energy bands of vanadium~Ref. 17! ~a!
and fcc silver~Ref. 18! ~b! along theG-D-H andG-D-X directions,
respectively, of the bulk Brillouin zones, which correspond to the
normal to~100! surfaces. Note the existence of theD1 gap in the
band structure of vanadium~shadowed area! ~c! ^110& sectional
view of the structure of the tetragonal centred phase of silver or
copper expected for pseudomorphic growth on a V~100! surface. If
relaxation effects are excluded, the interlayer separationsd1 and
d2 are 1.74 and 1.94 Å for silver and 1.45 and 1.38 Å for copper,
respectively.
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Both experimental systems were additionally equipped
with low-energy electron diffraction optics and the ability to
record Auger electron spectra using concentric hemispherical
analyzers. The vanadium sample was mounted on the sample
holder with the plane of electron emission or incidence cor-
responding to theGNPH plane of the bulk Brillouin zone of
vanadium; the normal emission and normal incidence experi-
ments (ki 5 0! thus probed the states along theG-D-H and
G-D-X high-symmetry lines of the substrate and overlayer,
respectively. Extensive argon sputtering and annealing
cycles were used to ensure an atomically clean and well or-
dered vanadium surface~the details are described
elsewhere21!. The silver and copper films were evaporated
from tungsten baskets at rates of approximately 1/5 ML per
minute. Overlayer thicknesses were determined using Auger
electron spectroscopy~AES! and thermal desorption spec-
troscopy ~TDS!; the values obtained were found to be in
agreement with those determined by observation of the dis-
crete overlayer states in ARUPS and KRIPES.

III. RESULTS AND DISCUSSION

A. Ag/V„100…

We have examined the valence-band energy region of the
Ag/V~100! system by both ARUPS and KRIPES in the wide
range of Ag film thicknesses up to 15 ML. Normal emission
photoemission spectra from films of different thicknesses in
the low coverage part of this range are shown in Fig. 2. The
photoemission spectrum of the clean V~100! surface~shown
at the bottom of the figure!, is characterized by a direct tran-
sition from the bulks-p band (D1 symmetry

19! at approxi-
mately22.4 eV relative toEF ~marked as B!, and a pro-
nounced surface resonance emission, close to the Fermi level

~marked as SR!.22 As expected, this resonance is strongly
attenuated by Ag deposition. At the same time, a new feature
(b1) appears at approximately -1.6 eV. Around 1 ML cover-
age, the vanadium surface resonance completely disappears,
while the intensity of theb1 peak reaches its maximum. With
further silver deposition, the intensity of this state is gradu-
ally attenuated and simultaneously a new peak (b2) appears
at approximately20.6 eV; this peak has its maximum inten-
sity at a thickness corresponding to the completion of the
second silver monolayer. These two peaks are attributed to
s-p character Ag-derived quantum-well states, as discussed
below. The further appearance of new QW states as a func-
tion of increasing film thickness can be followed up to cov-
erages of approximately 10 ML of Ag, by ARUPS, as shown
in Fig. 3~a!. In the photoemission spectra@Fig. 3~a!#, several
QW states can be clearly resolved:b1, b2, c3, c4, c5, d5, and
d6 ~the notation is explained later in the text!. Note that the
c and d states exist at more than one nominally integral
value of the number of layers in the film. Since the quanti-
zation condition~1! defines the energy of a given state in
terms of the corresponding film thicknessNd, we deduce
that after the first 2–3 layers the growth mechanism is not
strictly layer-by-layer, and that the ‘‘growth front’’~the
number of uncompleted layers during the growth! is around
three atomic layers. In the inverse photoemission spectra
@Fig. 3~b!#, there are no such clearly resolved overlayer
states. This can be largely attributed to the fact that both the
signal-to-noise ratio and the energy resolution of the

FIG. 2. Photoemission spectra from thin~up to 2.5-ML cover-
age! silver films on V~100!. The spectra are recorded at normal
emission (ki 5 0!. SR denotes the peak due to the surface reso-
nance of the clean V~100! surface, B labels the feature due to emis-
sion from the vanadium bulks-p band (D1 symmetry!, while b1,
b2, andr are the features due to discrete overlayer states.

FIG. 3. Normal emission photoelectron spectra~a!, and normal
incidence inverse photoelectron spectra~b! from Ag films grown on
V~100! to various coverages~labeled in ML units!. Energies are
relative to the Fermi level.
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KRIPES data are inferior to those of the ARUPS measure-
ments. Therefore, instead of attributing the features in the
spectra to specific QW states we only indicate points in the
spectra where QW states are predicted to occur above the
Fermi level by theoretical calculations25 which yield occu-
pied QW states close to those seen in our ARUPS data. Al-
though there is correspondence between some of the calcu-
lated values and the position of intensity maxima in the
KRIPES spectra, we use only QW states observed in photo-
emission in order to estimate theE(k) dispersion curve~Fig.
7! later in the text.

The QW states observed in the spectra shown in Fig. 3~a!
may be characterized by their quantum numberm, as sug-
gested by Eq.~1!. However, another quantum number,
n5(N2m), is usually23,24used. Fig. 4 summarizes the char-
acteristics of the observed QW states deduced from the data
of Fig. 3. The states associated with the samen value are
connected with solid lines. Their energies are in very good
agreement with the theoretically calculated values25 ~Fig. 4,
squares connected with dashed lines!.

The notation used in Fig. 3 is based on a combination of
the m and n quantum numbers. States withn 5 0, 1, 2,
3, . . . , arelabeleda, b, c, d, . . . , respectively, while a sub-
script is added to indicate increasingm values; the lowest
energy states (m 5 0! are given a subscript of 1, which leads
to general subscript values of (m11). Accordingly, we re-

solveb12b2, c32c5, andd52d6 states within theD1 band-
gap energy range. If we look back at Fig. 3~a!, we see that
the peaks closest to the Fermi level~e.g., b2 and c4) are
more pronounced and sharper than the peaks at lower ener-
gies ~e.g., statesb1, c3, andd5). We believe the overlayer
state markedb2 (n 51 at 2 ML! to be the clearest and most
intense QW state of any published in the literature so far.
Upon correcting for the experimental resolution ('180
meV!, the estimated intrinsic lifetime broadening is'250
meV. This value is nearly the same as that of Shockley sur-
face states at approximately the same binding energies on
noble metal surfaces.26 Generally, the width of the QW states
can be understood in terms of the energetic position of the
state within theD1 gap of vanadium@see Fig. 1~a!#. The
extension of the wave functions of the state into the classi-
cally forbidden region outside the well is determined by the
imaginary part of the wave vector that is proportional to the
square root of the well depth~or, in our case, to the energetic
displacement from the gap edge!.6–8 The states closest to the
gap edge penetrate furthest into the solid and thus are best
able to hybridize with the substrate propagating states, lead-
ing to shorter lifetimes and broader peaks. In the present
case, the Fermi level lies at the center of the gap, so surface-
localized states close to the Fermi level should have the
longest lifetimes and give the narrowest peaks.

The broad features in Fig. 3~a!, markedr , are probably
due to overlayer resonances, which, because they fall outside
the band gap, can hybridize with the vanadiumD1 band~see
Fig. 1!. Figure 5~a! shows the low-energy component of the
photoemission spectra recorded from the thin Ag films on
V~100!; the highest-energy components of these spectra are
those shown in Fig. 3~a!. In the lowest-energy range we ex-
pect the spectra to be dominated by true secondary electrons
resulting from the inelastic cascade initiated by the photo-
emission process; in the bulklike limit this secondary elec-
tron spectrum should reflect the one-dimensional density of
final states~above the vacuum level! along the symmetry line
of detection.27 The broad features seen between 9 and 12 eV
above the Fermi level@markedr 8 in Fig. 5~a!# correspond to
transitions into overlayer-derived final states along theG-
D-H andG-D-X symmetry lines of the substrate and over-
layer. As we can see from Fig. 1~b!, this energy region cor-
responds tos-p derived states that form the upper branch of
theD1 bulk Ag band.

The top spectrum in Fig. 5~a! is recorded from a 15-ML-
thick silver film ~still showing the substrate lateral periodic-
ity!. Further silver deposition does not change the shape of
the secondary emission, implying that the bulklike limit has
been reached. This secondary emission can thus be related to
the one-dimensional density of final states of pseudomorphic
Ag in theG-D-X direction. The steplike increase of the sec-
ondary emission at approximately 3.5 eV above the onset at
the vacuum level can be assigned to the bottom of the upper
D1 band at theX1 point. A strictly one-dimensional density
of states~DOS! has a singularity at the zone boundary, so we
might expect a peak rather than a step in the secondary emis-
sion intensity at theX1 point. However, this potential peak is
probably washed out by the finite angular and energy reso-
lution of the experiment. In many cases28,29 the intensity in-
crease~or decrease! inflection point has been found to pro-
vide a more reliable determination of the energy of the

FIG. 4. Energies~relative toEF) of the observed and calculated
overlayer states for Ag on V~100! at various coverages~Fig. 3, see
text!. The assignments of the states are defined byn5N2m, where
N denotes number of Ag layers andm is the quantum number of
wave-function nodes of the state inside the quantum well. Theoreti-
cally calculated points and experimentally observed QW states are
represented by diamonds and circles, respectively.
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critical point. From the inflection point associated with the
step intensity increase in the top spectrum of Fig. 5~a!, we
obtain a value for the energy of theX1 point of 7.606 0.15
eV above the Fermi level. This is essentially the same as the
value ~7.5 eV! obtained from a bulk single crystal of
Ag~100! ~Ref. 10!, but is very different from the value re-
ported for silver grown on Fe~100! ~5.24 eV!.24 Self-
consistent relativistic band-structure calculations18 for fcc
silver give a value of 6.5 eV.

The X48 point can be determined experimentally using
inverse photoemission spectra from a thick silver film, as-
suming that the spectra on their high-energy side reflect the
one-dimesional density of states. In Fig. 6 we show that this
indeed is the case: Fig. 6 shows normal incidence KRIPES
isochromat spectra obtained from different thicknesses of Ag
films, recorded at 10.0- and 11.5-eV photon energies. For the
thin 1-ML and 4-ML silver films there is no shift in the
energies of the Ag-induced states between the two isochro-
mats, consistent with the behavior to be expected for local-
ized surface states or QW states~see below for a further
discussion of this point!. By contrast, the KRIPES isochro-
mats of the thickest~12-ML! film show a significant photon-
energy dependence. The spectrum recorded at 10.0 eV is
dominated by a peak at' 1.0 eV, while the 11.5-eV spec-
trum shows a significant intensity increase closer to the
Fermi level. The difference between the two KRIPES iso-
chromats can be explained in terms of formation of the bulk

Ag D1 band; direct optical transitions between the two
branches of this band~indicated with arrows in Fig. 7! then
reflect the dispersion of this band. For this coverage the
KRIPES data thus imply that both the initial and the final
states may be regarded as quasicontinuous bulklike bands.
As the 11.5-eV inverse photoemission transition appears to
be very close to the ‘‘Fermi level crossing’’ condition, the
intensity near the Fermi level in the 12-ML film spectrum is
attributed mainly to the direct transition, while the rest of the
intensity comes from the transitions from evanescent initial
states. Under these conditions, the high-energy part of the
spectrum reflects the one-dimensional DOS, in which case,
the intensity drop-off in the 11.5-eV isochromat seen at'
2.5 eV above the Fermi level should correspond to the upper
edge of the lower branch of theD1 band atX48. Taking the
energy of the inflection point on the edge as that correspond-
ing toX48, we obtain a value of 2.560.3 eV aboveEF . This
is somewhat higher than the value of 1.9 eV obtained from
similar measurements from bulk fcc Ag~100! single
crystals,31 and the calculated value of 2.2 eV.18 Of course,

FIG. 5. ~a! The secondary electron region and~b! the Ag 4d
valence-band regions of some of the same photoemission spectra as
shown in Fig. 3~a!. For the secondary electron spectra the kinetic
energies relative to the Fermi level are shown. The structures in the
secondary electron distribution are related to the unoccupied one-
dimensional density of final states~for a given direction! above the
vacuum level.

FIG. 6. Normal incidence inverse photoemission~isochromat!
spectra of 1, 4 and 12 monolayer films of silver on V~100! recorded
at 10.0- and 11.5-eV photon energies.
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our experimental values relate not to bulk fcc Ag, but to the
pseudomorphic~tetragonally centered! form of Ag associ-
ated with growth on V~100!.

Assuming that the transport of electrons in these pseudo-
morphic Ag films is independent of thickness, we can use the
measured energies of the experimentally observed QW states
in the thin films to determine theD1 band dispersion of this
form of Ag in the energy range of their appearance. The
procedure for doing this has been described by Lindgren and
Wallden.23 The method exploits the fact that there are QW
states with nearly the same energy for different film thick-
ness~e.g.,b1 andc3). This fact allows us to determine the
value of the combined phase shift (FB1FC) and the wave
vectork of the QW states at this energy inside the film from

Eq. ~1!.23 If the surface and interface effects are ignored~as
they can be for sufficiently thick films!, the wave vectork
corresponds to the perpendicular wave vectork' of the
Bloch state inside a centered tetragonal~CT! Ag bulk
sample. This quantity cannot, of course, be determined by
photoemission from a bulk sample.

At this point in our discussion it is appropriate to com-
ment on the conditions required for photoemission out of, or
inverse photoemission into, surface states and QW states. In
the case of a conventional surface state it is usual to regard
k' as a meaningless parameter and to take the view that there
is no requirement on the conservation of this quantity. In
principle this implies that such states should be equally eas-
ily seen in ARUPS or KRIPES at the same energy indepen-
dent of photon energy. In the case of the QW states, on the
other hand,k, which is uniquely defined~quantized! in Eq.
~1!, is equated withk' in the above procedure. Ifk' for the
QW state is quantized, it should be conserved in the optical
transitions, with the consequence that the states should only
be seen when the photon energy is such as to photoemit into,
or have inverse photoemission from, a continuum state of the
appropriatek' . In reality, this distinction is only quantitative
rather than qualitative. In order to evaluate the matrix ele-
ment for the optical transition to, or from, a continuum state
defined by a particulark' ~i.e., a single plane wave! one
must expand the surface or QW state into plane waves, and
because of their high degree of localization perpendicular to
the surface, this results in a range of plane waves of differing
k' . Even for a surface state this range peaks at a particular
value ofk' , especially if the surface-state wave function has
an oscillatory tail penetrating the solid, and this leads to en-
hancement of the matrix element for the optical transition at
the appropriatek' value in the matching continuum
state.35,36 In the case of the QW states, the value ofk is
uniquely defined by the quantization condition, but the finite
~but more extended! localization of the state perpendicular to
the surface still means that there is a significant probability
of optical matching to this state with values ofk' spread
around the value ofk, because again a range of plane waves
is needed to describe the localized wave function. Evidently
as the layer thickness increases, the localization of the QW
state decreases and the demands ofk' conservation become
increasingly stringent. This means that in ARUPS or
KRIPES experiments conducted at single photon energies,
the probability of observing the QW state from the thinnest
films remains significant at all photon energies, but as the
film thickness is increased the visibility of the large number
of possible QW states will increasingly favor those states for
which the photon energy provides the optimalk' matching.
Even for the rather-thin-film QW states, however, thek val-
ues deduced from the method of Lindgren and Wallden23

described above will provide a good estimate ofk' for the
thick-film state of the same energy.

Using the ARUPS data given here, together with the
analysis method of Lindgren and Wallden,23 we have there-
fore determined theD1 band dispersion in CT Ag around
EF . Writing Eq. ~1! for two different states, observed at the
same~or nearly the same! energy, but at different film thick-
ness, we obtain the phase shift (FB1FC) and the wave vec-
tor k, expressed as a difference in thickness (N22N1) at

FIG. 7. Schematic bulk-band-structure of thes-p D1 band of
tetragonal centered silver produced by pseudomorphic growth on
V~100!. The experimentally determined points areX48, from the
inverse photoemission spectrum of a thick silver film~shown as an
open square!; and X1, from the inflection point in the secondary
electron distribution of the photoelectron spectra of a thick Ag film
~shown as an open square!. The points inside the energy region of
the D1 gap of the V substrate~open circles! are derived from the
photoemission spectra in Fig. 3~a! using a procedure described in
the text and Ref. 23. TheG1 point ~shown as a filled circle! is
obtained from the best fit of these points and the pointl at the
center of the gap to a free-electron model. The corresponding errors
are represented by dimension of a particular point in the figure;
their values are given in the text.

54 11 791ELECTRONIC STRUCTURE OF SILVER AND COPPER . . .



which the states are observed. As can be seen in Fig. 4, there
are no overlayer states at strictly the same energy, but by
interpolating the energy of the overlayer states to noninteger
film thicknesses~solid lines in Fig. 4!, it is possible to apply
this procedure to a continuous-energy range. From the sepa-
ration of two solid lines in Fig. 4, it is possible to determine
E(k) for an arbitrary point in the energy range~below EF)
from 21.6 eV to approximately20.6 eV. Despite the obvi-
ous imprecision in the exact location of the data points in
Fig. 4, the values ofk' that can be deduced are rather pre-
cise. In particular, if we assume that the precision in energy
is 6 0.1 eV, we obtain a value for the layer spacing separa-
tion N8 between branchesb andc of the figure of 3.76 0.2
atomic layers, but the fractional precision in electron mo-
mentumdk is given by (dN8/N8)@1/(N821)# or only 2% in
this case. The resulting points are shown in Fig. 7. The Fermi
wave vectorkF for the overlayer silver estimated from Fig. 7
has a value of' 0.74 GH ~CT! or approximately 1.19
Å21. This is very close to the de Haas–van Alphen value of
0.819GX ~fcc! ~or 1.26 Å21) for fcc silver.33 The Fermi
wave-vector value of 0.74GH ~CT! suggests30 a periodicity
of appearance of QWS at the Fermi level of 3.8-ML silver.
Since the density of states at the Fermi level is important for
transport and magnetic properties of a system, this finding
should be taken into account when designing Ag multilayer
structures with targeted properties.

We are also able to estimate the position of the bottom of
theD1 s-p band, i.e., theG1 point. To do this we have fitted
a simple free-electron parabolic dispersion curve through the
E(k) points determined experimentally from the occupied
quantum wells~see Fig. 7! and a point placed in the middle
of the s-p gap at the zone boundary@(X481X1)/2 5 5.05
6 0.23 eV, marked as a solid diamond in Fig. 7#. The cross-
ing of the best-fit parabola at the zone center (k'50! corre-
sponds to theG1 point ~marked as a solid circle in Fig. 7! and
is found at26.46 0.3 eV ~relative toEF). For comparison,
the calculated depth of thes-p band for bulk fcc Ag is
27.21 eV,32 while the reported value for Ag grown on
Fe~100! is much smaller (25.5 eV!.24 All of the experimen-
tally determined points close to the zone boundary (X) can
be fitted with a nearly-free-electron-like dispersion~shown
as the thick solid lines in Fig. 7!. The lowest Fourier com-
ponent (VG) of the periodic potential along theG-D-H(X)
direction, which corresponds to half the band-gap width at
the zone boundary (X12X48) is approximately 2.5 eV. The
upper branch of theD1 band in Fig. 7 was obtained by draw-
ing a simple nearly-free-electron dispersion through theX1
point.

B. Cu/V„100…

The large~16%! lattice mismatch between the~100! face
of fcc copper and the~100! face of bcc vanadium has a
crucial influence on the growth of Cu on V~100!. Only Cu
films with a thickness of no more than two layers are found
to show some degree of pseudomorphic ordering. With in-
creasing thickness, the films become gradually more and
more disordered, and we can expect to see the influence of
this disorder on the QW states in photoemission and KRIPES
data. Figure 8 shows the normal emission photoemission
spectra, and the normal incidence KRIPES data recorded

from copper films of various thicknesses grown on V~100!.
Only two Cu-derived states are clearly resolved in the pho-
toemission spectra: one at21.4 eV~from a film with a thick-
ness of 1 ML!, and the other at20.9 eV~at 2-ML thickness!.
On the basis of model calculations similar to those of Ref. 24
for the energy of QW states, we found that the observed
states can be assigned asb1 andb2 (n51!. In the KRIPES
data only one relatively sharp overlayer state can be recog-
nized at approximately 0.6 eV aboveEF from the 1-ML film.
This feature appears at a slightly higher energy for the 2-ML
film and gradually disappears for thicker films, and can be
assigned as thea1 (n50! overlayer state. Theb1 state is
actually seen at submonolayer coverages but shifts slightly to
higher energy with increasing coverage up to 1 ML; this may
be attributed to the effect of the significant~0.4-eV! work
function increase, which has been found to occur during the
growth of the first monolayer.16 As a consequence, the same
barrier phase shiftFB is reached at a slightly higher energy
@see Eq.~2!#, while all other parameters in Eq.~1! remain
unchanged, i.e, the quantization condition~1! shifts the same
monolayer state to higher energy. Although the work-
function change affects higher states much more strongly

FIG. 8. Normal emission photoelectron~a! and normal inci-
dence KRIPES isochromat spectra~b! from Cu films of various
thicknesses~given in ML! on V~100!.
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~these higher states are almost fixed in energy relative to the
vacuum level due to the divergence ofFB as it approaches
the vacuum level!, a measurable shift~0.1–0.2 eV! can be
observed even for the state at 1.4 eV below the Fermi level.
Obviously, for the systems where large work-function
changes are observed, these effects cannot be ignored.

Although these data provide evidence for QW states in
the thinnest, reasonably ordered Cu films, the poor order of
the thicker films precludes any possibility of performing an
analysis of the dispersion of a possible bulklike Cus-p band
as we have done for the silver layers. Similarly, there are
insufficient data to follow the emergence of QW states with
increasing thickness akin to those for Ag films shown in Fig.
4. Furthermore, the secondary electron distribution from
thick Cu films showed no distinct step structure that could be
attributed to the band edge, which we could expect for a
well-ordered film.

C. Low coverage limit of Ag and Cu films

For the thinnest overlayer films, the electronic structure
can be strongly influenced~in comparison with the bulk! by
the lowered symmetry, reduced atomic coordination, and hy-
bridization with the electronic states of the substrate. These
effects can be expected to be of least influence for more
localized states of the overlayer. In our case it is clear that
photoemission data@Fig. 5~b!# from the relatively localized
Ag 4d states converge at quite low thicknesses~3–4 ML! to
that of the bulklike band. For the more delocalizeds-p
states, on the other hand, it is only for thicknesses of ap-
proximately 10 ML or more that this region of the spectrum
becomes characteristic of the bulk~see Fig. 3 for silver; Fig.
8 for copper!.

The simple quantum-well model, which we have used ex-
tensively in the discussion of our results, is based on the
quantization of bulklike states, so we might expect it to break
down when going to small thicknesses. This effect has been
observed in some systems as a departure of the overlayer
states energies from those predicted for QW states when ap-
proaching the monolayer limit.5,10,11For other systems, how-
ever, the quantum-well states converge to substrates-p sur-
face resonances even in the zero coverage limit.12,24 In our
study of Ag and Cu films on the V~100! surface, the energies
of the QW states are found to be in good agreement with
those predicted by the simple quantum-well picture down to
the monolayer limit~at least for then51 state!. Furthermore,
the simple phase-accumulation model,6–8 originally devised
for the theoretical description ofs-p surface states, gives the
correct energies for the overlayer states if one includes the
proper input parameters for the energetic positions of the
substrateD1 band gap and a realistic description of the dis-
persion withk' of the overlayers-p band in the bulklike
limit.

Despite this success of the simple theoretical description
of the QW states, measurements of the dispersion of these
states withki do appear to show a significant deviation from
the expected34 free-electron-like behavior. The experimen-
tally determinedki dispersion of some overlayer states, and
also of selected vanadium bulk bands, in the@011# direction
is presented in Fig. 9 while Fig. 10 displays ARPES spectra
showing the dispersion of theb2 state of the 2-ML Ag and

b1 state of 1-ML Cu film. A departure from free-electron-
like dispersion (m* 5 me) is obvious. Even near the zone
center, the dispersion is considerably weaker than the free-
electron-like behavior. The electron effective masses ob-
tained from the fits shown in Fig. 9 to then51 states in the
proximity of the Ḡ point are 2.2me and 3.1me for 1 ML and
2 ML of silver, respectively, and 1.9me for 1 ML of copper.
Such a large effective mass typically indicates strong hybrid-
ization with more localized states~with larger effective
mass! in the substrate. One possible candidate for such an
effect is a mixing with thes-d substrate band outside the
gap. This band has mainlyd character near the gap, and
consequently, a large effective mass. The extension of a QW
wave function into the classically forbidden region outside

FIG. 9. Experimentally determined dispersion of some overlayer
QW states (n51 states for 1 ML and 2 ML of Ag and for 1 ML of
Cu! as a function ofki , measured along theḠ-M̄ symmetry line of
the surface Brillouin zone. The solid lines show the best-fit para-
bolic dispersion curves~with various values ofm* ) near the center
of the surface Brillouin zone. A free-electron-like dispersion curve
(m* 5 me) is shown for comparison. For a better insight into
possible hybridization with the substrate bands, the experimentally
determined points in dispersion of the vanadium bulk bands, along
the same symmetry line, are shown as diamonds.
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the well is largest for the states closest to the gap edge. It is
thus notable that the 1-ML Ag state is the nearest in energy
to the gap edge; in addition, the influence of the interface
should be most pronounced in the monolayer case. We might
therefore expect the strongest departure from the anticipated
free-electron-like behavior for the QW state in the 1-ML
film. However, the data of Fig. 9 and the calculated effective
mass indicate that an even greater deviation occurs for the
2-ML film. This implies that hybridization with the more
localized vanadiumd bands inside theD1 gap may play a
significant role. The dispersion of the 2-ML Ag state~Fig. 9!
strongly supports this possibility; it changes the sign on mov-
ing away fromḠ towardsM̄ , an effect that could be a con-
sequence of strengthening hybridization with theG3 vana-
dium 3d derived band~which has negative dispersion in this

region!. The 1-ML Cu state possesses the lowest effective
mass, implying the lowest degree of hybridization. We
should add that, as all of the QW states mapped in Fig. 9 fall
in the lower half of the substrate band gap, it is not possible
to account for the high apparent effective masses in terms of
a kind of repulsion of the bulk band edge due to the shifting
FC in the dispersing gap, as has been seen in image potential
states on certain metal surfaces;7 indeed, in the lower half of
the gap, this effect can only lead to an enhancement of the
ki dispersion and thus a reduction of the apparent effective
mass.

IV. CONCLUSIONS

We have shown that for silver and copper films on
V~100!, discrete overlayer states are formed within theD1
gap of the vanadium substrate. In the case of the Ag/V~100!
system, we have observed overlayer states for all examined
thicknesses~up to 15 ML!. In the case of copper, pseudo-
morphic growth only occurs to about 2 ML and only three
overlayer states have been resolved. We have used the
quantum-well model to describe these states. This has en-
abled us to determine important critical points in the disper-
sion of theD1 band in theG-D-X direction of pseudomor-
phically grown ~tetragonal-centered! silver; the energies of
theG1, X1, andX48 points, as well as the Fermi wave vector
kF , have been determined. Since such a tetragonal centered
silver could be an ideal substrate for the transition-metal
films ~especially for vanadium!, establishing its electronic
structure is of crucial interest. In the low-coverage limit~1–2
ML ! for both Ag and Cu films, we have found a significant
enhancement of the electron effective mass (m*.2me) of
discretes-p states for dispersion inki . This is taken to in-
dicate strong hybridization of these states with thed derived
states of the vanadium substrate. We have suggested that the
states inside theD1 vanadium gap may be dominant in this
hybridization process.
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