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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 studg-dérived quantum wellQW) states in ultrathin silver
films grown on (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 filmsitekectrons 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 nunider79.60.Dp, 73.90tf, 73.20.At, 79.60.Jv

[. INTRODUCTION states ofd symmetry in silver films. The relative position of
the silverd bands with the respect to those in vanadium is

The properties ofl bands in ultrathin metallic films have such that most of the Agdibands fall into the symmetry
been the subject of experimental and theoretical research f®and gap of the vanadium substrate projected on(10€)

a long time. Early experimental studies of tbebands in  surface. At thel’ point on the(100 vanadium surface the
copper and palladium thin films deposited on a silver subbottom of theA, band occurs at around 2.5 eV binding en-
strate by Eastman and Grobmandicated a band narrowing ergy, well above the top of the AgHband at 3.7 eV, making
effect. Theoretical calculations predicted a significant differ-the relative shift ofd bands in vanadium and silver as large
ence in the electronic structure with a reduction of theas 1.2 eV. However, one should bear in mind that silver
thickness However, detailed experimental characterizationgrows on \(100) in the form of fct rather than fcc, due to the
of the influence of reduced dimensionality on ttidbands lattice mismatch of 4%, so one can expect some differences
appears to require the use of very-high-energy resolution iim the electronic properties of silver films grown on the va-
order to resolve the numerous closely spaddzhnds. nadium surface relative to the bulk form, although the size of

One of the first detailed angle-resolved photoemissiorthis effect may not be very large. In presenting the results of
spectroscopYARPES studies of the Ag 4 bands in ultra- recent calculations of the electronic structure of bulk fct sil-
thin films was reported by Tobiet al® A silver film was  ver with lattice parameters corresponding to the condition of
deposited on a Q@00 substrate, and due to the different epitaxial growth on ¥100), Ernstet al'? concluded that the
binding energies of copper and silver bulk bands, the elecd-band dispersion was significantly larger than in fcc Ag,
trons in the silver 4 band were confined in the overlayer leading to an increase of the silverband width. Indeed,
film, thereby showing two-dimensionéD) behavior. It was their results show the top of the band extending up to 2.5 eV
later shown that an energetic offset of substrate and overlaydrelow the Fermi level, which might imply that tliederived
bands of the same symmetry can lead to the formation oQW states in silver films on #.00) should exist over a much
stationary states in an overlayer, the so-called quantum welider energy range than is observed fo{Ta9) and W110)
(QW) states’ substrates where the silver grows without any significant

s-p-derived QW states in metallic flms on metal sub- mismatch with respect to its bulk value. However, the fact
strates have been studied systematically in recent yearthat compared to bulk silver the top of the band is closer to
mostly by the use of ARPEZ® On the other hand, similar the Fermi level in these calculations appears to be a conse-
guantization of thed bands due to localization in the over- quence of an overall energy shift of the band, rather than
layer films has attracted less attention due to the difficulty obeing due to a large increase in the width. Such a shift is also
resolving the numerous closely spackcharacter QW states seen in calculations of the band structure of fcc Ag based on
in a relatively narrow energy interval. Nevertheless, the exthe local density approximation, and while the band disper-
istence ofd-derived QW states has been clearly demon-sion appears to be consistent with experiment, an offset of
strated for the Au/MA10 (Refs. 7 and 8 Ag/W(110 (Refs.  the band energies relative to experiment appears to be a sys-
9 and 10, and Ag/F¢100 (Ref. 11 systems. tematic feature of the methdd.

In order for QW states to be observed in ultrathin noble- In the present study of epitaxially grown silver films on
metal films deposited on a transition-metal surface, it is esV(100), we concentrate on film thicknesses ranging between
sential that there be a mismatch in energy of electron bands and 5 ML (monolayerg, for which we can prepare well-
of the same symmetry in the substrate and overlayer filmordered films with distinct photoemission features. Previous
This increases the reflectivity of the substrate interface fostudies of the Ag/V100 overlayer system have character-
the electrons in the overlayer film. For this reason, (tt@0) ized in detail the silver growth mode in the low-coverage
surface of vanadium is particularly suitable for studying QWIimit. It has been shown that up to 2 ML, silver grows

0163-1829/2003/624)/2454138)/$20.00 68 245413-1 ©2003 The American Physical Society



M. KRALJ et al. PHYSICAL REVIEW B 68, 245413 (2003

pseudomorphically on a {00 surfacé* in an extremely
well-ordered fashion, producing layers with a low defect
density and with an unmatched spectral intensity ofse
derived QW state¥ The latter observation is regarded as a
clear indication of the high quality of the overlayer filifs.
Around room temperature further growth remains layer by
layer, while above room temperature, all silver in excess of
the 2 ML layer film condenses to 3D clusters. Note that these
earlier studies showed that the energies of#pEQW states
observed in photoemission provided an excellent calibration
of the film thickness and homogeneity; films with fractional

Ag/V(100)
hv=24eV

Photoemission Intensity (arbitrary units)

monolayer coverages showed the coexistences-pfQW IML

states characteristic of the individual component integral

monolayer films:®> and as we will show, the same effect is 8 6 4 2 0
seen in the photoemission spectra from tiand QW Binding Energy (V)

states.
The experiments reported here were carried out at the FIG. 1. Normal-emission photoelectron energy spectra recorded
National Synchrotron Light Sourc@SLS) of Brookhaven ata photon energy of 24 eV from 1 and 2 ML Ag films deposited on
National Laboratory (BNL) using undulator beamline V(100.
U13UB, which provides photon energies in the range be- o ) ] . ) )
tween 12 and 23 eV, and at the VUV beamline at the€nergies, itis possible to identify four peaks in the 1 ML film
ELETTRA synchrotron in Trieste. At the latter beamline it Which we have labele®;—P, in Fig. 2@ (notice, though,
was possible to work over the much wider photon energ)lhat peakP, clearly_ has at least two d|_st|nct Components
range of 18—100 eV. At both stations, the light wagolar- when rec_ord_ed at hlgher spectrql resol_utlon—see Figs. 3 a_nd
ized and incident on the sample at an angle of 45°. Th&)- The binding energies associated with these peaks exhib-
electron energy analyzer at BNL was a Scienta SES-200,
which collects simultaneously photoelectrons at a range of (@ P
energiegabout 2 eV and angleg~12°). The combined in-
strumental energy resolution could be set to a value in the
range 8—25 meV. The angular resolution wa®.2°. The
electron energy analyzer at Elettra was a VSW-50 with a
resolution of around 30 meV. Monolayer films were prepared
by depositing silver onto the surface at a substrate tempera-
ture of 60 K, followed by brief rapid heating to 900 K. This
procedure usually produced a monolayer film with a very
low concentration of defects. Thicker films, up to 5 ML,
were prepared by subsequent low-temperature silver deposi-
tion onto a well-ordered 1 ML film, followed by annealing to
room temperature.

Photoemission Intensity (arbitrary units)

Il. RESULTS 5 M a3 1 ML Ag/V(100)
A. ARUPS of d-band quantum well states :

Figure 1 shows normal emission spectra recorded at a
photon energy of 24 eV from 1 and 2 ML silver films depos-
ited on (100). The peaks at 1.7 and 0.6 eV below the Fermi
level correspond to photoemission from QW statessqd
symmetry. The energy dependence of the photoemission in-
tensity froms-p QW states in silver films on vanadiu(®00) 56 4 B0 48 42 38
is well documented® The spectral intensity in the range of Eiociog Rasgy (V)
energies more than 4 eV below the Fermi level corresponds - (
to photoemission from QW states «_tfsymmetry. .The. ant|q|- corded at different photon energies from 1 ML Ag fil(b) Photo-
pated number od-band QW states increases with film thick- emigsjon intensity map as a function of initial-state electron binding
ness as Bl (whereN is the number of silver atomic layers  energy and polar emission andjgroportional to the component of
for each spin state, but the broadening of the peaks inducagle electron momentum parallel to the surfaizem a 1 ML film of
by Coster-Kronig Auger processes makes the process of rexy on V(100 recorded at a photon energy of 18 eV. The two bright
solving all the QW states difficult and potentially unreliable, lines correspond to emission from tRe andP, states and clearly
even for the very thinnest film. By comparison with photo- show no significant dispersion in parallel momentum around normal
emission spectra taken over an extensive range of photasmission(corresponding to the center of the Brillouin zone

Polar Angle (%)
o

1
W

a) Normal-emission photoelectron energy spectra re-
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FIG. 4. (a) Normal-emission photoelectron energy spectra in the
energy range of th®, andP, d-band QW peaks recorded from a 1
ML Ag film deposited on \100). The fit and associated individual
components obtained from a line shape analysis are shown as solid
lines. (b) The same for a 2 ML Ag filmshowing a decrease of the
P, peak splitting.

Photoemission Intensity (arbitrary units)

sion spectra recorded from 1-5 ML silver films. These spec-
tra were taken with the higher-energy-resolution spectrom-
eter (Scienta SES-200 at BNL enabling us to observe
55 50 45 40 35 additional structure not seen in the spectra of Figs. 1 &ad 2
Binding Energy (eV) (recorded at Elettpa notice_, in particular, the clle:.ir splitting
of peakP, from the 1 ML film. The spectra exhibit a pattern
FIG. 3. Normal-emission photoelectron energy spectra showindypical of QW states: a shift to smaller binding energy with
the d-band QW peaks recorded at a photon energy of 18 eV fronincreasing film thicknest. PeakP; shifts from 4.75 eV(1
Ag films of different thicknesses on(¥00). Notice that the spec- ML) to 3.85 eV(5 ML) with respect to the Fermi level. A
trum from the 1.5 ML films shows the peaks characteristic of the 1shift of the same orde0.9 eV) is also seen for the, state
and 2 ML films from which it must be composed. for the same thickness range. A large fracti@ns5 eV) of
this total shift in going from 1 to 5 ML is associated with the
ited no dependence of peak position on photon energy. Ohcrease of the film thickness from 1 to 2 ML. The leading
course, even thd bands of bulk solids are relatively flat, but P, peak is well separated from the other photoemission
the complete absence of dispersion kn seen in these peaks, which makes its line shape analysis more reliable. For
d-band QW states would appear to be a consequence of theitl film thicknesses this peak could be fitted with a Lorentz-
spatial localization within the ultrathin Ag film; we return to ian lineshapde.g., Fig. 4. The peak width increases from 61
this point in Sec. Il A below. Figure ®) shows raw data to 95 meV as the film thickness reduces from 5 to 1 ML. For
from the position-sensitive detector of the Scienta analyzesome particularly uniform 2 ML films the Lorentzian width
which provides a photoemission intensity map as a functiorof the P, peak was found to be 65 meV. PeBk clearly
of energy and polar emission andfgroportional to the elec- shows a splitting, which reduces with increasing film thick-
tron momentum parallel to the surfaaecorded at a photon ness: 120 meV for 1 ML and 80 meV for 2 ML spectse
energy of 18 eV, the two bright lines correspond to emissiorFig. 4). No splitting of this peak could be resolved in the
from theP, andP, bands and show no significant dispersionspectra from films of 3 ML or more, although for the thicker
in parallel momentum of either state. However, more carefukilver films the peak is broader.

analysis of the energy distribution curve@=DC’s) of the P, Notice, incidentally, that for the thicker films there is al-
band, recorded at different emission angles, does reveal most certainly some slight nonuniformity in the thickness,
slight negative dispersion with parallel momentum. leading to weak additional structure. For example, the weak

Analysis of the photoemission spectra fralvband QW  but distinct peak seen in the spectrum from the 3 ML film at
states in the 2 ML film is already significantly more difficult a binding energy of 3.9 eV is probably due to tRe peak
than for the 1 ML film. Two QW states should now be de-from small areas of 5 ML coverage, while small areas of 4
rived from eachd band. Determining the identity of a par- ML may give rise to the high-energy “tail” of th®, peak in
ticular peak can be rather difficult, and sometimes the evithe 3 ML spectrum. Indeed, as remarked earlier,dtmnd
dence is conflicting. For this reason we have restricted ouQW peaks observed provide a valuable monitor of the film
analysis of QW states in the thicker films to a small numbetthickness and homogeneity. The spectrum included in Fig. 3
of states in the reduced binding energy range from 3.5 to 5.for a nominal film thickness of 1.5 ML illustrates this rather
eV. This energy range includes peaRgs and P, where the clearly. At 1.5 ML average thickness half the surface must be
leading peak P4) is not affected by lifetime broadening due covered with 1 ML and the other half with 2 ML, so the
to Auger decay and consequently is the narrowest state in thghotoemission spectrum shows ttidvand QW peaks asso-
d-band manifold. Figure 3 shows a set of the normal emisciated with these two film thicknesses.
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&  loooancogestl gt 0000000008 of the Brillouin zone,I", are such as to suggest that the
— g experimental peakB;—P, (Fig. 2) can be assigned to these
7 P, 1 ML Ag/V(100) bands as labeled in Fig(h. There are several features that
PR MY MM YA MM characterize the vanadium influence on the band structure of
ky (A a silver monolayer. There is an overall and significant reduc-

tion of the electron binding energy when the silver mono-

FIG. 5. (@) Calculated tight-binding band structure of an unsup-Jayer is put in contact with the vanadium surface. In addition,
ported silver monolayer along th@10 direction. (b) Calculated  comparisons with the results of calculations which neglect
tight-binding band structure of a silver monolayer ofl®0 the  the effects of spin show that the effects of the spin-orbit
(100 direction of the substratécorresponding to the sam@10  gpjitting are significantly reduced by interaction with the V
direction of the Ag overlayer Only states with more than 30% g hstrate. Notice that although the experimental results show
weight in the surface layer are shown. that the energies of peak®, and P, appear to move in
tandem with increasing film thicknegfig. 3) and have a
separation approximately equal to that observed for the spin-

In order to model the Ag/\YL00) system and to determine orbit interaction in atomic silver, the calculations show
the influence of the vanadium substrate on the siti#eand  clearly that they do not represent a spin-orbit split doublet.
QW states we have performed tight-binding calculations. On the basis of our tight-binding calculations we make
The calculations, described in more detail elsewfrae the following symmetry assignments for the bands
implemented in the slab format with each layer having aP,-P,: P, hasd,, character, andP, is a mix ofd,, and
basis of 18 states, 9 (6 3p, and Is) for each spin. The d,. P;is of d,2 andd,2_2 character while®, seems to be
calculation has been modified to include the spin-orbit interpredominantlys-d,2 with the strongest hybridization to the
action usmg the standard Hamiltonian to describe ¢he bulk. Notice that the topmost bané; shows only slight

B. Tight-binding calculation

blocks*? negative dispersion with parallel electron momentum, while
P, is almost constant in energy around the center of the

Hggt M éN zone, consistent with the results for the 1 ML silver film

- EN*  Hygt+ EM*| @ shown in Fig. 2b) and described in the previous section. The

symmetry of silver bands associated with tRe and P,

Here spin-orbit splitting effects are included through the mapeaks is such that no significant hybridization is expected
tricesM andN and the spin-orbit parametér Values for the  with the even-symmetry vanadium band in the observed en-
latter are taken from the compilations of Herman andergy range.
Skillman?° Figure 6 shows the dependence of the calculated binding

Figure a) shows the calculated tight-bindi@B) silver  energies of thel,, QW stategassociated with th®; peak
band structure in the energy range of thbands(the calcu- in the silver film as a function of film thickness. Open circles
lations also include, of course, tlsep bandg for an unsup-  correspond to the QW states for an unsupported silver film,
ported monolayer along @10 direction while in Fig. )  while solid squares represent the energies of QW states in
the same band structure is shown for a silver monolayer desilver films on M100). As expected, for unsupported silver
posited on Y100). In the latter case we show only bands films, the QW states for the thicker films appear symmetri-
with more than 30% of their weight in the surface layer.cally at higher and lower binding energies around the 1 ML
Because Ag is fcc and V is bce and because the symmetry istate. Experimentally, the systems that show behavior most
defined with respect to the substrate, the directitt0) for  like this are physisorbed Xe multilayetsfor which the in-
the unsupported silver monolayer corresponds {d0) di-  teraction with the substrate is negligible. The strongest influ-
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ence of the vanadium substrate on the sithgrQW state is, 2001~
not surprisingly, for the 1 ML film. This state is pulled down : @ Ag/V(100)
in energy by 750 meV. More surprising, perhaps, is that ' Ag/Mo(110)

00 Ag/Fe(100)

...
th
id

within this model the effect of the substrate on the mean
energy of the QW states decays rapidly with film thickness.

Ill. DISCUSSION

A. Silver-vanadium interface

Lorentzian width (meV)

There are several factors that suggest that theléctrons
in the silver films are well confined within the film, despite
the fact that barrier at the vanadium-silver interface is not an
absolute band gap, but rather an energy offset of states of the 0 T - T v - T

! S 0 2 4 6 8 1o 12 14

same symmetry in the substrate and overlayer. One indica- Silver thickness (ML)
tion of this is the complete lack of dispersion of the QW state
energies with the component of the electron momentum per- FIG. 7. Lorentzian peak width of th@, photoemissiord-band
pendicular to the surface@xplored experimentally by vary- QW peak as a function of silver film thic_knes_s on several different
ing the photon energy and thus the final state photoelectroftPstrates. The data for Agi@0 (solid diamonds and Ag/
momentuny; if the states in the Ag film coupled to extended Mo(llO). (solid C|.rcle3 are taken .from Refs. 11 and 23, respectively.
substrate bands, some degree of dispersion might be e;(I'_he solid curve is calcul_ated using E(t_i) of Ref. 11 using the same
pected. Of course, in the casedétates, even the bulk bands pialrgmetfz/rstf)gneds tnghlve da r?ogd fit to the Aﬁ{m datla J £ th
are relatively flat. However, we have previously shown thatr_eﬂec??\i ' (R_=6 85)). e dashed curve uses a larger value of the
this same absence of dispersion is seen forstipederived ty R
QW states in this Ag/V100) system which show no photon
energy dependence of their binding energies even in thickestrate on the basis of this curve. While the complete set of
silver films (8 ML).'® The present observations indicate thatexperimental data points from the three different substrate
the d-band QW states show the same high degree of localappears to fall on a reasonably smooth curve in Fig. 7, no
ization. single set of values oF andR fits all of these points. For

We should also note that even in the absence of an energgxkample, the dashed curve in Fig. 7 shows the effect of in-
or symmetry gap at the substrate/film interface, which mustreasingRto 0.85, providing an excellent fit to the data point
result in incomplete confinement of the electrons in the overeorresponding to 1 ML of Ag on ¥00), but clearly not
layer film, well-defined QW resonances can still be formed iffitting the other points. If the lifetime broadenidgis in-
the interaction across the interface is not too strong. A valuereased from its very low value of 13 meV, even higker
able analog for describing this situation is the optical Fabryvalues are required to fit this point. Notice, incidentally, that
Perot interferometer model, in which the incomplete confine-one further parameter needed to generate these curves is the
ment can be regarded as a partial reflectivity at the substratgfoup velocity of the electrons in the various QW states, but
film interface?” A partial reflectivity leads to an energy this can be estimated from the curvature of the relevant Ag
broadening of the QW resonances. Such broadening, in adhulk d band. It is perhaps not surprising that no single set of
dition to the lifetime broadening induced by photohole inter-I" and R values fits all these data, as they correspond to
actions with electron and phonon excitations or scattering adifferent binding energies and thus to different locations in
impurities, has been reported fdtband QW states in silver the symmetry barrier presented at the film/substrate interface.
on Fg100).1 In this regard, we may note that all the Ag(F@0 data

Our analysis of the width of the photoemission peakspoints (which are fitted well by a single pair of parameter
from the P, d-band quantum well statsee Fig. 3indicates values do correspond to states in a very narrow energy
that the effective reflectivity at the Ag(¥00) interface may range.

well be different from that reported for the Ag/A®©0) inter- Of course, if differeni” andR values are expected for the
face. Figure 7 shows the Lorentzian width of theand QW  different experimental points for the Ag{¥00) system, there
states closest to the Fermi level for Ag films o100, is no longer a unique solution which fits the observed spec-

Mo(110 (Ref. 23 and F&¢100). The peak widths for Ag on tral width. In this regard, the comparison with the data from
Mo and V are the Lorentzian widths of the experimentalthe Mo(110 substrate are helpful. In the case of silver films
spectra while the widths shown for Ag on Fe are Lorentziangrown on Md110), the P, QW state falls within a total band
widths with an additional correction for the instrumental gap that exists in the range from 5.0 to 3.7 eV below the
broadening. The solid cunjealculated from Eq(3) of Ref. ~ Fermi level. It is therefore reasonable to assume that within
11] is a fit to the Ag/F€L00) data assuming a value for the this energy range the reflectivity is complete, and we may
reflectivity of R=0.68 and a lifetime broadenind’ use the widths measured for films grown on the molybdenum
=13 meV, the values found by Luét al* Clearly, the peak substrate as a gauge of the reflectivity at the vanadium sub-
widths of the QW states in the thinner silver films on vana-strate. The fact that the widths of the QW photoemission
dium and molybdenum are substantially smaller than thospeaks in films grown on the two substrates are identical leads
predicted for the same silver film thicknesses on an iron subds to the conclusion that the reflectivity at the vanadium
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surface is similar to that at the molybdenum surface, furtheR=. Despite its inherent simplicity and somewhat crude ap-

reinforcing the view thatR is close to unity for our Ag/ proximations, the phase accumulation model has been used
V(100 system. This implies that the symmetry gap of thewith considerable success to describe the system and thick-
vanadium surface is as efficient a barrier as the total energyess dependence in ultrathin films of the energies of quantum

gap of molybdenum. well states and resonance® (Refs. 26—3Dandd (Refs. 8,
9, and 1) symmetries. The phase accumulation equation has
B. Silver monolayer the form

As a special case, we now discuss the case of a single
monolayer film. For the 1 ML film low-energy electron

diffraction'*?* (LEED) and scanning tunneling microscépy . .

(STM) measurements have shown that silver atoms adopt thvé/herek is the electron wave Vec“’“’aﬁ mteggr, anac(E) .
periodicity of the underlying vanadium surface despite theandd’B(E) are the pha_se shifts assqmated with thg reflections
4% lattice mismatch between the bulkOO silver fcc and at thg Slfbs”ate/f"m and film/vacuum |'nterfaces,
vanadium bce planes. Figuréa shows that the upper- and res_pectlvel)?. We have used the standard function to de-
lower-lying d bands in the center of the Brillouin zone have Sgggﬁrtnhe; dneergc]))]: dt(ra][;er;iclj;ncbeagl;gheo;:]ha;r? ?E\(;E)e?tct)t[]:ntial
energies of 4.7 and 6.25 eV, respectively. This makes th ge-p

width of thed band in the single-monolayer film equal to 2.4 arrier’ In the absence a well-defined hybridization gap

eV, a substantial reduction from the 3.8 eV characteristic O{Wh'Ch oceurs for th&;-p QW states in this systemthe
the bulk silverd band. proper choice ofpc(E) is less clear. We therefore chose the

The results of our tight-binding calculations for an unsup-smpleSt possible assumption of setting the phase change at

ported and an adsorbed silver monolayer indicate a strongIs interface 1o a constant value. We f|_nd_ that a value fc_Jr
influence of the vanadium substrate on the Ady dlectron c(E) of 0.21a gives a reasonable description of the experi-

bands. The energy of these bands is reduced through intera'@—ental (and theoretical tight—t_)indir)gresults. With a fixe_d
tion with the vanadium substrate by an average of 0.75 e\yaIL_Je for ¢c(E) t_he ch_ange in the total phase is (_jenved
while the totald-band width remains virtually unchanged. entirely from the film thickness and the vacuum barrier. No-

The agreement between the peak positions of the eXperimeng'. n}[ﬁdentaII}/, that for.sgate\slvwctagéélovr\]/ the v;]a.cuuné level
tally measured normal-emission spectra recorded from thgzas is the case for occupied QW s phase shifgg(E)

monolayer film[see Fig. 2a)] and the calculated energies in IS also almost constant over the energy range of interest to us
the center of the Brillouin zone is surprisingly good. Apart here. While a free electron description of Fhe energy eren—
dence of the wave vector is a natural choice to desaipe

from a rigid offset of 200 meV, the calculated energies cor-

: o . OW states, this is much less obviously appropriate to de-
respond to the measured ones. The tight-bindin calculaﬂoQ . ' ) .
P 9 g scribed-band QW states. Parametrized functions have been

also gives an indication of the spin-orbit interaction. For the . X . 11
silver monolayer on a vanadium surface the spin-orbit inter—used in the literature to descrlkeE) for these caseS: " We
action induces a splitting of the,, band in the center of the have found that the parametrized function, generated from a

zone. The combined action of spin orbit interaction and crys-Slmple linear cham mo_d@l, r_eproduces t_he _S|Iverd4_en-
tal field induces an energy band splitting of around 0.12°19Y bgnds satisfactorily. This parameirization Qef|nes the
meV, which is the same value as that obtained from the e dispersion between the upper and lower energies of each

- . - : -band, and these values are taken from Ref. 11.
perimental spectral analysis shown in Fig. 4. The spin-orbi and, ; .
splitting in the isolated atom is 0.224 eV, and this same valu Figure 8 shows a graphical solut|op of E@). The bold
has been reported for 1 ML Ag/C100) where the interac- ' c> almost_ parallel to the ab§C|ssa, S.hOW the term
tion of the silver overlayer with copper substrate is expecte .¢C(E)+ ¢s(E) —27n] while the thinner .SO“(.j and dotted
to be weald ines show—2kma where the layer spacing is given lay

As Fig. 2a) shows, the intensities of thtband QW pho- and the number of layers . The crossing points corre-

toemission peaks are dependent on the photon energy. ngond to predicted QW binding energies. In order to account

observed photon energy dependence appears quite differ Qf the energy of the QW st_ateE’,l a_nd P2, we have gen-
from that of thes-p QW states in this systefhin that there erated three sets &{E) functions which are generated from

are no intensity oscillations of the photoemission peaksthrée highest-energy bulk silverddbands[A(7), A(7), and

Generally, peak®, andP increase in intensity with photon 2(6)]- The related curves in Fig. 8 are fine dotted, thin solid
energy. The intensity of the, peak is weak for all photon and coarse dotted lines, respectively. To simplify comparison

energies; this peak is associated with a formally forbiddenith the photoemission data in Fig. 3 we have marked in Fig.
transition from a state o, symmetry. 8 only the h|gh_est-energy _solutlons_ for each branck(&)
and for each silver film thickness in the range from 1 to 5

ML. Notice, incidentally, that all the solutions marked corre-

spond to the conditiom=n+1, so for each film thickness
The phase accumulation model is a simple way of predictthe solutions fall on the same bold line which actually cor-

ing the energy of QW states. In this model the condition forresponds to a fixed value of We see that most of the trends

a stationary state is determined by summing the phase accabserved experimentally are reproduced by the phase accu-

mulated by an electron making a round trip within the over-mulation model. The solid squares reproduce reasonably ac-

layer film and requiring that this is an integral multiple of curately the shift of theP; QW state to smaller binding

¢c(E)+ ¢dp(E) +2k(E)d=27n, 2

C. Phase accumulation model analysis
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This should correspond to the top of tddéands of the bulk
overlayer and is about 1 eV lower than that calculated for
bulk fct silver? we have already noted, however, that this
discrepancy may be due to an offset of the calculdtbends
which appears to be characteristic of such calculatitisis
interesting to note that the energies of the leadiHgand
QW states in the 4- and 5-ML-thick silver films on (E80)
(Ref. 12 and M100) are the same to within 50 meV. This
indicates that the electronic structure of theanifold is not
significantly affected by the difference in the structure of the
overlayer silver film which occurs as a result of the different
lattice parameters of the iron and vanadium substrates.

Ag/V(100)

'
W
N
¥

Phase Shift/2x
&

[
[eoy
3

IV. CONCLUSIONS

Binding energy (eV)

Using a range of photon energies with high energy and
FIG. 8. Graphical solution of the phase accumulation modelangylar resolution, we have studied the development of QW
equation(2) for d-band QW states in silver films on(¥00. The  giates ofd symmetry in ultrathin silver film¢1—5 ML) on a
fine dotted, thin solid, and coarse dotted lines represent the pha%nadiun(lOO) surface. Foa 1 ML film we canidentify five
change associated with electron propagation within the well in th%—band QW states, the full number expected in the absence
different silver bulk band(E) for different film thickness(m of spin-orbit couplilng Tight-binding calculations show that
ML ). The solid bold curves represent the sum of the phase Changt e binding energies. of the states are, through interaction

at the vacuum and the interface barriers plus an integral number c\)/vith the vanadium surface. substantiallv increased with re-
factors of 2r. Notice that for each silver film thickness only the ’ y

highest-energy solutions are markéspen and solid circles and SPeCt to states in the unsupported silver mo.n0|ayer' The
solid squares See the text for fuller details. thickness dependence of the' QW—s_Jatg energies have also
been reproduced at least semiquantitatively by the phase ac-
energies with increasing film thickness including the effectcumulation model. The energies of thdand QW states in 4
we have already remarked upon of a particularly large deand 5 ML silver films on FEL00) and M100) are the same to
crease of binding energy between the 1 and 2 ML films. Bottwithin 50 meV, indicating that thel-band dispersion and
the solid and open circles can be associated with the olwidth are the same despite differences in the structure of the
servedP, peak, which is observed to have a splitting which overlayer silver films due to epitaxial strain. Analysis of the
decreases with the film thickness such that it is no longewidth of the leadingd-band QW states has shown that the
observed for a film thickness of 3 ML. The phase accumulaelectrons ofd symmetry in silver films epitaxially grown on
tion model predicts that for thicknesses greater than 3 MLV(100) are essentially fully confined within the film, imply-
the P, peak splitting should increase again. However, due tang a high degree of reflection at the vanadium-silver inter-
the increasing number of states generated for each new silvéace. This shows that the symmetry gap in the substrate is, as
layer and the increasing width of the peaks, it is no longema potential barrier, as efficient as a total energy gap.
possible to observe this splitting experimentally.

Although no data for films thicker than 5 ML are avail-
able, the thickness dependence of the energy of the leading
peak P, (see Figs. 3 and)8indicates that with increasing The research work reported in this paper was supported in
thickness, the highest energy this branch of the QW stategart by the U.S. Department of Energy under Contract No.
would reach is approximately 3.5 eV below the Fermi level. DE-ACO2-98CH10886.
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