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Quantum well states ofsp- and d-character in thin Au overlayers on W(110)
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Photoemission spectra are reported for Au ofl¥@) which show series of pronounced peaks up to large
film thicknessegabout 15 monolaye(ML)] which are assigned to quantum-well states of fuand Aud
character. Due to its largedSbandwidth and low binding energgp andd states are largely degenerate in Au.
Therefore, Au overlayers serve as an interesting test system for simple models of quantum-well-state forma-
tion. A good description of all of the observed features is reached based on our extended phase accumulation
model analysis. Assignment to several branchespoindd-type quantum-well states is reached basedipn
our model treatmentji) the asymptotic behavior for large thicknesgés) an analysis of the angle dispersion,
and(iv) a comparison between the system without and with an extra Ag interlayer. For the latter it is found that
sptype quantum-well states form throughout the combinedAg) layer already from lowest coverages on,
whereas formation od-type quantum-well states is largely suppressed. Using our model treatment we reach a
thorough description of both systems for the whole thickness range starting out from submonolayer coverages
and correct previous assignments in the literature. In addition, the rae-df hybridization in the overlayer

is discussed.
DOI: 10.1103/PhysRevB.65.075403 PACS nuni®er73.21.Fg, 79.60.Jv
I. INTRODUCTION overlapping energy regions, which are more pronouned in

Au as compared to Ag and Cu. Therefore, in the present

Multilayer structures composed of alternating ferromag-work, special emphasis is placed on the proper distinction of
netic and nonmagnetic metals have recently attracted signif@QWS'’s of different characteisp andd).
cant interest due to their intriguing propertfes! most no- The Au-film-thickness region investigated in our work in-
tably long-range oscillatory magnetic coupling and giantcludes submonolayer coverages and thickness values of
magnetoresistance? It has been shown that the exchangeabout 4-5 and 10-15 ML, which according to Refs. 7-11
coupling between magnetic layers in such systems can bgave to correspond to two oscillation periods for the ex-
alternated from ferromagnetic to antiferromagnetic and viceehange coupling between ferromagnetic layers if we take the
versa by increasing the thickness of the nonmagnetic inteisystems Fe/A(l11)/Fe and Co/A(l11)/Co as examples.
layer. It has been established that such oscillatory magnetidowever, in our work the 110 surface has been used as
coupling is tightly connected to the formation of quantizedsubstrate for growth of the Au film in order to investigate
electronic states inside of this nonmagnetic interlayer whictguantum-well state formation and behavior independently of
are the mediators of the magnetic coupling between the fetthe influence of ferromagnetic layers. The choice dfl1\)
romagnetic layeré-® was motivated by the smooth character of the surface which

The materials most often used as nonmagnetic interlayerallows to grow epitaxial A1) films of high quality® In
in multilayer structures are the noble metals Cu, Ag, ancaddition, W110) has a comparatively low density of states in
Au.l™ Their electronic structure and Fermi surface arethe energy region interesting for the formation of Au-derived
much simpler as compared to those of, e.g., transition metalQWS's33>* Moreover, W110) is characterized in the direc-
For these reasons, the formation of quantum-well statefon perpendicular to the surfa¢ghe’'N direction of the bcc
(QWS’s formed in noble-metal layers, and their dependenceBrillouin zone by an energy gap for any symmetry in a
on layer thickness and on the choice of the substrate, havanding-energy region between 6.3 and 3.3 eV. Generally, the
increasingly attracted researchers’ intefést! existence of a large energy gap provides an enhanced con-

The present work is devoted to quantum-size effects definement of electrons and the formation of well-developed
veloped in ultrathin Au layers with thicknesses beginningstanding electron waves inside of the adsorbed layer. If one
from submonolayer coverages up to 15 ML and aims at dealso takes the symmetry of wave functions into account, one
scribing the behavior of the observed QWS's in the wholerealizes that the effective energy gap in the W substrate,
valence-band range and for all Au thicknesses investigatedvhich is responsible for electron confinement, has to be ex-
In contrast to Cu and Ag, for which a substantial number oftended to the range from 6.3 to 2 &8 Our analysis of the
QWS studies exist¥ 2" there were only a few reports de- behavior of the observesp andd-derived QWS'’s has been
voted to Au filmg”?° despite the fact that multilayer systems carried out in the framework of the extended phase accumu-
fabricated on the basis of Au interlayers have shown oscillalation model which has successfully been applied to QWS
tory magnetic coupling=** Possibly this is connected to dif- formation in the Ag111)/W(110) systent° In comparison to
ficulties in observing QWS's in Au films, or it could be due the conventional phase accumulation mdtfél1®=1this ex-
to problems encountered when analyzing such data becautended modéf includes a phase-shift contribution related to
of strong hybridization betweesp and d states and their the scattering of electron waves confined in the Au layer at
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corresponding substrate states located in the energy regio Au/W(110)
outside of the W110) energy gap. The comparison with ex- : : :
periment carried out in the present work shows a good cor- PE tv=625ev
relation between theoretical estimates made on the basis ¢
this model and our experimental results, and permitted us tc
test assumptions about the assignmensgoand d-derived
QWS’s. For additional confirmation of this assignment, fur-
ther studies involving a Ag monolayer as interlayer in a Au/
Ag/W(110 system have been undertaken. On the one hand
this system is characterized practically by the same depen
dence of the QWS energies on the total (84g) overlayer
thickness. On the other hand, the intensity of éwderived c
QWS’s is significantly suppressed in this system. Compari- >
son among those QWS's that form in both AUAX0) and £
Au/1-ML-Ag/W (110 allowed us to distinguish QWS's of
different character and confirm the validity of the extended 2
phase acculation model for analysis of QWS's formed in &
ultrathin Au111) layers. After some experimental details,
first the pure Au/W110 system will be discussed, followed
by the system with an extra Ag interlayer. The phase accu-
mulation model will be discussed afterwards, followed by an
analysis of angle-dependent spectra.

—_—

(a

Inte

Il. EXPERIMENT

The experiments were carried out with linearly polarized
synchrotron radiation at the UE56/2 and U125/1 PGM
beamline¥ of BESSY Il using a VG Escalab spherical ana-
lyzer with 1° angle resolution in a vacuum chamber with 9
x 10" %-mbar base pressure. Photoemission spectra wer. 10
measured with mixed s(+p) polarized light in normal-
electron-emission geometry unless specifically mentioned. In

order to provide high surface sensitivity, a photon energy of G, 1. Series of normal-emission photoelectron spectra of
hy=62.5eV has been chosen. Prior to film deposition, the Wau/w (110). Pronounced quantum-well-derived peaks appear. For
substrate has carefully been cleaned by annealing at 1200 “$elected peaks, vertical lines mark the assignment to QWSip of
in an oxygen atmosphere oP&10 8 mbar and subsequent character(thick solid lineg and d character(dashes For further
flashing to 2000—2200 °C. The presence of a shaff assignments, cf. Fig. 2.

X 1) low-energy-electron-diffraction pattern and the absence

of O 1s and C Is photoemission intensities have been veri-certain number of layers practically disappear before the
fied before overlayer deposition. Thin films of Aand Ag ones representing the next layer appeae further beloy
have been depositad situ onto the W110) substrate held at
room temperature. Agand Ag have been evaporated from
small metal pieces melted on W-Re wires which were heated
resistively. We observe that the spectral shape changes con- In Fig. 1, a series of normal-emission photoelectron spec-
tinuously with thickness. In order to determine the maximatra of Au/W(110) is shown. The spectra have been selected
of intensity changes, we measured a large number of spectfeom a much wider sefabout one out of 10—15 speckrdhe
(about 15 spectra per ML for low coverages and 6—7 spectrapectra corresponding to deposition of the first five complete
per ML near 15-ML thicknegs Thicknesses of Au and Ag monolayers are displayed as thicker lines and marked by
overlayers were determined by a calibration of the evaporacorresponding labels on the left-hand side of the spectra. In
tors with a quartz microbalance just before and after eaclthe bottom of the figure, the spectrum for the cleafil¥0)
series of deposition. Deposition rates were in the rangasurface is presented in addition. This W spectrum is charac-
(3-5)x 102 A/s. Itis likely that this small growth rate ren- terized by a main feature at about 1.2—1.3-eV binding energy
ders the growth mode in the present experiment close t@BE) plus weak features at BE's of about 1.8 and 0.7 eV.
layer by layer. This has previously been analyzed for theDeposition of Au leads to a decreasing intensity of the
initial stages of Au growth on \({110).28*2A good confirma-  W-derived features and the appearance and growth of Au-
tion for this are the intensity changes of quantum-well stateslerived features located at BE’s of about 6.2, 4.85, 3.8, and
that we observe. Quantum-well peaks characteristic of 8.3 eV. The main features, with BE's of 4.85 and 3.8 eV,

Binding Energy (eV)

[ll. RESULTS FOR Au /W(110
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have maximum intensities at coverages corresponding to &teplike character of intensity changes which are presented in
ML of Au. Beyond 1 ML, their intensities decrease and theyFig. 2(b) for the main features in the spectra noted above.
practically disappear. Further deposition of Au up to 2 ML is Each feature assumes an intensity maximum when formation
followed by appearance of a pronounced feature at abo@tf AU monolayer is completed. The notation of the main
3.0-eV BE and a series of weak features of BE’s of 4.6, 4.0Mmaxima in Fig. Zb) corresponds to that presented in Fig. 1.
and 2.7 eV. A feature at about 8-eV BE appears in the spectri/® could distinguish small changes of intensities of some
between 1 and 2 ML of Au and does not change its positior]€atures up to 7-9 ML of Au. From an analysis of the BE
up to at least 15 ML, which is the largest thickness studied ifP€havior presented in Fig(@, we can again see that after
the present work. The feature at 3.0-eV BE has an intensit§l€POsition of 5-ML Au the energy changes appear to be
maximum at 2-ML thickness. Beyond 2 ML, it disappearsrather continuous. Still, we can distinguish features that ap-
abruptly from the spectra. Deposition of the third Au mono-Proach the edge of the Asp valence band from those weak

layer is followed by the appearance and growth of a Stroné;eatures(marked as crosspthat tend toward the edge of the

feature of 2.5-eV BE which in tumn disappears during”U d band. , ,
completion of 4-ML Au thickness. Simultaneously with this, _SuPerimposed on the experimental results, Fig) 2
the formation of a feature at 5.5-eV BE can be clearly c)b_shows data o_btamed f_rom the extended-phase-accuml_JIatlon-
served for coverages in the range of 3 ML. As to the othefM0de! analysis as horizontal bafer Au spstates and solid
features that are observed in the spectra, deposition of up ffluares and diamonder Au ds andd, states, respectively
4-ML Au is also characterized by a continuous shift of all of | nese data will be described and discussed in Sec. V.
the observed features toward the Fermi level. An increase of
the Au thickness up to 4 and 5 ML is followed by the for-
mation of pronounced features of 2.2- and 2.0-eV BE's, re- Figure 3 shows an analogous series of normal-emission
spectively. spectra of various Au thicknesses deposited ont( 1

On the basis of the data presented, we conclude that aprecovered with a Ag interlayer of about 1-ML thickness.
most all of the features formed up to 5-ML Au coverage areThe spectra corresponding to formation of the first Au mono-
characterized by abrupt changes of their BE's and by intentayers are marked on the left side of the spectra. In the bot-
sity maxima which are reacheds will be seepjust during  tom of the figure the spectrum corresponding to the initial
formation of each new Au monolayer. The positions of thesystem of 1-ML Ag/W110) is presented. The spectrum is in
features corresponding to formation of 1, 2, 3, 4, and 5 MLagreement with the one for 1-ML Ag/\¥/10) of our previous
are marked in Fig. 1 by vertical lines—solid and dotted lineswork 2° The peaks related to Ag are located around 4—5-eV
are forsp- andd-type states, respectively. The labels gr ~ BE. The W-derived features are situated at BE's between 0.5
states are of the forrisp;, wherei denotes the number of and 2 eV. Upon Au deposition the Ag- and W-derived fea-
deposited monolayers andthe quantum number of the tures are weakened, and eventually disappear from the spec-
QWS, whereas the labels fdistates are of the fornd, with  tra. At 2-ML total (Au+Ag) thickness the spectra are al-
k denoting the symmetry for the parent bulk band, i.e., 1 forready very similar to those observed for 2-ML Au(Y¥0).
Ag, 2 for Ay s, 3 forAg, 4 for Ag, 5for Ay s, and 6 for  However, now the binding energy of the pronounced feature
Ag. in the spectrum is about 3.2 eV and the features in the region

At higher Au coverages we can no longer distinguish theof 3.5—-4-eV binding energy are absent. Before, however, at
steplike changes in BE due to the small energy differencethe initial stages of Au deposition, obviously during comple-
between QWS’s of successive layers and the concomitanion of a total first monolayer, weak features with BE's of
difficulty to resolve these differences. As a result of this,about 4.8 and 3.8 eV can also be observed. Deposition of a
further Au deposition leads to seemingly continuous shift ofthird total (Au+Ag) monolayer leads to disappearance of the
the observed features toward lower BE up to the edge of théeature at 3.2-eV BE, and is followed by growth of two new
Au sp band, which corresponds to about 1-eV BE in thepronounced features located at BE’s of about 5.4 and 2.6 eV.
I'(A)L direction. Nevertheless, we can, at least up to 15 ML,Further deposition of Au up to 4- and 5-ML total (AuAg)
observe well-developed structures in the spectral intensityhicknesses is characterized by reduction of the features
due tosp-band statesgat least three peaks at BE's of 1, 1.4, noted above and growth of features located at BE's of 2.2
and 1.8 eV. In addition to this, we can distinguish a series ofand 2.0 eV, respectively. Similarly to the pure AuANO)
weak features at higher Au coverages which are successivelystem, upon further Au deposition we can no longer distin-
shifted towards lower BE’s. These features appear in the erguish the steplike changes of BE'’s. Increasing the thickness
ergy region of Aud states, i.e., for BE’s between 2.2 and 3.5 of deposited Au, the peaks are rather continuously shifted
eV, and shift with increasing thickness up to the edge of theoward lower BE’s up to the edge of the A states. Nev-
Au dband(i.e., 4.7 eV fords, 2.9 eV fordy, and 2.2 eV for  ertheless, at thicknesses of about 10-12 ML we can clearly
ds at theL point). distinguish in the region of Agp states, i.e., above the Ali

These energy shifts are summarized both forspuand  band edge, two well-developed peaks which can be de-
d-derived features in Fig.(d) in a plot of binding energy vs scribed as QWS’s oép character. Besides this, at higher Au
Au deposition time. Here, open circles are for the main feacoverages a series of weak features can be distinguished
tures, and crosses are for the weak structure observed in thisimilar to the case of Au/M110)] with BE’s located within
region ofd states. In addition, the deposited Au thicknéas the energy range of the Ad valence band. Two diagrams
monolayers is given at the top of Fig. (@). Note the sharp show the changes of energy positions upon Au deposition

IV. RESULTS FOR Au/1-ML Ag/W(110
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[Fig. 4@] and the corresponding intensity changes of thewe will ascribe(in the discussion belowto formation of Au

main feature$Fig. 4(b)]. The total thickness of the overlayer d-derived QWS’s. In other words, in the case of the Au/Ag/

(Au+1MLAg) is given (in ML) in the upper parts of the W(110 system, in the initial stage of Au deposition practi-

figures. As in Fig. 1, open circles mark main features, crossegally only QWS'’s of Ausp character are observed.

mark the series of weak features in the Awenergy range, In Fig. 4(a), for comparison, the data obtained on the

and the notation also corresponds to the one used in Fig. basis of the extended-phase-accumulation-model analysis are
In Fig. 4a), we can clearly distinguish the steplike char- also shown by horizontal bars and solid squares and dia-

acter of the BE changes in the initial stage of Au depositionmonds. These data will be described and discussed below.
Moreover, analyzing the variations of their intensities we can

easily identify the completion of each new monolayer from

the maxima of the corresponding photoemission features in  \, exTENDED PHASE ACCUMULATION MODEL

the same way as has been done for the AUAD) system.

Note, however, that Au/Ag/\ML10) (see Fig. 3is, in contrast The observations made for both systems A% and

to Au/W(110) (see Fig. 1, characterized by the absence of Au/1-ML-Ag/W(110), i.e., that normal-emission photoelec-
several peaks at the initial stage of Au deposition. These arkon spectra showi) a number of pronounced features at the
features that appear in the region of thed\band and which initial stages of growth, the BE’s of which change in a step-
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Au/1MLAg/W(110) substrate gap, standing electron waves which are responsible

: . : for formation of QWS'’s are not fully confined. These effects
are so large that we already have to account for a modifica-
. tion of the phase shift upon partial reflection at the interface
due to the influence of the substrate electronic strucflre.
Second, in comparison to classical QWS's, the ones formed
- in the present systems are characterized by significant degen-
eracy of Auspand Aud states. This holds especially for the
] initial stage of Au deposition, when both kinds of states have
to be situated in exactly the same energy region.

For analysis and interpretation of the observed QWS's we

] used the extended phase accumulation model, which was
first described in Ref. 30, and was successfully applied to
QWS'’s formed in the system Ag/\¥10). The main equation
] of the extended phase accumulation model consists of the
one used in the conventional phase accumulation notfel
plus an additional ternd® ., responsible for the phase-shift
. changes related to scattering at substrate states outside of the
substrate energy gap. In this case, the equation acquires the
form

PE hv=62.5eV
Total

(Ag+Au)

thickness

Intensity (arb. un.)

®B+®C+2kd_q)scan:2ﬂ'n, (1)

where®g and® . are the phase shifts related to reflection at
the surface barrier and at the interface, respectivelykasd

. the wave vector of an electron propagating in an overlayer of
thicknessd. Expressions fobg and @ are usually taken
from Refs. 12 and 31

®g/m=[3.4 eVIEY —E)]Y2-1, 2
ML AGW(110) B [ (EV—E)] (2

) A ) ( ) A ) ( ) N_ | where EY, is the vacuum level andE the electron energy

10 8 6 4 2 0 measured from the bottom of the inner potential. Wif
Lo andE, denoting the upper and lower edges of the substrate
Binding Energy (eV) energy gap, respectivel{. is expressed as
FIG. 3. Same as Fig. 1 for Au on @10 precovered with a ® =2 arcsifi(E—E,)/(Ey—E,)]¥2— 7. 3)

monolayer-thick Ag interlayer. Quantum-well statesspftype de-

velop throughout the Au/Ag overlayer, and are almost indistinguishq; the term &d we use the formula
able from Fig. 1, whereas formation of Aditype quantum-well
states is inhibited at low coverages. 2E
2kd=2kagN=2 arcco%l— ﬁ) N, 4)

like way, (ii) a series of periodically arranged features for Au vt

coverages from 5—6 ML up to high Au coveragasleast 15  with E}, and E} for upper and lower band edges of the
ML), and (iii ) continuous shift with thickness towards the overlayer,a, for the thickness of one adsorbed monolayer,
edges of Ausp and Aud bands, are similar to those from andN for the number of adsorbed monolayers. This expres-
classical QWS'’s formed on various substrét®$,>~*°and  sjon has been obtained on the basis of the formula used in
consequently one expects that they also can be interpreted fRe  tight-binding-model for the simplest linear chain
the framework of corresponding QWS models. However, ingpproximatior®>°

contrast to classical cases of QWS's, which typically form

inside of an energy gap of the substrate electronic structure, E=—0.5E}—E})(1+coskd), (5)

for the systems investigated in the present work the energies

where QWS'’s are observed largely cover the energy regiowhich can be well applied in the monolayer limit of over-
outside of the W110 energy gap. For comparison, see thelayer thickness.

corresponding valence-band electronic structures along the The dependencies of the terndsg, ®., and XagN
surface normal for A(L11) and W(110) in Fig. 5@ shown in  characteristic of the Agpstate and two upper Ad states are
theI'L andI'N directions, taken from Refs. 36 and 37, anddisplayed in Fig. &) for the first and second Au
Refs. 33 and 34, respectively. There are two consequencesonolayers® Here also the main energy parameters are pre-
for the analysis of the present data that are readily apparesented for the Au and W valence bands aldigl]| and
from Fig. 5a): First, in the energy region outside of the [110], respectively, i.e., the values for valence band edges

075403-5



SHIKIN, RADER, PRUDNIKOVA, ADAMCHUK, AND GUDAT PHYSICAL REVIEW B 65 075403
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and the vacuum level. These values are taken from Refs. 3€ional phase shift related to partial scatteringsgt states™

37, 41, and 42 for Au and Refs. 33 and 34 for W. In Fig. 5b), the experimental phase-shift changes across this
energy range are shown by open circles. This phase shift has
VI. APPLICATION TO EXPERIMENTAL DATA been determined experimentally on the basis of observed

BE's of sp QWS's[see Eq(3) of Ref. 2§.

First of all, we can see that in the binding-energy region

. . between 3.3 and 1.2 eV this experimental phase shift differs

gg;ﬁ?gligjg_agg dzd%sm.ei]%g%pi;?%pétsrizgdrzggzg:\%slyfrom the phase shift of the conventional phase accumulation
As 32-symmetry states appear between 3.3 émd 1.2 eV, amodel (Pt dc—2mn). This s just the region oE  states
absolsutez gap opens between 6.3 and 3.3 eV. In this ene,rg see the dash-dotted lines in this regiowe found that the
range, electrons are fully confined to the Au overlayer. OrEXPerimental phase shift can best be approximated by the
the other hand, as symmetry rules state thatsplQWS's following ch0|c?s ofd)sgatg (i) Zero in the range of_ thelab-
can couple only t&® ! substrate staté6?® (we assume that Sclute= gap (35 and; gap, i.e., 6.3-3.3-eV BEie, in
in the Au overlayer in the energy region of 3.3—2.0 eV can0f just ®g and®c. (ii) An expression according to E¢h)
also be reflected at the interface with W, but with an addi{with N=1; see the dashed curve from 3.3 to 1.2 eV in Fig.

As we can see, the W10 valence-band structure in the
region of QWS formation, has an energy gap§b§‘ states
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H o rotson A TN states T § It becomes apparent from this comparigenFigs. 2 and

; 2K, __ ol N 4) that good agreement is reached for both systems Au/

Wity P et C W(110 and Au/1-ML-Ag/W(110 and all Au coverages in-
Ausp) X vestigated. Not only are Asp-derived states well described
P I AN R S R I R but also QWS’s corresponding to the upperdhbands. This

[ 1 ¢ 1

9 8 7 6 -5 -4 3 2101 2 3 4 5 fact is important, since it permits us to unambiguously assign

QW peaks to their orbital charactesp andd). For example,
Energy rel. to E_ (eV) the intense peak at a comparatively high BE of 4.8 eV that

appears for 1-ML Au can be assigned to smtype QWS,
FIG. 5. (3) Bulk band structures of Ad11) gnd 110 taken . whereas features at lower BE's, e.g., at 3.3 and 3.8 eV, are
from Refs. 36 and 37 and 33 and 34, respectively. The presentation_ - d tal dd, OWS's of the A |
is such that the vertical direction in the figure is normal to the film assigne s andd, Q S Of the Au monolayer, respec-

i . tively.
plane.(b) Phase accumulation model for the first two monolayers .
N=1 and 2. Open circles are experimentally determined values for 'Ncréase of the Au layer thickness up to 2, 3, 4, and 5 ML

the phase shift. As an example for the graphical solution of(Bq. corresponds to the formation of QWS's of Ap character

only selected intersections of the phases accumulated under prop§ith BE's of 3.0, 2.5-2.6, 2.15, and 2.0 eV, respectively.
gation and due to scattering are marked. These features reach maximum intensities right at these in-

teger thicknesses. For Au/1-ML-Ag/M/10), the QWS's ap-
5(b)] in the 3.2 range inside the region of theg gap(3.3—  pear practically at the same BE’s. Only for 2 and 3 ML of Au
2.0-eV BB. (iii) A simple constant dependence in the regionfor the Au/Ag/W system, the corresponding BE’s have
of both 3% and 32 states(2—1.2—eV BB.*° The resulting slightly higher values3.2 and 2.7 eY. Generally, the differ-
energy dependence @bg+®-— D 270 IS shown in  ences of BE’'s ofsptype QWS'’s between the two systems
Fig. 5b) by broken lines fom=0 andn=1 (i.e., shifted vanish with increasing Au thickness.
upward by 27). The contributions of the phases accumulated Besides the main Agp QWS'’s withn=1, branches with
under propagation through the adsorbed layled=22kagN n=2 and 3 can also be well distinguished. For the energy
is also given forN=1 and 2 for the Ausp band and two region outside of the Ad band, i.e., for BE’s lower than 2.2
upper Aud bands. The intersections between the curves mereV, the three branches of the Ap-derived QWS’s states are
tioned have been marked by thick vertical ticks. These araicely visible. These branches are marked in Figs) and
the graphical solutions of Eq1), and determine the BE's of 4(a) assp,, Sp,, andsp;, and are well described by ex-
corresponding QWS'’s. In Fig. 6, the same curves are pretended phase accumulation models both for A@WY® and
sented for up to aboutl=7 ML. Also, the energy scale has Au/1-ML-Ag/W (110 systems. Branches with higher values
been zoomed so that the phasdsdZan easier be distin- of n have not been observed, probably due to the limited
guished forsp (solid lines, d, (thin solid lines, andds  overlayer thickness of about 15 ML and, as a consequence,
(dashed lines The vertical ticks marking the intersections their overlap with Aud states.
are thick for Ausp states and thin for Adl states. These are The extended phase accumulation model assigns the se-
also the energies that have been introduced into Figg. 2 ries of weak features with BE’s beyond 2.2 ¢&fosses in
and 4a) for comparison with the experimental result®ri-  Figs. 2a) and 4a)] to Au ds QWS’s withn=1, 2, 3, 4, and
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5. These states correspond to upperdiustates located in  QWS's for Au/M{(110)]. Such a dispersion to higher BE with
the energy region between 2.2 and 3.8 eV. Predicted BE’s foincreasing emission angle was already noteddfstates of
Au ds QWS's from our model are shown in Figs(a2 and  noble metalgfor Cu/Cq100), see Ref. 48 Together with
4(a) by solid squares, and are marked by the quantum numeur finding of dispersion to lower BE’s of thesp, and 3p,
bersn=1, 2, 3, 4, and 5. There are some photoemissiorpeaks, characteristic 8 QWS’s, a dispersion to higher BE
features which can be described as éwderived QWS'’S, can be taken as further indication for character of the
among these the 3.8-eV feature for 1-ML Au. We preseniQwsS’s in the present systems.
extremal BE changes of Ad,-derived QWS's, i.e., BE's of We readily see that for thicker overlayef3.5 ML for
the corresponding main features, by solid diamonds in Figsau/W(110 and 3 and 8 ML for Au/1-ML-Ag/W110)],
2(a) and 4a). wheresp-derived QWS’s, appear outside of the Auband,
Note that the observation of several branched-dérived  je., at BE’s lower than 2.2 eV, thesgtype QWS’s show a
QWS's is an important experimental result. To our knowl-pronounced angle dispersion toward lower BE’s. In addition,
edge this is practically the first timé-derived QWS's are thick overlayers display the dispersion of the surface states

properly accounted for. In an early work on the same systemsf Au(111). This behavior typical ofsptype QWS’s was
Au/W(110), a number of peaks were observed in A0 measured for a number of Ag and Cu QW

up to 8-ML thickness; however, they have been assigned tgystems:*16:19.2042:4443n in some cases the dispersion was
spstates?® In the present work we can clearly distinguish the followed for large off-normal angles where it turns back to
asymptotic behaviors of Awsp states(a trend toward the higher BE's?>** This behavior has been assigned to hybrid-
edge of thesp band at 1-eV BE from the ones of Auds  jzation between QWS’s and substrate-derived stRt&SIn
states(trend toward 2.2 e)/ In fact, almost all of the peaks our data, we have a large number of states and thicknesses,
reported in Ref. 28 are now assignedddype QWS’s via  and can therefore discuss the QWS dispersion depending on
Figs. 5 and 6. thickness and energy range of QWS's.

There is another observation from the comparison of the As for Au sptype QWS’s, we observe a flattening of dis-
systems Au/WL10 and Au/1-ML-Ag/W(110: in the latter  persion with increasing BE’s. This is not typical of classical
the intensity ofd-type QWS's is substantially lower, espe- QWS's (see, e.g., Refs. 14, 16, and)1¥he change in dis-
cially in the first stages of Au deposition. See, e.g., the SP€Cersion of QWS's around is usually describgd20:42:4445
tra for 2-ML total (AutAg) thickness in Fig. 3: the features \.ith an increased effective mass*, and assigned to en-

with BE's between 3.5 and 4.5 eV and the feature withyanceq hybridization with more strongly localized states of
2.7-eV BE are practically absent. However, QWS's we 1o substrate for thinner filnfé.
observe well-pronounced peaksee Zp,, 3sp;, etc). On the basis of the present data, the increase of the effec-

Sincesp-derived quantum-well states appear to be well de+jye mass can be connected to the hybridization between Au
veloped in both systemsas do d-derived quantum-well g, anq Aud states, which is expected to increase wisen

states for larger thicknegst appears likely that differences  yqrived QWS's are located in the region of the Atband

in the electronic structure, e.g., between the energies @ AU 41 is here for low Au coverages. In more detail, we see that
and Agd states, cause this behavior. In view of the similarity 5; 5\ (Fig. 7), the 3p, state at the upper edge and almost
of Au 6sp and Ag S5p wave func,:t|ons and energy ranges, o side of the Aud band disperses much more strongly than
the formation of common QWS'’s characterized by a totakyo 3sp, state, which is completely degenerate with Au

(Au+Ag) thickness can be expected, and such commoR,ies Moreover, the dispersion of thegs state(Fig. 8) is

quantusm-well states have been observed for Cu andsigi 4 o yery different from the one of thesp, state at the same
states” The present work indicates that in the same SySten&inding energy, but has a weaker dispersion than thp, 8
where formation of sp-typQWS's occurs throughout the a6 further up in energgasically, all states outside of the

Au-+Ag film, the formation of standing waves of miald A, 4 range have a much smaller effective mass than the ones
andAg d character is inhibited inside.

VII. DISPERSION WITH k

For an experimental analysis of the nature of the observed VIIl. CONCLUSION

QWS'’s we carried out additional measurements of the dis- on the basis of our experimental data, and from our

persion with the electron emission angle, ilg., along the  analysis using the extended phase accumulation model, we
[110] direction. We studied several thicknesses, and the rearrive at the following conclusions.
sults are displayed in Fig. 7 for Auf10) (thicknesses of 1, (1) Deposition of thin layers of Au onto the W10 sur-
2.5, and 3.5 Ml and in Fig. 8 for Au/1-ML-Ag/W110)  face, with and without a monolayer-thick Ag interlayer,
(total thicknesses of 2, 3, and 8 ML leads, in normal-emission photoelectron spectra, to the oc-
First, we want to discuss the assignmentspfand d  currence of a series of distinct peaks in the energy region of
states. We see, e.g., for 3.5-ML Au(iM0), a strong para- Au sp and Aud bands. These can be described as QWS's,
bolic behavior of the 8p, state at 2.5-eV BE, whereas the which shift toward lower BE’s with increasing Au thickness.
3ds state at the same thickness and BE shows a very flait the initial states of depositioitd—5 ML of Au), BE'’s
dispersion. At higher BEgd-type QWS's are even character- abruptly change, indicating the formation and completion of
ized by a dispersion toward higher BE'see 1, and 1ds;  individual Au monolayers. For larger thickness@syond
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FIG. 7. Angle dispersion of quantum-well states derived from  FIG. 8. Same as Fig. 7 for the system with Ag interlayer. The
photoemission spectra of Auf10) for thicknesses of 1, 2.5, and total thicknesses studied were 2, 3, and 8 ML.
3.5 ML. Quantum-well states ad character can be identified by
their flat dispersion. In addition, the influencesgfd hybridization
inside the Au film influences the dispersion gftype quantum-
well states.

brancheq(i.e., states fon=1, 2, and 3 of Au sp,-derived
QWS'’s and 4-5 branches of Ads-derived QWS’s. For
1-2-ML Au, we also observe Ad,-derived QWS's.
5-6 ML), the behavior with thickness resembles a continu- (5) Analysis of dispersion witlk, aroundl’ shows a pro-
ous shift. This shift approaches the lower band edges of theounced parabolic behavior toward lower BE for the gy
Au sp and Aud bands, respectively. derived QWS's, and dispersion toward higher BE’s for Au

(2) QWS’s in both systems, Au/\¥10 and Au/1-ML-Ag/  d-derived QWS's. This conclusion, applied to the observed
W(110, are characterized by approximately the same BEQWS's, confirms their assignment based on an extended
values, provided one characterizes the states by a totphase accumulation model. Moreover, the effective mass of
(Au+Ag) layer thickness. QWS's is rather determined ksp-d hybridization within the

(3) Detailed analysis shows that energy positions and theioverlayer than at the interface.
behavior with thickness can be well described in the frame-
work of the extended phase accumulation model. The model
requires a consideration of the phase shift caused by a partial
scattering of electrons at substrate bulk states, in the present This work was performed in the framework of a collabo-
case these are \E/é states in the energy region of the Ap ration program between St. Petersburg State University and
and Aud-derived QWS's. The agreement reached in this wayBESSY, and was supported by the Russian Fund of Funda-
is good for both systems investigated. mental InvestigatioriProject 01-02-17287and the program

(4) Our model analysis is essential for the assignment of Surface atomic structures.” G. V. P. thanks BESSY for fi-
the large number of peaks observed. We distinguish threeancial support.
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