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Alloying of Pd thin films with Nb(0 0 1)
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Abstract

Annealing at elevated temperatures (1000–1600 K) of at least 10 ML thick Pd films deposited on Nb(0 0 1) has been found to result in a
substrate capped by a pseudomorphic monolayer of Pd. This 1 ML thick Pd cap layer was characterised with a combination of UPS and DFT-
calculations. UPS, RHEED and AES show that this cap layer protects the Nb(0 0 1) surface against (oxygen) contamination, which is a well
k onolayer is
d te. The anal-
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nown problem of Nb substrates. AES sputter profiling indicates that a major part of the Pd material in excess of the pseudomorphic m
issolved in the Nb lattice just below the surface. XPD shows that these dissolved Pd atoms occupy substitutional sites in the substra
sis of the XPS-anisotropy also provides some information about the concentration and positions of the Pd and Nb atoms in the alloy
2005 Elsevier B.V. All rights reserved.
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. Introduction

The bimetallic bonding in binary alloys can lead to new
nd unique chemical properties of metals. This is a result of
ignificant differences in the band structure of an alloy com-
ared to the band structure of the constituting metals[1]. The

argest metal–metal interaction occurs when a binary mixture
s made up of an almost fully occupied valence band metal
like Ni and Pd) and an almost empty valence band metal (like
b and Ta). For novel chemical reactivity properties it is not
olume intermixing that is of interest, but rather intermixing
n the near surface region and especially at the very surface it-
elf. Many studies of metal–metal bonding have thus focused
n Pd deposited on Nb(1 1 0)[1–10]and Ta(1 1 0)[1,10–20].
he adsorption of Pd on Nb or Ta was reported to lead to a re-
ctivity similar to that of Ag[1,15–20]. This dramatic change

n chemistry with respect to that observed for the mere Nb and
a substrate was attributed to a pseudomorphic (ps) mono-

∗ Corresponding author. Tel.: +27 12 4298666; fax: +27 12 4293643.
E-mail address:osuchk@science.unisa.ac.za (K. Osuch).

layer (ML) of Pd adsorbed on Nb(1 1 0) and Ta(1 1 0). H
ever, Nb or Ta substrates fully covered by 1 ps ML of Pd
not easy to obtain because: (i) a phase transition from a
mensurate ps Pd structure to an incommensurate Pd
film is observed within the first ML if Pd is deposited
vapour deposition on Nb(1 1 0) or Ta(1 1 0) at or below ro
temperature[3,12,16]and (ii) the preparation of contamin
tion free Nb and Ta surfaces is not straightforward and
tamination hampers the preparation of a substrate capp
a ps ML of Pd. For instance, oxygen contamination is kn
to negatively change the film growth mechanism and in
ence the structure of a film[14,15]. (iii) The calibration o
exactly 1 ps ML deposited on a substrate is difficult.

A more convenient method of preparing inert, stable,
ily reproducible, contamination free Nb or Ta surfaces c
ered by a ps ML of Pd is to deposit a large quantity o
on the substrate surface and subsequently anneal the s
at elevated temperatures[9–13,15,16]. This idea is based o
the fact that at high temperatures (1000–1300 K) Pd a
in excess of 1 ML leave the surface, either through des
tion or through diffusion into the substrate. The annea

368-2048/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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thus leads to Nb(1 1 0) or Ta(1 1 0) substrates covered with
1 ps ML of Pd[9]. Low energy electron diffraction (LEED)
indeed shows that this procedure leads to as sharp spots as
those obtained from the clean substrate surface[9]. This in-
dicates far better long-range order than that observed for an
‘as-deposited’ ps Pd. Ultraviolet photoelectron spectroscopy
(UPS) measurements show a large similarity between the sur-
faces obtained with these two methods. The annealing only
increases the intensity of the emission features and sharpens
them in comparison to those of the ‘as-deposited’ ps Pd films
[10]. Sagurton et al.[9] calibrated the deposition rate of Pd
on Nb(1 1 0) through attributing the UPS spectra of an an-
nealed Pd sample to a ps ML of Pd and compared this to
the set of UPS spectra collected during the deposition of Pd.
Auger electron spectroscopy (AES) measurements of the ps
Pd films obtained after annealing showed a higher Pd AES
signal than that of the ‘as-deposited’ ML of Pd[12,15,16].
Koel et al.[16] assigned this to Pd crystallites situated on-top
of the ps ML. A comparison of temperature programmed des-
orption (TPD) data from Pd deposited on Ta(1 1 0) with Pd
deposited on W(1 1 0) leads to the conclusion that there also
occurs diffusion of Pd into the bulk of Ta.[15,16]. Ruckmann
et al.[12] found that the Pd Auger and X-ray photo-electron
spectroscopy (XPS) lines show a larger core-level shift for the
high temperature annealed substrate. This means that more
Pd material with predominantly (nearest neighbour) Pd–Nb
b sited’
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with a RHEED apparatus was attached. The RHEED chamber
was pumped by a titanium sublimation pump with a wall
cooled with liquid nitrogen (LN2) and via the main system by
a LN2-baffled diffusion pump which produces a base pressure
of 3 × 10−11 mbar. During the metal deposition from pre-
outgassed evaporators situated in both chambers the pressure
rose to 7× 10−11 mbar. The home-built water-cooled metal
evaporators allowed deposition rates of 0.03–10 monolayers
(ML) per minute.

The surface quality and growth mode were examined
with RHEED, AES and angle resolved ultraviolet photo-
electron spectroscopy (ARUPS). The geometric structure was
determined with RHEED and XPD, the electronic struc-
ture with ARUPS. The chemical composition of the sample
was checked mainly with AES. A VG-Microtech EX05 ion
source was used for sputtering. The ion sputtering was al-
ways performed at room temperature. Sputter profiling was
done through simultaneous ion sputtering and AES or UPS
measurements.

For RHEED measurements, a 20 keV electron beam
(emission current 9�A) at grazing angles of incidence∼0.3◦
was used. A Faraday cup detector was used to measure the
intensity oscillations of the specular reflected electron beam.
The Faraday cup could be moved into any desired position in
the central part of the RHEED pattern which was simultane-
ously observed on a fluorescent screen.
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In this paper, we investigate the anneal behaviour of

d films deposited on Nb(0 0 1). X-ray photo-electron diff
ion (XPD) and AES sputter-profiling show unambiguou
hat the annealing procedure leads to the formation of a
b alloy just below the surface. Experimental results

urther obtained from XPS, reflection high-energy elec
iffraction (RHEED) and UPS. The latter measurements
upported by self-consistent density functional theory (D
alculations. We show on the grounds of experimental
hat the anneal between 1000 and 1500 K of thin Pd fi
eposited on Nb(0 0 1) leads to: (i) a Nb(0 0 1) surface f
overed by a ps ML of Pd; (ii) the dissolution in a subst
ional way of a significant part of the Pd film in excess of
s ML in the near surface region of the Nb bulk. We first
cribe the experimental and theoretical methods emplo
he presentation and discussion of the data starts by s

ng that, despite the similar growth of Pd on Nb(0 0 1)
(0 0 1), the anneal behaviour for Pd deposited on Nb(0

s very different from that of Pd on W(0 0 1).

. Experimental setup and electronic structure
alculation procedure

.1. Measurement equipment

The experiments were performed in a VG-ESCA-L
KII spectrometer, to which a home-built chamber equip
The main chamber (ESCA) contained an hemisphe
nalyser with the resolution of 60 meV at the pass ener
eV, a monochromatised Al K� X-ray source and an electr
un for AES, operated at the emission current of 1–3�A, the
eam energy of 1.8 keV, and the beam diameter of 0.2–1 mm
t the sample. The Auger signal was differentiated by m

ation of the target potential with 3 V (peak-to-peak) for
etection of impurities and with 1 V (peak-to-peak) for in s
onitoring of the film growth. For (AR)UPS measureme
Leybold capillary noble-gas resonance discharge lamp

he photon energy of 21.22 eV (HeI) was used. A polaris
ade it possible to use both polarised and unpolarised
or AES and XPS the angular acceptance of the analyse
et to±12◦, for XPD and ARUPS to±1◦.

.2. Electronic structure calculation

The calculations were performed within the framewor
FT, using the full potential linearised plane wave (FLAP
ethod and the local spin density approximation (LS

23,24] as implemented in the Wien2k package[25]. First
calar relativistic calculations were carried out and su
uently spin-orbit coupling was included in a second va

ion step[25]. A 132 k-points were used in the appropri
rreducible wedge of the Brillouin zone. The adsorption
ems were simulated with a slab model, which is known t
ery efficient and precise for various surface problems[26].
he unit cell of the slab was for all adsorption system

etragon with the height equal to 18 non-relaxed Nb(0
Ls (18× 1.65Å), and whose base was equal to the t
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dimensional unit cell of the Nb(0 0 1) surface. The unit cell
of Pd absorbed on Nb(0 0 1) contained nine Nb(0 0 1) MLs
covered by a ps ML of Pd, followed by the free space of
8 MLs. For these systems, the lattice constant in the lateral
planes was set to the experimental value of the Nb(0 0 1) sub-
strate (aNb=3.30Å), while the vertical positions of the sur-
face and of the first four subsurface layers were optimised
through atomic force calculations (z-relaxation) (the deriva-
tives of the total energy with respect to the atomic positions
were minimised). Convergence of the self-consistent calcu-
lations was assumed when the charge distance defined as∫ |ρn(r) − ρn−1(r)|d3r, whereρ is the charge density andn
is the iteration number, was smaller then 1× 10−4e in three
consecutive iterations.

2.3. Preparation of the Nb(0 0 1) surface

The removal of oxygen from Nb and Ta surfaces with-
out serious deterioration of the surface perfection has been
a major problem in nearly all the studies of the surfaces in
the past[21]. The difficulty of removing oxygen from these
surfaces is due to the high solubility and diffusivity of oxy-
gen in these metals and also due to the low vapour pressure
of its suboxides. For example in Nb, the solubility has the
maximum of 6 atomic percent at about 2050 K and decreases
in the absence of an oxygen-containing ambient only above
t bO
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10 and 4, respectively. Next, sputter-annealing cycles were
performed for a month, but resulted only in a reduction of
the oxygen concentration. This produced the Nb/O AES am-
plitude ratio larger than 7 upon annealing. Numerous high
flashes up to the Nb melting point (∼2700 K) reduced but
not diminished the oxygen contamination. Remarkably, the
carbon disappeared completely after heating the sample to
1800 K. We want to note, that in the case of one Nb sample,
after flashing it near the melting point for more than 5 months,
oxygen depletion did occur, but traces of C appeared, as it
had also been reported for V(0 0 1)[35].

In order to deposit Pd on a contamination free Nb surface,
the slightly oxygen contaminated Nb(0 0 1) surface was very
mildly sputtered just before the deposition. This resulted in
a slightly rough, but an almost AES clean surface giving still
a clear (1× 1) RHEED image.

3. Results

3.1. Pd on Nb(0 0 1) and W(0 0 1)

3.1.1. Structure
Fig. 1shows a series of UPS spectra recorded during the

deposition of Pd on Nb(0 0 1) at 300 K. In the initial stages
of the deposition, there occur marked changes in the elec-
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s 0 0 1),
his temperature due to the desorption in the form of N
nd NbO2. Even in UHV clean Nb absorbs oxygen at par
ressures[22] above 10−11 mbar. Thus, there is always
quilibrium concentration of oxygen in bulk Nb which a
s a source of surface oxygen upon the cooling of the h
b. We will, therefore, extensively describe the proced
sed in the preparation of the substrate surface.

A Nb single crystal (6 mm× 10 mm×0.5 mm) was
irror-like polished and oriented to within 0.04◦ of the (0 0 1)

ace. The stress of the crystal was minimised by suppo
t on a pre-outgassed W disk and using Ta sheet spr
pon the introduction of the crystal in the UHV system,
ES spectrum was dominated by various contaminants
, C and weak N and S peaks. The preparation starte
rst removing the surface contamination with 1 keV Ar io
ncident at the polar angle of 40◦. This resulted in stron
b AES signals, but did not completely remove the C-
-contaminations. Thus it was followed by sputtering at
nergy of 2 keV and the polar angle of incidence of 85◦. After
puttering for 60 h a Nb surface was obtained with em
ed argon and the Nb/C and Nb/O AES amplitude ratio
0 and 100, respectively. The surface roughness as a
f the sputtering and the embedded Ar was subsequen
oved by heating the sample to 1000 K for some minu
owever, RHEED did not show the (1× 1) periodicity char
cteristic of a clean Nb(0 0 1) surface. Instead a p(3× 1)-
econstruction[27] superimposed by long streaks attribu
o one-dimensional disorder was observed[28,29].

The AES spectrum from this reconstructed Nb(0 0 1)
ace showed the Nb/C AES and Nb/O AES amplitude ratio
t

ronic structure of Pd. To understand this growth, a com
son was made with the extensively studied growth of P

(0 0 1)[36,38–40], the main difference between W(0 0
nd Nb(0 0 1) being their different substrate lattice cons
f 3.16 and 3.30̊A, respectively. For both epitaxial syste

he Pd film showed electron emissions around−2.8,−1.6 and
0.2 eV. Since, the film thickness was calibrated by corr

ng coverage estimates done with AES[37], UPS and RHEED
ntensity oscillations for Pd films deposited on W(0 0 1)[38],
e could attribute the UPS emissions situated at−2.8 and
1.7 eV to 1 and 2 ps ML of Pd, respectively[36]. The pseu
omorphic growth breaks suddenly down at 2.4 ML of
n W(0 0 1). A similar breakdown of pseudomorphic gro
ccurs also on Nb(0 0 1). RHEED shows that after the p
omorphic range has been reached, Pd grows on both
trates in (1 1 0) oriented films for which the hexagonal d
st packed planes lie perpendicularly to the surface[36,38–
0].

.1.2. Quantum size effects
Fig. 1shows that the UPS spectra of Pd on Nb(0 0 1)

n W(0 0 1) are different when the thickness of the depo
d layer is between 2 and 5 ML. For Pd on Nb(0 0 1) a g
al shift of d-band energies with the film thickness can
een (Fig. 1a) whereas for Pd on W(0 0 1) there seem
xist different phases that consecutively replace each
Fig. 1b). We further observe that in the case of the la
ystem the UPS peak at−1.6 eV is replaced by that situat
ear the Fermi energy, when the film thickness grows.
ame UPS peak is also reached in Pd adsorption on Nb(
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Fig. 1. Normal emission HeI-UPS spectra taken in situ at 300 K during the
growth of Pd on (a) Nb(0 0 1) and (b) W(0 0 1).

but, as mentioned above, by a gradual shift. The reason for
these differences lies, however, not in different intermedi-
ary crystal phases, but rather indifferent intermediary surface
morphology, manifesting itself in a different height distribu-
tion of the Pd films on Nb(0 0 1) and W(0 0 1) in the thickness
range from 2.4 to 5 ML. We observed with RHEED that for
Pd deposited on W(0 0 1) at room temperature the Pd ma-
terial in excess of 2 ML forms 3-dimensional islands with
the height of up to 4 MLs. During Pd deposition the islands
grow more in lateral directions than in height, continuously
reducing the island-free regions of the pseudomorphic, 2 ML
thick film. So, on W(0 0 1) UPS should show a continuous
replacement of the peak corresponding to the 2 ML thick Pd
layer (peak at−1.6 eV) with that characteristic of the 5 (or
more) ML thick Pd film (peak near the Fermi energy). Now,
in the case of Pd deposited on Nb(0 0 1), RHEED shows a
smoother surface, also in the thickness range from 2.4 to
5 ML. The evolution of the UPS spectra of a Pd film on
Nb(0 0 1) in the thickness range up to 5 or 6 ML consists in
a gradual shift of the binding energy corresponding to the
discrete nature of the film thickness, which changes ML by
ML. This effect is known as the quantum size effect[41–
44]. The wave-lengths (wave-vectors) of the quantum well
states (QWS) that occur in the film and their energies (when
the quantised band has dispersion) are strongly related to the
film thickness. This is so due to the fact that only those quan-
t ngth
m ss.
C d on
W ick-
n t ML
b Pd
o rre-
s the
g ick
a ence

Fig. 2. Normal electron emission HeI-UPS spectra taken with a polarised
photon excitation from (a, b) 1 ML of Pd on Nb(0 0 1) and (c, d) 1 ML of Pd on
W(0 0 1). Spectra (a, c) were measured with the light polarisation parallel to
the plane of incidence (p-polarisation) and spectra (b, d) with the light polar-
isation perpendicular to the plane of incidence (s(‘senkrecht’)-polarisation).
The plane of incidence is the mirror plane lying perpendicularly to the sur-
face which is determined by the incident light and the detected electrons (see
for explanation Fig. 6.26 in S. Ḧufner[45]).

the UPS peak near the Fermi energy enlarges, whereas that
at −1.6 eV becomes smaller. In contrast, during the growth
of Pd on Nb(0 0 1), QWS corresponding to the film thickness
of 2-5 ML are gradually formed, which causes the contin-
uous shift of the binding energies observed in UPS. Such a
gradual shift is also observed for Pd on W(0 0 1), when Pd
films in the range from 2.4 to 5 MLs are smoother. This hap-
pens when the deposition of Pd on W(0 0 1) is done at 150 K
[38,44].

3.1.3. Polarised UPS
The similarity between the growth of 1 ML of Pd on

Nb(0 0 1) and on W(0 0 1) was further investigated with po-
larised UPS (seeFig. 2), which enabled us to determine the
orbital character of the emitted states[45]. The UPS spectra
shown inFig. 2 were recorded at normal electron emission.
This implies that the electrons originated predominantly from
the states with the orbital character extending in the surface
normal direction (the z direction), i.e. thed3z2−r2 anddxz,yz

states, as only these states (besides- andpz-states) are probed
by UPS as a result of the dipole-selection rule[46]. The UPS
feature at−4.1 eV was observed in Pd on Nb(0 0 1) only with
the polarisation parallel to the plane of incidence of light,
which relates it to states with thed3z2−r2 orbital character.
Features that could be observed with the both polarisations,
a
o r-
t

3

of
P 0 1)
um well states can exist in the film whose halve-wave-le
ultiplied by an integer number fits into the film thickne
onfined states (QWS) also exist in Pd films deposite
(0 0 1), but their energies do not change with the film th

ess due to the fact that this change is not discrete (no
y ML). In the range from 2 to 5 ML, UPS detects in
n W(0 0 1) photoelectrons emitted from QWS which co
pond only to the thickness of 2, 5 or more MLs. With
rowing thickness of the Pd film only the 5 or more ML th
reas increase at the cost of the 2 ML thick ones, and h
s the feature at−2.8 eV, are related to states with thedxz,yz

rbital character[45]. Pd on W(0 0 1) shows similar prope
ies of the Pd related states.

.2. Anneal behaviour of the Pd film

The similarity in the growth and electronic structure
d deposited at low temperatures on Nb(0 0 1) and W(0
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Fig. 3. Normal emission HeI-UPS spectra taken at 150 K after a sequential
anneal at the indicated temperatures of (a) a 10 ML thick Pd film deposited
at 150 K on Nb(0 0 1) and (b) a 22 ML thick Pd film deposited at 150 K
on W(0 0 1). Each anneal lasted 90 s. The features around−5.5 eV above
1500 K are the result of O segregated to the Nb(0 0 1) surface.

should not be extrapolated to the similarity of the film prop-
erties upon annealing to temperatures above 800 K.Fig. 3
shows the normal emission UPS spectra recorded after an
anneal of a 10 ML Pd film deposited on Nb(0 0 1) at 150 K
(Fig. 3a) and a 22 ML Pd film deposited on W(0 0 1) (Fig. 3b).
The UPS spectra of Pd on Nb(0 0 1) and W(0 0 1) are similar
for up to ∼800 K. Above 800 K, the Pd layer on W(0 0 1)
changes due to agglomeration and at 1200 K its UPS spec-
trum is comparable to the spectrum observed after the depo-
sition of two ps ML of Pd (UPS emission at−1.7 eV). Prigge
et al. [47] showed on the grounds of TPD data that desorp-
tion of Pd occurs in this system above 1200 K. In contrast
to Pd on W(0 0 1), UPS indicates that above 1000 K there
remains only 1 ps ML of Pd on Nb(0 0 1) (compareFigs.
3 and 1). Further annealing at a temperature above 1500 K
leads to the removal of this ps layer and the appearance of
features that can be related to adsorbed oxygen (Fig. 3a).
A similar difference in the annealing behaviour of Pd films
deposited on two different substrate surfaces was reported
by Koel et al.[15]. Their TPD data showed that a Pd film
on W(1 1 0) has desorption peaks at much lower temper-
atures than those of the desorption peaks of Pd deposited
on Ta(1 1 0). This shows that Pd atoms are not removed
by sublimation from 3D-Pd crystallites, but always from
nearest-neighbour Pd-Ta bonds, indicating that Pd intermixes
with Ta.

3.3. Electronic structure of 1 ps ML of Pd

The UPS spectrum obtained from 10 MLs of Pd de-
posited on Nb(0 0 1) and subsequently annealed at 1500 K
is similar to that of 1 ps layer. This implies that the
sample thus obtained represents a very well ordered, one
layer thick metal adsorbate. Such a layer is very suitable
for further electronic structure characterisation. This can
be done by applying a combination of ARUPS and elec-
tronic structure calculations.Fig. 4ashows the polar-angle
dependent electron emission recorded along the two high
symmetry directions of the surface, i.e. the [1 0 0]Nb and
[1 1 0]Nb azimuths. Thek‖ values of the initial emission
states can be calculated fromk‖ = (1/h̄)

√
2meEkin · sinθ =

(1/h̄)
√

2me(hν − � − |EB|) · sinθ [45], whereθ is the emis-
sion angle,Ekin the kinetic energy of the emitted photoelec-
trons,� the work function of the film,EB the binding energy
of the initial state andhν the energy of the photons used.
The obtained E(k‖) dispersion is presented inFig. 4b. A DFT
slab calculation of a ps ML of Pd on Nb(0 0 1) results in
the dispersion showed inFig. 4. In the calculation scheme,
the interlayer distances were relaxed for both the ps ML of
Pd and the first four MLs of Nb. This resulted in the inter-
layer distance between the Pd and the first Nb layer by 22.3%
smaller then the respective volume Nb(0 0 1) interlayer dis-
tance. An expansion of 1.8%, a contraction of 1.2%, an ex-

Fig. 4. (a) ARUPS spectra obtained from a 10 ML Pd film deposited on
Nb(0 0 1) after the system had been annealed at 1500 K for 90 s. (b) E(k‖)
dispersion as obtained from the ARUPS data. Large circles correspond to
strong UPS emissions, while smaller circles denote weak electron emission
features. (c) E(k‖) dispersion obtained from a DFT calculation of a ps ML
of Pd on Nb(0 0 1). The size of the circles is the measure of the local density
of states within the Pd layer.
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pansion of 1.8%, and a contraction of 4.3% were obtained for
the subsequent interlayer distances between the Nb planes.
The experimental and theoretical results are quite similar as
many of the prominent features present in the calculation are
also observed in the experimental dispersion. The features at
−2.8 and−4.1 eV are related to the pseudomorphic Pd mono-
layer absorbed on Nb(0 0 1)[48]. This is further confirmed
by RHEED images which show a well ordered ps surface
without traces of oxygen.

Both ARUPS and RHEED cannot, however, answer the
question whether the layer is completely closed or the
Nb(0 0 1) surface is covered by large Pd islands. The presence
of 3D crystallites can be ruled out since either their cover-
age is large and, in this case, the UPS spectrum would show
this, or it is small and then transmission features would occur
in RHEED. For the comparable system of Co on W(0 0 1)
STM showed that no nucleation in the second layer is ob-
served even at coverages close to the completion of the first
layer [51]. The large inward relaxation obtained in the cal-
culation of the Pd ML on Nb(0 0 1) indicates the existence
of strong Pd–Nb bonds. This points to a large wetting of the
Nb(0 0 1) surface by Pd. The nucleation of the second ML is
thus also expected to occur only upon completion of the first
layer. Therefore, it should be possible to determine whether a
sub-monolayer of Pd or a fully covered Nb(0 0 1) substrate is
obtained by further depositing Pd on the ps Pd layer obtained
a ing
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Fig. 5. Normal emission HeI-UPS spectra taken in situ at 150 K during the
growth of Pd on an annealed Pd/Nb(0 0 1) sample, as discussed in the text.

away in roughly 8 min. An exponential decay fit to the AES
signal strength gives a decay rate ofτ � 2 min. A similar
experiment was performed for Au and Pd adsorbates. This
resulted in the decay rate ofτ � 2.6 min. for a 1.2 ML thick
film. The both Auger signals of the Pd and Au films with
the coverage of 1.2 ML could no longer be detected after
12 min of sputtering. In contrast, the AES Pd signal of the
annealed 10 ML film vanished only after some 160 min of
sputtering (seeFig. 8). This indicates that the Pd intermixing
extends deep into the bulk. The intensity level indicates that

Fig. 6. Background corrected peak heights of the UPS-emissions at−2.8
and−1.5 eV during Pd deposition on the Nb(0 0 1) substrate capped by a ps
Pd, see alsoFig. 5.
fter annealing.Fig. 5 shows the UPS spectra taken dur
his additional deposition of Pd. The UPS features situ
t −4.1 and−2.8 eV and assigned to 1 ps ML are clea
ttenuated from the start of the deposition, while the fea
t−1.6 eV assigned to two ps ML develops immediately
lsoFig. 6). This means that the ps Pd layer obtained afte
nneal of a 10 ML Pd film deposited on Nb(0 0 1) to 150
ompletely covers the Nb(0 0 1) substrate.

.4. Subsurface Pd

Annealed Pd films on Ta[15,16,12]have a Ta surface co
red by ps Pd atoms. AES measurements on these sa
nd also AES measurements performed on the anneal
lm on Nb(0 0 1) show a Pd signal that corresponds to s
.3 ML of Pd without traces of contamination (seeFig. 6a).
n even larger amount of Pd in the outer layers of the
trate is found with XPS (seeFig. 6b), as a higher kineti
nergy (1145 eV) of the Pd-3d electrons in comparison t
d AES line (330 eV) results in a larger probing depth.
nnealed sample covered with 1 ps Pd ML has a larger i
ity of the Pd line as compared to a 2 ML Pd filmdeposited
irectly on the Nb(0 0 1) surface. This indicates that, in c

rast, to W(0 0 1), annealing the sample at a high temper
oes not result in the desorption of Pd, but in its interm

ng with the Nb crystal. This was further investigated w
ES sputter profiling. The sputter rate was determine

ecording the AES signal upon sputtering the Nb(0 0 1)
trate covered with a well known amount of adsorbate.Fig. 7
hows that a ps ML of S bonded to Nb(0 0 1)[39] is sputtered
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Fig. 7. (a) AES from a 10 ML thick Pd film on Nb(0 0 1) annealed to 1500 K
for 90 s. (b) XPS from 2 ML Pd on Nb(0 0 1) deposited at 150 K and an XPS
measurement from a 10 ML thick Pd film on Nb(0 0 1) annealed to 1500 K
for 90 s. Shown are the Nb-3d and Pd-3d XPS peaks.

just below the surface the Pd–Nb layer consist of about 20%
of Pd, while the Pd concentration is reduced to 10% after
some 100 min. With the decay rate of 2.6 min for 1 ML, the
measured subsurface Pd amounts to about 7 ML. This indi-
cates that a large part of the initial 10 ML is left either as the
ps cap layer or is found in the subsurface region that is more
than 50 layers deep. The rapid decrease of the AES signal
of Pd and a similar increase of the Nb signal provides again
evidence for the existence of a cap layer.

Next, the role of the thickness of the initially deposited
Pd film was investigated. For a 100 ML Pd film, annealing
at a slightly higher temperature and for prolonged times also
resulted in UPS features characteristic of a ps Pd ML on
the Nb(0 0 1) substrate. In this case RHEED did not give any
indication of 3D crystallites, either. AES sputter profiling (see
Fig. 9) showed that the concentration of Pd in the subsurface
region is higher and extends over a much larger number of
layers.

XPD[52–54]provides direct information in real space of
the 3D crystalline structure of the outer layers of the sub-
strate. This information is accessible for atomically flat films
only with diffraction methods in combination with extensive
calculations. Forward scattering of electrons, which is at the
origin of this technique, increases with the increasing elec-
tron kinetic energy and with the decrease of the inter-atomic

Fig. 8. (a) Auger Pd (330 eV-MVV-line) signal evolution upon Ar sputter-
ing of 1.2 ML ‘as-deposited’ Pd on Nb(0 0 1). (b) Auger Au (65 eV-NVV-
line) signal evolution upon Ar sputtering of 1.2 ML of ‘as-deposited’ Au on
Nb(0 0 1). (c) Auger S (151 eV-line) signal evolution upon Ar sputtering of
1 ML of S on Nb(0 0 1). The continuous lines are the fit of an exponential
decay function to the measured points. The sputtering was done with the
kinetic energy of the Ar-ions of 1 keV, and at the sputtering-angle of 42◦
from the surface normal direction.

distances along a specific crystalline direction. Thus, XPD
could be used to determine that not only was Pd present in
subsurface positions, but also that these positions were sub-
stitutional ones.

Figs. 10 and 11show the emission angle distribution of the
XPS Nb-3d emission line scanned along the [1 1 0] (Fig. 10)
and [1 0 0] (Fig. 11) azimuth of various Nb(0 0 1) samples.
These distributions were obtained after a background correc-
tion. This was done by also measuring the angle distribution
of inelastic electrons with the kinetic energy of 1280 eV for
Nb and 1050 eV for Pd. The structureless background was
multiplied by a constant factor and then subtracted from the
elastic signal. The curves of a slightly oxygen contaminated
and a slightly sputtered surface (a and b) show strong for-
ward focusing forθ = 0◦ and 55◦ along the [1 1 0]-azimuth
and forθ = 0◦ and 45◦ in the [1 0 0] azimuth. These angles
correspond to the densely-packed crystalline directions in
the bcc substrate (seeFig. 12). Similar angular distributions
for a Nb(0 0 1) substrate were obtained experimentally and
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Fig. 9. AES amplitudes of the 167 eV-MVV Nb line (curve marked with (a))
and of the 330 eV MVV Pd line (curve marked with (b) and (c)) during the
Ar sputtering of ‘annealed Pd’ samples. Curves (a, c) refer to he samples
obtained by an anneal to 1500 K of a 10 ML thick Pd film deposited on
Nb(0 0 1) for 90 s, whereas curve (b) corresponds to the sputtering of a 100
ML thick Pd film after it was annealed for 120 s to 1600 K. The sputtering
was done with the kinetic energy of the Ar ions of 1 keV, at the sputter angle
of 42◦ from the surface normal direction.

theoretically in fully dynamic multiple-scattering calculation
of the Nb-3d lines[55]. The dynamic calculations showed
that intensity maxima appear along close-packed crystalline
axes. The other features were assigned to multiple scatter-
ing effects. A layer resolved analysis of these calculations
showed that the strong normal emission (θ = 0◦) and the
feature observed atθ = 8◦ are due to electrons scattered by
seven to ten monolayers of Nb. In our XPD measurements,
these side peaks were observed at the slightly larger polar
angle ofθ = 10◦. This is probably due to a slightly larger
kinetic energy of our photo-electrons as we used an Al K�
source instead of the Mg K� source of Lo et al.[55]

The angular distributions of photo-electrons of both the
Pd-3d line (Figs. 10d,h and 11d,f) and the Nb-3d-line (Figs.
10a,b,c,f,g and 11a,b,c,e) of the annealed Pd film are similar.
These angular distributions are also similar to those mea-
sured and calculated by Lo et al.[55] A 1.3 ML film of
Pd (Fig. 10e) does not show any features[56], confirming
that the intermixing takes place after annealing at elevated
temperatures. The similarity between the Nb and Pd lines
clearly shows that a large concentration of Pd atoms exists
in the subsurface and that these Pd atoms are in substitu-
tional positions. The modulation observed also indicates that
this subsurface layer containing Pd is at least 7–10 layers
deep.

An even more important piece of information which
c f the
d er-
a as

Fig. 10. Polar angle distribution of X-ray photo-electrons along the [1 1 0]-
azimuth of the Nb(0 0 1) substrate. The background corrected XPS intensities
obtained from: (a) the Nb-3d line of a flat Nb(0 0 1) substrate with a slight
amount of oxygen present on the surface; (b) the Nb-3d line of a sputter-
cleaned Nb(0 0 1) substrate as used in the deposition experiments; (c) the
Nb-3d and (d) the Pd-3d line of a 10 ML film of Pd deposited on Nb(0 0 1)
after the film was annealed at 1500 K for 90 s; (e) the Pd-3d and (f) Nb-3d
line of a 1.3 ML film of Pd deposited on Nb(0 0 1) at 150 K; (g) the Nb-3d
and (h) Pd-3d line of a 100 ML Pd film deposited on Nb(0 0 1) and annealed
at 1600 K for 120 s. The surface normal direction corresponds toθ = 0◦.
The kinetic energy of the Nb-3d (Pd-3d) photoelectrons excited by Al K�

radiation was∼1280 eV (1145 eV). The Pd anisotropies (d, e) and (h) were
multiplied by 4 and 1.5, respectively.

[(Imax − Imin)/Imax]%, whereImax is the overall XPS sig-
nal and Imax − Imin is the XPD peak height. These true
anisotropy values contain important information about the
depth distribution of the atoms (e.g. Pd atoms). The contribu-
tion of the surface ML to the measured XPS intensity is large
(top layer), but its contribution to the measured anisotropy is
essentially zero (no forward scattering). This means that if
the annealed Pd/Nb samples are capped by Pd, the diffrac-
tion effect (anisotropy) in the Nb signal should be much more
stronger than in the Pd signal, because the Pd signal origi-
nates mostly from the surface ML whose contribution to the
anisotropy of the Pd signal is negligible. Exactly this is ob-
served inFig. 13. Firstly, the Nb signal obtained from the
annealed Pd/Nb samples shows an higher anisotropy than
that of the clean Nb(0 0 1) sample and, secondly, it is much
larger than the Pd signal. This means that Nb signal from
the annealed Pd/Nb samples has no featureless intensity con-
tribution from the top layer, which in turn, implies that the
annealed Pd/Nb samples are capped by Pd. This is also the
reason for the lower anisotropy values of the Pd-XPS sig-
an be extracted from the XPD data is the strength o
iffraction effect.Fig. 13shows the anisotropy of the ov
ll XPS intensity for the main XPD peaks, calculated
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Fig. 11. Polar angle distribution of X-ray photo-electrons along the [1 0 0]-
azimuth of the Nb(0 0 1) substrate. The background corrected XPS intensities
were measured from: (a) the Nb-3d line of a flat Nb(0 0 1) substrate with a
slight amount of oxygen present on the surface; (b) the Nb-3d line of the
sputter-cleaned Nb(0 0 1) substrate as used in the deposition experiments; (c)
the Nb-3d and (d) Pd-3d line of a 10 ML film of Pd deposited on Nb(0 0 1)
after the film was annealed at 1500 K for 90 s; (e) the Nb-3d and (f) Pd-3d line
of a 100 ML Pd film deposited on Nb(0 0 1) and annealed at 1600 K for 120 s.
The surface normal direction corresponds toθ = 0◦. The Pd anisotropies (d)
and (f)) were multiplied by 4 and 1.5, respectively.

nal. The Pd anisotropy of the annealed 10 MLs of Pd on
Nb(0 0 1) is the smallest, because the capping Pd layer con-
tributes strongly to the overall Pd-XPS signal, without con-
tributing to its anisotropy. The Pd-XPS anisotropy of the an-
nealed 100 MLs of Pd on Nb(0 0 1) is larger than that of the

Fig. 12. (a) Sketch of the body-centred cubic lattice depicting the emission
a 0 1)
( r to
t ) and
[

Fig. 13. Strength of the diffraction effect in comparison to the overall
XPS signal, for forward-focusing along the main crystallographic axis (see
Fig. 12), calculated as [(Imax − Imin)/Imax] · %, whereImax is the overall
XPS signal andImax − Imin is the XPD-peak height. (a) True anisotropy
of the normal emission peak (θ = 0◦) which occurs due to the forward-
focusing along the [0 0 1] atomic row (seeFig. 12c,d). (b) True anisotropy
of the diffraction at the [101] atomic row. The forward-focusing peak was
measured in the [1 0 0]-azimuth atθ = 45◦ (Fig. 11). (b) True anisotropy
of the diffraction at the [1 1 1] atomic row. The signal was measured in the
[1 1 0] azimuth at (θ = 55◦) (Fig. 10). Represented in each panel are the
anisotropies of the Nb-3d and Pd-3d XPS signals of a clean and lightly
sputter-rough Nb(0 0 1) substrate, 100 ML Pd/Nb(0 0 1) annealed at 1600 K
and of 10 ML Pd/Nb(0 0 1) annealed at 1500 K.
ngles. Azimuthal angle (φ) was changed in the surface plane of Nb(0
panel (a, b)). Polar angle (θ) was measured in the plane perpendicula
he surface, and along the high symmetry azimuth directions [1 0 0] (c
1 1 0] (d).
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annealed 10 MLs of Pd on Nb(0 0 1). This proves that the Pd
concentration in the Pd–Nb alloy is higher for the annealed
100 MLs of Pd on Nb(0 0 1), in agreement with the AES-
sputter profiles. The overall Pd intensity of the annealed 100
MLs of Pd on Nb(0 0 1) is increased due to the contribution
from the XPS intensity of the subsurface Pd atoms which
have a higher concentration than in the case of the annealed
10 ML Pd film.

More information about the upper limit of the Pd con-
centration in the bulk alloy can be inferred from the crystal
structure as determined with XPD. The XPD curves ofFigs.
10g,h and 11e,fobtained from the annealed 100 ML Pd film
show that the formed Pd–Nb alloy has the (0 0 1)-oriented bcc
structure without tetragonal deformations. It means that the
Pd concentration does not exceed the minimum concentration
which induces deformation of the bcc structure. According
to the published data on binary alloys[57], Nb–Pd bulk al-
loys with the concentration of less than 33% (i.e. Nb2Pd1)
maintain the bcc crystal phase. Thus, the XPD data provides
some evidence that the upper limit of the Pd concentration in
the formed Pd–Nb subsurface alloy does not exceed 33%. It
should be emphasised, however, that these arguments based
on bulk phase diagrams are very crude, because the occur-
rence of new phase boundaries in films up to 10 ML thick is
nothing unusual, with this thickness being the upper limit of
XPD measurements.
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