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Experimental observations confirmed by density functional theory �DFT� calculations show that strong
epitaxial bonds between Pd atoms and the substrate can induce two competing properties: nobleness and
ferromagnetic order in the same material, i.e., Pd bonded on Nb�100�. Angle-resolved ultraviolet photoelectron
spectroscopy measurements, confirmed by first principles, self-consistent DFT calculations show that the
strong, direct bonds between a Pd monolayer and Nb�001� push the d-band center of the monolayer toward
lower binding energies, which results in the Pd reactivity comparable to that of the noble metal Ag. The strong

epitaxial constraint of the Nb�001� substrate induces a �112̄0�-oriented hexagonal close-packed structure in
thicker Pd films. First principles, self-consistent DFT calculations with spin-orbit coupling included performed
at 0 K show that Pd in this structure is ferromagnetically ordered at the optimum lattice constant. Its bands at
the Fermi level are flatter in comparison to those of Pd in its natural, nonmagnetic, face-centered-cubic
structure, leading to the density of states �DOS� at the Fermi level which fulfills the Stoner criterion for
ferromagnetism. We identify these bands in the bulk band structure and probe them with angle-resolved

ultraviolet photoelectron spectroscopy in �112̄0�-oriented hexagonal close-packed Pd films.
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I. INTRODUCTION

Ferromagnetic order and nobleness are two sought for
but, at the same time, competing properties of metals. Noble
metals are characterized by filled valence d bands situated
well below the Fermi level, which result in their poor surface
reactivity and ability to resist corrosion against reactive
gases like H2, O2, N2, CO and the dissolution of these gases
in their bulk. In contrast, holes in the valence d bands of a
metal are needed for a preferential spin alignment to occur.
Much work has been done so far to obtain a metal charac-
terized by these two competing properties. As a candidate for
such a metal we chose Pd because of its interesting electronic
structure, in the atomic state it has fully occupied d states
like the noble metals Cu, Ag, and Au whereas in the bulk
phase its d states are not occupied, making Pd a reactive
metal, that is often used in catalysis.1 On the other hand, as
soon as Pd atoms are involved in bonds, holes are created in
the valence d bands. The electronic structure of metallic Pd
is characterized by a high density of states �DOS� at the
Fermi energy �N�EF�� which is on the threshold of fulfilling
the Stoner criterion for ferromagnetism.2–4 The Stoner crite-
rion for ferromagnetism,2 IN�EF��1, where I is the Stoner
parameter and N�EF� is the density of states at the Fermi
level of the paramagnetic state, tests whether the potential
energy gain through the exchange interaction by establishing
ferromagnetic spin alignment overcomes the energy cost of
the rearrangement of the band occupancy. Since the Stoner
parameter I, which is related to exchange interaction, is only
insignificantly influenced by different crystal symmetries, the
decisive role in establishing ferromagnetic order is played by

the density of states at the Fermi energy. This is especially
the case for 4d and 5d metals, where the Stoner parameter
shows practically no dependence on the atomic number.

In this work we show that both properties, i.e., ferromag-
netic order and noble-metal-like character, can be induced in
Pd by altering its electronic structure through change of the
bonding angle or the strength of the bonds between atoms.
Beside scientific interest there is also technological interest
in inducing in Pd a ferromagnetic state or an electronic struc-
ture similar to that of a noble metal. Ferromagnetic order is
well known to provide useful engineering and technological
applications.5–13 In particular, with the information revolu-
tion and the ever growing need to acquire, store, and retrieve
information, the science and technologies attached to mag-
netic recording have experienced explosive growth. Central
to those pursuits is the material science of magnetism as it
applies to surfaces, interfaces, and thin films.5–13

Of technological interest is also a Pd surface with a noble-
metal-like character, especially an open one, like that formed
by one monolayer �ML� of Pd bonded on Nb�001�. Due to its
noble-metal-like character �which will be shown further on�,
it can be kept free from contamination. One very promising
area of application of such a surface can be by the use of
fullerenes.14,15 In this context, the pseudomorphic �ps�16 Pd
ML on Nb�001� can play a twofold role, its metallic charac-
ter will very probably lead to a layer-by-layer growth of the
deposited fullerenes and its nobleness will successfully pre-
vent the decomposition of fullerenes making their complete
removal from the surface possible, without contaminating
the sample with carbon.15
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Curiously enough, all the attempts thus far to obtain Pd
with both properties consisted in weakening the bonds be-
tween Pd atoms. The bond weakening, which could be
achieved through lattice dilation or electron localization as-
sociated with a reduced coordination number, lead to more
states with antibonding character generated at the Fermi
level. As a result,17 an increase of N�EF� could be achieved
large enough to fulfill the Stoner criterion for ferro-
magnetism.3,4 At the same time, the weakening of the inter-
action between Pd atoms, made their electronic structure
more atomiclike, with the d states completely filled.18 This
interplay between ferromagnetic order and the filling of the d
states by expanding the Pd lattice can be seen in Fig. 1,
where the magnetic moment and the DOS at the Fermi level
are presented of a free standing Pd�001� ML as a function of
the lattice constant.

A free standing Pd ML with the periodicity of the �001�
plane of the fcc-Pd lattice is ferromagnetically ordered be-
cause it corresponds to a bulk lattice which is strongly ex-
panded in the �100� direction �see Sec. II C�. The expansion
of the bulk lattice reduces the interaction between the atoms
thus reducing the d-band width, which is a measure of the
interaction strength. The narrowing of the d-band width in-
creases the DOS sufficiently enough to fulfill the Stoner cri-
terion for ferromagnetism. A further increase of the lattice
constant of the ML results in an increase of the DOS at the
Fermi level, which should further strengthen the ferromag-
netic order. On the contrary, the magnetic moment decreases
with further lattice expansion as shown in Fig. 1. This hap-
pens because the lattice expansion increases the occupancy
of the d bands of the Pd ML and, consequently, the electronic
structure of Pd becomes atomiclike. As a result, the number
of electrons available for spin anisotropy and, consequently,
the magnetic moment is reduced �Fig. 1�. Now, the deposi-
tion of metals on suitable substrates can enlarge, via
pseudomorphism,16,19 the in-plane lattice constant of a film.
This does not lead, however, to an enlarged atomic volume,
because in the direction perpendicular to the surface, the film
relaxes, reducing its out-of-plane lattice constant in such a
way, that the atomic volume is conserved �equal to that of the
natural phase�. So, it becomes clear that the weakening of the
bonds between Pd atoms can neither make a noble metal of
Pd nor induce ferromagnetic order in it. In this work we

show that an opposite route, which consists in creating stron-
ger bonds should be followed to induce both noble-metal
properties and ferromagnetism in Pd. This can be done by
depositing Pd on Nb�001�.20–32 Experimental data confirmed
by first-principle calculations demonstrates that the strong
bonds between Pd and Nb�001� induce �i� a noble-metal-like
electronic structure in Pd atoms which are in direct contact
with Nb atoms and �ii� the hexagonal close-packed phase in
thicker Pd films which orders ferromagnetically at the opti-
mum lattice constant. The paper is organized as follows. Sec-
tion II describes the experimental and theoretical procedure
used. In Sec. III we present and discuss our experimental and
theoretical results. Section IV summarizes our results.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Measurement equipment

The experiments were performed in a VG-ESCA-LAB
MKII spectrometer ��ESCA� electron spectroscopy for
chemical analysis�, which was connected with a home-built
chamber equipped with a reflection high-energy electron dif-
fraction �RHEED� apparatus. The RHEED chamber was
pumped by a titanium sublimation pump with a liquid nitro-
gen �LN2� cooled wall and via the main �ESCA� system by a
LN2-baffled diffusion pump which produced the base pres-
sure of 3�10−11 mbar after the system had been backed at
�500 K for 24 hours. The base pressure of the chamber �3
�10−11 mbar� rose to 7�10−11 mbar during the metal depo-
sition from preoutgased evaporators situated in the both
chambers. The home-built water-cooled metal evaporators
allowed deposition rates of 0.03–10 ML per minute. The
sample was mounted on an home-built, exchangeable speci-
men cartridge which was inserted into a manipulator with
translation and rotation degrees of freedom. Heating with
electron bombardment was used to reach temperatures as
high as the metallic melting point, cooling with liquid nitro-
gen to lower it to 150 K. The temperature was measured with
a W-3%Re/W-25%Re thermoelement which was calibrated
at high temperatures with a disappearing filament pyrometer.
The sample could be rapidly transferred in ultrahigh vacuum
�UHV� between the two subsystems within 8 minutes, which
made it possible to correlate the deposition rates determined
by RHEED and by the electron spectroscopy.33,34 RHEED
was not only used to determine the substrate and layer struc-
ture, orientation and morphology but also the growth rate via
specular beam intensity oscillations. A 20 keV beam with an
emission current of 9 �A was used at grazing angles of in-
cidence �0.3°, which made RHEED very sensitive to the
surface morphology. The ESCA chamber contained a hemi-
spherical analyzer with the resolution of 60 meV at the pass
energy of 2 eV, a monochromatized x-ray source set to the
Al K� line �1486.6 eV�, an electron gun for Auger electron
spectroscopy �AES� which was operated at the emission cur-
rent of 1–3 �A and the beam energy of 1.8 keV. Unpolarized
and polarized vacuum ultraviolet light from a Leybold cap-
illary noble-gas resonance discharge lamp with the photon
energies of 21.22 eV �He I� and 16.85 eV �Ne I� was used in
the ultraviolet photoelectron spectroscopy �UPS� measure-
ments. For AES and x-ray photoelectron spectroscopy �XPS�

FIG. 1. Magnetic moment �marked with squares� and DOS at
the Fermi level �marked with circles� of a free standing Pd�001�
monolayer as a function of the lattice constant.
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the angular acceptance of the analyzer was set to ±12°, for
x-ray photoelectron diffraction �XPD� and angle-resolved
UPS �ARUPS� to ±1°. The surface quality and growth mode
was examined with RHEED, AES, and ARUPS. The geomet-
ric structure was determined with RHEED and XPD, the
electronic structure with AES, XPS, and ARUPS. The chemi-
cal composition of the sample was checked mainly with
AES. A quadrupole mass spectrometer was used to determine
the gas composition and the stability of the evaporators. A
VG-Microtech EX05 ion source whose beam could be de-
flected, scanned, and focused on the sample, was used for
sputtering.

B. Nb(001) substrate cleaning

The substrate used in this work was a single crystal of Nb
�6�10�0.5 mm3�, which was mirrorlike polished and ori-
ented to within 0.04° of the �001� face. The orientation was
checked with x-ray Laue photographs. The stress of the crys-
tal was minimized by supporting it on a preoutgased W disk
and by the use of Ta sheet springs.

The removal of oxygen from Nb and Ta surfaces without
serious deterioration of the surface perfection has been a ma-
jor problem in nearly all studies of these surfaces in the
past.35 The difficulty of removing oxygen is due to the high
solubility and diffusivity of O in these metals and the low
vapor pressure of its suboxides. The solubility of O in Nb has
a maximum of 6 atomic percent at about 2050 K. It de-
creases above this temperature in the absence of oxygen
sources due to desorption in the form of NbO and NbO2.
However, at partial pressures above 10−11 mbar Nb, absorbs
oxygen.36 As a result, an equilibrium concentration of O in
bulk Nb occurs that acts as an oxygen contamination source
for the surface upon cooling a Nb crystal.

In the past, only outgassing of very thin Nb samples, such
as thin polycrystalline Nb foils, in UHV close to or even
above the melting point �2700 K�, was successful in cleaning
the bulk sufficiently enough for only negligible oxygen seg-
regation to occur upon cooling. Unfortunately, during the
cooling great parts of the Nb surface crystallize in the dense-
packed �110� structure, and not in the desired �001� orienta-
tion. Single crystals distort badly during such extreme treat-
ments. When they are outgased at lower temperatures, their
surfaces still show oxygen contamination upon cooling.37

The �001� face is particularly difficult to clean. Occasional
reports of oxygen-free �001� surfaces based on UPS studies
of the surfaces heated for long times at very high
temperatures,38 contain no information on the surface perfec-
tion. Other structurally sensitive studies indicate that the sur-
faces became rather imperfect during this treatment.35 Heat-
ing in hydrogen and sputtering has not been successful
either.35

For epitaxy and other studies it is important to prepare
well-ordered surfaces with bulk lateral periodicity which re-
main free of oxygen upon heating after sputter cleaning at
low temperatures. On the Nb�001� surface, however, oxygen
induces a rearrangement of the surface Nb atoms, destroying
its bulk lateral periodicity.37,39–41 We have found an experi-
mental procedure which suppresses oxygen diffusion to the

Nb surface while maintaining the bulk lateral periodicity of
Nb�001�.41 This was achieved by depositing suitable metals,
like Pd or Au, on Nb�001� after its low sputter cleaning,
followed by annealing to elevated temperatures �1200 K to
1600 K�. This process lead to a flat, �1�1� Nb�001�-like
surface terminated with 1 ps ML of Pd or Au, with the
needed bulk lateral periodicity of the �001�-oriented Nb crys-
tal, which we used as the substrate for our metal epitaxy
investigations.41,42

C. Calculation procedure

The calculations were performed within the framework of
density functional theory �DFT�, using the full potential aug-
mented plane wave �FLAPW� method and the local spin den-
sity approximation �LSDA�43,44 as implemented in the
WIEN2K package.45 First scalar relativistic calculations were
carried out and subsequently spin-orbit coupling was in-
cluded in a second variation step.45 142 k points were used in
the irreducible wedge of the Brillouin zone �IBZ�. The ad-
sorption systems and the Nb3Pd1 bulk alloy were simulated
with a slab model, which is known to be very efficient and
precise for various surface problems.46

Figure 2 presents the unit cells used in the slab calcula-
tions. The unit cell of the slab was for the free standing Pd
ML and for the Pd ML on Nb�001�, a tetragon with the
height equal to that of 18 nonrelaxed Nb�001� MLs �18
�1.65 Å�, whose base was the two-dimensional unit cell of
the Nb�001� layer. The unit cell of Pd absorbed on Nb�001�
contained nine Nb�001� ML covered by a ps ML of Pd, fol-
lowed by the free space of 8 ML �see Fig. 2�b��. The vacuum
for a free standing Pd�001� ML was 17 ML thick �see Fig.
2�a��. The unit cell of the Nb3Pd1 bulk alloy was four
Nb�001� ML thick, as a Pd ML was followed there by three
Nb ML without empty space in between �see Fig. 2�a��. For
these systems, the lattice constant in the lateral planes was
set to the experimental value of the Nb�001� substrate �aNb
=3.30 Å�, while the vertical positions of the surface and of
the first four subsurface layers were optimized through
atomic force calculations �z relaxation�, i.e., the derivatives
of the total energy with respect to the atomic positions were
minimized. In addition, the in-plane lattice constant of the
free standing Pd�001� monolayers was varied as shown in
Fig. 1.

The bulk calculations were performed at 560 k points in
the irreducible wedge of the Brillouin zone �IBZ�. The opti-
mum lattice constant of Pd was determined by minimizing
the total energy as a function of the lattice constant. Conver-
gence of the self-consistent calculations was assumed when
the electron charge distance defined as ���n�r�−�n−1�r��d3r,
where � is the electron charge density and n is the iteration
number, was smaller than 1�10−4e in three consecutive it-
erations. It should be mentioned that LDA �LSDA� underes-
timates the lattice constants of transition metals.47 Gradient
corrections, on the other hand, dramatically reduce the
error47–49 and also give the correct natural phase
stability,50–52 but they tend to overestimate the magnetic
moment.47,53,54

III. RESULTS AND DISCUSSION

The electronic structure of a Pd layer adsorbed on
Nb�001� and monitored in situ with UPS is shown in Fig. 3
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as a function of the layer thickness given in ML.
It is identical to that of Pd deposited on W�001�.33 For Pd,

unusual UPS emissions appear for 1 ML and also for thicker
Pd films. 1 ML of Pd adsorbed on Nb�001� exhibits energeti-
cally deep lying emissions like the noble-metal Cu,55

whereas thicker Pd films display only a strong UPS peak just
below the Fermi level like the ferromagnetic metals Ni �Ref.
56� and Co.33,57–60 The aim of this work is to determine the
properties of the Pd layers exhibiting the unusual UPS emis-
sions, i.e., of 1 ML Pd deposited on Nb�001� and of thick Pd
films grown on this substrate. To this end their geometric and
electronic structure will be determined using electron diffrac-
tion and electron spectroscopy measurements. The experi-
mental results will be compared with ab initio DFT calcula-
tions.

A. 1 ML Pd

1. Electronic structure and bonding

RHEED shows a �1�1� diffraction pattern until 2 ML of
Pd have been deposited on the Nb�001� substrate, indicating
a pseudomorphic growth of the Pd layer over this thickness
range, similarly to the growth of Pd on W�001�.33 However,
in contrast to a ps ML of Pd on W�001�, a ML of Pd on
Nb�001� gives sharp and intense RHEED �1�1� patterns,

showing very good long-range order. The latter ML is ex-
panded by 44% in comparison to the bulk Pd�001� surface,
which gives the atomic next-nearest-neighbor distance aNb
=3.30 Å. So, the Pd atoms are forced to be positioned in
lateral Nb�001� sites. This indicates that strong bonds must
have been established between Pd and Nb, which are able to
counteract the increase of the total energy due to the large
expansion of the ps ML of Pd. These strong bonds manifest
themselves in the existence of long-range order evident from
the sharp and intense UPS emissions obtained from the Pd
ML on Nb�001� �Figs. 3 and 4�a��.

Figure 4 compares the UPS emissions from 1 ML Pd on
Nb�001� with those obtained from a �111�-oriented bulk-Cu
sample. 1 ML of Pd on Nb�001� shows UPS emissions lo-
cated well below the Fermi energy, similar to those obtained
from Cu �Fig. 4�b��. These energetically deep lying UPS
peaks, unusual for Pd, do not appear exclusively in normal
emission, as it is shown in Fig. 5.

It can be assumed that the UPS peaks in Fig. 5 mainly
consists of emissions from the ps Pd ML on Nb�001�, be-
cause the photoionization cross section of Pd is for He I ex-
citation �21.22 eV� three times larger than that of Nb,61 and
the photoelectrons He I excited from Nb valence states have
in Nb�001� the escape depth of less than 3 ML.62 Since the
Pd ML does not have translational symmetry perpendicularly
to the surface, its electronic structure is given by the E�k��

FIG. 2. Schematic representation of the unit cells used in the slab calculations. All the unit cells are tetragons. �a� Unit cell of the free
standing Pd�001� monolayer. The height of the tetragonal unit cell is equal to that of 18 nonrelaxed Nb�001� ML �18�1.65 Å�. The vacuum
between two consecutive monolayers is 17 nonrelaxed Nb�001� ML thick. The in-plane lattice constant of the free standing Pd�001�
monolayers was varied as shown in Fig. 1. �b� Unit cell of the 1 ML Pd/Nb�001� system. It contains nine Nb�001� ML followed by a ML
of Pd and of the free space of 8 ML. The height of the unit cell is equal to that of 18 nonrelaxed Nb�001� ML �18�1.65 Å�. The lattice
constant in the lateral planes was set to the experimental value of the Nb�001� substrate �aNb=3.30 Å�, while the vertical positions of the
surface and of the first four subsurface layers were optimized through atomic force calculations �z relaxation�, i.e., the derivatives of the total
energy with respect to the atomic positions were minimized. �c� Unit cell of the laminar Nb3Pd1 bulk alloy. Three Nb�001� monolayers are
followed by a Pd�001� monolayer in a bcc structure. Hence, all Pd atoms have eight nearest neighbors, all of them being Nb atoms. The
height of the unit cell is equal to that of four nonrelaxed Nb�001� ML �4�1.65 Å�. The lattice constant in the lateral planes was set to the
experimental value of the Nb�001� substrate �aNb=3.30 Å�. The vertical positions of all atoms were optimized through atomic force
calculations �z relaxation�.

E. HÜGER AND K. OSUCH PHYSICAL REVIEW B 72, 085432 �2005�

085432-4



band dispersion, which can be determined from the angular
dependence of the UPS emissions.

The k� component �parallel to the film surface� of the
wave vector is conserved in photoelectron emission.55 Thus,
the k� values of the initial emission states can be calculated
from k� =1/�	2meEkinsin �=1/�	2me�h�−	− �EB��sin �,
where � is the emission angle, Ekin, the kinetic energy of an
emitted photoelectron; 	, the work function of the film; EB,
the binding energy of the initial state; and h� is the energy of
an absorbed photon.55 The resulting E�k�� dependence for the
ML of Pd on Nb�001� is presented in Fig. 6�a�.

The circle size gives an estimate of the intensity of the
UPS emission coming from the corresponding state, big
circles correspond to high and small circles to low UPS
emissions. It can be observed that the Pd ML on Nb�001�
exhibits strong emissions from states lying at deep binding
energies.

DFT calculations were performed to help us understand
why the Pd ML on Nb�001� shows energetically deep lying
states like those of the noble metal Cu �Figs. 4�a� and 4�b��.

They show that if the surface Nb layer of the Nb�001� sub-
strate is replaced by a Pd ML, strong attractive forces act on
the Pd atoms, trying to reduce the distance between the Pd
ML and the Nb�001� surface. These strong forces are indica-
tive of strong bonds established between Pd and Nb. The
forces are minimized only when the distance between the Pd
ML and the first subsurface Nb ML is reduced by 23%, that
between the two subsequent Nb ML is expanded by 1.8%
and the following one contracted by 1.2%. Only after the full
z relaxation does the calculated electronic structure of the Pd
ML on Nb�001� �Fig. 6�b�� coincide with the measured one
�Fig. 6�a��. The good agreement between the experimentally
and theoretically determined band structures also confirms
our conclusion, obtained on the grounds of RHEED mea-
surements, that the first ML of Pd bonds pseudomorphically
to Nb�001�.

Note also good agreement between the angle integrated
UPS �Fig. 7� and the DOS of the z-relaxed ps Pd ML on
Nb�001� �Fig. 8�c��, which falls in with the good coincidence
of the experimentally and theoretically determined geometric
and electronic structures of Pd on Nb�001�.

Figure 8 shows how different is the DOS of Pd bonded on
Nb�001� �Fig. 8�c�� in comparison to that of the free standing
Pd ML �Fig. 8�a�� and of bulk Pd �Fig. 8�b��. The bonding to
Nb shifts a great part of the Pd states of the free standing Pd
ML to lower binding energies. As a result, the DOS of the Pd
ML on Nb�001� �Fig. 8�c�� has more states lying at deep
binding energies than bulk Pd �Fig. 8�b��.

Bonding is easily visualized with charge density maps.
The cuts through the charge density difference of the relaxed
�1 ML Pd� /Nb�001� presented in Fig. 9 display an agglom-
eration of charge between Pd and subsurface Nb atoms,

FIG. 3. Normal emission He I-UPS spectra taken in situ during
the growth of Pd on Nb�001� at 150 K.

FIG. 4. Normal emission He I-UPS spectra of a Pd monolayer
bonded to Nb�001� �curve marked with �a�� and of a �111�-oriented
fcc Cu �curve marked with �b��.

FIG. 5. ARUPS spectra of a Pd ML bonded to Nb�001�. The
emission angle was changed in the high symmetry directions
�110�Nb and �100�Nb, which were determined with RHEED.
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which is responsible for strong bonding between Pd and Nb,
resulting in energetically low lying Pd states.32,46,63

Our experiments and calculations indicate that the shifts
of Pd states to deep lying energies occur due to the bonding
between Nb and Pd and not because of the Pd atoms �situ-
ated on the surface� having a lower coordination number
than in the bulk. Figure 10�a� shows that if the
�1 ML Pd� /Nb�001� sample is covered with Ag, the energy
positions of the Pd states do not change. This means that the
strength of the bonds between Pd and Nb is not influenced by
the covering with Ag. Further, if Pd bonds to more Nb atoms,
as in Nb3Pd1, where the Pd atoms are fully coordinated �they
have the maximum number of nearest-neighbor Nb atoms�,
even more Pd states are pushed to deeper lying energies
�compare Figs. 8�c� and 8�d��.

The shifting of the Pd d states to lower lying energies
depends on the ratio �q� between the number of the nearest-

neighbor Nb atoms which bond to a Pd atom and the number
of Pd atoms involved in these bonds. A Pd ML bonded to
Nb�001� has q=1, whereas the Pd ML in between Nb ML of
the Nb3Pd1 alloy has q=2. Submonolayer Pd coverages on
the Nb�001� surface have q=1 for Pd inside two-dimensional
�2D� islands and q=2 �or q=3� for Pd atoms situated on the
peripheries of these islands, whereas isolated Pd atoms
bonded to Nb�001� have q=4. Our calculations and measure-
ments demonstrate that the larger the q, the more of the Pd d
states shift to deeper binding energies. This is exemplified by
Figs. 8 and 11. Figures 8�c� and 8�d� show that in the case of
the layered Nb3Pd1 alloy the bonding of a Pd ML inside the
Nb bulk �q=2� pushes more Pd d states to lower energies
than for 1 ML of Pd bonded to Nb�001� �q=1�. Indeed,

FIG. 6. �a� E�k�� bands obtained from the ARUPS measurements
presented in Fig. 5. The circle size gives an indication of the UPS
intensity, big �small� circles correspond to high �low� UPS emis-
sions. �b� Bands of a pseudomorphic ML of Pd on Nb�001� ob-
tained from DFT calculations of the z-relaxed structure. The Pd ML
relaxed towards the Nb surface. The equilibrium distance between
the Pd monolayer and the Nb�001� surface layer is by 22.3%
smaller than the bulk distance between Nb�001� monolayers. The
relaxation of the following �Nb� layers is +1.8%, −1.2%, +1.8%,
and −4.3%, respectively. The circle size gives the contribution of
the Pd states to the band states of the 1 Pd ML on Nb�001�.

FIG. 7. Approximation of the angle integrated UPS obtained
through the sum of all the ARUPS spectra of the ps Pd ML depos-
ited on Nb�001�, collected in the high symmetry directions ��110�
and �100��. These spectra are to be compared with the calculated
density of d-states shown in Fig. 8�c�. Note good coincidence of the
experimental �this figure�, and theoretical results �Fig. 8�c��.

FIG. 8. Calculated paramagnetic d-projected local density of
states of Pd in �a� a free standing Pd�001� ML with the lattice
constant a=3.30 Å. �b� Bulk fcc Pd. �c� z-relaxed ps Pd ML bonded
to Nb�001�. �d� Nb3Pd1 bulk alloy.
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ARUP spectra of the Pd-Nb bulk alloy display Pd emissions
shifted by �0.3 eV towards lower energies relative to those
of �1 ML Pd� /Nb�001�.41 This is in agreement with the situ-
ation in Pd alloys, where low-lying Pd states are also ob-
tained in the case when the nearest-neighbors of Pd are at-
oms of sp metals like Mg �Ref. 64� and Al �Ref. 65� or
metals with a low d-band occupancy like V,65–67 Ta,65 Zr,68,69

Sc, Ti, Y, La, Ce, Pr, Nd, Sm, Th, Ur.65

Figures 10�d�–10�f� refer to a submonolayer of Pd depos-
ited on a sputter-rough Nb�001� surface. The low deposition
temperature �150 K� and especially the strong Pd-Nb bond
cause a low mobility of the Pd atoms on the surface. This
low diffusivity should lead for submonolayer coverages �e.g.,

0.2 ML� to Pd aggregated in small 2D islands or even to
isolated Pd atoms bonded to Nb�001�. Thus, for low cover-
ages, the fraction of Pd atoms with q=2,3,4 should be larger
than for coverages larger than 0.5 ML. Figure 10�d� shows
that low sub-ML Pd coverages �0.2 ML� on Nb�001�, where
large fractions of Pd atoms have q=2, q=3 or even q=4,
exhibit Pd-UPS emissions centered at −3.5 eV. These emis-
sions are shifted to energies by 0.4 eV and 0.7 eV lower than
those of Pd in bulk Nb �q=2� and of 1 ML Pd on Nb�001�
�q=1�, respectively. If the sub-ML coverage increases, the
number of Pd atoms positioned inside the 2D islands �q
=1� also increases relative to that of Pd atoms at the island
edges, leading, in comparison to 0.2 ML of Pd, to additional
UPS emissions �Figs. 10�e� and 10�f�� which are character-
istic of 1 ML Pd bonded to Nb�001�.

2. Reactivity

Hammer and Norskov70 showed that the reactivity of a
d-band metal can be predicted on the grounds of the shape of
its d-valence density of states. They pointed out, that the
factors which determine the nobleness of metals, in terms of
poor surface reactivity and of ability to resist corrosion in
reactive gases like H2,O2,N2, CO and the dissolution of
these gases in their bulk, are �i� the energy position of the
d-band center; �ii� the degree of d-band filling; �iii� the cou-
pling matrix element; �iv� the strength of the d-d bonds �the
cohesive energy�. An increase in the occupancy of the d
states and the lowering of the energy position of the d band
center increase the occupancy of the reactive gas—metal
states and hence are a measure of the reactivity reduction of
a metal surface. The reactivity also decreases with the in-
creasing coupling-matrix element.70 The coupling matrix el-
ement between the substrate and adsorbate, is determined by
the bond geometry �e.g., by the bond lengths and the exten-
sion of the d states �which in fact also determines the bond
lengths��. For a given bond geometry, the valence band width
is a measure of the coupling matrix element.71 On the other
hand, the strength of the d-d bonds �the cohesive energy� is a
measure of the susceptibility of metal bonds to being broken
up �as a result, stable compounds such as hibrides, oxides,
and carbides are created�.70 Thus, the reactivity �i.e., the
nobleness� of a d-band metal depends on the form of its
valence d band. This paves the way to the atomic engineer-
ing of materials with desired catalytic activity and selectivity.

The calculated value of 9.50 of the d-band filling of the
Pd ML bonded to Nb�001� is slightly larger than that of bulk
Pd �9.29�, whereas the d-band widths of the two systems are
the same �Figs. 8�b� and 8�c��. In contrast, the key factor
determining the reactivity, i.e., the position of the d-band
center,70 shows larger differences in the two cases. The
d-band centers of bulk Nb, bulk Pd and a free standing
Pd�001� ML with the lattice constant of 3.30 Å lie at 
d
= +1.4 eV, 
d=−1.8 eV �for the �001�-surface layer of fcc
Pd �Ref. 72�� and 
d=−0.5 eV, respectively. On the other
hand, the bonding of the Pd ML to Nb�001� pushes its
d-band center to 
d=−2.7 eV, i.e., to an energy which is
smaller than that of bulk Pd �
d=−1.8 eV� and even slightly
smaller than that of the noble metal Cu ��d=−2.6 eV�.70 The
coupling matrix element of Pd is smaller than that of Au, but

FIG. 9. Maps of the difference between the superposed charge
densities of the constituent atoms and the self-consistent charge
density of the z-relaxed Pd ML bonded on Nb�001�. Solid �dashed�
lines indicate charge density accumulation �depletion�. The cross
sections are along the 
110� planes �of Nb�. The horizontal dashed
lines indicate the z positions of the ML. The positions of atomic
nuclei are given by black circles. The observed charge rearrange-
ment is in response to the bonding between Pd and Nb �Ref. 32�.

FIG. 10. Normal emission He I-UPS spectra from �a�, �b�, �c�
�1 ML Pd� /Nb�001� covered with �a� 1 ML Ag; �b� 2 ML Ag;
and �c� 1 ML Au. �d�, �e�, �f� Difference of normal emission UPS
spectra between �d� �0.2 ML Pd� /Nb�001� and Nb�001�; �e�
�0.6 ML Pd� /Nb�001� and Nb�001�; �f� �0.6 ML Pd� /Nb�001� and
�0.2 ML Pd� /Nb�001�. The deposition was done at 150 K. In �d�,
�e�, �f� Pd was deposited on a lightly sputtered, clean Nb�001�
surface.
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larger than that of Cu and, in fact, even larger than that of
Ag.70 So, due to the deeper-lying d-band center and a similar
d-band width, it should be expected that the ML of Pd
bonded to Nb�001� is less reactive than bulk Cu.

Reactivity measurements show that Pd ML bonded to W,
Nb�110�, and Ta�110� have a reactivity comparable to that of
the noble metal Ag.63 In our case, the Pd ML is by 35% less
densely packed than Pd bonded to Nb�110� or Ta�110�. The
ARUPS spectra of the Pd ML on Nb�001� contain UPS emis-
sions from Pd states lying at much lower binding energies
than those of Pd on Nb�110� or Ta�110�.63 Pan et al.26

showed, using self-consistent DFT calculations, that the
Pd-Nb binding energy for Pd/Nb�001� is more than twice
larger than for Pd/Nb�110�. Thus, the origin of the larger
shifts of Pd states to lower energies for Pd on Nb�001� lies in
the stronger bonding of Pd to the more open Nb�001� surface
than to the denser-packed Nb�110� surface. We can, there-
fore, argue that the reactivity of the lattice-expanded ML of
Pd bonded to Nb�001� is at least the same, if not lower, than
that of Pd bonded on Nb�110� or Ta�110�, which is compa-
rable to the reactivity of the noble metal Ag.

The substrate used in this work, i.e., Nb�001�, is charac-
terized by strong oxygen segregation from the bulk toward
the surface and also by a strong reactivity towards contami-
nation with CO and H2 from the residual gas existing in
ultrahigh vacuum. Consequently, a cleaned Nb�001� surface
left in UHV for 30 minutes at 300 K shows in AES and
ARUPS substantial C and O contamination. In contrast, the
Pd ML bonded to Nb�001� saturates the surface in such a
manner that it stops the oxygen segregation from the Nb bulk
towards the surface. We observed that, even if the Pd ML on
Nb�001� was left in UHV for more than 30 hours, no con-
tamination of the surface by the residual gas could be de-
tected with AES and UPS. This leads to the conclusion that
the bonding of the two reactive metals Pd and Nb leads to a
Pd terminated surface, which exhibits properties of a noble
metal.

B. Thick Pd films deposited on Nb(001)

In contrast to the deposition of Au and Ag on the
�1 ML Pd� /Nb�001� substrate �Figs. 10�a�–10�c��, further
deposition of Pd on this substrate shifts the UPS emission
closer to the Fermi level �Fig. 3�. The UPS emission of 2 ML
Pd bonded to Nb�001� occurs at −1.75 eV, similarly to that
of 1 ML Pd bonded to W�110�.73 However, further deposition
of Pd on Nb�001� leads to UPS emissions which are different
from those of Pd on W�110�. Pd films thicker than 4 ML73

deposited on W�110� show UPS emissions centered at the
binding energies of −1.2 eV and −2.4 eV, which are charac-
teristic of the He I-UPS emission from �111�-oriented Pd
samples.74 In these samples the hexagonal close packed �111�
planes of Pd are parallel to the substrate surface, i.e., parallel
to the densest packed �110� planes of the �110�-oriented W
substrate. In contrast, the ARUPS spectra obtained from
thick Pd films bonded to Nb�001� �see Fig. 3� show a single
strong peak close to the Fermi level, similar to that obtained
from Ni films deposited on Fe�001�.56 Furthermore, the dif-
fraction pattern of Pd on Nb�001� is also similar to that of Ni
on Fe�001�.75,76

In Sec. III B 1 we will determine the crystal structure of
thick Pd films deposited on Nb�001� which produce the
strong UPS emission near the Fermi level. We will show that
the growth of Pd on the open �001� surface of Nb exhibits
similarities but also differences to the growth of Pd on the
closest-packed �110� surface of Nb. The two processes are
similar since in both cases �i.e., in the epitaxy of Pd on �110�-
or �001�-oriented W or Nb substrates� the hexagonal close-
packed planes of Pd grow parallel to the close-packed planes
of W or Nb. The differences are related to the different ori-
entations of the substrates, i.e., the �110� or �001� orientation.
Pd grows on the �110�-oriented Nb or W substrates, with its
hexagonal close-packed �111� atomic planes parallel to the
substrate surface.73 The stacking sequence axis of the hex-
agonal close-packed Pd layers is then perpendicular to the
surface. In this direction �i.e., the surface normal direction�
the substrate �i.e., Nb� does not influence directly the crystal
structure of the adsorbate �i.e., that of Pd�. Consequently,
there is no epitaxy-based constraint for the Pd films grown
on Nb�011� or on W�011�, which would result in a change of
its natural stacking sequence. In the case of Nb�001� �or
W�001��, Pd also grows with its hexagonal close-packed
atomic planes parallel to the densest packed �110� plane of
Nb �or W�. But now the hexagonal close-packed atomic
planes of Pd lie perpendicularly to the surface, because the
�110� planes of Nb �or W� are perpendicular to the Nb�001�
�or W�001�� substrate. Consequently, the stacking sequence
axis lies parallel to the Nb�001� �or W�001�� surface where
the substrate has a direct influence on the crystal structure of
the growing epitaxial films. We will show that the epitaxial
constraint of the Nb�001� surface induces in the Pd film a
hexagonal stacking sequence instead of its natural fcc stack-
ing. In Secs. III B 2, III B 3, III B 4, and III B 5 we will de-
termine the electronic structure of the Pd films deposited on
Nb�001�. We will also show there that the stacking sequence
of the hexagonal close-packed Pd planes, which is induced
by the arrangement of the Nb�001� surface, is responsible for
the strong peak in UPS close to the Fermi level �Fig. 3�.

1. Film structure

Figure 11�a� shows a RHEED transmission pattern ob-
tained from thick Pd films deposited on Nb�001�. It is iden-
tical to that observed in Ni on Fe�001�.75

Centered patterns were also observed in LEED studies of
Ni films on Fe�001� �Ref. 76� and in RHEED studies of Ni
and Cu films on Fe�001� and on Au�001�.75 The origin of
these patterns was for a long time unknown.77 Wang et al.76

tried to explain the patterns as produced by a strained �001�-
oriented, body centered tetragonal structure. However, such a
structure would give rise to a noncentered diffraction pattern
rather than to the centered pattern of Fig. 11. In a previous
short paper77 on the interrelation between the fourfold sym-
metry of �001�-oriented cubic substrates and the magnetic
properties of films grown on them, we mentioned in passing
that the centered RHEED pattern obtained from those films
originates from an hcp stacking sequence of the adsorbate.

To find this hypothetical structure, we applied x-ray pho-
toelectron diffraction �XPD�, which gives information about
the local atomic environment in real space. XPD78–80 makes

E. HÜGER AND K. OSUCH PHYSICAL REVIEW B 72, 085432 �2005�

085432-8



use of the forward-focusing effect displayed by fast �with the
kinetic energy over 300 eV� photoelectrons moving along
atomic rows on their way toward the surface. The forward
focusing produces a modulation in the angle dependence of
the photoelectron intensity which corresponds to the angle
position of the densest packed atomic chains. The faster the
electrons and the denser the atomic rows, the stronger the
corresponding intensity modulation.

Figure 12�a� shows the polar-angle dependence of the
XPS signal emitted from the 3d core levels of Pd along the
high symmetry direction �110�Nb, in which the RHEED pat-
tern of Fig. 11�a� was obtained. The polar-angle distribution
of the 3p-core levels of Cu in thin Cu films deposited on
Nb�001� �Fig. 12�b�� also displays the same centered
RHEED pattern as Pd on Nb�001� �Fig. 11� or Ni on
Fe�001�.75

The comparison of the XPD curve of Fig. 12�b� �obtained
with photoelectrons having the kinetic energy of 1410 eV�
with that of Fig. 12�c� �obtained from the same Cu film with
slower photoelectrons emitted from the Cu-2p levels �Ekin

=550 eV�� shows that only the angle positions of the peaks
situated between �=20° and �=43° change. This is an indi-
cation, that the peaks situated at �=0° and ��60° come
from the forward focusing along dense packed atomic
chains, whereas the peaks around �=30° consist of, beside
the contribution from the forward focusing along atomic
rows, second-order interference effects. Thus, it can be con-
cluded that perpendicularly to the surface and along the
�110�Nb direction there are atomic planes of Pd �Cu� with
sixfold symmetry, i.e., hexagonal close-packed �111� planes
�see Fig. 11�b��. The XPD results demonstrate that these
planes and the densest-packed direction ��110�� lie perpen-
dicularly to the surface. Therefore, it can be inferred that
the orientation of the Pd films on Nb�001� is
�110�Pd, �211
Pd� �001�Nb, �110
Nb. In this orientation, the
stacking �111� planes are perpendicular to the surface,

whereas the stacking sequence axis �111� is parallel to it,
pointing along the �110�Nb direction.

Indeed, the XPD pattern of �Fig. 12� is similar to that
obtained from a �110�-oriented, single Cu crystal along the
�211
 azimuth �curve �=55° in Fig. 5 of Ref. 81�. However,
the XPD curves presented in Fig. 12 are also similar to those

obtained from �112̄0� thick hcp Co films.82 This happens
because the peaks in the XPD curves presented in Fig. 12 are
dominated by the forward focusing along the densest-packed
atomic chains lying within the hexagonal close-packed
planes �Fig. 11�b��. Consequently, it is not possible to deter-
mine the stacking sequence of the hexagonal close-packed
atomic planes of Pd deposited on Nb�001� on the grounds of
the XPD results only. Let us see whether some light on the
stacking sequence problem can be shed by the observed, cen-
tered RHEED pattern. To this end we will construct the ex-
pected RHEED-transmission patterns for the stacking se-
quence with the periodicity of two stacking planes �d-hcp
structure�, three stacking planes �fcc structure� and four
stacking planes �d-hcp structure�.

For a comparison of the expected RHEED patterns it is
convenient to introduce nonconventional unit cells with the
�110� planes as the basis planes. Figure 13 shows the �110�-

FIG. 11. �a� RHEED transmission pattern obtained from a 20
ML thick Pd film deposited on Nb�001�. The incident beam was
along the �110� direction of the Nb�001� surface. �b� Sketch of the
fcc�111� plane for the explanation of the XPD measurements. �c�
The reciprocal lattice observed in a RHEED reflection from flat
surfaces of Pd deposited on Nb�001� as would be seen by LEED,
the projection of the reciprocal rods on the surface plane. The black
squares form the �1�1� reciprocal structure of the pseudomorphic
surface. The squares together with the black filled circles form the
centered c�2�2��p�	2�	2�R45° � �surface� reciprocal lattice. If
supplemented with the nonfilled circles, they form the p�2	2
�	2�R45° � p�	2�2	2�R45° reciprocal lattice. The unit cell of
the �1�1� structure is sketched with dashed lines.

FIG. 12. Emission-angle distribution of the background cor-
rected x-ray photoelectron intensity from �a� the Pd-3d core levels
of a 16 ML thick Pd film deposited on Nb�001�; �b�, �c� the
Cu-3p- �panel �b�� and Cu-2p-core levels �panel �c�� of a 16 ML
thick Cu film deposited on Nb�001�. The polar angle was changed
in the plane perpendicular to the surface and aligned with the high
symmetry �110�Nb direction. The surface normal direction corre-
sponds to �=0°. The kinetic energy of the Pd-3d, Cu-3p, and Cu
-2p photoelectrons excited by the Al-K��h�=1486.6 eV� radiation
was �1145 eV, 1410 eV, and 550 eV, respectively. For background
correction, the angle distribution was measured of inelastic elec-
trons with the kinetic energy of 1050 eV for Pd, 1300 eV for 3p
-Cu, and 450 eV for 2p-Cu. This background emission, which did
not exhibit any peaks, was then multiplied by a constant factor and
subtracted from the elastic signal.
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based orthorhombic unit cell, delimited in the OXZ plane by
densest-packed hexagonal atomic planes.

The �110�-based unit cell is spanned by the vectors a1
=a	3e1, a2=ce2, and a3=ae3, where e1 , e2 , e3 are the unit
vectors of the Cartesian coordinate system, a is the atomic

nearest-neighbor distance in a fcc film, and c is the period-
icity of the stacking planes in the stacking sequence direction
��111� for an fcc stacking and �0001� for a non-fcc stacking�.
The reciprocal lattices constructed from these unit cells are
presented in Figs. 14, 15, and 16 for the stacking periodicity
of two, three, and four stacking planes, respectively.

The reciprocal orthorhombic unit cells are spanned by
vectors b1 , b2 , b3, with b1= �2
 / �a	3��kx, b2= �2
 /c�ky,
and b3= �2
 /a�kz, where kx , ky , kz are the unit vectors of
the Cartesian coordinate system with kx �e1, ky �e2, and
kz �e3. Up to now, we have not considered the atomic ar-
rangement inside the unit cell. The positions of the atoms
inside the unit cell lead to systematic extinction of spots
corresponding to the nonfilled circles. Because of the
large extension of the Ewald sphere, RHEED transmission
patterns correspond to plane cuts through the reciprocal
structure lying perpendicularly to the primary beam. In con-
trast to the �001� substrate surface, which has fourfold sym-

metry, the �110�film and �112̄0�film surface has only twofold

symmetry. Although the orthogonal �110� and �11̄0� direc-
tions of the �001�-oriented bcc-substrate surface are equiva-

lent, the orthogonal directions �0001�film and �11̄00�film or
�111�film and �112�film are not. Therefore, the adsorbate
grows on the �001�-oriented cubic substrate in two
orthogonal domains. One with �0001�film� �110�bcc-substrate

and �11̄00�film� �11̄0�bcc-substrate and the other with

�0001�film� �11̄0�bcc-substrate and �11̄00�film� �110�bcc-substrate

for a non-fcc stacking. For the fcc stacking sequence
of the adsorbate, one domain has �111�film� �110�bcc-substrate

FIG. 13. The orthorhombic �110�-based unit cell spanned by the
vectors a1 , a2 , a3 which are aligned with the axes of the Cartesian
coordinate system and determined by the atomic periodicity in the

�110�, �111� ��0001��, and �211
��11̄00�� lattice directions,
respectively.

FIG. 14. �a� Reciprocal lattice of the hcp stacking sequence
constructed from the orthorhombic �110�-based unit cell given in
Fig. 13. Due to the structure factor �which influences the intensity
of diffracted beams�, the arrangement of the atoms inside the unit
cell leads to systematic extinction of all the spots which correspond
to the lattice points marked with nonfilled circles. The lattice points
which lead to diffraction spots are marked with black filled circles.

�b�, �c� �0001� �b� and �11̄00� �c� sections correspond to the �ky

=0� and �kx=0� planes, respectively. Only those lattice points which
lead to diffraction spots are drawn. The scale in �b�, �c� is four times
smaller than in �a�. The lines, formed by the reciprocal vectors
b1 , b2 , b3, are only guides for the eyes.

FIG. 15. The same as in Fig. 14, but now for the fcc-stacking
sequence. Note that all the lattice points whose structure factors do
not lead to a systematic extinction of diffraction spots �all black
filled points� form the bcc lattice which is the reciprocal lattice of
the fcc crystal.
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and �112�film� �11̄0�bcc-substrate and the other

�111�film� �11̄0�bcc-substrate and �112�film� �110�bcc-substrates.
Thus, the RHEED transmission pattern observed in the diag-
onal �110
 direction of the �001�-oriented bcc-substrate sur-
face represents a superposition of plane cuts through the re-
ciprocal lattice lying perpendicularly to the �0001� and
�11̄00� directions for non-fcc stacking planes and to the
�111�film and �112�film directions for the fcc stacking se-
quence. Therefore, the expected RHEED patterns must be
superpositions of the ky =0 and kx=0 planes of Figs. 14, 15,
and 16 and are presented in Figs. 17�e�, 17�f�, and 17�g� for
the hcp-, dhcp-, and fcc-stacking sequence, respectively.

They clearly show that the RHEED transmission pattern
�Fig. 11�a��, comes from the hcp stacking sequence �Fig.
17�e��. The d-hcp stacking sequence shows an additional
fourfold periodicity �Fig. 17�f�� which was occasionally seen
in thick Pd films deposited on Nb�001� and in thick Pd films
grown on W�001� �see Fig. 10 in Ref. 33�.

The orientation relationship of �110�-oriented Pd on
Nb�001� �sketched in Fig. 18� explains why the Pd films
adopt the hexagonal stacking sequence.

For all stacking sequences, the hexagonal densest packed
Pd planes lie perpendicularly to the Nb�001� surface and
along its �110
 direction �Fig. 18�b��. The fcc-stacking se-
quence would place the stacking planes of Pd in much more
unfavorable, in the case of metal bonding, adsorption sites,
situated away from the hollow sites of the Nb�001� surface
�Fig. 18�c��, than the hexagonal stacking sequences �Figs.
18�e� and 18�g��. Panels �d�, �f�, �h� of this figure show the fit
of the stacking sequence periodicity of Pd to the �110� direc-
tion of the Nb�001� surface. It is clear from panel �d� that the

fcc-stacking sequence periodicity puts every second stacking
plane of Pd in the most unfavorable on-top adsorption posi-
tion. That stacking plane �sketched in the middle of panel
�d�� will be forced by the epitaxial stress energy to move to
one of the two hollow-site positions marked with arrows in
Fig. 18�d�, creating in this way an hcp �Fig. 18�f�� or dhcp
�Fig. 18�h�� stacking sequence. Thus, the most favorable ad-
sorption sites �the hollow sites� of the Nb�001� surface
�which are arranged in a square geometry� force Pd to grow
on it in a hexagonal stacking sequence.

A hexagonal stacking sequence also explains the centered
c�2�2� and �2	2�	2�R45° � �	2�2	2�R45° reciprocal
surface structures �see panel �c� of Fig. 11� observed, for
example, for Pd and Cu on Nb�001� and on W�001� �Ref. 33�
and for Ni on Fe�001�.76 The unit cell of the �11.0� surface of
the hcp stacking, is 2	2�	2 times larger than, and rotated
by R45° relative to that of the Nb�001� surface. Due to the
fact that the hcp orientation grows on the square substrate in
two domains, one with �0001� parallel to �110�Nb, and the

other with �11̄00� parallel to �110�Nb, all the observed spots
of the c�2�2�= �	2�	2�R45° and �2	2�	2�R45° � �	2
�2	2�R45° reciprocal surface structures are produced by
the hcp- and dhcp-stacking sequences, respectively.

We have observed,83 in addition, that if the Nb�001� ad-
sorption sites are occupied by impurities like sulfur or satu-
rated by oxygen, no hexagonal close packed sequence can be
induced in Pd. We also showed83 that S passivates Nb to such

FIG. 16. The same as in Fig. 14, but now for the dhcp-stacking
sequence �ABCBA�. Note, that lattice points become more numer-
ous in the stacking sequence direction �along b2�.

FIG. 17. �a� �11̄00� plane cut through the reciprocal structure of
the hcp lattice which is identical to the �112� plane cut through the
reciprocal structure of the fcc lattice. �b� �0001� plane cut through

the reciprocal structure of the hcp and dhcp lattice. �c� �11̄00� plane
cut through the reciprocal structure of the dhcp lattice. �d� �111�
plane cut through the reciprocal structure of the fcc lattice. �e� The
expected RHEED-transmission pattern of an hcp-stacking sequence
is a superposition of panels �a� and �b�. �f� The expected RHEED
pattern of the dhcp-stacking sequence is a superposition of panels
�c� and �b�. �g� The expected RHEED pattern of the fcc-stacking
sequence is a superposition of panels �a� and �d�.
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an extent that Pd is only weakly bonded to a S
�1�1�-terminated Nb�001� surface, growing nonepitaxially
on it. Thus, the hcp and dhcp phase of Pd films deposited on
Nb�001� occurs due to the strong bonding of Pd to Nb. Let us
now see what properties the hcp and dhcp phases of Pd have.

2. Magnetism of Pd

In a recent paper84 we have discussed the interrelation
between the crystal symmetry, electronic structure and mag-
netic order of Pd. We have shown that for Pd in the fcc
structure a magnetic moment occurs only at the lattice ex-
pansion of 10% �see Fig. 19�b��, saturating at the lattice ex-
pansion of 32%, where it attains the value of 0.36�B �see

Figs. 19�a� and 19�b��. The magnetic moment of both hcp
and dhcp Pd attains the same saturation value,85 but at
smaller lattice expansion �Fig. 19�b��. As a result, residual
magnetic moments of 0.11�B and 0.16�B for dhcp and hcp
Pd, respectively, remain at the equilibrium lattice constants.

Now, an explanation of the occurrence �or nonoccurrence�
of ferromagnetic order in various crystal structures of Pd can
be provided by the calculated density of states �Fig. 19�. The
DOS of bcc Pd of N�EF�=1.1 at the Fermi level �Fig. 19�d��
is too small to satisfy the Stoner criterion for ferromag-
netism. Even lattice expansion would not increase it suffi-
ciently to fulfill this criterion. In contrast, fcc Pd has, even at
the optimum lattice constant, the density of states at the
Fermi level of N�EF�=2.30 �Fig. 19�d��, which is more than
2 times higher than in the previous case. Unfortunately, as it
is seen in Fig. 19�b� it is not high enough to induce a ferro-
magnetic spin alignment in the structure. Consequently, fer-
romagnetism can only be induced in fcc Pd by lattice expan-
sion �Fig. 19�b��. Figures 19�e� and 19�f� show that Pd in the
hexagonal close-packed structure has the density of states at
the Fermi level of N�EF�=2.60 for hcp Pd and of N�EF�
=2.50 for dhcp Pd. The DOS of hcp Pd and dhcp Pd is also
increased in the immediate vicinity of the Fermi level in
comparison to fcc Pd. Thus, our calculation shows that, as
expected, fcc Pd is nonmagnetic, but hcp and dhcp Pd are
ferromagnetically ordered at the optimum lattice constants.
According to a recent itinerant theory of magnetism86 a fer-
romagnetic state is stabilized at low enough temperatures, if
an almost dispersionless band exists within broad ones. We
will now identify in the band structures of hcp and dhcp Pd

FIG. 18. �a� Orientation relationship of �110�-oriented Pd on
Nb�001�. For the fcc-stacking sequence ��a�, �b�, �c�, �d�� the epi-
taxial relations are Pd�110��211
 �Nb�001��110
. For the hcp-��a�,
�b�, �e�, �f�� and dhcp-��a�, �b�, �g�, �h�� stacking sequences the

epitaxial relationship is Pd�112̄0��11̄00
 �Nb�001��110
. Panels �c�,
�e�, �g� show the fit of the �110� plane of Pd for fcc- �c�, hcp- �e�,
and dhcp- �g� stacking sequences to the �001� surface of the sub-
strate. Pd atoms are represented by gray circles and Nb atoms are
situated at the corners of the sketched quadratic �001� lattice. Panels
�b�, �d�, �f�, �h� show planar cuts perpendicular to the surface and
along the �110
Nb directions of the substrate. The substrate atoms
are drawn here with nonfilled circles. �d�, �f�, �h� are along the
stacking sequence axis.

FIG. 19. �a�, �b� Total energy �a� and magnetic moment �b� of
bulk Pd in the bcc �squares�, fcc �circles�, hcp �stars�, and dhcp
�triangles� structure as a function of atomic volume expansion �+�
or contraction �−� obtained from DFT spin-polarized calculations
with spin-orbit coupling included. �c�, �d�, �e�, �f� d-projected DOS
of bulk Pd in the bcc �c�, fcc �d�, hcp �e�, and dhcp structure �f� at
the optimum lattice constant obtained from DFT non-spin-polarized
calculations with spin-orbit coupling included.
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dispersionless bands which lead to the density of states at the
Fermi level high enough to induce ferromagnetism in these
structures. The identification of these Pd bands which are flat
at the Fermi level will be done through a comparison of the
experimentally obtained band structure of dhcp �hcp� Pd
films with the corresponding calculated bands of fcc, hcp,
and dhcp Pd.

But before that, let us note the interesting sharp and
strong peak in the DOS of bcc Pd situated at −0.7 eV �Fig.
19�c��. This peak is much stronger than the other peaks and
also higher than the peaks of the fcc, hcp, and dhcp DOS
�Figs. 19�c�, 19�d�, 19�e�, and 19�f��. If a metal had the Fermi
level there, a preferential spin alignment would very prob-
ably be established in that metal. Obviously, such a metal
would have to have the bcc crystal structure and a d-band
occupancy with one or a little more than one electron smaller
than that of Pd. According to our calculation, Rh, which is
also nonferromagnetic in its natural fcc crystal structure, has
the Fermi level positioned exactly in the sharp strong peak of
the bcc phase. Consequently, bcc Rh is ferromagnetically
ordered with the magnetic moment of 0.26�B at the equilib-
rium lattice constant.87

3. ARUPS from hcp Pd films in comparison to UPS
from Co and Ni films

Pd on W�001� �Ref. 33� shows the same crystal structure
and the same single, strong peak close to the Fermi level as
Pd bonded to Nb�001�. Figure 20�a� displays ARUPS spectra

measured at different emission angles in a 15 ML thick, hex-
agonal close-packed �hcp, dhcp� Pd film grown on W�001�.

The emission angle ��� was changed along the �110�W

direction of the W�001� surface. Taking into account the ep-
itaxial relations of Pd on W�001� and the fact that ARUPS
averages over the investigated part of the sample, the mea-
sured E�k�� is a lateral average over the �0001�Pd and

�11̄00�Pd directions. The resulting E�k�� dependence55 of the
15 ML thick Pd film is presented in Fig. 20�b�. It shows the
sought for flat band lying very close to the Fermi level �at the
binding energy of less than −0.2 eV�. Exactly such a flat
band is obtained for Co films deposited on W�001� �see Figs.
20�c� and 20�d��. The reason for this similarity lies in the
same crystal structure orientation and band split caused by
ferromagnetic order. Co on W�001� and Pd on W�001� or

Nb�001� both grow in the �112̄0�-oriented hcp structure. A

�112̄0�-oriented bulk sample of Co also shows in UPS only
an emission near the Fermi energy.58–60 Similarly, a strong
UPS emission at the Fermi edge is characteristic of

�112̄0�-oriented Ni films.56,77 It should be pointed out, how-
ever, that the same crystal structure does not necessarily lead

to the same UPS emissions. For example, �112̄0�-oriented
Au films show different UPS emissions than these discussed

here.42 The reason why UPS emissions from �112̄0�-oriented
Pd, Co, and Ni films are pretty much the same lies in their
originating in one part of the band structure, which has a
similar energy position for the three metals. Due to the fer-
romagnetic band split,88 the majority bands of Co, Ni and
even those of hcp Pd are almost completely filled, and as a
result, have the same energy positions. Since band dispersion
is determined by crystal symmetry, the same crystallographic
structure, orientation and the ferromagnetic band split result

in UPS emissions from �112̄0�-oriented Co, Ni, and Pd
which are similar.

4. Comparison of the experimental bands of hcp Pd films
with the calculated bands of fcc, hcp, and dhcp Pd

Comparing the measured flat Co band lying close to the
Fermi level �Fig. 20�d�� with the bands calculated in the
framework of DFT, we were able to identify it as one of the
spin-majority bands in the band structure of hcp Co. We will
now check whether a similar E�k�� band exists in the band
structures of fcc, hcp or dhcp Pd. However, to draw these
bands we need to know the values of k�.

Unfortunately, the refraction of photoelectrons on an un-
known surface barrier potential leaves the k� component of a
wave vectors unknown.55 It can still be determined from a
comparison of ARUPS measurements using more photon en-
ergies �e.g., using synchrotron radiation� with the relevant
bulk band structure. This is possible since the energy posi-
tion of a peak in ARUPS originating from a bulk state shifts
as a function of the photon energy if the bulk band �from
which the emission occurs� has energy dispersion. Such
shifts in ARUPS as a function of the photon energy at a fixed
parallel component of the wave vector are characteristic of
direct transitions between bulk electronic states and have
been observed in substrates like Nb�001�.89 Although the

FIG. 20. �a�, �c� ARUPS taken from a 15 ML thick

�112̄0�-oriented Pd �panel �a�� and Co �c� film grown on W�001�.
The emission angle � was changed in the high symmetry �0001�
and �11̄00� directions �which are parallel to the �110�W direction of
the W�001� surface�. The polar angle was changed from −15 to 72
degrees in steps of 3 degrees. The data were collected at 150 K. �b�,
�d� E�k�� dependence for a 15 ML thick �112̄0�-oriented Pd �b� and

Co �d� film in the �0001� and �11̄00� directions determined from the
ARUPS spectra of panels �a� and �c�, respectively. In panel �b� large
�small� circles correspond to strong �weak� UPS peaks.
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electronic structure of confined ultrathin metallic films can
also be fully explained in terms of the bulk band
structure,42,90,91 a variation of the photon energy does not
necessarily lead to a shift of the energy positions of ARUPS
peaks. Also in the case of thick metallic films, where the bulk
behavior of ARUPS peaks is expected, such shifts may not
necessarily occur.90,91 Thus a determination of the normal
component of a wave vector using synchrotron radiation
does not need to be successful in the case of our ultrathin Pd
films.

The aim of the following analysis is not to determine the
normal components of the wave vectors but only to compare
the measured flat E�k�� bands with the bulk band structures,
in order to identify in the latter ones flat E�k�� bands situated
close to the Fermi level. Since we do not know the value of
k� of the emitting state we will compare the measured E�k��
dependence of the band lying just below the Fermi level �as
in Fig. 20�b�� with the calculated E�k�� dependence for all the
states of the fcc, hcp, and dhcp Pd band structures which
have the binding energies of approximately −0.20 eV at k�

=0. Taking into account that the fcc�110� orientation has the
best fit to the W�001� and Nb�001� surfaces from all the fcc
orientations,77 we will compare bands of the hcp and dhcp

structures in the �112̄0� direction with those of the fcc struc-
ture in the �110� direction. This means that k� and k� will be
parallel to �110� and �110� planes, respectively.

Figures 22�a�–22�c� show the bands of fcc, hcp, and dhcp
Pd, respectively, in the direction normal to the surface of the

films which is �110� for the fcc and �112̄0� for the hcp and
dhcp structures, respectively. These E�k�� bands correspond
to k� =0 and are not symmetric with respect to the Brillouin
zone boundaries situated at points K, but with respect to
point k�=
 /d, where d=a /2 is the distance between two
adjacent �110� planes and a=2.75 Å is the nearest-neighbor
distance in fcc Pd. Point k�=
 /d has inversion symmetry
and is marked by X for the fcc structure and by M for the hcp
and dhcp structures. These points lie exactly between two �
points in the �110� direction of the Brillouin zone. The E�k��
bands show similar dispersions, except when k� reaches
point K, i.e., the Brillouin zone boundary. Unlike in the fcc
Brillouin zone, point K is in the hexagonal Brillouin zone a
point of symmetry.92 This leads to flatter dispersion of the
hcp and dhcp bands around it, which is a crystal symmetry
effect. Perpendicularly to the surface, there lie the hexagonal
densest layers which are identical for the hcp, dhcp �0001�
and fcc structure �111�. The stacking sequence axes ��0001�,
�111��, which give the different stacking sequence of the hex-
agonal densest planes, lie in the surface plane. So, it is to be
expected, that the band structures of hcp, dhcp, and fcc differ
much more in that plane. Since the �110� surface of our films,
being the k� plane, contains the stacking sequence axis, the
E�k�� bands should be more affected by a different stacking
sequence than the E�k�� bands discussed above.

Figure 21 depicts the periodicity of the hexagonal �hcp,
dhcp� �panels �a�, �b�, �c�� and cubic �fcc� �panels �d�, �e�,
�f�� structure in the reciprocal space �k space� and Fig. 22
depicts the bulk band structure of fcc, hcp, and dhcp Pd in
the k� direction at k� =0. In the case of fcc Pd there are four
bands which contain states at EB�−0.20 eV and k� =0 �Fig.

22�a��. The respective k� values for these states in units of

 / �40d� are 13, 29, 37, and 38. The corresponding E�k��
bands to which these states belong are given in Fig. 23�a�.

None of them, however, has the flatness of the experimen-
tal band shown in �Fig. 20�b��.

Figures 23�b�–23�f� show the E�k�� dependence in the

high symmetry directions �0001� and �11̄00� for the hcp and
dhcp states whose energy at k� =0 is EB�−0.20 eV. For hcp
Pd the state with EB�−0.20 eV at k�=
 / �2d� and k� =0

�marked with circles� is almost dispersionless in the �11̄00�
direction, having the energy dispersion of less than 0.20 eV.
Similarly, the state with k�=3
 / �4d� �marked again with
circles� is almost dispersionless in the �0001� direction. In
general, the Pd states in the hcp structure exhibit less E�k��
dispersion than the Pd states in the fcc crystal structure. It
follows from Figs. 23�d�–23�f� that the Pd states in the dhcp
crystal phase modification, especially the states in the stack-
ing sequence direction ��0001��, show even less energy dis-

FIG. 21. �a�, �d� Hexagonal �panel �a�� and fcc �d� bulk BZ. �b�,
�c� Hexagonal BZ in the repeated zone scheme in the �ky =0� plane
�panel �b�� and in the �kx=0� plane �panel �c��. �e�, �f� fcc BZ in the
repeated zone scheme in the �ky =0� plane �e� and in the �kx=0�
plane �f�. Axes kx , ky , kz of the Cartesian coordinate system shown

in panel �a� are parallel to the �11̄00�, �0001�, �112̄0� directions,

respectively. k� is parallel to �112̄0� and k� lies in the kxy plane.
Axes kx , ky , kz in panel �d� are parallel to the �211�, �111�, �110�
directions, respectively. Here k� is again directed along �110� and
the k� plane is parallel to the kxy plane. Points � are marked with
black filled circles. The scale of �b�, �c� and �e�, �f� is two times
smaller than that of �a� and �d�, respectively.
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persion than those in the hcp phase. Thus the E�k�� depen-
dence discussed above clearly shows that the reduction of
symmetry from fcc to hcp and dhcp leads to bands charac-
terized by less energy dispersion, especially in the stacking-
sequence directions, in which the Brillouin zone becomes
smaller. The flatness of the bands results in an increased
DOS at the Fermi level, which becomes large enough to
induce ferromagnetism in dhcp and hcp Pd even at the opti-
mum lattice constant.

5. Nonmagnetic ARUPS measurements—
indication of ferromagnetic order in hcp Pd

The energy bands of ferromagnetically ordered hcp and
dhcp Pd are split by 0.16 eV and 0.11 eV, respectively. Thus,
the minority and majority bands should be discernible in
state of the art photoemission experiments. Although our
ARUPS measurements are unfortunately nonmagnetic, they
show indications of band splitting. Both normal emission
Ne I or He I UPS spectra taken with higher energy resolution
�through the reduction of the pass energy of the analyzer�
show that the peak close to the Fermi level is composed of
peaks situated at some −0.41 eV, −0.25 eV, and −0.09 eV
�Fig. 24�a��. They are separated just by 0.16 eV, in accor-

dance with the band splitting predicted for hcp Pd.
Unfortunately, an increase of the energy resolution of our

UPS experiments is accompanied by a reduction of the emit-
ted signal with respect to the background one. Thus, in UPS
measurements a certain balance between the energy resolu-
tion of the analyzer and the strength of the emitted signal in
comparison to the background one must be established. In
our laboratory setup we use the pass energy of 2 eV which
gives the energy resolution of 60 meV. With this pass energy
the peaks of Fig. 24�a� are more difficult to be resolved be-
cause they are energetically very close to each other, and
effectively merge into one broad peak. A further evidence

FIG. 23. E�k�� bands of fcc �a�, hcp �b�, �c� and dhcp Pd �d�, �e�,
�f� obtained in non-spin-polarized DFT calculations with spin-orbit
coupling included (to be compared with the experimentally deter-
mined E�k�� bands �Fig. 20�b��). �a� Dispersion in the �111� and
�112� directions of the fcc Pd states which at k� =0 have, according
to Fig. 22�a�, E�0.20 eV and k�= �13/40�
 /d �circles�, k�

= �29/40�
 /d �crosses�, k�= �37/40�
 /d �squares�, and k�

= �38/40�
 /d �triangles�. �b� Dispersion of the hcp-Pd states with
k�= �5/40�
 /d �squares�, k�= �20/40�
 /d �circles�. �c� Dispersion
of the hcp states with k�= �30/40�
 /d �circles�, k�= �33/40�
 /d
�crosses�, and k�= �35/40�
 /d �squares�. �d� Dispersion of the
dhcp Pd states with k�= �8/40�
 /d �crosses�, and k�

= �13/40�
 /d �circles�. �e� Dispersion of the dhcp states with k�

= �17/40�
 /d �circles�, k�= �29/40�
 /d �crosses�, and k�=0
�squares�. �f� Dispersion of the dhcp states with k�= �35/40�
 /d
�circles�, k�= �37/40�
 /d �crosses�. For the k� periodicity of the
plotted fcc, hcp, and dhcp states see Fig. 21.

FIG. 22. Bulk band structure �E�k��� of fcc �a�, hcp �b�, and

dhcp �c� Pd in the �110� and �112̄0� directions, respectively.

FIG. 24. �a� Normal emission Ne I-UPS from a 16 ML thick �112̄0�-oriented Pd film grown on Nb�001� taken with increased energy

resolution �pass energy of 1.2 eV instead of 2 eV�. �b�, �c� The E�k�� dependence of a 12 ML thick �112̄0�-oriented Co film �b� and of a 15

ML thick �112̄0�-oriented Pd film �c� grown on W�001� in the �0001� and �11̄00� directions. �d� UPS-rocking curves, the dependence of the
intensity of the UPS peak close to the Fermi level on the emission angle �and, therefore, also on k�� for hcp Pd �marked with stars� and hcp

Co �marked with circles� in the �0001� and �11̄00� directions.
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whether the peaks of Fig. 24�a� are caused by ferromagnetic
order can be furnished by the observation of the splits in the
UPS intensity over the entire k� region. If one of the bands �a
minority band� crossed the Fermi level, it would lead to a
drop in the UPS emission �UPS emission comes only from
occupied states�. If in addition a majority band is situated
closer to the Fermi level than the value of the band split, the
minority band would be unoccupied making photoemission
from it impossible. We have observed exactly such a behav-
ior and the respective curves are shown in Fig. 24. The curve
marked with stars in Fig. 24�d� shows the UPS intensity of
the strong peak positioned close to the Fermi level in Fig.
20�a� as a function of k�, which was calculated from the
emission angles. As mentioned previously �Sec. III B 3�,
similar ARUPS emissions �i.e., a single, strong peak close to
the Fermi level� were obtained from �112̄0�-oriented, ferro-
magnetically ordered hcp Ni �Refs. 56 and 77� and hcp
Co.33,57–60 The UPS intensity curve related to the flat E�k��
band situated close to the Fermi level of �112̄0�-oriented hcp
Co films grown on W�001� �Fig. 24�b�� is marked with
circles in Fig. 24�d�. It shows a broad peak centered at some
k� =1 Å−1. The results of Matzdorf et al.93 as well as our
UPS-rocking curves obtained from various films �like �111�-,
�001�- and �110�-oriented Au films� and single crystals, show
that the intensity variation of ARUPS emissions from flat
bands is caused by the diffraction of photoelectrons inside
the crystal on their way toward the surface. The Pd-UPS
rocking curve, marked with stars in Fig. 24�d�, has been
obtained using photoelectrons of the same kinetic energy and
diffracted by the same crystal structure as those used for the
Co-UPS rocking curve �circles in Fig. 24�d��. Thus, it can be
expected, that the Pd-UPS rocking curve show a similar
broad peak centered at k� =1Å−1. However, the curve in Fig.
24�d� shows a sudden drop in the intensity at around 1 Å−1.
We further argue that it comes from a band split caused by
the ferromagnetic order. As it is shown in Fig. 24�c�, the
band disperses slightly from k� =0.15 Å−1 to k� =0.75 Å−1,
with the respective band energy changing from �−0.2 eV to
�−0.09 eV. If the hcp-Pd bands are split by �0.16 eV �or
�0.11 eV�, then in the range 0.8 Å−1 to 1.25 Å−1 the minor-
ity band is unoccupied. Consequently, the strong UPS-peak
close to the Fermi level should lose at k� =0.8 Å−1 the con-

tribution of the emission from the minority band, and, as a
result, the UPS emission should decrease. This is confirmed
by the Pd-UPS intensity in Fig. 24�d�. In the case of the UPS
rocking curve for hcp Co a similar drop does not occur,
because the band split is larger than 1 eV, which means, that
the UPS emission from Co observed at −0.2 eV comes only
from a minority or only from a majority band. It is worth
mentioning here that the recent measurements of Sampedro
et al.94 on Pd particles show that Pd atoms lying in a stacking
fault �i.e., in an hcp or dhcp environment� are ferromagneti-
cally ordered.

IV. CONCLUSION

Our experimental and theoretical results show that the
bonding of Pd to Nb�001� can induce noble-metal properties
in a Pd ML bonded directly to Nb�001� and ferromagnetic
order in thicker Pd films. The bonding of the Pd ML to
Nb�001� shifts the density of states of the Pd ML to lower
binding energies, similar to those of the noble-metal Cu,
which results in a surface having noble-metal properties.
Submonolayer Pd coverages on Nb�001� or Pd incorporated
in the bulk of the Nb�001� substrate have even more Pd
states shifted to lower binding energies. In contrast, thick Pd
films deposited on Nb�001� show a strong UPS peak just
below the Fermi level. Responsible for this is the quadratic
arrangement of the Nb�001� surface which stabilizes via ep-
itaxial constraint a hexagonal close-packed �hcp, dhcp�
stacking sequence of Pd in films thicker than 100 ML. Rela-
tivistic self-consistent DFT calculations with spin-orbit cou-
pling included show that the change of crystal symmetry
from fcc to hcp and dhcp induces ferromagnetism in bulk Pd
at the optimum lattice constant, with the magnetic moment
of 0.11�B per atom for dhcp Pd and of 0.16�B for hcp Pd.
This is caused by an increase of the DOS at the Fermi level
large enough to satisfy the Stoner criterion for ferromag-
netism. This increase can be attributed to the occurrence of
flat bands at the Fermi level only in the band structure of hcp
�dhcp� Pd. We identified such flat bands lying close to the
Fermi level in hcp �dhcp� Pd films grown on Nb�001� using
nonmagnetic photoelectron spectroscopy.
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