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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
known problem of Nb substrates. AES sputter profiling indicates that a major part of the Pd material in excess of the pseudomorphic monolayer i
dissolved in the Nb lattice just below the surface. XPD shows that these dissolved Pd atoms occupy substitutional sites in the substrate. The an:
ysis of the XPS-anisotropy also provides some information about the concentration and positions of the Pd and Nb atoms in the alloyed sample
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction layer (ML) of Pd adsorbed on Nb(1 1 0) and Ta(1 1 0). How-
ever, Nb or Ta substrates fully covered by 1 ps ML of Pd are
The bimetallic bonding in binary alloys can lead to new not easy to obtain because: (i) a phase transition from a com-
and unique chemical properties of metals. This is a result of mensurate ps Pd structure to an incommensurate Pd(111)
significant differences in the band structure of an alloy com- film is observed within the first ML if Pd is deposited by
pared to the band structure of the constituting mgthlT he vapour deposition on Nb(1 1 0) or Ta(1 1 0) at or below room
largest metal-metal interaction occurs when a binary mixture temperaturg3,12,16]and (ii) the preparation of contamina-
is made up of an almost fully occupied valence band metal tion free Nb and Ta surfaces is not straightforward and con-
(like Niand Pd) and an almost empty valence band metal (like tamination hampers the preparation of a substrate capped by
Nb and Ta). For novel chemical reactivity properties it is not a ps ML of Pd. For instance, oxygen contamination is known
volume intermixing that is of interest, but rather intermixing to negatively change the film growth mechanism and influ-
in the near surface region and especially at the very surface it-ence the structure of a filit4,15] (iii) The calibration of
self. Many studies of metal-metal bonding have thus focusedexactly 1 ps ML deposited on a substrate is difficult.
on Pd deposited on Nb(1 1 [-10]and Ta(1 1 0)1,10-20] A more convenient method of preparing inert, stable, eas-
The adsorption of Pd on Nb or Ta was reported to lead to a re-ily reproducible, contamination free Nb or Ta surfaces cov-
activity similar to that of AJ1,15—-20] This dramatic change  ered by a ps ML of Pd is to deposit a large quantity of Pd
in chemistry with respectto that observed for the mere Nb and on the substrate surface and subsequently anneal the sample
Ta substrate was attributed to a pseudomorphic (ps) mono-at elevated temperaturf®-13,15,16] This idea is based on
the fact that at high temperatures (1000—-1300 K) Pd atoms
in excess of 1 ML leave the surface, either through desorp-
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thus leads to Nb(110) or Ta(110) substrates covered with witha RHEED apparatus was attached. The RHEED chamber
1 ps ML of Pd[9]. Low energy electron diffraction (LEED) was pumped by a titanium sublimation pump with a wall
indeed shows that this procedure leads to as sharp spots asooled with liquid nitrogen (LN) and via the main system by
those obtained from the clean substrate surf@ferhis in- a LNz-baffled diffusion pump which produces a base pressure
dicates far better long-range order than that observed for anof 3 x 10~ mbar. During the metal deposition from pre-
‘as-deposited’ ps Pd. Ultraviolet photoelectron spectroscopy outgassed evaporators situated in both chambers the pressure
(UPS) measurements show a large similarity between the surtose to 7x 10~ mbar. The home-built water-cooled metal
faces obtained with these two methods. The annealing onlyevaporators allowed deposition rates of 0.03—10 monolayers
increases the intensity of the emission features and sharpen§ML) per minute.
them in comparison to those of the ‘as-deposited’ ps Pd flms  The surface quality and growth mode were examined
[10]. Sagurton et g9] calibrated the deposition rate of Pd with RHEED, AES and angle resolved ultraviolet photo-
on Nb(110) through attributing the UPS spectra of an an- electron spectroscopy (ARUPS). The geometric structure was
nealed Pd sample to a ps ML of Pd and compared this todetermined with RHEED and XPD, the electronic struc-
the set of UPS spectra collected during the deposition of Pd.ture with ARUPS. The chemical composition of the sample
Auger electron spectroscopy (AES) measurements of the pswas checked mainly with AES. A VG-Microtech EX05 ion
Pd films obtained after annealing showed a higher Pd AES source was used for sputtering. The ion sputtering was al-
signal than that of the ‘as-deposited’ ML of PH2,15,16] ways performed at room temperature. Sputter profiling was
Koel et al[16] assigned this to Pd crystallites situated on-top done through simultaneous ion sputtering and AES or UPS
ofthe ps ML. A comparison of temperature programmed des- measurements.
orption (TPD) data from Pd deposited on Ta(1 1 0) with Pd For RHEED measurements, a 20keV electron beam
deposited on W(1 1 0) leads to the conclusion that there also(emission current §.A) at grazing angles of incidenee0.3°
occurs diffusion of Pd into the bulk of THL5,16] Ruckmann was used. A Faraday cup detector was used to measure the
et al.[12] found that the Pd Auger and X-ray photo-electron intensity oscillations of the specular reflected electron beam.
spectroscopy (XPS) lines show a larger core-level shift for the The Faraday cup could be moved into any desired position in
high temperature annealed substrate. This means that mor¢he central part of the RHEED pattern which was simultane-
Pd material with predominantly (nearest neighbour) Pd—Nb ously observed on a fluorescent screen.
bonds must remain after annealing, than in the ‘as-deposited” The main chamber (ESCA) contained an hemispherical
1 ML Pd sample. analyser with the resolution of 60 meV at the pass energy of
In this paper, we investigate the anneal behaviour of thin 2 eV, amonochromatised Al&X-ray source and an electron
Pdfilms deposited on Nb(0 0 1). X-ray photo-electron diffrac- gun for AES, operated at the emission current of A3 the
tion (XPD) and AES sputter-profiling show unambiguously beam energy of .8 keV, and the beam diameter 261 mm
that the annealing procedure leads to the formation of a Pd—at the sample. The Auger signal was differentiated by modu-
Nb alloy just below the surface. Experimental results are lation of the target potential with 3V (peak-to-peak) for the
further obtained from XPS, reflection high-energy electron detection of impurities and with 1V (peak-to-peak) for in situ
diffraction (RHEED) and UPS. The latter measurements are monitoring of the film growth. For (AR)UPS measurements
supported by self-consistent density functional theory (DFT) a Leybold capillary noble-gas resonance discharge lamp with
calculations. We show on the grounds of experimental datathe photon energy of 222 eV (Hel) was used. A polariser
that the anneal between 1000 and 1500K of thin Pd films made it possible to use both polarised and unpolarised light.
deposited on Nb(001) leads to: (i) a Nb(00 1) surface fully For AES and XPS the angular acceptance of the analyser was
covered by a ps ML of Pd; (ii) the dissolution in a substitu- setto+12°, for XPD and ARUPS tat1°.
tional way of a significant part of the Pd film in excess of the
ps ML in the near surface region of the Nb bulk. We first de- 2.2. Electronic structure calculation
scribe the experimental and theoretical methods employed.
The presentation and discussion of the data starts by show- The calculations were performed within the framework of
ing that, despite the similar growth of Pd on Nb(001) and DFT, using the full potential linearised plane wave (FLAPW)
W(00 1), the anneal behaviour for Pd deposited on Nb(0 0 1) method and the local spin density approximation (LSDA)
is very different from that of Pd on W(0 0 1). [23,24] as implemented in the Wien2k packaf@s]. First
scalar relativistic calculations were carried out and subse-
quently spin-orbit coupling was included in a second varia-

2. Experimental setup and electronic structure tion step[25]. A 132 k-points were used in the appropriate
calculation procedure irreducible wedge of the Brillouin zone. The adsorption sys-

tems were simulated with a slab model, which is known to be
2.1. Measurement equipment very efficient and precise for various surface probl@ék

The unit cell of the slab was for all adsorption systems a
The experiments were performed in a VG-ESCA-LAB tetragon with thg height equal to 18 non-relaxed Nb(00 1)
MKII spectrometer, to which a home-built chamber equipped MLs (18 x 1.65A4), and whose base was equal to the two-



82 E. Hiiger et al. / Journal of Electron Spectroscopy and Related Phenomena 148 (2005) 80-90

dimensional unit cell of the Nb(0 0 1) surface. The unit cell 10 and 4, respectively. Next, sputter-annealing cycles were
of Pd absorbed on Nb(00 1) contained nine Nb(001) MLs performed for a month, but resulted only in a reduction of
covered by a ps ML of Pd, followed by the free space of the oxygen concentration. This produced the Nb/O AES am-
8 MLs. For these systems, the lattice constant in the lateral plitude ratio larger than 7 upon annealing. Numerous high
planes was set to the experimental value of the Nb(0 0 1) sub-flashes up to the Nb melting point-2700 K) reduced but
strate (a;h=3.302}), while the vertical positions of the sur- not diminished the oxygen contamination. Remarkably, the
face and of the first four subsurface layers were optimised carbon disappeared completely after heating the sample to
through atomic force calculations (z-relaxation) (the deriva- 1800 K. We want to note, that in the case of one Nb sample,
tives of the total energy with respect to the atomic positions after flashing it near the melting point for more than 5 months,
were minimised). Convergence of the self-consistent calcu- oxygen depletion did occur, but traces of C appeared, as it
lations was assumed when the charge distance defined akad also been reported for V(0 J33].

[ 1pn(r) — pn—1(r)|d%r, wherep is the charge density and In order to deposit Pd on a contamination free Nb surface,
is the iteration number, was smaller thes 1.0~ “e in three the slightly oxygen contaminated Nb(0 0 1) surface was very
consecutive iterations. mildly sputtered just before the deposition. This resulted in

a slightly rough, but an almost AES clean surface giving still
2.3. Preparation of the Nb(0 0 1) surface aclear (1x 1) RHEED image.

The removal of oxygen from Nb and Ta surfaces with-
out serious deterioration of the surface perfection has been3. Results
a major problem in nearly all the studies of the surfaces in
the pas{21]. The difficulty of removing oxygen from these 3.1. Pd on Nb(001) and W(00 1)
surfaces is due to the high solubility and diffusivity of oxy-
gen in these metals and also due to the low vapour pressure3-1.1. Structure
of its suboxides. For example in Nb, the solubility has the ~ Fig. 1shows a series of UPS spectra recorded during the
maximum of 6 atomic percent at about 2050 K and decreasesdeposition of Pd on Nb(00 1) at 300K. In the initial stages
in the absence of an oxygen-containing ambient only above Of the deposition, there occur marked changes in the elec-
this temperature due to the desorption in the form of NbO tronic structure of Pd. To understand this growth, a compar-
and NbQ. Even in UHV clean Nb absorbs oxygen at partial ison was made with the extensively studied growth of Pd on
pressure$22] above 101X mbar. Thus, there is always an W(001)36,38-40] the main difference between W(001)
equilibrium concentration of oxygen in bulk Nb which acts and Nb(001) belng their different substrate lattice constants
as a source of surface oxygen upon the cooling of the heatecPf 3.16 and 3. 344, respectively. For both epitaxial systems
Nb. We will, therefore, extensively describe the procedure the Pdfilm showed electron emissions arou#i8,—1.6 and
used in the preparation of the substrate surface. —0.2eV. Since, the film thickness was calibrated by correlat-

A Nb single crystal (6 mnx 10mmx0.5mm) was ing coverage estimates done with AB3], UPS and RHEED
mirror-like polished and oriented to within®° ofthe (001)  intensity oscillations for Pd films deposited on W(0 (39],
face. The stress of the Crysta] was minimised by Supporting we could attribute the UPS emissions situated-at8 and
it on a pre-outgassed W disk and using Ta sheet springs.—1.7 eV to 1and 2 ps ML of Pd, respectiv¢86]. The pseu-
Upon the introduction of the crystal in the UHV system, the domorphic growth breaks suddenly down at 2.4 ML of Pd
AES spectrum was dominated by various contaminants, i.e.on W(0 0 1). A similar breakdown of pseudomorphic growth
O, C and weak N and S peaks. The preparation started byoccurs also on Nb(00 1). RHEED shows that after the pseu-
first removing the surface contamination with 1 keV Arions domorphic range has been reached, Pd grows on both sub-
incident at the po|ar ang|e of 40This resulted in Strong strates in (1 1 0) oriented films for which the hexagonal dens-
Nb AES signals, but did not completely remove the C- and €st packed planes lie perpendicularly to the surfa6e38—
O-contaminations. Thus it was followed by sputtering at the 40].
energy of 2 keV and the polar angle of incidence of. 8gter
sputtering for 60 h a Nb surface was obtained with embed- 3.1.2. Quantum size effects
ded argon and the Nb/C and Nb/O AES amplitude ratios of  Fig. 1shows that the UPS spectra of Pd on Nb(00 1) and
60 and 100, respectively. The surface roughness as a resulon W(0 0 1) are different when the thickness of the deposited
of the sputtering and the embedded Ar was subsequently re-Pd layer is between 2 and 5 ML. For Pd on Nb(00 1) a grad-
moved by heating the sample to 1000 K for some minutes. ual shift of d-band energies with the film thickness can be
However, RHEED did not show the (4 1) periodicity char- seen Fig. 19 whereas for Pd on W(001) there seems to

acteristic of a clean Nb(00 1) surface. Instead axp@- exist different phases that consecutively replace each other
reconstructiorj27] superimposed by long streaks attributed (Fig. 1b. We further observe that in the case of the latter
to one-dimensional disorder was obsef2829] system the UPS peak atl.6 eV is replaced by that situated

The AES spectrum from this reconstructed Nb(0 0 1) sur- near the Fermi energy, when the film thickness grows. The
face showed the Nb/C AES and Nb/O AES amplitude ratios of same UPS peak is also reached in Pd adsorption on Nb(00 1),
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binding energy (¢V) binding energy (eV) photon excitation from (a, b) 1 ML of Pd on Nb(0 0 1) and (c, d) 1 ML of Pd on

W(001). Spectra (a, c) were measured with the light polarisation parallel to

Fig. 1. Normal emission Hel-UPS spectra taken in situ at 300 K during the the plane of incidence (p-polarisation) and spectra (b, d) with the light polar-

growth of Pd on (a) Nb(00 1) and (b) W(0 0 1). 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

but, as mentioned above, by a gradual shift. The reason forfor explanation Fig. 6.26 in S. &ifiner[45]).

these differences lies, however, not in different intermedi-

ary crystal phases, but rather indifferent intermediary surface )

morphology, manifesting itself in a different height distribu- the UPS peak near the Fermi energy enlarges, whereas that

tion of the Pd films on Nb(0 0 1) and W(0 0 1) in the thickness at —1.6eV becomes smaller. In cont'rast, dU“”Q the. growth

range from 2.4 to 5 ML. We observed with RHEED that for ©f Pd on Nb(00 1), QWS corresponding to the film thickness

Pd deposited on W(00 1) at room temperature the Pd ma-°f 2-5 ML are gradually formed, which causes the contin-

terial in excess of 2 ML forms 3-dimensional islands with U0Us shift of the binding energies observed in UPS. Such a

the height of up to 4 MLs. During Pd deposition the islands 9gradual shift is also observed for Pd on W(00 1), when Pd

grow more in lateral directions than in height, continuously films in the range from 2.4 to 5 MLs are smoother. This hap-

reducing the island-free regions of the pseudomorphic, 2 ML Pens when the deposition of Pd on W(00 1) is done at 150 K

thick film. So, on W(001) UPS should show a continuous (38,44]

replacement of the peak corresponding to the 2 ML thick Pd

layer (peak at-1.6 eV) with that characteristic of the 5 (or 3.1.3. Polarised UPS

more) ML thick Pd film (peak near the Fermi energy). Now,  The similarity between the growth of 1 ML of Pd on

in the case of Pd deposited on Nb(001), RHEED shows a Nb(001) and on W(00 1) was further investigated with po-

smoother surface, also in the thickness range from 2.4 tolarised UPS (seEig. 2), which enabled us to determine the

5 ML. The evolution of the UPS spectra of a Pd film on orbital character of the emitted ste#5]. The UPS spectra

Nb(001) in the thickness range up to 5 or 6 ML consists in shown inFig. 2were recorded at normal electron emission.

a gradual shift of the binding energy corresponding to the Thisimplies thatthe electrons originated predominantly from

discrete nature of the film thickness, which changes ML by the states with the orbital character extending in the surface

ML. This effect is known as the quantum size effé¢tt— normal direction (the z direction), i.e. tlg 2_,> andd.. .

44). The wave-lengths (wave-vectors) of the quantum well states, as only these states (besidadp. -states) are probed

states (QWS) that occur in the film and their energies (when by UPS as a result of the dipole-selection f4i6]. The UPS

the quantised band has dispersion) are strongly related to thdeature at-4.1 eV was observed in Pd on Nb(0 0 1) only with

film thickness. This is so due to the fact that only those quan- the polarisation parallel to the plane of incidence of light,

tum well states can exist in the film whose halve-wave-length Which relates it to states with th&, > .. orbital character.

multiplied by an integer number fits into the film thickness. Features that could be observed with the both polarisations,

Confined states (QWS) also exist in Pd films deposited on as the feature at2.8 eV, are related to states with tlig .

W(0 0 1), but their energies do not change with the film thick- orbital charactef45]. Pd on W(0 0 1) shows similar proper-

ness due to the fact that this change is not discrete (not ML ties of the Pd related states.

by ML). In the range from 2 to 5 ML, UPS detects in Pd

on W(00 1) photoelectrons emitted from QWS which corre- 3.2. Anneal behaviour of the Pd film

spond only to the thickness of 2, 5 or more MLs. With the

growing thickness of the Pd film only the 5 or more ML thick The similarity in the growth and electronic structure of

areas increase at the cost of the 2 ML thick ones, and hencePd deposited at low temperatures on Nb(001) and W(00 1)
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L UL L '(I) N IR R I (%3) 3.3. Electronic structure of 1 ps ML of Pd
a
1300K The UPS spectrum obtained from 10 MLs of Pd de-
B B posited on Nb(001) and subsequently annealed at 1500 K
1200K 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
000K for further electronic structure characterisation. This can
be done by applying a combination of ARUPS and elec-
tronic structure calculations:ig. 4ashows the polar-angle
dependent electron emission recorded along the two high
symmetry directions of the surface, i.e. the [1 §0Rnd
[110]y, azimuths. Thek; values of the initial emission
states can be calculated fram= (1/h)+/2mExin - Sin6 =
(1/h)/2m.(hv — ® — | Eg]) - Sin0 [45], whered is the emis-
sion angle Eyin the kinetic energy of the emitted photoelec-
trons,® the work function of the filmE z the binding energy
of the initial state andiv the energy of the photons used.
The obtained E(K dispersion is presentedfiig. 4 A DFT
10 ML Pd / Nb(001)] | slab calculation of a ps ML of Pd on Nb(001) results in
0 ,'6 ‘ '5 1= '3 ‘ '2 ‘ ,'1 ‘ (') 4 3 2 1 o the dispersion showed ifig. 4. In the calculation scheme,
binding energy (eV) binding energy (eV) the interlayer distances were relaxed for both the ps ML of
Pd and the first four MLs of Nb. This resulted in the inter-
Fingr; 3-| N:’{;}g%'ﬂg(gzjg?e':';:;Srzzeocftzz)tzkfg StthiQC*; ggirl r"; Zeeqléif_‘tt;z' layer distance between the Pd and the first Nb layer by 22.3%
nai u | | | H H H
Zt l‘;?)lgon Nb(001) and ?b) a 22 ML thick Pd film deposited at ESOK smaller then the r.eSpeCtlve volume Nb(QO 1) mterlayer dis-
on W(001). Each anneal lasted 90s. The features arethf eV above tance. An expansion of 1.8%, a contraction of 1.2%, an ex-

1500K are the result of O segregated to the Nb(0 0 1) surface.

annealing sequence

r 1100K 1

Sy

Hel-UPS intensity (10* counts / s)

150K 22ML Pd/

(b) exp. bands annealed Pd/Nb(001)
[110]
T

[100]
should not be extrapolated to the similarity of the film prop-  (a) ARUPS on anncaled Pd/Nb(001) N
erties upon annealing to temperatures above 80Bi¢. 3
shows the normal emission UPS spectra recorded after ar
anneal of a 10 ML Pd film deposited on Nb(00 1) at 150K
(Fig. 39 and a 22 ML Pd film deposited on W(0 0 Bji¢. 3b).
The UPS spectra of Pd on Nb(001) and W(0 0 1) are similar
for up to ~800 K. Above 800K, the Pd layer on W(001)
changes due to agglomeration and at 1200K its UPS spec-
trum is comparable to the spectrum observed after the depo-
sition of two ps ML of Pd (UPS emission atl.7 eV). Prigge
et al.[47] showed on the grounds of TPD data that desorp-
tion of Pd occurs in this system above 1200K. In contrast
to Pd on W(001), UPS indicates that above 1000K there
remains only 1 ps ML of Pd on Nb(001) (compdfays.
3 and ). 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 oxydeég. 39.
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(110) has desorption peaks at much lower temper- Fig. 4. (a) ARUPS spectra obtained from a 10 ML Pd film deposited on
atures than those of the desorption peaks of Pd deposited\b(001) after the system had been annealed at 1500K for 90s. () E(k
on Ta(110). This shows that Pd atoms are not removed dispersion as o_bta}ined from the ARUI_DS data. Large circles correqund_ to
bv sublimation from 3D-Pd crvstallites. but alwavs from strong UPS emissions, Whl|e sma_lllercwcles denote Weak_electron emission
y . y, ST ,y . features. (c) E(K dispersion obtained from a DFT calculation of a ps ML
nearest-neighbour Pd-Ta bonds, indicating that Pd intermixeset pd on Nb(0 0 1). The size of the circles is the measure of the local density
with Ta. of states within the Pd layer.
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pansion of 1.8%, and a contraction of 4.3% were obtained for T T 1 | I
the subsequent interlayer distances between the Nb planes. UPS Pd deposited f\
The experimental and theoretical results are quite similar as glotl O 1 MLPd/NB(001) \ |
many of the prominent features present in the calculation are §
also observed in the experimental dispersion. The features at
—2.8and-4.1eV are related to the pseudomorphic Pd mono- - \‘: .
layer absorbed on Nb(0 0 138]. This is further confirmed il
by RHEED images which show a well ordered ps surface
without traces of oxygen. 610* =
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(001)
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(001) 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
after annealingFig. 5 shows the UPS spectra taken during
this additional deposition of Pd. The UPS features situated rig. 5. Normal emission Hel-UPS spectra taken in situ at 150K during the
at —4.1 and—2.8eV and assigned to 1 ps ML are clearly growth of Pd on an annealed Pd/Nb(0 0 1) sample, as discussed in the text.
attenuated from the start of the deposition, while the feature
at—1.6 eV assigned to two ps ML develops immediately (see
alsoFig. 6). This means that the ps Pd layer obtained after the
anneal of a 10 ML Pd film deposited on Nb(00 1) to 1500 K
completely covers the Nb(0 0 1) substrate.

410* E

photoelectron intensity (counts / s)

210*

binding energy (eV)

away in roughly 8 min. An exponential decay fit to the AES
signal strength gives a decay ratef 2 min. A similar
experiment was performed for Au and Pd adsorbates. This
resulted in the decay rate of~ 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 Pd films on Te.5,16,12jhave a Ta surface cov- annealed 10 ML film vanished only after some 160 min of

erzd tl)y ps Pd atoms. AES meaSleremec;]ts 0?] these S?%plei’puttering (se€ig. 8). This indicates that the Pd intermixing
and also AES measurements performed on the annealed Pd, 0,45 geep into the bulk. The intensity level indicates that
film on Nb(0 0 1) show a Pd signal that corresponds to some

1.3 ML of Pd without traces of contamination (S€ig. 6.

An even larger amount of Pd in the outer layers of the sub- 310t -
strate is found with XPS (seeig. 6b), as a higher kinetic
energy (1145 eV) of the Pd-3d electrons in comparison to the
Pd AES line (330 eV) results in a larger probing depth. The
annealed sample covered with 1 ps Pd ML has a larger inten-
sity of the Pd line as compared & 2 ML Pd filmdeposited
directly on the Nb(0 0 1) surface. This indicates that, in con-
trast, to W(0 0 1), annealing the sample at a high temperature
does not result in the desorption of Pd, but in its intermix- .
ing with the Nb crystal. This was further investigated with I 1.5 2
AES sputter profiling. The sputter rate was determined by Pd coverage (ML)

recording the AES signal upon sputtering the Nb(0 0 1) sub- Fig. 6. Background corrected peak heights of the UPS-emission.8t

strate covered with a well known amount of adsorbiitg. 7 and—1.5eV during Pd deposition on the Nb(0 0 1) substrate capped by a ps
shows that a ps ML of S bonded to Nb(0 (39] is sputtered Pd, see alséig. 5.

3.4. Subsurface Pd

T T T T T
Pd on 1 ML Pd/Nb(001)

2:10* - UPS-peak at -1.5eV—

104 —
UPS-peak at -2.8eV |

UPS peak height (counts / s)
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Fig. 7. (a) AES from a 10 ML thick Pd film on Nb(0 0 1) annealed to 1500 K 0 2 4 6 8 o 12 14

for 90's. (b) XPS from 2 ML Pd on Nb(0 0 1) deposited at 150 K and an XPS sputter-time [min]

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. 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
| 0
just below the surface the Pd-Nb layer consist of about 20% Nb(001). (c) Auger S (151 eV-line) signal evolution upon Ar sputtering of

of Pd, while the Pd concentration is reduced to 10% after 1 mi of S on Nb(001). The continuous lines are the fit of an exponential
some 100 min. With the decay rate of 2.6 min for 1 ML, the decay function to the measured points. The sputtering was done with the
measured subsurface Pd amounts to about 7 ML. This indi- kinetic energy of the Ar-ions of 1keV, and at the sputtering-angle 6f 42
cates that a large part of the initial 10 ML is left either as the from the surface normal direction.
ps cap layer or is found in the subsurface region that is more
than 50 layers deep. The rapid decrease of the AES signaldistances along a specific crystalline direction. Thus, XPD
of Pd and a similar increase of the Nb signal provides again could be used to determine that not only was Pd present in
evidence for the existence of a cap layer. subsurface positions, but also that these positions were sub-
Next, the role of the thickness of the initially deposited stitutional ones.
Pd film was investigated. For a 100 ML Pd film, annealing Figs. 10 and 1show the emission angle distribution of the
at a slightly higher temperature and for prolonged times also XPS Nb-3d emission line scanned along the [1 1§ (10
resulted in UPS features characteristic of a ps Pd ML on and [100] Fig. 11) azimuth of various Nb(00 1) samples.
the Nb(0 0 1) substrate. In this case RHEED did not give any These distributions were obtained after a background correc-
indication of 3D crystallites, either. AES sputter profiling (see tion. This was done by also measuring the angle distribution
Fig. 9 showed that the concentration of Pd in the subsurface of inelastic electrons with the kinetic energy of 1280 eV for
region is higher and extends over a much larger number of Nb and 1050 eV for Pd. The structureless background was
layers. multiplied by a constant factor and then subtracted from the
XPD[52-54]provides direct information in real space of elastic signal. The curves of a slightly oxygen contaminated
the 3D crystalline structure of the outer layers of the sub- and a slightly sputtered surface (a and b) show strong for-
strate. This information is accessible for atomically flat films ward focusing fo® = 0° and 55 along the [1 1 O]-azimuth
only with diffraction methods in combination with extensive and foré = 0° and 45 in the [1 0 0] azimuth. These angles
calculations. Forward scattering of electrons, which is at the correspond to the densely-packed crystalline directions in
origin of this technique, increases with the increasing elec- the bcc substrate (s€ég. 12). Similar angular distributions
tron kinetic energy and with the decrease of the inter-atomic 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)) P
and of the 330 eV MVV Pd line (curve marked with (b) and (c)) during the (a)
Ar sputtering of ‘annealed Pd’ samples. Curves (a, c) refer to he samples %eg Nb(001)+O
obtained by an anneal to 1500K of a 10 ML thick Pd film deposited on 220 -10 0 10 20 30 40 50 60 70

Nb(00 1) for 90's, whereas curve (b) corresponds to the sputtering of a 100 polar angle (degree)

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 Fig. 10. Polar angle distribution of X-ray photo-electrons along the [110]-
of 42° from the surface normal direction. azimuth ofthe 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-

theoretically in fully dynamic multiple-scattering calculation cleaned Nb(00 1) substrate as used in the deposition experiments; (c) the
o he N3 InefSS]. The dynamic calculaons showed %54:15(0) 1< P10 L o tened o 160D
that intensity maxima appear along close-packed crystalline ;"¢ =1 3 i fim of Pd deposited on Nb(001) at 150 K; (g) the Nb-3d
axes. The other features were assigned to multiple scatter-ang (n) pd-ad line of a 100 ML Pd film deposited on Nb(0 0 1) and annealed
ing effects. A layer resolved analysis of these calculations at 1600K for 120s. The surface normal direction corresponds=d0°.
showed that the strong normal emissieh=0°) and the The kinetic energy of the Nb-3d (Pd-3d) photoelectrons excited bydl K
feature observed @t = 8° are due to electrons scattered by radiqtign was~1280eV (1145 e\/). The Pd anisotropies (d, ) and (h) were
seven to ten monolayers of Nb. In our XPD measurements, MUtiPlied by 4 and 1.5, respectively.
these side peaks were observed at the slightly larger polar
angle ofé = 10°. This is probably due to a slightly larger  [(Imax — Imin)/Imax]%, where Imax is the overall XPS sig-
kinetic energy of our photo-electrons as we used an &l K nal and Imax — Imin IS the XPD peak height. These true
source instead of the Mgdsource of Lo et aJ55] anisotropy values contain important information about the
The angular distributions of photo-electrons of both the depth distribution of the atoms (e.g. Pd atoms). The contribu-
Pd-3d line Figs. 10d,h and 11d,&ind the Nb-3d-lineKigs. tion of the surface ML to the measured XPS intensity is large
10a,b,c,f,g and 11a,b,$,ef the annealed Pd film are similar.  (top layer), but its contribution to the measured anisotropy is
These angular distributions are also similar to those mea-essentially zero (no forward scattering). This means that if
sured and calculated by Lo et §65] A 1.3 ML film of the annealed Pd/Nb samples are capped by Pd, the diffrac-
Pd Fig. 109 does not show any featufé8], confirming tion effect (anisotropy) in the Nb signal should be much more
that the intermixing takes place after annealing at elevatedstronger than in the Pd signal, because the Pd signal origi-
temperatures. The similarity between the Nb and Pd lines nates mostly from the surface ML whose contribution to the
clearly shows that a large concentration of Pd atoms existsanisotropy of the Pd signal is negligible. Exactly this is ob-
in the subsurface and that these Pd atoms are in substituserved inFig. 13 Firstly, the Nb signal obtained from the
tional positions. The modulation observed also indicates thatannealed Pd/Nb samples shows an higher anisotropy than
this subsurface layer containing Pd is at least 7-10 layersthat of the clean Nb(0 0 1) sample and, secondly, it is much
deep. larger than the Pd signal. This means that Nb signal from
An even more important piece of information which the annealed Pd/Nb samples has no featureless intensity con-
can be extracted from the XPD data is the strength of the tribution from the top layer, which in turn, implies that the
diffraction effect.Fig. 13shows the anisotropy of the over- annealed Pd/Nb samples are capped by Pd. This is also the
all XPS intensity for the main XPD peaks, calculated as reason for the lower anisotropy values of the Pd-XPS sig-
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Fig. 11. Polar angle distribution of X-ray photo-electrons along the [1 0 0]-

azimuth ofthe 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(00 1)

after the film was annealed at 1500 K for 90 s; (e) the Nb-3d and (f) Pd-3d line

ofa 100 ML Pd film deposited on Nb(0 0 1) and annealed at 1600 K for 120 s.
The surface normal direction correspondg te 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
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(a) anisotropy of the overal XPS-signal in normal emission (@ = 0°)
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(b) anisotropy of the overal XPS-signal along the [101] atomic row
(measured along azimuth [100] and 0 =45°; see Fig.11)
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Nb(00 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

(b) Nb(001) 9=45°

[110] ,

Fig. 12. (a) Sketch of the body-centred cubic lattice depicting the emission
angles. Azimuthal anglep] was changed in the surface plane of Nb(00 1)
(panel (a, b)). Polar angl@)was measured in the plane perpendicular to
the surface, and along the high symmetry azimuth directions [100] (c) and
[110] (d).

(c) anisotropy of the overal XPS-signal along the [111] atomic row
(measured along azimuth [110] and 0 =55 see Fig.10)
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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 [fthax — Imin)/Imax] - %0, Wherelmax is the overall
XPS signal andimax — Imin is the XPD-peak height. (a) True anisotropy
of the normal emission pealk & 0°) which occurs due to the forward-
focusing along the [00 1] atomic row (sé&y. 12c,d. (b) True anisotropy

of the diffraction at the [101] atomic row. The forward-focusing peak was
measured in the [10 0]-azimuth é@t= 45° (Fig. 11). (b) True anisotropy

of the diffraction at the [1 1 1] atomic row. The signal was measured in the
[110] azimuth at § = 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.
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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(001), in agreement with the AES-

sputter profiles. The overall Pd intensity of the annealed 100
MLs of Pd on Nb(001) is increased due to the contribution
from the XPS intensity of the subsurface Pd atoms which
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