PHYSICAL REVIEW B 72, 235418 (2005)

Experimental and ab initio study of the structural and electronic properties of subnanometer
thick Ag films on Pd(111)

V. Miksi¢ Trontl
Faculty of Electrical Engineering and Computing, Unska 3, HR-10000 Zagreb, Croatia

1. Pletikosi¢, M. Milun, and P. Pervan®
Institute of Physics, P.O. Box 304, HR-10000 Zagreb, Croatia

P. Lazi¢, D. Sok&evié, and R. Brako
Institute Ruder Boskovi¢, P.O. Box 180, HR-10000 Zagreb, Croatia
(Received 2 September 2005; revised manuscript received 26 October 2005; published 16 December 2005)

We present a combined, experimental, and computational investigation of the growth mode and the valence-
band structure of Ag/Pd(111), with the focus on the Ag 4d derived quantum well states. Low-energy electron
diffraction and scanning-tunneling microscopy are used to determine epitaxial, layer-by-layer growth of silver
on the palladium substrate. High-resolution (in both energy and angle) photoelectron spectra and ab initio

density-functional band-structure calculations are compared for 1 and 2 ML silver films along the T—M' high
symmetry line of the surface Brillouin zone. The observed d-derived electronic states and their dispersion are
explained in terms of quantum well states. The interaction of the silver 4d electronic states with the palladium

substrate is discussed.
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I. INTRODUCTION

Growth of metal ultrathin films on top of metallic surfaces
can lead to virtually decoupled electronic systems of the film
and the substrate. Partial energy gaps or just different sym-
metry of electrons in the overlayer with respect to those in
the substrate at the same energy will lead to confinement of
electrons within the film. These stationary states, known as
quantum well (QW) states have been observed in a large
number of metal-on-metal systems.'?

The s-p derived QW states have been reported for many
systems,'? while study of the d-derived QW states is less
common.®>~® The spectroscopy of d-QW states is hampered
by the fact that already for a few monolayer thick films there
are dozens of states that are localized in a narrow energy
range, i.e., the energy window limited by the overlap of the
film d-band width with the substrate energy (or symmetry)
gap. High energy resolution spectrometers are required to
resolve, at most, just a few of individual QW states. One of
the early detailed analyses of the electronic properties of
Ag-4d was reported by Tobin et al. for the well-known
(10X 2) silver monolayer film on Cu(100).>'© A develop-
ment and dispersion of the 4d bands in Ag(111) monolayers
deposited on different metal and semiconductor surfaces
were studied by Shapiro et al.!' The d-QW states of Ag films
on metallic substrates were reported for W(110),> Fe(100),%
V(100),” Ta(110),'2 and Cu(100)'3>1* surfaces.

Silver and palladium both have fcc structure, with bulk
lattice constants of 4.09 A and 3.89 A, respectively. It has
been found that at room temperature silver forms on a Pd
surface perfectly ordered layer without any interdifusion!3-!7
at the interface, which is essential for the formation of QW
states. On the other hand, palladium and silver alloy at all
concentrations. X-ray appearance near-edge structure
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(XANES) and x-ray-photoemission study of Ag-Pd alloys
have shown'8 that, due to the alloying, both constituents (Ag
and Pd) gain d-charge and lose charge of s and p symmetry.
However, it is not clear if relaxation effects have been prop-
erly taken into account. Steiner and Hufner!® applied the
Z+1 approximation to analyze Ag,/Pd,_; alloys and have
found that relaxation effects on Pd components dominate the
Ag 3d-level shifts. Previous LEED measurements have
shown that silver grows on (111) surface of palladium epi-
taxially, layer by layer.?’ Significantly lower surface free en-
ergy of silver (111) surface (0.62 J/m?) with respect to
Pd(111) (1.22 J/m?) is the main driving force for the layer
by layer growth. In-plane lattice constant of silver in bulk
Ag(111) is 0.289 nm which is by 5% bigger than the corre-
sponding lattice constant of Pd. This small mismatch has an
observable influence on the growth of silver layers; on one
hand it is small enough for the silver to grow in registry with
the palladium surface, and on other hand the photoelectron
diffraction and low-energy electron diffraction (LEED) mea-
surements have shown that silver overlayer film has fcc
structure with a stacking fault between the first and second
silver layers.? It has also been shown that the silver film
structure is temperature dependent.?! Exploring the fact that
surface states reflect a growth mode of the overlayer film, the
two-photon spectroscopy of the image states was used?! to
characterize the structure of the silver layers. It has been
found that the silver monolayer retains a sharp interface with
palladium surface up to 370 K. Above this temperature, the
alloying process starts and, when the film is annealed up to
670 K, a homogeneous surface Ag-Pd alloy is formed. An-
nealing at temperatures above 900 K recovers clean Pd
surface.?!

In this paper we present experimental and computational
investigations of the valence-band structure of Ag/Pd(111)
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with the focus on the development of the Ag-4d bands. We
use LEED and scanning-tunneling microscopy (STM) to
characterize the substrate surface as well as the structure of
the films. High-energy and -angle resolution photoelectron
spectroscopy (ARPES) provides direct information on the
energy-momentum dispersion of the electronic states in the
valance band of the films. The ab initio calculations of the
Ag/Pd(111) system were performed in the density-
functional theory (DFT) approach. Comparing the experi-
mental results to the theoretical calculations, we show that
the electronic structure of the Ag-4d bands around the center
of the surface Brillouin zone can be understood in terms of
QW states (bands). We could also explain dispersion of the
Ag-4d bands for 1 and 2 ML Ag films. Comparison to the
calculation for the unsupported Ag films suggests that the 4d
bands in 1 and 2 ML thick silver films are only weakly
perturbed by the palladium substrate.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The experiments were carried out in an ultrahigh vacuum
chamber with the base pressure in the range of 10~% Pa. The
chamber was equipped with STM?? and rear-view LEED.
For the photoemission experiments we used a Scienta SES-
100 hemispherical analyzer which simultaneously collects
photoelectrons at a range of energies (in this experiment
typically around 5 eV) and angles (around 12°) and a dis-
charge lamp as an excitation source. The ultimate instrumen-
tal resolution of the analyzer is around 5 meV, whereas in
this experiment the estimated energy resolution was around
25 meV. The binding energies could be read from the pho-
toemission spectrum with an uncertainty of +0.01 eV. The
angular resolution was around 0.2°. The He I (21.2 eV) and
Ne I (16.8 eV) photons were used for excitation in photo-
emission spectroscopy experiments. The polar angle was

changed by rotation of the sample along I'=M' (positive
polar angles) and partly along the I'—=M surface symmetry

line (negative polar angles). The M’ edge is reached by
21.2 eV (16.8 eV) excitation energy at a polar angle of 45°
(55°), respectively. The experiments were performed using
two sample holders. The one for the photoemission experi-
ments allowed cooling and heating of the sample in the tem-
perature range between 150 K (obtained by a Leybold He
cold head) and 1200 K (obtained by resistive, direct heating
by thin tantalum wires). All photoemission spectra shown in
this work were taken at 150 K substrate temperature. The
sample holder specially designed for the STM measurements
did not allow cooling, only heating (up to 1200 K), and
therefore all STM measurements were performed at room
temperature. Palladium crystal of nominal purity of 99.99%
was oriented with the precision of 0.1° and mechanically
polished. Further cleaning of the crystal was performed in
the UHV chamber. We used palladium single step height to
additionally calibrate STM vertical resolution in this experi-
ment. The step height was set to be 0.23 nm. Silver films
were prepared by resistive heating of a tungsten basket filled
with pure silver. The deposition rate was adjusted to be
0.2—1 ML/min.
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The ab initio calculations were performed in the density-
functional theory (DFT) approach, using the DACAPO com-
puter code. We used periodic boundary conditions in all three
spatial directions, modeling the Pd substrate by six hexago-
nal layers and a vacuum region of sufficient thickness, which
separates the periodically repeating Pd slabs. The details of
the method are described elsewhere.?® The lattice constant of
Pd was taken to be 0.399 nm, which is the equilibrium value
for our calculations of bulk Pd, and differs slightly from the
experimental value of 0.389 nm. This choice is necessary in
order to avoid the appearance of spurious stress in the mod-
eled substrate. The bottom three Pd layers were kept fixed at
bulk separation, and the top three layers of the substrate and
silver layers were allowed to relax freely in the direction
perpendicular to surface (z coordinate).

In calculating the electronic bands of ultrathin silver films
we have found the silver d states appearing about 1 eV too
close to the Fermi level when compared to the peaks ob-
served in the photoemission experiments. This deficiency of
the Kohn-Sham eigenstates of d orbitals obtained in density-
functional calculations of silver and other noble metals has
been known for some time.2* Furthermore, the calculated
silver 4d bands are spin degenerated because the calculations
do not include the spin-orbit coupling.

III. EXPERIMENTAL RESULTS
A. Clean palladium surface

The substrate Pd(111) surface was prepared by cycles of
Ar* sputtering followed by a flash to 1200 K and prolonged
annealing at 1000 K in the oxygen atmosphere (partial pres-
sure of oxygen was kept at 1X 107> Pa). The clean and an-
nealed Pd(111) exhibits a sharp (1 X 1) symmetry LEED pat-
tern while STM measurements show 50-150 nm broad
palladium terraces. Figure 1 shows the photoemission of the
clean and well-annealed Pd(111) as a function of energy and
electron emission angle in the form of an intensity gray-scale
map. For every 5°, a cut along the binding energy axis [cor-
responding to an energy distribution curve (EDC)] is shown
as well. The obtained EDCs are qualitatively identical to the
spectra obtained by Kang et al.,”® except that photoemission
peaks are narrower. This might be due to the combined effect
of a better analyzer resolution and lower substrate tempera-
ture. Namely, for the normal emission (NE), the width and
the height of the peak at 1 eV binding energy (BE) shows
rather strong dependence on the substrate temperature, indi-
cating that the electrons in the corresponding band couple to
the phonon excitations.

It is not a surprise that the palladium surface could stay
clean in the existing experimental condition for a longer time
without being significantly affected by the residual gas
adsorption.?® Even if the surface was slightly contaminated
by the adsorption from the residual gas the effects could not
be seen in the NE spectra. The effect of slight carbon mon-
oxide or hydrogen adsorption (main constituents of the re-
sidual gas in our chamber) could have been observed mainly

in the off-normal spectra, close to the M’ edge of the surface
Brillouin zone. If the sample is left for about 30 min at
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FIG. 1. Photoemission intensity gray-scale map of Pd(111)
along I'=M" high symmetry line. For each 5° of the polar angle, a
corresponding energy distribution curve (EDC) is shown as well.
Photon energy: He I line at 21.2 eV.

150 K, a new peak develops at binding energy (Eg) equal to
0.3 eV. At the same time there is a significant intensity
reduction of the peaks at the Fermi level and Ez=3.2 eV
(Fig. 2).

B. Ultrathin Ag films
1. LEED and STM

The films were deposited on the clean and annealed pal-
ladium surface at room temperature. For all film thicknesses
studied, our LEED measurements have shown a pseudomor-
phic growth of the silver overlayer.

Figure 3 shows a set of STM images of Pd(111) surface
covered with different amounts of silver (corresponding cov-
erage and the parameters of the STM are given in the figure
caption). A STM image of a clean and well-annealed Pd(111)
surface is shown in Fig. 3(a). The growth of Ag on Pd(111)
starts with the decoration of palladium step edges [see Fig.
3(b)] and continues with the growth of islands without a
preferential growth direction; although, some films appear to
be elongated across the terraces. In addition, a number of
small islands of a typical size 3—5 nm are dispersed over
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FIG. 2. Photoemission spectra of Pd(111) taken at a 35° polar
angle (a) immediately after the cleaning procedure, (b) 15 min later,
and (c) 30 min later.

palladium terraces [Fig. 3(b)]. These islands are not stable at
room temperature, and in the course of time (typically few
hours), they migrate across the terrace and eventually merge
with bigger ones. A similar pattern was observed for the 0.5
coverage with the only difference that the average size of the
islands increased (the corresponding STM image is not
shown).

At the coverage of 0.75 ML most of the silver islands
have reached the width of the palladium terraces and further
growth goes as a widening of the islands along the terraces
[see Fig. 3(c)]. At the nominal saturation coverage (1 ML)
most of the surface is covered with silver with the character-
istic fuzzy step edges [see Fig. 3(d)]. Only when the first
layer is completely saturated does the growth in the second
layer start [see Fig. 3(e)] again from the step edges. This
stage is characterized by a relatively large number of small
unfilled areas that run along the steps that are indicated by
arrows in Fig. 3(e).

Although the growth pattern in the second layer is virtu-
ally the same as in the first layer, there is one distinct differ-
ence. Namely, as Fig. 3(f) shows, when an island in the sec-
ond layer reaches the width of the terrace it continues to
grow across it, extending to the lower terrace where it pre-
sents the third layer. In this manner, growth of the third layer
starts before the second layer is completely saturated, indi-
cated by number of layers in Fig. 3(g). The further growth of
silver film is characterized by clear layer-by-layer growth
mode and overall increase of the terrace width. Figure 3(h)
shows that only occasionally can isolated islands form on top
of a flat silver terrace. From a number of independent STM
measurements on different parts of the surface, we have con-
cluded that the step height of the single monolayer silver film
is 0.25+0.02 nm, independent of the island size. The step
height of the second silver layer, with respect to the first one,
is 0.23+0.02 nm.

2. Photoemission

Figure 4 shows normal emission (NE) spectra of different
coverages of Ag on Pd(111) taken with He T (21.2 eV) pho-
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FIG. 3. STM images of Pd(111) covered with different amounts of silver. All images represent area of 116X 116 nm?, obtained using bias
voltage U=0.5 V and tunneling current I=0.2 nA. Images correspond to (a) clean Pd(111), (b) 0.25 ML Ag, (c) 0.75 ML Ag, (d) 1| ML Ag,

(e) 1.25 ML Ag, (f) 1.5 ML Ag, (g) 2 ML Ag, and (h) 3 ML Ag.

ton excitation energy. The NE spectra of a submonolayer and
monolayer Ag films are characterized by two peaks, at 4.21
and 4.48 eV, referred to as a and b, respectively [see Fig.
4(a)]. Figure 4(b) shows that the BE of both peaks is inde-
pendent of the silver coverage in the whole submolayer
range. A further increase of the silver coverage and growth of
the second layer induces several effects in the photoemission
spectrum [Fig. 4(a)]. There is a clear reduction of the height
of peaks a and b and their slight shift to 4.18 and 4.45 eV,
respectively. In the second layer we refer to these states as to
e and f. In addition, a new set of peaks (g—/) appear at 4.61,
4.84, 5.45, and 6.0 eV. With increasing Ag coverage, the
intensity of the palladium peaks decreases. Note, however,
the peak closer to the Fermi level is reduced more efficiently.
Despite the high-energy resolution of the analyzer, with a
further increase of the silver film thickness it is not possible
to distinguish individual states.

The photoemission spectra of multilayer silver films are
dominated by the spectral maximum at 4.84 eV. Also, there
is a shift of peaks i and j to 5.65 and 6.10 eV, respectively.
For the coverage equivalent to 7 ML, there are four states
associated with the silver 4d bands that could be observed
with 21.2 eV photon energy; the most prominent peak at
4.89 eV with the shoulder at low BE side (4.30 eV) and two
peaks of the same intensity at 5.65 and 6.10 eV. At this
coverage, the palladium valence-band peaks could not be
seen in the spectrum. The peak at the Fermi level is a silver
surface state, whereas the peak at 3.04 eV is probably a sat-
ellite induced by the 23.1 eV excitation energy.?”-?

Figure 5 shows photoemission intensity maps of the va-
lence bands of Ag/Pd(111) at 1 and 2 ML Ag coverage, for
different polar angles, taken with He I and Ne I excitation
energy. By using two excitation energies one may, on the one
hand, distinguish between bulklike states (they disperse with
changing photon energy) and two-dimensional [(2D), e.g.,
surface] states (they do not disperse with changing photon

energy), and on the other hand, gain some benefit from dif-
ferent excitation cross sections of electronic states at differ-
ent excitation energies. However, one should bear in mind
that the Ne I line is, in fact, a doublet (split by 18 meV),
which leads to some broadening when compared to the He I
spectra.

The most prominent features of the 1 ML intensity plot
around the center of the surface Brillouin zone (@=0°) are
silver states a and b, which disperse negatively [see Fig.
5(a)]. State a disperses through the whole range of polar
angles, from 4.21 eV at ©=0° to 4.65¢eV for ©=45°
(®=55° for Ne I).

The spectral intensity of state b decays rapidly between
0=10° to ®=15°. Another prominent feature of this 2D plot
is positively dispersing state ¢, which in the case of 21.2 eV
photon energy, starts to be clearly visible at ®=20° as a
high-energy shoulder of the peak corresponding to band a
and as a low-energy shoulder of the same state at @=25°.
Although the spectral intensity is rather weak, state ¢ can be
traced down to ®=5°, where the BE is estimated to be
5.20 eV. For He I excitation this silver band reaches the
minimum BE (3.50 eV) at the polar angle of ®=45°. The
band labeled d shows slight positive dispersion starting from
0=30°, where the corresponding photoemission maximum
can be identified at 5.20+0.03 eV. With increasing polar
angle, the peak associated with this band gains on the inten-
sity and shifts to lower binding energies and at the edge of
the Brillouin zone reaches 5.0 eV. This band is better re-
solved with 16.8 eV photon energy [Fig. 5(c)].

The 2 ML spectra are shown in Figs. 5(b) and 5(d). The
electron bands are indicated by letters e—m, consistent with
the annotation in Fig. 4(a). The Ne I spectra in Fig. 5(d)
show only a fraction of the bands that can be observed with
He 1. The set of bands e, f, [, k, and m is qualitatively very
similar to the set of bands a, b, ¢, and d associated with the
1 ML film [see Fig. 5(a)]. In the center of the Brillouin zone,
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FIG. 4. (a) NE spectra of Pd(111) covered with silver films of
different thickness (film thicknesses are indicated in the figure). The
peaks associated with electron states in 1 and 2 ML films are indi-
cated by letters (a—k) in accordance with the spectra shown in Fig.

5(b). (b) Same as (a) but only for submonolayer silver coverages: 0,
0.15, 0.30, 0.50, 0.70, and 1.0 ML.

bands e and f are shifted with respect to bands a and b to
lower BE by only a few millielectron volts. On the other
hand, at the edge of the zone, band k is at 3.35 eV, which is
by 0.10 eV a lower value than band ¢ has at the same point
of the zone (3.45 eV). At first glance it looks as if bands e, f,
and k disperse in the very same fashion as bands a, b, and c,
respectively. From the He I spectra it is not clear if band [
crosses bands e and f or if it folds back around ®=25° and
disperses as band e. However, from Fig. 5(d), it is clear that
band e in the first part of the Brilloun zone disperses nega-
tively and than changes the character and disperses posi-
tively as band /. Band j around at 6.05 eV in NE is flat up to
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®=30° [see Fig. 5(c)], whereas at higher energies it dis-
perses away from the Fermi level to 6.25 eV.

IV. CALCULATION OF STRUCTURAL AND ELECTRONIC
PROPERTIES OF Ag/Pd(111)

A. Structure of silver layers

This and previous experimental investigations have found
that silver films grow in registry on the Pd(111) substrate.
Since previous experimental results indicated that a stacking
fault takes place between the first and the second silver layer,
resulting in a twinned crystalline structure,?’ we have calcu-
lated various configurations of Ag layers on a Pd substrate,
both with and without a stacking fault.

First, we have taken the fcc palladium (in our calculation
this is six hexagonal layers of atoms stacked in the fcc AB-
CABC order) and added one to three layers of Ag continuing
the regular fcc ordering (e.g. ABCABC—AB), allowing the
relaxation. Next, we have calculated the structures in which a
silver layer (in particular, the second one) goes into the hcp
position, resulting in structures like ABCABC—AC, etc.

The calculated interlayer distances and adsorption ener-
gies are shown in Table I. The adsorption energy per atom is
around 2.84 eV for Ag atoms in the first layer, decreasing to
around 2.50 eV for Ag atoms in the second layer, and to
2.52 eV in the third layer. The energy is virtually the same
for the second layer adsorbed in “regular” fcc sites (AB) and
in the “wrong” hep sites (AC), i.e., with a stacking fault. The
slight preference of 0.4 meV for the regular structure is, in
fact, smaller than the expected accuracy of the DFT calcula-
tion.

In order to investigate the energetics of the initial nucle-
ation of the second silver layer, we have calculated configu-
rations in which, on top of a fcc Pd-Ag structure, there is an
extra silver atom at a 1/4 coverage, either in the fcc or in the
hcp threefold hollow site. We used a 2 X2 supercell along
the surface plane, with three sites in the last layer empty and
one occupied. We found that the adsorption energy is around
1.90 eV, which is about 0.6 eV less than the energy per atom
in the full silver monolayer. The adsorption of the Ag atom is
marginally favorable by 0.6 meV if it sits in the hcp instead
of the fcc site, but the difference is too small for an unam-
biguous interpretation. This difference is still too small to be
considered relevant for the growth mode, especially as the
STM images show that the third layer starts growing from
steps and not by nucleation on terraces.

We have also calculated the energies of 1-3 ML Ag films
with some other stacking orders, but those appear to have
less favorable energies. In particular, the structure where a
monolayer of Ag is already in hcp sites has an energy value
larger than that of the fcc Ag monolayer by around 8 meV,
effectively ruling out this mode of growth.

B. Electronic bands

In order to understand the electronic structure of ultrathin
silver films on Pd(111), we have first made calculations of
both the electronic bands of the palladium bulk and of un-
supported silver films.

235418-5



TRONTL et al.

Polar angle

Polar angle

5 4 3 2
Binding energy (eV)

1. Projection of bulk Pd states onto the Pd(111)

In Fig. 6, we show the calculated electronic structure of
bulk palladium along the (111) direction [see Fig. 6(a)] and
the band structure projected onto the surface Brillouin zone
(SBZ) for the (111) surface in the T'=M and I'—-K directions,
for around 30 values of k;;; [Fig. 6(b)]. We should point out
that in this picture the directions =M and T'-M’' are
equivalent.

PHYSICAL REVIEW B 72, 235418 (2005)

FIG. 5. Photoemission inten-
sity gray-scale map of 1 ML (a,c)
and 2 ML (b,d) of Ag on Pd(111)
measured along T'— M’ high sym-
metry line. The spectra are taken
with He I (21.2 eV) (a,b) and Ne I

5
Bindi

(16.8 eV) (c,d) excitation energy.
For each 5° of the polar angle, a
corresponding energy distribution
curve (EDC) is shown as well.

4 3 2 1 B
ng energy (eV)

At the T point of the SBZ, the d bands occur from just
below the Fermi level to 3 eV, and there is an energy gap in
the projected states from around 3 eV to just above 5 eV
below the Fermi level. The gap becomes smaller at finite
and closes around the half of the surface Brillouin zone.

2. Unsupported silver films

Figure 7 shows the results of our calculation for the elec-
tronic structure of unsupported two-dimensional hexagonal
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TABLE 1. Calculated step heights, interlayer distances (all in nanometers), and adsorption energies per
atom for Ag layers on Pd(111). For two and more Ag layers, both the regular fcc structure and the structure
with a stacking fault between the first and second layers (Ag; and Ag,) have been calculated. The Pd
substrate is modeled by six hexagonal layers with nearest-neighbor interatomic distances of 0.282 nm. The
clean Pd surface shows no appreciable relaxation, i.e., all distances between Pd layers are 0.230 nm.

2 ML Ag 3 ML Ag 4 ML Ag
with stacking with stacking with stacking

1 ML Ag 2 ML Ag fault 3 ML Ag fault 4 ML Ag fault
Step height 0.237 0.234 0.244 0.242 0.232 0.246 0.246
Agy—-Agy 0.244 0.243
Agy,—Ags 0.244 0.244 0.242 0.242
Agi—-Ag, 0.242 0.245 0.241 0.241 0.242 0.242
Pd;—Ag; 0.236 0.234 0.236 0.233 0.233 0.234 0.235
Pd,-Pd, 0.231 0.229 0.232 0.229 0.229 0.230 0.230
Pd,—Pd; 0.231 0.228 0.231 0.229 0.229 0.229 0.229
Pd;-Pd, 0.230 0.228 0.229 0.228 0.228 0.230 0.229
Pd,—Pds, etc 0.230 0.230 0.230 0.230 0.230 0.230 0.230
Adsorption 2.844 2.500 2.500 2.528 2.521 2511 2.511

energy (eV)

lattice of Ag atoms (i.e., one or two layers of Ag atoms with
vacuum on both sides). The interatomic distance of Ag atoms
was set to 0.23 nm, corresponding to the interatomic separa-
tion of Pd(111), along the high symmetry directions of the
BZ. In the case of single silver layer (full curves) narrow d

bands are located between 2.8 and 5.0 eV BE (at M point),
while the broad sp band starts from 6.3 eV and crosses the
Fermi level near the outer edge of the two-dimensional BZ,
hybridizing strongly with the d bands while crossing their

energy range. The symmetry of the states at the I' point
indicated in the figure was determined from the projection of
the calculated bands onto atomic orbitals, the z-axis being

perpendicular to the surface. Of course, away from the T
point only the broad separation into sp bands, easily recog-
nized by strong free electronlike dispersion, and narrow d
bands remains valid, and the symmetries within the d-band
manifold are not well defined.

Here we again mention that in our calculations of the
band structure of Ag films on various substrates the Kohn-
Sham d bands appear about 1 eV too close to the Fermi level

when compared to peaks observed in photoemission. This is
a known deficiency of the density-functional eigenstates of
silver and other noble metals,?* and we presume that is also
present in all calculations in this paper. Furthermore, our
calculations do not include spin-orbit splitting of silver
d-bands, which is easily observable in experiments.

The electronic structure of a similar two-layer hexagonal
structure, with such interlayer spacing that all distances be-
tween the neighboring silver atoms are around 0.23 nm, is
shown in Fig. 7 (dashed line). The bands look similar to the
single-layer structure, but their number increases. The simi-

larity is particularly evident around the I' point, where the
main effect is just the doubling of the number of bands.

3.1and 2 ML Ag on Pd(111)

In Fig. 8 we show the band structure of a monolayer and
two layers of Ag atoms adsorbed on a Pd(111) surface. The
thickness of the lines indicates the degree of localization of
the states on the adlayers, emphasizing the silver-induced
and interface states, which are most likely to be clearly vis-
ible in photoemission spectra.

-2 T T
- Pd(111)

Binding Energy (eV)

Pq(111)
Bulk projection

FIG. 6. (a) Calculated electron
structure of bulk palladium: (a)
Along kyy; direction and (b) pro-
jected onto (111) surface Brillouin
zone, for several values of k;q;.
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-2

Binding Energy (eV)

FIG. 7. Electronic eigenstates of unsupported single (solid line)
and double (dashed line) hexagonal layer of Ag atoms, along the
high-symmetry directions in the two-dimensional Brillouin zone.

The symmetry of 1 ML states at the I' point is indicated.

Comparing the energies of d bands in unsupported and
supported silver monolayer, we observe that the palladium
substrate has induced virtually no energy shifts in the center
of the SBZ. Only d,,, d,,,,, bands are pulled to slightly
higher binding energies. A rather weak influence of palla-
dium on the energies of d bands is present for two monolayer
film, as well. There is only a slight shift to higher binding
energies of the topmost d,,, d,, band. For both film thick-
nesses, the main features of the unsupported d bands away

from the center of the SBZ, along I'—M, are generally pre-
served. However, our calculation may underestimate the in-
fluence of the Pd substrate on the silver d bands. Namely,
because of the mentioned discrepancy of the binding energy,
which is too small by about 1 eV, a too-large portion of the
calculated bands lies in the energy gap of Pd at and around

the T’ point and is therefore completely decoupled from the
substrate bands, whereas, in reality, they exit the gap much
sooner.

A recent work” presented a discussion of the d-QW states
of Ag on V(100) in the light of the tight-binding calculations
presented in the paper and in several previous theoretical
studies. In that system, the d-QW states appear particularly
clearly in photoemission spectra because of the favorable gap
of states of the corresponding symmetry in the band structure
of V(100).

V. DISCUSSION
A. Structure and growth

Despite the 4.8% difference in the size of the silver and
palladium unit cells, silver grows in registry with the palla-
dium crystal lattice. A rather big difference in the adsorption
energies for a silver atom on palladium and silver monolayer
surfaces (2.84 and 2.50 eV, respectively) indicates good wet-
ting of the palladium surface by silver overlayer. Indeed, as
STM measurements have shown, silver initially grows by
preferential adsorption on palladium. Only when the first sil-
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FIG. 8. Electronic eigenstates of a (a) single and (b) double
layer of Ag atoms adsorbed on a Pd(111) surface, along the high-
symmetry directions in the surface Brillouin zone. The thickness of
the lines shows the degree of localization of the states near the
surface.

ver layer is completely saturated does the growth of the sec-
ond layer sets in.

A general pattern associated with the growth of the first
silver layer on Pd(111) is a dominance of large islands that
grow from the step edges and relatively small number of
scattered islands, which, in the course of time, migrate over
the surface and merge with the big islands. The growth of the
second and the third silver layer is almost exclusively real-
ized through the enlargement of small number of islands fol-
lowing the layer-by-layer mode. Since the silver adatom ac-
quires a substantial amount of energy adsorbing at the edge
of a silver island with respect to adsorption of an isolated
atom, the islands will expand irrespective of the number of
underlying silver layers. The consequence of such growth is,
as Fig. 9 suggests, that third silver layer will start to grow
before the second one is completed. Our calculations show
that the adsorption energy of third silver layer (2.53 eV) is
bigger than for the second one (2.50 eV).

Our experimental results do not provide any further argu-
ments if a stacking fault takes place between the first and the
second silver layers as it has been reported by Eisenhut et
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2ML Ag/Pd(111)

FIG. 9. Structural model of Ag/Pd(111) for the nominal cover-
age of 2 ML. Schematics indicates the growth of the third silver
layer before the second one is saturated.

al.®® Our calculations, however, indicate that the energy bal-
ance does not prefer fcc stacking with respect to hcp. Analo-
gous formation of a stacking fault between the first and the
second adlayer has been observed during Ag growth on
Pt(111) at room temperature, but the second layer reverts to
the fcc sites after annealing to 750 K.? In that system, fur-
ther Ag layers continue to grow in fcc stacking order with
respect to the first two Ag layers, i.e., with or without a
stacking fault depending on whether the second layer was
annealed. The stacking order of thicker Ag films on Pt(111)
is not changed by annealing.”” We must stress that the energy
difference between various configurations obtained in ab ini-
tio calculations of Ag on Pd(111) are very small and cannot
be regarded as a definite explanation of the growth mode. It
has been suggested that the occurrence of a stacking fault
between the first and second silver layers in the case of Ag
growth on Pt(111) is a consequence of the kinetics of the
adlayer growth rather than of a more favorable energy.”
When discussing the energy preference of the stacking orders
of silver atoms on Pd(111) one should bear in mind that the
present theoretical results are obtained assuming the adsorp-
tion of silver atoms on a flat surface. However, we know
from our experiments that the initial growth of each silver
layer is localized to the step edges. Thus, the second layer
starts appearing when the first layer on the upper step is
completed and extends over the silver monolayer on the
lower step. For the moment, both our experimental and the-
oretical results are insufficient to determine whether the tran-
sition over the step edge is regular or contains a stacking
fault. If the latter is true and the growth continues until the
layer is completed, the stacking fault (AC order of Ag layers)
is frozen since there is no simple kinetic path that converts
the whole layer into the fcc structure (AB). The third Ag
layer then grows in fcc sites with respect to the first and
second layers, which results in a ACB layer structure.

B. Electronic bands and photoemission

The electronic structure of ultrathin films is closely re-
lated to their thickness to that extent that it can be used to
estimate the number of layers of the overlayer film, provided
that the film has an ideal layer-by-layer growth. Fischer et
al.’® used two-photon spectroscopy to follow the growth of
Ag on Pd(111) by observing distinct image states associated
with different silver film thicknesses. In the same way as
QW states,’! these image states were used as a fingerprint of
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the completion of a particular layer. However, with the in-
crease of the film thickness, the difference between the states
becomes too small and the correlation between the image
states (their energy) and particular film thickness becomes
increasingly unreliable. On the other hand, in some cases as,
e.g., Ag/Fe(100), the s-p QW states show distinctively dif-
ferent patterns for films of different thicknesses even when
the films are as thick as 100 ML.3! In some cases, QW states
of d symmetry can be also used as a fingerprint of the film
thickness.” However, the number of d-derived QW states in-
creases with the film thickness in a such a way that, already
for a film several monolayers thick, it is very difficult to
resolve individual QW states and correlate their energy to the
film thickness. Photoemission spectra of Ag/Pd(111) is a
clear example of such behavior.

The symmetry of palladium states in I within the energy
range of 3 eV below the Fermi level [see Fig. 6(a)] is such
that silver s-p band can couple to the substrate states, and
therefore no QW states can be formed.3? Indeed, photoemis-
sion spectra do not show characteristic peaks associated with
QW states in this energy range. On the other hand, the en-
ergy gap between 2.8 and 4.8 eV around the center of the Pd
surface Brillouin zone partly coincides with the energy posi-
tion of the silver 4d bands. In addition, below the energy
gap, only states of o symmetry (s-p and d_,) exist. All this
contributes to the confinement of d-electrons in the silver
overlayer so that the electrons in this energy range will be
well localized within the silver film acquiring the character
of quantum well (QW) states.

The silver monolayer on Pd(111) is characterized by two
peaks in the normal emission spectrum that we attribute to
the d-derived QW states [see Figs. 4(a) and 4(b)]. The two-
peak structure in He I NE photoemission spectra of silver
monolayer has been observed on different metallic surfaces.*
The discrepancy between the number of observed photo-
emission peaks and expected and calculated d-derived QW
states can be explained by the influence of the photon energy
on the excitation cross section and the dipole selection rules
effective for the NE geometry.>3 The photoemission peaks at
4.21 and 4.48 ¢V are attributed to the spin orbit split d,, d,,
bands. The calculated energy of this band is, as already
pointed out, at a binding energy too small by 1 eV [see Figs.
7(a) and 8(a)]. The state with d,, symmetry, which is mixed
with the s-p states (the only symmetry besides d,,, d,, that
can be accessed by photoemission in the NE geometry??), is
not observed in the spectrum. However, the off-normal spec-
tra [Fig. 5(a)] suggest that the band ¢, which is clearly visible

only in the second part of the Brillouin zone, closer to the M’
point, disperses from the surface Brillouin center where the
corresponding photoemission intensity can be seen only as a
very broad high energy shoulder of peak b. It is possible that
the emission from the d_, state is responsible for this shoul-
der. The calculation points to this direction. As can be seen in
Fig. 8(a), the band d_. is further away from the Fermi level
than the d,,, d,, bands. The only point of discrepancy be-
tween the calculation and the experiment is the correspond-
ing BE of the state. If the calculated bands are shifted by
1 eV to higher binding energies, to account for the deficiency
of the DFT formalism for the d orbitals, the energy of sp, d.

2z

235418-9



TRONTL et al.

band, in the center of the SBZ, is 4.6 eV, whereas the esti-
mated position of the d, band in experimental spectrum is
5.2 eV. As already said, the fact that DFT calculation puts
Ag bands too low in BE could affect the coupling effects
between silver sp, d,. band, and palladium s-p band. The
hybridization with the substrate states could affect the BE of
the silver band and, on the other hand, substantially increase
the photoemission peak width. However, we have no direct
arguments that such a shift could have been induced by the
coupling with the substrate.

The spin-orbit doublet d,,, d,, is present in NE spectra
taken for all silver submonbolayer coverages deposited on
Pd(111). As corroborated by STM measurements, the growth
of the second silver layer corresponds to the intensity reduc-
tion of these peaks and the appearance of new structure at
high binding energies. It might be surprising that the increase
of the silver film thickness from first to second layer is not
followed with a clear shift of the leading peaks to lower
binding energies [see Fig. 4(a)], as expected for the posi-
tively dispersing bands and observed in other systems.”? The
calculation for 2 ML film [see Figs. 8(a) and 8(b)] shows that

the new topmost bands in I are shifted only slightly to lower
binding energies with the respect to the spin-orbit doublet
dy; d,, in the first layer. For 3 ML film, the photoemission
spectrum [see Fig. 4(a)] is dominated by the peak at 4.84 eV,
which, with the increasing silver film thickness, constantly
gains on intensity. The energy of this peak corresponds to the
energy of the direct transition peak from bulk Ag(111) sur-
face for the 21.2 eV excitation energy.>* The same develop-
ment of the photoemission spectrum has been observed for
ultrathin silver on Cu(100)'* and Ni(111).3> This large in-
crease of the QW states photoemission intensity at BE,
which corresponds to the bulk transition, is consistent with
some previous observations.’*¥” The overlayer films have a
hexagonal Ag(111) structure, and the corresponding 4d
bands are rather flat, in particular, around the center of the
Brillouin zone. Therefore, the slightly different phase condi-
tions that the localized electronic states have to satisfy in the
films of different thickness will have only a small influence
on their energy. With the increase of the film thickness, there
will be more and more QW states with different wavelength,
but very similar binding energies that correspond to the di-
rect transition in the photoemission spectrum of the bulk
sample. Therefore, it is not a surprise that photoemission
spectrum of the 4d bands of (111) overlayer silver films de-
velops very quickly toward the bulk line shape. Generally,
this is not the case with the states of sp symmetry whose
energy has a strong dependence on the wave vector. A small
difference in the wavelength due to the different phase con-
ditions on the interface and the vacuum side will strongly
affect energy of the state [see examples of d and sp symme-
try states in Ag on Fe(100),%° W(110),>! and V(100)*-7].

The dispersion of the silver 4d bands along I'=M’ of the
SBZ is rather well described by the model calculation shown
in Figs. 7 and 8. However, one should bear in mind that the
calculation artificially shifts silver 4d bands by 1 eV too
close to the Fermi level, and therefore the real effects of
hybridization might be somewhat different with respect to
the obtained calculation. Still, when comparing dispersion of

PHYSICAL REVIEW B 72, 235418 (2005)

calculated energy bands [see Fig. 8(a)] and the photoemis-
sion 2D intensity plots for one silver monolayer [see Figs.
5(a) and 5(b)], we could see a rather good qualitative and
quantitative agreement. As predicted by the calculation we

see the dispersion of band a across the whole I'=M' sym-
metry line and a large part of the band c. Apart from the
energy offset of 0.5 eV, the silver bands disperse in a same
fashion as on Cu(100).>*° The contribution from band d
[see Fig. 5(a)] is only fractionally present in the calculated
intensities [see Fig. 8(a)] compared to the measured spectra.
This can be, as mentioned, an effect of artificial shift of the
4d bands to lower binding energies.

When compared to the calculated electronic structure of
the unsupported silver monolayer we can see that most of the
experimental results could have been explained in terms of
unsupported silver film, indicating relatively small interac-
tion of the silver with the underlying palladium electronic
system.

The width of the photoemission peaks of QW states has
been used to estimate the efficiency of the interface barrier in
the confinement of the electrons in the overlayer film.*!
Assuming that transmission through the interface barrier is a
dominant channel of photo-hole decay, one can correlate the
photoemission peak width with the localization efficiency of
the barrier.

We have compared the width of the photoemission peaks
associated with the d,, d,, doublet for the monolayer film on
Pd(111), this work, Fig. 4(b), and V(100).” The spectra were
fitted with the Lorentzian function and the corresponding
values of peaks a and b in Ag/Pd(111) were found to be 140
and 240 meV, respectively.

A separate set of measurements performed at 80 K gives
peak widths of 120 and 180 meV, respectively, indicating the
interaction of the photo hole created in the d,,, d,, bands
with phonons. The width of the leading peak (a) is slightly
(25 meV) bigger than in the case of V(100) substrate, indi-
cating a possible difference in the lifetime of the photo hole
associated with the particular d-QW state. However, struc-
tural effects might account for this increased value of full
width at half maximum of the peak a, as well. Namely, it is
known that defects and surface disorder contribute to the
total width of the photoemission peaks.*? Although silver
monolayer films on V(100) were prepared by room-
temperature deposition of silver followed by annealing at
800-900 K, silver films on Pd(111) could not have been
thermally treated above 320 K without inducing strong inter-
mixing of silver and palladium.?! However, a more detailed
temperature-dependent measurement should be done before
making definite conclusions regarding the mechanisms that
contribute to the width of the photoemission peaks of the
d-derived QW states in Ag/Pd.

VI. CONCLUSIONS

We have performed experimental and computational in-
vestigation of the growth mode and the valence-band struc-
ture of ultrathin silver films deposited on Pd(111), with the
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focus on the Ag 4d-derived quantum well states. High-
resolution photoelectron spectra and ab initio density-
functional band-structure calculations are compared for 1

and 2 ML silver films along the =M’ high symmetry line
of the surface Brillouin zone. Both, experimental and theo-
retical results indicate localization of the electrons of the
4d symmetry within the silver overlayer. The observed
d-derived electronic states and their dispersion are explained
in terms of quantum well states.

The comparison of the energy of calculated 4d bands
in unsupported and Ag/Pd(111) films indicates rather small

PHYSICAL REVIEW B 72, 235418 (2005)

influence of the Pd substrate on the electronic structure of
Ag-4d.
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